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FOREWORD

Simulators became an indispensable part of training world-wide. They support like no other
training and the process of teaching, learning and understanding. In most countries the number of
simulator operators is limited, very often there is only one. Therefore, international exchange of
information is important to share the experience gained in different countries in order to assure high
international standards. A second aspect is the tremendous evolution in the computing capacities of
the simulator hardware and the increasing functionality of the simulator software. This background
has led the IAEA to invite the simulator experts for an experience exchange. The German Simulator
Centre in Essen, which is operated by the companies KSG and GfS, was asked to host this Specialists'
Meeting.

The Specialists Meeting on "Training Simulators in Nuclear Power Plants: Experience,
Programme Design and Assessment Methodology" was organized by IAEA in co-operation with the
German Simulator Centre operated by KSG Kraftwerks-Simulator-Gesellschaft mbH and GfS
Gesellschaft fur Simulatorschulung mbH and was held from 17 - 19 November 1997 in Essen,
Germany. The meeting focused on developments in simulation technology, experiences with
simulator upgrades, utilization of computerized tools as support and complement of simulator
training, use of simulators for other purposes. The meeting was attended by 50 participants from 16
countries. In the course of four sessions 21 technical presentations were made. A valuable
contribution to the specialists meeting programme was provided by the Simulator Centre. The
Simulator Centre operating 14 full scope simulators from different manufacturers, with a large variety
of features and equipment, most of very recent design, provided interesting information to the
participants of the meeting. Three presentations were made by the specialists of the Centre on
methods and development regarding all aspects of simulator operation and training in the Training
Centre in Essen. Also, a technical tour through the training facilities of the Simulator Centre was
organized.

The present volume contains the papers presented by national delegates at the Specialists
Meeting.
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RECENT ADVANCES IN
NUCLEAR POWER PLANT SIMULATION

H. ZERB1NO
Thomson Training & Simulation
Cergy, France

P. PLISSON
Thomson Training & Simulation
Cergy, France

J-Y. FRIANT
Thomson Training & Simulation
Cergy, France

Abstract

The field of industrial simulation has experienced very significant progress in recent years, and power
plant simulation in particular has been an extremely active area. Improvements may be recorded in practically all
simulator subsystems. In Europe, the construction of new full- or optimized-scope nuclear power plant
simulators during the middle 1990's has been remarkably intense. In fact, it is possible to identify a distinct
simulator generation, which constitutes a new de facto simulation standard. Thomson Training & Simulation has
taken part in these developments by designing, building, and validating several of these new simulators for
Dutch, German, and French nuclear power plants. Their characteristics are discussed in this paper. The following
main trends may be identified :
- Process modeling is clearly evolving towards obtaining engineering-grade performance, even under the

added constraints of real-time operation and a very wide range of operating conditions to be covered.
- Massive use of modern graphic user interfaces (GUI) ensures an unprecedented flexibility and user-

friendliness for the Instructor Station.
- The massive use of GUIs also allows the development of Trainee Stations (TS), which significantly enhance

the in-depth training value of the simulators.
- The development of powerful Software Development Environments (SDE) enables the simulator

maintenance teams to keep abreast of modifications carried out in the reference plants.
- Finally, simulator maintenance and its compliance with simulator fidelity requirements are greatly enhanced

by integrated Configuration Management Systems (CMS).
In conclusion, the power plant simulation field has attained a strong level of maturity, which benefits its
approximately forty years of service to the power generation industry.
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1. INTRODUCTION

The field of industrial simulation has experienced very significant progress in recent
years, and power plant simulation in particular has been an extremely active area.
Improvements may be recorded in practically all simulator subsystems. The impressive
increase in computer power at affordable prices which has taken place uninterruptedly in the
last decade has strongly supported this evolution.

In Europe, the construction of new full- or optimized-scope nuclear power plant
simulators during the middle 1990's has been remarkably intense. It is in fact possible to
identify a distinct simulator generation, which constitutes a new de facto simulation standard.
Thomson Training & Simulation has taken part in these developments by designing, building,
and validating several new simulators for Dutch, German, and French nuclear power plants.
This paper is based on an analysis of the characteristics common to the following simulators :

Reference Power
Plant

Unterweser
Neckarwestheim

Borssele
Obrigheim

Fessenheim-1
Bugey-2

N4 (Chooz)

Country

Germany
Germany

Netherlands
Germany
France
France
France

Type and Rating
(MWe)

PWR- 1350
PWR - 840
PWR-480
PWR-350
PWR - 900

• PWR-900
PWR- 1500

Vendor

Siemens
Siemens
Siemens
Siemens

Framatome
Framatome
Framatome

2. MAIN NEW TRENDS

As mentioned above, practically all the subsystems which are integrated in a simulator
have been subjected to drastic improvements. The more salient features are :

- Process Modeling is clearly evolving towards obtaining engineering-grade
performance, even under the added constraints of real-time operation and a very wide
range of operating conditions to be covered.

- The Instructor Station (IS) has been improved beyond recognition by the massive use
of modem graphic user interfaces (GUI), which ensure unprecedented flexibility and
user-friendliness.

- New Trainee Stations (TS) have been developed, again based upon the massive use
of GUIs. They significantly enhance the in-depth training value of the simulators.

- Software Development Environments (SDE) have become remarkably powerful. They
enable the simulator maintenance teams to keep abreast of modifications carried out
in the reference plants.

- Finally, integrated Configuration Management Systems (CMS) enhance simulator
maintenance and its compliance with simulator fidelity requirements.

Let us now take a detailed look at each of these advances.



- 15 -

3. PROCESS MODELING

The main purpose of the simulators listed in § 1 is the training of plant personnel. Their
modeling capabilities, however, go far beyond the actual training needs. In fact, their modeling
level is such as to make them ideal development tools. The following engineering applications
have already been performed in some cases : .:-

- studies of control room ergonomy.

- development and testing of new operating procedures. •

- impact studies of proposed plant modifications.

In fact, process modeling for training simulators is rejoining the mainstream of
engineering calculations [1-2], and training simulation models can no longer be dismissed as
clever artifices. They are getting ever more powerful and accurate, while still retaining their
usual advantages over engineering models, namely real time performance and a very large
scope of simulation, as they must cover plant operation from cold shutdown to full power,
plus malfunctions and operator errors and/or omissions.

The main modeling improvements which can be observed in the new simulator
generation are :

• the implementation of CATHARE-SIMU, the real time version of the French best-
estimate thermohydraulic code CATHARE. This code covers the simulation of the
reactor coolant system, the steam generators, and the steam lines.

CATHARE is a two-fluid, 6-equation, best-estimate thermohydraulic code, developed
by EDF, the French national utility, and the French Commissariat a 1'Energie Atomique
(CEA). Its real time version was developed by CEA and EDF in partnership with
TT&S. CATHARE has been validated against a large number of separate-effects and
global experiments, and is the thermohydraulic code officially used in France for
carrying out design and safety studies. This level of modeling of course ensures the
physical adequacy of simulator response under the most complex normal and off-
normal operating conditions.

• the implementation of LDBELLULE, a fuel management code developed by EDF, for
the simulation of the core physics. Besides enhancing the modeling performance of the
simulator, this development ensures the ready maintainability of the simulator with
respect to future core loading changes.
As implemented in the simulators, LEBELLULE calculates the core cross sections as a
function of operating conditions and solves the complete neutron diffusion equations
for two neutron energy groups. The number of axial layers in the actual applications is
between 45 and 60.

• the development and implementation of a 3D core model capable of reproducing the
calculations of the German fuel management codes MEDIUM-2 (Siemens) and
RSYST3 (IKE-Stuttgart) with good accuracy.
This model is based on the complete 3D neutron diffusion equations for two energy
groups. The axial mesh is identical to that of the reference codes, and the radial
calculations use one mesh point per fuel assembly (with four flux values per mesh
point).
The core cross sections are determined by fitting polynomials to the data points
supplied by the reference codes, using the least-squares method.



- 16 -

the generalized use of code generators for the modeling of conventional plant systems :

- VAPNET, for all two-phase steam/water networks in the secondary system,
including turbine, condenser, reheaters, etc.

- HYTHERNET, for homogeneous flow in fluid networks (steam/water, oil, air).

- CONTRONET, for the simulation of logic and analog instrumentation and control
systems.

- DELNET, for the simulation of electrical distribution systems.

4. INSTRUCTOR STATION

As indicated above, the Instructor Stations (IS) have been modified beyond recognition
by the massive application of graphical user interfaces (GUI). The capabilities of modern IS
extend well beyond the traditional management of training sessions. The IS provides much
more than the classic functions such as freeze/run, backtrack, snapshot, etc.

In fact, the IS has become a full-fledged- tool for training management. It relieves the
Instructor from tedious routine work in several areas :

• Training session preparation.

- the selection of appropriate initial conditions has been simplified by the use of
selection criteria, such as fuel cycle and power level.

- the control room check is performed automatically.

- the creation of training scenarios is now much more powerful. Malfunction
sequences may be defined by the chaining of logic conditions, which depend on
elapsed time and/or the value of any simulated variables. The use of generic
malfunctions, and the possibility of overriding any control room input make the
number of possible scenarios virtually unbounded.

• Training session management.

The new IS allows the Instructor to follow the exact sequence of events taking place in
the control room from the IS, well away from the trainees. This is made possible by the
advanced GUIs at his/her disposal :

- interactive photopamls (soft panels). These screen displays are exact
reproductions of the control room panels. The photopanels are fully interactive, as
everything is reproduced: indicator needles move, alarms flash as appropriate, etc.
The Instructor may even introduce spurious operator actions, not only by
overriding the control room inputs, but also directly, clicking on pushbuttons,
turning selector switches, etc.

- interactive plant diagrams. These displays are exact reproductions of the plant
system Piping & Instrumentation Diagrams (P&Ids). They display the actual value
of all required process variables, and they also allow the Instructor to activate
malfunctions and to control plant equipment.

- operator logbook. This function provides the Instructor with an instantaneous
record of the trainee's actions. Errors may then be corrected immediately if so
desired, or the entire sequence may be stored for later review and evaluation.
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graphical variable displays. Process variables may be displayed graphically during
simulation. The Instructor can easily create any number of variable groups as
necessary to follow the different training scenarios. Variables may be readily added
or suppressed during actual real time simulation.

5. TRAINEE STATION

There is no point in restricting the great possibilities offered by advanced GUIs to the
traditional Instructor Stations. It has been standard practice to organize plant operator training
on simulators in two more or less separate stages :

- "understanding", "in-depth", or "physical insight" training.

- "operational" or "reflex" training.

Traditionally, different simulators were used for each training stage, namely a "basic
principles" simulator for physical insight, and a full- or optimized-scope simulator for the
reflex training. It was thought that full-scope simulators were so complex that they could not
possibly allow "understanding" training at all. -

It is our contention that this traditional view does not hold anymore, precisely because
of the tremendous progress which has been accomplished in the graphical representation and
condensation of data. The continuous advances in graphic display techniques will thus allow
the Trainee Station (TS), coupled to a full-scope simulator, to be used also for "in-depth"-
training of plant operators or safety supervisors.

All the graphical resources implemented in the Instructor Station may be made available
for the trainees. They can thus follow the evolution of process variables in detail, and relate
them to their actions and the actions of the different control and protection systems.

Furthermore, a second simulation load may be run on spare cycie time, even in parallel
with the main simulator. The TS will thus allow for instance experienced operators to review
scenarios and operating procedures on a more flexible schedule, without requiring permanent
Instructor assistance.

The future is prefigured by the ACTIV training tool, which allows the graphical
representation of the thermohydraulic and chemical conditions in the plant systems [2-3].
ACTIV shows graphically ("echographically") the actual flow regime conditions in the reactor
coolant system and the steam generators. The trainee really sees steam, water, or steam/water
mixtures flow in the pipes, level drops in case of LOCA, etc.

ACTIV is not a cinema gimmick: the spatial mesh of the graphical representation is
exactly the same as the one used in the thermohydraulic model, and the graphical
representation at each mesh cell depends directly on the values of the thermohydraulic
variables at that cell.

The trainees using ACTIV gain a much deeper "feeling" of how their actions translate
into flow conditions, why these actions are required, and so on. The direct visual observation
of the physical phenomena underlying plant behavior makes then a more lasting impression,
and real understanding is much easier to achieve.



- 18 -

6. SOFTWARE DEVELOPMENT ENVIRONMENT

The Software Development Environment (SDE) has been developed by TT&S as an
integrated set of software tools geared towards the development, testing, integration, and
maintenance of simulation software, i.e.:

- non-modeling software, via a generic software environment for software production,
testing, integration, and management, called A TGL.

- modeling software, via SWORD, a dedicated software environment.

- documentation, via the Configuration Management System, CMS.

The overall structure of the SDE is shown in Figure 1.

SOFTWARE DEVELOPMENT ENVIRONMENT

NON-MODELING SOFTWARE MODELING SOFTWARE

RTEX MODEL A

MODEL B

DOCUMENTATION

Figure I - Overall SDE structure

ATGL is not specifically oriented towards simulation, and we shall not describe it here in
detail. It is used for the development and management of the following software components
of the simulator:

- RTEX, the real time executive.

- IS. the Instructor Station software.

- 7"5. the Trainee Station software.

- the software tools which compose the SDE environment (SWORD, CMS) itself.
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6.1 MODELING SOFTWARE ENVIRONMENT, SWORD

6.1.1 SWORD Functional Structure

The SWORD environment has been described in detail in reference [4]. It possesses an
integrated set of software tools :

• ADMIN, an administration system which provides the primary access to SWORD, and
ensures the overall consistency of the production process for modeling software.

• a set of modeling code generators :

- VAPNET, for the simulation of steam/water circuits,

- HYTHERNET, for the simulation of hydraulic circuits,

- CONTRONET, for the simulation of logic and analog control systems,

- DELNET, for the simulation of electrical systems.

• CNX, a set of assembly tools for automatically connecting the model interfaces and
creating an integrated total or partial simulation load.

• PANEL, a utility for real-time, on screen display of interactive detailed process and
instrumentation diagrams of the plant systems.

• TEST, a utility for real-time, on-screen graphical display of the time evolution of
simulated variables.

6.1.2 SWORD Development Process

An overview of the software development process followed under SWORD is
represented in Figure 3.

Two development «spaces» are recognised by SWORD :

- a "working" (or production) space, where software items are first produced, and then
tested and validated.

- an "official" space, where validated items can be imported from the working space.
Software items in the official space may of course be recovered for subsequent use in
the working space.
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6.2 CONFIGURATION MANAGEMENT SYSTEM

The Configuration Management System manages the overall software process and its
documentation during the different phases of software development. Its main functions are as
follows:

• management of the scope of simulation,

• management of software modifications,

• identification of software versions,

• production of documentation.

Theses functions enable to CMS fulfill the requirements set off by the ANSI/ANS-3.5-
1993 standard in regard of:

• establishing and maintaining the simulator design data base.

• identifying, documenting, and tracking the differences between the simulator and its
reference unit.

• managing the documentation for simulator testing and maintenance.

6.2.1 CMS Functional Structure

The CMS is organized around a dedicated relational database. This database is applied
by its four functional components:

• Configuration Item Manager. This component manages all configuration items,
including the man-machine interface. It supplies the tools for the following tasks :

- impact analysis,

- status accounting,

- SWORD interface,

- interactive update of configuration items.

• Discrepancy Report Manager. This component manages Problem/Change Reports
and the associated Change Forms.

• Documentation Generator. This component automatically generates chapters of the
design documentation, on the basis of the CMS or the SWORD databases. More
importantly, it also tracks and identifies those documents for which theses standard
chapters require updating by reason of any given modification.

• I/O Manager. This component establishes the I/O list for the Control Room.

The main data flows between CMS and SWORD are represented in Figure 4.
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SIMULA - C A SIMPLIFIED PC SIMULATION TRAINING TOOL
DEVELOPED FOR THE INITIAL TRAINING OF
NPP OPERATIONS PERSONNEL

R.KEUHL
RWE Energie AG, BibHs NPP, Germany

Abstract

During initial training of some 50 young reactor operators and shift supervisors in the last 5 years in
Biblis it was found that it takes some time before trainees gain a good overview of the most important plant
systems and develop a ,,feeling" of the dynamic plant behaviour which is an important prerequisite for the first
full-scope simulator training courses. To enhance this, a PC software training tool was developed SIMULA - C.

1. Introduction

Since many years full-scope simulators are used successfully during initial training of NPP
operations personnel. Before trainees participate in full-scope simulator training courses they must be
made familiar with the complex plant systems sufficiently. As a rule this preparation takes place in
the plant by means of lectures given by instructors and managers. Training material in these lectures
consists of system drawings, excerpts of the operating manual and written training material
(descriptions, design reports). RWE Energie AG, Biblis NPP (2 PWRs, 1240/1300 MW) additionally
performs training at the Biblis PWR reactor glass model (STRATEG) and uses computer based
training software in the first initial training phases.

During initial training of some 50 young reactor operators and shift supervisors in the last 5
years in Biblis it was found that it takes some time before trainees gain a good overview of the most
important plant systems and develop a ,,feeling" of the dynamic plant behaviour which is an important
prerequisite for the first full-scope simulator training courses. To enhance this, a PC software training
tool was developed to meet the following requirements: At first, the tool should be operable easily
and be adapted to the knowledge level of a reactor operator trainee in the first year of initial training.
Secondly, the tool should enable the trainees to develop a good plant overview and to gain a
fundamental ,,feeling" of the Biblis NPP dynamic behaviour.

This kind of simulation software - especially a Biblis NPP specific version - was not available
on the software market. Although there are available some NPP PC simulation programs the control
systems and the plant design of the simulated US plants are not comparable with those in German
nuclear power plants. Therefore it was necessary to develop a special software for the Biblis plants to
meet the requirements mentioned above.

2. Software Characteristics

SIMULA - C was developed by Biblis NPP plant engineers themselves in Turbo C ++ which
is known as a widely spread object-oriented programming language. SIMULA - C runs on all
personal computers (AT 386 and later) with a VGA graphic card. A special operating system
requirement does not exist. The source code of SIMULA - C covers some 150 pages - the program
file has a size of 140 kByte only. The development of the program lasted several years and took place
in the free time of the authors only - therefore the tool can not be considered as a professional
software. Nevertheless the program is ready-for-training now and will become an integral part of the
first phase within the Biblis NPP reactor operator initial training program.
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3. Simulated PWR Systems

When programming SIMULA - C in Turbo C ++ emphasis was put on the accuracy of the
nuclear heat production and the heat transfer to the plant's secondary circuit. In German PWR plants
the transient plant behaviour during disturbances mainly depends on the actions of the complex safety
control systems (reactor protection system, limiting system). Therefore it was necessary to simulate
the automatic measures of these systems in a wide range. The function of the secondary side 15%
safety valves in combination with the atmospheric exhaust station, the main steam bypass control,
turbine control, feedwater storage tank steam supply and the main steam gate valves influence the
temperature of the reactor cooling system. The plant behaviour becomes complicated by the actions of
the reactor protection system - therefore the secondary side isolation signal YZ 60 was simulated
nearly identical. Without this accuracy reactions of the reactor cooling system especially under
accident and saturation conditions would be rather inaccurate - one can say: wrong. The simulation of
the complex reactor protection system actions and the accuracy of the main steam system took a lot of
time - but finally has proved correct.

The pressurized water reactor is complicated because the secondary side steam temperature
influences the temperature of the primary system, the subcooling margin and the heat transfer.
Therefore the simulation of transient pressurized water reactor behaviour never can be achieved by
simple equations.

In contrary to other NPP PC simulations SIMULA - C simulates many systems of the
secondary side enabling trainees to understand the meaning of the single secondary side systems for .
the availibility of the main heat sink (the condenser). Additionally, its important to demonstrate the .
reactions of the reactor cooling system in cases of secondary side disturbances.These are two very
important training objectives of the reactor operator initial training. SIMULA - C is a plant specific ..
PC simulator possessing the advantage that there is a large number of reference plant records. These
records of Biblis NPP Unit B operation and the records of the KSG/GfS reference plant full-scope
simulator Dl are valuable sources of further necessary improvements and corrections.

SIMULA - C calculates in a so-called ,,WHTLE — Loop" numerous physical equations of the
most important plant parameters:

Nuclear Steam Supply System

- neutron flux
- reactivity (Xenon equilibrium)
- fuel temperature
- reactor power
- reactor coolant mass flow
- reactor coolant density
- reactor coolant temperature
- reactor coolant pressure
- temperature difference between hot and cold leg
- departure from nucleate boiling (DNB)
- pressurizer volume
- pressurizer level
- speed of main coolant pumps
- residual heat after RX trip
- control rod postion of the D-rods
- control rod position of the L-rods
- boron concentration
- saturation margin
- temperature of the reactor pressure vessel head
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Main Steam and Secondary Side Systems

- steam mass flow through the turbine
- feedwater storage.tank steam supply .
- generator output
- steam generator volume
- main steam pressure, -tempearture and mass flow .
- main steambypass-mass.flow..;
- main steam exhaust mass -flow .-:•:-
- main steam mass flow via safety valves
- feedwater mass flow
- feedwater storage tank pressure and -level

Plant Systems and I & C

- reactor coolant circuit and RP vessel level indicator
- pressurizer incl. pressurizer heating and spray systems
- steam generators
- main coolant pumps
- RC temperature control system ̂  •
- control rod control system •
- RC pressure and limitation system incl. RCP control diagram
- neutron flux measuring (outside RPV)
- volume control system and pressurizer level control system
- reactor boron and demineralized watersupply .system i :
- residual heat removal system incl. automatic control system
- emergency core cooling system
- main steam system incl. 15% safety valves
- atmospheric exhaust station and control system
- feedwater storage tank and FWST steam supply
- main and emergency feedwater supply system, SG level control system
- main condensate and main steam bypass injection system
- auxiliary steam supply system
- emergency feedwater storage tank
- tutbine and turbine control system
- main steam bypass control system
- stationary part load diagram
- generator output control system
- condenser
- main cooling water system
- process data monitor and accident announciation system

Reactor Protection System (Limits)

- reactor power > max
- pressurizer level > max
- pressurizer level < min
- RC coolant pressure <min
- RC coolant temperature > max
- RC coolant temperature < min
- SG level < min
-DNB <min
- main steam pressure > max
- RC coolant pump speed < min
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- RCS isolation signal YZ37
- main steam and feewater system isolation signal YZ 60 (two different signals)
- high pressure safety injection signal YZ 36 (incl. RESET)
- emergency feewater injection signal YZ 51
- emergency feewater supply signal YZ 61
- reactor trip YZ 11

4. The User Interface

After program start all necessary informations are displayed on the screen together with .
mimics for.keyboard operation.-The.simulation always starts with an undisturbed full-load condition ^
with all control systems in operation (initial condition).

Indication of component status:

- RED = OFF or CLOSED
- GREEN = ON or OPEN

SIMULA - C is operated by the keyboard following the indications in capital letters close to
the component on the screen (Fig. 1).

Normally there are two letters:

- LEFT = OFF or CLOSE

- RIGHT = ON or OPEN

If an additional .third, letter is in between:'...:

- CENTER = control system ON / OFF

These agreements correspond to the real plant control panels in German NPPs.

Operation can be supervised by means of a part load diagram and RC pressure diagram. At
any time one can initiate a random event within the next 60 seconds by pressing the hot-key
combination STRG+PgUp. Important process data signals and announciations appear on the CRT (see
lower right part of the screen).

A HELP function and a TUTORIAL is available, too.

Twelve parameters can be recorded on hard disk in a delimited ASCII file. Plots can be
generated easily by means of different standard software (Fig. 2).

5. Trainiug Aspects r

About 100 training objectives of the first initial training phase can be achieved by means of
SIMULA-C. Trainees gain a good overview of the dynamic plant behaviour (load changes, plant
shut-down, reactor trip, turbine trip, cooldown into the cold subcritical status (30 bars, 60° C).

Fundamental diagnostic skills can be trained by means of random events.

SIMULA - C is a Computer Aided Instruction (CAI) tool supporting trainees as well as
instructors. The tool should be used by means of data projection during lectures or by means of
individual personal computer working places during seminars - in this case a tutor should be present
always to answer questions and to supervise training. The CAI training methodology today is widely
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spread in fields where highly qualified personnel must be made familiar very fast with complex
technical systems before being trained at full-scope simulators (e.g. in the airline's pilot schools).

It's obvious that new type training tools like basic principle trainers, reactor glass models, PC
simulations and multi-media Computer Based Training modules (CBT) complement traditional
training methods and partially enhance the trainees' motivation and learning speed significantly.

In former times blue-printed system drawings and color pens were the main training tools of
the author when he was made familiar with the PWR technology the very first time during his initial
training in the classroom. Today the same training objectives can be achieved faster and more
efficient by means of SIMULA - C. .

6. Conclusion

SIMULA - C is a simplified PWR simulation training tool for personal computers enabling
trainees to understand the dynamic plant behaviour of a PWR plant already in early initial training
phases. By means of SIMULA - C preparation of the first full-scope simulator training courses and
classroom training is complemented in a didactic valuable way and becomes more efficient.

APPENDIX A: SIMULA - C exercise list

- load changes with various speed settings
- automatic and manual control of certain systems
- reactor trip, turbine trip, loss of off-site power
- disturbances of the main heat sink, loass of feedwater supply, loss of reactor coolant and main

condensate pumps
- plant shut-down from full load to the cold, subcritical status
- pressurizer leak, main steam line break, leak in the feedwater storage tank (constant leak sizes)
- combinations of events, random events
- reset of important reactor protection actions

In total some 30 - 40 different exercises are available.
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MELCOR BASED SEVERE ACCIDENT SIMULATION FOR
WER-440 TYPE NUCLEAR POWER PLANTS
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F. GY. GYENES, Z. HOZER, P. MAKOVI
KFKI Atomic Energy Research Institute
Budapest, Hungary

Abstract

SUBA is a MELCOR based severe accident simulator, installed this summer at the
Hungarian Nuclear Safety Directorate. In this simulator the thermohydraulics, chemical reactions and
material transport in the primary and secondary systems are calculated by the MELCOR code, but the
containment, except the cavity, is modelled by the HERMET code, developed in our Institute. The
instrumentation and control, the safety systems and the plant logic, are calculated by our models. This
paper describes the main features of the used models and presents three different test transients. The
presented transients are as follows: a small break LOCA, a cold leg large break LOCA, and the
station blackout, without Diesel generators. In each treated transients the most important parameters
are presented as time functions and the most significant events are analysed.

1. INTRODUCTION

Severe accidents producing core melting in nuclear power plants are one of the most
exiting research topics of the present day nuclear industry. MELCOR is a widely used code to
calculate core melting processes in water moderated reactors. This code has been developed
at the Sandia National Laboratory (USA) and with the kind permission of the US Regulatory
Committee it is used in Hungary for simulation of such processes in the Paks Nuclear Power
Plant. The simulation work has been started about 5 years ago, and some preliminary results
were reported in 1993 [1]. Since then the models have been elaborated, the hardware of the
simulator has been changed and this summer a severe accident simulator (its Hungarian
acronym is SUBA simulator) was installed at the Hungarian Nuclear Safety Directorate,
Budapest [2].

This project has been financially supported by the Hungary's National Committee for
Technological Development.

2. MODELLING APPROACHES

Nuclear power plants produced in the former Soviet Union differ considerably from
the Western PWRs; for this reason great amount of developments are needed when MELCOR
is used to calculate severe accidents in VVER-440 type plants. The hermetic area of the
VVER type plants are quite different than the containment in a Western PWR, for this reason
our HERMET contaiment code, developed for the Paks Full-scope Simulator, is used instead
of the one, built in the MELCOR code. The instrumentation and control in Paks is also a
sensitive area, for this reason its simulation is also replaced by our models in this simulator.
And last, the fuel assemblies, the safety and control rods, their drives and the reactor vessel
are different constructions and use different materials, for this reason a significant amount of
parameters have been changed in the input of the MELCOR code.
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2.1. TECHNOLOGICAL MODEL

Anybody can experience difficulties if he/she wants to use the MELCOR code for
modelling WER-440 type nuclear power plants. The reason for it is simple, these plants
differ considerably from those for that the code has been developed. There are basically two
kinds of differences: different construction and different materials. Since these differences
were earlier analysed [3], here only a summary of the encountered problems are given. The
most significant construction differences are as follows:

• Follower assemblies are connected to the W E R control rods. For this reason after
a scram there are fuel assemblies in the lower plenum. Moreover, during a core
melting process first the absorbers melt on the followers.

• The control rods are among the fuel assemblies instead of moving inside of them.
• The assemblies has a hexagonal geometry and they have shroud around them.
• The lower plenum of the WER-440 reactor vessel is longer than that of in the

Western PWRs.
• The steam generators has a horizontal construction.

The most significant material differences are the following:

• The cladding is made of Zr 1% Nb instead of Zircaloy.
• The absorbers are made of boron steel instead of silver-indium-cadmium or boron

carbide.

The simulated technology is presented in the following figure. As it can be seen, this
is a two-loop model, one loop represents the broken loop, while the other one stands for the
five intact loops.

Main steam line

Figure 1
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The above MELCOR model contains 22 volumes, 35 flow paths and 99 heat
structures. The reactor core model contains two regions, one describes the behaviour of the
assemblies with control rods, and the other calculates the remaining part of the core. Each
region is divided into 19 axial nodes. The model calculates the following physical processes:

• thermohydraulics of the vessel, of the primary cooling loops, of the steam
generators,

• core heating up and degradation,
• hydrogen, carbon monoxide and methane generation,
• release of radioactive materials from the assemblies,
• corium/vessel and corium/ concrete counteractions,
• thermohydraulics of the reactor cavity.

2.2. HERMETIC ROOM MODEL

The original form of the hermetic room model was constructed in 1992 for the Paks
Full-scope Simulator. Since its validation process in Paks, it has been used in Paks and also in
eight simulators produced for different power plants of the former COMECON countries.
This model, called HERMET code, simulates the following phenomena:

• thermohydraulic processes in the rooms, in the bubbling condenser and in the air
locks,

• detailed heat kinetics of the thick walls,
• distribution processes of air, steam, water, hydrogen in the hermetic area,
• propagation of radioactive materials in the hermetic area,
• failure of the hermetic area.

The nodalisation of HERMET code can be seen in the following figure:

Building damage

Manual valve

Flow toLPIS

Figure 2
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As it can be seen, the hermetic area is divided into the following nodes:

• main room,
• refuelling room,
• pressurizer room,
• deck,
• four air locks,
• twelve trays of the bubbling condenser,
• environment.

Each node is surrounded by walls and contains two subvolumes. The upper
subvolume contains air, steam, noncondensable gases and water drops, while the lower
subvolume contains only water. In the lower part superheated water is not modelled, i.e. the
boiling is always determined by the pressure of the upper subvolume. Between these two
subvolumes the following phenomena are calculated:

• condensation in the upper subvolume,
• fall of water drops from the upper subvolume into the lower one,
• evaporation in the lower subvolume and on the walls,
• boiling in the lower subvolume,
• heat transfer between the two subvolumes.

A very important part of the model is the description of the walls, since at the
beginning of a LOCA event the pressure of the main room is basically determined by the
condensation on the cold walls. Both thick and thin walls are calculated. Thick walls separate
the hermetic rooms from the environment, while the walls of the trays are regarded as thin.
Thick walls are calculated in 9-16 layers.

Hydrogen is calculated as a component of the air. This presumption means that the
model regards the hydrogen distribution always as homogenous and the hydrogen content
doesn't affect the thermohydraulic properties of the air. Air is always calculated as an ideal
gas.

Radioactive material transport is calculated in four groups as noble gases, alkali
metals, and Iodine in atomic and in ionic (aerosol) forms. The model calculates the
distribution of the materials listed above and - using average decay constants for each groups
- the activity in each node is also determined.

The reactor cavity is modelled by the MELCOR code and this model is connected to
the node of the main room. The reactor cavity is regarded as a heat - and mass source, thus its
heat flow and mass transfer are the coupling parameters to the HERMET code. HERMET
gives back the pressure and temperature of the main room to the MELCOR code.

2.3. INSTRUMENTATION AND CONTROL MODELS

The instrumentation and control model simulates in detail all control loops and safety
circuits which play role during a severe accident. It means that the following technological
systems are calculated:

• control loops, interlocks and safety circuits of the primary cooling loops,
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• control loops, interlocks and safety circuits of the steam generators and
that of the main steam lines,

• reactor safety system,
• emergency core cooling system.

In the primary cooling loops the controls of those systems are calculated which affect
the water balance of the primary circuit. It means that the operations of the make-up water
system, the water purification system, the water level control of the pressurizer are calculated.
All interlock systems and safety systems of the main circulating pumps, and those of the
pressurizer are also simulated.

In the steam generators only the water level control is calculated. All feed-water
control loops (normal, safety and emergency) are calculated by a single model. Since the
whole turbine is regarded as a steam sink, only the following safety related systems are
calculated:

• safety valves of the steam generators,
• safety valves of the main steam lines reducing into the atmosphere and into

the condenser,
• fast stop valve of the turbine,
• safety logic of the feed-water pumps,
• safety logic of the water level in the steam generators.

