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Abstractd Performance Evaluation of Simulated Process Models plays significant role in Verification and Validation
process. The model evaluation is basat various techniques applied in line with Verification and Validation process

in order to achieve better model accuracy. Fundamentally, the process model evaluation is carried out to check the
correctness and the closeness of the simulated models withertso real system/process in terms of steady state and
dynamic behaviour under transient conditions and thereby predicting the model credibility and model acceptability
levels. The KALBRSIM (Kalpakkam Breeder Reactor Simulator for Operator Training Sihator) is a Full Scope
Replica Simulator built for Prototype Fast Breeder Reactor (PFBR) to train the plant operators in advance.
Essentially the training is imparted prior to commissioning of the actual plant to enhance the skill set and knowledge
of the operators about the plant. This paper discusses about the standard and resources used for model building, the
methodology used for model building &evaluating the performance of the simulated models, the techniques used for
verifying and validating the mode and approach and criteria followed towards achieving improved model
acceptability levels. It details out the importance of validation by design experts, external agency consisting of experts
from various fields, and final qualification of the simulatdior the intended purpose i.e. training.

Keyword® Performance Evaluation, Simulated Process Models, Verification and Validation, Prototype Fast Breeder
Reactor, Kalpakkam Breeder Reactor Simulator, Steady State, Transient State.

I. INTRODUCTION

Simulator baed training has gained more importance as it provides a platform for conducting a comprehensive
training for the plant personnel thereby enhancing the skill set of the operators. To ensure safe operation of the plant,
having qualified operators possessiagequate plant knowledge is highly essential. As per the Atomic Energy
Regulatory Board (AERB) guidelines, it is mandatory to have the Training Simulator Installed & Commissioned and the
operator training is imparted in advance compared to the actualissimning of the plant. This arrangement facilitates
preparing the operators suitable for the plant operation and makes them well qualified for the environment. Adequate
training on various plant conditions i.e. Steady State and Plant Transient conditiorassociated plant dynamics is
made possible using this Knowledge Transfer Medium. However, it is essential to get the accreditation for the simulator
before it can be put into use. The qualification of the Training Simulator is carried out througfifieation and
Validation process which is quite complex.
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Fig. 1: KALBR i Training Simulator

The process of Verification and Validation helps in qualifying the process simulator for the intended purpose whether
it is for providing comprehensive traimg or design verification. In general, model verification is carried out by
comparison of simulated component characteristics with the original requirement to ensure that each step in the model
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development process completely incorporates all the desigireagents. Validation testing is performed by comparing
the simulated process parameters to the actual plant process parameters either in standalone mode or integrated mode.
is always considered that simulated models are approximate imitations -aforéhlsystems where the degree of
acceptance level matters. The simulated models need to be verified and validated to a degree that is acceptable dependin
upon the purpose for which they are built. The inaccuracies that are found during the model dexglopoess are
caused due to assumptions, boundary conditions an@valability/reproduction of exact environment for testing the
simulated models.

. BRIEF DESCRIPTION OF KALPAKKAM BREEDER RE ACTOR SIMULATOR - KALBR -SIM
An easyThe KALBR-SIM is a realime Nuclear Power Plant Training Simulator which represents the Prototype Fast
Breeder Reactor (PFBR) that is being built at Kalpakkam site (refer Fig.1). The K&ILRPplant simulator is presently
operational and being utilized for training the plant apas in advance. It provides an environment similar to plant
control room to practice and familiarize the plant related operations under normal and abnormal conditions. The plant
dynamics can be better understood by the operators by carrying out stasadostudy and important plant operating
procedures using the plant simulator platform.
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Fig. 2: PFBR Flow Sheet

Ill. BRIEF DESCRIPTION OF PROTOTYPE FAST BREEDER REACTOR (PFBR)

