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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.
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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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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)
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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
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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.



- 138 -

APROS RLOAD REDUCTION 100% TO 75% & 25%

1600

. POWfcR
Pr.LEVELtm)
'r.PRESSURE [MPa.(a)|

Tavg(DC|
TURBINE LOAD (%)

O.UOOe+00 g
3.0000*00.^.
1.4008+01 _g
2.800e+02 ...£...

_ 1.20Oe+0O
. 7.0009+00
_1.6S0e+01
..3.100S+02
. 1J200e+O2

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



- 140 -

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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