In the reactor safety system only the highest level is calculated, since in the simulated
accidents lower safety levels don't play role. However, the reactor trip logic is calculated in
detail.

In the emergency core cooling system both the active and the passive systems are
calculated in detail. It means that the four hydroaccumulators, the three high pressure
injection pumps, the three low pressure injection pumps and the three sprinkler pumps are
calculated independently from each-other, with their connected supply tanks. The stepwise
stan of the diesel generators and the active core cooling pumps is also simulated in full detail
with their malfunction, as well.

3. OPERATIONAL ENVIRONMENT

At present the SUBA severe accident simulator runs in an IBM RS-6000/595
workstation. Unlimited number of IBM personal computers can be connected to this
workstation via a local network, and they operate as X-terminals to provide an easy graphical
access to the simulator. The graphical interface system provides two different services as
mimic diagrams and time history of selected parameters.

The mimic diagrams containschematic representations of the simulated technologies.
The actual values of the calculated variables are refreshed every second and the control
devices (valves, pumps) can be selected and controlled by a mouse.

In the trend system the time history of the selected variables can be plotted as time
functions with a one second time resolution. Maximum 64 variables can be selected for the
trend system, and up to six of them can be plotted simultaneously at a given time. The
maximum length of the recorded time is 10 hours, and in this time span a time interval can be
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selected for plotting. The starting time of this time interval can be selected freely in the
recorded time, the length of the plotted time can be changed from 4 minutes to 8 hours.

4. TEST TRANSIENTS

Until now three different test problems have been analysed with this simulator. These
test problems cover a wide range of the possible applications and the initial phase of each
transient has been earlier investigated in detail, thus - at least for the initial phase of the
accident - all of them have comparisons. The test problems are discussed in this point.

4.1. SMALL BREAK LOCA

The transient is initiated by the break of the outlet pipe (diameter: 73 mm) of the
water make-up system in cooling loop No. 1. The Emergency Core Cooling System (ECCS)
is partially inoperable: the hydroaccumulators and the high pressure injection pumps are
switched off and only one from the three low pressure injection systems (LPIS) operates.
Since the ECCS configuration is not adequate, partial core damage occurs.

The results of this transient are already presented [2], for this reason here only the
most important events are summarised in Table I.

Table I.
" Event - ;"~ „ ' .

Break
Relief valves to atmosphere (BRU-A) open
Water level reaches the top of the core
Core dry-out
Start of gap releases
First start of the operating LPIS pump
Lowest water level in the reactor vessel
Fuel temperature escalation
End of simulation

Time (sec.)
0

60
1000
1835
2017
3278
3370

5400-20350
30000

During the transient a partial core damage can be observed in the upper part of the
core. The single operating LPIS pump preserves the integrity of the reactor vessel. If this
pump is also switched off, the vessel is also damaged.

4.2. LARGE BREAK LOCA

The transient is initiated the guillotine type break of the main cooling loop No. 1.
(diameter: 492 mm) at the cold leg of the reactor vessel. Only the hydroaccumulators are
available all of the active emergency core cooling systems are inoperating. This accident
results a total core damage.

The pressure increase in the hermetic area results a scram practically immediately. At
115 seconds after the break the water level in the reactor vessel reaches the top of the core. In
Figure 3 the different heat generation sources are presented. As it can be seen, in the 1st hour
of the accident the zircon oxidation produces the biggest amount of heat energy. Core melting
starts at about 10 minutes after the break and this process is very fast. In the first half an hour
the core melts down, but the followers remain relatively intact. However, by the end of the
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first hour the core degradation is complete. At about 8500 seconds the vessel integrity is lost
and the melted core falls into the cavity. Now new exothermic chemical reactions start,
producing carbon monoxide, water and hydrogen as it can be seen in Figure 6. The
exothermic chemical reactions are finished at about 22000 seconds after the break, but gas
production in the cavity continues due to different endothermic chemical reactions. 10 hours
after the break the cavity ceases to exist and the simulation stops.

4.3. STATION BLACKOUT

The transient is initiated by a total loss of power of the plant and at the same time the
Diesel generators are inoperable. Due to the complete loss of electricity, the main circulating
pumps and all of the feedwater pumps stop immediately, and all active emergency core
cooling systems are inoperable.

In the first three hours of the accident practically nothing happens in the primary
circuit, only the pressure increases to the opening value of the safety valve of the pressurizer.
The safety valve of the pressurizer opens and the core is cooled by the heat released through
this valve. Due to the permanent loss of coolant, the water level reaches the top of the core at
10121 seconds after the break and the core dryout begins. The relevant data are presented in
Figure 7-10.

Figure 7 presents the different heat generation sources. As it can be seen, the core
degradation is again very rapid and the core melting is complete by the 17000th second of the
accident. During the core melting process the exothermic zircon oxidation is dominant. At
about 199500 seconds the vessel integrity is lost and the melted core falls into the cavity as it
can be seen in Figs 8 and 9. Now exothermic chemical reactions start, producing carbon
monoxide, water and hydrogen as it can be seen in Figure 10. The simulation was finished at
the 50000th seconds of the accident.

5. SUMMARY

The MELCOR code has been adopted to the VVER-440 type Paks nuclear power
plant and on this bases a severe accident simulator has been developed. From this summer the
simulator operates at the Hungarian Nuclear Safety Directorate.
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INTRODUCTION OF
THE COMPUTER-BASED OPERATION TRAINING TOOLS IN CLASSROOMS
TO SUPPORT SIMULATOR TRAINING

K. Noji, K. Suzuki, A. Kobayashi
BWR Operator Training Center Corp.
Ohkuma-machi, Fukushima-ken, 979-13 Japan

Abstract

Operation training with full-scope simulators is effective to improve trainees operation
competency. To obtain more effective results of simulator training, roles of the "classroom
operation training" closely cooperated to simulator training are important. The "classroom
operation training" is aimed at pre- and post-studies for operation knowledge related to
operation training using full-scope simulators. We have been developing computer-based
operation training tools which are used in classroom training sessions. As the first step, we
developed the Simulator Training Replay System. This is an aiding tool in the classroom
used to enhance trainees operation performance. This system can synchronously replay plant
behavior on CRT displays with operators action on a video monitor in the simulator training
sessions. This system is used to review plant behavior / trainees response after simulator
training sessions and to understand plant behavior / operation procedure before operation
training.

1. INTRODUCTION

BWR Operator Training Center Corporation (BTC) was established in 1971 and has
been conducting operator training using the full-scope simulator since 1974. With the
increasing number of the operating plants in Japan, BTC has increased the number of
simulators at the Fukushima and Niigata Center, and now has five full-scope simulators
including the ABWR simulator.

BWR power plant operation is conducted by shift crews, consisting of shift
supervisor, assistant shift supervisor, main control room operators and auxiliary equipment
operators. BTC offers several training courses based on respective operators' job levels and
experiences. BWR operators training system at BTC is shown in fig.l. The initial training
course has been provided for the candidates who are assigning the main control room
operators. As continuing training courses for those who have been assigned as control room
operators, the "refresher training courses" and the "senior operator training course" have
been provided. These training courses are directed at individuals, and trainees came from
different power plants compose an operational team temporarily and are trained. In addition
to these training courses for individuals, BTC also offers the crew training directed at actual
shift crews. Total numbers of the trainees by the end of September 1997, are 8962
individuals and 3647 teams.

The subjects of these training courses are mainly operation training using full-scope
simulators. To improve the simulator training effectiveness further, BTC has been
introducing the computer-based operation training tools to be used in classroom sessions.



2. NEEDS OF CLASSROOM OPERATION TRAINING TOOLS

The curriculums and contents of BTC training courses have been developed
according to the job analyses of the operators. To improve trainees operation competency
and proficiency, it is no doubt that the operation training using full-scope simulators is
effective. The operation training is intended to have trainees experience the operation at the
same circumstances with that of the actual plant control room, and acquire the operational
skill. This is the reason why the importance is placed on the "fidelity" of the full-scope
simulators.

On the otheT hand, to improve trainees operational competencies further, pre- and
post-studies of simulator training which will develop and enhance trainees operational
knowledge, should be strengthened. As for the pre-study, trainees are required to understand
the operation training contents, including plant behaviors and operation procedures. As for
the post-study, trainees need to review the operation training exercises. Although full-scope
simulators have been also used for these studies, they have some limitations for suitable
explanation and instruction functions necessary to these studies. It is because the design of
the full-scope simulators have focused mainly on its "fidelity", and no suitable functions for
these studies have been developed and added to it.

This is the reason why we need the computer-based training tools optimized for
instruction in the pre- and post-studies. Because of limitation in the time to use simulators,
these training tools should be used in the classroom sessions. Fig.2 shows the needs of the
classroom operation training tools.

Now, BTC has been developing several classroom operation training tools aimed at
following subjects;
• to study plant transient behaviors
• to study emergency operation procedures
• to review operation training exercises

Among these tools, the tool to review training exercises is called the "Simulator
Training Replay System". This system is closely cooperated with the operation training.
This system can be also used for pre-study, by means of replaying the exemplary operation
to the certain scenarios.

3. SIMULATOR TRAINING REPLAY SYSTEM

The "Simulator Training Replay System" used in the classroom was developed as a
training supporting tool for instructors to carry out effectively pre- and post-studies of
operation training.

3.1. The intention of system introduction

Review sessions of simulator training exercises are important for confirming the
effect of the simulator training. Trainees can understand the training contents and reflect on
their operational responses in these sessions. These post-study was usually conducted at the
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simulator control room after training exercises. Sometimes, "replay" function of simulators
or video were used. However, there were some limitations of instruction functions for this
study with simulators, as follows,

(l)Reproduce function of training exercises to reflect on trainees operational response by
themselves.

(2)Display function of necessary information to study relationship between operation and
plant behavior.

(3)Comparing function of plant behavior between training exercises and exemplary
operation to confirm the problems of trainees responses.

Additionally, we could not utilize simulators much time for these studies. It is because they
reduce relatively the time for the operation training, which is more essential for use of
valuable full-scope simulators. •

The "Simulator Training Replay System" was developed and introduced to solve
these problems. This system can reproduce the simulator training exercises using video and
operational data. This system also has the enhanced instruction functions to analyze and
explain the interrelationship of plant behavior and operational responses.

( . . .
By reproducing the examples of exemplary operation which were prepared by

instructors beforehand, this system is also the: useful training tool for the pre-study of
operation training.

3.2. Outlines of the system

3.2.1. System structure and composition of the replaying set

Fig.3 shows the system structure. During simulator training, various operational data
are recorded and stored in the training data server. Also, the view of operators' action in the
simulator room are recorded by the video system. These data and video recording are
reproduced by the replaying set installed in the classroom for the pre- and post-studies. As a
feature of this system, one replaying set can reproduce the operational data and video
recording transferred from multiple simulators. The same systems were installed in BTCs

r two training centers. By March 1997, BTC's all five simulators have been connected with
this system. ' • . . ' . . ...

Fig.4 shows the over-all view of the replaying; set. It is composed of a video monitor
and two computer displays. The video monitor reproduces the view of operators' action in
the simulator room. The computer displays reproduce plant behavior data and operational
response data. As for plant behavior data, parameter's trend graphs and plant summary
(which shows the condition of major plant components visually) can be displayed. As for
operational response data, event sequence (which shows the manipulation history of PBs
and switches, the alarm history, and the actuation history of plant components) can be
displayed in the chronological sequence form.

As an important feature of the trend graph and the event sequence displays, there are
"time cursors" on these displays which indicate the point of replaying time.
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3.2.2. Functions of this system and their applications

Characteristic functions of this system and their applications to the pre- and post-
studies are as follows;

(1) Synchronous replaying function of data with video : When the video is replayed, plant
behavior data and operational response data are replayed in real-time with video
synchronously. This function enables us to observe plant behavior which was not
available when we were using only the video system. By means of preparing data and
video of "exemplary operation", this function can be applied not only for post-studies
but also for pre-studies.

(2) Analyzing function of operational data : This function is used not for real-time
replaying but for static analysis. When the video is stopped, time cursors on data
displays accept manual movement to any point. For example, if we set a time cursor
on the trend graph at an interesting point, another time cursor on the event sequence
shows what happened or what was done at the point. Thus, the interrelationship
between plant behavior and operators actions can be analyzed from various
operational points of view. This function is applied mainly to post-studies for the
purpose of; (a) pointing out operational errors observed , and (b) answering trainees'
questions, based on evidential data.

(3) Comparing function of parameters' trend graphs : Two different trend graphs can be
overlapped on the display and compared with each other. One is drawn by thick real
lines, and the other is drawn by thin dotted lines. For example, this function enables
us to evaluate objectively the trainees' operational responses as described below;
Beforehand, instructors demonstrate an exemplary operation to a training scenario
performing all necessary procedures, and store the result data (A). Then use the same
scenario for training, store the result data (B), and compare with data (A). If we could
observe some difference in them, it means there might be some problems or
weaknesses in trainees' operational responses. Using analyzing function, we can see
the reason of the difference, which should be pointed out.

33 Improving simulator training effectiveness by this system

The simulator training effectiveness can be improved by the Simulator Training
Replay System as follows;

(1) Instruction focusing on trainees' knowledge-based competency : This system helps
instructors to make trainees understand the interrelationship between plant behavior
and their operating actions. Knowledge-based competency is important for the
operation training.

(2) Accurate instruction : Using this system, instructors can use evidential data for the
purpose of pointing out operational problems observed during the simulator training.
It helps instructors to perform accurate, persuasive and confident instruction.

4. PLANNING TO EXPAND THE COMPUTER-BASED TRAINING TOOLS

BTC has been also expanding computer-based training tools for several training
process, based on the Simulator Training Replay System. Now, we aim at following items,
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• the reference data producing tool , which provides the necessary data to the comparing
function of the replay system

• the interactive operation study system, which is up-graded the instruction functions for
classroom training

• the self-study materials developing tool, which applies the data of the replay system to
self-studies - -

Fig. 5 shows relationship among these training tools and application to the training process.

4.1. The reference data generating tool

The comparing function of parameter's trend graphs is one of the most characteristic
functions of the Simulator Training Replay System. In order to utilize this function, it is
necessary to accumulate beforehand the "reference data" compared with the training
exercises data. However the reference data is necessary to be produced in full-scope
simulators, such works must occupy much instructor man-power and time to use simulators.

To accumulate the reference data efficiently, the "reference data generating tool" has
been designed. This tool is installed in the instructors office. By using this tool, we can edit
adequate operational responses for the certain training scenario by the software, and make
simulators execute this scenario with these operational responses automatically at the free
time of simulators, such as midnight and holidays. The results of automatic execution of
training scenario are stored in the training data server. This data can be used for the
reference data of this scenario. As a result, the reference data can be accumulated efficiently
with small man-power and without occupying the simulator.

This tool is also useful for preparing the new training scenarios. By using this tool,
we can edit training scenarios, make simulators to automatically execute these scenarios for
test-run and evaluate the scenarios adequate to training subjects with test-run data.

4.2. The interactive operation study System

Although the "Simulator Training Replay System" has fine reproducing functions of
simulator training exercises at the classroom, it is not able to permit us to retry correct or
alternate responses to replaying scenarios. As the post-study, it is a effective method to
confirm problems of operational response in the simulator room and results of the case that
correction is put in responses. It will be able to make trainees to recognize the effect of the
operation deeply. For this purpose, BTC is researching to develop the tool to review
interactively the training exercises in cooperation with the replay system.

43. The self-study materials developing tool

By means of putting supplemental explanation on the screen of the data display of the
Simulator Training Replay System, we believe additional value can be provided as better
teaching materials. The Simulator Training Replay System can accumulate various example
data for training scenarios by using the Reference Data Producing Tool. Also, this replay
system can display adequately the results of responses in accordance with viewpoints of
instruction for the scenarios by using the enhanced instruction functions, such as the
comparing function.. These screens displayed the results of response, with appropriate
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explanation, are expected to be suitable self-study materials for this training subject. These
materials will be able to be used with common PC system.

Then, we are developing the "Self-study Materials Developing Tool" for operation.
This system is a tool to process the data from Simulator Training Replay System, edit
necessary explanation and develop self-study materials.

5. CONCLUSION

To improve the effectiveness of the operation training with full-scope simulators,
BTC has been introducing computer-based operation training tools to be used in classrooms.
These tools are used for reinforcing the pre- and post-studies of simulator training. '

The Simulator Training Replay System is the most closely cooperated training tool
with full-scope simulators. By this system which enhanced the reproducing and analyzing
functions for simulator training exercises, pre- and post-studies of simulator training can be
effectively performed in the classroom. Trainees can enhance their knowledge-based
operation proficiency related to contents of simulator training. As the results, we can
improve the effectiveness of simulator training . •

BTC has been also developing training tools to apply several training process based
on the Simulator Training Replay System. These include the reference data generating tool,
the interactive operation study system and the self-study materials developing tool. By these
improvement, it is expected not only to strengthen the pre- and post-studies in the classroom
but also to make the opportunities of self-study for operation.

As for the classroom training tools, BTC will continue to develop suitable tools
corresponding to various training subjects, and improve further the effectiveness of
operation training.
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UPGRADING OF THE KSU SIMULATORS WITH NEW DIGITAL
I&C SYSTEMS

K. RANDEN XA9847544
KSU Nuclear Training and Safety Center
Nykoping, Sweden

Abstract
Nearly all Swedish nuclear power plants, 9 ABB Atom BWRs and 3 Westinghouse PWRs in

total, are presently in various stages of modernizing their I&C systems. This includes also major
changes to the main control room with the introduction of large numbers of workstations for soft
process control and supervision. These modernization programs also have implications on the seven
plant specific full-scope simulators used at the KSU Nuclear Training and Safety Center for operator
training. The utilities are considering this training to be an integral part of their programs and have
requested KSU to provide training of operators before commissioning of the new equipment in the
plants. There is also a request to validate modified operating procedures with the new I&C systems
integrated into the simulators. Since the utilities are using different vendors, KSU is now working
with equipment from three vendors in the upgrading of the simulators.

1. PLANT I&C MODERNIZATION

1.1. BACKGROUND

The main reason behind the extensive modernization of I&C and electrical systems in
Swedish nuclear power plants is the realization that the current analog systems need to be
replaced in order to operate the plants for their anticipated technical life time of 40 years with
high availability and degree of safety. Many of the plants were started up during the 1970s
and have therefore been in operation for about half their life time. Some of the problems now
experienced with the original I&C and electrical systems include (1) material aging problems
which are becoming more frequent, (2) spare parts are no longer available or very expensive
and (3) people with experience on the old systems and components are becoming an

r increasingly limited resource and new personnel are not being trained on the old technique
and equipment.

The modernization programs have a major impact on plant operation. The programs
must be planned in detail and have in general been scheduled to be completed over a period
of 5-7 years. They are therefore split up in a number of "Base Projects" which will be carried
out in connection with the annual outages. In most cases the programs have been proceeded
by extensive studies to evaluate the present situation, define design criteria and prepare an
implementation plan.

Some plants have at the start of these studies entered into cooperative agreements with
a specific vendor of I&C systems. This is the case for Ringhals 1 and Forsmark 1 who are
working with ABB and Ringhals 2 who is working with Westinghouse. One of the main
reasons behind this approach is to obtain standardization of equipment and MMI. Other plants
are in the process of or have plans for working with several vendors. In Oskarshamn 1 and in
Forsmark 3 both ABB and Siemens are involved as vendors.
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1.2. EXTENT OF MODERNIZATION

Except for the Oskarshamn 1 plant, where the safety related systems are being
upgraded, mechanical components including sensors are normally not modified or replaced.
The extent of modernization/replacement usually includes the following systems:

• power, turbine and feed water control systems
• reactor and turbine protection systems
• control rod maneuver and indication systems
• general component control
• process computer
• control room MMI
• alarm systems
• temperature, vibration etc supervision

One area which for most plants remains to be defined is what the main control room
should look like with the introduction of a large number of workstations for soft control and
information retrieval. The vendors in general are proposing more or less a redesign of the
control room with large information displays for process overview and workstation equipped
operator consoles for soft control and system oriented detailed information display. This
approach is similar to that found in new plant control rooms like the French N4 and the
Japanese ABWR.

Another approach is a gradual replacement of certain information and control
equipment but maintaining much of the present standup panels and operator consoles and
thus making current operating procedures still generally applicable. This approach is often
advocated by experienced operators who are well acquainted with working with the present
design.
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1.3. KSU PARTICIPATION

The plants have from the start recognized the need for extensive training of the
operators in working with the new equipment in a changing control room environment. An
important part in this training program is the training provided by KSU in plant specific
simulators. KSU has therefore been involved very early in the study and planning phase and
is also directly involved in the contract phase. The upgrading of the simulator with new I&C
equipment is negotiated by the utility as an option to the plant contract. This option is
transferred to KSU who is then working directly with the vendor.

The utility is specifying in the contract that KSU is to have the simulator upgraded so
that training on the new equipment can be performed before the new equipment is
commissioned in the plant. With normal plant outages during the summer this means that the
training must be carried out in the spring the same year and that the simulator must be
upgraded by that time.

There is furthermore an increasing awareness of the possibilities to functionally validate
the new I&C equipment in the simulator using updated operating procedures for normal
operation but also for limited non-normal operation. This validation is planned to be
performed prior to start of training. Good experience with such a validation was obtained
during the replacement of the turbine control and protection system in Ringhals 2 using a
stimulated solution for the simulator.

It is also important for KSU to obtain design data, even preliminary data, from the
vendor very early in the project in order to start modifying the process models to interface
properly with the new I&C equipment. This often also leads to a need for a more powerful
simulator computer since the models often must be expanded to provide new additional
information to the control room MML Another reason for added computer power is the need
for higher execution rates of the models to synchronize better with the response of the new
control systems especially if they are being stimulated.

2. KSU REQUIREMENTS ON NEW I&C EQUIPMENT

2.1. GENERAL

KSU has for the upgrade of the simulators requested that a solution be provided by the
vendor that meets a set of general requirements important for training in a plant specific
simulator. These general requirements specify that the simulator should after the upgrade be
identical to the plant with respect to:

• the operators' working place
• the layout and look of the control room
• operations performed using plant procedures
• response time for control and supervision of the process
• cycle time of I&C software

In addition to these general requirements the simulator itself should after upgrading also
meet the following criteria:
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• the functionality shall be identical to that of the plant so that the simulator can be used to
verify and validate I&C functionality

• the simulator shall be easy to update when the software and/or hardware is changed in the
plant

• it shall be possible to ran the simulator models in stand alone mode for process model
maintenance >•

• by running the I&C simulator models in the same computer as the process models using -
the same database and compile/link environment common debugging tools can be used

The above criteria clearly suggest a solution where the I&C controllers are emulated
and integrated with the simulator computer software. The equipment in the control room
(hardware/software) should on the other hand be stimulated to provide an identical MMI to
the operators in the simulator control room.

The new software must of course interface with the simulator executive system used in
the KSU simulators (the S3-system from GSE-Systems) with versions relevant to Unix or
Windows NT platforms. KSU presently has two simulators using a Silicon Graphics
Challenge (Unix) platform, one simulator using a Sun Ultra 1 (Unix), three simulators with
HP Vectra under Windows NT 4.0 and one simulator running on Encore under MPX.

2.2. SIMULATOR SPECIFIC FUNCTIONS

In addition KSU requires the following standard specific simulator functions not found.
in the ordinary plant equipment to be provided by the vendor:

• run/freeze/step
• IC generation (snapshot)
• initializing from IC
• use of simulator time
• bypass mode (run only simulated models)
• reset trending and event lists
• off-line simulator maintenance functions (move ICs etc)

3. IMPLEMENTATION AT KSU

3.1. SIMULATOR MODIFICATION SCHEDULE

The requirement to perform training of operators on new I&C equipment before the
plant outage makes the implementation time schedule very critical for KSU. Milestones
critical for KSU are being included in the plant project contract to indicate to the vendors the
importance of the simulator part in the overall modernization program.

For a typical Base Project to be implemented during a normal plant outage starting at
time (T), KSU would specify the following milestones:

Milestone Weeks
• Start of operator training in simulator T-8
• Simulator available for course preparation T-12
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• Simulator ready for validation of operating procedures T-13
• SAT approved and simulator ready for IC-generation T-15
• Final version of I&C software delivered T-19
• Hardware operational with preliminary I&C software T-26
• Design information for process model modification T-40

KSU also assumes that specifications and design information will be obtained
continuously as it becomes available from the vendor to the plant.

Since there will likely be minor additional modifications introduced right up to the plant
commissioning, an update to "as build" status will be performed of the simulator at a later
date.

3.2. TRAINING

Equally important to the upgrading of the simulator is the start to prepare the training
program. Planning of when training of the operators shall take place and the extent of the
training program must be agreed on with the plant operations staff early on since this has a
direct effect on the time schedule for completion of the simulator upgrade.

With the realization that the upgrade of the simulator will always be on a very tight
schedule it may be worthwhile to consider splitting up the training into several phases
because the final version of the I&C software information is coming in late and there is not
enough time for the extensive testing normally performed.

In Oskarshamn 1 the major part of the modernization program will be performed at one
time during a planned four months outage starting September 1999. Training in the simulator
has in this case been split up in the following manner:

• initial training 5 days (7 shifts) starting March 1, 1999 with only normal plant startup and
shutdown (no malfunctions) followed by two weeks of simulator modification to test
transients and malfunctions

• retraining 5 days normal operation with transients and malfunctions followed by further
simulator upgrade and testing

• refresher course 2 days sometime during the plant outage

Parallel to the simulator upgrade project new or modified training material must also be
generated. A consequence that should also be kept in mind is that already developed standard
courses may become obsolete and need to be revised.

4. VENDOR I&C SOLUTIONS
4.1. ABB ADVANT

In the simulators where ABB I&C systems are introduced the solution is based on the
ABB Advant OCS product family and is fully stimulated. In the original solution the same
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Advant Controller 450 as in the plant was used with the controller software being generated
using the ABB proprietary AMPL language. For the MMI part the operator station Advant
Station 520, a Unix based HP workstation using open standards like OSF/Motif and X-
Windows is used. TCP/IP is used for the plant network level and MasterBus300 (IEEE 802.3)
is used as controller network. The process computer is a Unix workstation based on the ABB
Network Control S.P.I.D.E.R concept. .-..

To interface the stimulated I&C equipment with the KSU simulator a Vax/VMS based
workstation, developed for Norwegian offshore simulators, was provided originally. This
interface will convert signals to and from the Advant system and generate simulator specific
commands to the Advant system.

The above concept was first introduced in the MARS project in the Ringhals 1
simulator. Since the concept did not fulfill KSU requirements of a simulated/emulated
controller function and with the prospect of having to introduce an increasingly large number
of stimulated AC 450 controllers KSU requested ABB to continue to develop their concept.

The current solution is shown in Figure 2. Here the Advant Controller software is
ported to AC400 RTA boards which can be inserted into the operator workstations. It is also
foreseen to run the software from several plant AC 450s on one RTA board.

ABB is also developing a Windows NT based interface with the possibility to later on
integrate this into a Windows NT based simulator platform.

This is, however, still a stimulated solution for the controller part and KSU is
continuing discussions with ABB especially since recent information has revealed that
another ABB company indeed has an Advant software translator although it would need
additional work.

Discussions are also underway for a maintenance system that should be possible to use
simultaneously by several users from different simulators.
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4.2. SIEMENS TELEPERM

Siemens is currently supplying a new control rod maneuver/indication system to
Forsmark 3 and a simulator version to KSU FO3-simulator. This is based on Siemens
TELEPERM XS control system as shown in Figure 3. The OM 650 Process Control and
Information System provides an open standard MMI based on Unix OSF/Motif and X-
Windows standards and is stimulated. It includes operator terminals (OT) and processing
units (PU/SU) connected through a terminal bus (SINEC HI compliant with IEEE802.3)

On the controller side Siemens will supply a "Virtual" AS-620 Automation System in a
Unix based computer which will provide an emulated/stimulated solution which is in line
with KSU requirements. Data exchange with the simulator process models will be through
shared memory. Communication to the OM 650 system will be through the plant bus (SINEC
HI).

The system also includes an ES 680 engineering and commissioning system and a
development system for the simulator software.

4.3. WESTINGHOUSE OVATION

Westinghouse in 1996 supplied a stimulated system to the KSU Ringhals 2 simulator
for the turbine control and protection systems based on their WPDF product line.

KSU is currently discussing with Westinghouse for a solution for the Ringhals 2
simulator based on their new Ovation information and control system. It is an open system
based on commercially available hardware and software. It uses Sparc Workstations for MMI
and process computer and Pentium based controllers. Communication is through an FDDI
based data highway as shown in Figure 4.
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Figure 4 Westinghouse Ovation Simulator Solution

The interface between the stimulated controllers and the KSU process model computer
is through a WESstation using a parallel high speed link to the controllers and a reflective
memory solution to the simulator computer. In order to reduce the number of hardware
controllers the simulator version will have at least a four to one consolidation but again this is
overall a stimulated solution.

Westinghouse has also looked into the possibility of having the controllers emulated ,,
(has been done for the WDPF version) but indicates that this would be a very large task since
no source code is directly available. The controllers are being down-loaded directly with
executable images generated from the database.

5. CONCLUSIONS

The large number of I&C projects currently under way or being in a planning phase has
a major impact on KSU for the upgrading of the plant specific simulators and training of the
plant operators before equipment commissioning at the plants.

For KSU the following guide lines are important to cope with the situation:

• Work closely with the plant operating and project personnel to gain information as early as
possible from the vendor

• integrate important milestones for the simulator into the plant contract to provide pressure
on the vendor for timely deliveries to KSU

• work to get standardized solutions based on stimulated MMI-functions and
simulated/emulated controller functions and a good maintenance solution

review the training needs and a possible split in several shorter sessions to handle the
differences that are likely to occur between preliminary and final versions of the I&C
system software
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Abstract

The Compact Nuclear Simulator (CNS) was installed at the nuclear training center of the
Korea Atomic Energy Research Institute (KAERI) in 1988. The CNS has been used for training non-
operator personnel, such as NSSS design engineers, maintenance personnel, and inspectors of
regulatory body, and for testing fuzzy control algorithm. The CNS mathematical modeling modeled a
three loop Westinghouse Pressurizer Water Reactor (PWR), 993 MWe, mostly referred to as the Kori
Unit 3&4 in Korea. However, the main computer (MicroVAX II), an interface card between a main
computer and operator panel, and a graphic display system are faced with frequent troubles due to
obsolescence and a lack of spare parts. Accordingly, CNS hardware should be replaced by state of the
art equipment. There are plans to replace the main computer with an HP workstation, the dedicated
interface card with a PLC-based interface system, and the graphic interface system with an X-
terminal based full graphics system. The full graphics user interface system supports an easy and
friendly interface between the CNS and users. The software for the instructor console also will be
modified from a text-based to a Motif-based user interface. The Motif-based user interface provides a
more efficient and easy operation in an instructor console. The real-time executive software
programmed under a Micro VMS operating system should also be replaced by software programmed
under a HPUX operating system.

I. INTRODUCTION

Everyone knows that the TMI-2 accident resulted from a defect in the man-machine
interface of the main control room and because of the quality of the operators. No proper
action on the malfunction of small part in the plant can cause a severe accident like the TMI-2
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accident. It is therefore very important and urgent to upgrade operators' capability and to train

them to understand the dynamic transient phenomena in nuclear power plants. The TMI

action plan, which is prepared by the US Nuclear Regulatory Commission (USNRC)

suggested the need to improve the capability of operators and inspectors of regulation bodies.

Because it is economically difficult to perform training in real power plants targeting normal

operations, it is more efficient to utilize simulators[1,2].

Normally, training simulators are classified into three categories : compact or basic-

principle, full-scope and part-task. Compact or basic-principle simulator is intended for the

illustration of general concepts and the demonstration and display of the fundamental

physical processes of a plant. Its models are simple, and physically may consist in either a

simplified replica of the plant control console and panels or in desk-top consoles or CRT

displays. This category may include simulators, described as educational, used either in the

first phase of operator training or for the general education of engineering students and non-

operating plant personnel. The model can be implemented in a workstation or a mini-

computer with graphic display. The full-scope simulator is based on a more complete and

accurate model. The whole plant should be represented but generally, it is not with the same

degree of accuracy for all systems. The first full-scope simulators concentrated on the

reproduction of the NSSS and the BOP was much simplified. Progressively, the new

simulators tend to duplicate more completely all the plant systems. The part-task simulator is

that which reproduces only one of the systems into which a plant may be functionally

subdivided : the chemical and volume control system, the reactor control and dump system, or

the turbine and generator set, etc[3].

The Compact nuclear simulator (CNS) is designed to carry out the various operational

modes of a real nuclear power plant, such as start-up, preoperational tests, preheating, hot

start-up, cold shutdown, power control and the operational conditions in steady and accident

states. It can be used for the fundamental training of operators, maintenance personnel,

inspectors of regulatory body, system or component designers, NSSS designers, and research

fellows, safety analysis by transient analysis, making questions for operator qualifying

examinations, and testing fuzzy control algorithms in the Nuclear Training Center of Korea

Atomic Energy Research Institute.