Prototype Fast Breeder Reactor (PFBR) is a pool tgpetor, utilizing sodium as the main coolant and heat transport
medium. The reactor core is based on mixed oxide fuel comprising of fuel sub assemblies made of Uranium & Plutonium.
The main heat transport system consists of primary and secondary sodiuits evhich in turn are connected to steam
water circuit to produce high quality steam (refer Fig.2). The steam and water system employs once through type steam
generators for producing super heated steam at very high temperature & pressure. The TendtorGkiven by the
super heated steam produces 500 MWe with an efficiency of 40 %. The steam water system employs reheat and
regenerative cycle using live steam for reheating.
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Fig. 3: Hardware architecture of KALBRIM

IV. HARDWARE AND SOFTWAR E ARCHITE CTURE
The Hardware Architecture is decided based on the training requirement details. It comprises of Simulation Computers,
Instructor station, Control Panels, Operator Information Consoles, Input/ Output systems, Simulation Network and Power
Supply & Distibution system (refer Fig.3). The Simulation Computer is loaded with simulation software comprising of
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mathematical models representing reactor components and interconnected to represent resystEnsslin real time
[Jayanthi et all, 2013(a)]. The tning simulator Control Panels are replicated in terms of laymibur, ambience and
panel instrumentation.

The software architecture consists of four main modules namely; process modeler, logic modeler, virtual panel
modeler and instructor module andufcsupporting modules namely the Database server, Messaging and Data Sharing
Mechanism, IC Logger and Executive (refer Fig.4). The main functions include development of process model, logic
model, Virtual PanelVP, IC creation, IC loading and running. Tégpport functions include storing and retrieval of data
pertaining to simulated models, establishing communication between Process, Logic, VP, Database etc, save and restore
information about the state of the simulator and control and synchronize tla¢i@pef various simulator components.

Software Architecture

Fig. 4: Software Architecture of KALBFSIM

The important operations like reactor startup, power raising, normal steady power operation and shutdown operations
are carried from the operator console. The Instructatidh facilitates overall control and monitoring of Simulator
Operations. The basic hardware architecture loaded with simulation software which is used as a Training Platform is
shown in Fig. 4.

V. DESIGN AND DEVELOPMENT OF A TRAINING SIMULATOR
The desigrand development of a Training Simulator involves three basic functional models to be built namely, the
Process Model which deals with process components with respect to reference plant, the Logic Model which deals with
logic and controls associated withetktomponents with respect to reference plant and the Virtual Panel Model which
represents the Control Room panel for monitoring and controlling the system parameters as shown in Fig.5.
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Fig. 5: Basic Functional Models

The design and development of KALBRM includes modelling of various reactor subsystems like Neutronics,
Primary & Secondary Sodium, Decay Heat Removal, Steam & Water, Electrical, Fuel Handling and PFBR
Instrumentation & Control systems as shown in Fig. 6 [Jayanthi et all,2013(b)]. THepeeat work was carried out in
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collaboration with various system experts available in the centre. All the plant conditions that are mandatory for training
the operators are included in the simulator development. The important plant operating conditiams thken into
account for modelling of PFBR Operator Training Simulator include, Reactor Start up Operation, Power Rise Operation,
Full / Partial Power Operation, Reactor Criticality (Hot, Cold and First Criticality), Fuel Handling Operation, Reactor
Trip under various conditions, Shut down of Reactor, Reactor Power Setback etc. as shown in Fig. 7. Simulation of
transient conditions and related incidents and malfunctions such as failure/ tripping of pumps, heat exchangers,
malfunction of valves, contraystems etc affecting the system performance by altering the normal operation have also
been modelled in KALBFSIM.
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Fig. 6: Simulated Reactor Sub Systems
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Fig. 7: Simulated Reactor Conditions

VI. STANDARDS AND RESOURCES USED FOR BUILDING THE PROCESSMODEL
The right approach to build an accurate and acceptable process model could be to follow the applicable standards for
building the models and appropriate resources to draw the model specification.

A. Standards Followed

The standards ANSI 3151998 edion and IAEAT TECDOCT 995 / 1411 are referred for building and testing the
operator training simulators. The standard provides general guidelines for conducting performance testing on the
Training Simulator and a methodology for testing the suitabdfty Full Scope Operator Training Simulator for the
intended purpose. Essentially, the plant safety, equipment availability, and efficient operation are kept as common goals
to be achieved.

