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Abstract

Abstract

The full-scope replica control room simulator with the reference unit — Kozloduy 6 (a Russian-style
Pressurized Water Reactor VVER-1000/V320 series) is originally supplied with STK-VVER core
model for steady-state and transient simulation in real time with 1.5 energy groups in a Hexagonal-
Z geometry across the whole reactor core. No cycle specific capability is provided.

While the concept of high-fidelity cycle-specific real-time reactor core simulation became feasible
for Pressurized Water Reactor and Boiling Water Reactor operators about year 2000 with
commercially available nuclear reactor analysis tools, it was not the case for operators of other plant
designs, like VVER.

This PhD work is a response to a necessity for development, implementation, and qualification of
an advanced core calculation methodology with cycle-specific capability for VVER-1000 simulator
application.

The important novel academic contributions could be summarized as follows.

a. An improved cross-section modelling methodology and a cycle-specific cross-section
update procedure are developed to meet fidelity requirements applicable to a cycle-specific
reactor core simulation, as well as particular customer needs and practices supporting
VVER-1000 operation and safety.

b. An improved real-time version of the Nodal Expansion Method code (NEM) is developed

and implemented into Kozloduy 6 full-scope replica control room simulator.

The outcome of this PhD work has been found its direct application in the industry. The core model
for VVER-1000 simulator application supplemented with cross-section libraries, tools and
procedures for cycle-specific core update is used by Kozloduy NPP personnel with consistently
good (accurate and computational efficient in real time) results. Many more steady-state and
transient simulations have been performed during rigorous acceptance tests or periodic functional
tests of the simulator and the simulator is in routine operation monitored by experienced plant staff.
The core model meets all current simulator fidelity requirements. An illustration of steady-state and

transient simulation results is presented in this PhD work.

Another phase of validation of the Kozloduy 6 simulator core model, cross-section libraries, tools

and procedures for cycle-specific core update with actual plant data from Kalinin 3 (OECD/NEA

Xvii



Abstract

Kalinin 3 Coolant Transient Benchmark) is presented in this PhD work. Kalinin 3 transient provides
an opportunity to apply the methodology and the core model described in this work to another

VVER-1000 unit on a scenario with an asymmetric core load.
The historical sequence is preserved in the presentation of the thesis.

Keywords: VVER, Real-time simulation, Core model, Cross sections.

XViil
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Introduction and background

1. Introduction and background

1.1 Introduction

A wide range of simulations have to be performed in order to ensure the safe operation of nuclear
reactors. None of these calculations is simple or straightforward. Nuclear reactors are complex
systems, which require modelling of flow rates and fluids temperature in the system (thermo-
hydraulic analysis), as well as the power distribution in the reactor core (core analysis). Feedback
between thermal-hydraulics and core condition should be accounted for, thus coupled simulations

are required.

Nowadays, the simulator is not only an instrument for training of nuclear power plant personnel, it
is also used for safety analysis and design validation before a power plant is build or modernized.
Multi-physics simulation is based on best-estimate approach with use of engineering-grade tools
like system codes and other thermo-hydraulics, neutronics and severe accident codes. Fidelity of the
simulator models is optimized to meet the real-time simulation requirements, however, in a number
of cases this fidelity might be equivalent or higher in comparison to the models used in safety

analysis applications.

1.2 Background information

Kozloduy 6 full-scope replica control room simulator is commissioned at the beginning of year
2000. The plant-specific simulator is an important instrument for training of Kozloduy Nuclear
Power Plant (NPP) personnel. It is employed in process analyses and in the process of validation
and verification of plant operation and emergency procedures and guidelines. Expansion of the
scope of simulation to a wide range of reference unit conditions corresponds with an augmentation
of simulation fidelity requirements. There is a reason for systematic enhancement and modification
of the simulator according to the status of the reference unit — Kozloduy 6, which is a VVER-
1000/V320 series nuclear steam supply system with a K-1000-60/1500-2 turbine, with a series of
extensive upgrades of plant control systems, Engineered Safety Feature Automation System
automation, containment and Balance-of-Plant (BOP) equipment, etc. Another important factor for

an enhancement of simulators is a forthcoming plant life extension and uprate to a 104 % power.

While the concept of high-fidelity cycle-specific real-time reactor core simulation became feasible
for Pressurized Water Reactor (PWR) and Boiling Water Reactor (BWR) operators about year 2000

with commercially available nuclear reactor analysis tools (a popular example is SIMULATE-
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3/3K/S3R/GARDEL from Studsvik), it was not the case for operators of other plant designs, like
VVER.

There was no off-the-shelf solution available for the purpose of a cycle-specific real-time
simulation of a light-water reactor with a hexagonal fuel assembly core. Currently, there are few
examples of VVER full-scope simulators equipped with a cycle-specific reactor core model.

1.3 Statement of objectives

The objective of this PhD work is formulated as development, implementation, and qualification of

an advanced core calculation methodology for VVVER-1000 simulator application.
The steps performed towards achievement of the stated objective are as follows.

a. A two-group macroscopic cross-section modelling methodology for light-water reactors
with hexagonal fuel assemblies (lvanov, 2007a) is enhanced to cover nuclear fuel with
sintered Gadolinium Oxide-Uranium Dioxide pellets, Zirconium-alloy structural

components and absorber rods with Boron Carbide and Dysprosium-Titanium Oxide.

b. The enhanced two-group macroscopic cross-section modelling methodology is adapted for a

VVER-1000 plant-specific full-scope replica control room simulator application.

c. Arreal-time version of the NEM code is developed and implemented on the Kozloduy 6 full-

scope replica control room simulator.

d. A plant-specific reactor core model based on the real-time version of the NEM code is
developed to meet all the requirements applicable to a simulator for training of nuclear
power plant personnel and implemented on the Kozloduy 6 full-scope replica control room

simulator.

e. A cycle-specific cross-section update procedure is developed for and implemented on the

Kozloduy 6 full-scope replica control room simulator.

f. A cycle-specific two-group macroscopic cross-section library is developed by application of

the above said enhanced methodology for the Kalinin 3 Coolant Transient Benchmark.

g. Adaptation of the Kozloduy 6 plant-specific reactor core model based on the real-time
version of the NEM code is developed for a simulation of the Kalinin 3 Coolant Transient
Benchmark problem making use of the above said Kalinin 3 cycle-specific two-group

macroscopic cross-section library.
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1.4 Thesis outline

The evolution of requirements for simulation of a nuclear power plant is summarized in Chapter 2.

Main topics considered are as follows.

a. Anemergence of a full-scope replica control room simulator.
b. An evolution of simulation requirements for nuclear power plant simulation.

c. Coupled multi-physics (neutronics / thermal-hydraulics) simulation with an emphasis on a

real-time full-scope simulation for nuclear power plants.

d. Introduction of a cycle-specific core models coupled with a two-phase non-equilibrium

thermo-hydraulic models for light water reactors.

A brief description of the main plant models in the scope of a nuclear power plant simulator
(Kozloduy 6 simulator as a plant-specific example) is presented in Chapter 3, as follows.

a. Core (a real-time adaptation of the NEM code with case-specific enhancements);
b. Control rod drives;
c. Thermal-hydraulics;

d. Nuclear instrumentation (ex-core detectors, reactimeters, in-core detectors, power

reconstruction);

e. Reactor protection and control system (Reactor Power Limiter, Reactor Power Controller,

Control rod system);
f. Balance-of-plant.

Description of plant models is focussed on models, which are in direct interaction with the core
model or are strictly necessary for analysis of processes described in the following Chapters. Many

plant models are deliberately omitted.

Chapter 4 is focused on cross-section modelling methods and practices. At first, a review of the
cross-section modelling methods for light water reactors currently in use is presented. Also, the
two-group cross-section generation methodology and the cycle-specific cross-section update

procedure for VVER-1000 simulator application are outlined.

The next two chapters are devoted to verification and validation of the cross-section generation

methodology and the NEM real-time core model for VVER-1000 simulator application. First, the
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methodology and the core model are developed, verified and validated exclusively with Kozloduy 6
plant-specific data. On the next step, verification and validation with actual plant data from Kalinin
3 (OECD/NEA Kalinin 3 Coolant Transient Benchmark) are performed. The historical sequence is

preserved in the presentation of the thesis.

Illustrations of the accuracy of simulation using the Kozloduy 6 plant data are presented in Chapter
5, as follows.

a. Rated power — Beginning of Cycle (BOC), Middle of Cycle (MOC) and End of Cycle
(EOC);

b. Operational transient of inadvertent closure of a Main Steam Isolation Valve (MSIV) and
switching off Main Coolant Pump (MCP) No. 4.

Another illustration of the accuracy of simulation using actual plant data from Kalinin 3 is shown in
Chapter 6. The transient of ‘Switching-off of One of the Four Operating Main Circulation Pumps at
Nominal Reactor Power’ is performed at an asymmetric core condition with a range of parameter

changes.

Finally, the main findings and conclusions are summarized. Various outstanding issues are

identified and suggestions for future research are given in Chapter 7.

Chapter 8, Bibliography completes the main body of this work.

Main terms and definitions employed in this work are presented in Appendix A.
General description of VVER-1000/V320 unit is presented in Appendix B.

Data concerning geometry and material composition of the Kozloduy 6 core model are presented in

Appendix C.

Data concerning geometry and material composition of the Kalinin 3 core model are presented in

Appendix D.

A large set of Kalinin 3 simulation data are presented in Appendix E.
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2. Evolution of fidelity requirements for nuclear power plant simulation

Evolution of nuclear power plant simulators described here is roughly split into three periods. The
first period includes all the early (and very early) examples created before the concept of a full-
scope replica control room simulator for training of nuclear power plant personnel was established
and formalized. The second period covers a large number of plant-specific simulators delivered
from late 1970’s in time for commissioning of largest number of nuclear power generating plants
worldwide and continues at a slower pace into late 1990’s or early 2000’s. The third period covers

the latest developments in simulator technology and operation.

Examples given in this section are deliberately chosen with a focus on PWR simulators in order to
comply with the object of this work — the VVER simulator. Actually, the VVER simulators
followed the same (or very similar) trends but transition between early-to-mature and mature-to-
modern simulator was postponed by about 10 to 15 years in comparison with other light water
reactor simulators. The first VVVER replica control room simulator for Novovoronezh NPP (VVER-
440/Vv-179) was not strictly plant-specific and technically belonged to a class of very early
simulators based on analogue computers. The Loviisa NPP simulator from 1980 was the first
VVER full-scope replica control room simulator based on digital computers, soon followed by the
Paks NPP simulator. Full-scope replica control room simulators for Balakovo 4 (1992) and
Zaporozhye 5 (1993) were the first VVER-1000 simulators in operation.

2.1 Early simulators

During the end of 1960°’s and early 1970’s, when the first computer-based control room simulators
were put in operation, the scope and fidelity of plant process models were severely constrained by
limited computer capabilities. There were few NPP control room simulators in operation worldwide
at the time of the Three Mile Island accident (1979). Their characteristics were as follows (IAEA-
TECDOC-1411, 2004).

a. The panel layout and design were not always the same as the reference plant.

b. The thermodynamic models were not plant-specific and the models (for PWR) did not
address two-phase flow conditions in the core, associated with accident scenario.

c. The importance of real-time simulation was acknowledged but not always adhered to.

d. The simulators were located at the site of nuclear steam supply system vendor, often quite

distant from the reference plant.
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e. For initial training, trainees generally had one or two weeks of training on a simulator as
part of their training programmes.

f. Licensed/authorized operators might have one week per year of simulator training as part of
their refresher training.

g. Simulator instructors were not always familiar with the operating experience of the NPPs for
which they provided training.

h. NPP procedures generally could not be used on these simulators, due to design differences,
thus operators trained with procedures other than those at their own plant.

I. Prior to authorization, control room operators’ competences in responding to abnormal and
emergency conditions were generally not formally assessed on a simulator by either the
operating organization or the nuclear safety regulator (rather, an assessment in these areas

was based upon written and/or oral examinations).

Early 1970’s marked another significant shift in simulator technology (Alliston, 1975a). Analogue
computers and relay circuits were phased out being gradually superseded by a digital computer
(Gregg, 1990). Sophisticated mathematical models were written in high-level programming

language (FORTRAN 1V) but large amount of assembler code were still present.

2.2 Simulators for training of nuclear power plant personnel

During the 1980’s, detailed review of the lessons learned from operating experience caused a re-
assessment of the adequacy of training of nuclear power plant personnel, particularly, for control
room personnel. As a result of this review, operating organizations and nuclear safety regulators
worldwide established more stringent requirements for simulator training of control room personnel
(ANSI/ANS-3.5-1985, 1985) as well as other aspects of these training programmes. Other changes
were also initiated (IAEA-TECDOC-1411, 2004).

a. Improved (symptom-based) emergency operating procedures;

b. Improved display of safety parameters;

c. Greater reliance on simulator examinations in the qualification/authorization/licensing of
control room personnel;

d. Use of the Systematic Approach to Training as the basis for NPP personnel training

programmes.
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2.2.1 Scope and fidelity of simulation

The scope of simulation was to be defined depending on the required use of the simulator (IAEA-
TECDOC-546, 1990). Various systems, sub-systems and components of the plant were either
included or left out of the scope of simulation on the basis of assessment of training requirements
(extensive scope). The same approach was applied to the scope of plant simulation in terms of mode
of plant operation (simulation envelope).

In full-scope simulators, it was important that all the systems the operator has been using for taking
the plant through the required evolutions were included into the scope of simulation. It also was
necessary to have the whole range of plant operation modes ranging from a cold shutdown to a
rated power and including also abnormal and accident (design-basis accident) scenarios, or any sort

of emergency caused by malfunction of various components.

An important part in the definition of the modelling requirements consisted of the specification of
different physical effects to be seen in the simulation. The systems and transients to be simulated
should be described with respect to the phenomena, which should be possible to observe (IAEA-
TECDOC-546, 1990). For example, the core should be simulated in such a way that the effects of a

new core versus an old core could be seen.

A real-time simulation was a requirement (IAEA-TECDOC-546, 1990).

A typical qualitative requirement was that operator should not be able to observe any difference

between the response of the simulator and the reference plant (within the scope of simulation).

2.2.2 Modelling approaches

There were three different kinds of modelling approaches: special purpose models, general
solutions and best estimate codes (IAEA-TECDOC-546, 1990).

Special purpose models divided the simulation process according to technological units and every
aspect of the given unit was described in the same module. The advantage of this approach was that
the model was compact, well documented and easy to replace by a new one. However, this method
was not effective with large networks (hydraulic, electrical) involved, because the same element

types (like valves) were described in different models many times (and sometimes many ways).

General purpose models described physical phenomena instead of technological units. Typical

application areas were as follows.
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a. Hydraulic networks (pressure, flow, temperature, concentration)
b. Electrical networks (current, voltage, frequency)
c. Instrumentation and control (interlocks, safety algorithms, analogue or digital controllers)

The advantage of this approach was that it provided a unified solution for every component of the
same type and the description of the actual plant topology was easy.

Best estimate codes could be used only on super computers (above 30 MIPS! rating, and the ability
to vectorize processing). In these codes the simulated process was described as in engineering grade
safety analysis tools. This approach provided very accurate results but required extravagance in

computing power.
2.2.3 Core modelling approaches and features

Practically, two different kinds of core models were used: coupled point kinetics method and
expansion based method. For cores with large physical dimensions, the coupled kinetics method
could be better if the nodal structure was fine enough. The major advantage of the expansion-based
method in the case of PWR cores was that it provided a fine and realistic flux distribution with less
CPU load than the coupled kinetics method. Since the arrangement of a fuel assembly, the control
rod movement and the coolant flow in a PWR core were all in axial direction, the expansion based
method emphasised the solution in the axial direction and the neutron flux distribution, with
different computation rates. However, coupled kinetics methods were widely used with very good

results.

Early generation simulator core models often made use of several simplifying assumptions
(Alliston, 1975b).

One-dimensional axial diffusion theory;

o &

Single energy group;

One-dimensional coarse-mesh feedback;

o o

Generic nuclear data.

Early generation models were relatively easy to update because they required so little data and the
expectations on core model fidelity were not so high. The common plant simulator was equipped

with a core model able to simulate ‘generic’ core load at BOC, MOC and EOC.

1 A unit of computing speed equivalent to a million instructions per second.

8
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The data set required to drive a larger, up-to-date core model was much more extensive and the
expectations on fidelity were higher. During the 1980’s, simulators for training (and later
examination) of nuclear power plant personnel were built with a three-dimensional neutron
diffusion models, two (or ‘one-and-a-half’) energy groups, and space-time decomposition (shape
function was calculated at larger time-steps, e.g. once every second in comparison with 4 cycles per
second for most of the simulation software).

The real-time cycle-specific core model was not yet feasible for simulator applications. Simulation
computers were ‘mini-computers’ soon to be replaced by ‘micro-computer’ engineering

workstations. Computer memory and storage capacity was measured in MBytes.

2.3  Modern simulators

During the last two decades there has been an intensive development of simulation technologies. A
modern simulator is no longer based on a philosophy to build a code around the transmitters to
produce a desired response. The modern simulator is based on engineering-grade system codes
solving systems of differential equations and results are exchanged as feedbacks inside the networks
of multi-physics interactions (Romas, 2013). Multiple areas of physics are integrated through best-

estimate models predicting very fine phenomena.

Simulators are tested by experienced test engineers and operators and these tests are aimed to assure
the quality and reliability of the predictions. After such detailed verification there can be an
application of the simulator to predict behaviour of the plant in situations which are abnormal

during the operation or, in other words, to perform safety studies.

2.3.1 Fidelity of simulation

The modern simulator is getting close to the state where it can be used not just for training of
operators but also for the safety analysis and design validation before a power plant is build or
modernized. Fidelity of the simulation models is optimized to meet the real-time simulation
requirements, however, in number of cases this fidelity might be equivalent or higher in comparison
to the models used in the actual safety analysis applications. The best-estimate real-time simulation
models can be switched to finer time steps meeting the safety analysis requirements. The best
estimate real-time simulation models are usually derived from and benchmarked against

engineering grade models of finer nodalization (Romas, 2013).
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2.3.2 Models and codes

Multi-physics simulation is based on best-estimate approach with use of engineering-grade tools
like system codes — RELAP5-3D, SIMULATE3-R, MAAP and other thermo-hydraulics,

neutronics and severe accident codes.

Codes that are implemented in simulators are aimed to predict behaviour of different phenomena
appearing in the actual power plants. Results of the calculations are exchanged between the codes as
feedbacks to each other allowing realistic assessment of the events and behaviour of the models in a
real-time simulation (Romas, 2013).

Feedbacks between the codes are exchanged in a synchronised manner so that execution of the
codes and exchange of the calculation results are happening at the right moments in time.

As an example of such interactivity is a usage of the RELAP5-3D and SIMULATE3-R to model a
reactor core. The RELAP5-3D is used to simulate primary thermal-hydraulics while SIMULATES3-
R is performing the neutron Kinetics calculations (a solution of the system of differential equations
based on the two-group diffusion theory). However, these codes cannot perform proper prediction
without having knowledge about each other. The SIMULATES3-R needs information about the
thermal-hydraulic feedbacks while the RELAP5-3D needs information about the power distribution
and magnitude predicted by the SIMULATE3-R. There kinetics results (fission power and decay
heat) are passed to the thermal-hydraulics code where heat transfer and flow calculations are
performed. The results from the thermal-hydraulics calculations in the form of water and steam
density, coolant and fuel temperature, void, and boron concentration are passed back to the neutron

kinetics code.