II. COMPACT NUCLEAR SIMULATOR

The CNS consists of mainly two parts : the hardware facility and software module. The

hardware facility consists of an operator panel which is reduced control panel, computer

complex which simulates the similar situation as real nuclear power plant, interface card that
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transfer information between computer complex and operator panel, graphic display system,

and instructor console that execute instructor's command. The software module mainly

consists of process mathematical modeling and a supervisory module. These are described in

more detail in the next section. The overall configuration of the CNS is shown in Figure 1.

1. Hardware Facility

The CNS is a device which simulates many of the fundamental features of a NPP using a

computer as the simulation tool and a special desk with an operator's panel. This panel can be

regarded as a condensed control room. The user controls the simulated process by means of

controllers and observes the response on instruments, digital displays, alarm annunciators and

on color CRTs located on the top of the control desk. One computer terminal is supplied as a

instructor console to initiate the simulation and to activate simulated process malfunctions.

The operator's panel is connected to the simulator via a Micro VAX II computer, which has a

0.9 MIPS CPU, 5MB memory and a 80MB hard disk. The interface between the computer

and the operator's panel in the console desk consists mainly of custom fabrication. Its purpose

is to transfer digital information in the computer to the analog and digital
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components on the operator's panel, such as the lamp, LED, annunciator, instrument, 4 digit

display and to the CRT displays. Further, it should forward the digital input to the computer

from the position of all panel switches. ..••.•

The other hardware facility is the CRT display system. The information from the computer

is then used by the display system, which consists of several 1 Mbyte, Zilog 80 micro-

computer units. Their function is to continuously store selected data obtained from the

computer via the communication RAM into their internal RAM-memories. This database is

then used to update three independent CRT monitors which have geometrical as well as time

dependent variable distributions as determined by switches on the operator panel of the CNS.

2. Software Module

The NPP modeled in the CNS is a three loop Westinghouse PWR, 993 MWe, mostly

referred to as the Kori Unit 3&4 in Korea. : :

The nuclear behavior of the core is calculated by considering 25 axial nodes for the

neutron flux calculation and one neutron group. Three delayed neutron groups are used. The

decay heat is modeled with three space independent sources. The rod control system has 4

control banks and 4 shutdown banks. The control can be automatic or manual.

The primary circuit and steam generators are modeled with a two phase capability. This

means that small loss of coolant accident situations can also be calculated. The primary loop

pressure is controlled using the pressurizer. Pressure is increased with heaters, which increase

the steam bubble temperature. Pressure is decreased using sprays, which cool the steam.

The primary loop volume is controlled by the chemical and volume control system. This

system is also used for reactivity control by boron concentration changes.

On the secondary side there is the steam system, the condenser, the feedwater system and

the auxiliary feedwater system. The steam system consists of one high pressure (HP) turbine,

one low pressure (LP) turbine and a reheater. Outlet steam from the HP turbine goes through

the reheater to the LP turbine. Steam from the LP turbine goes to the condenser. From the

condenser, water is pumped by three condensate pumps to the LP heaters. Three feedwater

pumps increase the pressure above the steam generator pressure. The water then goes through

the HP heaters and the feedwater (FW) control valves to the three steam generators. The

steam generator level is controlled by the FW control valve.
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Extra water supplies are provided by the residual heat removal system for the primary side

and the auxiliary FW system for the secondary side. These are used in low power operation

and during shutdown. They can also be used in emergency situations. In accident situations,

water can also be supplied to the primary side when the pressure is high using an accumulator

injection and high pressure injection. A containment model calculates temperature, pressure-

and radioactivity in the containment after a primary coolant leakage[4].

The mathematical modeling programs consist of static and dynamic parts. The initial state,

a 100% full power condition, is set up in the static calculation, which is performed once

before the start of the dynamic calculation. The dynamic calculation is performed every 0.2

second to represent a real-time mathematical modeling simulation.

The CNS provides the function of activating 19 predefined types of malfunctions. This

function realizes the transient or accident condition to test the developed target systems. The

trend curve of the major variables during the 120 seconds after activating the typical four

types of malfunctions from a full power, normal operation are depicted in Figure 2. The four

typical malfunctions are as follows:

1) Anticipated Transient Without Scram (ATWS),

2) Small Loss Of Coolant Accident (LOCA) : 100 cm2 break,

3) Main Steam Line Break (MSLB) : 500 cm2 break inside containment,

4) Steam Generator Tube Rupture (SGTR) : 5 cm2 leak.

The Supervisory module comprises all instructions that should be necessary for running

the CNS. This program provides several types of instructions such as run/freeze, snapshot,

backtrack, replay, insert malfunction and change time scale.

The run command will start the dynamic simulation and the freeze command will stop the

dynamic simulation. The snapshot command is used both for storing a special situation for

later studies and for fetching such a situation and using it as a new start position. The

backtrack function enables the operator go back in time during a simulation. In order to make

this possible, a copy of the simulation data fields is stored on the disc regularly. The replay

command closely related to the backtrack provides the possibility of replaying a simulation

sequence. The operator interventions will then be repeated on the panel. The data regarding

these operations are stored in the backtrack file. The malfunctions give an instructor the

possibility of simulating errors in the technical system by inserting the time, malfunction
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Figure 2. The Results of Typical Malfunctions

number and option. The change time scale command can change the CNS time scale from

ten times slower than real time to five times faster than real time.

III. CNS UPGRADE PLAN

The CNS was installed at the nuclear training center of KAERI in 1988. The CNS has

been utilized to train of non-operator personnel and to test the advanced control algorithms.

However the main computer (Micro VAX II), an interface card between the main computer

and operator panel, and a graphic display system are faced with frequent troubles due to

obsolescence and a lack of spare parts.

According to the above reasons, the CNS hardware facility should be replaced by state of

the art equipment. The main computer, Micro VAX II will be changed to an HP workstation
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and a custom made dedicated input/output(I/O) interface card will be modified to a PLC-

based I/O interface system. The PLC module is connected to the HP workstation by Ethernet,

and the I/O modules in the"PLC process analog output, digital output and digital input. The

analog output signals cover the analog instruments, the digital outputs cover lamps, LEDs,

annunciator windows, audio alarm, and synchroscope, and the digital inputs cover all the

switches in the panel. The PLC contains its own CPU and executes interface program in the

PLC. This means a reduction in CPU execution time in the main computer.

The full graphics user interface system supports an easy and friendly interface between

the CNS and users. It will be developed using a Picasso-3 graphic tool developed by the

Halden Reactor Project to provide mimic diagrams, trend curves, axial curves, etc. Picasso-3

is a user interface management system supporting the object oriented definition of graphical

user interfaces in a distributed computing environment[5]. The overall upgraded hardware

facility is shown in Figure 3.
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The CNS mathematical modeling software is programmed by FORTRAN77, so it can be

used by simply re-compiling under the HPUX operating system. The supervisory software

for an instructor console will be modified from a text-based to a Motif-based user interface.

The Motif-based user interface provides for more efficient and easy operations in an

instructor console. The real-time executive software programmed under a Micro VMS

operating system also should be replaced by an executive software programmed under the

HPUX operating system.

V. CONCLUSION

The CNS, which is installed in KAERI, has been used for training non-operator personnel

and for testing advanced control algorithms. But the main computer, an interface card

between the main computer and operator panel, and the graphic display system are faced with

frequent troubles due to obsolescence and a lack of spare parts. Accordingly, the CNS

hardware facility should be replaced by state of the art equipment. The mathematical

modeling program will be modified under an HPUX operating system. The supervisory

program will also be replaced by a Motif-based program. Recently, advanced I&C and human

factor research has become very important issues in nuclear industry. So, if possible, CNS

will be modified as a test simulator of advanced I&C and human factor research.
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Abstract

Nuclear power plant simulators provide a vital tool in the training of operational staff
in the statutory procedures and operational requirements of the nuclear industry. Scottish
Nuclear, and its predecessor the South of Scotland Electricity Board, recognised the value
such facilities offered to safety and efficiency, and commissioned the construction of the
Hunterston Operator Training Simulator as early as 1980. The simulator is a full scope, total
plant, and real time system, with a complete 'as plant' replication of the operator interface,
together with extensive instructor and tutorial facilities. Its uses have extended beyond the
operator training role into plant engineering post incident analysis, evolving to be an essential
feature of the station as a whole. Operation of the simulator for the foreseeable life of the
station was the main driving force behind the current simulator update project, and whilst the
need to move to a new computing platform, avoiding impending obsolescence problems, was-
the prime reason, the retention of 17 years of software development was seen as a valuable
legacy to preserve. This paper discusses the main criteria considered during the simulator
upgrade programme, highlighting the main technical issues and risks involved.

1. Introduction

The Hunterston B Advanced Gas-cooled Reactor operator training simulator was
initially completed in 1985. The computing technology applied to the original simulator was
based on the 1970's and early 80's vintage of the Marconi Graduate and Intel processing
systems. The initial system comprised 52 Graduate MK 2 processors and 16 Intel 8080/8086
processors.

Throughout the late 80's and early 90's the advances in Graduate processing
technology, and their introduction into the simulator environment, resulted in the
replacement of the original 52 with a total of 10 MK4 and MK5 processors covering all of
the mathematical modeling and tutorial tasks. The>Mk4 and MK5 systems were designed to
be largely upward compatible with the ojiginal MK2 and hence much of the software
investment in the MK2 system was retained. At this time the Intel processing system
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communicated the I/O between the operator desks and panels and the modeling computer
system. This comprised approximately:-

(a) 1000 analogue outputs.
(b) 6 analogue inputs
(c) 6000 digital outputs.
(d) 4000 digital inputs.

Figure 1 shows the computer system diagram in simplified block diagram form.

The decision was taken three years ago to upgrade the computing environment to an-'
'open systems' platform such that the simulators' high training fidelity and availability could
be preserved and further developed well into the future. The key factors in the decision
were:-

(a) The hardware environment was no longer being manufactured or developed
and the obsolescence problems encountered, over the last few years in some
areas, would gradually spread to all of the hardware.

(b) Availability of software support skills in the SOUL (Simulation Oriented
Utility Language) language used was rapidly diminishing.

(c) The computer system processing capacities were not adequate to support the
implementation of foreseeable power plant modifications, e.g. replacement
control systems, on the simulator.

2. Strategy

At the outset of the upgrade programme a number of potential areas of risk were
identified and are detailed as follows.

2.1. Specialised hardware

The existing computer system comprised- a number of hardware elements
substantially tailored to meet the demanding processing and communications requirements of
the real time simulation environment. -._

Where possible, given the advances in modern computing technology, the upgrade
process would utilise standard products and facilities. This would ensure that future
developments, and the support of such activities, could be maintained without the necessity
to rely on the specialist knowledge required by the original system.

2.2. Intellectual property and copyright issue

The original simulator was developed by Marconi simulation in conjunction with
Scottish Nuclears' predecessor, the South of Scotland Electricity Board. Much of the
mathematical modeling software was the result of a joint effort between the two parties and
the question of ownership was never concluded. This aspect had to be resolved before any
action could be taken to upgrade the mathematical modeling elements of the environment, so
that as much as possible of the high value legacy of the original models could be retained,
and that Scottish Nuclear could avail itself of a competitively tendered upgrade contract.
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2.3. Legacy investment

Over the life of the simulator, considerable investment had been made in the
development of the mathematical models in pursuit of the evolving operator training
requirements. The plant models encapsulate engineering effort and ingenuity, expended in
the original designs, and in over a decade of modification, improvement and feedback of user
experience in the development of the training programme. The functional capability that they
currently deliver is regarded as having a considerable legacy value.

It was recognised at an early stage that retention of such an investment was of prime
importance in any form of system migration to a new hardware/software platform. Therefore
a staged upgrade procedure where comparative testing with the previous versions.becomes
the acceptance criteria for new versions was set as the main development guideline.

In addition, Scottish Nuclear had also developed another real time simulation
environment, the Workstation Engineering Simulator (WES), which had been extensively
used to test major plant modifications prior to their installation on plant. This system was
based on the original Hunterston simulator concepts but provided an environment in which
the interfacing and control of the system was accomplished via a standardised client/server
arrangement. With the variety of equipment interfacing requirements that existed on the
Hunterston simulator it was felt prudent to include the principles of WES in the control of
these interfaces.

2.4. Fall back arrangements

A project priority was to ensure that the high volume of operator training would not
be disrupted during the development and commissioning stages of the upgrade project. To
this effect, the plan for each stage included a fall back procedure, engineered into the design
from the outset, such that all items crucial to training support could be identified and
accommodated. The monitoring, evaluation and reduction of risks in this area have been a
continual preoccupation of the project team. -

2.5. System enhancements

The development of the simulator over its lifetime has shown the need to provide for
considerable enhancement from the initial design. These enhancements are largely driven by
the modifications that have taken place on the real plant, although the expansion of the
operator training envelope and improvements in the tutorial tools have also played had a
major influence. Moving the simulator to a new platform should include consideration of
these developments in the choice of hardware, operating systems, proprietary applications,
and software languages.
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3. Implementation

3.1. Background

The development programme was based on the following guidelines:-

(a) Order the activities according the priorities of obsolescence. . ,';
(b) Maintain availability for training.
(c) Maximise incorporation of the legacy value of the existing simulator

installation.
(d) Provide sufficient spare capacity throughout the system to incorporate future

updates.

Item (a) dictated the major milestones that had to be achieved during the upgrade
process. This indicated that the most immediate requirement was to replace the Intel
8080/8086 I/O processing system followed by the Marconi Graduate mathematical modeling
/ tutorial facilities processors.

Item (b) could be satisfied by the establishment of parallel communication routes
between old to old and old to new equipment and/or processes, i.e. the fallback arrangement
could easily be switched to, in the event of 'new system' failure.

Item (c) could be provided for through emulation of the existing Graduate
software/hardware environment in a modern computer system.

Item (d) was simply a case of ensuring that the chosen architecture provided sufficient
processing and communications capacity.

3.2. Staged Migration

About three years ago urgent obsolescence problems were being encountered on the
Intel I/O scanning system which necessitated its early replacement. The design study, which
examined the problem also, uncovered the impending-obsolescence in the plant mathematical
modeling computer system.

To overcome the technical issues, a staged programme of design, implementation and
validation was chosen whereby straightforward reversion to the existing system could be
invoked at any time during commissioning. The purpose of this approach was to maintain
simulator availability for training and, simultaneously, facilitate verification of each stage of
the upgrade against the performance of the existing system.

Consequently, the upgrade process was divided into two major stages each of which
being designed according to these principles. The stages were:-

(a) Replacement of the control room desk & panel instrumentation I/O scanning
computer system.

(b) Replacement of the mathematical modeling/instructor/tutor facilities computer
system
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Item (a) was accomplished through the procedure described in sections 3.3 and 3.4
below, and essentially provided a new VME I/O system which operated, for some time, in
parallel with the old Intel system until verification of its performance allowed the old system
to be completely removed.

Item (b) was sub-divided into further stages in order to ensure that the high legacy
performance values of the old system were conserved into the overall upgrade to the new
system. These stages were as follows:-

(i) Emulation
(ii) Conversion . •
(iii) Replacement

Figure 4 shows the migration pathways for this procedure.

3.3. The I/O processing system

The Intel based processing system, which communicated the I/O to and from the
desks and panels, included many pieces of equipment specifically design for the simulator.
In choosing a development route to new equipment, the priority lay with the inclusion of
equipment which would allow multiple sourcing of spares and future additions, and which
also complied with international standards of specification against which application
software construction could be referenced.

Obviously, when considering the amount and frequency of the I/O update process, a
high-speed communications bus system was required. The final choice, based on the variety
of available processing elements and the wide range of I/O card manufacturers, was the 6U
VME system. The processor chosen was the VME dual HyperSPARC, manufactured by
Themis, which in addition to providing the simulator I/O function was also capable of
simultaneously running application software, designed by the station reactor physics section,
utilising some of the simulators' functionality. With the power of the VME SPARC
processor, it was decided to double the update rate of the I/O system to 10/sec. with a view to
accommodating future enhancement of the plant modeling processes.

The I/O software processes are table driven, each derived from a common database,
and hence future changes to the system can be accomplished by updating the database and
regenerating the tables. Little, or no, future software changes, other than updating the
database, will therefore be required.-

The system also included the installation of the new plant alarm logging system, the
Contact Alarm Scanner (CAS), running 'as plant' software interfaced to the I/O processor via
a local lOMbit Ethernet connection. Figure 2 shows the revised architecture at this stage in
simplified block diagram from.

3.4. Workstation Engineering Simulator

The Workstation Engineering Simulator (WES) was built to provide support and
verification facilities to major plant modification projects. It consists of a central server
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control process to which may be connected a wide range of client activities via a
predetermined, whilst still reconfigurable, interface.

To date, the range of clients include:-

(a) Mathematical models of the real plant.
(b) Control room" soft desk and panel displays.
(c) Parameter trending displays.
(d) Animated plant mimic construction and display.
(e) I/O systems to other manufactures equipment, e.g. Honeywell TDC.
(f) Interfaces to other proprietary engineering applications, e.g. MatrixX.

The WES system architecture was therefore imposed upon the updated Hunterston
simulator architecture, as shown in Figure 3, to provide the interconnection and I/O facilities
required by the system as a whole.

3.5. Plant modeling System

The design study, which examined this area of the update process, concluded that
emulation technology based on a GRADUATE/SOUL Virtual Machine concept operating
within an Open computing platform should be employed. The Legacy value of the current
simulator software is preserved by mapping INCODE (executable code) files from the
current system, automatically into LITCODE (Legacy Interpretative CODE), which then runs
in the new environment.

The design study also concluded that the, Intel Pentium processor range and the
Windows NT operating system could adequately accommodate the requirements of such an
emulator and in particular the 200MHz versions could provide up to 50% spare processing
capacity.

3.5.1. Existing models

The existing plant modeling computer system comprises a number of interconnected
processing elements arranged to reflect segregation of the main plant into its major
components, e.g. reactor, boiler, turbine.

The current performance of the simulator has been achieved over an extensive period
of model development and system enhancement largely dictated by the progressive
requirements of operator training. It was felt prudent to preserve the current simulator
attributes in any computer system update process such that the availability and performance
with regard to operator training remained largely unchanged. The emulation of the existing
computer system environment on modern equipment, in which the current plant models
remain largely unchanged, would satisfy this requirement.

In addition, the high volume of traffic between the emulation of the modeling
processes, the new Honeywell auto control system and the instructor facility, required a
more intimate connection of these elements. Henpe the grouping of these elements, known
as the Legacy Emulation System (LES), and the interconnection between this and the WES
system, has been achieved via a combination of ICOMbit and lOMbit Ethernet connections
between the LES Pentium processor systems and the WES VME processor systems.
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A number of other specially design interfaces, primarily to the existing Ferranti data
logger Peribus interface and the desk and panel synchroscope instrumentation, have been
designed using standard VME equipment tailored to suit these particular requirements.

3.5.2. Plant model enhancements

The desirability of having a substantial spare capacity in any simulator system has
been adequately demonstrated by the continuous software development activity at
Hunterston, in attempting to follow the ever-increasing demands of operator training. There
have also been several recent major changes to the real plant whose implementation on the
simulator will impose a further computing load.

Some of these changes are to be implemented immediately following the update of
the computer system, and therefore provision has to be made within the initial design. These
changes will include:-

(a) Replacement of the existing DC/pseudo AC, electrical network model with a
fully functional AC network model.

(b) The simulation of the main turbine governor new computer based system.
(c) The simulation of the new Honeywell TDC 3000 reactor/turbine control

system.
(c) Nuclear data set import utility.
(e) Turbine model modifications to match recent reblading on the plant.

Items (a) and (b) will be implemented via software written to directly simulate the
effects of these requirements, while item (c) will be simulated using a proprietary emulation
of the Honeywell computer system environment within which the 'as plant' software may be
run.

In addition to the above, there are a significant number of minor plant modifications
which must be taken account of in the design and loading of the simulator plant modeling
computer system.

Consequently, a contract to update the simulator plant modeling computing platform
to an open systems Pentium processor arrangement running Windows NT was placed with
SAST in April 1997, and is forecast to achieve completion over an approximate 12 month
period.

3.6. Enhanced instructor facilities •

The initial update of the simulator computer system provides an instructor facility
which closely resembles the functionality of the previous system, thus ensuring a smooth
transition of operator training following the system update, as well as allowing the tutors to
become comfortable with the new hardware.

The enhanced facilities will capatilise on the sophisticated graphics capabilities made
available via the new hardware platform and software environment.
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3.7. Migration to C

This stage deals with migration from the SOUL/GRADUATE to an 'Open' C
environment. This process has yet to be started but many of the tools developed earlier in the
project will facilitate this migration pathway.

4. Tools and skills

4.1. SPARC VME system

The operating system used, Solaris 2.4, provided many of the workstation tools
required during the construction process, including:-

(a) SPARCWORKS - Development environment
(b) SCCS - Source Code Control System
(c) XVTEW - Graphics tool kit
(d) XLIB - Graphics drawing functions

In addition, tools constructed in house during the development process, were used to
provide accelerated means of building the application software, including:-

(a) LINKER - Client data interconnection facility.
(b) Data base parsers - Configuration table generators.
(c) Standard interface functions - .Client/Server interconnection facilities.

4.2. Pentium processor system

The operating system, Windows NT 4, and Microsoft products provide the following
tools:-

(a) MS OFFICE 97 Pro -- Documentation & project database.
(b) MS Visual C++ - Software porting.
(c) MS Visual Basic pro - Off-line database applications and tools.
(d) Paint Shop Pro - GraphicakSupport.

Additional tools provided under the contract are:-

(a) SPI - Project Support-Pack of On-line help files.
(b) LEFT • - Legacy Import File Transfer.
(c) Pre-C/C compiler - SOUL to LITCODE compiler

Other tools to support the software source code migration will be developed during
the project.
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6. VALIDATION

Full system testing has been carried out off-line the using a development simulator,
which includes a soft emulation of the control room desk and panels, to generate an effective
and efficient test environment. The desks and panels and the training scenarios are based on
standard video capturing techniques, utilising the toolset provided by WindowsNT.

Simulator tutors have been involved at each demonstration and testing point to ensure
that the look and feel of the new simulator resembles the existing equipment. A period of
operator training will commence shortly, based on the emulation of the existing system. The
feedback from this training will be taken account of during the enhancement phase of the
simulator upgrade project as described in Section 3.5.2.

7. CURRENT PROJECT STATUS

The legacy emulation on the new platform is currently being commissioned and will
be used for operator training commencing December 1997. The legacy enhancements are
currently being constructed and will be commissioned in May 1998. This will complete the
migration process to the new hardware platform.

To address the software migration process, the port from SOUL to C will be
completed by September 1998. This process will follow the same guidelines as the hardware
migration, using comparison with the SOUL/Graduate emulation performance as the criteria
for acceptance. In this case, however, switching between them, for comparison or fall back
to maintain training availability, will be easily accomplished via a software switch.

8. CONCLUSION

The incremental design approach provides a secure guarantee that each stage of the
migration can be fully validated to the satisfaction of the simulator tutoring and engineering
staff, while the commissioning procedures involved easily accommodate conformation of-
performance via reversion to the legacy system. Hence the migration of a system to a
modern computing platform should not lose the legacy value of the existing system or result
in any loss of training capability. ^_
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MODERNIZATION OF PERSONNEL TRAINING

Manfred Haferburg
PreussenElektra AG
TresckowstraBe 5
30457 Hannover/Germany

Hugdieter Rehn
NTS Ingenieurgesellschaft mbH
63452 Hanau/Germany

Abstract

Personnel Training in German nuclear power plants adheres to high standards
complying with government regulations. The develeopment of PC technology allows the
introduction of new training methods, e.g. comupter based training (CBT), as well as their
integration into existing training systems.

In Germany, the operators of nuclear power plants have developed their own computer
based standards with a screen design, a hardware plattform and an ssesment standard.

25 % of the theoretical training of the shift personnel is covered by CBT. The CBT-
Programms offer multimedia features: videos, photographs, sound, graphs ans switching
diagrams of existing systems, practice oriented simulations and 3-D animations. Interaction
ist the most important attribute of an efficient self-learning-programm. A typical example of
such an appropriate theme ist the CBT-Lesson "Pressure Surges in Pipes and Components of
Power Plants"



- 88 -

Modernization of Personnal Training

Modernization of Personnel Training

v; ^HugdieterRehn Manfred Haferburg
NIS Ingenieurgesellschaft mbH PreussenElektra AG

SillK;AfiaBaii/Gennany Harniover/Germany

l . MODERNIZATION OF PERSONNEL TRAINING

Personnel training in German nuclear power plants adheres to high standards
complying with governmental regulations.

The development of PC technology allows the introduction of new training methods,
e.g. computer based training (CBT), as well as their integration into existing training systems.

The objective is to improve the effectivity of personnel training
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2. CBT- STANDARDS

In Germany, the operators of nuclear power plants have developed their own
CornputerBasedTraining standards.

The first point concerns the recognizability of the user surfaces: Even those, who are
not computer experts, must be able to work with the course without being diverted from the
actual training task through problems caused by the use of the computer. If the trainee will
always have to adapt to a new user surface, this will distract his attention from actual training
work.

The second point concerns the exchangability of CBT lessons: Hardware requirements
must be such that the CBT sequence will surely run on the "training stations" -the work place
PC's- of all possible users.

Requirements towards software must make sure that the author's system remains open
for the developing standards on the PC market. This means that the whole training course
must not be redesigned, whenever new developments appear on the market.
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Modernization of Personnel Training

3. COMPUTER BASED TRAINING (CBT)

A few words to the objectives of the application of CBT:

The important point is to reach maximum efficiency in the transmission of knowledge
to the small and highly specialized target group of nuclear power plant personnel.

Our efficiency improvement strategy consists in the application of the optimal mixture
of media and methods for personnel training: simulator, on-the-job training, theoretical
training and CBT.

Strict criteria were applied for the selection of appropriate themes from the overall
range of training material. A cataloque of own interactive lessons was generated and
supplemented by favorably-priced lessons available on the market. Special attention is paid to
the fact that only approximately 25 % of theoretical training is done with PC.
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4. GENERAL FEATURES OF MODERN CBT
(CBT sequence)

Typical examples of such appropriate themes are the lessons "Pressure Surges in Pipes
and Components of Power Plants" and ,,Fundamentals of Pump Hydraulics". The
advantages of CBT as compared with other self-learning methods may be illustrated by these
learning programs developed by NIS. The object-oriented utilization of a mulit-media
information depiction (video, audio, 3-D-animation, etc.) specifically may facilitate
understanding of complex thermohydraulic phenomena.

What do CBT programs offer?
Videos, photographs, sounds, graphs and switching diagrams of existing systems
provide for real-life system environment

• Practice-oriented simulations and 3-D animations
Voice output of learning contents
Structure according to didactic and pedagogical criteria
Self-explanatory operation
Design for self-instruction and group training

• Option for self-examination
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5. CONTENT AND SCREEN DESIGN
(CBT-sequence)

The learning program is menue driven and divided into four main chapters:
• Characteristics of water

Pressure surge
• The effect of pressure surges

Avoiding damages
It comprises 17 video clips

60 minutes of speech
160 animations
17 simulations
64 exercises

System requirements:
Minimum requirement for working with the NIS learning software is a standard PC with a
486-processor running Windows 3.1 or Windows '95. The following equipment is
recommended for optimal utilization:

MPEG card for smooth playback of video recordings
sound card and speaker for audio output
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6. EXAMPLES FOR THE USE OF GRAPHIC, SOUND, 3-D ANIMATION AND
VIDEO

6.1 GRAPHICS, SOUND AND 3-D ANIMATIONS (CBT-SEQUENCE)

At the beginning of the sequence the model of a valve with a closing time of zero is
presented.

Then the four phases of a pressure surge in a single phase fluid are demonstrated by means of
3-D animations.

- Phase 1 Pressure builds up at sound velocity due to compression caused by feeding
water

- Phase 2 The pressure decreases as compressed water flows back to the vessel
- Phase 3 The pressure decreases further as more water flows back to the vessel
- Phase 4 The pressure decrease is checked as water now flows back from the vessel into

the pipe



- 94 -
Modernization of Personnel Training

'"•&"•£ - , •

Pipe motion in a live-
cieam pipe system

shut-down of
turbines in a GDO
MW power plant.

Nextvideo film , -

Ok

To the beginning

Play Stop

6.2 VIDEOS OF PIPE MOVEMENT INDUCED BY PRESSURE SURGES
(CBT-sequence)

Within the learning software videos are used to help the students in understanding of the
complex thermohydraulic relationships.

These videos are taken from different test rigs or from real plant.
A sequence of seven video clips shows the movement of the main steam lines of a 600 Mwe
plant after a turbine trip.
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6.3 2-D ANIMATION
(CBT Sequence: Fundamentals of Pump Hydraulics)

The animation shows the formation of the liquid swirl through the impeller.
The lift of the pump increases proportionally to the square of the numer of revolutions.

The student can vary the number of revolutions with the slide.

1) In the centrifugal pump, the centrifugal force is generated by an impeller wheel. The
liquid moves outwards between the blades. Pressure evolves as in the experiment.

2) Please change the number of revolutions of the impeller with the slide.



- 96 -
Modernization of Personnal Training

7. THE COMPUTER - A PAGE TURNING MACHINE ?

If Computer Based Training is not to become a mere schematic representation of a
textbook on the screen - we call such a thing a "page turning machine" - interactivity between
the trainee and the personal computer must be the main feature of CBT.

Interactivity means, that the trainee can try out things by himself on the screen, in
order to learn by doing. The highest standard of interactivity is achieved, if simulation is the
core of CBT.

In the CBT - Lesson "Pressure Surges in Pipes and Components of Nuclear Power
Plants" there are different interactions between the trainee and the computer, such as e.g.an
experiment with phase-crossing from ice to water to steam, a 3-D-virrual reality room to
control the power plant equipment and control room elements to start a feedwater pump.
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8. INTERACTION

Interaction is the most important attribute of an efficient self-learning program. A
learning program will only be readily accepted if it motivates the learner with interesting, real-
to-live depictions and with mediated learning material that can be applied in his everyday
work.

8.1 CLOSING1 A VALVE
(CBT sequence)

In this exercise the student can study the influence of the relevant parameters on the
amount of the pressure surge, e.g.

flow velocity
closing time of the valve
density and sound velocity of the fluid
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8.2 VIRTUAL PLANT
(CBT sequence)

In a virtual room of a plant with various types of pipe-supports, the student is asked to
distinguish failed or defective supports.

The student can navigate through the room by means of the button in the lower right hand
side corner of the virtual room



- 99 -

Modernization of Personnal Training

Die Q/H- Kennlinie von Kreisel-
Pumpen mit unterschiedlichen
Laufradformen soil mit einem
Versuch ermittelt werden.

, Starten Sie nun bitte die Pumpe
und stellen Sie das Ventil so ein,
dafi Sie auf dem Diagramm
mehrere Punkte zum Zeichnen der
Q/H - Kennlinie erhalten !

2)

Kennlinie zeichnen Ok

20 40 60 80 100 120 [m-'.'h]
Q/H - Kennlinie

Radiale Kreiselpumpe

m
P 23 H3 EQ 31
llllllitilEillltmilmijilllllllOlulj

H 1

Q SO 83 133 ISO
IiiilLti(iiiiili'it!iiii<!i!i[iiif!tiaI

Kennlinie zeichnen WIEOEJ.H}
— / j

8.3 VIRTUAL EXPERIMENT
(CBT Sequence: Fundamentals of Pump Hydraulics)

The student can determine the Q/H curves for different pumps and impellers by means
of virtual set-up. In this sequence a pump with a radial impeller is introduced into the test rig.

1) The Q/H characteristic curves of centrifugal pumps with impellers of different shapes
are to be determined with an experiment.

2) Now please start the pump and adjust the valve so as to obtain several points to draw the
Q/H characteristic line on the diagramm.
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9. HOW GOOD A M I ?

The point "Assesment standards" concerns the acceptance of CBT: we created the
rules for the "How-good-am-I?" test:.
The trainee is an adult person, he is not a schoolboy. The main objective of the practical
exercises is not to evaluate the trainee, but to allow him to check by himself how far he has
achieved the purpose of the training session, without creating an "examination" situation.