B. Resources Used

Process knowledge and good understanding abeuslémt behaviour are the key factordvindelling and Simulation
of any process. It requires a thorough understanding of the systemmodmled the basic philosophy of system
functioning, the interconnected processes and associated logics and c&moaltedge about overall view of the plant
is an added advantage while carrying out khedelling and simulation work. The other important activities like,
technical discussions, deliberations with operation and design experts, work experience inethaloatain, attending
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technical lectures series also contribute to the success of the model development and simulation. It is further enhanced by
going through Design Documents, Operation Notes, Engineering Drawings, PID Drawing and Safety Analysis Report
pertaining to the system as shown in Fig. 8.
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Fig. 8: Resources used

A System Requirement Specification document iaodlellingdocument are prepared based on the above study which
will form the basis for building the models.

VIl. MODEL EVALUATION BY VERIFIC ATION AND VALIDATION

As per the Atomic Energy Regulatory Board (AERB) guidelines, it is mandatory to have the Plant Operator Training
Simulator in place, much ahead of commissioning of the actual plant. This will facilitate in generating, trained and well
qualified operators (especially for the Nuclear Power Plants) who can be readily deployed when the actual plant is
commissioned. Hence, the model evaluation criteria are fixed based on the Training Requirement (i.e. User Requirement)
Document which is gemated in the initial stage itself. The requirements are purely based on the operational experience
gained over a period and the skill set required for the operators to be deployed in the Nuclear Power Plant.

Here the process model evaluation is carriedimintegrated fashion. All the Process Model Networks are integrated
and tested for satisfactory functioning as per the system philosophy. The estimated design values derived from the design
documents and event analysis report are taken as the refdegader evaluation.

VIII. VERIFICATION AND VAL IDATION OF SIMULATED MODELS

The context of V&V of software cannot be directly extended to V&V of Modelling & Simulation. The validation
process of simulated models is much more complicated when compared tarsofadidation. Though the baseline
remains the same, the validation of a process model poses the complexity of acceptance level. Even if the simulated
model qualifies for the intended functionality, the user acceptance level is the one which finailyirdetehe criteria
for model validation. The following paragraphs describe, the V&V process adopted for PFBR Training Simulator models.

Verification and Validation (V&V) of simulated models are essentially intended to prove that the models represent the
real system components with an agreeable degree of accuracy and correctness as shown in Fig. 9. It also ensures that th
simulated models are suitable for the intended purposes like study, analysis and training. The main concern about a
simulated model is tiether the model is correct and the results obtained are in close reference with the real system.

Models have
agreeable degree of
Accuracy and
Correctness

V& V of
Simulated

glaek Models suitable for

Models Represent intended purpose |
Real Systems ¢ Design, Analysis
\ & Training

Fig.9: Verification & Validation of Simulated Models

A. Basic Approaches For Verification & Validation Process
As per the experR. Surgent, there are three basic decisimking approaches that can be followed by development
team for carrying out the verification and validation process as part of the development cycle [Sargent, R.G et all, 1996].
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1. The decisioimaking approach here validation is done by the development team itself based on the evaluations
conducted during the model development process. 2. The second detgimg approach refers to participation of
users along with the development team while conducting va&tiic and validation process to decide the validity of
simulated models which adds to the credibility of the models. 3. The third denisking approach refers to
6independent verification and vali dat i othedsimgldtioh&ddel,is whi c
valid. The third party is independent of both the simulation development team and the model users.The IV&V approach
is generally used with the development of lasgale simulation models, whose development usually involves $evera
teams.

B. V&V Approach For Evaluating KALBRSIM Training Simulator

The Verification and Validation approach adopted for KALBRM Training Simulator is a combination of evaluation
by the development team and the Independent Verification& Validation tEalmyfnthi et al, 2015]. The results were
guite encouraging.