2.3.3 Core numerical methods and features

Recommendation 6 of INPO’s SOER 96-02 to provide cycle-specific simulator training made a

shift in simulator operation and core model fidelity requirements.

Core design numerical methods, along with measured plant data, provide the basis for assessment
of the simulator model. All modern core design software employs an advanced nodal method of
some sort. Some simplifications to core design models and practices are usually required to allow
real-time execution on the training simulator. The following premises guided the simplifications

made, and not made, in the development of the engineering grade core model (Borkowski, 2003).
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a. Explicit modelling of all radial assemblies is required to model radial tilts, asymmetric rod
insertion, and instrumentation readings.

b. Assembly power predictions are strongly influenced by local fuel temperature and
moderator density variations. Axial-average feedback parameters cannot reproduce core
design accuracy in general.

c. One-group energy models can be shown to introduce significant errors in the local neutron
flux.

d. The more detailed the core model, the more effort is required for updating the core.

Advanced engineering grade core models are being applied to real-time training simulators. The
motivation for such an upgrade is increased fidelity to core design methodology and measured plant
data. A further expectation is that the core model uses cycle-specific data such that training is
performed on the cycle actually loaded (Borkowski, 2003).

2.4 Simulator testing

According to the American national standard ‘Nuclear Power Plant Simulators for Use in Operator

Training and Examination’ (ANSI/ANS-3.5-2009, 2009),

‘... Verification, validation, and performance testing shall be performed to ensure that no
noticeable differences exist between the simulator control room or simulated systems when

evaluated against the control room or systems of the reference unit.

Simulator verification testing

Simulator verification testing is a form of software development testing. Simulator
verification testing shall be conducted by comparison of simulated component or system
software design to the original requirements to ensure that each step in the software

development process completely incorporates all requirements of the previous step.

Simulator validation testing

Simulator validation testing is a form of software development testing. Simulator
validation testing shall be conducted by comparison of simulated component or system test
results against actual or predicted reference unit performance data in a stand-alone or

integrated fashion.

11
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Simulator performance testing

Simulator performance testing comprises operability testing, scenario-based testing,
reactor core performance testing, and post-event simulator testing. Simulator performance

testing shall be performed in a fully integrated mode of operation.

Simulator operability testing

Simulator operability testing shall be conducted to confirm overall simulator model
completeness and integration by testing the following:

e Simulator steady-state performance;

e Simulator transient performance for a benchmark set of transients.

Simulator scenario-based testing

Scenario-based testing shall be conducted to ensure the simulator is capable of producing
the expected reference unit response to satisfy predetermined learning or examination

objectives by utilizing the existing training and examination scenario validation process.

As a minimum, the following types of simulator scenarios shall undergo scenario-based

testing:

e Initial License Examination scenarios;
e Licensed Operator Requalification annual examination scenarios;

e Scenarios used for reactivity control manipulation experience.

Additional scenario-based testing should be considered for other operator training

scenarios.

Simulator reactor core performance testing

Simulator reactor core performance testing shall be conducted to confirm that the
simulator nuclear and thermal-hydraulic models replicate the reference unit core response

within the scope of simulation.

12
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Post-event simulator testing

Certain reference unit events provide the opportunity to acquire relevant reference unit
performance data. For such data, post-event simulator testing should be conducted to
confirm that the simulator is capable of reproducing the response of relevant reference

unit parameters within the scope of simulation...”
2.5 Conclusions and a concept for tomorrow’s simulator

A problem of real-time simulation of coupled primary thermal-hydraulics and neutron kinetics for
light-water reactors is a discrepancy between coarse-mesh representation of the core in a two-phase
multi-component non-equilibrium thermal-hydraulics model and much more detailed core

nodalization in a two-group kinetics model, as follows.

a. Primary thermal-hydraulics model — Few segments (e.g. between 4 and 12) in a
horizontal plane and few axial layers (e.g. 5 or 10 layers with 2 or 4 heat slabs per node).

b. Two-group neutron kinetics model — One node per fuel assembly in a horizontal plane
with about 20 or more axial layers (plus one layer each of bottom, top and radial reflector

nodes).

In order to solve such a discrepancy in terms of thermal-hydraulics feedback, an intermediate layer
is introduced usually as a part of the core model, often called ‘core mapping’ scheme. The coarse-
mesh thermal-hydraulics model provides boundary conditions for an algorithm handling
reconstruction of thermal-hydraulic feedback variables per each of fine-mesh kinetics model nodes.
Necessarily, such a reconstruction is based on simplifications concerning flow distribution between
fuel assemblies mapped to a single coarse-mesh node, cross-flow between fine-mesh nodes and,

usually, phase equilibrium.

A logical step for further development in near future will be to introduce a more comprehensive
treatment of fuel assembly thermal-hydraulics in the form of a sub-channel code (e.g. COBRA-TF
like) as an intermediate layer between coarse-mesh model of the whole nuclear steam supply system

and finer-mesh core kinetics model using one or more nodes per fuel assembly.

Another problem not properly addressed yet is integration of severe accident models into a full-
scope replica control room simulator. There are few early examples but no common technical

approach is established and no formal requirements are defined by nuclear regulators worldwide.

13
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3. Description of plant models

Kozloduy 6 full-scope replica control room simulator is commissioned in the beginning of year
2000. The plant-specific simulator is an important instrument for training of Kozloduy NPP
personnel. It is employed in process analyses and in the process of validation and verification of
plant operation and emergency procedures and guidelines. Expansion of the scope of simulation to a
wide range of reference unit conditions corresponds with an augmentation of simulation fidelity
requirements (ANSI/ANS-3.5-2009, 2009); (IAEA-TECDOC-1500, 2006). There is a reason for
systematic enhancement and modification of the simulator according to the status of the reference

unit, Kozloduy 6.

Kozloduy 6 consists of a VVER-1000/VV320 series nuclear steam supply system and a K-1000-
60/1500-2 turbine, with a series of extensive upgrades of plant control systems, ESFAS hardware
and algorithms, containment and BOP equipment, etc. General description of VVER-1000/V320
unit is presented in Appendix B.

Another factor contributing to a series of changes in simulator configuration is forthcoming plant
life extension and 104 % power uprate. Both procedures require significant effort on the side of the
plant for license extension and re-qualification or replacement of equipment and procedures.
Necessarily, this process affects the simulator design data base. Power uprate is achieved mostly by
re-assessment of equipment operating limits and tolerances, or by implementation of new

components or equipment.

Almost all the plant systems are included in the scope of simulation, that is, all the plant system

controlled or just monitored from the main control room.

All of the plant automation concerning systems of normal operation is handled by an extensive
Ovation digital control system. Quite common problem in implementation of complex digital
control systems on simulators, including nuclear power plant simulators, is the right choice of
approach. There are three approaches: simulation, emulation and stimulation (IAEA-TECDOC-
1500, 2006). A hybrid solution with an emulation of Ovation controllers and stimulation of

Westinghouse workstations are implemented.

Kozloduy 6 ESFAS are based on ‘Radiy’ Field Programmable Gates Array technology. Simulation
of the controllers and stimulation of the graphics user interface is implemented. Stimulation of
graphics user interface means that part of the original software package is used on the simulator for

visualisation of data supplied by the simulation computer.
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The description of plant systems and simulator models is given here as per plant configuration of
2015.

3.1 Reactor core

The Nodal Expansion Method code (NEM) has been initially developed by the Pennsylvania State
University, and later improved, verified and validated by the Reactor Dynamics and Fuel Modelling
Group at North Carolina State University. In this work ‘NEM’ refers to the code, not the method.
NEM is a multi-group code — up to 70 energy groups can be simulated (Eq. 3.1-1). It is a three-
dimensional transient nodal core model. Stand-alone version provides for three geometry-modelling
options: Cartesian, Hexagonal-Z and Cylindrical (R-6-Z). NEM is based on the transverse
integration procedure and it has been recently updated to utilize semi-analytical transverse
integrated flux representation and an improved transverse leakage approximation (NEM Theory
Manual, 2009).

10¢,

EW -V (ng¢g) t 2 gPg =

G G

Xg
= z , ZsglogPe T K L Viig g F Sextyg
g=t g=t Eq. 3.1-1

G
2ig=2q9t z 2s.g-gr
g'=1

g=1..G
where
bg - Neutron flux in group g;
Vg - Average number of neutrons released by a group g fission event;
D, - Diffusion coefficient in group g;
Sig - Total macroscopic cross section in group g;
Zag - Absorption macroscopic cross section in group g;
Ysg'sg - Probability of a neutron scattering from group g’ into group g;
Xg - Fission neutron spectrum in group g;
k - Multiplicative eigenvalue;
v g0 - Nu-fission macroscopic cross section in group g';
Sext,g - External neutrons source in group g.
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For the purpose of VVER-1000 real-time application, NEM code is further developed. With this
version of the code, steady-state and transient simulation in real time is performed with 2 energy
groups in a Hexagonal-Z geometry across the whole reactor core. Therefore, Eqg. 3.1-2 ~ Eq. 3.1-5
are the basis of the code. Various other NEM code options (Cartesian/Cylindrical geometry, core
symmetry, number of energy groups, etc.) are disabled for this particular application (REL-786-
DD-002-02, 2012).

The two-group diffusion equations, without up-scattering (energy group cut-off point of 0.625 eV),
in a typical form for Light Water Reactor (LWR) applications are shown below.

1 6(151 X1 X1

V—IW — V- (D1Vey) + (Za,l + 25002 — szf,l) ¢, = fvzf,z‘l’z + Sext,1 Eg. 3.1-2
1 6(]52 XZ XZ

EW — V- (D;Vg,) + (Za,z - ?fo,z) $2 == Z5152P1 + ?sz,1¢1 + Sext,2 Eq. 3.1-3

In the case of a fission neutron spectrum defined as x; =1, x, = 0 the fast and thermal group

equations are further simplified, as follows.

100, 1 1
L=V (D1 + (Za + Zara = V37 b = V5 aba + Sexea Eq. 3.1-4
v; Ot k k

1 0d¢,

v, ot V:(DVgy) + ZapP2 = L1201 + Sext 2 Eg. 3.1-5

Vacuum boundary conditions are applied on the outer surface of each reflector node.
The two-group neutron diffusion equations are solved at each node for each time step, as follows.

a. Two-group neutron fluxes, using node-specific energy per fission (») and inverse velocities
(1hv);

b. Xenon, lodine, Samarium and Promethium concentrations;

c. Six delayed neutron groups, using node-specific effective delayed neutron fractions (f) and
decay constants (1);

d. Decay heat and neutron source strength.

Fuel burn-up, plutonium build-up and depletion of burnable poisons are accounted for at the cycle-

specific library generation stage. It is not yet practical to include such calculations in a real-time
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simulation when the duration of a common simulator session is less than 6 hours. This may not

always be the case, however.

The core consists of hexagonal cells with a pitch of 23.6 cm, each cell corresponding to one fuel
assembly (FA), plus an external layer of radial reflector cells of the same size. There are a total of
211 cells, of which 163 FA and 48 radial reflector cells.

An axial core nodalization comprising 20 layers, with a height of 17.75 cm each, is used. Their
count starts from the bottom, adding up to a total active core height of 355 cm. The number of axial
layers for Kinetic calculations is twice the number of axial layers in the cross-section library. The
height of both bottom and top axial reflector layers is 23.6 cm.

The basic one-sixth building block of the Kozloduy 6 VVER-1000/V320 reactor core model is
shown in Figure 3.1-1. The same one-sixth core symmetry sector numbering is used as in the cross-
section libraries. Although a full core model, one-sixth core representation is employed for cross-
section handling. The symmetry in data arrays is common (and desirable) feature. This approach
contributes to a small decrease in computer resource requirements and more efficient procedures for

core model updates but asymmetric configurations can be handled too (Chapter 6).
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Figure 3.1-1: Scheme of the basic one-sixth building block of the VVVER-1000/V320 reactor core
model (olive green — FA cells, grey — reflector cells). Numbers indicate nodes in radial (from 1 to
29) and axial plane
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3.2 Control rod drives

There are 61 control rod drives, each equipped with a cluster (Figure 3.2-1) of 18 absorber elements
(Figure 3.2-2). Absorber material is Boron Carbide, B,C except in a lower section of the element
(300 mm) which contains Dysprosium-Titanium oxide, Dy,05 - TiO, — as illustrated in Figure
3.2-3, (Andrushechko, 2010). The effect of absorber elements in the core is accounted for through
material compositions (rodded and unrodded).

Movement of control rods and function of control rod position indicators is handled by another
model, Control Rod System (Section 3.5.3).
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Figure 3.2-1: Scheme of the fuel assembly cross-section with positions of fuel pins, guide tubes and
instrument channel
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Figure 3.2-2: Scheme of the cluster of absorber elements with spring retainer (vertical view with a
partial cut through spring retainer — left; view from above — right).
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Figure 3.2-3: Vertical cross section of an absorber element (dimensions in mm).
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3.3 Thermal-hydraulics

The input deck for RELAP5-HD™ (RELAP5-3D compatible) contains the following major
components (RELAP5-HD™ Verification Report, 2011); (REL-786-DD-003-01, 2012).

Reactor vessel and internals;

I

Main circulation pipelines including main circulation pumps;

o

Pressurizer surge line and pressurizer vessel;

o

Steam generators primary and secondary side, including steam pipes and steam collector.

All of these major parts include hydrodynamics input, heat structures input and boundary conditions
for external systems. Nodalization summary is presented in Table 3.3-1. Illustration of the primary

thermal-hydraulics nodalization is shown in Figure 3.3-1.

Table 3.3-1: Thermal-hydraulics nodalization summary of the nuclear steam supply system
model for the Kozloduy 6 simulator

Item Nodes

Primary and Secondary (Total) 316

e Primary 240

e Secondary (Steam generators) 76 (4 x19)
Reactor Pressure Vessel (RPV) 72
Pressurizer 11
Loop Hot / Cold Legs 57(3x14+15)
Steam Generators Primary Side 100 (4 x 25)

In the reactor core nodalization 5 axial nodes are used, but core heat structures for each sector with
20 axial slabs and 10 radial mesh points are referred to them (Figure 3.3-2). This is done in order to
ensure compatibility with the NEM core model. General scheme of the RELAP5-HD™ and NEM
interface through the respective heat structure is given in Figure 3.3-3. For the other core sectors the

same configuration is used.
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Figure 3.3-2: Scheme of Kozloduy 6 reactor core nodalization (horizontal — left; vertical — right)
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Figure 3.3-3: An illustration of thermal-hydraulics / neutronics coupling scheme for the Kozloduy 6
simulator model (thermal hydraulic sector 1 — heat structure — core). Heat Structure 10401 with
20 heat slabs represents all the fuel elements in one-fourth sector of the core
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3.4 Nuclear instrumentation

3.4.1 Ex-core instrumentation

Ex-core Neutron Flux Monitoring System (AKNP-7-02K) monitors the reactor power by means of
thermal neutron flux ex-core detectors located in instrument wells adjacent to the reactor vessel.
The system provides indication, control and alarm signals for reactor operation (Andrushechko,
2010). There are three Neutron Flux Monitoring System sets — two sets for the main control room
and the third set for the emergency control room. Each set consists of 3 equivalent channels. Each
channel is equipped with start-up range and power range detectors — ion chambers (Figure 3.4-1)
with overlapping ranges (Table 3.4-1). Start-up range and power range detectors occupy 9

instrument wells.

Table 3.4-1: Operating range of the ex-core neutron flux monitoring system (AKNP-7-02K)

Neutron flux (@),

Range Power, % PR Measurement error, %

) 8 3 1 4 +30 % of the measured value (107 — 10° %)
Start-up 1>10 1.5x10 310 >x10 +10 % of the measured value (10'6710'1 %)
Power, 5 > 4100 | %30 % of the measured value (10° — 107 %)
logarithm 1510 120 3107 —4x10 +10 % of the measured value (102 — 120 %)
Power, linear 0.1 — 120 3%x10° — 4x10° +1 % of the rated power (1 — 120 %)

This system provides also monitoring of the range rate (period) in start-up range and in power range
in the interval from 1 to 999 s (measurement error £10 % of the measured value). Range rate

protection setpoints are 10 — 20 — 40 s (SCRAM, preventive protection 1 and 2 respectively).

Shutdown and Refuelling Monitoring System (SKP) provides source range monitoring in shutdown
and refuelling operation mode (10™° — 10°® %). There are two duplicate sets. Each set comprises of
three channels. Strings of three source range detectors occupy 6 instrument wells. Range of
operation is from 3-10™ to 3-10% neutrons'm™-s™. Shutdown and Refuelling Monitoring System
detectors are positioned at the bottom of the wells during power operation. Detectors can be raised
to an elevation of the core 72 hours after reactor shutdown. Detectors can be used (in top position)

during unit start-up up to a power of 10° %.

27



ription of plant models

Desc

nd reac

instrument wells locations arou

(Andrushechko, 2010)

Figure 3.4-1: Map of Kozloduy 6 ex-core
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3.4.2 Reactimeter

Three sets of reactimeters use input signals from ex-core detectors, Neutron flux monitoring system

or Shutdown and refuelling monitoring system (Section 3.4.1).

The digital reactimeter, and the reactimeter model, calculates the margin with respect to the critical
state (reactivity). The reactivity is continuously calculated based on the signals of the neutron flux
monitoring system (ex-core detectors), knowledge of the composition of the fissile material in the
fuel and point kinetics equations according to the Eq. 3.4-1 and Eq. 3.4-2.

6 Ly — 14 6
— . _ it .C. . ). Eq. 3.4-1
Pr (Zizlﬁl) + Ng ( At Zi=1/1l Cl'k) q

iNg—
Cije = Cip—1 €™M + —ﬁllkl ! (1 — e~%lt), Eqg. 3.4-2
i
i=1..6
where

p - Reactivity
B - Delayed neutron fraction
l - Prompt-neutron lifetime, [s]
At - Time step, [s]
n - Neutron population (pulse count, current)
A - Decay constant, [s™]
Cix - Precursor fraction
k - Current time step (index)
k—1 - Previous time step (index)

The reactimeter model requires a core average (flux-weighed) set of delayed neutron fractions,

decay constants and prompt-neutron lifetime.
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3.4.3 In-core monitoring system

In-core monitoring system (SVRK-M) performs an evaluation of the reactor thermal power on the
basis of 5 methods, as follows (Andrushechko, 2010).

Primary loop thermal balance;

I

Steam generator secondary side thermal balance;

o

High-pressure feedwater heater thermal balance;

e

Core power reconstruction (in-core detectors);

e. [Ex-core detector readings.

Reactor system thermal power is a weighed estimation from the results of the five methods listed.
Different sets of weighting coefficients can be used. Primary loop thermal balance is based on loop
flow rate and loop coolant AT. Loop flow rate is calculated as a function of MCP head and
frequency of the bus providing electric power to the motor. Secondary side thermal balance is based
on measured secondary pressure and feedwater flow for each steam generator. Heat losses are
interpolated from a set of values according to the plant condition. Another method of secondary
thermal balance is based on main steam line pressure and feedwater flow through high-pressure

feedwater heaters.