The test is generated individually for every user per random event generator. The
learning station does not save user specific data. Every user works with his own password
protected floppy disk, of exercises during retraining:
Conservation of specific knowledge presupposes, that the CBT user has learned the subject
at least once and that he has good preliminary knowledge. It would thus be a waste of time
to oblige the trainee, to go through the whole subject again. It is much more efficient, to find
specific gaps in knowledge and to close them. That is why the user immediately starts with
the test and asks "How good am I?".
The revelation of gaps in knowledge is achieved by questioning the trainee about the subject
by means of exercises. For every learning objective in the course, the test must provide a
specific exercise.
Impossibility to solve an exercise, identifies a gap in the user's knowledge. The computer
then leads him to the adequate part of the course, to close this gap. Usually, the user will be
able to solve the exercise immediately after having worked his way through the
corresponding part of the course. The computer then leads him back to the exercise
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10. EXERCISES

10.1 EVALUATION OF INDICATOR READINGS
(CBT-sequence)

In the self-examination section, a random generator selects a number of exercises for the
user to solve in order to refresh or confirm his/her expertise. In case he/she is unable to solve
an exercise, the program takes the user to the lesson section where the subject matter is
covered. A Certification of Achievement indicating that the exercise section has been
completed will be printed only after all exercises have been solved correctly.
Before the learner opens valve 1, he/she must evaluate the indicator readings to determine if
switching the valve will cause a condensation hammer.
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10.2 DETERMINATION OF Q/H CHARACTERISTIC CURVES
(CBT Sequence: Fundamentals of Pump Hydraulics)

In this exercise, the student is supposed to determine the common characteristic line of
a system with two different centrifugal pumps. The characteristic curves of the pumps are
given beforehand.

1) Now determine the common characteristic curve of a system with two different
centrifugal pumps set in series by yourself.

2) Shift the blue lines to the right place and let the common H/Q characteristic line be
drawn.
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11. CBT - ACCEPTED BY PERSONNEL AND PUBLIC AUTHORITIES

An improved platform has been created for modernization of training. The seminar
rooms have been equipped with state-of-the-art technology for projection of data, audio, and
video.

Self-learner rooms have been installed. The organization of training has been adapted to
the needs of these new education means.

Progress in personnel training has positive effects upon the motivation of the training
participants. PC training is readily accepted by personnel and public authorities. The
instructors are relieved in their work. Training costs were reduced

NEXT f»AO£(S)
left
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OF THE ANGRA-2 NPP SIMULATOR

J. C. RODRIGUES \
Electronuclear,
Brazil

Abstract

In order to provide a highly qualified training for the future operation teams of the Angra 2 and 3
Nuclear Power Plants, ELETRONUCLEAR has built a training center, at the Plant site, including a full-scope
Simulator based on the Siemens/KWU design, PWR, 1300 MW Angra 2 Nuclear Power Plant. The Simulator is
a full-scope replica of that of the Angra 2 Plant. The CTAS has implemented, since the beginning of its operation
in Brazil, an extensive training program for operators, technical managers and commissioning and licensing
personnel from foreign nuclear power plants, as well as specialists for national and foreign organizations
involved with several activities related to nuclear installations and also with the operation of conventional electric
power plants. After the installation of the Simulator in Brazil, the Simulator software has been continuously
modified and updated.

INTRODUCTION

The adequate training of the operation personnel in a nuclear power plant is an essential condition to
assure the safety, the reliability and a high level of availability in its operation. Simulator training is
considered as the most efficient and economic way for initial qualification and maintenance of the
operation teams' skills.

In order to provide a highly qualified training for the future operation teams of the Angra 2 and 3
Nuclear Power Plants, ELETRONUCLEAR has built a training center, at the Plant site, including a
full-scope Simulator based on the Siemens/KWU design, PWR, 1300 MW Angra 2 Nuclear Power
Plant. The operation of the center, named CTAS, began in May 1985, after the installation of the
Simulator.

HISTORY

ELETRONUCLEAR negotiated two separate contracts for the acquisition of the Simulator: one with
the Reference Plant Manufacturer (Siemens/KWU), for the supply of the Simulator control room
hardware, development and supply of the plant specifications, training and qualification of the
Simulator instructors, technical assistance for the development of the training material and
performance of commissioning tests of the Simulator; and another one with a simulator manufacturer,
for the supply of the remaining Simulator hardware (computer system, interface, instructor system),
integration of all hardware components and development of the Simulation software.

The Simulator manufacturer (Thomson-CSF) was selected on the basis of three proposals presented
in reply to a document containing basic technical specifications for the simulator hardware and
software.

The Simulator was built by Thomson-CSF (France) and Siemens/KWU (Germany) between May
1978 and September 1982, at the Thomson-CSF facilities, in Cergy, France.

Due to the delays occurred in the construction of the Angra 2 NPP and, consequently, the
postponement of the operators' training for that plant, ELETRONUCLEAR decided to make an
agreement with Siemens/KWU, aiming to temporarily use the Simulator in Germany. The Simulator
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was then installed in Karlstein, Germany, and part of the revenues obtained with the training of the
personnel of German NPPs was transferred to ELETRONUCLEAR by Siemens/KWU. The operation
of the Simulator in Germany, including the periods of installation, tests, effective use for training and
disassembling of the equipment, took place between October 1982 and February 1985. In March 1985
the Simulator was transported to Brazil and installed at the ELETRONUCLEAR Training Center.

SIMULATOR SPECIFICATIONS

The Simulator control room instrumentation (supplied by the Reference Plant Manufacturer,
Siemens/KWU) is a full-scope replica of that of the Angra 2 Plant, according to the specifications of
that plant which were available before the "data-freeze-date" of the simulator project.

For those Angra 2 systems whose specifications were not completely available before that date,
corresponding technical data from the German Grafenrheinfeld NPP (the design-reference plant for
Angra 2) have been used.

The dynamical behaviour of the Simulator under normal and malfunction conditions were specified
on the basis of data also supplied by the Plant Manufacturer.

The accuracy of the Simulator behaviour was continously tested by Siemens/KWU personnel
experienced in the design, commissioning and operation of similar plants, during the construction,
commissioning and operational demonstration period of the Simulator. Extensive software
adjustments have been implemented during those phases.

THE SIMULATOR

The Simulator has the following equipment:

- Control room equipment, which is a functional replica of the Angra 2 control room;
- Computer system, which processes, in real-time, the programs corresponding to the mathematical

models of the simulated plant systems;
- Instructor system, which allows the programming, control and monitoring of the training

exercices;
- Interface system, which transfers the signals between the control room equipment, the computer

system and the instructor system.

The original computer system was composed of 3 GOULD/SEL 32/75 computers, 1 GOULD/SEL
32/77 computer and associated peripherals. These 4 computers ran in a quadri-processor parallel
system, with a shared memory system for common data interchange. External interruption lines were
used for real-time synchronization of the processors.

This hardware configuration was later changed to a 2 GOULD/SEL 32/75 and 2 GOULD/SEL 32/77,
and, subsequently, to a 3 GOULD/SEL 32/77 and 1 GOULD/SEL 32/75 configuration.

Due to increasing hardware maintenance problems, mainly caused by the lack of replacement parts for
those computers in Brazil, and the need for more computational power and larger main memory,
ELETRONUCLEAR decided to acquire a new computer system. In early 1993, an ENCORE RSX-
684ID computer system was acquired to the ENCORE Computer Corporation, USA, and integrated
into the Simulator in July 1993. The selection of this computer system was backed by the
requirements for software/hardware compatibility with the previous system, aiming to significantly
reduce the overall migration time. The selection proved to be the correct one, and the new system was
successfully put in operation in early 1995, less than two years after its installation in CTAS.

INSTRUCTOR'S STATION
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The Instructor's Station consists of a movable console - which can be used either at the Instructor's
booth or at the Simulator control room, and allows the insertion of the exercice-controlling and
parameter-monitoring commands -, a fixed console - which allows the insertion of typically infrequent
Instructor's functions as ,for example, the storing and cancelling of initial conditions and
programmable exercises, activation of exercice-related logs, etc. - and a hand-held remote control
device which allows a subset of the Instructor's functions to be activated from anywhere in the control
room.

Through the Instructor's movable console ,the following functions are available:

- Activation of pre-programmed exercises;
- Snapshot;
- Backtrack;
- Replay;
- Mode selection : Start, Freeze, Stop;
- Speed selection : real-time, slow-mode (factor 1/10), fast-mode (factors 10 or 60);
- Selection and activation of malfunctions;
- Control of external parameters/remote operations;
- Selection of on-screen monitored parameters.

The activation of these Instructor's functions is effected through command-dedicated keys. Many
functions are only released when the correponding page is selected and displayed on the movable
console monitor screen.

The Instructor's Station allows monitoring and recording of the dynamical behaviour of the simulated
parameters and the operator's actions, so that a subsequent evaluation of the training exercise and the
trainees' performance can be effected. In addition, the following logs which may be used to assist the
instructor in assessing the trainees' performances are available in the Simulator:

- Alarm and switching log;
- Specification of standard initial conditions;
- Specification of standard exercises;
- Numerical values of monitored parameters;
- Exercise summary log.

MAINTENANCE OF THE SIMULATOR

The Simulator operation team, presently composed of 5 engineers and 4 technicians, is responsible for
the operation and maintenance (software/hardware) of the Simulator.

Several members of this team actively participated in the works performed during the period of
construction and tests of the Simulator in France and in Germany and also during its temporary
installation in Germany (on-the-job training).

As for the software maintenance the following procedure is applied. The Simulator instructors fill in
•'Software Discrepancy Report" forms describing the observed discrepancy, the plant operational state
and the initial condition number. After the discrepancy is worked on by the software specialists, the
instructors team is responsible for the operational tests and final approval of the software
modifications.

The major hardware maintenance problems were associated to the cards, cables and, mainly,
connectors of the previous computer system. The system configuration with 4 GOULD/SEL 32/75 &
32/77 computers sharing data through a common memory required many controller cards, memory
cards and connecting cables. The resulting amount of cables and connectors became a continuous
source of problems.
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After the installation of the RSX computer system in CTAS this kind of problems practically
disappeared. Presently, the main source of problems is the interface system, more precisely, the PCB
cards and the video character generators cards for the control room CRTs. ;

In order to increase the Simulator availability time, ELETRONUCLEAR managed to duplicate many
interface PCB cards in Brazil. On the other hand, ELETRONUCLEAR is negotiating with Thomson-
CSF the purchase of new interface control cards that could not be duplicated. These cards incorporate
the newest technology but are still compatible with the present system. These cards are PC-based,
which greatly simplifies the process of hardware tests and will allow, in a near future, the use of PC-
compatible computers to run the simulation programs.

SIMULATOR SOFTWARE

The Simulator software features a modular structure, in which each simulated plant system
corresponds to one program, and each program is divided into modules.

The programs are called by the simulation monitor (the main program) in a pre-defined sequence as a
function of the current simulation time. Each module performs specific time-dependent calculations,
as follows:

- Computation of physical parameters (flows, pressures, temperatures, etc.);
- Computation of logic signals (interlock signals, plant computer signals, etc.);
- Computation of analog and digital signals to the control room;

Initialization to a given operational status.

The simulation software has the following basic characteristics:

Programming languages: FORTRAN and Assembler;
Time step (interval for updating the values of the simulated parameters and I/O tables) : 125
msec;
Cycle time (interval in which every software module is processed at least once) : 2 sec.

UPGRADE OF THE SIMULATOR SOFTWARE/HARDWARE

After the installation of the Simulator in Brazil, the Simulator software has been continuously
modified and updated, on the basis of the availability of:

Additional data on the Angra 2 systems which were not completely defined before the "data-
freeze date" of the Simulator;

- Design changes on the Angra 2 systems;
Design and operational data on technologically similar German plants whose personnel have
performed retraining programs at the ELETRONUCLEAR Training Center.

The major software/hardware improvements implemented during this period could be briefly
described as follows:

Implementation of the new logic of the "Primary Coolant Pressure and Mass Limitation"
subsystem (MADTEB), based on the German Philippsburg-2 NPP.

- Updating of the "Reactor Power Control", "Reactor Power Limitations" and "Rodrop" systems,
based on the same NPP.
Updating of the logic for disconnecting and reconnecting the Plant electrical loads in case of loss
of external electrical supply.

- Implementation of steam formation under the reactor pressure vessel (RPV) closure head.
Implementation of a new two-phase model for the steam generators.
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In addition, separate "software packages" have been generated in order to allow the Simulator to be
efficiently used for the training of personnel from plants with distinct design and operational
characteristics, as, for example, for the Argentinian Atucha 1 NPP (a natural-uranium-fueled NPP)
and for the Swiss Goesgen-Daeniken NPP.

DISMO

To fulfil the requirements of the Spanish Nuclear Authority (CSN) regarding the operating personnel
training carried out on the Angra 2 Simulator, Trillo NPP and ELETRONUCLEAR developed a long-
term project whose main goal was to reduce the discrepancies between the Simulator control room
instrumentation and that of the Spanish plant.

This task, named DISMO, which means "Operation Handbook Discrepancies", had as basic
guidelines the observed discrepancies between the Trillo NPP Operation Handbook and the
Simulator control room.

A total of 62 discrepancies have been identified and described. From this amount 40 discrepancies
were selected according to their relevance for the Trillo operation procedures and taking into account
the cost/benefit of the required software/hardware adjustments.

A three-phase plan for solving that set of discrepancies was implemented. The work started in
November 1993 and the final tests will be carried out in November 1997. The major
software/hardware modifications can be briefly described as follows:

- Translation of the text of the plant computer digital and analog variables to Spanish;
- Modification of the Reactor Protection logic, including addition of new signals;
- Rearrangement of the Reactor Protection Panel instrumentation;

Rearrangement of the Reactor Control/Turbine Control instrumentation.

MIGRATION

The software migration consists in the process of conversion of the simulation software from the
GOULD/SEL 32/75 & 32/77 computers, running under the old RTM 7.1 operating system, to the
ENCORE RSX-6841D computer, which runs under the MPX-32 Release 3.5 operating system.

A new software organization regarding the storing of the source/object codes and the procedures for
modifying, compiling and cataloging (linking) such codes was developed. This new structure should
be able to support different versions of the simulation programs for different users of the Simulator.

The next phase covered the adaptation of the simulation handlers (real-time, I/O), written in
Assembler language, to the new hardware/software architecture. The simulation monitor (the main
program) had to be rewritten to become compatible with the MPX-32 Release 3.5 operating system
and take advantage of its new features.

The last phase was the time-consuming process of compiling/cataloging the simulation programs, in a
system-by-system basis, integration and operational tests.

The major steps of the migration process could be described as follows:

- Conversion of the I/O structures to the new operating system
- Translation of the real-time and I/O handlers to the new architecture
- Compilation of the simulated modules and auxiliary routines (about 630 FORTRAN/Assember

subroutines)

UPDATE OF THE SIMULATOR TO ANGRA-2 NPP
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Since its installation in CTAS, the Simulator has been undergoing a continuous process of
software/hardware modifications. Such modifications were mainly implemented in consequence of
the Simulator users' requests for which the system logic diagrams or control room layout were
supplied along, although the control room modifications have been restricted to the available spare
equipment.

Consequently an increasing deviation of the Simulator control room layout and operational behaviour
from those of the Angra 2 NPP design have resulted.

As the Angra 2 design reached its final status and the schedule of the operation personnel training was
defined, the update of the Simulator to the present plant design was started.

The preliminary analysis of the already available data, mainly the control room final layout, has
indicated the extension and complexity of the task. A three-phase plan has been set up to reach this
goal.

The first phase covers the updating of the design specifications of the simulated systems and
components. It is, basically, a revision of the system logic signals, as interlocks, plant computer
signals, etc., functional characteristics of the main components, as pumps, valves, fans, etc., and
parameters of the open-loop and closed-loop controls.

The second phase consists in the adaptation of the Simulator control room to that of the reference
plant. Since the amount of the Simulator control room spare equipment is not enough to complement
the required additional instrumentation, ELETRONUCLEAR has already ordered 3 new complete
panels. This order includes only the instrumentation,, since the supporting structure of the Simulator is
fully compatible. Prior to the start of this phase, the number of spare interface signals and the location
of the available control room connectors have been identified in detail. This information is important
since several interface-control room signals will be cabled or relocated. A particular case is the
reactor protection panels, whose present design incorporates a new control room display concept. A
complete relocation of the existing instrumentation of this panel will be necessary.

The last phase corresponds to the implementation of new components and/or systems which were not
included in the original Simulator specifications.The discrepancies between the simulated systems
and the Angra 2 systems should be analysed with respect to the cost/benefit of their implementation
taking into account their relevance to the Angra NPP operation procedures.

USE OF THE SIMULATOR

The CTAS has implemented, since the beginning of its operation in Brazil, an extensive training
program for operators, technical managers and commissioning and licensing personnel from foreign
nuclear power plants, as well as specialists for national and foreign organizations involved with
several activities related to nuclear installations and also with the operation of conventional electric
power plants.

Through this program, the CTAS has been offering since September 1985, when it started its
activities, theoretical and practical training for personnel from German (Siemens/KWU, Grohnde,
Philippsburg, Brokdorf, Isar, Emsland, and NeckarWestheim NPPs), Spanish (Consejo de Seguridad
Nuclear and Trillo NPP), Argentinian (Nucleoelectrica Argentina S.A. and Atucha 1 and Embalse
NPPs), Swiss (Goesgen-Daeniken NPP), American (Institute of Nuclear Power Operations - INPO)
and Brazilian (CNEN, IPEN and ELETROPAULO) organizations.

For the retraining programs already performed in CTAS for operating personnel of NPPs from other
countries, the typical course is 2 weeks long (five days a week), and two different loads have been
applied : 4 h/4 h and 6 h/2 h of Simulator/classroom training time.
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APPENDIX 1: SIMULATOR TECHNICAL DATA

Control Room:
Indicators:
Alarm-windows:
2-lines recorders:
6-points recorders:
12-points recorders:

Interface :
Interface cabinets:
PCB cards:
Analog Outputs:
Digital Outputs:
Digital Inputs:

1280
380

80
31

5

11
425
1568
13280
4976

words (32 bits)
bits

bits

Computer system :
Processor: 1 x ENCORE RSX-684ID (32 bits)
Direct Memory Cache (DMC): 16 Mbytes
Main Memory: 16 Mbytes
Disk Capacity: 2 x 1.2 Gbytes
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APPENDIX 2

Countries Organizations Course-weeks Trainees
Germany

Sub-total:
Argentina

Sub-total:
Spain

Sub-total:
Switzerland

Sub-total:
USA

Sub-total:
TOTAL:

Gemainschaftkernkraftwerk Neckar 1
Gemainschaftkernkraftwerk Neckar 2
Kernkraftwerk Brokdorf
Kernkraftwerk Emsland
Kernkraftwerk Grohnde
Kernkraftwerk Isar
Kernkraftwerk Philippsburg
Siemens/KWU

CALIN
Central Nuclear de Atucha 1
Central Nuclear de Embalse

Central Nuclear de Trillo
Consejo de Seguridad Nuclear
TECNATOM

Kernkraftwerk Geosgen-Daeniken

Institute of Nuclear Power Operations - INPO

8
12
8
75
40
17
26
43
229

2
73
4
79

128
15
14
157

22
22

3
3

25
24
31
196
105
46
107
67
601

5
177
10
192

327
29
8
364

93
93

12
12

490 1262
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SELECTION, SPECIFICATION, DESIGN AND USE
OF VARIOUS NUCLEAR POWER PLANT TRAINING SIMULATORS

R. BRUNO
Exitech Corporation, USA
V. NEBOYAN
IAEA

Abstract

Several IAEA guidance publications on safety culture and NPP personnel training consider the role of
training and particularly the role of simulators training to enhance the safety of NPP operations. Initially, the
focus has been on full-scope simulators for the training of main control room operators. Presently, a wide range
of different types of simulators are used at training centers. Several guidance publications concerning
development and use of full-scope simulators are currently available. Experience shows that other types of
simulators are also effective training tools that allow simulator training for a broader range of target groups and
training objectives. Based on this need, the IAEA undertook a project to prepare a report on selection,
specification, design and use of various training simulators, which provides guidance to training centers and
suppliers for proper selection, specification, design, and use of various form of simulators. In addition, it
provides examples of their use in several Member States. This paper presents a summary of the IAEA TECDOC
publication on the subject. •

1. INTRODUCTION

1.1. Purpose

Plant-reference, full-scope simulators have clearly demonstrated their value in the training of
NPP personnel. In this regard, many Member States have acquired these simulators for their NPPs
and have enhanced their operator training accordingly and provide training on normal and emergency
operations for plant operators, engineers, managers, and other appropriate NPP personnel. Even
when such simulators are not available, it has become a standard practice for operations personnel to
receive training on a simulator with operating characteristics similar to their own NPP.

However, the benefits of simulation need not be limited to the special case of plant-reference,
full-scope simulators. Differences in the scope of simulation, methods of simulation, instructor and
trainee interfaces, and other features allow simulation as a mode of instruction for a wide audience.
Indeed, many training needs can be addressed using various simulation directed toward specific
instruction. The application of such simulation can be very effective and relatively inexpensive as
well.

While adequate guidance is available for plant-reference, full-scope simulators, it has been
recognized that there is a general lack of information about the selection, specification, and use of
other types of simulators. Based on this need, the IAEA undertook a project in 1995 - 1997 to prepare
a report on the subject. This IAEA report1 on Selection, Specification, Design and Use of Various
Training Simulators was put together by experts from Belgium, Brazil, Czech Republic, France,
Germany, Hungary, Italy, Netherlands, Russia, Spain, Sweden, United Kingdom and United States. It
takes advantage of the activities and lessons learned in the different national approaches to develop
general guidance and recommendations. This paper presents a summary of the IAEA report.

1 INTERNATIONAL ATOMIC ENERGY AGENCY, Selection, Specification, Design and Use of Various
Nuclear Power Plant Training Simulators. IAEA-TECDOC, IAEA, Vienna (1997) (in print)
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1.2. Types of simulators and their roles in the training process

Various simulators, other than plant-reference, full-scope simulators, are considered in the
report. The list is not intended to be all-inclusive nor definitive, reflective of the current :
state-of-the-art for an evolving technology.

Part-task simulators are designed for training on a specific part of plant operations or for
training for special phenomena. Plant systems or phenomena may be simulated more accurately than
in a full-scope simulator. Such simulators can be beneficial to improve the focus of training in
particular areas. Examples of a part-task simulators are: a simulator for training of steam generator
tube ruptures; and, a simulator for training of Diesel Generator start-up and operation.

Basic principle simulators illustrate general concepts, demonstrating and displaying the
fundamental physical processes of the plant. This type of simulator can provide an overview of plant
behavior or a basic understanding of the main operating modes. The simulation scope focuses on the
main systems and auxiliary or support systems may be neglected. Its main goal is to help trainees
understand fundamental physical processes, basic operation of complex systems, and the general
operating procedures of a nuclear power plant.

Compact simulators provide a means of training on operating procedures in a simplified
form. A control desk is often provided to display significant parameters. Although modeling depth
and fidelity are equivalent to a full-scope simulator, the scope of simulation is typically limited and
the full control room is not replicated They are powerful tools for the basic training of new
operators, field operators and personnel not working in the control room.

Graphical simulators provide a representation of the control parameters and the operating
environment in a graphical form. For example, control room panels may be displayed either in
display units or in virtual synthesized images. They provide a low-cost alternative to other simulators
requiring the use of control room hardware. The scope and depth of simulation can range up to
full-scope simulation models.

The term "multi-functional simulators" is sometimes used to describe either the compact
simulators or the graphical simulators mentioned above. In general, the modeling depth and fidelity
are near or the same as those of a full-scope simulator, but the human-machine interface is provided
graphically through mimics or by a combination of hard and soft panels. This type of simulator can
be extended to a full-scope simulator.

A plant analyzer is a training device to study complicated plant transients or accidents in
detail. Since the goal is to provide a very detailed description of plant behavior, the simulation
provided by Plant Analyzers is not required to operate in real-time nor display all actual operating
data. Rather, data for complex analysis of plant operating behavior is typically presented in a format
conducive to analysis.

1.3. Key positions for simulator training

The use of simulators has proven advantageous in the training and qualification of NPP
personnel. In general, simulators have been used for the training of personnel with duties in the
following areas:

Overall plant operations and control.
- Individual system operations and control.

Analysis of plant response to equipment and/or instrumentation failure.
Instrumentation & Control of plant equipment and processes.

- Plant process computer control.
- Emergency plan implementation and/or crisis management.
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- Core monitoring and radiation protection.
- Plant maintenance.

1.4. Main benefits in using a range of training simulators

The main benefits of simulator training in general include, but are not limited to, the
following:• ' a

the ability to train on malfunctions, transients, and accidents;
the reduction of risk to plant equipment and personnel;
the ability to repeat a scenario as many times as necessary for trainee understanding and
retention;
the ability to experience events in a training mode prior to seeing them for the first time when
they happen in the plant;
the ability to-train personnel on actual plant events;
the feedback of events from other facilities;
a cost-effective means to master training objectives;
the opportunity to achieve new training objectives as requirements and training needs change;
obtaining excellence in training, especially for cognitive, high-level tasks and acquisition and
retention of knowledge on plant processes.

Training including a range of simulators, has the additional advantages of:

providing a transition for trainees to progress from fundamentals training and initial operations
training to the more complex integrated plant operations and team training that are normally
performed on a full-scope simulator;
a broader range of personnel can receive effective training when a variety of simulators are
available;
individualized instruction or self-training can be performed effectively on simulation devices
designed with these capabilities in mind;
providing training for engineering and management personnel who do not have a need for a
thorough familiarity with the control room displays and instrumentation, but who need an
understanding of plant processes and specific systems;
providing retraining for shift personnel to emphasize comprehension and technical training
versus training with an emphasis on teamwork and control room behaviour usually performed
on a full-scope simulator;
achieving cost-effective simulator training due to reductions in the scope and complexity of a
full-scope simulator;
ensuring that training appropriate to other simulation devices is not performed on a full-scope
simulator, supporting training efficiency, and allowing more time for personnel on the
full-scope simulator when needed;
reducing the training demand on the full-scope simulator to allow improved preparation by
instructors and better simulator maintenance and modifications;
providing simulation for processes and actions beyond the ability of control room personnel to
respond;
training for mitigation of accident consequences, even for accidents beyond the design basis.

2. TRAINING CENTRE FACILITIES AND SELECTION OF SIMULATORS

2.1. General objectives of the training function

Training is an essential component of a safe, economical Nuclear Power industry. Typically
the training function will underpin a number of the utility's key objectives and business goals. These
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in turn will usually be linked to the legislative framework governing the activities of the industry; for
example, site license requirements where these apply.

The training function will seek to develop appropriate training strategies, adopting; best
practices; for example, the use of simulators and adaptation of new instructional methods.

The essential objectives of the training function can be summarized as :

support the utility in achieving statutory requirements to ensure safe operation;
- control, assess, and improve staff competence levels;

enhance safety culture;
- improve productivity and availability.

2.2. Role of the training centre

Dedicated, well-equipped and well-staffed training facilities are an important ingredient in
achieving the key business objectives described above. Different approaches have been taken
regarding the provision of such facilities. For example, some utilities have provided a multi-purpose
training center designed to meet the needs of a broad range of staff.

The general role of such training centers is to provide a cost-effective, quality training
service; and:

assist in achieving company training specifications by the provision and delivery of a range of
courses;
assist in the development of training standards and specifications;
implement a variety of training devices including simulators;

- provide an effective and comfortable learning environment;
provide a training advisory service for the utility.

The target audience for technical training can be large and within this there will be a range of
requirements. In simple terms, the target groups can be sub-divided into:

shift operations and support personnel;
management;
technical support staff (physics, chemistry, etc.);
maintenance support (mechanical, electrical, I&C, etc.);
administrative.

The effective delivery of training depends on several key factors: a high- quality teaching
environment coupled with good facilities, professional trainers, and suitable methods of delivery are
vital.

Each training center should be equipped for instruction on skill, rule, and knowledge-based
objectives. This requires investment in classroom equipment and in other instructional media such as
simulators, labs, models, mock-ups, etc.

Of utmost importance for successful training is the co-operation between the Training Centre
and the operations management in the plant. A constant exchange of information between the plant
and training center is necessary. It is important that all available training "tools" are considered in this
approach: for example, classroom training, laboratory training, training simulators, mock-ups, and
models.
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2.3. Selection of simulators according to training needs

If instruction is to be conducted on a simulator, appropriate simulators must be chosen so that
training can achieve the desired objectives. After consideration of the training objectives, an
appropriate simulator must be chosen. For this reason, it is useful to classify various simulators.

2.3.1. Classification criteria for different simulators

Simulators can be classified according to criteria relating to the software and hardware used.
Five levels are identified:

- none: the criteria is not fulfilled or is not applicable;
- low;
- medium;

high;
- full: the criteria is fully met.

To characterize a simulator in relation to its reference plant by these criteria, the following
matrix can be used (see TABLE I).

TABLE I. CLASSIFICATION MATRIX

Criteria

Software Modeling Fidelity

Modeling Scope

Unit
Specificity

Depth &
Accuracy

Real Time

for a given
system (list)

for a given
scenario
(list)

Operating
Procedures
(list)

Instructor System

Parameter Display System

Hardware Plant
Specific
Trainee
Interfac
e

Real
Panel

Availability

Control
Room
Layout

Instrumenta-

None Low Medium Hig
h

Full
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Plant
Specific
Trainee
Interfac
e

Graph.
Display

tion
Layout

Instrumenta-
tion
Functionality

Availability

Control
Room
Layout

Instrumenta-
tion Layout

Instrumenta-
tion
Functionality

Parameter Display System

Instructor Interface

Computer Configuration

2.3.2. Human-machine interface (HMI)

The way in which information is given to the user is important. Usually, the information can be
classified in several levels, from general to detailed. A good structure in the presentation of the
information will facilitate better understanding. The HMI can facilitate understanding and the
achievement of training objectives.

Influences regarding the HMI:

- Training presents challenges to trainees. The design of the HMI has to avoid introducing new
difficulties to the process; for example, through a design which is not user-friendly. If the HMI
does not correspond with the work environment, the HMI should be as easy as possible to
operate.
The HMI has to be consistent with the scope, detail, and accuracy of the models. If the HMI is
undersized, it is not taking advantage of the whole power of the simulation, and some
information will not be available for the user. It is desirable that the HMI could be expandable.
The cost of the HMI is an important consideration in the overall cost of the simulator.

The HMI should take into account also the type of training objectives. For example:

Training objectives related with abilities of operators should involve a HMI similar to the
instrumentation of the panels (replica, or software representation).
Training objectives related to understanding phenomena could involve other types of HMI
where the fidelity of the interactive components are less important than the environment of the
graphical representation of outputs and displays. For example, operating personnel and
engineering personnel may need simulators with the same models but completely different
HMI.
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2.3.3. Other considerations

Once the simulation models and the HMI have been identified, it is necessary to determine the
special functions required for training.

- It is important to identify if the simulator requires an instructor or if a trainee could use the
simulator by himself. In this last case, special functionality is required to generate guided
exercises/scenarios to help the trainee during the training, to track and control the performance
of the student, and to record the conclusions of the trainee performance.
There are some assessment functions that can be useful for the instructor. For example: to
register the student actions, to warn the instructor when an operational limit has been reached,
to assess the reaction of the trainee as a parameter deviates from its normal range, etc. These
functions and others should be evaluated by a cost-benefit analysis.

2.4. Implementation of simulators in the training process

2.4.1. The training environment

The training environment in which simulators are used has a major impact on the effectiveness of
the training. Clearly the choice made will depend on many factors.

From the trainee's point of view, important factors are:

- Comfort of the environment (heating, lighting, ventilation, noise level, etc.).
Availability and quality of additional visual aids (projectors, video, PCs etc.).
Space appropriate to the number of trainees.

From the instructor's point of view, important factors are:

Well designed layout of facilities to ensure effective training.
Easy access to supporting information/documentation.
Ease of use and accessibility of additional training material and training aids.

From the simulator maintenance/development engineer's point of view, important factors are:

Space to work on the simulator.
Additional space available if further expansion of the simulator is anticipated.
Adequate and suitably positioned power supplies.
Suitable humidity/temperature and air quality to suit the electronic equipment.
Ease of access to support facilities and workshops.

2.4.2. Role of the instructor

The role of the instructor will depend on the type of simulators and the target audience. For
certain applications, trainees can use simulators without an instructor; for others, an instructor is necessary
to design complex scenarios and explain how seemingly unrelated effects are, indeed, related.

Because, simulators are often used in the early stages of a trainee's development so that the
instructor will need to balance the degree of detail and complexity presented with the needs of the learner.
Furthermore, he will need to constantly relate what is being taught to the "real world" that the trainee will
eventually have to operate in.

2.4.3. Integration of simulators into the training programme
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The effective design and use of simulators depends on a careful analysis of the training needs.
There are a number of other considerations for the proper integration of simulators into the training
programme; for example :

- Availability: will there be a need to have several simulators to service the training demand in
sensible time scales?
Mobility: will it be necessary or desirable to move the simulators from room to room or even
between remote locations?

- Reliability: will the simulators be sufficiently reliable to ensure effective training and avoid
delays in the overall training programme?

- Adaptability: will the simulators need to be reconfigured for different training applications and
if so can this be done easily and quickly?
Upgrade ability: will it be desirable to enhance the scope in future and if so will this be easy to
do?

In addition to these factors, the training needs of the instructors must also be considered.