From the initial stage, the models were evaluated by the development team to an acceptable level of satisfaction using
verification and validation technique. It includes, checking of resourceswhere the simulation data is collected with
respect to Process, Logics and Controls, the data usage in building the models, the boundary conditions and assumptions
applied wherever data is not available. It included checking the performance of iatlietiduponents and integrated
components as per the design philosophy under Steady State and Transient Conditions. A test report on V&V was
prepared and handed over to Independent Verification and Validation Team. The actual V&V is carried out by the
Verification and Validation team consisting of design experts possessing necessary domain knowledge.

C. Verification Of KALBR-SIM Process Models

The verification of KALBRSIM Process Models was carried out by the V&V Team by examining the methodology
used for mod| building process from the stage of Simulator Flow Sheet generation with respect to system requirement
specification, cross checking the data used for building the models and the resources utilized to draw the specification,
verifying the design philosdyy adopted for interfacing the process models, execution and checking of process model
functioning to a satisfactory level. Verification was also carried out for process logics and controls by enforcing various
logical conditions with respect to design Ipebphy. The comments by V&V team were recorded wherever system
specification and design philosophy was not satisfactory. The model parameters were reconfigured and logics were
rebuilt until the required satisfactory level was accomplished. The simulabedss model networks were tested in
standalone as well as integrated conditions.

D. Animation Test

It is conducted by dynamically displaying the model behaviour using graphical user interface like mimic diagrams
representing system flow sheets and simdlgtarametric profiles (refer fig.9). The display provides high level of
information about the model behaviour based on the cycle time allowing the V&V team to draw conclusion regarding the
model. Here the simulator is made to run over a period of tinerrimstof hours.
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Fig.9: Simulator Flow Sheet
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E. Validation Of KALBR-SIM Process Models

The validation of KALBRSIM Process Models is carried out by the V&V Team by checking process simulator
performance in integrated mode. Essentially, the integrationparfdrmance testing is the most important phase of
Modeling and Simulation. Integration is the most challenging part of the simulator. Utmost care is taken while
integrating the process model with the other sub system models by checking the linkinggrarakmether important
aspect of Integration and Testing is to check and verify the communication between various processes, cycle time of each
process, logical conditions of various components, display of associated alarms and system parameters, correct
functioning of process, logics and controls etc.

It has been proved by experience that Simulation & Modeling takes only 30% of the total time where as the Process
Simulator Model Validation takes 70% of the total time. This is due to number of testd darrconfirm the model
validity and incorporating V&V comments through modifications and process model tuning thus bridging the
inadequacies that are overlooked during modeling. This process enables and finally leads to high level of acceptance.

1) Performarte Testing

The performance testing is carried out to verify whether the models developed are as per the design philosophy and the
accuracy of closeness of the model with respect to system design. The performance testing also provides a platform for
checkig the degree of completeness and accuracy in meeting the training requirements of the simulator. Simulator
performance testing comprises of operability and scefmsed testing. Simulator performance testing is conducted in a
fully integrated mode to cle& the correct functioning of the process model [T.Jayanthi et al, 2013] under-stagdy
and transient conditions of the plant.

2) Steady State Performance Testing

The Steady State performance testing is the initial level of qualification for the wachyleocess models to be
accepted for the intended usage and inclusion in the training simulator. It is a process of careful assessment and checking
of Mass and Thermal Balance of the simulated process model network to ensure that the mass & heat &ethéancedi
as per the design intension. The simulated process parameters are also checked for adherence to design philosophy. A
per the standards, Steady State performance needs to be checked at three different powetORMelS0%, 25%,
spanning at 8% of the operating range in order to achieve improved model accuracy. For KSINBRmodel
evaluation, the steady state performance testing is carried out at two power levels namely, 100 and 60%.

At each level, the process simulator is made to run inrttegriated mode for few hours before going into further
analysis. The profiles are captured through continuous operation over a power range by recording the input and output
parameters of the components which include variations of flow, temperature,Hanges, pressure variations etc. The
recorded simulated parameters are compared with the reference plant data. In the absence of Plant Data, design data i
taken as basis for performance evaluation [T.Jayanthi et al, 2010]. A comparison table is preghmtn below for
evaluation of the performance testing. The percentage error indicates the closeness of process simulation with the
reference unit. Lower the error higher the closeness indicating successful integration of the models.