Core coolant inlet temperature is calculated on the basis of cold leg thermocouple and resistance

thermometer readings and estimated (not measured) loop flow rate.

In-core monitoring system combines measured data and reactor physics calculations (BIPR-5 code)
for reconstruction of core power distribution and monitors the compliance with the fuel thermal
limits (in terms of the linear heat rate and the DNBR) according to the Kozloduy 6 Technical

Specification requirements.
Core power reconstruction is based on the following instrument readings (Mitin, 2006).

a. 64 Rhodium Self-Power Neutron Detector (SPND) strings (7 axial positions) located in the
central instrument tube of 64 fuel assemblies;

b. 95 thermocouples for coolant temperature located in fuel assembly top nozzles;

c. 3thermocouples for coolant temperature in upper plenum;

d. 16 thermocouples and 8 resistance thermometers for coolant temperature in loop hot and

cold legs;
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e. Control rods positions (from control rod system), boron concentration in primary coolant,
primary and secondary pressure, MCP head and feedwater flow rate;
f. Equipment line-up (e.g. open / closed position of various valves; on / off status of electric

motors, pressurizer heaters, etc.).

Arrangement of SPND strings and thermocouples is shown in Figure 3.4-2.

ICMS model into the Kozloduy 6 full-scope replica control room simulator collects ‘measured’
signals from the simulated plant systems, including SPND current readings, and employs shape
functions provided from NEM core model in place of BIPR-5 core simulator.

At the end, the in-core monitoring system model displays computed results via the original graphics

user interface as follows.

a. Parameter distributions (in 2D slices);

b. Margins for peaking factors, linear power and DNBR;
c. Heat balance;

d. Nuclear steam supply system power;

e. Axial offset, etc.
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Figure 3.4-2: Map of Kozloduy 6 control rod and in-core instrumentation locations. There are three
types of in-core instrumentation assemblies used: (N) SPND array with 7 axial positions; (T)
coolant thermocouple above the active part of the fuel assembly; (NT) SPND array with coolant

thermocouple, combined
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3.5 Reactor protection and control system

Reactor protection and control system performs SCRAM, preventive protection, accelerated power
decrease and reactor power control functions. Only information necessary for analysis of examples
given in the following chapters is included here. Description of other reactor protection and control
system functions like reactor SCRAM, preventive protection and accelerated power decrease can be

found elsewhere (Yastebenetsky, 2014).
3.5.1 Reactor Power Limiter

Reactor Power Limiter (AROM-04R) monitors status of equipment and unit mode of operation and
performs adjustment of nuclear steam supply system power setpoints. There are two duplicate sets.
Each set comprises of three identical channels acting through 2-out-of-3 voting logic.

Nuclear steam supply system power setpoint defaults to 100 % if no deviation from normal mode of

operation is present. Setpoint limitation (decrease) is performed as follows.

Table 3.5-1: Reactor Power Limiter setpoints according to plant configuration

Condition Power setpoint
Normal operation 100 %

(or lower value selected)
1-out-of-4 MCP Off 67 %
2-out-of-4 MCP Off (opposite sides of RPV) 50 %
2-out-of-4 MCP Off (neighbours) 40 %
1-out-of-2 Main Feedwater Pumps Off 50 %
Second Stage Condensate Pump Malfunction 50 %
2-out-of-4 Turbine Stop Valve Closed 40 %
Turbo-generator Off 40 %
2-out-of-2 Main Feedwater Pumps Off 6 %
Turbine by-pass Failure 6 %

In case of 3-out-of-4 MCP buss frequency less than 49 Hz the resulting setpoint is further decreased
by a factor of 0.94 (Note: bus frequency of 49 Hz setpoint indicates partial degradation, not a loss
of AC power. Setpoint for loss of AC power to the MCP motor is buss frequency of less than 46
Hz).
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Reactor Power Limiter performs evaluation of thermal power of the nuclear steam supply system on
the basis of mean coolant 47 signals from the coolant loops in operation. Reactor Power Limiter
calculates ‘corrected’ core power on the basis of neutron flux signals with adjustment to thermal

power of the nuclear steam supply system.

Reactor Power Limiter compares ‘corrected’ core power with setpoint and produces a preventive
protection signal for decrease of nuclear steam supply system power in case of deviation exceeding
2 %. Power rundown signal is sent to control rod system, which performs insertion of control rod
bank designated for power control with a rate of one step per second as long as signal is active and
there are control rod banks still in position above lower end switch (Section 3.5.3).

3.5.2 Reactor Power Controller

The reactor power controller (ARM-04R) is designed to perform automatic adjustment of reactor
power to match the turbine power or to maintain nuclear steam system power at a pre-selected level
(setpoint). There are two duplicate sets. Usually, one of the two sets is selected by reactor operator
(through a three-position switch) and the other set is in stand-by mode. Each ARM-04R set

comprises of three identical channels acting through 2-out-of-3 voting logic.

The reactor power controller performs in four modes of operation.

a. Mode T — Constant steam pressure upstream turbine control valves in the range from about
10 to 102 % rated power (+£0.05 MPa).

b. Mode N — Constant core power (neutron flux) in the range from 3 to 102 % rated power
(0.5 %).

c. Stand-by — Powered up, on-line monitoring reactor power and steam pressure.

d. Mode S — Stand-by decreasing power through insertion of control rod bank in case of steam

pressure increase of 0.2 MPa above setpoint.

Automatic change to Mode N is performed in following cases.

a. Core power rise above the prescribed setpoint (or above maximum setpoint of 102 %);

b. Any preventive protection (PZ) signal.

Automatic change to Mode T is performed when steam pressure is more than 0.15 MPa above

setpoint unless prohibition of transition from Mode N to Mode T is active.

Prohibition for extraction of control rod banks by reactor power controller is performed as follows.
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a. Core power above the prescribed setpoint (or above maximum setpoint of 102 %);
b. Reactor range rate (period) less than 40 s;
c. Any preventive protection (PZ) signal.

Prohibition for insertion of control rod banks by reactor power controller is prompted by primary
pressure decrease below 15.3 MPa unless higher-priority protection signals are present.

3.5.3 Control rod system

The control rods are grouped into 10 banks. Arrangement of control rods into banks is shown in
Figure 3.4-2. When the reactor is operated at rated power, all control rods are at the top position
(above the lower limit switch), except Control Rod Bank No. 10. Usually, Control Rod Bank No. 10
position is 80 - 90 % (above the lower limit switch). Bank No. 10 is used to compensate small

changes of reactivity due to variations of coolant temperature, boron concentration, etc.

The Control Rod System provides collective (banks) and individual control of control rod drives in
automatic or manual mode. All control rods perform SCRAM and preventive protection function.
When a SCRAM signal occurs all control rods are dropped into the core and the time necessary to

reach the bottom position is less than 4 s.
Accelerated power decrease signal (URB) causes a drop of a designated control rod bank, No. 5.

Signals of preventive protection (PZ-1) cause sequential insertion of control rod banks with a speed
of one step (2 cm) per second. Automatic sequence starts with the bank selected for power control
(e.g. No. 10) and continues with other banks in decreasing order (Nos. 9, 8, etc.) with an overlap of
20 % (movement of the next bank begins when current bank position decreases below 20 % above

the lower limit switch).
Preventive protection (PZ-2) signal enforces a prohibition of control rod withdrawal.
3.6 Steam and Power Conversion

The turbine-generator is designed for base-load operation with a restricted load follow operation
capability. The steam generated in the four steam generators is supplied to the high-pressure turbine
by the main steam system. After expansion through the high-pressure turbine, the steam passes
through the four moisture separator/reheaters and is then admitted to the three low-pressure
turbines. A portion of the steam is extracted from the high- and low-pressure turbines for seven

stages of regenerative feedwater heating.
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Exhaust steam from the low-pressure turbines is condensed and deaerated in the main condenser.
The heat rejected in the main condenser is removed by the circulating water system. The first-stage
condensate pumps take suction from the condenser hotwell and deliver the condensate through
condensate polishing unit and ejector coolers to the suction of the second-stage condensate pumps.
The second-stage condensate pumps deliver the condensate through four stages of low-pressure
feedwater heaters (shell-and-tube heat exchangers) to the fifth stage, deaerating heater. Condensate
then flows to the suction of the steam generator feedwater booster pump and is discharged to the
suction of the main feedwater pump. The steam generator feedwater pumps discharge the feedwater
through two stages of high-pressure feedwater heating to the four steam generators.

The turbine-generator has an output of approximately 1025 MWe for the nuclear steam supply
system thermal output of 3000 MW(t). The K-1000-60/1500-2 turbine (Troyanovsky, 1985) is
tandem-compound 6-flow layout, 1.45 m last stage blade, 1500 rpm operating speed. Rated pressure
is 5.88 MPa, rated steam flow 1632 kg/s, maximum steam moisture 0.5 %. There is a single high-
pressure turbine (2 x 7 stages; exhaust pressure 1.2 MPa) and three low-pressure turbines (3 x 2 x 7

stages), total length of 50.6 m and total mass of 3 280 000 kg (without condensers).

The single direct-driven generator (TVV-1000-4 UZ) is hydrogen / de-ionized water cooled, rated
1111 MVA at 0.9 power factor, 24 kV, total mass of 680,000 kg.

In the event of turbine trip, fresh steam is bypassed to the condenser via the turbine bypass valves
and, if required, to the atmosphere via the atmospheric relief valves. Steam relief permits energy

removal from the reactor coolant system.

Pilot-operated safety valves are provided on the four main steam lines. The pressure relief capacity
of the safety valves is such that the energy generated at the high-flux reactor trip setting can be

dissipated through this system.

The two start-up feedwater pumps provide feedwater to the steam generators for the removal of
sensible and decay heat whenever main feedwater flow (the two turbine-driven booster / main

feedwater pumps) is interrupted.

The three emergency feedwater pumps provide feedwater from three dedicated storage tanks to the
steam generators for the removal of sensible and decay heat whenever feedwater from the two

feedwater deaerator tanks is unavailable, including loss of offsite electric power.
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Under normal operating conditions, there are no significant radioactive contaminants present in the
steam and power conversion system. However, it is possible for the system to become contaminated
through steam generator tube leakage. In this event, radiological monitoring of the main condenser
air removal system, the steam generator blowdown system, and the main steam lines will detect

contamination and alarm high radioactivity concentrations.
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4. Cross section library

4.1 Cross-section representation — an overview

The established methodology for performing reactor calculations during the last 20 years is based
on a two-step process (Figure 4.1-1). First, a lattice physics calculation is performed on a fuel
assembly basis using reflective boundary conditions (infinite lattice calculation). The resultant
neutron spectrum is used to collapse and homogenize the cross-sections to few-group cross-sections
over the entire fuel assembly. Such a lattice physics calculation has to be performed for each fuel
assembly type in the core. In order to cover all possible core conditions numerous sets of cross-
sections for each fuel assembly type at various values of thermal-hydraulic parameters (such as fuel
temperature, moderator temperature, moderator density, etc.), control feedback parameters (rodded,
unrodded compositions) as well as exposure should be generated. The generation of such a cross-
section set is achieved by performing numerous base depletion and ‘branch’ lattice calculations. At
the end of this step all cross-section values are tabulated in a huge parameterized cross-section
library. The second step in the process is to utilize this cross-section library by using different
methods in order to analyse the reactor core. Traditionally, in the second step, a few-group diffusion
theory is used for performing reactor core calculations. This approach is proven to be quite

satisfactory for the current LWR cases (lvanov, 2007a).

Group collapsing and
spatial Core Model
homogenisation

Cross Section
Representation

Figure 4.1-1: Scheme of the LWR neutronic core calculation path

The basis of the methodology, outlined above, is a crude simplification by the assumption of an
infinite lattice neglecting the impact of the ambient conditions. Therefore, much better way to
calculate homogenized cross-sections would be embedding the lattice solution in the core solution
in order to use the exact environment conditions in the core. This adds the cost of repeated transport
calculations every time a core simulation is performed (Kosaka, 2000). Ad-hoc approaches such as
the utilization of Assembly Discontinuity Factors (ADFs) are efficient techniques to correct for

environmental approximations (Smith, 1986).
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Macroscopic cross section, X expresses the probability of neutron interaction in a macroscopic
chunk of material (Duderstadt, 1976). In a lattice physics calculation, a few-group macroscopic

cross section is calculated by

i geaG
_ Z§EN Vl Zg Zg,i(;bg,i
G — i €G
Z;EN Vi Zg ¢g,i

, Eq. 4.1-1
where X, ; is an effective macroscopic cross section, and ¢, ; a neutron flux of a fine group g in a
sub-region i with a volume V; (Sato, 2010).

In a PWR case, the data specifications necessary for such a lattice physics calculation are as

follows.

Lattice geometry, GEOM

S

Number density in a fuel region, N,

Moderator density, p,

o o

Fuel temperature, T;

@

Moderator temperature, T,

f. Boron concentration, cg

To obtain an effective macroscopic cross section for each region, which is necessary for a spatial

neutron flux calculation, a resonance calculation is performed.

The effective macroscopic cross section of fuel region X, - is calculated based on a resonance
calculation of each nuclide, and it depends on lattice geometry, number density of fuel region, fuel

temperature and moderator density. Thus, the dependency of X, to the fuel assembly

specifications can be expressed as,

29 = fi(GEOM; Ny Ty pry) Eq. 4.1-2

Moderator density and boron concentration affect the effective macroscopic cross section of

moderator region X, ,,. Furthermore, the moderator temperature influences the thermal scattering

data of hydrogen, so the dependency of X ,,, to the calculation specifications can be expressed as,

Zgm = f2(Pm; Tmicr). Eq. 4.1-3
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By using the above effective macroscopic cross section, a heterogeneous assembly transport

calculation is performed to obtain a spatial neutron flux ¢, ;. Thus, the neutron flux depends on the
calculation geometry and the effective macroscopic cross section. The dependency of ¢, ; from the

calculation specifications is expressed as follows.
(nbg,f = f3 (GEOM: z:‘g,f:' z:g,m) . Eq 4.1-4
Pgm = fo(GEOM;2, 1550 m) Eq. 4.1-5

As shown by Eqg. 4.1-1, a few group macroscopic cross sections for a core model are generated by
collapsing and homogenizing the effective macroscopic cross sections with spatial neutron flux. So,
the dependency of a few-group macroscopic cross-section X, to the fuel assembly specifications

can be expressed as follows.

X = fs(GEOM; 2y 5 g0 ) = fo(GEOM; 2y £5 Zg s b3 Dgm) - Eq. 4.1-6

By substituting the Eq. 4.1-4 and Eq. 4.1-5 into Eq. 4.1-6 the dependency of X can be rewritten as,

56 = f; (GEOM; 2,53 3 i f3(GEOM; 2 13 % 1 ); fu(GEOM; 4,13 5 1))

Eq. 4.1-7
= fo(GEOM; 2, ;%5 1) -

By substituting Eq. 4.1-2 and Eq. 4.1-3 into Eq. 4.1-7, the dependency of X can be rewritten as,

I = fo (GEOM: fi(GEOM; Nf; Ty 5 pm), f2(Pmi Tm o ))

Eq. 4.1-8
= fio(GEOM; N5; Tf 5 pm; Trns €5 ) -
The number density of fuel region Ny can be expressed as
N = fi; (Ng, ; Bu) . Eq. 4.1-9
where N is an initial fuel composition and Bu is an assembly burn-up.
By substituting the Eg. 4.1-9 into Eq. 4.1-8, the dependency of Z can be rewritten as
2¢ = fi2(GEOM; Ny ; Bu; Cy; Ty 5 prmi T ) - Eq. 4.1-10
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Although the seven physical terms of Eq. 4.1-10 correspond to the parameters in the lattice physics

calculation, assuming the typical state in core calculation, GEOM, N, and Bu for each assembly is

uniquely specified. Otherwise, T, pm, Ty, and cg depend on core calculation conditions.

The two groups of parameters above, on which the cross-sections greatly depend are so called
instantaneous parameters and history parameters. Most of the instantaneous parameters are the local
thermal-hydraulic parameters: moderator temperature and density, fuel temperature, and boron
(Mtiller, 2007). Branch-off calculations are performed with a lattice code for all of the possible

combinations of the instantaneous parameters.

The history dependence is a burn-up dependence and the history parameters include exposure,
control history, and spectral history. History parameters are introduced in order to capture the

impact of previous changes in the reactor on the current reactor state (Dufek, 2011a).

The control history in a PWR is often treated as a burnable poison history but this is a
simplification. Control rod history is usually neglected as the control rods are rarely used during the
fuel cycle of electric power generating units but it is not exactly the case in nuclear propulsion
installations. Furthermore, control rod history is not known at the stage of core design and can only

be accounted for in an on-line core monitoring application or post-event analysis.

Another factor often neglected is the migration of a fuel assembly throughout the core in successive
fuel loads, e.g. ‘in-in-out’ strategy applied in a pursuit of more uniform power distribution and
better fuel economy. This simplification is a trade-off between some loss of accuracy and quite
significant reduction in complexity, man-power and computer resources necessary to take into
account detailed spectral history. The price of this simplification will be discussed in the following

chapters of this work.

As a conclusion, there are usually several independent parameters that may influence a few-group
neutron cross-sections, both instantaneous and history parameters. At the end of the process, all
cross-sections are tabulated in a multi-dimensional parameterized table. The table is built on a finite

set of samples taken at regular or irregular intervals for each parameter.

There are traditionally two ways for recovering few-group cross section — approximation and

interpolation.
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Approximation is done via standard regression (Dufek, 2011b), step-wise regression (Zimin, 2005)
and via quasi-regression (Bokov, 2007). All of these approaches can be implemented on arbitrary
samples (Bokov, 2007).

The simplest form of interpolation is a table representation of the samples with a rule for
interpolating with low-order functions between them (Watson, 2002), (Fujita, 2010). This method is
simple to implement, to reconstruct from and the library is easily readable and interpretable, since it
contains the explicit cross section values calculated at particular value of independent parameter

with a rule for interpolation.

A refined method is multi-linear interpolation on a sparse grid. The sparse grid method is based on
Smolyak’s construction. This construction is a special way of combining tensor products of one-
dimensional linear functionals (e.g. interpolants, quadratures, etc.) with the objective of optimizing
their convergence rate for certain classes of functions. Multi-dimensional discretization meshes,
resulting from this process, are called sparse grids (Botes, 2011). Higher-order polynomials could
be used (Dufek, 2011b), or trigonometric functions, or a mixture of different basis functions in
different directions (Guimaraes, 2009), or interpolation with higher order Lagrange polynomials and

quasi-regression with higher-order Legendre polynomials (Bokov, 2012).

If the difference between the neutron spectrum in the true environment and in the infinite medium is
relevant, these averaged values do not permit to represent true reaction rates. For example, the error
induced is not negligible with neighbouring assemblies with different compositions. So, there are
methods determining a homogenization correction to multi-group cross sections, corresponding to
the difference between a realistic neighbourhood environment, asymmetric and non-uniform, and

infinite medium spectrum, (Dall’Osso, 2010).
4.2 Cross-section generation and modelling

Cross-section modelling methodology employed in this work (Georgieva, 2014) is a further
development of the methodology outlined in (Watson, 2002) and (lvanov, 2007a). The HELIOS-1.9
lattice code (HELIOS Methods, 2003) is used to calculate cross-section data tables.