2.4.4. Evaluation of the effectiveness of the simulators in the training programme

Any simulator is only an aid to training. Rating a simulator purely on factors such as scope,
fidelity, or technical sophistication could be misleading. The real criterion should be its overall ability
to enhance the training process. This in turn depends on when, how, and by whom the simulator is
used. It is clear that the inappropriate use of a simulator can lead to poor training and could even
mislead the trainee, i.e., cause so-called negative training. This requires particular care in the case of
simulators where the plant/control room and instrumentation is represented in a simplified or
idealized way, which bears little relation to the actual plant. So the ways the simulator is going to be
used and evaluated need to be carefully considered at the design stage.

3. SPECIFICATION

The development of a simulator specification is an important step in the process of making a
simulator available for training. Regardless of the scope or purpose of the simulator, such a specification
is useful and important because it serves as a focal point for all decisions regarding the simulator and is a
significant step in maintaining an historical record of the simulator's development. Depending on which
type of simulator is desired, the user can discretely select from the items below those which are applicable
to the specific needs being addressed.

3.1. Content of the specification

The content that is described in the report is rather detailed. It is included in this detail for two
major reasons:

- the information which is provided there is useful as a starting point for the collect of the design
data package that must be developed;
the more precisely the specification is developed, the more a training manager, vendor, or
internal developer will be able to accurately determine and predict costs.

4. QUALITY ASSURANCE ASPECTS

A Quality Assurance System is essential to ensure the effective procurement and use of simulators.
This section specifies Quality Assurance Requirements for the development and continued maintenance of
simulators. Depending on which type of simulator is desired, the user can discretely select from the items
below those which are applicable to the specific needs being addressed.
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5. EXISTING PRACTICES AND COMMON TENDENCIES IN USING VARIOUS TYPES OF
SIMULATORS

Depending on the actual training objectives and on the audience, different types of simulators can
be used for training. Examples are provided in the report to illustrate how different types of simulators are
used in different training organizations. Sample Data Sheets are provided to give detailed information for
these devices (an example of a Data Sheet is shown in APPENDIX I.)

In addition to the specific experience of several Member States, some common tendencies can be
observed.

The use of graphic interfaces has increased.

By using powerful graphic features of modern computer systems, many utilities have developed
tools that can better address training needs related to physical phenomena observed during plant
transients and accidents. For training purposes, these systems are capable of displaying
physical variables beyond the variables displayed in the real plant.

- There is better selection of appropriate tools for a given training objective.

For example, before going through a full scope simulator training session and to make this
training session as effective as possible, it may be useful to introduce some of the more
complex matters by Computer Based Training (CBT) or training on a compact simulators.

In some cases, it is clear that training operators in diagnosis and recovery actions tasks on a
graphic-based simulator can be more effective than classical full-scope simulators. Graphic-
based simulators are an appropriate solution for the training of a wide range of reactor plant
personnel for the well-directed consolidation of the theoretical understanding of the plant with
regard to its safety-engineering design, physical phenomena in the malfunction area, rare
operational procedures and complex I&C interrelations of the reactor, even if reference plant,
full-scope simulators are available.

Shift personnel who normally are trained on full-scope simulators with an emphasis on
teamwork, communications, and the operators role in the control room, find training on various
simulator devices an opportunity to focus on the technical and physical aspects of plant
behaviour. Graphic simulators, in particular, which present a clearly different environment
than the control room, provide an opportunity to enhance the operator's knowledge regarding
theory and understanding of plant design limits.

- The tendency to use the appropriate tool for a given target group. Many utilities and
engineering companies have developed specifically adapted simulators according to their target
population. For management and technical support personnel, both non-control-room based, a
transition to a mere screen operator environment (e.g. graphical simulator or Plant analyser) is
likewise expedient besides the reduction of the simulation scope to the essentials. Such an
interface makes it possible to represent the systems in more details and more clearly than the
mimic diagrams in conventional control rooms can do.

Different simulation devices can be based on the same hardware and software.

With the evolution of the computing capacities, complex developments and models can be
shared for different types of simulators. The use of graphic interfaces, can allow the use of the
same set of models and the same hardware configuration for different type of training
interfaces. Multifunctional Simulators have been designed to use the same hardware
configuration and be used as Basic Principle Simulators, Part Task Simulators, Full-Scope
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Simulators, or Graphics-Based simulators according to the training needs and the target
population.

Utilities have found it useful to build their training infrastructure gradually by the use of cost-
effective simulation alternatives that allow later expansion.

Simulators with reduced simulation scope which are equipped with graphic interfaces,
represent cost-effective alternatives to achieve many training objectives. Utilities have taken
advantage of this opportunity to gradually build a training infrastructure. These simulators can
be later extended to full-scope, plant reference simulators.

6. CONCLUDING REMARKS

- The benefits of using plant reference full scope simulators for training NPP personnel have long been
recognized and their use is widespread and well documented. More recently a diverse range of
simulators has evolved with varying scope, fidelity and application. The IAEA report on "Selection,
Specification, Design and Use of Various Nuclear Power Plant Training Simulators" describes such
simulators and shows how using a range of these can provide cost effective training solutions for NPP
utilities. Guidance is provided on the classification, selection and specification of these simulators.

- Developments in technology allow new methods for training delivery providing instructors with
improved simulator facilities.

- The selection of simulators should be based on training needs and fulfillment of the criteria given in
the report, and not just on the technology available. The need of a proper training infrastructure is
emphasized in order to get the best training result from the simulator. The training centers normally
include several types of simulator, and the training environment is important for effective training
delivery.

Careful specification and a good Quality Assurance program are essential, however some discretion
can be used depending on the nature of the simulator. Regardless of the type of simulator, the
verification and validation process is important.



APPENDIX I: INFORMATION SHEET OF SIMULATOR APPLICATION

Reference plant:
Paks NPP

NPP type:
VVER-440/213

(Training) utility:
Paks Simulator Centre
Simulator type: First commissioning date: June /1989
Paks Compact Simulator Supplier: KFKI - Atomic Energy Res. Inst.
Number of such (similar) simulators in use at the utility: 1

Main supplier(s):
Atomenergoexport (SU)
Latest upgrading date: June/1995
Supplier (if different):

• i 5 : Target user groups '
1
2
3
4
5
6
7
8

^ ; Training objectives
9
10
11

Mode of use .
12
13
14
15

Operating range
16
17
18

v S ^Transients •"
19
20
21
22

< ̂ r\J,:Wx - "̂. "- - •
Main control room staff initial training
Main control room staff refresher training
Op.s' management initial training
Op.s' management refresher training
Technical support training
Safety regulatory authorities
University students
Public

Knowledge
Skill based practice(know-how)
Rule based practice (team behaviour)

• • / > '% o>;? K • • , ;

Self training
Instructor led training
Crisis management
Engineering
' •• i ' ^ i : : ^ : . : i x ' . • . ' • :

Refuelling
Cold start-up to full power
Limited operating range

Normal load operations
Design basis accidents (DBA)
Beyond design basis accidents
Beyond core melting

Answer

V

V

Comment if any. . .

- •>
Simplified plant operating procedures can be used



Open vessel accidents

Malfunctions
24 Number 6 generic and 18

specific
See additional comment. Each malfunction can be addressed
to several objects, thus the total number is more than 3000.

Time modes
25 Real-time
26 Fast time range 10,60, 120 Valid only for the Xenon-Iodine model
27 Slow time range
28 Time resolution (msec.)

1000/100
Time resolution in the input/output system: 100 msec, main
simulation cycle time 1 sec.

.Human-machine
interface'' ' 1

29 Hard panel Control Desk. See additional comment.
30 Mimic (soft) diagram
31 Photo (soft) panel Neutron Flux Monitor and Control System
32 Pedagogical Interface
33 Process computer The mimic diagrams are different than those in the real plant

^
34 Nuclear Steam Supply S Thermohydraulics . 1 or 2 phase flow One-phase flow
35 non-condensable gases 1 Nitrogen
36 number of equations
37 number of nodes 31 See additional comment.
38 Neutronics : number of dimensions Point model
39 number of nodes NA
40 number of groups 6 delayed groups One energy group.

Containment Number of nodes
42 Number of radioactive products
43 Balance of plant Thermohydraulics Auxiliary systems are simulated.
44 Radioactive product transportation
45 Chemical product transportation
46 Electrical systems Only the main generators are simulated.
47 Instrumentation & control All main control circles, interlocks and protections are sim-

ed



VERIFICATION AND VALIDATION METHODOLOGY
OF TRAINING SIMULATORS
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Islamabad, Pakistan

Abstract

A full scope training simulator comprising of 109 plant systems of a 300 MWe PWR plant
contracted by Pakistan Atomic Energy Commission (PAEC) from China is near completion. The
simulator has its distinction in the sense that it will be ready prior to fuel loading. The models for the
full scope training simulator have been developed under APROS (Advanced PROcess Simulator)
environment developed by the Technical Research Center (VTT) and Imatran Voima (TVO) of
Finland. The replicated control room of the plant is contracted from Shanghai Nuclear Engineering
Research and Design Institute (SNERDI), China. The development of simulation models to represent
all the systems of the target plant that contribute to plant dynamics and are essential for operator
training has been indigenously carried out at PAEC. T,he integrated plant systems model has resulted
in a simulator having all the features of a multifunctional simulator. This multifunctional simulator is
at present under extensive testing and will be interfaced with the control panels in March 1998 so as
to realize a full 'scope training simulator. An extensive verification and validation of the "
multifunctional simulator has been carried out in three stages; at component level, standalone systems
.level, and at the integrated systems level. The control loops and plant logic was first tested in open
loop and then in conjunction with the modeled process. The validation of the simulator is a joint
venture between PAEC and SNERDI. For the individual components and the individual plant systems,
the results have been compared against design data and PSAR results to confirm the faithfulness of
the simulator against the physical plant systems. The reactor physics parameters have been validated
against experimental results and benchmarks generated using design codes. Verification and
validation in the integrated state has been performed against the benchmark transients conducted
using the RELAP5/MOD2 for the complete spectrum of anticipated transient covering the well known
five different categories. The results were found in good agreement thus confirming the validation of
the simulator. The multifunctional simulator is at present being successfully used for design
verification, testing and upgradation of operating procedures. In addition to initial and continued
training to operators and engineers, the full scope training simulator is intended to be employed for
controller tuning and support of commissioning tests prior to their being implemented on the actual
plant. This paper describes the experience gained and the problems encountered during the validation
so as to fulfil the ANSI/ANS-3.5 requirements in the absence of the target plant.

1. INTRODUCTION

The 300 MWe two loop PWR nuclear power plant contracted from China is scheduled to
come into operation in early 1999. Training of plant operators through simulators is now

• • » • •
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accepted as standard practice. It was, therefore, decided in 1993 that PAEC should develop a
foil scope training simulator for Chashma Nuclear Power Plant (CNPP).

The foil scope training simulator is based on the CNPP and is the first to be developed
in Pakistan. The simulator will be ready for delivery in the second quarter of 1998. The
simulator is to be used for first operator training, controller tuning and support of
commissioning tests as well as for the initial and continued operators and engineers training.
This indigenously developed foil scope training simulator will result in substantial financial
savings as training of plant personnel on the simulator of the reference plant at site will be far
more economical and effective than having the same in other countries.

The simulator is based on APROS simulation environment developed by VTT and IVO
of Finland. The replica control room of FSTS of CNPP is being acquired from Shanghai
Nuclear Engineering Research and Design Institute (SNERDI), China. The development of
simulation models, plant process computer, instructor station and the interfacing and
communication software are indigenous efforts of the PAEC. The elements of foil scope
training simulator for CNPP are given in Figure 1.

Simulation Computer with
relevant hardware

Plant data

Validation against
design data

Operatinal transients • r

Simulation software

APROS

Validation against

reference code

Engineering Analyzer

Validation &
Verfications

Operational Fidelity

Implementation of
training requirements

'• 1 Physical Fidelity

Full Scope Training Simulator
Simulator
Building

Dynamic Response Fidelity

Radiation monitoring
system

Real time I/O
interface

Instructor Station

Replica Control Room panels with some
modified internal functions

Plant Process
Computer

Figure 1. Elements of full scope training simulator
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The simulator and the training program will meet the ANSI/ANS-3.5 and 3.1
requirements in terms of physical, dynamic and operational fidelities. The scope of process
simulation covers the main energy generation and conversion cycle with associated auxiliary
systems, instrumentation and control systems, protection system, engineered safety features
including ATWS mitigation system and electrical power distribution systems.

In the simulator, the modeled reactor core is 1-dim dynamic (axial neutron flux
distribution) and 3-dim static (radial neutron flux distribution). For the 1-dim dynamic
representation, the core has been axially divided into 20 sections and for 3-dim static flux into
37 representative channels each centered around a rod cluster assembly. The neutronic
computations are based on 2-energy group neutron diffusion with six groups of delayed
neutron precursors. The physical models developed to represent plant dynamics are based on
2-phase flow (5-equation drift flux model) for primary circuit comprising of the reactor
coolant system, pressurizer and its relief system, steam generators as well as the main steam
and feed water sub-systems of the nuclear island and the containment. Whereas, the nuclear
auxiliary systems and systems of the conventional island have been developed using
homogeneous flow (3-equation model) approach. Systems that are not important for the
dynamics of the total plant are either simulated by logic or represented in a simplified form to
the extent that it would be possible to initiate the associated malfunctions via the instructor
station.

2. SIMULATOR DEVELOPMENT STRATEGY

During the simulator development, a methodology was evolved to qualify the simulator
at each stage of the project. The major phases of simulator development include the
following:

Preliminary study
Plant data collection and detailed specifications

- Standalone model development and implementation
Individual equipment and standalone model testing
Integration of standalone models and integral software testing
Acceptance tests

- Generation of the simulator documentation

A proposal for the design and development of the full scope training simulator for
CNPP was prepared in 1993 [1]. The proposal contained the details for the training
objectives, functional requirements and performance criteria of the simulator as well as the
details of the associated software and hardware. The proposal was discussed and mutually
agreed between the supplier (ICCC) and the end user (CHASNUPP) which are sister
organizations of PAEC. As a follow up, the scope and extent of simulation was prepared and
mutually agreed upon [2]. Keeping in view the local training needs a systematic methodology
for the development and implementation of initial and continued training program in a cost-
effective manner was prepared [3].

3. SOFTWARE CONFIGURATION MANAGEMENT

Quality assurance has been implemented as required by project development to
rationalize all the activities related to model development and provision of systematic
controls through all phases of the project. This approach provided an opportunity for an
unambiguous identification of all the modeled systems and sub-systems and made it possible
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to follow evolutions in a manageable and economic way keeping in view the completion
schedule of the project.

3.1. DATA QUALIFICATION AND INFORMATION CONTROL

Database forms were generated to formulate the APROS input data requirements. The
plant data was extracted from design documents and other relevant documents related to
CNPP, and a database in Microsoft Excel was generated. The original designers (SNERDI,
China) provided the missing information and coordinated with other organizations in China
for the additional data requirements.

The database generated from the design documents was cross-checked and verified by
authorized persons and discrepancies, if any, were rectified. Once the authentic data was
available, it was transformed to suit the APROS input requirements. The APROS database
forms were filled therein and cross-checked by authorized persons. These data sheets were
then used to incorporate the data to APROS simulation environment. Once the data was
incorporated to APROS environment, it was transmitted on electronic media, compared with
the master database and upgraded accordingly. This was the first step in simulator
development where all the geometric data and isometric layout of the plant incorporated to
the simulator was checked before proceeding further.

3.2. STANDALONE MODEL DEVELOPMENT
I

On verification of the geometric data and isometric layout, the development of
individual models for the systems and sub-systems was initiated. The standalone models were
prepared and tested for steady state performance and the results were found to be in good
agreement with design data. On successful completion of verification in standalone state, the
APROS input data record was updated accordingly.

3.3. STANDALONE MODEL TESTING

The performance of the modeled systems was extensively validated at each stage of the
project. During the initial stages of simulator development, testing of the main models was
performed for evaluating simulator performance on a preliminary basis. The aim was two
folds: to qualify the transient response of the developed models and confirm that the qualified
response was maintained during simulator development from one stage to the next. These
tests were executed by engineers who have designed or modified the software models and
were based on pre-established test procedures. The procedures specified a bottom-up
approach, starting with tests of the individual equipment and gradually expanding the number
of equipment along with the associated necessary piping and valves in order to end up with
the integrated tests of the system/sub-system in its standalone state.

- The individual component response was validated against the information available in
the equipment data sheets and design manuals
The response of the modeled standalone systems was verified against the available
information in design documents and PSAR of CNPP

- For the modeled reactor core, studies related to reactivity insertion rates were
performed. This includes the following and qualitative results are presented in Table I:
- Rod ejection transients at different power levels
- Rod withdrawal transients at various reactivity insertion rates
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TABLE I. REACTIVITY RELATED TRANSIENTS QUALIFIED AGAINST PSAR

No. Transient analyzed Response qualified against PSAR results

1. Rod ejection transients Self-limitation of the power excursion due to
negative Doppler coefficient

2. High reactivity insertion Rapid rise in neutron flux level. Core heat flux and
rates coolant system lag behind due to thermal capacity

3. Slow reactivity insertion Core heat flux remains in equilibrium with the
rates neutron flux

4. uncontrolled withdrawal The energy release and the fuel temperature
from sub-critical conditions increases are relatively small. The beneficial effect

of the inherent thermal lag in the fuel evidenced by
a peak heat flux much less than the full power
nominal value

5. Rod ejection from hot zero Maximum reactivity insertion observed during this
power case

4. INTEGRATED MODEL

The individual models were integrated and tested in integrated state. This resulted in an
engineering analyzer, which was validated and verified for normal operations, operational
transients and abnormal transients against the benchmarks generated by reference code.

4.1. VERIFICATION AND VALIDATION

In order to validate the simulation models of FSTS of CNPP during their development
phase from reactor physics and thermal hydraulics viewpoint, a contract was signed between
ICCC and SNERDI. In a joint venture with the experts from SNERDI the following activities
were conducted:

- The core model was validated for its neutronic parameters and operational
characteristics against experimental data and benchmark results generated by the
designers using reactor physics design codes [4]. This included validation of the
differential and integral rod worth, the differential and integral boron worth and the
feedback coefficients at specified burn-up and core power levels. The results were in
close agreement with the benchmarks and satisfied the ANSI criteria.
The nuclear island was validated against benchmarks generated by SNERDI using
RELAP5/MOD2 [5]. The models developed for the benchmarks have identical
nodalization for the main reactor coolant systems. The following transients were
conducted as benchmarks and the results were in good agreements and fulfilled
ANSI/ANS-3.5 requirements. Sample results are presented in Figures 2 through 4:

Small break LOCA
Pump shaft seizure
Turbine trip ATWS

- Loss of load
- Load reduction
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0.00 4.00 aoo izoo
Time (sec)

16.00 20.0

Figure 2. RELAP5/MOD2 Benchmarks (Pump shaft seizure)

Faulted Loop Flow (Kg ŝ) -2.00E+3 — 6.00E+3

Average Coolant Temperature (C) 2.80E+2 — 3.20E+2

Pressurizer Pressure (MPa) 1.45E+1 1.65E+1

Pressurizer Level (m) 4.00E+0 6.00E+0

Figure 3. Validation of Nuclear Island (Pump shaft seizure)



- 135 -

Break Flow (Kg/s) O.OOE-0 — 6.00E+2

Core Flow (Kg<'s) -2.0OE^3 — 8.00E+3

Broken Loop Flow (Kg/s) -I.OOE^j 4.00E+3

IntactLoop Seal Level (m) 0.00E+O —- 6.00E+O

2C0.00
Time(sec)

600.CO 10C0.0

Figure 4. Validation of Nuclear Island (Small break LOCA)

4.2. TESTING THE INTEGRATED MODEL

The tests for the validation of the integrated model were performed by engineers
familiar with the plant systems and overall plant behavior. The main idea was based on
identification of thermal hydraulic phenomena which can occur in accidental conditions and
which are important for operator training.

A transient test matrix for 9 scenarios was defined which covered a maximum of
thermal hydraulic phenomena and could also be compared to PSAR results to validate the
integrated software. Each scenario was defined with all the major automatic control loops
intact, but limited protection system and interlocks to highlight the physical phenomena
without operator feedback.

In verification tests, the accuracy of processed data under steady state was verified by
comparing the operating values available in the design manuals. The main parameters were
compared with the design information and it was confirmed that the plant simulation satisfies
the accuracy required for the ANSI/ANS-3.5 in comparison with the design values.

The following transients were verified qualitatively in collaboration with IAEA experts
visiting ICCC from time to time. The results were found to be in close agreement with the
plant design data:

- Loop seal and core uncovery analysis using small break LOCA
- Reactor trip

Trip of both main coolant pumps along with reactor scram so as to verify natural
circulation
Steam generator tube rupture
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- Station blackout with reactor trip
Main steam line break at 100% RP

- Inadvertent opening of pressurizer safety valve
- Partial loss of forced flow
- Rod ejection transients

5. MULTIFUNCTIONAL SIMULATOR

During the execution of the full scope training simulator project, the following tasks
were successfully completed by May 1997:

- Validation of core model
- Validation of the nuclear island against RELAP5/MOD2
- Development of plant process computer
- Design and development of instructor station
- Validation of the conventional island models
- Implementation of the control loops alongwith plant logic and electrical systems
- Software development for real time data communication between simulation computer

and replica control room

In view of the delay in the delivery of replica control room for the simulator, it was
decided to develop a VDU based multifunctional simulator by integrating plant models for
FSTS of CNPP and plant process computer along with instructor station in the interim period.
The objective of developing the multifunctional simulator was successfully achieved in
August 1997. All the systems of CNPP that contribute to the dynamical behavior of the target
plant have been integrated alongwith the control loops.

For the multifunctional simulator, the operator interface is realized with two displays,
one for reactor operator and one for turbine operator. The two operators consoles represent
instrumentation of most important panels for a particular scenario. The multifunctional
simulator represents the status of the plant process, automation and electrical systems in the
visual diagrams on a seven CRT display system used to represent mimics, flow diagrams,
alarms and trend diagrams.

• ' o '

The multifunctional simulator also includes the instructor station. The features of the
instructor station included therein can be used to impart training to designers and plant
engineers and triggering of malfunctions in the simulator. All the displays and other
operations can be operated directly by keyboard and mouse. In the design of instructor
station, the tasks of the field operators have been taken into account as well.

This VDU based multifunctional simulator is capable of being utilized for various
purposes e.g., validation and verification of operator guidelines and emergency procedures,
evaluating the effect of modifications to plant characteristics, tuning of controllers, support of
commissioning tests, conceptual training of plant operation and dynamic behavior of CNPP,
as well as refreshers training of FSTS instructors. It is already being used successfully for
modifications and improvements in operating procedures.

5.1. TESTING THE MULTIFUNCTIONAL SIMULATOR

The multifunctional simulator was tested for various typical normal and abnormal
operational conditions of plant and also for some malfunctions to confirm its dynamic
fidelity. The important thermal-hydraulic phenomena for training was identified for each
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transient together with the parameters through which the operator can diagnose the special
plant behavior.

As an example of normal operational conditions, the simulator was operated at 100%
power in steady state, and then power was decreased to 75% and then to 25% in two steps.
The dynamic behavior during these reductions was well within the prescribed limits.

As an example of abnormal operational condition, the simulator was operated at 100%
power and then a small break was created in the cold leg of the reactor coolant system to
create LOCA conditions. The resulting dynamic behavior was confirmed to be in accordance
with the PSAR results computed by SNERDI for CNPP.

In order to confirm the operational fidelity of the simulator, the simulator was operated
at 100% power. The model remained stable and was well within the ANSI/ANS-3.5 criteria
limits. Prescribed operational procedures were then followed to affect load reduction from
full power to minimum load (100% - 15%). After achieving steady state at 15% RP, plant
shutdown operational procedures were followed to reach hot standby conditions. After
successfully attaining stable conditions at hot standby, the simulator was successfully taken
to the cold shutdown state.

From the same cold shutdown state, the simulator was successfully brought back to
100% steady state power level following the prescribed procedures. During this phase, plant
warm-up procedure was followed to reach hot shutdown state. Thereafter, plant startup
procedure was followed to attain minimum load conditions and finally plant power operation
procedure was followed for power escalation from minimum load to full power.

The simulator functioned quite reliably at all power levels. Shutdown, and startup from
the cold shutdown state were simulated successfully. Parameter responses for simulator
operation were confirmed against the operating procedures for normal operation.

For the multifunctional simulator, the following operational transients have been
verified against the latest plant design information and preliminary operating procedures
available at ICCC. Sample results are presented in Figure 5.

Step load changes
Plant maneuvering from 100% rated power to cold shutdown
Plant start-up from cold shutdown to 100% RP.

6. THE FULL SCOPE TRAINING SIMULATOR

The multifunctional simulator makes it possible to train the operators on principles and
philosophy of startup and shutdown of the plant, normal and abnormal operations and
malfunctions. This will be interfaced with the replica control room so as to realize the full
scope training simulator.
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Figure 5. Multifunctional simulator test (Step load change)

6.1. ACCEPTANCE TESTING OF CONTROL ROOM

A four member delegation from PAEC visited SNERDI in Sep. 1997 to perform factory
acceptance tests (FATS) of MCR, ECR and real time I/O interface including associated
software in integrated environment. Acceptance tests were performed on control panels,
instrumentation, real time I/O interface and data communication and presentation in
integrated state. The tests were satisfactory and the contracted equipment is being transported
to CNPP site.

6.2. ACCEPTANCE TEST PROGRAM

The full scope training simulator performance will be verified by a test plan, which
covers complete testing of all simulator hardware and software and is based on an
hierarchical structure following a bottom-up approach. The tests to be performed are divided
into the following groups:

Hardware tests
Instructor station tests, this will include:
- Simulator control
- Process monitoring

Initiation of generic and specific malfunctions
Insertion and deletion of malfunctions

- Implementation of lesson plans
Steady-state tests
Operating procedures tests
- General operating procedures

Startup operating procedures
- Abnormal operating procedures
- Emergency operating procedures
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- Malfunction tests
- Transient tests
- Simulator training capabilities

In the first phase some of the tests already conducted on the multifunctional simulator
will be repeated for FSTS so as to qualify the communication response between the
multifunctional simulator and the replicated control room. Thereafter, an exhaustive testing
program will be conducted. Extensive validation is to be performed by covering the complete
spectrum of the well known five categories of the PWR's anticipated incidents and
operational transients. The operations manual for abnormal and emergency operations are to
be followed during the conduct of the transients and the response will be qualified against the
available information from design data, PSAR results, results from the reference code and
available operating procedures. In these verification tests, it will be confirmed that the
simulator satisfies the accuracy required for ANSI/ANS-3.5 in comparison with the available
information.

Final acceptance tests are planned to be carried out jointly by PAEC and SNERDI. A
systematic methodology to perform and document the simulator verification and validation
has been prepared [6]. All the snags will be recorded and discrepancy reports will be
generated in order to take remedial measures.

After the operation of the reference plant, the simulator will finally be upgraded,
verified and tuned against the real plant operational data.

7. SUPPORTING DOCUMENTATION

Accurate and up-to-date simulator documentation is being prepared. The documents
prepared and under preparation are as follows:

Preliminary study document
Data package based on plant design data
For each plant system, a specification of the scope and extent of the system to be
modeled, including what plant features can be realized on the simulator
For each plant system, an analysis document representing its response in steady state,
tests conducted in standalone state and the reference against which the qualitative and
quantitative response was compared
Individual systems/sub-systems verification and validation documents
Integrated tests document

Other related documents include:

Data qualification and quality assurance document
Database contents and structure
Instructor station document
Plant process computer document
Simulator hardware document
Control room requirements
Acceptance test procedures
Simulator summary
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8. PROBLEMS ENCOUNTERED

Following were the problematic areas during the development of simulator: i

- Specifications of the simulator
Role of the user within the project

- Acceptance test requirements
Instructors needed for continuous simulator operation with defined confidence
Development of training requirements of the target position, defining the entry level,
learning objectives and training plan

- Plant data collection and consequent updating of simulation models

9. EXPERIENCE GAINED

During simulator development, a methodology was evolved for qualifying the thermal-
hydraulic software models of the full scope training simulator for CNPP. The method
concerns the unavailability of the operational reference plant. For acceptance in steady state
operation, the simulator qualification is principally based on and checked against available
design data for various modes of operation (full power, hot standby, cold conditions). For
operational transients, the acceptance and qualification is based on relevant available data,
operating procedures and engineering judgement. For accidental conditions and to evaluate
the thermal-hydraulic response the qualification is based on the use of a qualified best
estimate code to generate the reference data.

10. CONCLUSIONS

A reliable simulator for operator training requires a sustained qualification process right
from the initial development phase through all stages of simulator development. It is essential
to break down the qualification process into several logical steps for which a rigorous
qualification methodology should be applied. The initial acceptance tests and the re-
qualification tests should be conceived in a bottom-up approach to ensure full testing of all
software models. A methodology has been worked out for qualifying the thermal-hydraulic
software models for full scope training simulators. The method concerns scenario in which
the reference plant is under construction.

The simulator was tested for operations of the CNPP in various typical operating
conditions and also for some malfunctions. The simulator functioned quite reliably at all
power levels. Shutdown and startup from the cold shutdown were simulated successfully. The
IAEA experts visiting from time to time have qualified the response of the simulator. The
dynamic models will be improved with actual plant pre-operational tests and start-up test
data.
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Abstract

In July 1996 a full-scope simulator developed by the joint efforts of
ATOMTECHENERGO, VNII AES (Russia) and Mitsubishi Heavy Industries (Japan) was
put into service in Novovoronezh Training Centre (NV TC). This paper describes the
Instructor Station equipment and its capabilities for training process monitoring and
simulation.

1. INTRODUCTION

The simulator quality is basically identified by the service provided for the instructor
i.e. the possibility of training process monitoring and the scope and technique of inserting
various malfunctions.

The simulator developed within our organisation ensures the instructor's user-friendly
communication with software systems and introduction of various malfunctions. In total, the
instructor can insert around 10 000 malfunctions. Considering various combinations, we have
an unlimited number of options.

The Instructor's Workstation is one of the basic simulator components considerably
affecting the simulator quality as a whole.
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2. INSTRUCTOR WORKSTATION CONFIGURATION

The Instructor Workstation configuration is presented in Fig. 1

video camera video camera
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IV.
Unit Monitor
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Recorder
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Black-and - j
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Fig. 1. Instructor Workstation configuration

The functions of each element of the Instructor Workstation equipment are presented in the
table below.

Instructor console
Local operations

Unit monitor

Buttons

Video system

Facility
terminal, mouse, keyboard
terminal, keyboard

terminal, alpha-numeric and
functional keyboard
buttons-copies from the
screens
warning signalization buttons

videotape, monitor, control

Functions
simulator control
local operations and
observation, Unit monitor
Unit monitor

coloured copies from the
screens
sound off/on, blinking
acknowledgement
to record the training process
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3. FUNCTIONAL CAPABILITIES OF THE INSTRUCTOR'S CONSOLE

The instructor's interface was developed by means of the menu and window control-
based technology. It comprises pop-up windows, complementary windows and inputs with
the keyboard or a mouse. This provides the instructor's access to the Instructor's Station
functions.

The Instructor's Station display is divided into several zones: the status zone, control
zone, menu zone, graphic zone and monitoring zone. The status zone located in the upper
section presents the general information about the simulator condition, the current time and
the time passed since the beginning of the exercises.

The control zone includes the basic simulator functions implemented by the specific
functional keys such as: start-up, shut-down, snapshot, malfunction timer etc.

The menu zone provides for the access to particular simulator functions grouped
according to the functional features. These functions involve creation and installation of the
initial condition, introduction of malfunctions, setting up the scenarios and their selection,
adjustment of control parameters etc.

The graphic zone ensures control of selected parameters trends, adjustment and
control of the graphic information window.

The monitoring zone provides for the indication of the current trainee's performance,
actuation of alarms, monitoring of the currently actuated malfunctions. Normally, for a
standard Instructor Station session a graphic menu comprising the buttons for specific
instructions (e.g. start-up/shut-down) and a pop-up menu when selecting the menu group
buttons are used. The instructor's task is to select the required function with a mouse and to
further specify the required performance. All the graphic windows of the Instructor's Station
are arranged in a hierarchic order: from the general to more detailed windows. Normally, a
detailed window allows to perform detailed tuning and implementation of the selected action.
A constituent part of the Instructor' s Station is a set of flow diagrams (images) which allow
the instructor to monitor the process system parameters. It is through these diagrams that the
instructor introduces the design-basis malfunctions and failures. The flow diagrams include
the mimic identification of all the components (pumps, controllers, valves etc.) with
indication of their current status. These images also include the components without any
controls in the MCR (controlled in situ) and the current values of the flow parameters ( flow
rates, pressures etc.). Besides, they contain additional dynamically evolving parameters
required for the training purposes (e.g. the current leak sizes in t/h). The malfunctions are
introduced directly from the images by selection of a component with subsequent
specification of an accident.

The fact that all these actions are performed with a mouse considerably facilitates the
instructor's performance. A more detailed description of the functions implemented via the
Instructor's Station is presented below.
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3.1. SYSTEM STATUS

In case of problems that occur due to computer or software faults, an appropriate
message is displayed in the instructor's screen. The instructor can identify the fault by calling
a specific window presenting a more detailed information about the fault.