3) Checking of Mass &fermal Balance

A mass balance checking is an applicatiorarfiservation of mas® the process simulator based on the theory that
the mass that enters a system mbgtconservation of mass, either leave the system or accumulate within the system.
Mathematically the mass balance for a system is defined as:

INPUT = OUTPUT + ACCUMULATION

Mass balance is simplified with the assumptiostefidy staten which the accumulation term is zero.

Thermal balance checking refers to comparing of the heat energy transported from the nuclear source to the adjoining
process circuits accounting for the hémgses and heat gains. The heat generated in the nuclear core due to nuclear
fission is carried away by the primary sodium flowing through the core in primary sodium circuit [T.Jayanthi et al, 2014].
The heat in turn is transferred to the secondary soflaming in the secondary sodium circuit. The secondary sodium
gives away the heat to the water flowing through the steam generator tubes, producing high pressheatedpseam.

The steam produced in the steam generator is used to drive the Turbat@eset to produce electricity. The unused
steam is condensed in the condenser by cooling through sea water cooling system using condenser cooling water pumps.
4) Process Logics and Controls Testing

The process logics and controls are tested with respeiitrtolator Logic Sheets which are generated based on the
real system logics. The appropriate functioning of the process models is checked by forcing the required logical
conditions. The process logics and controls test is done quite elaborately to basw@lethe conditions are met with
respect each and every component of the process model network. This test paves a way for successful scenario baset
validation which plays a significant role in validation of process model.

5) Error Analysis

The steady statgerformance analysis is supported by Error Analysis which is carried out by calculating and checking
the error as per the ANSI 3198 standard. The error limits specified by the standard indicates an allowanc@uf 1
for the steady state operationr foritical parameters and 2 to 5% for balance of plant parameters. Normally, the
performance test results under steady state conditions are evaluated adhering to the reference standard. Large deviation
are not observed as the Modelling and Simulatiornuigested to rigorous V&V process. Slight deviations outside the
stipulated boundaries are corrected by tuning the models. The error limits specified for transient conditithk 46 10
which is checked by comparing the profiles captured for a specifietiatura
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Fig.10: Trend for Condenser

6) Data Capturing

The Simulator server is allowed to run for 8hours in order to capture the data from the simulator server. The average
values are calculated for 5 minutes, 10 minutes, 30 minutes, 1 hour, 2 hours, ,34hoauss, 5 hours& 8 hours and
stored in database along with time stamp. Error percentage has also been calculated by finding the difference between the
average of each parameter and its respective design value and stored in the database for fustha@sastadyn in Fig.

10.

Graphs are plotted for the error percentage using GUI Tool to analyze whether the error falls within the limit. As per
the ANSI standard, the steady state and transient state deviations are verified and analyzed. Automatiareemarks
generated based on error analysis and any noticeable deviation in of the simulated component performance is stored for
further tuning and testing of the systems/components. Appropriate weight age is allocated to the model acceptance level.

7) SensitivityAnalysis

Sensitivity Analysis is carried out to check the dynamic performance of the model for varied input conditions. This is
done by changing the values of the input parameters and internal parameters of a model to check and find out the effect
on modebutput. The simulated model behavioral pattern is expected to be same as that of the real system. The main idea
behind conducting the sensitivity test is to identify the controlling input parameters that causes significant change in the
model behaviour ahmake them sufficiently accurate prior to using the simulated model as shown in Fig.11.
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Fig.11: Trend for Condenser