HELIOS-1.9 is based on ENDF/B-VI evaluated neutron data library. IAPWS Industrial Formulation
1997 for the thermodynamic properties of water and steam is employed for calculation of coolant

properties.

A summary of the cross-section modelling methodology is presented in Figure 4.2-1.
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At the first step, various HELIOS models for fuel assemblies and reflectors are developed

accounting for geometry and material composition.

Second, a complete set of cross-section data is generated. Cross-section data are tabulated per
multiple instantaneous parameters, depletion points, and spectral history points. All of these
parameters are assumed to be the same for all the cross-section sub-sets, both fuel assemblies and
reflectors.

Third, a cycle-specific cross-section library is generated by linear interpolation over the whole set
of cross-section data according to exposure and moderator temperature history values of interest.

Fourth, block data files are produced and uploaded into a real-time simulation environment, and
new simulator initial condition is created.

N
e Perform HELIOS calculations

STEP D )
e Generate a complete set of cross-section data.

STEP 2)
e Generate cycle-specific cross-section library.

STEP (3)
e Upload block data files and create new simulator

STEP @ initial condition. )

Figure 4.2-1: Flowchart of cross-section generation and modelling methodology

Such an approach for cross-section generation and modelling, as outlined above, was developed and
tested several years ago at the Pennsylvania State University (Ivanov, 2007a). This approach has
been further developed in this work for the purpose of a cycle-specific real-time simulation of a
light-water reactor with a hexagonal fuel assembly core. Currently, there are few examples of

VVER full-scope simulators equipped with a cycle-specific reactor core model.
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4.2.1 Geometry and material composition

Fuel assembly types present in the reactor core are most often distinguished by a variation in pin
fuel composition (fuel enrichment, burnable poison, etc.). Each fuel assembly type is represented as
a single fuel assembly in an infinite lattice physics HELIOS calculation. There are two HELIOS
base input models per fuel assembly type: one handling a fuel assembly without control rods,
another for a fuel assembly with control rods inserted.

Three reflector models are used: bottom, top and radial. Two-group reflector cross-sections are
generated by performing a two-dimensional colour-set lattice physics transport calculations,
including the next fuel region. Hence, the feedback of fuel temperature on the reflector region is
modelled. The value of the fuel temperature is taken from the neighbouring fuel region for both
axial and radial reflectors (Ivanov, 2006). This is a very simple approach, because a single fuel
composition is used for each of the reflector models. Such kind of model is used at present in order

to minimize time consuming lattice physics calculations.

Fuel assembly geometry and material composition data, as well as data for reactor vessel internals,
relevant to the Kozloduy 6 examples are given in some detail in Appendix A. Modelling

assumptions used for the calculations are presented, too.

4.2.2 Instantaneous modelling

The instantaneous dependence model of the cross-sections is based on four thermal-hydraulic
variables: fuel temperature, moderator temperature, moderator density and boron (boric acid)
concentration. These variables are the feedback parameters, calculated by RELAP5-HD™., A linear

interpolation over four-dimensional look-up tables is used.

For the purpose of a full-scope replica control room simulator an extremely wide range of all the
four feedback parameters is necessary. The scope of simulation shall cover the whole range of plant
operation modes ranging from cold shutdown (depressurized) to rated power, as well as deviations
from normal operating modes and even beyond-design basis accidents (ANSI/ANS-3.5-20009,
2009). Ranges of fuel and moderator temperature shall be consistent with ranges of parameters of

properties of water and steam and other material properties used.

The expected scope is covered by the selection of an adequate range of the independent variables

(i.e. feedback parameters), as follows.
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300 + 3100 K for fuel temperature;

o o

300 + 1500 K for moderator (coolant) temperature;

o

0.1 + 1000 kg/m® for moderator (coolant) density;

o

5 +2933.33 ppm boron concentration (0.029 + 16.8 g/kg boric acid) in the primary coolant.

An important consideration is how to cover the above mentioned range with number of points in
order to find a reasonable compromise between library size and accuracy of the interpolation.
Taking into account manpower and computer resources available, the selection is to use a 300-point

template for the four-dimensional macroscopic cross-section look-up tables, as follows.

5 points for (node-average) fuel temperature;

I

5 points for (node-average) moderator (coolant) temperature;

o

6 points for (node-average) moderator (coolant) density;

o

2 points for boron (boric acid) concentration.
Values for each of the four feedback parameters are shown in Table 4.2-1.

Table 4.2-1: Range of values of the feedback parameters and reference values for spectral
history used for generation of cross-section library tables

Instantaneous modelling History modelling
Parameter - -
interpolation values reference value
Fuel temperature, K 300 — 800 — 1200 — 2700 — 3100 1000
Moderator temperature, K 300 — 600 — 900 — 1200 — 1500 577.15
Moderator density, kg/m? 0.1 -100 - 300 - 600 — 800 — 1000 718.85
Boron concentration, ppm 5-2933.33 800

4.2.3 Burn-up and spectral history modelling

The cross-section tables generated by lattice calculations contain a full set of cross-section data for
each type of fuel assembly. One unrodded and two rodded (Boron Carbide and Dysprosium-
Titanium) compositions are accounted for. Cross-section data are tabulated per multiple depletion
points and per multiple spectral history points. As an example, a set of 32 non-equidistant depletion
points and burn-up up to 75 MWd/kgU are common, as well as one (core average) or three (inlet,

average and outlet) moderator temperature points.

The cycle-specific cross-section library is designed for ten axial layers containing fission material
(Figure 3.1-1 and Figure 4.2-2). Single layer is used for bottom, top and radial reflectors. Exposure

for each node is usually obtained from BIPR-7A load design calculations. This is a simple way to
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create an initial condition for a selected fuel cycle and core effective full-power days. The initial
condition is benchmarked with the data from Kozloduy 6 ICMS and from BIPR-7A calculations.

There are three options for moderator temperature history models studied.

a. core-average coolant temperature;

b. a linear interpolation between three moderator temperature points - one point corresponding
to the highest (outlet) temperature, one point for the core-average coolant temperature, and
the final point representing the lowest temperature (inlet);

c. alinear interpolation based on prescribed three-dimensional node-by-node coolant

temperature distribution.

The use of core-average coolant temperature is a simple approach, which is the least expensive in
terms of manpower and computer resources necessary for lattice calculations. The two other models
with increased complexity produce a noticeable effect on axial power distribution within the core but
the results are not always consistent when compared with the axial profile reconstructed by Kozloduy
6 ICMS on the basis of rhodium self-powered neutron detector readings. Possible explanation for
the lack of improvement is the fact that ever the last model (item c’) is not comprehensive enough
to reflect spectrum variations throughout core life. A further investigation is necessary in order to
justify the potential improvement, if any against the necessary effort. The basic, single temperature

approach is employed for the present methodology.
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4.2.4 Assembly discontinuity factors

ADFs quantify the ratio between the homogenized nodal flux solution and the actual heterogeneous
transport solution at the boundary of the node/assembly. The simplified 2D ADFs are calculated
with HELIOS-1.9 and are treated as the rest of the cross-sections with instantaneous dependencies
and spectral history. ADFs are implicitly incorporated into cross-sections (i.e. by dividing the cross-
section value by the ADF value for each energy group).

4.2.5 Four-dimensional look-up tables

The macroscopic cross-sections are tabulated in four-dimensional look-up tables: diffusion
coefficient, 1/(32,); total absorption, X,; fission, X; neutron production (nu-fission), vX; and

scattering (fast to thermal), 2.

A standard linear interpolation in four-dimensional tables is used. The advantage of using a linear
interpolation scheme is that it is fast. The disadvantage is a loss in accuracy when linear
interpolation is used due to the non-linearity of the cross-section behaviour. The error is dependent
on the non-linearity of cross-sections with respect to the different feedback parameters and the

distance between tabulated points.
4.2.6 Other parameters
There are parameters tabulated per each fuel composition and exposure only, as follows.

a. Two-group Xe and Sm microscopic cross sections, equilibrium number densities and yields
(0xe; Nxe,co} Vxe; Gsm; Nom,oo; ¥sm), and neutron fluxes (¢);
b. Two-group energy per fission (x), and inverse neutron velocity (1/v);

c. Six-group precursors’ parameters (delayed neutron fractions, £; and decay constants, 1).
4.2.7 Handling of cross-section tables

While the library generation is a process, performed independently and optimized to cover
(hopefully) a wide spectrum of cycle-specific libraries, the process of extraction of values of
macroscopic cross-sections from look-up tables for kinetic calculations is performed at each time
step (e.g. 10 times per second) for each spatial node according to the local thermal-hydraulic

feedback. The computer resources necessary for cross-section determination are of the same
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magnitude as the resources consumed by Kinetics calculations. This is another important

consideration for real-time calculations.

A reactor core is designed for symmetry and this feature is used in handling of cross-section tables.
If the symmetric exposure of fuel compositions is preserved, a description of one-sixth of the
hexagonal core is sufficient. The assumption of circumferential symmetry is used only to optimize
data storage and handling. In the case of asymmetric core, however, another set of data is loaded
into desired sector using the same one-sixth format. The same procedure can be performed several
times for different sectors, if necessary.

4.2.8 Accuracy of cross-section representation

Large intervals between interpolation points present in Table 4.2-1 cause much concern particularly
about non-linear effects of moderator density and moderator temperature on cross-section values
(Ivanov, 2007a). Interpolation over such a large interval causes an error with a magnitude of couple
of per cent. A review of steady-state and transient results presented in Chapter 5 and Chapter 6
naturally points to an increase of deviations in local core parameters with increase of intervals
between interpolation points. Situation is not dramatic because errors remain within allowable
margins. An on-going project aims to find a technique for better accuracy of cross-section
reconstruction without too extravagant increase of computer resources necessary. A technique for
multi-parameter interpolation of few-group neutron cross-sections on sparse grids proposed by Prof.
Pavel M. Bokov and Danni€ll Botes (NECSA, The South African Nuclear Energy Corporation SOC
Ltd.) is under investigation (Bokov, 2012), (Botes, 2011). At this stage it can be said the necessary
algorithms are incorporated into simulation software for testing. Work in progress is the
development and testing of higher-order polynomial representations with improved accuracy on

large parameter ranges.

4.3 Cycle-specific cross-section update procedure

The cross sections library tables are prepared as block data files with specific format for one-sixth
of the core. There are three block data files: one for unrodded fuel compositions (283, including

reflectors); and two for rodded fuel compositions (110 each).
Flowchart of the cycle-specific cross-section update procedure is shown in Figure 4.3-1.

The core model is in a steady-state mode. Time-dependent terms in the diffusion equations are

cancelled and equilibrium Xenon-lodine and Promethium-Samarium concentrations are used.
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Simulation of some plant control systems is disabled in order to avoid additional complications

from control rod movement or other automatic actuation functions. A snapshot is recorded.

In the case of asymmetric fuel loading pattern, a further set of block data files is loaded and data
stored in the desired sector. A snapshot is recorded and process returns back to the first step. This
cycle can be repeated for as many data sets as necessary.

The next step is to obtain K¢ and/or define the critical boron (boric acid) concentration (Kes = 1).
This step is usually performed at rated power state of the reference unit; optionally hot or cold zero
power conditions can be selected for testing of the models. The radial power distribution (Fyy) and
the critical boron (boric acid) concentration values are compared with ICMS data and BIPR-7A
calculations. The acceptance criteria used (Table 4.3-1) are the same as applied to deviations
between licensing calculation (BIPR-7A) and Kozloduy 6 ICMS (Kozloduy 6 TechSpec, 2006). As
much as simulator fidelity requirements put emphasis on information displayed in front of a plant
control room operator, simulator customer is concerned about deviations between simulation and
ICMS records.

The calculated critical boron (boric acid) concentration has to be used to initialize the RELAP5-
HD™ and other hydraulic system models (primary coolant system, primary coolant make-up and
blowdown tanks and pipes, etc.). Then NEM is switched to a transient mode. After about 5 minutes,
when reactor power is settled to a steady-state value, the simulation could be switched to the full

configuration.

Final examination of boron (boric acid) concentration, power distribution and control rod worth are

performed against data from reference plant transients or BIPR-7A calculations.

The final step is to update the simulator ICMS data base. Data from Kozloduy 6 ICMS archive are
used, if applicable. Otherwise, ICMS configuration files have to be developed from scratch for

simulation of core loads without analogue in history of the reference plant.
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@ Upload block data files into a real-time simulation environment.

A4

@ Switch the NEM core model in a steady-state mode.

NS

@ Set plant control systems.

a. Disable control rod movement. | b. Disable some time-dependent automatic actuation functions.

NS

@ Perform eigenvalue calculation or defining the critical boric acid concentration at rated
power state.

NS

@ Check boric acid concentration and power distribution.

If acceptance criteria are not met, correct and go to point 4.

A4

@ Initialize the RELAP5-HD™ and primary coolant system, primary coolant make-up and
blowdown tanks and pipes, etc. with the calculated critical boric acid concentration.

A4

@ Switch the NEM core model in a transient model.

NS

Switch the simulation to the full configuration.

A4

@ Check boric acid concentration, power distribution and control rod worth.

If acceptance criteria are not met, correct and go to point 2.

A4

Update the simulator ICMS data base.

A4

@ Simulator is ready for use.

Figure 4.3-1: Flowchart of the cycle-specific cross-section update procedure
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Table 4.3-1: Margin of deviations between licensing calculation and ICMS readings

Parameter Criteria

L . + 0.3 g/kg
Boric acid concentration (at the start of the fuel cycle) (< 50 ppm boron)
Length of the fuel cycle, EFPD +3 %
Worth of control rod bank used for power control (usually control rod +20 %
bank Bank No. 10) °
Power of FA located in central part of the core +5%
Power of FA located in core periphery +10 %
Power of FA with burn-up more than 30 MWd/kgU located in core

. . +15%
periphery (low leakage core design)
Maximum local (three-dimensional) power peaking factor +10 %

4.4 Conclusion

An account of the simplifications introduced in the methodology of macroscopic cross-section

generation presented in this chapter is given as follows.

a. The methodology of cross-section generation is based on a two-dimensional infinite lattice
calculation with HEL1OS-1.9 (ENDF/B-VI evaluated neutron data library; |APWS-IF 97 for
the thermodynamic properties of water and steam). Impact of ambient conditions is
neglected.

b. The two-dimensional model of a large heterogeneous object (a fuel assembly) uses the best
available data for geometry and material composition. A large step in both radial and axial
direction is used. Because of the large step in axial direction some details, e.g. spacer grids,
are ‘dissolved’ into the coolant. Also, as much as the outer diameter of the instrument tube
is larger than the axis-to-axis distance between fuel pins, the tube is shrunk to fit inside the
cell while volume and mass of material is preserved.

c. Itis not necessary to postulate symmetry in the model. As a rule, however, the symmetry of
the object as designed is exploited further for simplification of the model and small
irregularities are neglected.

d. The two-dimensional model of a reflector node introduces simplifications similar to these
listed in previous points. Small construction details are lumped into material compositions
divided in a small number of layers. One and the same approach is used for all the reflector
nodes.

e. Series of infinite lattice calculations is performed over a wide range of independent
variables. Necessarily, the wide range for each of the independent variables is split into few

intervals.
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f.  Burn-up calculation is performed with constant values of the history parameters and a set of
homogenized macroscopic cross-sections is produced.

g. Homogenization is performed for two energy groups over a large heterogeneous object, a
fuel assembly. Two dimensional ADF is generated by the same infinite calculation as a ratio
between homogenized nodal flux solution at the boundary of the node (fuel assembly) and
the heterogeneous transport solution at the boundary of the node (fuel assembly).

h. At the end, a large library is created containing entries for all the objects with geometry and
material composition with all the macroscopic cross-sections tabulated per value of
independent variable and per burn-up step.

i. Exposure from a load design calculations is used in the process of creation of a cycle-
specific library at desired effective full-power days. There are simplifications involved in
the calculation of this exposure. The exposure is averaged over a large node and used to
create a cycle-specific library by linear interpolation of macroscopic cross-section values for
a selected material composition between burn-up points.

J. A linear interpolation is used over a large interval between interpolation points in four-

dimensional tables for macroscopic cross-section reconstruction.

A review of steady-state and transient results presented in Chapter 5 and Chapter 6 naturally points
to an increase of deviations in local core parameters with increase of intervals between interpolation

points. Situation is not dramatic because errors remain within allowable margins.

The macroscopic cross-section modelling methodology described in this chapter is used to produce
the cycle-specific cross-section library for the participants of the Kalinin 3 Coolant Transient
Benchmark (Pasichnyk, 2014). The same set of HELIOS models and cross-section data is used to
develop the a version of this library in a form, compatible with the Kozloduy 6 simulator, as

described in Chapter 6.
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5. Kozloduy 6 simulations

Simulations presented here illustrate a full-scope plant model. No boundary conditions are used
except grid voltage and frequency, condenser cooling water temperature and atmosphere pressure
and temperature. Small sets of simulation results are selected with a focus of core model
performance.

5.1 Rated power example

Loading pattern of the 17th fuel cycle (2011/12) of Kozloduy 6 is shown in Figure 5.1-1. There are
5 different types of TVSA fuel assemblies used.

No 1/6 Core Map Number
X.XX % Enrichment %

00 ACEI@Control Rod Bank Numbe

1 2 3 a4 5 6 7
3.53% 3.98% 4.30% 3.98% 430 % 430 % 3.98%
10 3 3 2 @ 2 2 4

Figure 5.1-1: 17" fuel cycle pattern of the Kozloduy 6 — an one-sixth symmetry representation
with FA type, enrichment and year in the core
An example of simulated rated power conditions throughout the 17" fuel cycle is shown in Figure
5.1-2, Figure 5.1-6 and Figure 5.1-10. The acceptance criteria used are the same as applied for
monitoring deviations between licensing calculation (BIPR-7A) and Kozloduy 6 ICMS (Kozloduy
6 TechSpec, 2006). Deviations in comparison with Kozloduy 6 ICMS records and BIPR-7A
calculations are fairly consistent and remain within acceptance limits throughout the core life, as

shown in Table 5.1-1. Deviations are calculated as follows.
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Deviation ,% = (ny, Simulation — ny, ICMS) X 100. Eq.5.1-1

Deviation, % = (ny, Simulation — ny, BIPR—7A) X 100. Eq. 5.1-2

This particular form of Eqg. 5.1-1 and Eq. 5.1-2 corresponds to the approach used at the plant.
Because only high values of F,, cause much concern, normalization to unity is chosen as more

conservative.

As much as simulator fidelity requirements put emphasis on information displayed in front of a
plant control room operator, simulator customer is concerned about deviations between simulation
and ICMS records.

Table 5.1-1: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and plant data
(ICMS) — Brief statistics of deviations in assembly power at the BOC, MOC and EOC

Core i o RMS Deviation
. Maximum Deviation
Life whole core | FA with SPND
EFPD % FA (position) % FA (position) % %
5.82 | -6.50 103 (06-17) | +4.46 31 (12-29) 2.18 2.18
160.72 | -4.73 103 (06-17) | +4.27 159 (01-26) 2.17 2.57
300.58 | -3.68 50 (10-19) | +5.52 160 (01-28) 2.20 2.18

Comparison between simulation and Kozloduy 6 ICMS at the start of the 17" fuel cycle (Figure
5.1-3) indicates pronounced tilt in ICMS data — negative deviations in upper left part of the core and
positive deviations in lower right part — while simulation results are fairly symmetric. The effect

cannot be observed later during the fuel cycle (Figure 5.1-7 and Figure 5.1-11).