3.2. SIMULATOR CONTROL

3.2.1. Initialisation

The instructor can start the simulator at the Instructor's Station from any of the
desirable initial conditions. The initial conditions can be:

• initial conditions created by the instructor;
• snapshots
• intermediate conditions

-•*• each initial condition is characterised by six identified unit parameters, or the instructor's
comments if created by him.

3.2.2. Storing the initial conditions

The instructor can create (or record ) in the freeze mode his personal initial condition
and can protect it by a password. The total number of these is 99.

3.2.3. Snapshots

These are created by the instructor both in the simulation mode and in the freeze mode
and are not protected. Their total number is 10.

3.2.4. Start-up/shut-down

In case of shut-down the discrete input and output to CRT continue operating.

3.2.5. Slow-down/speed-up

Slow-down/speed-up by 2 or 4 times in relation to the real time.

3.2.6. Checking the switehes

Control of the switch position ensures that the switches and instrumentation setpoints
for the simulated panels including the non-operational MCR panels, that were not set
correctly during the simulator restart from the selected initial condition, are identified.

In case of the wrong position of the MCR switches after selection of the initial
condition, the switch control indicator will inform the instructor about it (a button on the
instructor's display). The switch position control indication has the following features:

a) In case of a wrong position of one of the digital inputs (01) corresponding to the initial
condition, there will be a lamp blinking (normally red colour) close to the input
concerned.

b) In case of a wrong position of any of the analogue input (2%) an alarm will actuate close
to the inputs concerned.
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c) The group alarms of the switches mismatch for the groups of panels and consoles and
also for each panel specifically.

d) The Instructor's Station monitor will display the numbers of tags, panels and description
of devices with the wrong position of their switches (up to 100 control switches).

e) The data display is carried out automatically by means of the switch position control
programme and is modified as each of the elements on the list is set to the appropriate
position.

In case of proper position of all simulator switches, the light annunciators are
disconnected and the simulator is automatically switched over from the switch position
control mode to the freeze mode; the initial condition parameters will be displayed and the
simulator will be available for start-up.

The possibility of overriding the specified conditions allows the instructor to start the
dynamic simulation bypassing the switch position control function. If the simulator starts
from the frozen condition with an erroneous position of control switches, the simulated plant
will respond to the mismatched control switches.

3.2.7. Playback

The simulator is designed so that intermediate conditions can be automatically
created in simulation mode every 5 minutes. The total number of conditions is 12.

These intermediate conditions are used for the playback mode. In this mode all the
external events initiated by the instructor or the trainees are simulated. The playback may be
interrupted and operation in the normal mode can be resumed.
3.3. MALFUNCTIONS AND LOCAL OPERATIONS<

3.3.1. Malfunctions

The malfunctions are grouped into three types:

• standard;
• leakages;
• non-standard.

The standard malfunctions are those introduced for the standard components:

• valves
• controllers;
• pumps;
• clusters;
• electrical components circuit breakers.
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Each component has its own list of malfunctions:

No.

1.

2.

3.

4.

5.

Component

Valves

Pumps

Control valves

Clusters

Circuit
breakers

Malfunction

1. Spurious opening
2. Spurious closing
3. Inhibition of interlocks

actuating the valves
4. Electrical circuit disassembly
5. Inhibition of valves control
6. Setting the percentage of

opening
1. Start-up
2. Isolation
3. Inhibition of emergency

connection of a redundant
pump

4. Inhibition of pump start-up
5. Torsion break
6. Electrical circuit disassembly
1. Spurious opening
2. Spurious closing
3. Failure to operate in automatic

mode
4. Electrical circuit disassembly
5. Jamming of a controller

actuator
6. Setting the percentage of

opening
1, Cluster j amming
2. Spurious cluster drop
3. Uncontrolled cluster movement
4. Cluster ejection from the core
5. S etting the cluster p o sition
1. Forced connection

2. Emergency connection
3. Inhibition of emergency of

redundancy connection
4. Inhibition of connection
5. Inhibition of disconnection
6. Electrical circuit disassembly
7. Incomplete -phase mode

min.

0

0

0

max.

100

100

350

Unit of
measurement

%

%

cm

The leak group are basically malfunctions related to the leaks, filter saturation etc.

The rest of the malfunctions are referred to the non-standard malfunctions. These can
have two levels (an element group and list).
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3.3.2. Local operations

The local operations are control operations on the components that can not be
controlled from the MCR. The instructor is provided with an opportunity to treat them as
malfunctions.

3.3.3. Operating inputs

Execution of malfunctions , as additional parameters, starts at certain time after their
queuing. For this purpose the instructor has a timer at his disposal to control the malfunctions
queue by putting the timer in on/off position.

The standard malfunctions, leaks and local operations are selected by the instructor
with a mouse directly in the image of the required component or leak. In this case for the
standard malfunctions the sublist of malfunctions and the dialogue window with control
elements (buttons, equipment status, execution time etc.) are provided.

The non-standard malfunctions are allocated within the departments (Reactor, Turbine
and Electrical Departments). The instructor has an option to insert malfunctions ( they are
promptly queued) or initially to identify the list of required malfunctions and send them for
execution. The instructor has an option of scanning and modifying the specified list of
malfunctions. All the malfunctions in the image and the image buttons are highlighted with
particular colour depending on the malfunction status. The following categories have been
recognized:

• malfunctions have not been executed
• malfunctions are being executed
• malfunctions have been executed.

3.3.4. Operation with the scenario

In addition to the operating insertion of malfunctions, the instructor can prepare all the
malfunctions needed for the training session beforehand and store them under a certain
name. Actually, preparation of malfunctions in the scenario does not differ from the
operating insertion of malfunctions, but for the loading dialogues and scenario storage being
added in case of a scenario. When loading a scenario, the instructor can also introduce
additional malfunctions and modify those already existing.

3.4. LOGGING OF EVENTS

1) All the actions performed by the instructor or an operator , such as malfunction insertion,
changing the position of the MCR control switches, alarm actuation etc., are logged.
Each of the logged instructions is designated by the execution time. If required, all the
records can be displayed in a pop-up window and a hard copy of the operator's or
instructor's performance can be obtained for the subsequent critique.

2) The standard data on the unit status and parameter trends are printed -out.
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3.5. DISPLAY OF FUNCTIONS

The following set of functions operates with the parameter names. The parameter
names are codified in the same way as at a real plant. Any parameter listed in the controlled
parameters index can be selected.

3.5.1. The unit parameters, internal parameters and their modification

This pop-up window can locate 256 unit parameters or simulator constant values. •
Besides observing the parameter values, the instructor can also modify the values and
simulate the failure of instrumentation, control switches and alarms, deviation of parameters.
The data are displayed in a table format.

3.5.2. Recorder

8 parameters are printed-out by a colour printer.

3.5.3. Graphs

The menu provides for selection of controlled parameters list in any of the graphic
windows. The graphs display the data selected from the simulator in real time with
discretization from one second to one minute. The controlled parameter values are stored
within the last 6 hours.

The instructor has at his disposal 10 windows with 5 graphs in each (in total
simultaneous monitoring of 50 parameters is provided). The instructor has an option of
simultaneous monitoring of several windows and a simple technique of changing-over the
graphic windows.

Each window contains: X- axis (time) and Y-axis (parameter value). The time axis
floats in time and the recent time interval is displayed. The time axis discreteness can be
adjusted by the instructor for the graph display within the range from 3 minutes to 6 hours.
Each graph has its own colour and its own Y-axis . The scale for Y-axis can be adjusted by
the instructor within the range permissible for the parameter. A specific window displays the
plant codes of the displayed parameters, their brief description and current values. Each of the
ten windows can be adjusted for any parameter by means of a dedicated adjustment window.

The graphs can be displayed in a special location of the instructor's screen and can
be scanned-out for full screen or part of it. The graphs can be printed-out to have a hard copy
for the subsequent review.

3.5.4. Digital graphs

In addition-to the normal graphs the instructor can identify 16 parameters to build-up
digital parameter trends in time, the discreteness is set by the instructor. The trends are
displayed in a list format and can be printed-out.

3.5.5. Storing the adjustments

All the above functions require the parameter adjustment, and the instructor has an
opportunity of storing these adjustments and loading of some other adjustments.
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4. LOCAL OPERATIONS

To observe and control the trainee's performance, the instructor has .the local
operations console and a terminal which can be switched-over to the local operation mode.
The local operation is pertinent to the control of objects, such as pumps, valves etc. in situ.

The terminal has a list of images and control buttons. An image or a control element
are selected by a hand touching the screen in a place where the required object is located, and
control is carried out from a dedicated console with a number of buttons, lamps and an
analogue instrument.

5. EVOLUTION

Presently, within the frame of the bilateral agreement between Russia and Japan the
Novovoronezh Training Centre is completing works on implementation of the Training
Support System (TSS) for V-320 simulator. The TSS configuration is presented in the Fig.2.
The TSS comprises the following two subsystems:

1) Audio-visual subsystem of training process monitoring

The audio-visual subsystem provides for video recording of the operators' simulator
training sessions to be carried out from the Instructor's Workstation and allows to replay the
course of the exercises in the classroom in the broadcasting mode as well as in the replay
mode on a big size projector (70").

Besides, there is an option of replaying the V-320 simulator CRT images and
animated images for RCS and SG systems via the projector in the classroom. The images are
detailed to the extent that the trainees can observe the evolutions and parameters of the main
Reactor Coolant System components in four phases:

- liquid;
- steam;
- boron dilution;
- incondensable concentration.

There is an option of an off-line and integrated operation of the TSS.

In the integrated mode the projector can demonstrate the current technological
process (the phase and images are selected by the classroom instructor).

In the off-line mode the modes (sessions) recorded by the simulator instructor can be
replayed (the time and duration of the records are identified by the instructor).

2) CBT Classroom

The CBT classroom is designed with 6 PC and has all the above mentioned features
(except for video support) and is basically used for the students self-study.

Implementation of the Training Support System in the training process will allow to
considerably improve the NPP operator training and retraining efficiency.
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REACTOR CORE MODELING PRACTICE :
OPERATIONAL REQUIREMENTS, MODEL CHARACTERISTICS, AND
MODEL VALIDATION

H. ZERBINO
Thomson Training & Simulation
Cergy, France

Abstract

The physical models implemented in power plant simulators have greatly increased in
performance and complexity in recent years. This process has been enabled by the ever increasing
computing power available at affordable prices. This paper describes this process from several
angles:

- First, the operational requirements which are more critical from the point of view of model
performance, both for normal and off-normal operating conditions.

- A second section discusses core model characteristics in the light of the solutions
implemented by Thomson Training & Simulation (TT&S) in several full-scope simulators
recently built and delivered for Dutch, German, and French nuclear power plants.

- Finally we consider the model validation procedures, which are of course an integral part of
model development, and which are becoming more and more severe as performance
expectations increase.

As a conclusion, it may be asserted that in the core modeling field, as in other areas, the general
improvement in the quality of simulation codes has resulted in a fairly rapid convergence towards
mainstream engineering-grade calculations. This is a remarkable performance in view of the stringent
real-time requirements which the simulation codes must satisfy, as well as the extremely wide range
of operating conditions that they are called upon to cover with good accuracy.
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1. INTRODUCTION

The impressive increase in the availability of computer power at affordable prices which
has taken place during the past decade has had dramatic repercussions in practically all
application fields, and power plant simulation has of course followed this trend [1].

Within power plant simulators, massive computing power has been applied in three main
areas :

• Graphic user interfaces for Instructor and Trainees.
• Power plant database management.
• High-grade simulation models.

The evolution of the reactor core model in the last few years is a good case study of this
improvement process. Based on the characteristics of core model development for several full-
scope nuclear power plant simulators (for Germany, the Netherlands, and France), this paper
contends that the evolution of specification requirements and the ready availability of high-
power computers are combining to make simulation modeling rejoin the mainstream of
engineering calculations.

The basis for this paper are the following full-scope simulators, designed and built by
Thomson Training & Simulation (TT&S) in the period 1994-1997 :

Power plant

Unterweser

Neckarwestheim

Borssele

Obrigheim

Fessenheim

Bugey-1

Country

Germany

Germany

Netherlands

Germany

France

France

Type and Rating
(MW)

PWR- 1350

PWR - 840

PWR-480

PWR-350

PWR - 900

PWR - 900

Vendor

Siemens

Siemens

Siemens

Siemens

Framatome

Framatome
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2. OPERATIONAL REQUIREMENTS

In all the above cases, the specified scope of simulation covered of course all operating
conditions from cold shutdown to full power, including situations arising from the activation
of malfunctions and/or erroneous operator actions/omissions.

The seamless coverage of a very wide range of situations has traditionally been one of
the major hurdles to be overcome by a simulation code, and also a significant difference with
respect to engineering codes. All experienced simulation engineers worth their salt feel acute
pangs of jealousy at their colleagues in engineering departments, who can usually afford to
apply very precise spatial meshes and complex correlations, because their calculations do not
run in real-time and, even more important, are generically intended to cover only a restricted
field of conditions.

This wide range of applicability of the training models has necessarily been compensated
- up to now - by a limited accuracy, and by the need for extended model tuning.

This situation is, however, fundamentally changing :
• On the one side, users are increasingly requesting the capacity to update the core

characteristics in a simulator, with a minimum amount of work. This can only be
obtained if the simulation model is as close as possible to the design code being used for
fuel management and safety studies at the simulated plant.

• On the other side, the operational requirements from the training area are becoming
such, that only good quality models can really satisfy them.

The following sections summarize the operational requirements which, in our
experience, have proved more critical for the reactor core model.

2.1 OFF-NORMAL OPERATING CONDITIONS

Three off-normal transients impose particularly severe requirements on the core model :
• Large LOCA, leading to core uncovery.
• Anticipated Transient Without Scram.
• Control Rod Ejection.

In order to successfully negotiate these transients, the core model must be intrinsically
robust. The large and fast variations in moderator temperature and density which take place
shall seriously test its capacity to converge numerically within the very short time steps
necessary to have a valid overall plant dynamic response.

2 2 NORMAL OPERATING CONDITIONS

Although the off-normal operating conditions are certainly the most taxing from the
point of view of model robustness, the normal operating requirements are also, perhaps
somewhat unexpectedly, extremely demanding, especially concerning model accuracy over a
wide range of conditions.

Requirements affect both the overall model response as well as detailed model
characteristics, as shown in the tables hereunder.
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2.2.1 Requirements concerning overall mode! response

Operation

Load following.

Load rejection.

Turbine trip without reactor scram.

Core divergence at lower moderator
temperatures.

Limitation actions (for Siemens nuclear power
plants):

Fast reactor reductions via programmed
sequences of control rod drops .

Required model characteristic

Accurate reactivity calculation (feedback
effects).

Accurate control rod effects.

Very precise dynamic response.

These transients usually determine the overall
plant dynamic response and the maximum
value of the simulation time step, in order to
adequately take into account the interaction of
plant physics with instrumentation and control.

They involve the dynamic response of
practically the entire plant, including reactor
coolant system, steam generators, turbine, and
turbine bypass system.

Accurate cross section representation over a
wide temperature range.

Accurate reactivity calculation (feedback
effects).

Accurate control rod effects.

Very precise dynamic response.

The special requirements introduced by the Siemens limitation systems are particularly
significant. One of the purposes of this system is to avoid unnecessary reactor scrams by
lowering reactor power very quickly in case of incident, for instance the trip of a reactor
coolant pump. The dynamics of the incident are necessarily very fast: the pump trip must be
detected nearly instantaneously, and the programmed control rod drops must then lower
reactor power to within a rather narrow interval. Otherwise, reactor scram intervenes.

In some cases, the plant dynamics are such that several consecutive rod drops must take
place at very short intervals. In our experience, the model performance must be extremely
accurate in order to obtain in the simulator just the precise rod drop sequence for which the
system has been designed. This applies, of course, for any of the limitation cases, and naturally
no ad-hoc tuning is possible, because of the multiplicity of possible patterns.
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2.2.2 Requirements concerning detailed model characteristics

Incore thermocouples,
(especially for Framatome nuclear power
plants)
Incore mobile detectors,
(for Framatome nuclear power plants)
AXI/AXA relationship.
OFI/OFA relationship,
(for Siemens nuclear power plants)
Nuclear Logs (Nuklearprotokolle).
(For Siemens nuclear power plants)

Accurate radial power density.

Accurate 3D flux distribution.

Very accurate 3D flux distribution.
Very accurate reproduction and calibration of
incore and excore nuclear detectors.
Very accurate 3D power density distribution.
Very accurate reproduction and calibration of
incore and excore nuclear detectors.

where:
• AXI and AXA are (roughly defined) composite signals, which give the difference

between the flux in the upper half of the core and the flux in the lower half. AXI is
determined in a rather complex manner as a function of the incore detectors, and the
excore detectors are used for AXA.

• OFI and OFA are also composite signals, which give the difference between the fluxes in
the upper and lower halves of the core, but this time divided by the average flux level.
OFI refers to the physical 3D flux distribution, whereas OFA is determined on the basis
of the excore measurements.

The relationships between the inner and the outer signals reflect basic differences in the
axial flux distribution "seen" by both instrumentation systems. These differences result in fact
from the detailed internal 3D distribution. Therefore, in order to correctly reproduce them at
all significant reactor power levels, the 3D flux distribution has to be determined, and
furthermore the nuclear detector signals must take the axial and radial detector positions quite
precisely into account.

2.2.3 Reference codes

The fact that a given fuel management or design code is intended to be used as a
reference for purposes of simulator validation is in itself a requirement, and certainly not the
least one, although it tends to be overlooked. In fact, given the above stringent requirements, a
simulation model has very little chance to fulfill them unless it closely approaches its modeling
technique.

The reference codes for the TT&S simulators listed in §1 were:
• Framatome power plants: LIBELLULE.
• Siemens power plants (except Obrigheim): MEDIUM-2.
• Obrisheim: RSYST3.

2.2.4 Miscellaneous requirements

We have included this category in order to show that in some (admittedly minor)
aspects, simulation models may sometimes be required to be even more realistic than design
codes. These aspects concern fundamentally the wide range scope of simulation already
mentioned.
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A typical case is the influence of reactor coolant density on the readings of the excore
detectors. This effect is usually corrected for in the nuclear instrumentation system, and few
design codes take it explicitly into account. On the other hand, in training simulators this effect
(and, of course, also its correction) must be well represented, from cold shutdown to hot full
power.

It actually happened, during a recent Acceptance Test, that a discrepancy between the
design code and the simulation model was resolved in favor of the latter. The coolant density
effect, which the simulator model took properly into account, was found to be more important
than the intrinsic differences between both codes.

3. MODEL CHARACTERISTICS

We stated above that the only practical way to satisfy the increasingly demanding
requirements assigned to simulation core models was to adopt a high-quality model, as close
as possible to the actual code being used for fuel management in the reference plant.

This has been the TT&S solution for all the simulators listed in section 1:

3.1 CORE MODEL FOR FRAMATOME POWER PLANTS

In the case of EdF power plants built by Framatome, TT&S adopted the outright real-
time implementation of the EdF fuel management code, LIBELLULE.

LEBELLULE is a classic axial code, based on the diffusion equations with two neutron
energy groups. It has a very detailed axial mesh, typically from 40 to 60 points. It is of course
complemented by a 2D calculation, provided by TT&S, which supplies the radial flux
distribution and the control rod absorption cross section.

Further developments along this line shall involve the real-time implementation of the 3D
code COCCINELLE, also developed by EdF, and, in the case of the French Atomic Energy
Commission (CEA), the implementation of the APOLLO-CHRONOS code set in the SIPA-2
simulator.

• In the case of the Siemens power plants, it was clear from the outset that, aside from
proprietary issues, the reference fuel management codes could not be implemented in
real time within the computer resources available.
The only solution, therefore, consisted in approaching their formulations as closely as
possible. The final model characteristics are described in the following.

3.2 CORE MODEL FOR SIEMENS POWER PLANTS

In the case of Siemens power plants, it was established very quickly that the real time
implementation of the applicable reference codes was unfeasible. The only solution, therefore,
consisted in approaching the physical formulation and the spatial meshing of these reference
codes as closely as possible.

The main model characteristics are described in the following.
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3.2.1 Basic equations

• A 3D diffusion model is applied, based on the neutron diffusion equations with two
energy groups:

(1.1) V - ( Z ) i V - 0 i ) - I a i - O i - I , - O i +(vI/i-Oi+v£/2-O2) = — • —
vi dt

(1.2) V-(D2V-O2)-I*2-O2+Zr-Ol = —• —
V y v2 dt

where notation is standard:

- Dl, D2: diffusion coefficients.

- Sal, Za2: absorption cross sections.

- Zr: removal (moderation) cross section.

- vZfl, v2f2: neutron production cross sections.

- vl, v2: neutron speeds.

• In order to solve these equations, the classic separation method is applied [2, 3], which
assumes that the flux solutions may be written as a product:

(2.1) <&i(x,y,z,t) = Si(x,y,z,t) x T(t)

(2.2) <S>2(x,y,z,t) = Sz(x,y,z,t)xT(t)

where:

- S! : fast flux shape function;

- S2 : thermal flux shape function;

- T : overall flux level function.

• The S shape functions are computed using the adiabatic method, i.e., they are obtained
by solving the stationary form of equations 1.1 and 1.2.

• The T function is computed by solving the standard reactor kinetic equations with 6
groups of delayed neutron precursors:

n n dT p ~P r ^ V3 r ^ c
(,.l) - = - _ . r + 2 > G + S
(3.2) f = f - r - A , G

dt A

where:

- p: overall core reactivity.

- Pi: production yield of each delayed neutron precursor group.

C;: concentration of each delayed neutron precursor group.

A: average prompt neutron lifetime.

S: independent neutron source.



- 164 -

Both the S functions and the T function are computed at every simulation cycle, i.e.,
every 0.125 seconds. This time step value is appropriate for rendering fast overall plant
transients, such as load rejection (see §2.2.1).

3.2.2 Spatial mesh

The basic principle of approaching the reference codes as closely as possible is also
applied to the choice of the spatial model mesh:

• the core height is thus divided into 13 axial layers in the case of MEDIUM-2, and 16 in
the case of RSYST3, plus two upper and two lower reflector layers.

• in the radial direction, each individual fuel assembly is separately considered.

Accordingly, the elementary unit for the 3D model is the core "cell", which is defined as
the intersection between any axial layer and any individual fuel assembly.

The thermodynamic conditions and the physical properties (cross sections) are assumed
uniform within each individual cell (see below, §3.2.3 and §3.3). However, in order to follow
the steep flux changes which take place between adjacent fuel assemblies when MOX fuel is
used, 4 distinct radial flux values are calculated inside each cell.

3.2.3 Model parameters

The model parameters, i.e., the coefficients appearing in the equations hereabove, are
supplied by the reference codes for each individual fuel cell as a function of the relevant
operating conditions:

• fuel temperature.
• moderator temperature.
• moderator density (steam/water density and void fraction).
• boron concentration.

Their variations are parameterized by means of least-square polynomial approximations,
covering the entire range of simulated operating conditions.

3.2.4 Ancillary calculations

• Iodine/xenon and promethium/samarium concentrations are dynamically calculated for
each individual 3D core cell by applying the standard production/absorption/decay
equations.

• Decay heat is calculated dynamically for each individual 3D core cell, using 11 fission
product groups. Actually, the number of decay heat groups is largely immaterial;
eleven groups proved more than enough to cover with good accuracy more than
several months of continuous simulation. The computing power required is low, and
there is no practical objection to the outright implementation of any specific standard
calculation such as ANS, DIN, or SERMA.
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3.2.5 Required computer power

The available computer power was one of the main project. In the case of the largest
core (Unterweser) the final model requires somewhat less than 60% of a time cycle in an SGI
Challenger-4400 processor running at 250 MHz.

3.3 DETAILED THERMOHYDRAULIC MODEL FOR SIEMENS POWER PLANTS

It became apparent during model development that the gain in quality which resulted
from "copying" the 3D spatial mesh of the reference codes as closely as possible was partially
lost if the thermohydraulic calculations in the core were carried out using a coarser mesh. This
was particularly clear in the case of the drop of individual control rods, when the
thermohydraulic conditions in the affected fuel assembly cannot be adequately represented by
the average values in a larger region.

The final model thus incorporates the thermohydraulic calculation of each individual fuel
assembly channel. Moderator enthalpy is integrated along each channel; moderator
temperature and density, and also fuel temperature, are then determined at each individual 3D
core cell.

Finally, the correct determination of the fuel temperature required a rather detailed
calculation of the pellet-gap-cladding heat transfer characteristics for each 3D core cell, as a
function of the local power density. The correlations for thermal conductivity were again
obtained from the reference codes.

4. MODEL VALIDATION PROCEDURE

The model validation procedure was the object of detailed analysis and discussion
between all the parties involved, viz. :

- the Customer, i.e., KSG and the respective Utilities.

- the Customer consultants.

- the independent Core Data suppliers.

- TT&S.

The computer codes applied for the generation of the Core Data and the validation
references were fully 3D codes:

- Siemens AG and PreussenElektra AG : MEDIUM-2.

- IKE: RSYST3.

The following test categories were defined :
a) "separate-effects" tests.
b) global tests in stand-alone mode, under normal operating conditions.
c) global tests in coupled mode, under normal and off-normal operating conditions.

The respective tests are described in the following.
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4.1 STAND-ALONE "SEPARATE-EFFECTS" TESTS

These tests were designed to ensure that each individual effect was correctly taken into
account. Even though the tests inevitably appear artificial, and actually so they are, they were
nevertheless extremely helpful in ensuring that all the calculations were individually correct,
and that coincidental error masking by compensation was not taking place, for example in the
rather delicate matter of temperature effects.

The following tests were performed :

- stand-alone kinetics tests.

- individual feedback effects (only one parameter varied at a time) :

• moderator temperature.
• moderator density.
• fuel temperature.
• boron concentration.

- fission product poisoning.

4.2 STAND-ALONE GLOBAL TESTS

These tests were performed using the complete core model (neutronics and detailed
thermohydraulics) for fixed values of the inlet core coolant temperature :

- operating conditions at several power levels: critical boron concentration, 3D flux
and power distributions, coolant and fuel temperature distributions.

- critical boron concentration at zero power, for several coolant temperatures, down to
50_C.

- integral control rod worth at different temperatures and for several rod
configurations.

- integral control rod worth at different power levels.

- differential control rod worth as a function of insertion depth.

- reactor scram.

- control rod drops.

- xenon axial and azimuthal oscillations.

4 3 COUPLED GLOBAL TESTS

These tests were performed during the Acceptance Test phase in the complete simulator
environment, the Core model being coupled to the RCS model and the control rod drives. The
specific operating procedures for the reference plant were strictly applied :

- normal start-up and shut-down procedures.

- core physics tests, according to the operating procedures.

- load changes; control rod insertion vs. reactor power.

- Incore vs. Excore evolution of axial offset.
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integral and differential control rod worth at different plant conditions.

control rod shadowing on Incore detectors.

loss of a reactor coolant pump and recovery without scram.

control rod drops, faulty insertion/withdrawal, ejection.

xenon oscillations.

LOCAs.

ATWS.



- 168 -

4.4 MODEL RESULTS

4.4.1 Critical Boron Concentrations (Borssele, BOC)
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4.4.2 Moderator Temperature Effect (Borssele, BOC)
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4.4.3 Control Rod Worth (Borssele, BOC)

4.4.3.1 All rods
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4.4.3.2 Partial rod configuration (Dl ± D2 rod banks)
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4.4.4 Flux Distribution (Unterweser, EOC)
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THE CURRENT ROLE OF SIMULATORS FOR PERFORMANCE EVALUATIONS
AND LICENSING (CASE OF MEXICO)

HERNANDEZ MALDONADO A. "" XA9847553
National Commission of Nuclear Safety and Safeguards,
Mexico D.F., Mexico.

Abstract

The main purpose of this paper is to share the experience acquired by the National Commission of
Nuclear Safety and Safeguards (CNSNS) during the administration of both certification and licensing
operational exams applied to Senior Reactor Operators (SRO) and Reactor Operators (RO) by using a full-scope
simulator. The licensing operational exams are administered to examinate candidates for a SRO or RO license
while the certificacion operational exams are administered to all personnel that possess a SRO or RO license in
order to renew their licenses within a six years period. A general description with the most important simulator
antecedents from the initial authorization for its usage to provide the "Initial Simulator Training Course" until
currently in which it has been started the installation and testing performance of a new computer equipment that
will improve and increase the simulation capacity of the Laguna Verde Nuclear Power Plant (LVNPP)
Simulator. In other hand, it is showed the process that the CNSNS will apply during the next verification of the
simulator certification which should be performed due to the old computer equipment is being replaced with a
more modem computer equipment so that the simulation capability will be improved. The verification process
was discussed with the utility personnel and as result of this an agreement has been established to carry into
effect this hard task. Finally, the conclusions and recommendations from regulators point of view are presented
regarding to the importance of perform a well both evaluation and verification of simulators performance.

1. INTRODUCTION.

In accordance with the requirements established by the Mexican Regulatory Body that is
called National Commission of Nuclear Safety and Safeguards (NCNSS), the Senior Reactor
Operators (SRO's) and Reactor Operators (RO's) of the Laguna Verde Nuclear Power Plant
(LVNNP) should be extremely trained and to pass hard licensing exams in order to obtain a license to
perform their operational duties inside main control room. In addition, every two years a sample of
the SRO's and RO's are examinated through a simulator operational exam in order to renew the
licenses of all SRO's and RO's. In this way all the SRO's and RO's should be examinated within a six
years period.

The simulators are an essential tool applied on the SRO's and RO's training because they
allow the personnel to practice the operation actions included in the emergency and abnormal
operation procedures in an exhaustively manner.

Before that LVNPP acquires its own simulator all the SRO's and RO's attended simulator
training in Spain to reach the basic knowledge and abilities required to have observance of statutory
provisions. The main disadventages were that a lot of money was spended during a long time and the
simulator used on training was not similar to the plant of reference.

In order to take corrective actions and to save money the Mexican Electricity Commission
(MEC) (owner of LVNPP) asked to the Electrical Research Institute (ERI) to start the necessary
works to design and construct a full-scope training simulator specific to LVNPP Unit 1 in 1984. For
the design and construction was decided to have observe of statute provisions established in the
ANS1/ANS-3.5-1985 [1] because the most simulators has compliance with this standard.

On September 1991, the full-scope simulator was delivered to the MEC and all the
acceptance simulator testing were performed before its usage on training of operation staff personnel.
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On november 1991, the MEC send to the NCNSS a Simulator Certification Report which was
prepared on basis of the ANSI/ANS-3.5-1985 standard criteria. The report was evaluated by NCNSS
and as result of this a conclusion was issued about that the simulator did not has totally compliance
with the standard [1] requirements.

Finally, on august 1992, the MEC prepared a working programme which included corrective
actions to meet the standard [1] requirements. The programme was evaluated by NCNSS and as
result of this it was decided that the programme activities could satisfy those requirements. Although
the programme was founded acceptable a condition was issued about that the MEC should prepare
and send a report on a three month basis with the update simulator advances to the NCNSS. Since
this date it was permited the simulator usage to provide the simulator training for operation
personnel.

At present time the ERI is conducting the acceptance tests of the new simulator computer as
part of the previous simulator certification in order to deliver the simulator to the MEC. Once the
simulator be free the MEC will start the "Initial simulator certification" process again in accordance
with the applicable standards [1]. In the meantime, the both initial and continuous simulator training
for SRO's and RRO's is being provided by using the old simulator computer.

2. APPLICABLE REGULATION IN THE EVALUATION PERFORMANCE OF THE
SIMULATORS.

For the evaluation performance of simulators the NCNSS has established that the applicable
regulation is the same regulation used by the U. S. Nuclear Regulatory Commission. This because
the two ractors installed in LVNPP came from U.S.A. which were bought to the General Electric
Company. The following is the specific applicable regulation used by the NCNSS to veryfy the
simulator performance:

a) 10 CFR Part 55 "Operator's licenses"
b) Regulatory Guide 1.149 "Nuclear power plant simulation facilities for use in operator

training", Rev. 0(1981)
c) ANSI/ANS-3.5-19855 "Nuclear power plant simulator for use in operator training".

In addition, some International Atomic Energy Agency (IAEA) publications can be used in
this field in accordance with the license operation conditions of LVNPP, for example the IAEA-
TEC DOC-685 [2] has been used because provides more detail about some requirements that are
described in a very general manner in the standards refered above.

3. EVALUATION AND VERIFICATION OF SIMULATORS

3.1 GENERAL DESCRIPTION OF LVNPP SIMULATOR

In 1983 MEC recognized the need for a full-scope training simulator specific to the LVNPP
Unit One The simulator main objective is to physically and functionally duplicate the control room
for LVNPP Unit One (a BV/R, 675 MWe). The simulator includes full-size replica boards and panels
of the main control room and the remote shutdown room. The process-computer console is also
reproduced.