8) Consistency Test

Consistency test is carried out by capturing the parameters online under steady state condition periodicallg. Here, th
simulated process model is made to run continuously for few hours periodically (daily basis) and parameters obtained are
checked for compliance with the design parameters. The test is repeated periodically (i.e. daily basis) to check the
consistent behaour of the process model. The consistency check increases the credibility of the simulated model. A
sample of simulated data is provided in the Table 1 for reference.
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Table 1: Consistency check data

e P2 | e e
i ahie Week1
Date & Time 12/4/2011 15:50
KPa 17200 17199.64258 | 0.00207803 | Accepted |
Degree C | 493 501.336548 169098337 | Accepted |
KIKg 3257 3287912842 | 094912011 | Accepted |
Kg/Sec. 562 552.702637 165433505 | Accepted |
KPa 17200 1717412695 | 0.15042469 | Accepted |
Degree C | 490 497.320618 1.49400367 | Accepted |
KPa 16700 16859.85742 | 095723007 | Accepted |
Degree C | 490 493.901489 079622224 | Accepted |
KPa 3372 3255912109 | 344270139 | Accepted |
Degree C | 2673 26849527 044716423 | Accepted |
11 [Reheater Inlet Press Shell KPa 3372 3255912109 | 344270139 | Accepted
12 [Reheater Tnlet Temp Shell Degree C | 2673 26849527 044716423 | Accepted
13 [Reheater Outlet Press Shell KPa 3000 2982776855 | 057410483 | Accepted |
14 eater Outlet Temp Shell Degree C | 340 337.731812 066711412 | Accepted
15 eater Qutlet Flow_Shell Kg/Sec. 474 464.858704 192854346 | Accepted |
16 [IPT Outlet PRESS KPa 600 572.544556 457590733 | Accepted |
17 _[IPT Outlet TEMP Degree C | 162.5 156.937439 342311446 | Accepted |
18 [IPT Outlet FLOW Kg/Sec. | 378.56 366.78009 3.11176828 | Accepted |
19 [LPT Outlet to Condenser Press KPa 89 9.00631 1.19449438 | Accepted |
20 [LPT Outlet to Condenser Temp DegreeC | 436 44.889935 295856651 | Accepted |
21 [LPT Outlet to Condenser Flow Kg/Sec. | 3172 311.9021 1.67020807 | Accepted |
22 |Cold Reheatline to HPH 6A/B Press KPa 3372 3254169189 | 349438941 | Accepted |
23 |Cold Reheatline to HPH 6A/6B Temp | DegreeC | 2673 268.466858 043653498 | Accepted |
tunin|
24 |Cold Reheatline to HPH 6A/B Flow | Kg/Sec 13.76 16.092278 16.9496948 Mﬁ

9) Model Stability Testing
This is carried out to chidhe model performance at low power level. Here the stability of the model can be assessed
by running the process simulator in integrated mode by loading low power IC (Initial Condition), preferably 25 to 30%
power level. The simulated parameters are kbbe@@gainst the heat balance diagram of the reference plant /system. The
simulated component parameters are also checked for compliance. Where ever the deviation is more, the model is tuned
until the simulated model parameters are in compliance with #heystem parameters.
10) Burr-in Test
Essentially, the Burin-Test is carried out in an integrated mode with all the Hardware Panels connected in a network
with the simulation software loaded on Simulator Server. It is carried out for 24 hours contindoushgure the
reliability of the total system. The smooth and consistent performance of the simulation software with associated
hardware panels, without any deviations in process parameters and failure of hardware components in steady state is
checked byperating the simulator continuously for extended hours.
11) Transient Performance Testing
The transient performance testing plays a major role in validating and qualifying the simulator for the intended
purpose. Essentially, the transient performance test@ips in understanding the dynamic behaviour of the plant in a
specified time frame extending from few seconds to hundreds of seconds. Fundamentally the plant design safety limits
are fixed by the design experts, based on the transient analysis stddgtednextensively, taking into consideration the
various interconnected system behaviour. The ultimate goal is to safeguard the plant and the personnel under all normal
and abnormal conditions of the plant. The dynamic performance testing is carried awget of selected Bench Mark
Transients in order to ensure the correctness and accuracy of simulated models. The selection will be based on systemr
importance and the list of transients indicated in Plant Safety Analysis Report [Plant Safety AnalygisZRé&p].

Fig.12. One PSP TripFlow Graph
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