At the start of the fuel cycle (Figure 5.1-3) there are very small deviations in the central part, while
larger absolute value deviations are later more uniformly distributed between the central part and

the periphery of the core.
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17 19 21 23 25 27 29 31 33 35 37 39 41
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01
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149
0.356
02 0.355
0.349
139 140 @ 141 142 @ 143 @O 144 145 ® 146 147 ® 148
03 0.953 1.283 1.174 1.002 0.985 0.987 1.005 1.172 1.265 0.948
0.995 1.315 1.195 1.025 1.005 1.005 1.025 1.185 1.295 0.985
0.931 1.233 1.173 1.056 1.037 1.036 1.056 1.173 1.234 0.931
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04 1.036 1.229 1.006 1.275 1.263 1.139 1.262 1.273 1.001 1.215 1.038
1.065 1.245 1.025 1.275 1.305 1.125 1.295 1.285 1.015 1.235 1.045
1.006 1.240 1.056 1.290 1.288 1.118 1.287 1.290 1.056 1.240 1.006
116 4(@\ m 120 @ 121 122 123 @© 124 \4®\ 4®\ 127
05 1.039 0.962 0.988 1.263 1.136 0.827 0.833 1.135 1.262 0.985 0.961 1.035
1.075 0.975 1.005 1.305 1.145 0.815 0.835 1.135 1.275 0.995 0.955 1.045
1.006 0.998 1.036 1.287 1.153 0.814 0.813 1.153 1.288 1.037 0.998 1.006
103 104 105 D 106 107 108 109 110 111 112 113 @ 114 115
06 0.950 1.217 0.986 1.139 0.833 0.909 1.188 0.909 0.827 1.138 0.987 1.228 0.951
1.015 1.275 1.015 1.125 0.815 0.925 1.195 0.925 0.815 1.115 0.995 1.235 0.985
0.931 1.240 1.037 1.118 0.813 0.902 1.130 0.902 0.814 1.118 1.036 1.240 0.931
89 90 ® 91 @ 92 93 94 95 96 97 98 99 100 (® 101 @ 102
07 0.356 1.267 1.003 1.264 0.827 1.188 0.837 0.837 1.187 0.833 1.262 1.005 1.282 0.356
0.355 1.325 1.025 1.285 0.815 1.185 0.825 0.825 1.185 0.805 1.275 1.015 1.295 0.345
1.056 1.288 0.814 1.130 0.821 0.821 1.130 0.813 1.287 1.056 1.233 0.349

26 27 28 @ /:u©\ 35 36
12 1.039 1.216 1.002 1.006 1.229 1.036
1.055 1.235 1.005 0.995 1.205 1.025
1.006 1.240 1.056 1.056 1.240 1.006
16 17 ® 23 224 @ 25
13 0.949 1.267 1.174 1.283 0.953
1.285 1.155 1.265 0.965
1.173 1.233 0.931
14 Legend
1) FA Number
s 2) CR Bank Number

3) F,, Simulation
4) F,,ICMS
5) F, BIPR-7A

Figure 5.1-2: 17" fuel cycle of Kozloduy 6 — Comparison between simulation, plant data (ICMS)
and core design calculation (BIPR-7A) — Assembly-wise power peaking factors at 5.82 EFPD
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Figure 5.1-3: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and plant data
(ICMS) — Deviation in assembly-wise power peaking factor [%] at 5.82 EFPD (magnitude of
deviation is proportional to bubble diameter; coloured — positive, transparent — negative)
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Kozloduy 6 simulations

15 16 17 18 19 20 2
|

122 23 24 25 26 27 28 29 30 3
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142 43
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Figure 5.1-4: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and core design
calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 5.82 EFPD
(magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent —

negative)
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Figure 5.1-5: 17" fuel cycle of Kozloduy 6 — Comparison between plant data (ICMS) and core
design calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 5.82
EFPD (magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent
— negative)
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103 104 105 D 106 107 108 109 110 111 112 113 @ 114 115
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0.395 1.345 0.985 1.175 0.815 1.315 0.925 0.925 1.315 0.825 1.185 0.985 1.335 0.395
0.381 1.245 1.020 1.215 0.848 1.258 0.943 0.943 1.258 0.847 1.214 1.019 1.245 0.381
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16 17 ®
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13 1.325
14 Legend
1) FA Number
s 2) CR Bank Number

3) F,, Simulation
4) F,,ICMS
5) F, BIPR-7A

Figure 5.1-6: 17" fuel cycle of Kozloduy 6 — Comparison between simulation, plant data (ICMS)
and core design calculation (BIPR-7A) — Assembly-wise power peaking factors at 160.72 EFPD
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Figure 5.1-7: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and plant data
(ICMS) — Deviation in assembly-wise power peaking factor [%] at 160.72 EFPD (magnitude of
deviation is proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 5.1-8: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and core design

calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 160.72 EFPD

(magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent —
negative)
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Figure 5.1-9: 17" fuel cycle of Kozloduy 6 — Comparison between plant data (ICMS) and core
design calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 160.72
EFPD (magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent
— negative)
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Figure 5.1-10: 17" fuel cycle of Kozloduy 6 — Comparison between simulation, plant data (ICMS)
and core design calculation (BIPR-7A) — Assembly-wise power peaking factors at 300.58 EFPD
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Figure 5.1-11: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and plant data
(ICMS) — Deviation in assembly-wise power peaking factor [%] at 300.82 EFPD (magnitude of
deviation is proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 5.1-12: 17" fuel cycle of Kozloduy 6 — Comparison between simulation and core design

calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 300.82 EFPD

(magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent —
negative)
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Figure 5.1-13: 17" fuel cycle of Kozloduy 6 — Comparison between plant data (ICMS) and core
design calculation (BIPR-7A) — Deviation in assembly-wise power peaking factor [%] at 300.82
EFPD (magnitude of deviation is proportional to bubble diameter; coloured — positive, transparent
— negative)
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Significant part of both the RMS error value and the maximum deviation observed is, most
probably, an asymmetric effect caused by a different loop coolant temperatures and flow rates.
Review of history of Kozloduy 6 ICMS records show a combination of high loop coolant flow and
high coolant AT in loop No. 4 and low loop coolant flow and low loop coolant AT in loop No. 1.
Estimated thermal power of loop No. 1 is about 1.9 + 3.2 % below average and estimated thermal
power of loop No. 4 is about 1.6 +~ 2.9 % above average. For comparison, thermal power of loop
No. 2 is about 0.6 % below average and for loop No. 3 is 0.9 + 1.1 % above average. Unfortunately,
there is no reliable data about history of error in measured loop coolant temperatures (accuracy of
+0.5 °C is required by plant specification).

Comparisons between simulation and BIPR-7A calculations show positive deviations in the
outermost orbit of the core and negative deviations in the middle orbit throughout the fuel cycle
(Figure 5.1-4, Figure 5.1-8 and Figure 5.1-12). At the start of the 17th fuel cycle there is large
positive deviation in the third orbit which diminishes towards the middle of the cycle. Throughout
the fuel cycle comparison between simulation and BIPR-7A calculations show positive deviations
in the central part, negative deviations in the middle orbits and positive deviations in the outermost
orbit.

Comparison between BIPR-7A and ICMS (reconstruction based on BIPR-5) show similar trend
(Figure 5.1-5, Figure 5.1-9 and Figure 5.1-13). Interestingly, BIPR-7A results for all the fresh fuel
assemblies in the outermost layer show significant deviations in comparison with both simulation
(NEM core model) and ICMS throughout the fuel cycle. The deviations are much smaller for the
fuel assemblies at the edges in the outermost orbit but with high burn-up (4™ year in the core).
Unfortunately, the author does not have detailed information concerning radial reflector model used
in BIPR-7A or ICMS.

RMS deviation over the whole core between simulation and Kozloduy 6 ICMS, as illustrated for
17" fuel cycle, rated power, is smaller (about 2.2 % throughout) than the RMS deviation between
BIPR-7A calculations and ICMS (3.5; 4.6; 2.9 % respectively).
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5.2 Transient example

An operational transient of inadvertent closure of a MSIV and switching off MCP No. 4 of
Kozloduy 6 (Operational Event Report, 12 February 2013) is used to illustrate the accuracy of

simulation provided by the core model, as described in Section 3.

At the start of the transient, 14:03:22 on 9 February 2013, Kozloduy 6 is operated at rated power,
3026.1 MW(t) at 109.8 EFPD. Control Rod Bank No. 10 position is 85.8 % (above the lower limit

switch). Generator power is 1025.1 MW(e). Description of the transient is presented in Table 5.2-1.

Table 5.2-1: Time history of the Kozloduy 6 transient of inadvertent MSIV closure and

switching off MCP

Time ..
Event description
S hh:mm:ss P
. A spurious signal causes opening of a MSIV pilot valve. Steam-actuated MSIV
0 14:03:22 . ;
on a steam line of Steam Generator No 4 is forced to close.
. An interlock trips MCP No 4 in order to prevent overheating of the affected
1 14:03:23
steam generator.
Trip of 1 (out of 4) MCPs causes automatic reactor power decrease and shifts
setpoints of reactor protection system channels down to 67 %. Control rod bank
3 14:03:25 | No 10 insertion starts. Main steam pressure is decreasing and Turbine Governor
starts to close turbine control valves in order to maintain main steam pressure
(constant pressure mode).
4 14:03:26 MSIV is closed within four seconds. Decreasing core coolant flow causes
o primary pressure to increase.
10 14:03:32 Steam pressure in the affected steam generator reaches setpoint for atmospheric
R steam dump. Atmospheric Dump Valve (ADV) starts to open.
. ADV reaches 67.4 % position. Primary pressure starts to decrease following
23 14:03:45 . .
decrease of reactor power caused by control rod insertion.
. About this time circulation in affected loop No 4 is reversed, although MCP
28 14:03:50 o
shaft speed is still above 400 rpm.
36 14:03:58 | ADV is closed.
38 14:04:00 | Pressurizer heaters on (Bank No 2).
79 14:04:41 | MCP No 4 coast down complete.
- 5 - -
199 14:05:24 Control Rod Bank No 10 is down to 20 %. Control Rod Bank No 9 insertion
started.
Reactor power below 67 % (ex-core detectors). Control Rod Bank No 10
position is 15 %. Control Rod Bank No 9 position is 95 %. Reactor power
129 14:05:31 | controller is on, mode N (power). Primary pressure reaches lowest point and
then starts to increase. Main steam pressure is increasing slowly towards
nominal value.

The loading pattern of the 18th fuel cycle (2012/13) of Kozloduy 6 is shown in Figure 5.2-1. There

are 4 different types of TVSA fuel assemblies used.
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No 1/6 Core Map Number
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Figure 5.2-1: 18" fuel cycle pattern of the Kozloduy 6 — an one-sixth symmetry representation
with FA type, enrichment and year in the core
The core thermal power (ex-core detectors, power range) and Control Rod Bank Nos. 9 and 10
positions are shown in Figure 5.2-2. At the end of the transient, Control Rod Bank No. 10 position
is 15.34 % (above the lower limit switch), the same position as recorded by ICMS. Control Rod
Bank No. 9 position in the simulation is 94.89 % (above the lower limit switch), just one step off
the ICMS record, 95.45 %. There is a very small deviation in the core power according to ex-core
detectors, too. Core thermal power estimated by Kozloduy 6 ICMS is 2.4 % lower in comparison

with the simulation.

Agreement between simulation and ICMS records concerning reactor coolant system power, control

rod movements and ex-core detector readings is very good.
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Figure 5.2-2: Power excursion (ex-core detectors, power range, linear) and Control Rod Bank Nos.
9 and 10 positions. Plant data are shown with symbols (YCOON_NIK ex-core detectors, average;
SZ9A_A position of control rod bank No. 9; SZ10A_A position of control rod bank No. 10).
Simulation data are shown with lines (N(RD2) ch 4, ch 5 and ch 6 — power, ex-core detectors,
power range, linear, set 2; (9) 14-29 position of control rod 14-29, bank No. 9; (10) 08-35 position
of control rod 08-35, bank No. 10)

Assembly-wise power peaking factor distribution at the start of the transient is shown in Figure

5.2-3. Magnitude of deviations is plotted on Figure 5.2-4. Deviation is calculated as follows.

Deviation,% = (Fyy, simutation — Fxy, 1cms) X 100 Eq. 5.2-1

Assembly-wise power peaking factor distribution at the end of the transient is shown in Figure
5.2-5, as well as magnitude of corresponding deviations in Figure 5.2-6. There are no BIPR-7A data

available for comparison with the transient simulation.

Maximum amplitude deviations and RMS are summarized in Table 5.2-2.

72



Kozloduy 6 simulations

Table 5.2-2: Kozloduy 6 MSIV closure and switching off MCP transient — Comparison
between simulation and plant data (ICMS) — Brief statistics of deviations in assembly power
at the start and the end of the transient

. . o RMS Deviation
Time Maximum Deviation
whole core FA with SPND
S % FA (position) % FA (position) % %
0| -5.01 49 (10-17) | +6.28 4 (15-30) 2.10 2.05
300 | -7.09 49 (10-17) | +8.35 85 (08-35) 3.05 2.65

Note: Core life at the time of transient is 109.8 EFPD.

Although agreement in the power of fuel assemblies is quite good across the whole core, there is a
significant deviation in the fuel assemblies with Control Rod Banks Nos. 9 and 10 (Figure 5.2-6).
Deviation in core thermal power, mentioned above, is not sufficient to provide explanation for the
deviation of 8.35 % (0.7345 vs 0.651) in FA No. 85 (08-35, bank No. 10). There is a pronounced
deviation in assemblies with Control Rod Bank No. 9, too. Obviously, the simulation overestimates
the power of fuel assemblies with control rods inserted as is the case with Control Rod Bank No.
10, +7.8 % (average). It was -2.92 % (average) at the start of the transient with Control Rod Bank
No. 10 at 85.8 % (above the lower limit switch). In the case of Control Rod Bank No. 9, which is
inserted just about 10 cm into the core, overestimation is +3.75 % (average). It was +2.4 %

(average) at the start of the transient with Control Rod Bank No. 9 at the upper end switch.

Looking further into Kozloduy 6 ICMS data for fuel assemblies with Control Rod Bank No. 9 at the
end of the transient, a very large variation in fuel assembly power can be seen on Figure 5.2-5,
ranging from 1.224 in FA No. 153 to 1.298 in FA No. 38. Variation in ICMS data of such
magnitude within a symmetry group of fuel assemblies is not unusual for a transient of switching
off 1-out-of-4 MCPs in various VVER-1000 units (Tereshonok, 2008). This kind of variation
clearly corresponds with the variation of recorded loop cold leg coolant temperatures, ranging from
283.6 °C in loop 1, to 285.1 °C in loop 2 and 285.5 °C in loop 3 at the end of the transient.
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Figure 5.2-3: Kozloduy 6 MSIV closure and switching off MCP transient — Comparison between
simulation and plant data (ICMS) — Assembly-wise power peaking factor at the start of the
transient
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Figure 5.2-4: Kozloduy 6 MSIV closure and switching off MCP transient — Comparison between
simulation and plant data (ICMS) — Deviation in assembly-wise power peaking factor [%] at the
start of the transient (magnitude of deviation is proportional to bubble diameter; coloured —
positive, transparent — negative)
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Figure 5.2-5: Kozloduy 6 MSIV closure and switching off MCP transient — Comparison between
simulation and plant data (ICMS) — Assembly-wise power peaking factor at the end of the
transient

76



Kozloduy 6 simulations

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
0 : : : : : : | | | | | | | |

1 ottt ) - S Q) - @ - @

Lo o@oT @O e
2o 0l0 0 OO F e
of 000000000

14 —+---- I TR S S AL A R ) SRR N S S TR Y S R VIR S R A i

i B o e o

16

Figure 5.2-6: Kozloduy 6 MSIV closure and switching off MCP transient — Comparison between
simulation and plant data (ICMS) — Deviation in assembly-wise power peaking factor [%] at the
start of the transient (magnitude of deviation is proportional to bubble diameter; coloured —
positive, transparent — negative)
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There are no SPNDs in fuel assemblies with control rods (Figure 3.4-2). For assemblies without
SPND, ICMS provides an estimation of power distribution using readings from nearby detectors
and a shape function calculated by BIPR-5. The author can see three effects as possible contributing

factors for the substantial deviations in some fuel assemblies at the end of the transient.

a. In comparison with simulation (NEM), ICMS (BIPR-5) predicts very strong effect on fuel
assembly with control rod inserted and smaller influence on nearby fuel assemblies. The
method of solving the diffusion equation in hexagonal geometry in the NEM code can be
prone to inaccuracies in case of strong neutron flux gradients in the vicinity of nodes with
rodded compositions (lvanov, 2006). The deviations in the neighbour fuel assemblies are,
however, not large. Furthermore, it will be discussed in Chapter 6, the same control rod

model applied to a similar transient does not produce such a large deviations.

b. The model of absorber rods used for ICMS power reconstruction (at the time of transient in
February 2013) does not take into account different material composition in the lower part
of the absorber rods (Dy,O3- TiO, instead of B4C). Such a simplification in ICMS, however,

can explain only part of the deviation.

c. Difference in coolant temperature distribution at the inlet of fuel assemblies estimated in the
simulation and the Kozloduy 6 ICMS, as much as this is the most probable explanation for

the asymmetry observed.

Evolution of the axial power profile (normalized for rated power conditions, whole core) is shown
in Figure 5.2-7. Agreement between simulation and ICMS concerning axial power profile is quite
good too with a slight underprediction in the middle and more pronounced humps below and above
centre of the core. Worth of Control Rod Bank No. 10 in simulation is in excellent agreement with
records (Figure 5.2-2). There is no indication that axial shape of power distribution in the core is a
reason for the deviations described above. At present time, the exact cause of significant deviation
observed in the power of fuel assemblies with Control Rod Banks Nos. 9 and 10 at the end of the

transient remains undetermined.

There is a reason to discuss some peculiarities of Kozloduy 6 ICMS power reconstruction during
the transient. ICMS data concerning ex-core detectors (ion chambers), primary and secondary

thermal balance are plotted on Figure 5.2-8.
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Figure 5.2-7: Axial power profiles (normalized for rated power conditions, whole core) at 0 s (left),
70 s (middle) and 300 s (right). Data from Kozloduy 6 ICMS are shown with symbols (7-layer
power reconstruction)
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Figure 5.2-8: Kozloduy 6 ICMS thermal power estimation during the transient. Plant data are
shown with symbols (YCN_A reactor coolant system thermal power, weighed estimation;
YCOON_NIK power, ex-core detectors, average; YAN_S power, primary loop thermal balance;
YBN_S power, SG secondary side thermal balance). Simulation data are shown with thick lines
(Core Power, NEM; Power (1-2) rate of heat transfer through SG tube bundles, RELAP5-HD)
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Simulated core thermal power and rate of heat transfer through steam generator tube bundles are
included in Figure 5.2-8 just for illustration of dynamic response of plant instrumentation.
Spreading of values of reactor coolant system thermal power estimated by primary or secondary
thermal balance is worth mentioning. Estimated thermal power is used to calculate coolant and fuel
temperature and in this way is essential for cross-section reconstruction in the ICMS core model. At
the end, thermal power estimated by different methods, as well as three-dimensional power
distribution in the core is essential for the accuracy of the ICMS power reconstruction. Power
estimation by secondary heat balance data, as shown on Figure 5.2-8, is based on feedwater flow.
However, due to peculiarities of steam generator dynamics during this kind of transient, feedwater
flow is not equal to the steam flow. The difference is caused by a significant decrease in void
fraction in steam generator tube bundle during power run-down. Discussion of this effect continues
in Section 6.4.6.