To insure compliance with the applicable regulations [1-3], the simulator is capable of
reproducing the reference plant behavior from cold start to full power, both under normal and
abnormal operating conditions. Over 180 generic malfunctions can be simulated. Ten generic
malfunctions are defined for the control rods (including stucking, drifting and uncoupling) and each
of them can be applied to any of the 109 rods. Thus, the total number of specific malfunctions
including control rod failure is around 1500.



- 177 -

In order to simulate the performance of the LVNPP Unite One, 47 programme modules were
defined. Each of these modules corresponds with a plant system or subsystem and is comprised of a
set of computer subroutines which model specific equipment such as pumps, heat exchangers,
controllers, etc.

3.2 EVALUATION AND VERIFICATION METHODOLOGY FOR SIMULATORS
PERFORMANCE.

The following methodology has been designed on basis of the experience acquired during the
revision and evaluation of the first inicial certification of the LVNPP simulator. It is important
remarks that this methodology will be applied by the NCNSS to evaluate and to verificate the new
simulator computer.

3.2.1 Evaluation of simulator performance
3.2.1.1 Testify of acceptance simulator tests

In this stage, some NCNSS's specialists will testify several simulator tests that are performed
during the initial simulator certification process, and as result of this activity the specialists will
obtain a preliminary judgement with regard to the simulator performance. In addition, the specialists
can identify any simulator deviations that must be evaluated to quantify how affect the simulator
training of operation personnel.

3.2.1.2 Evaluation and revision of the initial simulator certification report

In this stage, both the initial simulator certification report and the acceptance simulator test
records should be reviewed in detail and very carefully in order to identify any other simulator
deviations that must be evaluated to quantify how affect or restrict the simulator training of operation
personnel too.

3.2.2 Verification of simulator performance

In this stage, additional tests to the tests performed during the initial simulator certification
process should be performed as part of an independent simulator verification by the NCNSS. In fact,
it will be performed abnormal and emergency tests conditions only. The main purpose of this activity
is to verify the simulator capability to operate in a correct way during these conditions and it is
identified the time of scenarios occurrence until that the simulator models are capables to have a
credible behavior.

The methodology that the NCNSS will use to verify the simulator's complian with the section
4.2. l(b) of the applicable standard [1] is described in the following lines. The section refered above
establishes the following:

"4.2.1 Tests should be conducted to prove the capability of the simulator to perform correctly
during the limiting cases of those evolutions identified in 3.1.1. (Normal Plant Evolutions)
and 3.1.2 (Plant Malfunctions) of this standard.

Acceptance criteria for these tests shall:

a) where applicable, be the same as plant startup test procedure acceptance criteria;
b) require that the observable change in the parameters correspond in direction to

those expected from a best estimate for the simulated triansient and do not violate
the physical laws of nature".

To verify the simulator performance compliance with this section of the standard [1] should
be performed several transient events in the simulator, with all the models interacting together with
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the transient tested. The results obtained should be as compared with the following reference
information sources:

(a) Data collected from the reference plant, in fact the startup tests;
(b) Data collected from the analyses of engineering codes on theorist basis.

In case to use engineering codes as comparison base line it should be take some cautions to
assurre that the computer codes are capables to reproduce the same and/or equal initial conditions,
parameters and operator actions that are planning to verify in the simulator.

In other hand, during the simulator verification process it is necessary keep in mind that the
simulator represents a training tool and not an engineering tool. With this in mind it is absolutely
necessary remarks that the differences detected among simulator models and the reference
engineering codes only should be take into account if these differences have a direct or indirect
adversal and/or negative effect on the Operator's judgement and performance to analyze the
observable change in the parameters inside main control room.

Now is presented a general description of the two main stages or phases that should be
conducted to carry out the verification of simulator performance.

PHASE I: GENERAL PREP A TION

This phase consists of four stages well limited.

(a) Definition of models scope

The main components of the model to validate are defined in order to configure the
engineering codes correctly, so that the dynamic part of the models could be qualify other that the
logic part of the models.

(b) Definition of transient events to conduct

The abnormal and emergency procedures are reviewed to obtain a check list with all the main
critical parameters that the operators are expected to interact, to observe and to analyze during
training sessions in the simulator. After that, a minimum collection of transient shall be defined in
order to activate all these critical parameters, so that the simulator models will be challenged and the
simulator behavior will be analyzed with respect to the parameters tendency established in the
reference procedures.

(c) Definition of the characteristics of the critical parameters.

For each transient selected the most important critical parameters and the fundamental
characteristics of these parameters should be defined.

In this stage and next stage is when really the training expectancy is applied over the
simulator performance so that the deviations detected in the critical parameters shall be penalized in
accordance with its inadequate behavior because they may confuse and delay the operator's decisions
and/or actions during the simulator training.

As result of the application of stages (b) and (c) above referred it will be possible to prepare a
matrix of the transients to verify together with its critical parameters already defined. This matrix
will be fill by using the results obtained from the engineering reference codes for each transient
runned in the computer. Then the same matrix of transients will be fill by using the results obtained
from the additional simulator tests. After that both matrix will be compared and the differences
detected with respect to the engineering reference codes should be considered as simulator
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deviations. Table I presents a matrix model of transients and critical parameters that the NCNSS is
preparing to apply it for the verification of LVNPP simulator.

PHASE II: EVALUATION OF SIMULATOR MODELS

This phase consists of six stages that are described below:

(a) Simulator requirements

In this stage should be detailed the initial conditions, malfunctions and the appropiate time to
initiate them, operator actions if were defined, scenario time long, etc.
(b) Reference codes requirements

This is the more important stage because the evaluation results of the simulator models
performance depends of the reference codes results so that the initial conditions in both engineering
codes and simulator models should be the same. To conduct this stage is necessary to carry out the
following steps:

(1) Definition of reference codes parameters

The same parameters used in simulator models should be entered in the engineering codes, or
in defect equivalent parameters may be entered in order that both models ehavior (codes and
simulator) can be comparables.

(2) Definition of outline conditions

The same outline conditions used in simulator models should be entered in the engineering
codes in order that the both models response (codes and simulator) can be comparables.

(3) Initial conditions of reference codes

The same initial conditions used in simulator (steady state) should be entered in the
engineering codes in order that the both models response (codes and simulator) can be comparables.

(c) Execution of transients in the simulator

In this stage the transient defined should be executed in the simulator and the results obtained
must be used to fill the matrix of transients in order to reflect the critical parameters behaviour during
the simulator tests.

(d) Execution of transients in the reference codes

Before the execution of transients in the reference codes it is necessary to verificate that the
outline conditions previously defined have a behaviour as expected. Therefore the following two
steps should be conducted.

(1) Reverification of outline conditions

By using the data recorded from the execution of transients in the simulator an analyses of
the established outline conditions must be carry out and the differences identified (if there is) should
be corrected before to execute the transients in the reference codes.

(2) Execution of transients
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The transients defined should be executed in the reference codes and the results obtained
must be used to fill the matrix of transients in order to reflect the critical parameters behaviour during
the code tests. This matrix of transients shall be recognized as the standard matrix.

(e) Comparision and evaluation of simulator deviations

By using the reference codes a comparison of the results obtained from both simulator and
reference codes executions should be made through the standard matrix and simulator matrix in order
to identify the simulator deviations and these deviations must be quantified in accordance with the
criteria defined in section 3.2.3.

3.2.3 Assessment of simulator deviations

A training value assessment shall be performed for each deviation identified in Sections
3.2.1.1, 3.2.1.2 and 3.2.2. Deviations that do not impact the actions to be taken by the operator or do
not detract from training may be deemed acceptable.

The following factors which are established in ANSI/ANS-3.5-1993 [3] should be evaluated
to determine if the deviation has an impact on the actions to be taken by the operators:

(1) The human-system interface required for normal, abnormal, off-normal, or emergency
procedures.

(2) The differences in performing the task on the simulator versus performing the task in the
actual control room.

(3) The differences in operator cues, auditory and visual information presented to the operator,
and the critical decisions and actions required of the operator.

(4) The function of the equipment and the potential for impacting reference unit safety, tripping
the reference unit, or damaging reference unit equipment.

(5) The differences required by the team response to normal, abnormal, off-normal, or
emergency actions.

(6) Review of operational experience to identify the potencial for operator error or the necessity
for reinforcement of the skills required for the task.

3.2.4 Solution of simulator deviations

The simulator deviations that are considered as a negative effect for the operator training by
using the criteria defined in Section 3.2.3 shall be solved before to use the simulator in the formal
training and continuous training programmes, this only if it is demonstrated that the outline
conditions, parameters and initial conditions of the reference codes are not responsibles due to a
wrong definition or a bad function.

4. EXPERIENCE ACQUIRED IN THE DESIGN AND PERFORMANCE OF
SIMULATOR SCENARIOS FOR OPERATORS LICENSING

4.1 DESIGN OF SIMULATOR SCENARIOS

The following is the experience acquired regarding to the design of simulators scenarios to
e.xaminate operators:

The number of different scenarios that can be designed is too limited.
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There are not capability to design scenarios with severe accident conditions.
No models were included to simulate monitoring systems that are necessary to estimate
releases of fission products.
Although some events of the scenarios has been considered do not credibles the operational
experience in LVNPP has demonstrated that some of this events have occurred at least once.
The limited capability of the old simulator computer does not allows to examinate the
operator's ability to do a well conduction of the last design changes of plant systems.
The instructor personnel that participate in the scenarios test should not have been involved
in the developing of training programmes for the personnel that will be examinated.

It is necessary to prepare and to test an additional simulator scenarios before to initiate the
examination process because some times the simulator fails during the exams.
All the scenarios are designed including abnormal and emergency transients and/or events.
Has been designed and tested some simulator scenarios from Probabilistic Safety Assessment
(PSA) Study for LVNPP Unit One which included the dominant sequence accidents.
Operational experience feedback has been used to design some simulator scenarios.

4.2 CONDUCTION OF SIMULATOR SCENARIOS

The following is the experience acquired during the conduction of simulator scenarios to
examinate operators:

Instructor personnel should be continuous observed to avoid direct touch with the candidates.
Although the scenarios were previously tested some times during the examination process the
simulator has failed in a very different and incorrect way.
Instructor personnel have been allowed to stay during the examination process in order to
obtain an own judgment about the candidates performance.
At the end of each simulator scenarios when the examination process has been carried out the
examiner and instructor personnel exchanged judgments regarding the operator performance.
For each simulator scenario has been identified the point until which the simulator models
has capability to simulate a well behaviour.
There are some systems differences among LVNPP Unit One and Unit Two which can not be
totally implemented in the simulator models due to the few capacity of the old simulator
computer, this difficult the conduction of scenarios when the version of LVNPP Unit Two
simulator is used.
The conduction of simulator scenarios based on dominant sequence accidents from APS
studies has been accepted as credibles, but not always the simulator has capability to execute
them in a well way.

5. APPLICATIONS AND AD VENTAGES OF SIMULATOR USES AS A RESULT OF
OPERATORS LICENSING.

5.1 APPLICATIONS OF SIMULATOR

The simulator has been used to carry into effect the following activities:

A total of 12 initial simulator training courses for new operation personnel have been

provided by using the version of LVNPP Unit One simulator.
Continuous training for RO's and SRO's from Unit One and Unit Two has been provided on
basis of 90 hours inside classroom and 60 hours in the simulator every year.
The simulator has capability to simulate both LVNPP Unit One and Unit Two.
Has been simulated real transient events occurred in the plant in order to identify and to
analyze the possible human operator errors performed during the recover or immediate
actions that should be done.
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Startup tests of LVNPP Unit Two were previously practiced in the simulator before to carry
out these tests by RO's and SRO's in the plant.
Licensing examination has been performed to examinate personnel that possess a RO and
SRO license in order to renew their licenses every two years.

- Startup and shutdown of LVNPP Unit One and Unit Two were previously practiced in the

simulator before to start and to shutdown these plants during the first refuel outages.

5.2 ADVENTAGES GATHERING FROM SIMULATOR USES

As result of simulator uses the following are the main advantages detected:

The number of reactor scrams due to human operator errors has been reduced.
The fact to include the operational experience feedback in the sessions of continuous training
in the simulator has avoid recurrence of events due to human errors.
Design of simulator scenarios based on risk measures (PSA) has allowed to evaluate the
operator's performance during the most critical conditions of the plant that are expected to
occur.
Usage of simulator scenarios that have been considered few credibles and the fact that some
of them have occurred in the plant really has allowed to the operators perform the correct
actions to avoid a reactor scram event or to perform the immediate actions established in the
abnormal operating procedures to carry out the plant a stable state condition.
At the beginning of commercial operation of LVNPP Unit One the most operators initiated
the Emergency Core Cooling Systems (ECCS) to maintain reactor vessel level during events
that could be controlled by using other normal systems of plant. Through the continuous
training in the simulator the operators improve their habilities and knowledge in other to
avoid the use of ECCS when they are not essential to maintain the vessel level because
normal systems are availables.
The number of reactor scrams due to communication problems among operators was reduced.
The time period to carry into effect the startup tests of LVNPP Unit Two was reduced in
approximately a half of time period as compared with the LVNPP Unit One startup tests
phase.
The simulator has capability to simulate both LVNPP Unit One and Unit Two.
A lot of money has been saved since the MEC acquired his own full-scope simulator.
Some NCNSS's personnel has attend the initial simulator course in order to be considered an
examiner.

6. CONCLUSIONS

The relevant importance of the applications and adventages that are obtained by using the
full-scope simulators in the personnel training process it makes that the regulatory body be engaged
to develop and perform a very careful and detail verification of this kind of simulators. To carry out
this hard task it is essential to establish and define the standards applicables while that the design and
process used to conduct the verification of simulators must use a valid and realistic methodology. In
addition, a simple process of continuos verification should be defined to monitor the simulator
performance through its service life.

Another important matter to the regulatory bodies it is the definition of the criteria to assess
the simulators deviations because if these criteria are clearly established then the simulator deviations
that impact the actions to be taken by the operator or that detract from training can be identified in
order to request the simulator owner's to correct these deviations before the simulator be used as a
training tool. In this way the regulatory bodies could assure that the simulator performance is
acceptable even if the simulators have deviations that do not impact the operators training.

It is important to identify other possible applications of simulators in the nuclear industry
field because its design, construction, test and maintenance represent too high costs. This can be
achieved through the attendance to international meetings regarding with this topics.
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Finally, it is important that the regulatory bodies establish their expectancy regarding with
the capability and characteristics that must possess the simulators models to conduct the operators
training towards the simulator senarios with both severe accidents and dominant sequence accidents
(PSA) so that the regulatory bodies can be sure that the SRO's and RO's possess the knowlwdge and
habilities to maintain the the plant in safety conditions given an emergency situation and thus to make
sure the public safety.
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Abstract

As a part of the CEA (Commissariat a l'Energie Atomique), the INSTN is in charge of teaching
nuclear sciences and techniques. The use of simulators to improve, by some practice, the student's knowledge
has been promoted since 1986. In introduction, a short overview is given on these different simulators, to study
normal operation and abnormal situations. Nowadays, following an agreement between Electricite De France
(EDF) and INSTN the new generation SIPA (Simulator Post Accidental), an EDF- Thomson- IPSN project, has
been implemented, in it's workstation version called SIPACT, mid 1996. In EDF these simulators are used for
operators training and also for safety studies. The thermalhydraulics software is directly derived from the
CATHARE code, with basically a two fluid six equations model. So the range of applications is considerably
enlarged. This paper described the role and the application of the SIPACT simulator in relation with the different
courses. For the nuclear technical engineering degree, the main related courses subjects are thermics, two phase
flow modeling, the main thermalhydraulics systems codes, the main physical phenomena following accidental
scenarios. The two basic SIPACT simulations concerns the cooling of the primary circuit in normal and
accidental conditions. Then, following the options (modeling or plant operation) the students have two up to five
additional exercises. For each simulation there is several pedagogical objectives which are described in this
paper. Each simulation has a limited duration of three hours. When possible, following a basic demonstrative
imposed scenario, there is a choice of different options and the students (maximum number is six) have to agree
on a coherent sketch. The advantages and conditions of success of this procedure are discussed in this paper.
Then conclusions, based on this first experience we had on the use of the SIPACT simulator inside the INSTN,
are °iven.

1. INTRODUCTION

At the INSTN the use of simulators has been promoted since 1986. At that time the main
goal was to help the students to become more familiar with the behavior of a Nuclear Power Plant
(NPP) in normal operation. This first basic principle PWR simulator was called REPSI. At the same
period , the « Institut de Protection and Surete Nucleaire» (IPSN) was starting to use the
SALAMANDRE simulator to study abnormal transients including Anticipated Transients Without
Scram (ATWS). The basic thermalhydraulic model was a ID, 3 equations homogeneous model.
Thermal nonequilibrium was described only for pressurizer and the secondary side of Steam
Generators (Sgs).

It was also the beginning of a join venture between « Electricite De France » (EDF) and
Thomson and later with IPSN, to develop a new concept of simulator based on the CATFLARE six
equations code and called SIPA (Simulator Post Accidental). In 1990 the SALAMANDRE simulator
was given by IPSN to INSTN. It was the starting point to teach transients like SG Tube Rupture
(SGTR) and the beginning of a total loss of feed-water. But the main limitation was the homogeneous
mode! on the primary side and it was not possible to study breaks in a realistic manner. Late 1991 the
S1PA1 was in operation at EDF in Lyon, and the same simulator, called SIPA2, started beginning of
1992 at IPSN in Fontenay aux Roses (close to Paris). In 1992 a more friendliness new interface was
developed, for INSTN by CORYS, concerning the simulator for normal operation, new physical
models provide more realistic simulation and real time operations have been improved until 1994.
This new version was called SIREP.
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In EDF the SIP A simulator is used for operators training and also for safety studies. Due to
the large interest, in particular for operators, to understand what happen on the plant in accidental
conditions, using procedures, EDF has decided to insure the portability of SIPA on workstations in
order to equip all the NPP sites. Following an agreement between EDF and INSTN the SIPA has been
implemented at Saclay, in it's workstation version called SIPACT, mid 1996. The hardware
configuration is given on fig. 1. The thermalhydraulics software is directly derived from the
CATHARE code, with basically a two fluid six equations model. So the range of applications is
considerably enlarged compared to SALAMANDRE. At present time, in INSTN, the simulations are
done on 900 Mwe plant. In future the domain will be extended to 1300 Mwe and 1450 Mwe plants.

The purpose of this paper is not to describe the SIPA simulator or the CATHARE code, this
has been done in numerous references [1], [2], [3], [4], [5], [6], [7]. But this paper describes the role
and the application of the SIPACT simulator inside INSTN, in relation with the different courses.

2. MAIN COURSES IN RELATION WITH SIPACT

The INSTN nuclear engineering degree comprises common courses and at Saclay two options
related to modelization and plant operation. The main subject which are connected to the SIPACT are
described below. In the common courses there is:

- compressible fluid dynamics and thermics,
- two phase flow modeling including heat exchange,
- main thermalhydraulic codes description and comparisons,
- accidents scenarios and thermalhydraulics phenomenas.

In the plant operation option there is:

- large break Loss Of Coolant Accident (LOCA) description,
- plant control system,
- safety circuits,
- Steam Generator Tube Rupture (SGTR) procedure

In the modelization option, there is basic thermalhydraulics. Other engineering schools have
asked to be trained on SIPACT, like the EPF (Ecole Polytechnique Feminine) for the energy option, and
EAMEA (Ecole des applications militaires de l'energie atomique). For all these courses the SIPACT is
very useful because it comprises :

- all the plant control system,
- all the safety systems,
- the thermalhydraulic code CATHARE,
- a large capacity for simulation of accidental scenarios.

3. GENERAL STRATEGY AND CONSTRAINTS OF THE SIMULATIONS

The general principle is that the students, organized by groups of two, with a maximum of
three groups in the simulator room, have to write a report of each simulation. So they should
understand and concentrate on the behavior of the plant and their actions on the simulator are, in
general, very limited. On the contrary to be more strongly implicated they should have a real power on
the scenario. During the coarse of a simulation they have to be active to change views on the screen , to
look at interactive plots of the main parameters or to fill tables for some parameters values. Another
advantage of having a specific part, for each simulation devoted to one subject, is to limit duplications
of the reports.
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In the strategy, which have been used, the first step is to define, for a given subject, the
pedagogical objectives of each simulation. Then there is for a given simulation, an imposed scenario
which covers a large part of these objectives. The last part have to be covered by the open scenario. In
general a large proposition of options is done but initiatives are welcome within certain limits.

One of the most important constraints is the time limitation to a maximum value of three
hours in total.- That means that the real total time of the simulation is limited to one and a half hour or
less. So it is necessary to limit the range of some parameters and/or to use the SIP ACT capacity to
slowdown or to accelerate the transient. When the offered possibility are too large, it is not possible, at
a first stage, to test all of them before the course. So there is a risk that the simulation failed. But the
SIP ACT is very robust and this risk is limited if we avoid extreme cases.

In the simulations all the main potentiality of SIP ACT are used that are:

- The pedagogical station which proposes a large number of general and detailed view of the
NPP, groups of curves, mass and energy balance. It is shown in the different simulations.

- The main stations for the instructor and the students for all the manual control actions, the
functional diagrams, to look at the relevant curves for each simulation in a live manner. It is shown in
the different simulations.

- The possibility to accelerate or slowdown the transient with the control of it's adequacy.

- The possibility to stop, then rerun the simulation when necessary, in particular to analyze
the results.

- The possibility to use, in particular for some of the imposed scenario, a prerecorded
scenario. In this case all the simulation is a living recalculation of an original one, such there is no
difference for the students. But the instructor has more freedom to explain the simulation.

4. SUBJECTS OF THE SIMULATIONS, THEIR OBJECTIVES, SCENARIO, SPECIFIC
CONDITIONS

The two basic SIP ACT simulations concerns the cooling of the primary circuit in normal and
mainly in accidental conditions. These basic cases are:

4.1. Simulation 1 - Cooling of the primary circuit when the Steam Generators (SG) are in operation

Objectives:

- To describe a SG in normal operation,
- To determine the different flow circulation mode in the primary circuit,
- To analyze the cooling of the primary circuit.

Scenario : imposed but not the timing. The reactor (900 MWe) is in normal operation. Then
one main pump is stopped in one loop. The flow reverses in that loop. The second pump is stopped. The
flow reverse in that second loop. The third pump is stopped (fig. 2) and the one phase Natural
Circulation (NC) is obtained. A small break is done at the bottom of the vessel. Voids occurs in the
primary circuit. Two phase flow NC develops, increase, reaches a maximum (fig. 3), decrease, later
reflux condenser mode is obtained (fig. 4).

Specific conditions :

- .Safety injection is stopped to avoid any distortion in NC phenomena
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4.2. Simulation 2. Cooling of the primary circuit when the steam generators are no more available

Objectives :

- To describe heat transfer degradation in SG,
- To check the capacity of the High Pressure Injection System (HPIS) and safety

valve for cooling
- To apply a feed and bleed procedure,
- To analyze the cooling of the primary circuit.

Scenario : imposed, but time or criteria for feed and bleed is free. The reactor (900 Mwe) is
in normal operation. There is a total loss of feed-water. The SGs dryout occurs, the pressurizer level
increases and the safety valve(s) opens, the discharge pressurizer tank breaks (fig. 5). The HPIS starts
(specific to 900 Mwe), the primary mass inventory decreases, stabilizes and increases slowly (fig: 6).
But the pressure stays at the safety valve value (fig. 7). When the feed and bleed procedure is applied
the mass inventory decreases drastically, but the pressure decreases and the accumulator injection
occurs. The mass inventory increases (fig. 6). Later we reach the Low Pressure Injection System
(LPIS); the situation is safe.

Specific conditions :

The control system of the pressurizer valves (SEBIM) imposes the discharge valves closure
around 13.8 Mpa. The operator has to reopen it during the feed and bleed procedure.

The two following simulations are related to LOCAs.

4.3. Simulation 3 -Large breakLOCA

Objectives :

- To describe the rapid blowdown,
- To describe the refilling,
- To describe the reflooding.

Scenarios : imposed 12" cold leg break with pump running, then free for another simulation
concerning the hypothesis on the pumps (loss of electrical power, blockage of one or two pumps in
combination or not; sensitivity on the break location (free) with the same hypothesis. The reactor (900
MWe) is in normal operation when the break occurs. For the scenario with the three pumps stopped,
there is blowdown, dry-out in the core (fig. 8), refill (fig. 9), reflood (fig. 10 and 11). The situation is
more worse (longer reflood) with additional hypothesis on the pumps.

Specific conditions :

- The maximum break size on SIP ACT is 12" per loop.
- There is physical limitations on the reflood phase (immediate rewetting) so the

conditions have to be checked, but it is correct for all these simulations.
- SIPACT gives reasonable results in real time for a 12" break, but it is better to slowdown

the simulation. First of all ,the physical results are improved. On the other hand the students have more
time to look at this transient. The ratio used is from 6.25 (time step 0.08) for the basic case up to 10.
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4.4. Simulation 4 - Small break LOCA.

Objectives :

- To describe the decompression phase,
- To analyze the conditions for the pressure plateau,
- To describe the reasons for two-phase flow at the break,
- To explain core uncovery and reflood when it occurs,
- To investigate procedures.

Scenario : imposed 3 " cold leg break, beyond DBA hypothesis: loss of HPIS, loss of
electrical power for pumps, no operator actions. The follow on scenario is to restart on the preceding
simulation and to apply a decompression on the secondary side (free: 1, 2, or 3 SGs) starting on a
normal criteria or a free criteria or delay. As the chosen delay increases it is better to use more SGs.
The reactor (900 MWe) is in normal operation when the break occurs. At the same time the electrical
power for pumps is switch-off. The HPIS signal occurs but the HPIS lines valves are closed. There is
decompression of the primary circuit until secondary pressure. Voids occurs in the primary circuit.
Two phase flow occurs at the break (fig. 12), there is core uncovery, the accumulator injection starts
but can just stabilize the mass inventory (fig. 13). The clad temperature continue to increase. In the
follow on scenario, the main goal is to depressurize the primary circuit (fig. 14) using the SGs in order
to increase the accumulators flow rate, and increase the primary mass inventory (fig. 13) and to reach
the LPIS.

Specific conditions:

- The 3 " break is a « standard » in safety studies (but with HPIS).
- But it's a slow transient so it is accelerated, without any problem, by a factor 2 up

to 4 following the phase of the accident.
- Same limitation for reflood, but less critical at higher pressure,
- SIP ACT is not relevant for high temperatures and core degradation.

4.5. Simulation 5 - Station black out and loss of the feed water turbo-pump

Objectives:

- To describe the SGs dryout,
- To analyze the core uncovery at high pressure,
- To describe the pressurizer behavior,
- To evaluate the fuel behavior and delay before degradation,
- To activate the passive safety system (accumulators) to gain delay.

Scenario : imposed : station black out, beyond DBA hypothesis: loss of the feed water turbo-
pump , then free for the criteria to apply ultimate procedure. The reactor (900 MWe) is in normal
operation when the total loss of electricity occurs. The SGs feed water turbo-pump failed. Possible
leaks on pump seal are not taken into account. After SGs dryout the level increases in the pressurizer,
the primary pressure reaches the safety valve value, the discharge pressurizer tank breaks. The loss of
mass causes core uncovery. The clad temperature increases (fig. 15). The procedure consist to fully
open the PORV (fig. 16), in order to obtain accumulator injection and to increase the delay before core
degradation. The depressurisation induces fuel clad ruptures (fig. 17).

Specific conditions :

- SIPACT is not relevant for high temperatures and core degradation.
- All the information on the fuel are made available.
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4.6. Simulation 6 - ATWS

Objectives:

- To describe the neutronic behavior,
- To determine the power mismatch,
- To describe the pressurizer an safety valves behavior,
- To quantify the primary peak of pressure,
- To analyze all these results and draw conclusions.

Scenario : imposed: loss of normal feed water without scram, core at the beginning of life.
Then three additional simulations are free. The suggestions are: the same with core at the end of life or
reduced feed water; loss of electrical power on the three pumps without scram, station blackout without
scram, LOCA without scram. The reactor (900 MWe) is in normal operation when the cause of the
accident occurs. The trip signal is inhibited and the different groups of control rods stay in their
positions (fig. 18). There is a power mismatch limited by the neutronic behavior (fig. 19). The
pressurizer level increases, the safety valves open. If the discharge capacity is not enough there is a
peak of pressure (fig. 20).

Specific conditions :

- In SIP ACT the water properties are limited to 21.1 MPa.

4.7. Simulation 7 - SGTR

Objectives :

- To identify the SGTR,
- To describe the actions to reduce and to stop the leak,
- To describe the actions to continue to use the normal aspersion,
- To drive the HIPS and the pressurizer aspersion.

Scenario : imposed: rupture of two tubes on the cold support plate. The reactor (900 MWe)
is in normal operation when the SGTR occurs. The identification process is based on the purge activity
and abnormal feed water flow rate/level on the affected SG. The main actions consist in the isolation of
the affected SG, but to continue its purge; the depressurization of the intact SGs with manual control
level and the usage of the aspersion in order to reduce the primary pressure, but maintaining the under
saturation for pumps. The HIPS has to be reduced by stopping one file when the pressurizer level and
the under saturation are enough and then to be connected to the volumetric circuit control valves to be
driven carefully to stop the leak. The students are in charge of all the actions on the simulator and have
the responsibility to avoid :

- void fraction in the upper plenum or dome,
- to stop the pumps,
- to restart one HPIS file,
- to fill the ruptured SG,
- to have reverse flow at the break.

Specific conditions :

- The identification of the affected SG is blind,
- There is no report because it is the application of a specific course
- The tendency of the students is to concentrate on their own task.
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5. CONCLUSIONS

The SIP ACT is a very useful tool to teach one and two phase flow phenomena's for the
engineering degree. Because of it's robustness SIP ACT permits to open the simulations to a free part
where the students are fully concerned. The numerous global or detailed pictures of the NPP circuits,
like they are in glass, gives a reasonable presentation of the physical phenomena. That helps the
students to understand why the equations, they have learned before, are so complex; and to look at their
results in a comprehensive manner. The main parameters are also indicated on this pictures to quantify
the results. All the plotting system insure the visibility of the quantified results. On a pedagogical
station , plots can be changed referring to the CATHARE nodding with the mouse. On the main station
it is necessary to know the name of the variables so it needs some practice. The nuclear engineering
promotion 97 has profited for the first time of the SIP ACT simulations. The feedback from them was
extremely positive. One remark from a limited number of students was: « why don't you start with
SIP ACT before the courses ». It is an interesting remark. That proves that students consider SIP ACT
as an experiment on which they gain qualitative understanding and quantitative results. It could be
another approach and conception of the courses. But in practice, there is other constraints inside
INSTN, because at the same time, simulations are done on SIREP and on the ULYSSE atomic pile.
This kind of remark proves also that for each simulation it is imperative to clearly define the physical
limits because what is seen on SIP ACT is considered to be the truth. The temptation is always great to
use a simulator outside its original scope but every body has to know the limitations and the degree of
assessment of the simulator and what can be improved in its normal range.
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A FLEXIBLE SIMULATOR FOR TRAINING XA9847555
AN EARLY FAULT DIAGNOSTIC SYSTEM

M. MARSILETTI, A. SANTINELLI
ANSALDO Nuclear Division
Genova, Italy

M: ZUENKOV, A. POLETYKIN
Institute of Control Sciences
Moscow, Russia

Abstract

An early fault diagnostic system has been developed addressed to timely trouble shooting in
process plants during any operational modes. The theory of this diagnostic system is related with the
usage of learning methods for automatic generation of knowledge bases. This approach enables the
conversion of "cause—»effect" relations into "effect—»possible_causes" ones. The diagnostic rules
are derived from the operation of a plant simulator according to a specific procedure. Flexibility,
accuracy and high speed are the major characteristics of the training simulator, used to generate the
diagnostic knowledge base. The simulator structure is very flexible, being based on LEGO code but
allowing the use of practically any kind of FORTRAN routines ( recently also ACSL macros has
been introduced ) as plant modules: this permits, when needed, a very accurate description of the
malfunctions the diagnostic system should "know". The high speed is useful to shorten the
''learning" phase of the diagnostic system. The feasibility of the overall system has been assessed,
using as reference plant the conventional Sampierdarena (Italy) power station, that is a combined
cycle plant dedicated to produce both electrical and heat power. The hardware configuration of this
prototype system was made up of a network of a Hewlett-Packard workstation and a Digital VAX-
Station. The paper illustrates the basic structure of the simulator used for this diagnostic system
training purpose, as well as the theoretical background on which the diagnostic system is based.
Some evidence of the effectiveness of the concept through the application to Sampierdarena 40 MW
cogeneration plant is reported. Finally an outline of an ongoing application to a WER-1000 plant is
given; the operating system is, in this case, UNIX.

1. LEGO CODE OVERVIEW

The LEGO code is a modular package developed at the Research and Development
Department of the Italian National Electricity Board (CRA-ENEL) to facilitate modelling of
the dynamics of fossil-fuelled and nuclear power plants [1],[2]. The LEGO code consists of a
library of pre-programmed, pre-tested and pre-validated modules, that represent power plant
components and a master program which allows the user to build-up a model by
automatically interconnecting the modules in the arrangement determined by the user. Each
module describes a physical plant component to the prescribed level of fidelity and is
independent of any other module. A module consists of a lumped parameter model, derived
from first principles, describing a physical process by means of a system of non-linear
algebraic and/or differential equations. A single component can be represented by different
modules of different level of complexity to meet different modelling needs.