5.3 Conclusion

The core model performance is evaluated on the basis of comparison between simulation results,
core design calculations and plant records. The main parameters used for the comparison are
assembly-wise power peaking factors. In general, deviations between simulation, core design
calculations (BIPR-7A) and plant data (ICMS) remain within the margin of error. Special emphasis
is placed on substantial deviations (albeit within the margin of error) in rodded fuel assemblies at
the end of the presented Kozloduy 6 transient. At present time there is no definitive explanation for

the root cause of these deviations.

The core model for VVER-1000 simulator application (Chapter 3) complete with cross-section
libraries, tools and procedures for cycle-specific core update (Chapter 4) is used by the Kozloduy
NPP personnel from the spring of 2012 with consistently good results. Many more steady-state and
transient simulations were performed during rigorous acceptance tests or periodic functional tests of
the simulator and the simulator is in routine operation monitored by experienced plant staff. The
core model meets all current simulator fidelity requirements. An illustration of steady-state and
transient simulation results is given in this Chapter. There is no way to compare this model with the

old one as much as the old model had no capability to provide cycle-specific simulation.

80



Kalinin 3 Coolant Transient benchmark

6. Kalinin 3 Coolant Transient benchmark

Several benchmarks have been designed in order to verify and validate the capability of the coupled
thermal-hydraulic and neutron kinetics code systems to analyse complex transients with significant
neutronic / thermal-hydraulic interactions for different types of reactors.

The Nuclear Energy Agency (NEA) of the Organization for Economic Cooperation and
Development (OECD) has completed a two-part VVER-1000 Coolant Transient Benchmark
(V1000CT-1 and V1000CT-2; 2002 through 2007) for evaluation of coupled codes by simulation of
plant transients at Kozloduy NPP unit 6.

A continuation of the above activities is defined as a coupled code benchmark problem for
validation of thermal-hydraulics system codes for application to VVVER-1000 reactors based on
actual plant data from Kalinin 3 (Tereshonok, 2009). The transient of ‘Switching-off of One of the
Four Operating Main Circulation Pumps at Nominal Reactor Power’ is performed at an asymmetric

core condition with a range of parameter changes.

6.1 Cross-section generation and modelling

Cross-section modelling methodology is outlined in Section 4.2. The HELIOS-1.9 lattice code is

used to calculate cross-section data tables.

6.1.1 Geometry and material composition

The loading pattern of the Kalinin 3 reactor core after 96 EFPD is shown in Figure 6.1-1. The fuel
cycle is described as ‘1 bis’ or ‘2’ in various sources. There are five different ‘alternative’ fuel

assembly (TVSA) types and one ‘standard’ fuel assembly (TVS-M) type used.

Control rods re-distributed between banks according to Kalinin 3 arrangement are shown in Figure
6.1-2.

The geometry and material composition data are presented in detail in Appendix D.
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Figure 6.1-1: 1 bis fuel cycle pattern of the Kalinin 3 — an one-sixth symmetry representation with
FA type, enrichment and year in the core
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Figure 6.1-2: Map of Kalinin 3 control rod and in-core instrumentation locations. There are three
types of in-core instrumentation assemblies used: (N) SPND array with 7 axial positions; (T)
coolant thermocouple above the active part of the fuel assembly; (NT) SPND array with coolant

thermocouple, combined
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6.1.2 Instantaneous modelling

The expected scope is covered by a range of the independent variables (i.e. feedback parameters)

according to Kalinin 3 Coolant Transient benchmark specification, as follows.

540 + 1700 K for fuel temperature, 4 points.

I

540 + 600 K for moderator (coolant) temperature, 4 points.

o

660 + 790 kg/m® for moderator (coolant) density, 4 points.

o

630 ppm boron concentration (3.6 g/kg boric acid) in the primary coolant (presumed

constant).

Current version of the VVER-1000 core model is designed to use larger four-dimensional look-up
tables. Additional points outside of the expected range are added in order to use a 300-point
template for the four-dimensional macroscopic cross-section look-up tables (as described in Section
4.2.2).

Values for each of the four feedback parameters are shown in Table 6.1-1.

Table 6.1-1: Range of values of the feedback parameters and reference values for spectral
history used for generation of Kalinin 3 cross-section library tables

Instantaneous modelling History modelling
Parameter . . -
interpolation values reference value
Fuel temperature, K 540 — 900 — 1300 — 1700 — 2300 850
Moderator temperature, K 540 - 560 — 580 — 600 — 620 577.15
Moderator density, kg/m? 660 — 700 — 740 — 790 — 830 — 890 718.85
Boron concentration, ppm 5.0 —2933.33 630

* Note: Values in Italic are points added outside of the range of the Kalinin 3 Coolant Transient benchmark specification
(Tereshonok, 2009).

6.1.3 Burn-up and spectral history modelling

The cycle-specific cross-section library is designed for ten axial layers containing fission material.
Exposure for each node is obtained from BIPR-8 results (Core Design Calculations, 2013) provided
by Kurchatov Institute (available for benchmark participants but not included in published

specification).

At the time when design of the cross-section library was established, it was decided to develop
library with two sets of data. Set 2 makes use of exposure calculation results provided for the sector

with a replacement fuel assembly No 97 (07-32), sector 4 in the notation used here. Set 1 uses
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average exposure over 5 out of 6 sixty degree core sectors (1, 2, 3, 5 and 6). Each set contains 283
unrodded compositions, 110 rodded compositions for Boron Carbide absorber part control rods, and
110 rodded compositions for Dysprosium-Titanium absorber part of control rods. Average exposure
per fuel assembly is shown in Table 6.1-2. The RMS deviation of assembly exposure over 6 and 12
core sectors is shown in Figure 6.1-3 and Figure 6.1-4, respectively. A comparison between sector-
averaged exposures used in the cross-section library and BIPR-8 data is presented in Figure 6.1-5.
Worst case deviation is +1.52 % in FA No. 110 (06-31). The deviation is well within below error in
estimated fuel assembly exposure. Results shown in Section 6.3 do not indicate any significant
effect caused by this simplification.
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Table 6.1-2: Average exposure per fuel assembly in one-sixth core used in Kalinin 3 cross-
section library

Assembly Assembly Type Exposure, Exposure,
index j 235 } MWwWd/kgU MWwd/kgU
(in one-sixth) Enrichment “°U, % | Number of Gd pins (set 1) (set 2)
1 2.98 — 5.82 5.82
2 1.3 — 4.41 4.36
3 2.98 9 6.69 6.60
4 2.2 — 6.19 6.14
5 1.3 — 4.57 4.54
6 2.2 — 6.08 6.06
7 2.98 9 5.54 5.52
8 2.2]1.6 — 6.01 1.25
9 1.3 — 471 4.62
10 2.98 9 6.49 6.43
11 1.3 — 4.62 4.60
12 2.2 — 5.99 5.97
13 3.9 6 4.35 4.34
14 1.3 — 4,72 4.62
15 2.2 — 5.81 5.74
16 1.3 — 4.60 4.57
17 2.98 9 6.72 6.69
18 3.9 — 5.35 5.34
19 2.98 9 6.50 6.43
20 1.3 — 4.61 4.57
21 2.2 — 6.20 6.18
22 3.9 9 5.59 5.57
23 1.3 — 4.63 4.60
24 2.98 9 6.72 6.69
25 3.9 9 5.60 5.57
26 2.2 — 5.99 5.97
27 3.9 9 5.36 5.34
28 3.9 6 4.36 4.34
29 Reflector — — —
Sector-average exposure: 5.50 5.29
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Figure 6.1-3: RMS error distribution [%] of assembly exposure for each of the 6 sixty-degree core
sectors. Error in sector 4 is zero because cross-section set 2 fits exactly this sector. Worst case is
sector 5 with RMS deviation of 0.52 %
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Figure 6.1-4: RMS error distribution [%] of assembly exposure for each of the 12 thirty-degree core
sectors. Error in sector 7 is zero because cross-section set 2 covers whole sector. Worst case is
sector 9 with RMS deviation of 0.56 %
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Figure 6.1-5: Comparison (cross-section library vs BIPR-8) of the sector-average exposure
[MWad/kgU] in 12 thirty-degree core sectors
6.1.4 Assembly discontinuity factors
ADFs are preserved the same as described in Section 4.2.4.
6.1.5 Four-dimensional tables
The four-dimensional look-up tables are preserved the same as described in Section 4.2.5.

6.1.6 Other parameters

The parameters tabulated per each fuel composition and exposure only are preserved the same as
described in Section 4.2.6.

Two-group Xe and Sm microscopic cross sections, equilibrium number densities and yields (oy,;
Nye oo Yxes Osmi Nsmoo: Vsm), and neutron fluxes (¢) are included into cross-section library but
these parameters are not required in Kalinin 3 Coolant Transient benchmark specification
(Tereshonok, 2009).
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6.1.7 Handling of cross-section tables

A reactor core is designed for symmetry and this feature is used in handling of cross-section tables.
If the symmetric exposure of fuel compositions is preserved, description of one-sixth of the
hexagonal core is enough. The assumption of symmetry is used only to optimize data storage and
handling. In the case of Kalinin 3 asymmetric core, another set of data is provided to be loaded into
desired sector using the same format (Figure 6.1-6).

Concerning current version of the VVER-1000 core model, the cross-section library tables are
prepared as block data files with specific format for one-sixth of the core. There are two sets with
three block data files each: one for unrodded fuel compositions (283, including reflectors); and for
two rodded (110 each) fuel compositions. These are uploaded to the simulation environment as any
other block data file. In the case of asymmetric fuel loading pattern, a further set of block data files
is loaded in the desired sector.
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6.2 Transient description

At the start of the transient, 20:30:02 on 2 October 2005, Kalinin 3 is operated at 2965 MW(t) at
128.5 EFPD. Control Rod Bank No. 10 position is 82.95 % (above the lower end switch). Transient
is described in Table 6.2-1 (Tereshonok, 2009).

Table 6.2-1: Time history of the Kalinin 3 transient

Time
S hh:mm:ss
0| 20:30:02 | A manual trip of MCP #1 from the main control room.

Trip of 1 (out of 4) MCPs causes automatic reactor power downturn and shifts
set-points of reactor protection system channels down to 67 %. Control rod
bank No 10 insertion starts. Reactor power controller stand-by, switch-over
from mode T (constant steam pressure) to mode N (constant core power).

Control Rod Bank No 10 is down to 50 % above lower limit switch. Control
Rod Bank No 9 insertion started.

Reactor power below 67.2 % (ex-core detectors). Control Rod Bank No 10
position is 43.4 % (70 steps below position at the start of the transient). Control
71| 20:31:23 | Rod Bank No 9 position is 93.1 %. Reactor power controller is on, mode N
(constant core power). Primary pressure reaches lowest point and then starts to
increase. Main steam pressure is increasing slowly towards nominal value.

180 | 20:33:02 | Manual extraction of Control Rod Bank No 9 (one step per second).

Event description

1| 20:30:03

60 | 20:31:02

6.3 Simulation results and discussion

Simulation presented here illustrates a full-scope plant model. No boundary conditions are used
except grid voltage and frequency, condenser cooling water temperature and atmosphere pressure

and temperature. A set of simulation results is selected with a focus of core model performance.

The core thermal power (ex-core detectors, power range) and Control Rod Bank Nos. 9 and 10
positions are shown in Figure 6.3-1. Axial offset is shown in Figure 6.3-2. These two figures
provide an overall picture of the transient. The maximum in axial power profile is shifted towards

the bottom of the core due to the insertion of Control Rod Bank Nos. 9 and 10.
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Figure 6.3-1: Power excursion (ex-core detectors, power range, linear) and Control Rod Bank Nos.
9 and 10 positions. Plant data are shown with symbols (31YCS00FX005AXQ2 ex-core detector 2;
31YCSO00FX005BXQ2 ex-core detector 12; 33YCSO0FX006 AXQ2 ex-core detector 7;
30YVSO00FG013XQO01 position of control rod 14-25, bank No. 9; 30YVS00FG009XQO01 position
of control rod 10-23, bank No. 10). Simulation data are shown with lines (N OR2 (linear) ch 1, ch 2
and ch 3 — ex-core detectors, power range, linear, set 1; CR 12-29 (10) control rod 12-29, bank No.
10; CR 08-29 (9) control rod 08-29, bank No. 9)
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Figure 6.3-2: Axial offset. Data recorded by Kalinin 3 ICMS are shown with symbols
(30YQROOFU005XQO01 axial offset of SPND; 30YQRO0FU901XQO01 axial offset of the
reconstructed 3D power distribution). Simulation data are shown with a tick line
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Results of the simulation are illustrated with five sets of data: start of the transient, 0 s; 45 s; 90 s;
150 s; end of the transient, 300 s.

Assembly power distribution at the start of the transient is shown in Figure 6.3-3. Deviation is
calculated as follows.

Deviation ,% = (F,,Simulation — F,,ICMS) x 100 Eq. 6.3-1

Magnitude and radial distribution of deviations at the start of the transient is plotted on Figure

6.3-4. Summary of deviations in assembly power during the transient are presented in Table 6.3-1.

Table 6.3-1: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Brief statistics of deviations in assembly power during the transient

. . . RMS Deviation
Time, Maximum Deviation
whole core FA with SPND
S % FA (position) % FA (position) % %

0| -3.77 134 (04-31) | +2.51 95 (07-28) 1.36 1.71

45| -4.01 134 (04-31) | +2.69 81 (08-27) 1.32 1.78

90 | -4.47 30 (12-27) | +3.72 150 (02-23) 1.70 2.01

150 | -4.62 27 (12-21) | +3.74 150 (02-23) 1.76 2.04

300 | -4.19 30 (12-27) | +3.61 150 (02-23) 1.66 2.00

At the start of the transient, simulation slightly overestimates power of fuel assemblies in the central
part of the core and underestimates power of fuel assemblies in the middle orbits in comparison
with Kalinin 3 ICMS records. At the start of the transient all the deviations in assembly-wise power

peaking factors remain within measurement error margin.

Assembly-wise power peaking factor distribution at 45 s is shown in Figure 6.3-5. Magnitude and

radial distribution of deviations at 45 s is plotted on Figure 6.3-6.

At 45 s after the start of the transient there is still no significant change in the distribution of
assembly-wise power peaking factors, as well as in the deviations between simulation and ICMS

records.
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Figure 6.3-3: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Assembly-wise power peaking factors at the start of the transient
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Figure 6.3-4: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Deviation in assembly-wise power peaking factors [%] at the start of the transient (magnitude of
deviation is proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 6.3-5: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Assembly-wise power peaking factors at 45 s
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Figure 6.3-6: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Deviation in assembly-wise power peaking factors [%] at 45 s (magnitude of deviation is
proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 6.3-7: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Assembly-wise power peaking factors at 90 s
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Figure 6.3-8: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Deviation in assembly-wise power peaking factors [%] at 90 s (magnitude of deviation is
proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 6.3-9: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Assembly-wise power peaking factors 150 s
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Figure 6.3-10: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —

Deviation in assembly-wise power peaking factors [%] at 150 s (magnitude of deviation is
proportional to bubble diameter; coloured — positive, transparent — negative)
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Figure 6.3-11: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
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Figure 6.3-12: Kalinin 3 transient — Comparison between simulation and plant data (ICMS) —
Deviation in assembly-wise power peaking factors [%)] at the end of the transient (magnitude of
deviation is proportional to bubble diameter; coloured — positive, transparent — negative)
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Assembly-wise power peaking factor distribution at 90 s is shown in Figure 6.3-7. Magnitude and
radial distribution of deviations at 90 s is plotted on Figure 6.3-8. At 90 s after the start of the
transient more significant changes in the distribution of assembly-wise power peaking factors are
present, as well as some increase of deviations between simulation and ICMS records. There is a

change in distribution of deviations, too.

Assembly-wise power peaking factor distribution at 150 s is shown in Figure 6.3-9. Magnitude and
radial distribution of deviations at 150 s is plotted on Figure 6.3-10. The parameters show little

change from the condition at 90 s.

Assembly-wise power peaking factor distribution at the end of the transient is shown in Figure
6.3-11. Magnitude and radial distribution of deviations at the end of the transient is plotted on
Figure 6.3-12. Again, the parameters show little change from the condition at 90 s and 150 s,

although towards the end of the power excursion deviations decrease slightly.

Evolution of simulated sector-average power distribution in 12 thirty-degree core sectors is plotted
on Figure 6.3-13. Data from Kalinin 3 ICMS are given for comparison in Figure 6.3-14. These two
figures provide an explanation for the distribution of deviations shown in Figure 6.3-8, Figure
6.3-10 and Figure 6.3-12. In the simulation, the hydraulic characteristics of the two neighbour loops
No. 1 and No. 4 are quite similar. Kalinin 3 records in Figure 6.3-14 indicate something different.
When coolant flow loop No. 4 replaces coolant from loop No. 1 power in sectors Nos. 11 decreases,
and this decrease is compensated by a strong increase in sector No. 2. Variations in cold leg coolant

temperature between loops Nos. 1 and 4 cause this effect.

Evolution of RMS deviation of assembly-wise power peaking factor for each of the 12 thirty-degree
core sectors is shown in Figure 6.3-15. This figure can be compared with Figure 6.1-4. There is no

correlation between errors in assembly exposure and in assembly-wise power peaking factors.
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Figure 6.3-13: Kalinin 3 transient — Evolution of sector-average power distribution in 12 thirty-
degree core sectors — Simulation data
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Figure 6.3-14: Kalinin 3 transient — Evolution of sector-average power distribution in 12 thirty-
degree core sectors — Kalinin 3 ICMS
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Figure 6.3-15: RMS deviation [%] of assembly power for each of the 12 thirty-degree core sectors

Evolution of the axial power profile for FA with largest deviations in assembly-wise power peaking
factor — Nos. 27, 30, 81, 96 (neighbour with FA No 95), 134 and 150 — is shown in Figure 6.3-16,
Figure 6.3-17, Figure 6.3-18, Figure 6.3-19, Figure 6.3-20 and Figure 6.3-21. Evolution of the axial

power profile for all fuel assemblies with SPND is shown in 0.

Peaking factor data from Kalinin 3 ICMS (30YQRO04FXnnn, where ‘nnn’ is assembly number, 001
to 163) reflect position of detector strings and are slightly different for each one. Estimated error in
axial peaking factor is about 10 %. Linear Heat Rate (LHR) data from Kalinin 3 ICMS
(30YQRO6FXnnn) are estimated in seven uniformly distributed layers positioned symmetrically
about the centre. For the purpose of comparison, LHR records are reduced to peaking factor through
reverse application of ICMS algorithm on the basis core thermal power (recorded) and clad surface.
A small error in the conversion of LHR data is introduced by variations in pin power distribution

along the fuel assembly. This error is not significant.

Axial power peaking factor results shown are very good in comparison with ICMS records
throughout the transient taking in account response time of SPND and power reconstruction

algorithms.
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Figure 6.3-16: Axial power profile for FA 27 (12-21) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX027, 30YQRO6FX027 (LHR readings
normalized to peaking factor).
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Figure 6.3-17: Axial power profile for FA 30 (12-27) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQR04FX030, 30YQRO6FX030 (LHR readings
normalized to peaking factor).
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Figure 6.3-18: Axial power profile for FA 81 (08-27) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX081, 30YQRO6FX081 (LHR readings
normalized to peaking factor).
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Figure 6.3-19: Axial power profile for FA 96 (07-30) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX096, 30YQRO6FX096 (LHR readings
normalized to peaking factor).
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Figure 6.3-20: Axial power profile for FA 134 (04-31) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX134, 30YQR0O6FX134 (LHR readings
normalized to peaking factor).
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Figure 6.3-21: Axial power profile for FA 150 (02-23) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX150, 30YQRO6FX150 (LHR readings
normalized to peaking factor).
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6.4 Lessons learnt

While Kalinin 3 benchmark specification (Tereshonok, 2009) contains very good description of the
transient, as well as record of many parameters of the unit, the document provides only superfluous
description of the reference unit. The only meaningful approach in a case when plant-specific data
are incomplete is to fill the necessary gaps with ‘generic’ data from other VVER-1000/V320 plants.
As there are always differences in the construction of individual power generating units, even if
such units belong to a one-and-the-same series, such an approach, by default, introduces deviations
which are difficult to quantify.

Kalinin 3 benchmark specification makes reference to V1000CT-1 benchmark specification
(Ilvanov, 2002) for plant description. The analysis, however, indicates important differences in plant

characteristics. There are several examples which require quantification.

6.4.1 Primary coolant flow rate

Kalinin 3 records demonstrate marked difference in coolant mass flow rate in comparison with the
Kozloduy 6 plant-specific model. While Kozloduy 6 model reproduces reasonably well the
Kozloduy 6 ICMS data, Kalinin 3 ICMS primary coolant flow estimation shows a significant
difference in loop flow rates both before and after pump switching off. As a result, Reactor Pressure
Vessel (RPV) mass flow rate for the simulation presented here is 3 % less at the start of the

transient and about 5 % less at the end (Figure 6.4-1).

The same Figure 6.4-1 illustrates another problem — there is no reliable estimation of core and loop
coolant flow rates during the transient. ICMS loop coolant flow estimation is based on two
algorithms. The first one is a second-degree polynomial approximation of flow-versus-head curve
of the MCP with pump motor on (taking into account pump suction pressure and temperature for
estimation of coolant density, as well as bus frequency for the pump motor). The second algorithm
is applicable only for reverse flow after complete pump coast-down. The first algorithm is used
until detection of MCP loss-of-power condition. Once MCP is de-energized, loop flow rate is
assumed to decrease in proportion with decrease of MCP head as long as measured loop coolant
heat-up is positive — an assumption, which is neither physically sound nor conservative. Switchover
to the reverse flow algorithm in Kalinin 3 ICMS is performed about 40 s after de-energizing of the
pump motor (for the sake of comparison, this period is about 45 s in the Kozloduy 6 ICMS, mostly
due to a difference in response time of thermo-couples used). An abrupt change in recorded value

can be seen on Figure 6.4-1. At the time of switchover, however, both algorithms are out of their
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respective application range. There is no reliable estimation of the affected loop flow rate for a
period of about 90 s after trip of the pump motor until steady reverse flow is established at zero
pump rotation speed.

Partial explanation for the deviations in F,, between present simulation and ICMS readings (Table

6.3-1) is far from perfect prediction of flow and coolant temperature in loops Nos. 1 and 4. Part of

the problem is lack of Kalinin 3 loop-specific pump characteristics.

Another part of the problem is non-uniform coolant temperature in the hot leg of the coolant loop.
Magnitude of such a non-uniformity varies along the length of the hot leg being large at the reactor
vessel nozzle and gradually decreasing towards steam generator. Also, fine-mesh CFD simulations
show change in position of hot and cold spots in coolant temperature distribution at various cross-
sections along the hot leg. Available data from various VVER-1000 units confirm significant
spreading of hot leg coolant temperature readings from sensors located at different positions in the
hot leg. Last but not least, magnitude of coolant temperature non-uniformity varies between VVER-
1000 units.

Plant-specific data at various modes of operation (ranging from cold shutdown to rated power, both
steady state and transient; operation with incomplete number of MCP; natural circulation test; etc.)
are necessary for proper adjustment of pressure loss coefficients of the whole primary coolant
system. The same applies for proper tuning of the response of simulated resistance thermometers
and thermocouples. Lack of a representative set of Kalinin 3 data prevents introduction of changes
to the present thermal hydraulics model, which is validated through an extensive set of Kozloduy 6

documents.
6.4.2 Primary pressure

Kalinin 3 records show primary pressure at the start of the transient of 15.5 MPa. Kozloduy 6
primary pressure at rated power is higher, 15.7 MPa. Measurement error margin for primary
pressure is = 0.25 MPa. The difference in plant primary pressure at rated power conditions remains
unexplained and is not accounted for in the simulation presented here because it affects function of
primary pressure controller (e.g. set-points for actuation of pressurizer spray valves and pressurizer
heaters). Luckily, the difference is not so significant and causes only small changes in coolant

density and specific heat capacity.
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6.4.3 Fuel assembly pressure loss

TVS-M type fuel assembly used at position 07-32 (No 97) differs considerably from remaining
TVSA type (alternative) fuel assemblies in the core. Generic data for fuel assembly pressure loss
coefficient (in the form of a dimensionless multiplier to the dynamic pressure at the inlet of fuel
assembly) show 12.1 for TVS-M in comparison with 11.5 for TVSA (+5.2 % difference). Simple
calculation (square root of the product of density and pressure difference) results in 2.5 % less

coolant mass flow rate through TVS-M fuel assembly.

The core model was modified with an introduction of individual fuel assembly pressure loss
coefficient (array of 163 elements; values assigned per assembly type as given above) and variation
in coolant flow is accounted for in calculation of coolant density and temperature.

6.4.4 Control Rods

Control rods bank overlap is increased from 20 % to 50 %, as is the case in Kalinin 3. Otherwise,
the Kozloduy 6 algorithm is left without change, so there is simultaneous withdrawal of banks Nos.
9 and 10. Presumed ‘Operator action’ causes extraction of CR Bank No 9 after 180 s. Not so
obvious but very important is necessary adjustment of control rod movement to the elevation of the

Kalinin 3 core.

6.4.5 K-1000-60/3000 turbine and turbine governor

Kozloduy 6 plant-specific model is based on a modified Kharkov (KhTGZ) K-1000-60/1500-2
turbine while Kalinin 3 is equipped with a K-1000-60/3000 turbine. Although both turbines and
related balance-of-plant equipment are designed for compatibility with a VVVER-1000/V320 nuclear
steam supply system there are marked differences in turbine dynamics and turbine governor

response.

One of the important differences is steam pressure at moisture separator and steam reheat.
Separator-reheater units are placed between high-pressure and low-pressure turbines. Pressure after
high-pressure turbine at rated power is about 0.55 MPa for K-1000-60/3000 turbine and about 1
MPa for K-1000-60/1500-2 turbine. The type of main-feedwater-pump turbine is selected according

to the same pressure, etc. Rotating mass of K-1000-60/1500-2 turbine is much larger.

Turbine governor response is consistent with differences in turbine design and vendor. In the case

of Kalinin 3, turbine governor reaction is within 20 s from the start of the transient (steam pressure
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decreases from 6.02 to 5.9 MPa). Main steam header (MSH) pressure returns swiftly back to normal
value in 32 s (‘swiftly’ in relative terms — by default, turbine control is designed to avoid abrupt
changes in steam pressure). MSH pressure is allowed to decrease again later (64 s). Pressure
remains low, at 5.9 MPa, for the following 2 min (about 200 s) then slowly returns back to normal
value (6 MPa at 255 s). A note about an unspecified deviation from the expected response of
secondary pressure controller is mentioned at the conclusion of transient analysis in the Kalinin 3

benchmark specification (Tereshonok, 2009).

K-1000-60/1500-2 turbine governor allows larger MSH pressure excursion at the start of the
transient (down to 5.75 MPa) and then steadily pushes MSH pressure back to normal value (about 6
MPa within 180 s). Faster secondary pressure recovery in present simulation affects cold leg

coolant temperature and causes faster recovery of primary pressure.

Lack of plant-specific turbine and turbine governor data prevents implementation of any significant
changes to the balance of plant models.

6.4.6 1CMS core power reconstruction

Although ICMS version of Kalinin 3 differs in some details from Kozloduy 6 ICMS both systems
are similar enough and the following comments are applicable to both units. Just in this particular

case there are more data recorded and available for comparison.

Core coolant inlet temperature in ICMS is assumed uniform across the whole core. It is calculated
on the basis of cold leg thermocouple and resistance thermometer readings and estimated loop flow
rate (Section 6.4.1). Transport time between position of temperature sensors in the cold legs and
core inlet and response time of sensors itself is not accounted for. This simplification is unimportant

in steady state but affects accuracy of power reconstruction during the transient.

Reactor system thermal power is a weigthed estimation through five methods. One of the five
methods — primary loop thermal balance — is based on estimated loop flow rate and coolant
temperature difference. In the case of pump coast-down, an estimation of loop flow rate (and
thermal power) on the basis of measured pump head in the affected loop is very crude (Figure
6.4-1). Furthermore, this method is prone to the same kind of errors as described in the previous

paragraph.

Two methods out of five are based on feedwater flow rate readings. On the secondary side,

measurement of feedwater flow is quite reliable but it does not reflect actual core thermal power
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during the transient. It depends upon assumption of equilibrium between steam production and
feedwater supply. Again, such an assumption is correct in steady state but there is no such

equilibrium during a significant stage of the transient.

All the five methods produce results spreading away from each other during the first two minutes of

the transient (Figure 6.4-2).

Shape functions used for power reconstruction in ICMS are calculated on the basis of core coolant
flow, inlet coolant temperature, boron, reconstructed three-dimensional coolant temperature and
density distribution, control rod position and estimated thermal power. Shape functions are updated
(re-calculated) every two to five seconds but not at exactly the same time for all nodes in the core
(163 x 16 array for high-level core model and 163 x 7 array for handling SPND readings by lower-
level algorithms). Accuracy of estimation of local power peaking factor in any part of the core in
steady state is about 10 %. Error margin for ICMS power reconstruction during the period of pump

coast down and quick load reduction increases considerably.
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Figure 6.4-1: Reactor pressure vessel coolant mass flow rate — comparison between RELAP5-HD
simulation and Kalinin 3 ICMS record. Data recorded by Kalinin 3 ICMS (signal
30YCR10FF903XQ02 in the plant data base) are shown with symbols
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Figure 6.4-2: An illustration of the magnitude of variation of Kalinin 3 reactor system thermal
power during the transient. Kalinin 3 ICMS signals are shown with symbols
(30YQROOFX001XQO01 reactor thermal power from SPND; 30Y CRO0FX001XQO01 ex-core
detectors; 30RLRO0FX903XQ03 thermal balance of steam generators secondary side;
30YAROOFX001XQO01 primary coolant loop thermal balance). Simulation data are shown with tick
lines for comparison (Core thermal power, NEM; SG primary-to-secondary, RELAP5-HD; Power
from SPND model)
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6.5 Conclusion

Another phase of validation of the Kozloduy 6 simulator core model complete with cross-section
libraries, tools and procedures for cycle-specific core update with actual plant data from Kalinin 3
(OECD/NEA Kalinin 3 Coolant Transient Benchmark) is quite successful.

Kalinin 3 transient simulation is in very good agreement with ICMS records although several
important differences between model and plant characteristics are identified and necessary generic
data filled-in.

The core model performance is evaluated on the basis of comparison between simulation results and

plant records as follows.

a. assembly-wise power peaking factors;

b. axial profiles of three-dimensional power peaking factors.

In general, deviations between simulation and ICMS records remain within the margin of error.
There is no correlation between errors in assembly exposure, introduced through a simplification in

cross-section library handling, and in assembly-wise power peaking factors.

Cause of a substantial part of the deviations observed is identified as small variations in the
characteristics of plant equipment, particularly reactor pressure vessel and coolant loops (friction
coefficients), main coolant pumps (four-quadrant homologous curves) and steam generators (heat

transfer and friction coefficients).
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7. Conclusions and future work

7.1 Conclusions

The original contribution of this PhD work is the development, implementation, and qualification
(verification and validation) of an advanced core calculation methodology for VVER-1000

simulator application.

The important novel features are as follows.

a. The two-group macroscopic cross-section modelling methodology for light-water reactors
with hexagonal fuel assemblies (lvanov, 2007a) is enhanced to cover nuclear fuel with
sintered Gadolinium Oxide-Uranium Dioxide pellets, Zirconium-alloy structural
components and absorber rods with Boron Carbide and Dysprosium-Titanium Oxide.

b. The enhanced two-group macroscopic cross-section modelling methodology is adapted for a

VVER-1000 plant-specific full-scope replica control room simulator application.

c. A real-time version of the NEM code is developed with author’s participation and
implemented on the Kozloduy 6 full-scope replica control room simulator.

d. A plant-specific reactor core model based on the real-time version of the NEM code is
developed with author’s participation to meet all the requirements applicable to a simulator
for training of nuclear power plant personnel and implemented on the Kozloduy 6 full-scope

replica control room simulator.

e. A cycle-specific cross-section update procedure is developed for and implemented on the
Kozloduy 6 full-scope replica control room simulator. The procedure is designed to meet

specific customer requirements and practices.

f. A cycle-specific two-group macroscopic cross-section library is developed by application of
the above said enhanced methodology for use by the participants of the Kalinin 3 Coolant

Transient Benchmark.

g. Adaptation of the Kozloduy 6 plant-specific reactor core model based on the real-time
version of the NEM code is developed with author’s participation for a simulation of the
Kalinin 3 Coolant Transient Benchmark problem making use of the above said Kalinin 3

cycle-specific two-group macroscopic cross-section library.

These novel features are demonstrated in through comparison with a steady-state plant specific data
from Kozloduy 6 and transient records from Kozloduy 6 and Kalinin 3 as described in Chapter 5
and Chapter 6.
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The Kalinin 3 two-group cycle-specific cross-section library have been produced and used by the
participants of the Kalinin 3 Coolant Transient Benchmark (Pasichnyk, 2014). The library has been
used with PARCS, NESTLE, DYN3D, KIKO-3D and COBAYA (Perin, 2012); (Gonzalez, 2012);
(Parisi, 2012); (Hadek, 2012); (Kereszturi, 2013); (Calleja, 2013).

7.2 Recommendations for future work

Today (2016), the Kozloduy 6 full-scope replica control room simulator is still a not so common
example of a VVER full-scope simulators equipped with a cycle-specific reactor core model. The
core model, in combination with an enhanced thermal-hydraulics, containment and Instrumentation
(1&C) models in the scope of Kozloduy 6 full-scope replica control room simulator is a high-
fidelity simulation tool, which is extensively used for operator training and various other
applications.

The simulation models of the Kozloduy 6 full-scope replica control room simulator or any other
training simulator should meet the real-time simulation requirements at first. Expansion of the
scope of simulation to a wide range of reference unit conditions corresponds with an augmentation

of simulation fidelity requirements.

Special emphasis should be put on the available measured plant data and analysis of the
measurements. Introduction of an up-to-date digital data acquisition and control systems to a power
plants being prepared for life extension and power uprate provide an opportunity for accumulation
of extensive plant history records. Availability of extensive plant data is a necessary condition for
reduction of the uncertainty in the models and can provide evidence of phenomena currently

unaccounted for.

This work could be continued with improvements of the cross-section generation methodology, as

follows.

More detailed modelling (reflectors, boundary conditions).

a

b. More precise discontinuity factors parameterization.

c. Pin power reconstruction parameters parameterization.
d

. Techniques for better cross-section representation and reconstruction.

The NEM core model for VVER-1000 simulator application should be enhanced simultaneously in
order to present the cross-section generation methodology improvements. The real-time

requirement should be accounted at each improvement effort.
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Appendix A. Definitions

Best-estimate

Computed values

Design database

Full-scope simulator

Initial condition

Performance testing

Real-time

Reference unit

Definitions

Predicted reference unit performance data derived from engineering
evaluation or operational assessment by subject matter experts for
specific conditions (ANSI/ANS-3.5-2009, 2009).

Parameters representing the state of reference unit systems or
components that the simulator mathematical models calculate
(ANSI/ANS-3.5-2009, 2009).

The design documents, performance data, records, assumptions,
simplifications, derivations, and other definable data that form the
basis of the design of the simulator hardware and software
(ANSI/ANS-3.5-2009, 2009).

A simulator incorporating replica operating consoles and panels and
detailed modelling of those systems of the reference plant with which
the operator interfaces in the actual control room environment (IAEA-
TECDOC-1500, 2006).

A set of data that represents the status of the reference unit from
which real time simulation can begin (ANSI/ANS-3.5-2009, 2009).

Testing conducted to verify a simulator’s performance as compared to
actual or predicted reference unit performance (ANSI/ANS-3.5-2009,
2009).

Simulation of dynamic performance in the same time base
relationships, sequences, durations, rates, and accelerations as the
dynamic performance of the reference unit (ANSI/ANS-3.5-2009,
2009).

The specific nuclear power plant unit, identified by a unique docket
number, from which the simulator control room configuration, system
control arrangement, and simulator design database, are derived
(IAEA-TECDOC-1500, 2006).
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Reference plant

Scenario

Simulation

Stimulation

Stimulated components

A specific nuclear power plant from which the simulator control room
configuration, system control arrangement, and dynamic operating
characteristics are derived (ANSI/ANS-3.5-2009, 2009).

Any set of simulator operations performed in accordance with a
lesson plan or guide for the purpose of familiarization, training, or
examination of operators (ANSI/ANS-3.5-2009, 2009).

A series of simulator operations or functions implemented in
accordance with a lesson plan or guide for the purpose of
familiarization, training, or examination of control room operators
(IAEA-TECDOC-1500, 2006).

Implementation of a reference plant system or subsystem by using
modelling techniques in the simulator development environment.
Simulated system performance and fidelity meets defined functional
and operating limits based upon reference plant design and
operational data (IAEA-TECDOC-1500, 2006).

Implementation of a reference plant system or subsystem using the
actual hardware and software installed in the reference plant.
Stimulated systems should either have built in support for simulator
operational modes or these capabilities should be added by a software
control layer as part of the implementation (IAEA-TECDOC-1500,
2006).

Hardware software components that are integrated with the simulator
process via simulator inputs/outputs that perform their functions
parallel to, and either independently of or synchronized with, the
simulation process (ANSI/ANS-3.5-2009, 2009).
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Appendix B. VVER-1000/V320 general description

Russian-style Pressurized Water Reactor VVER-1000/V320 is the ‘series’ type VVER-1000. The
first V320-type unit is commissioned in 1984 (Zaporozhye 1, Ukraine), only 4 years after the
prototype VVVER-1000 unit, Novovoronezh 5 (STI/PUB/1752, 2016).

Reactor thermal power is 3000 MW and generator power is 1000 MW (e).