The basic characteristics of the LEGO package, can be summarised as follows:
- modularity: component models (modules) are available for general plant components
(such as pipes, valves, pumps, heat exchangers, tanks, etc.) and the user can connect them in
accordance with a specific plant design;



— 199 -

- flexibility: the user can solve special modelling problems by developing the
mathematical model of special components, which can be included in the module library of
the package;
- reliability: all the numerical algorithms used by the package are centralised in the master
program. Module notifications, due to different mathematical modelling assumptions, do not
require any numerical algorithm updating.

Moreover the modules can exchange information among themselves only by means of
the master program, so that they can be considered independent.

With respect to the numerical problem the main features of LEGO are:
- simultaneous solution of all non-linear algebraic and differential equations, using an
implicit formula for the numerical integration method.
- use of sparse matrix techniques in order to reduce computation time, dealing with large
power plant models.
- steady-state computation, allowing interchange of the role of input variables, output
variables and uncertain constant parameters.

2. FLEXIBLE SIMULATOR STRUCTURE

The operating system environment is UNIX (it was VAX VMS in the first prototype).
Programming languages are C for general purposes of simulation management and
FORTRAN for the development of the specific models. The essential elements of the
architecture are the following [3]:
- the User Interface process
- the Scheduler process
- the Model-task processes
- a Shared Memory area, as the main communication mechanism between the processes.

The Shared Memory area is divided into different sections and can be configured in a
quite flexible way according to the actual number of Model-tasks and to their attributes.
Upon receipt of specific commands from the User Interface, the Scheduler can start, freeze,
run, kill, etc. the Model-tasks, in a multi-tasking mode of operation.

The Model-tasks perform the calculations representing the physical behaviour of a
specific portion of the plant. They can be regarded as black boxes having inputs and outputs:
these are two vectors of floating point variables; each vector has a copy in the Shared
Memory area and a copy in the Model-tasks address space. Each Model-task executes a
calculation cycle at a specific rate (or communication time-step) according to a scheduling
table, under the control of the Scheduler. At the beginning of this cycle, the Model-task reads
the current values of its inputs from the shared copy of them, performs calculations, writes
new values of its outputs to the shared copy of them and waits until the next cycle.

The above described structure is valid for Model-tasks built up using LEGO elementary
modules, as well as for Model-tasks based on ACSL macros or on any kid of FORTRAN
routines and models, allowing high flexibility in the simulation of the malfunctions that the
diagnostic system must "learn" and in the accuracy of the different parts of the model.

The Graphic User Interface is developed on the base of Motif/Dataviews libraries and
tools and it is designed to interact with a Simulator architecture distributed over a network of
different hosts.
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The basic hardware configuration for the system is formed by two workstations, one
relevant to the simulator, the other to the diagnostic system. Should a single workstation be
not sufficient to supply the required computational performance, one or more workstations
should be added to the Master one, for running some portions of the models, together with
the relevant ancillary processes.

3. DIAGNOSTIC SYSTEM CONCEPTS

The aim of the Early Fault Diagnostic System (EFDS) is to prevent the
incident/accident evolution by a timely trouble shooting process during any plant operational
modes. It means that any significative deviation of plant parameters from normal values is
pointed-out to plant operators well before the reaching of any undesired threshold potentially
leading to not allowed plant state, together with the cause that has generated the deviation.

EFDS is foreseen as an additional system to already existing HMI Systems (like safety
parameters presentation system or operator adviser systems), which covers early period of
faults development appearance. The introduction of such an additional system should allow
to alert the operators sufficiently early to identify a beginning of possible fault and,
consequently, to eliminate it; this early identification should decrease the probability of
creation of initial events for incidents and accidents.

The theory of this EFDS is related with the usage of learning methods for automatic
generation of knowledge bases. This approach enables the conversion of "cause—>effect"
relations into "effect-»possible_causes" ones. As applied to technical diagnosis, this allows
one to generate troubleshooting rules of the kind "symptoms—»possible_diagnosis" through
"failure—^symptoms" relations. The problem of diagnostic rule generation is, thus, reduced to
obtaining samples of symptoms, that is the well known problem of failure modelling. The
following approaches to this problem may be used, in particular:
- failure modelling by experts;
- qualitative failure modelling technologies;
- computer process simulating programs;
- data of real physical failure modelling.

With the expert approach to modelling, the process experts can describe the
manifestation of particular failures, which are difficult to be translated into diagnostic rules.
It is also unpractical to rely on real data, for obvious reasons.

The use of a high fidelity simulator allows to input interactively the descriptions of
symptoms to an expert system. The resulting transients are processed and converted in
process qualitative description [4]; these sample of descriptions are processed by a special
program which identifies groups of characteristic features. As a result, diagnostic rule
modules can be generated automatically [5],[6],

4. DIAGNOSTIC SYSTEM IMPLEMENTATION AND ARCHITECTURE

The EFDS operative phase, giving rise to fault diagnosis, depends on the learning
phase, related to the "understanding" of the possible failure transients, generated by runs of
the simulator.

The learning phase for the system relies upon a teaching procedure enabling automatic
generation of large diagnostic knowledge bases. The basic idea is to create diagnostic skill
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functions based on a wide experience of plant response following a number, as large as
needed, of initiating events and/or system and component malfunctions.

The technical implementation of the concept is constituted by three main steps.
- The first step is the identification of all initiating events and the corresponding operational
modes.
- The second step is to perform simulation of all selected transients for a time sufficient to
identify the uniqueness of the plant response under each initiating event.
- The third step is to automatically generate a set of diagnostic rules that, through the use of
temporal logic and a filtering Expert System, associate the evolution of the process
parameters and their derivatives to the initial perturbation.

The diagnostic knowledge base so created allows the detection of the following types of
failures:
- leakages;
- cut off or deterioration of the characteristics of flow/pressure plant components;
- pipeline fluid conductance disturbances (valve defects, defects of controllers, foreign
objects, defects of pipeline process equipment such as filters, heat exchangers, etc.);
- excessive passage of the medium through pipelines (valve defects, defects of controllers);
- defects of control systems of auxiliary mechanisms;
- sensor defects;
- damage of equipment elements.

The identification of malfunctions is performed through the use of the fuzzy set logic
algorithms.

Graphic User Interface

TASK 2

INTERPRETING EXPERT SYSTEM

Direct
Parameter

Value

Initial Disturbances

TASK 1

Diagnostic
Knowledge Base

Secondary Disturbance Process Qualitative
Description

Filtering Expert
System

Sensor Data Network

Figure 1. Functional architecture of the prototype system
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The conceptual flow diagram of the EFDS prototype application, in the operative
phase, is shown in fig. 1. The current information on process variables should be obtained
from the plant information system, coming from plant sensors. In the prototype it comes
from the plant simulator and is fed into the filtering expert system generating a qualitative
description of the process time profile. The filtering Expert System is a software shell that is
adjusted to a particular process plant using the data from the following sources:
- technical documentation of the process plant;
- the result of numerical simulation of various operational modes;
- calculations of process experts.

The following information is input for the Expert System:
- information about plant operating modes;
- the normal limits of process variables variations in static and transient modes.

The qualitative description of the process is sent to the Diagnostic Knowledge Base
where a task is running that handles qualitative failure diagnosis rules built in into it. The
diagnoses generated here include location, time, type and confidence of failures. They are
fed into the Interpreting Expert System that executes another task and sends the diagnoses
with assigned sources to the Graphic User Interface. The Graphic User Interface displays the
received diagnoses with the help of plant mimics.

The hardware configuration of the prototype system was made up of a network of a HP
workstation and a Digital VAX-Station. The diagnostic system prototype ran on the HP
workstation and the plant simulator ran on the VAX-Station.

5. SAMPIERDARENA COGENERATION POWER PLANT MODEL

This was the plant taken as reference for the first feasibility assessment of the
diagnostic system concept.

The Sampierdarena power station is a combined cycle plant dedicated to produce both
electrical and heat power. The thermal power is sent to final users as superheated water. The
main plant components are: 1 gas turbine rated 21 MW, 1 steam generator where the residual
heat of turbine exhaust gases is recovered, 1 steam turbine rated 9 MW, 1 generator rated
37.5 MWe, 1 steam condenser of 583 m , 1 deaerator. The gas turbine, the electric power
generator and the steam turbine are placed on the ground mounted on the same axis as a
unique group.

The reference plant has been modelled by means of LEGO code modelling tools. The
resulting simulation model is made up of 8 Model-tasks: four of them reproduce process
subsystems (about 400 equations) and the other ones reproduce automation system (about
250 equations). More than 2000 variables are handled.

6. VALIDATION OF THE DIAGNOSTIC RULES

The knowledge base built-up with appropriate tools in accordance to Sections 3 and 4,
has been tested extensively. The goal of this plan was to evaluate the global perfonnance of
the application while running coupled to the simulator used for the learning phase. The
following list of initiating events was used to drive the simulator, during independent
transients :
a) pipe leaks (2);
b) pump abnormal stops (4);
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c) miscellaneous valve malfunctions (35).

A transient duration of about 600 s after the initiating event was chosen. The actual
testing methodology was based on the analysis of the EFDS recorded output for each
transient. The content of the output is just a trace of the system dynamic performance, i.e. a
sequence of diagnostic hypothesis with an associated certainty factor, delivered at specific
times. A diagnostic hypothesis can include one or more alternative diagnostic messages. A
diagnostic message is a reference to a specific initiating event. As an obvious assumption, a
diagnostic hypothesis is acceptable if it contains a reference to the current initiating event,
otherwise it is unacceptable. Between two distinct acceptable hypotheses the better one has a
higher certainty factor, or a lower number of diagnostic messages when certainty factors are
equal.

Taking into account the previous concepts, the following parameters have been
identified and recorded:
- N t : the total number of hypotheses delivered after the current initiating event;
- N a : the number of acceptable hypotheses;
- A: the set of the acceptable hypotheses:
- Ck: the certainty factor of the k-th hypothesis;
- Nb : the number of messages contained in the best hypothesis;
- ta: the time in seconds after the introduction of the initiating event when the first
acceptable hypothesis is delivered;
- tbi: the time in seconds after the introduction of the initiating event when the best
hypothesis is delivered;
- tbt-: the time in seconds after the introduction of the initiating event when the best
hypothesis is withdrawn.

With the aim of carrying out a quantitative evaluation on the base of previous
parameters, some "properties" have been defined, with an associated conventional scoring
system, ranging 0 through 10. These properties are listed herebelow, together with their
definitions:

a) certainty, C:

b) promptness, P:

c = a e A

N.

if
t > 600

600>t,>550
550 > t, > 500
500 >t, >450
450 >t, >400
400 >t, >350
350 > tP >300
300 > t, > 250
250 >t, >200
200>tn> 100

100 >tn

F
0
1
2

4
5
6

8
9
1
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c) reliability, R:

a eA

d) resolution, S:

e) persistency, Q:

n.

R

n

= o,

s = -

if A = Q

10
Nb

- tbl

50
With the previous definitions, the results of the testing can be easily summarised in the

tables I and II.

Table I. Resulting scores of test (1)

Event
Leakage n.

1
Leakage n.

2
Pump malf.

1
Pump malf.

2
Pump malf.

3
Pump malf.

4

N,
1

2

4

1

2

1.

1

1

4

1

1

1

R
10

5

10

10

5

10

C
10

10

8.7

10

10

10

P
10

10

10

10

10

10

s
5

5

10

10

10

10

Q
10

10

10

10

10

10

Table II Resulting scores of test (2)- First 10 events only

Event
Valve malf.

1
Valve malf.

2
Valve malf.

3
Valve malf.

4
Valve malf.

5
Valve malf.

6
Valve malf.

7

N,
2

1

7

6

10

8

Na

1

1

6

9

7

R
7.5

10

10

7.8

4.1

8

7.5

C
10

10

10

9.2

8.4

8.9

8.6

P
10

10

10

10

10

10

10

s
10

3.3

10

10

10

10

10

Q
10

10

10

8.1

10

6

6
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Valve malf.
8

Valve malf.
9

Valve malf.
10

10

5

4

3

4

4

10

7

10

8.3

8.7

10

10

10

3.3

10

10

6.4

10

3.6

Table II. Resulting scores of test (2)- First 10 events only ( Continued)

To properly evaluate these results it is worth to consider that this is just a test of a
demonstrative application. In addition, the score system proposed is a first approximation
that should be refined in order to represent the differences in a smoother way. Globally, the
obtained results are very promising and such to justify a further development of the EFDS.

7. AN APPLICATION TO A WER-1000 PLANT SIMULATOR

An application of this technology to a VVER-1000 plant is actually under way.
ASTRA, an engineering simulator for this plant, has been developed in ANSALDO some
years ago [7]. Its structure is the one described in section 2 of the paper, illustrated in fig. 2.

Three Model-tasks are presently available: the first is the main task, modelling the
primary and secondary systems and its major components:
- reactor core ( neutronic point kinetic, decay heat and fuel models),
- steam generators,
- pressuriser,
- pressuriser and steam generator safety and relief valves,
- primary pumps,
- accumulators;

The second and third tasks implement the protection logics relevant to the reactor trip
signals and to the signals for safety system actuation.

The typical GUI's functionalities are available:
- display and animation of plant synoptics,
- runtime trends of all the evaluated variables,
- display logs of information on protection and safety system actuation,
- simulation interactions with the user.

It is foreseen to perform a second step towards the realisation of a commercial EFDS.
The objective of this activity will be the development and complete test of a reduced scope
EFDS, applied to a VVER-1000 plant, aimed at confirming the suitability of the technical
and functional approach chosen. Specific activities for the validation of the Simulator and of
the EFDS diagnostic results are envisaged.

Maintaining as base the ASTRA model, the following further subsystems are going to
be modelled:
- Makeup-blowdown system;
- Oil system for makeup pumps;
- Cooling water for makeup and oil system heat exchangers;
- Pressurizer System (including the relief tank);
- Simplified Turbine Cycle;
- Main Associated Control Systems (continuous and discrete).
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ASTRA SIMULATOR ARCHITECTURE

LEGO
Environment

.^Interface, .

Task ASTRA
(T/H Solver)

LEGO
Environment
_„ Interface „

Control System
Task LEGO

Protection Sys.
Task LEGO

SHARED MEMORY

LEGO"
Environment

LEGO - —
Environment

Interface^

SCHEDULER

GRAPHICAL
INTERFACE

Figure 2. ANSALDO ASTRA simulator architecture

The typical GUI's functionalities are available:
- display and animation of plant synoptics,
- runtime trends of all the evaluated variables,
- display logs of information on protection and safety system actuation,
- simulation interactions with the user.

It is foreseen to perform a second step towards the realisation of a commercial EFDS.
The objective of this activity will be the development and complete test of a reduced scope
EFDS, applied to a VVER-1000 plant, aimed at confirming the suitability of the technical
and functional approach chosen. Specific activities for the validation of the Simulator and of
the EFDS diagnostic results are envisaged.

Maintaining as base the ASTRA model, the following further subsystems are going to
be modelled:
- Makeup-blowdown system;
- Oil system for makeup pumps;
- Cooling water for makeup and oil system heat exchangers;
- Pressurizer System (including the relief tank);
- Simplified Turbine Cycle;
- Main Associated Control Systems (continuous and discrete).

The simulated plant will be partly generic and partly specific to the reference NPP; not
all the operative modes will be covered and a reduced number of initiating events should be
detectable.



- 207 -

The implemented model shall allow to simulate and then build rules to diagnose
specific disturbances:

- deterioration of operation or shutdown of a source (pump, gas supply, ejection devices,
receiver, etc.);
- deterioration of pipeline fluid conductance due to clogging;
- deterioration of valve fluid conductance due to mechanical damage or non
correspondence of the valve position to the command of operator or control system;
- deterioration of heat exchanger fluid conductance due to mechanical damage;
- deterioration of filter fluid conductance due to mechanical damage or changes in the
characteristics of filtering elements (exhaustion of filtering capability, caking, etc.);
- excessive passage of the medium through the valve due to mechanical damage or non
correspondence of the valve position to the command of operator or control system;
- defect of the control system;
- defect of data sources (sensors);
- leaks of pipelines and equipment to the environment through the pressure boundaries;
- leaks through the gate of a closed valve.

8. CONCLUSIONS

As a matter of fact, we can observe that many expert systems and diagnostic systems
developers face the problem to build a consistent knowledge base. Experts are very often not
available or, if available, they collaboration is often not efficient, also because
communications problems can arise (the language of the expert is different from the
language of the analyst). This fact increase the difficulties encountered during the application
development and maintenance.

A better practice should be to avoid problem at the source, switching the source of the
knowledge from the expert to the designer. The experience acquired by ANSALDO and
Institute of Control Sciences,(co-operating in this field since several years), and shortly
described in this paper shows that this approach is feasible and very promising.

The solution proposed is a computerised system based essentially on a simulator able to
provide detailed information on plant behaviour and an expert system that supply the
knowledge to detect malfunctions.

The definition of this knowledge is acquired in a semi-automatic mode, introducing a
number of malfunctions while the simulator runs. Malfunctions are introduced one at a time,
and after every malfunction is introduced, the system transient is analysed to extract rules
that describe the consequences.

The diagnosis of possible malfunctions is then made by a module that monitors data
coming from the plant, (or the simulator), and uses the rules generated in the definition
phase, taking into account possible overlaps between initial conditions common to more than
one conclusion. If more that one conclusion can be drawn, for each one is supplied an
evaluation of its degree of confidence.

The structure and basic characteristics of the simulators used for EFDS learning phase
have been described. Flexibility (both for the elementary models (modules) use and for the
Model-tasks construction), specific accuracy and short running time are the most important
features.

The practical experience done with the described prototype has enforced the initial
assumption that automatic rule generation is possible and profitable. The knowledge base

, definition methodology is simple and quick. New malfunctions can be introduced into the
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simulator and the new rules generated can be added to the previous knowledge base; the
knowledge base integrity and coherence can be automatically verified to assure always
appropriate diagnosis.

To confirm the suitability of the technical and functional approach chosen, the
development and complete test of a reduced scope EFDS, applied to a VVER-1000 plant, is
planned. Specific activities for the validation of the Simulator and of the EFDS diagnostic
results are foreseen.
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Abstract

The paper provides a brief overview over the NPP Temelin simulator design features,
the recent status and the future planned steps of the simulator system integration, testing and
operation. The simulator is designed as the full scope control room replica type simulator
with stimulation of the selected special I&C subsystems as are used on the man-machine
interface in the reference unit main control room. The primary goal of the simulator is
provide plant operators and other plant technical staff with comprehensive training in all
aspects of the plant control and monitoring under the operating conditions simulated in the
real-time (normal operation, incident and accident scenarios). The quality and scope of
simulation offers possibility to use efficiently simulator as well for a wide spectrum of the
engineering analyses to help the plant designers evaluate, verify and improve especially I&C
system algorithms, plant operating instructions as well as the MCR man-machine design
before t\w reference unit startup.. The paper deals with the simulation approach used for in
depth analyses , assessment and potential improvements of the sophisticated and complex
I&C system algorithms developed and prepared for implementation in the reference plant on
the state-of-the-art digital platform of Westinghouse technology (Eagle system cabinets,
WDPF system units, NPL cabinets, etc.), using display based version of the full scope
simulator as an efficient supporting tool for this analyses.

1. INTRODUCTION.

NPP Temelin is the 2x1000 MWe 4-loops pressurized water reactor of VVER type
plant recently in construction in the south part of Bohemia in the Czech Republic. The plant
owner and the future operator company CEZ has decided early 90's to implement significant
improvements during the plant design and initial construction phases to increase overall
plant safety and operation availability aspects of this plant. One of the main area heavy
impacted by this decision is the plant wide I&C system , where is now in process of
implementation using the state-of-the-art integrated system based on fully digital platform of
the WEC provenience. The new I&C system is using as the design inputs philosophy and
control algorithms prepared jointly by the czech companies Skoda-EGP-CEZ and
Westinghouse, which is responsible as the main contractor for the overall I&C system.

Consequently with the above mentioned decision for replacement of the plant I&C
system has been decided to modify as well the approach selected for development of the full
scope replica type simulator with reference unit No.l of NPP Temelin , where the company
ORGREZ SC is the main supplier responsible for the simulator system design, simulation
models and software development, manufacturing, integration and delivery.
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2. SIMULATOR PROJECT.

The main features of the simulator under prepared for NPP Temelin may be very
briefly summarized below :

• Full scope MCR replica type simulator with the high fidelity real-time
simulation using the first principles based models endorsed with the reference
plant specific data

• Large spectrum of simulated component and system malfunctions and local
operator actions, which allows create scenarios ranging from the plant cold
shutdown status up to the nominal power and slightly above as far as for the
normal operation states, as well as a variety of the plant incidents and
accidents, including DBA

• 3-D, two groups reactor neutronics with the fine nodalization scheme
• RELAP-5/Mod 3 based code for the NSSS two phase thermohydraulics,

adapted for the real-time
• Flow-pressure networking models for compressible and non-compressible

medium
• Voltage-current networking models for electrical systems, interfacing the

alternator model, diesel-generators model, external grid model and the end-
gate part of the I&C system models

• Multi-compartement containment atmosphere model
• Set of proven library moduls for the standard plant process components like

for instance different type of heat exchangers, tanks, turbine stages, etc.
• NBS tables for water-steam properties
• High fidelity detail level based I&C models for the logic type of control and

modulated type of control with the large set of specific devices
• Stimulated man/machine interface (MMT) in the unit main control room

(MCR)
• Efficient and user friendly instructor station environment
• Advanced tools for the simulation models/software development, debugging,

testing, verification and maintenance, extended by the support software for
engineering analyses

• Compliance with the ANSI-AJMS 3.5 standard for NPP simulators

One of the final targeted goal originally selected early with the start of the simulator
project is implementation of the stimulation approach for all the MCR MMI as designed for
the reference unit MCR, where will be used a large number (22) of high resolution color
VDUs, distributed on the MCR consoles and panels as operator's workstations (WEStations
with double headed CRTs , one keyboard and one trackball each) and implemented in the
"soft" environment of the WEC Unit Information System (UIS). UIS is then representing the
main operator's interface for the plant monitoring and operator's control functions on the
MCR. This "soft", mostly graphics based environment is supported by the set of UIS
computation servers dedicated for the particular tasks. Except the UIS screens (VDUs) there
are another display devices allocated for the special systems as Post Accident Monitoring
System (PAMS) and Diverse Protection Monitoring System (DMS), which should be
stimulated too. The alarm light boxes of the Fixture Alarm System (FAS), located on the top
part of the each MCR panel section, including their central control unit, will be also
stimulated. The classical type of instrumentation (dedicated "hard" devices as meters,
displays, switches, pushbuttons, etc.) located on MCR standup panels and so called Essential
Control Consoles (ECCs) should be used mainly as the backup in the extreme event when
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totally fails the redundant computer based UIS system. MCR panels layout and
instrumentation will fully duplicate those as used in the reference unit MCR.

Plant UIS system is connected to the core part of the I&C system, responsible for all
the process control and plant signal processing as necessary for the unit operation and safety.
This part is implemented in the reference plant using software based digital platform of WEC
systems (Eagle cabinets, WDPF units, Non programmable Priority Logic-NPL, etc.) for
implementation of the control algorithms and process signals handling as allocated for the
Plant Control System (PCS), Reactor Control and Limitation System (RCLS), Primary
Reactor Protection System (PRPS), Diverse Protection System (DPS), etc. This part of I&C
System, starting with the plant sensors and following with transmitters, control and protection
logic, interlocks, modulated type of controllers, etc. up to the particular plant loads (motors,
valves, breakers, solenoids, etc.) completed with their end-gates logic is fully simulated.
Simulation models are based on the same algorithms as designed for the reference plant and
are reflecting very deep level of the detail, including e.g. all the redundant sensors with
validation check logic associated with, plant specific data for each control module, etc.

Due to the fact that the process of the plant I&C System design, verification and
implementation is related with the significant delays, much more as previously expected,
which are seriously impacted the simulator construction schedule, it has been necessary
reevaluate originally suggested approach for simulator realization. As a result it was decided
implement simulator project in the two main subsequent steps/phases as follows:

1. Provide full scope MCR replica type simulator based on fully simulation approach
for the entire scope of I&C system architecture including emulation of the UIS
environment on the VDU screens, substituting original WEStations in the MCR
(UIS displays and the main functions of the UIS and AMS). This simulator should
be ready prior the first unit startup and will be based on the design data package
specific for the reference plant as available by the March of 1997 (Baseline 5).
MCR panels and consoles will duplicate those as manufactured for the reference
plant, with stimulation of the special I&C systems as PAMS displays and
recorders as well as FAS system.

2. Following the reference plant unit startup it is intended upgrade the full scope
replica type simulator to the targeted goal, including other improvements as
follows:
• implement the fully stimulated WEC UIS hardware and software platform into

the simulator system
• implement stimulated WEC hardware and software for Diverse Monitoring

System (DMS)
• update simulation models (process part, I&C part) as appears to be necessary

following reference unit startup to bring simulation fidelity in compliance with
the plant data gained during the first unit startup experiments and the first plant
operation

The recent status of the simulator system integration process for the phase No.l (see
above) is as follows :

• All the reference plant system models including their I&C part (except few of them
as e.g. the fire protection system, final plant chemistry and turbine vibration system)
are integrated together and are implemented on the target simulator computer
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consoles, platform (SHC). Simulation models have been tuned and are passing the
verification process for the scope , range and quality of simulation, using so far the
display based version of the full scope simulator.
Simultaneously is developed and partially incorporated into the simulator the
software for emulation of the UIS displays and basic functions.
The software and special hardware for interface to the stimulated subsystems
(PAMS, FAS) is in final development and testing stage and shall be ready for
verification and integration by the end of this year.
Simulator MCR panels and consoles have been recently delivered to ORGREZ SC
and have to be completed by WEC by the end of February 1998, when should start
the MCR integration process into the simulator system.
Simulator hardware and system software platform including the large -net of X-
terminals used for emulation of the UIS WEStations is ready and fully operational.
Simulator I/O subsystem is configured and ready for connection to the MCR panels
and consoles.

3. I&C SYSTEM TRANSIENT ANALYSES.

Based on the progress of the plant system simulation models integration and testing
together with the scope, range and quality of simulation available and the last but not least
with the user friendly interface for engineering analyses and evaluation support provided by
the software tools developed for the process of simulator model design, implementation,
debugging, tuning and verification , it has been started I&C system algorithms functional
verification and analysis, using the version of the display based full scope simulator models.
For this task were implemented all the integrated models together with the supporting
software on the separated computer platform, similar to this one as used for simulator system
integration, except the software interfaces prepared for the simulator I/O. sub system,
stimulated FAS and PAMS systems as well as for the simulated UIS system. The computer
platform used is SGI Challenge machine (4 CPU, 250 MHz) connected through Ethernet with
the set of 10-12 X-terminals, which are representing the MMI interface for this analysis. The
support software and tools implemented for the simulator project (CREATOR, SIMMAS,
GRAPH, READS, etc.) are used here too for the simulated transient scenarios control
(iniciating events), to follow the transient behaviour of the simulation models (process and
I&C part) and provide engineering platform for interactive and flexible on/line set points and
other I&C parameters tuning, analysis, evaluation and verification process.

The I&C algorithms testing and verification on the unit level was done so far mainly for the
transients associated by the unit startup and shut downs, including the cool down phases.
Recently are going on the tests for occurences associated with the reactor limitation system
activation and the main unit controllers activity during, a such plant incidents and accidents as
follows : e.g. reactor MCP trips, Turbine trips, feedwater pumps trips, condensate pumps and
cooling water pumps failure, LP regenerative reheater lines failures, steam generator LOCA
malfunctions, etc.

The general problem associated with the verification of the simulation models used for this
analyses have been solved in the manner as follows :

1) I&C models are implemented based on originally SKODA plant design documents for all
the I&C algorithms structure, transported under the software tools support almost directly
into the graphical environment of the CREATOR system . There is necessary associate
algorithm part with all the necessary "peripherals" as transmitters with relevant sensors as
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the algorithm inputs as well as with the end-gates for the particular plant loads as the
outputs. As a result of this step is provided complete chain of the I&C devices inter-
related together and representing a functional part of I&C system. Inside CREATOR
system is implemented set of sophisticated checks, e.g. for the algorithm structure
validity, etc. Internal device parameters (e.g. sensor range, signal output units, signal
validity range, limiter value data for bistables derivation, time lags, controller settings,
load capacity, run up time, power supply busbar identification, etc.) are transmitted and
allocated directly from the simulator plant data bases (PDS), providing the consistency
and validity of data included there. The associated signals are indicated using the plant
tags as a part of the simulator variables name. CREATOR tool is providing not only
editing and validity checking functions, it is as well doing generation of the model source
code, compilation to the object code and linkage with the remaining simulation models.
When is started simulation then is provided on-line interactive interface for
models/algorithms function, with the access to the all internal I&C system setting points
and tuning constants, displaying the external and internal variables including set points,
with possibility to insert malfunctions and/or override the signals for simulated plant
transmitters and loads, etc. This tool was extensively tested and verified before and
during the Temelin simulator development process and the probability of the bugs
associated with the I&C model generation using CREATOR tool is dropped to the very
low level associated just with the human factors related with the insertion of the
manually requested parameters and variable names. Based on the long term experience
there were found just few of cases early in the design, when the model was impacted
negativtly by the implementation into the simulator environment jsing CREATOR tool.
The model verification task is also simplified by the graphical layout of the final model
structure which is near the copy of the original SKODA design block diagram we receive
in the OrCAD form as the input for simulation.

2) The second level of model verification is done on the level of stand alone system tests,
where the I&C model is running just together with the process part controlled by this
algorithm. For these tests are used simulation plant diagrams in the form very close to the
plant P&Ids, showing the proce.% parameters together with the status of I&C devices and
the plant loads controlled as well as internal CREATOR diagrams and/or trending curves
as provided by the GRAPH system tool. I&C control manipulation on the switches,
pushbuttons, etc. are performed by the soft devices inserted into the P&Ids environment
of the SIMMAS system

3) The next level of verification is done on the level of the integrated models, representing
the entire plant unit level (all the models integrated together) or at least sufficient large
and complete assembly set of the models, e.g. for the plant primary side (nuclear island)
and/or secondary (BOP) side, with the control of the boundary variables interfacing the
tested subsystem using SIMMAS or CREATOR tool system features. The final level of
testing is done of course on the level of all integrated models on the plant unit level.

4) During the testing is used the SIMMAS environment equipped with a set of control
functions similar to the simulator instructor station control features (start, freeze, snap,
ICs reset , backtrack, replay, slow/fast time as well as step mode simulation, etc.). The
use of the instructor station software for the same functions is not so flexible and may be
limited or not possible at all, especially for some of the direct control manipulations as
provided from the screen environment on the selected plant soft control devices.
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5) What about the process part simulation models is the strategy for verification a "little" bit
different. Because such a plant is not yet in operation, the model verification is based on
the comparison with the plant design data for steady states and transients, as well as on
the implementation of the plant specific data for simulated plant components and systems
(e.g. characteristic curves for pumps, valves, geometry of tanks, plant layout elevation
data, calculated transients using "comparable" off-line models, safety analyses results, or
the best estimates done for the plant design. The experimental data available from
operation of the similar plants may be used too. However the impact of the Temelin plant
specific I&C system structure, settings and tunings together with the complexity and
detail level of the simulation models is playing very significant role on the plant system
behaviour. The simple comparison of the results/curves as calculated by the two different
models shall be then not considered as the solid base for evaluation and the model
validity checks should be done very carefully looking for all the model constraints and
assumptions made inside the model. For the experiments or operation data from the other
plants Nevertheless at least some qualitative if even also quantitative estimation of the
simulation model results are possible, supposing availability of the experienced plant
engineers. That is also at least so far used practise for NPP Temelin simulator model
verification/validation.

4. CONCLUSION.

The simulator models together with the supporting software package as developed for
application in the display based version of the training simulator for NPP Temelin are
providing a very suitable tool for effective and detail testing and verification of the complex
and sophisticated I&C system design algorithms as will be implemented for the reference
plant, prior the first unit startup.

Simultaneously with this task is performed some form of the independent verification
and tuning of the simulation models for the training simulator, based on feedback gained
from the engineering staff of experienced people familiar with the plant design and operation.

The problem of simulation model verification and more over model validation for the
plant not yet in operation is there and all the simulation results therefore should be carefully
investigated, especially before some decision for algorithms design modification is issued.

Another areas of the potential benefits associated with the simulator application for
NPP Temelin startup and operation support except plant staff training, may be expected in the
field of the plant operation procedures preparation and validation , as well as for the MCR
MMI validation process. However the main goal is still completion of the full scope replica
type simulator, representing the top priority task for simulator supplier.
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