The recent book (Andrushechko, 2010) can be used as a handy reference work for general

information concerning nuclear power plants with reactors of VVER-1000/VV320 series.
Reactor Core

VVER fuel consists of sintered Uranium Dioxide pellets. The fuel pin outer diameter (9.1 mm) is
smaller in comparison with common PWR (9.5 mm). Fuel pins are arranged in a triangle lattice
with a pitch of 12.75 mm. Thus fuel-to-water volume ratio (about 0.574) is slightly different in
comparison with PWR’s.

Fuel pins are arranged in a hexagonal fuel assembly without shroud. The assembly pitch (axis-to-
axis distance between two fuel assemblies) is 23.6 cm. The fuel assembly contains 312 fuel pins, 18

guide tubes for absorber rods and a central instrument tube.

There are 163 fuel assemblies in the VVER-1000/VV320 core. Active height of the core is 3.55 m
(hot) and the effective diameter is 3.16 m. Height-to-diameter ratio is higher than optimal from
neutronics point of view. Such a proportion is caused by a requirement for railway transport of

reactor components.

Absorber elements of are arranged in a cluster of 18. The use of half-length absorber elements was
discontinued during mid-1990s and now there is only one type of absorber element used in a
VVER-1000/V320 core. 61 control rod drives are positioned on the rector pressure vessel head and

perform both reactor power control and SCRAM functions.

Reactor Pressure Vessel

The rector pressure vessel is designed with larger height and smaller diameter in comparison with
PWR vessel. Inlet and outlet nozzles are of equal diameter and staggered vertically. These nozzles
are symmetrically arranged around the vessel and connect the vessel to the hot and cold leg of the

primary coolant loop. Vessel upper head is removable. The vessel bottom is with ellipsoidal shape.
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Steam Generators

Horizontal steam generators are typical for all the VVVER designs. The horizontal tube bundle of a
PGV-1000M steam generator consists of 11 000 steel tubes with an outer diameter of 16 mm
(specific coolant mass flow rate of 3 120 kg-m?-s™).

Nuclear Steam Supply System Main Parameters

The primary pressure is 15.7 MPa. The coolant temperature at rated power of 3000 MW (thermal) is
286 °C at the inlet and 316 °C at the outlet of the reactor vessel. Average loop coolant flow rate is
21 350 m3s™. For comparison 4-loops Westinghouse PWRs inlet and outlet temperatures are 292.4
°C and 323.4 °C and the total coolant mass flow rate is 19 114 kg-s™ (Meyer, 1997).

Steam generator secondary pressure is 6.27 MPa. Steam generators produce saturated steam (steam
quality above 99.8 %).

VVER-1000/V320 nuclear steam supply system is designed to operate at constant secondary
pressure while typical PWR operates at constant core-average coolant temperature. This causes
significant variation of core-average coolant temperature as a function of reactor power. Pressurizer

with a volume of 80 m® is necessary to absorb changes in coolant density.

Power Conversion System

All the VVER-1000/V320 units are equipped with a single turbo-generator. Various units employ
both half speed (1500 rpm, 4-cylinders) or full-speed (3000 rpm, 5-cylinder) turbine sets with a

moisture-separator and steam reheat after high-pressure turbine.

Plant Automation

As commissioned, V320 units employed comprehensive plant automation system based on a family
of standard cabinets, signal interfaces and integrated circuit boards (the UKTS/KASKAD system).
There are multiple types of analogue integrated circuit boards in the family supporting all the
variety of plant interlocks, relay circuitry, proportional-integral controllers and control room

instrument interfaces.

Another first in V320 units is the use of a digital turbine control system, ASUT-1000. The in-core
monitoring system is based on digital computers, too. A digital plant process computer is an integral

part of the V320 main control room design.
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Throughout service life, V320 units are upgraded and there are now many variations in plant
process control and monitoring systems employed.
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Appendix C. Kozloduy 6 geometry and material composition

There are five different ‘alternative’ fuel assembly (TVSA) types in the libraries used for Kozloduy
6 simulations presented in this work (Table C-1, Figure C-1).

e Radially-profiled alternative fuel assembly, average enrichment 3.53 % 2**U, 6 Gadolinium
fuel pins in the inner part of the assembly near 60° degree lines, pellet central hole of 0.14 cm.

e Alternative fuel assembly, average enrichment 3.98 % #*°U, 6 Gadolinium fuel pins in the
inner part of the assembly near 60° degree lines, pellet central hole of 0.15 cm.

e Alternative fuel assembly, average enrichment 3.98 % 2*°U, 6 Gadolinium fuel pins in the
inner part of the assembly near 60° degree lines, pellet central hole of 0.14 cm.

e Radially-profiled alternative fuel assembly, average enrichment 4.3 % **°U, 6 Gadolinium fuel
pins in the inner part of the assembly near 60° degree lines, pellet central hole of 0.15 cm.

e Radially-profiled alternative fuel assembly, average enrichment 4.3 % **°U, 6 Gadolinium fuel

pins in the inner part of the assembly near 60° degree lines, pellet central hole of 0.14 cm.

Gadolinium is used as a burnable absorber in the form of Gadolinium Oxide (Gd,03) mixed with
Uranium Oxide (UO,) in three of the ‘alternative’ fuel assembly types. The content of Gadolinium

Oxide in fuel pellets is 5% mass.

Fuel assembly types present in the reactor core are distinguished by a variation in fuel pellet
composition (fuel enrichment, burnable poison, etc.) and pellet geometry. The absorber rod contains
Dysprosium-Titanium and Boron Carbide parts. Each fuel assembly type is represented as a single
fuel assembly in an infinite lattice physics HELIOS calculation. All data of the fuel assemblies
needed for modelling purposes is summarized in Table C-2, (Andrushechko, 2010), (Kamenov,
2011), (Naev, 2011).

Two HELIOS main input models in 60° per fuel assembly type are developed: one handling an
alternative fuel assembly (Zr-alloy components) without control rods and second for an alternative

fuel assembly with control rods inserted.
The specific models of fuel assembly without control rods are as follows.

e Radially-profiled alternative fuel assembly with 6 Gadolinium fuel pins in the inner part of the
assembly near 60° degree lines (Figure C-2).

e Alternative fuel assembly with 6 Gadolinium fuel pins in the inner part of the assembly near
60° degree lines (Figure C-3).
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Two separate sets are necessary for fuel assemblies with control rods with Boron Carbide or
Dysprosium-Titanium absorber rod inserted. The specific models of fuel assembly with control rods

are as follows.

e Alternative fuel assembly with 6 Gadolinium fuel pins in the inner part of the assembly near

60° degree lines (Figure C-4).

e Radially-profiled alternative fuel assembly with 6 Gadolinium fuel pins in the inner part of the

assembly near 60° degree lines (Figure C-5).

Three reflector models are used: bottom, top and radial (Figure C-6, Figure C-7 and Figure C-8,
respectively). Different material compositions, as used in reflector models, are presented in Table
C-3, Table C-4 and Table C-5. Material compositions are assumed as mixtures of coolant (water),
void, Zirconium alloy and stainless steel 08X18N10T of the reactor baffle and barrel. The

hexagonal geometry of VVVER-1000 reactor baffle and barrel is reduced to Cartesian geometry

Table C-1: Kozloduy 6 fuel assembly types

Enrichment | Central Fuel Pin Gadolinium
2y, Hole Type 1 Type 2 Fuel Pin
Wt% cm | No. | U, wt% | No. | ?°U, wt% | No. | Gd,03, wt% | **°U, wt%
3.53 0.14 240 3.6 66 3.3 6 5.0 3.3
3.98 0.15 306 4.4 - - 6 5.0 3.6
3.98 0.14 306 4.4 - - 6 5.0 3.6
4.3 0.15 240 4.4 66 4.0 6 5.0 3.6
4.3 0.14 240 4.4 66 4.0 6 5.0 3.6
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Table C-2: Kozloduy 6 geometry and material composition data — fuel assemblies

Fuel Pins*

Fuel pins, number
Gadolinium fuel pins, number
Fuel pins, lattice

Fuel pin pitch, cm

Cladding, material

Cladding, outer diameter, cm
Cladding, inner diameter, cm
Pellet, outer diameter, cm
Pellet, central hole, cm

Pellet, material

Gadolinium pellet, central hole, cm
Gadolinium pellet, material
Gadolinium oxide in fuel pellets, wt%
Fuel density, g/lcm®
Stiffeners (angles)

Number

Material

Width, cm

Thickness, cm

Guide Tubes

Number

Material

Outer diameter, cm

Inner diameter, cm

Spacer Grids

Number

Material

Mass, kg

Central Water / Instrument Tube
Number

Material

Outer diameter, cm

Inner diameter, cm

“ Material composition is the same for all the pellets in a fuel pin.

Kozloduy 6 geometry and material composition
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312
6
Triangular
1.275
Zr-alloy 2110
0.91
0.773
0.757
0.15/0.14
uo,
0.14
U0, + Gd,0;
5.0
10.4 +10.7

6
Zr-alloy 3635
5.2
0.065

18
Zr-alloy D635
1.26
1.09

15
Zr-alloy 3110
0.55

1
Zr-alloy 9635
1.3
1.1
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Table C-3: Kozloduy 6 geometry and material composition data — bottom reflector

Layer | Thickness, mm | Total, mm Composition
1 23 23 7.0 % 08X18N10T, 58.0 % Water, 35.0 % Zirconium
2 12 35 33.0 % 08X18N10T, 57.0 % Water, 10.0 % Zirconium
3 201 236 33.0 % 08X18N10T, 67.0 % Water, 0.0 % Zirconium

Table C-4: Kozloduy 6 geometry and material composition data — radial reflector

Layer | Thickness, mm | Total, mm Composition
1 160 160 65.04 % 08X18N10T, 34.96 % Water
2 25 162.5 Water
3 65 227.5 08X18N10T
4 8.5 236 Water

Table C-5: Kozloduy 6 geometry and material composition data — top reflector

Composition

10.3386 % 08X18N10T, 47.8021 % Water,
12.689 % Zirconium, 29.1703 % Void

1.1067 % 08X18N10T, 57.034 % Water,
12.689 % Zirconium, 29.1703 % Void

10.3386 % 08X18N10T, 47.8021 % Water,
12.689 % Zirconium, 29.1703 % Void

Layer | Thickness, mm | Total, mm
1 20 20
2 195 215
3 15 230
4 6 236

1.1067 % 08X18N10T, 57.034 % Water,
12.689 % Zirconium, 29.1703 % Void
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Figure C-1: Three-dimensional scheme of the TVSA type fuel assembly and fuel pin (Kamenov,
2011)
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Figure C-2: TVSA model (one-sixth) with 6 Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX440 — UOy; Void —Void; E635 — Zr-
alloy 9635; Water11 — Water; UOX360G — UQO,+Gd,03)
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Figure C-3: Radially-profiled TVSA model (one-sixth) with 6 Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX330 — UO»; Void —Void; UOX360 —
UO2; E635 — Zr-alloy 3635; Waterl 1 — Water; UOX330G — UO,+Gd,05)
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Figure C-4: TVSA model (one-sixth) with 6 Gadolinium fuel pins — rodded
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX440 — UOy; Void —Void; E635 — Zr-
alloy 9635; Water11 — Water; Steel06 — 06X18H10T; B4C/Dy,03°TiO, — B4C or Dy,03TiO>;
UOX360G — UO,+Gd,03)
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Figure C-5: Radially-profiled TVSA model (one-sixth) with 6 Gadolinium fuel pins — rodded
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX330 — UO3; Void —Void; E635 — Zr-
alloy 9635; UOX360 — UO,; Waterl1 — Water; Steel06 — 06X18H10T; B4C/Dy,03°TiO; —

B4C or Dy,03°Ti0;; UOX330G — U02+Gd203)
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Figure C-6: Bottom reflector model
(WaterAveWzr — Water; CoClad — Zr-alloy 3110; UOX440 — UO2; Void —Void; E635 — Zr-
alloy 9635; Waterl1 — Water; Mix311 — 33.0 % 08X18N10T, 67.0 % Water; Mix111 — 7.0 %
08X18N10T, 58.0 % Water, 35.0 % Zr; Mix211 — 33.0 % 08X18N10T, 57.0 % Water, 10.0 % Zr)
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Figure C-7: Radial reflector model
(WaterAveWzr — Water; CoClad — Zr-alloy 3110; UOX440 — UO2; Void —Void; E635 — Zr-
alloy D635; WaterAve — Water; Waterl1 — Water; Mix11 — 65.04 % 08X18N10T, 34.96 %
Water; Steel08 — 08X 18N10T)
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Figure C-8: Top reflector model
(WaterAveWzr — Water; CoClad — Zr-alloy 3110; UOX440 — UO2; Void —Void; E635 — Zr-
alloy 2635; WaterAve — Water; Waterl1 — Water; Mix211 — 1.1067 % 08X18N10T, 57.034 %
Water, 12.689 % Zr, 29.1703 % Void; Mix111 —10.3386 % 08X18N10T, 47.8021 % Water,
12.689 % Zr, 29.1703 % Void)
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Appendix D. Kalinin 3 geometry and material composition

There are five different ‘alternative’ fuel assembly (TVSA) types and one ‘standard’ fuel assembly
(TVS-M) type used, Table D-1 (Tereshonok, 2009).

e Alternative fuel assembly, enrichment 1.3 % %°U.

e Alternative fuel assembly, enrichment 2.2 % 2°U.

e Alternative fuel assembly, average enrichment 2.98 % “*U with 9 Gadolinium fuel pins in the
inner part of the assembly.

e Radially-profiled alternative fuel assembly, average enrichment 3.9 % 2*U with 9 Gadolinium
fuel pins in assembly periphery.

e Radially-profiled alternative fuel assembly, average enrichment 3.9 % “**U with 6 Gadolinium
fuel pins in assembly periphery near 60° degree lines.

e Standard fuel assembly, enrichment 1.6 % **°U.

Gadolinium is used as a burnable absorber in the form of Gadolinium Oxide (Gd,O3) mixed with
Uranium Oxide (UO,) in three of the ‘alternative’ fuel assembly types. The content of Gadolinium

Oxide in fuel pellets is 5% mass.

Fuel assembly types present in the reactor core are distinguished by a variation in fuel pellet
composition (fuel enrichment, burnable poison, etc.) and material composition of structural
components (Zr-alloy or stainless steel). The absorber rod contains Dysprosium-Titanium and
Boron Carbide parts. Each fuel assembly type is represented as a single fuel assembly in an infinite
lattice physics HELIOS calculation. All data of the fuel assemblies needed for modelling purposes
is summarized in Table D-2. These data are not available in the benchmark specification so they are
collected from other sources, (Andrushechko, 2010), (Lavrenyuk, 2008), (Molchanov, 2009),
(Molchanov, 2007), (Molchanov, 2005), (Molchanov, 2003), (Samoilov, 2013). Material
compositions of Zr-alloy or stainless steel used could be found in the reference books. Presence of

isotopes of Hf, Nb, Zr, Fe, Sn etc. is important for evaluation of cross sections.

Four HELIOS main input models in 60° per fuel assembly type are developed: one handling an
alternative fuel assembly (Zr-alloy components) without control rods; second for an alternative fuel
assembly with control rods inserted; third for a standard fuel assembly (stainless steel components);

and forth for a standard fuel assembly with control rods inserted.
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Two HELIOS main input models in 120° symmetry per fuel assembly type are developed: one
handling an alternative fuel assembly (9 Gadolinium fuel pins) without control rods; second for an
alternative fuel assembly (9 Gadolinium fuel pins) with absorber rods inserted.

The specific models of fuel assembly without control rods are as follows.

e Alternative fuel assembly, enrichment 1.3 % 2*U (Figure D-1).

e Alternative fuel assembly, enrichment 2.2 % 2**U (Figure D-1).

e Radially-profiled alternative fuel assembly, average enriched 3.9 % #*°U with 6 Gadolinium
fuel pins in assembly periphery (Figure D-2).

e Alternative fuel assembly, average enrichment 2.98 % 2*U with 9 Gadolinium fuel pins in
inner part of the assembly (Figure D-3).

e Radially-profiled alternative fuel assembly, average enrichment 3.9 % 2*U with 9 Gadolinium
fuel pins in assembly periphery (Figure D-4).

e Standard fuel assembly, enrichment 1.6 % 2*°U (Figure D-5), stainless steel components.

Two separate sets are necessary for fuel assemblies with control rods with Boron Carbide or
Dysprosium-Titanium absorber rod inserted. The specific models of fuel assembly with control rods

are as follows.

e Alternative fuel assembly, enrichment 1.3 % **U (Figure D-6).

e Alternative fuel assembly, enrichment 2.2 % **U (Figure D-6).

e Alternative fuel assembly, average enrichment 2.98 % 2**U with 9 Gadolinium fuel pins in the
inner part of the assembly (Figure D-7).

e Standard fuel assembly, enrichment 1.6 % **U (Figure D-8).

The reflector models (bottom, top and radial) are the same as used for Kozloduy 6 cases (Appendix
A).
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Table D-1: Kalinin 3 fuel assembly types

Enrichment | Comp. Fuel Pin Gadolinium
25y, Type 1 Type 2 Fuel Pin
wt% No. | U, wt% | No. | *°U, wt% | No. | Gd,03, wt% | **°U, wt%
1.3 Zr-alloy | 312 1.3 - - - - -
1.6 Steel | 312 1.6 - - - - -
2.2 Zr-alloy | 312 4.4 - - - - -
2.98 Zr-alloy | 303 3.0 - - 9 5.0 2.4
3.9 Zr-alloy | 240 4.0 66 3.6 6 5.0 3.3
3.9 Zr-alloy | 243 4.0 60 3.6 9 5.0 3.3

149




Kalinin 3 geometry and material composition

Table D-2: Kalinin 3 geometry and material composition data — fuel assemblies

Fuel Pins*

Fuel pins, number
Gadolinium fuel pins, number
Fuel pins, lattice

Fuel pin pitch, cm

Cladding, material

Cladding, outer diameter, cm
Cladding, inner diameter, cm
Pellet, outer diameter, cm
Pellet, central hole, cm
Pellet, material

Gadolinium pellet, material
Gadolinium oxide in fuel pellets, wt%
Fuel density, g/lcm®
Stiffeners (angles)
Number

Material

Width, cm

Thickness, cm

Guide Tubes

Number

Material

Outer Diameter, cm

Inner Diameter, cm

Spacer Grids

Number

Material

Mass, kg

Central Water / Instrument Tube
Number

Material

Outer Diameter, cm

Inner Diameter, cm

“ Material composition is the same for all the pellets in a fuel pin.
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TVSA

312
-16/9
Triangular
1.275
Zr-alloy 3110
0.91
0.773
0.757
0.15
uo;
UO; + Gd,0;
5.0
10.4 +10.7

6
Zr-alloy 3635
5.2
0.065

18
Zr-alloy 3635
1.26
1.09

15
Zr-alloy 3110
0.55

1
Zr-alloy 5635
1.3
1.1

TVS-M

312
Triangular
1.275
Zr+1% Nb
0.91
0.773
0.757
0.235
uo,

10.4 +10.7

18
08X18H10T
1.26
1.10

15
08X18H10T
0.55

1
Zr+1% Nb
1.12
0.96
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Figure D-1: TVSA model (one-sixth) without Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX130 — UO»; Void —Void; E635 — Zr-
alloy 9635; Waterl 1 — Water)
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Figure D-2: Radially-profiled TVSA model (one-sixth) with 6 Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX330 — UO»; Void —Void; UOX360 —
UOy; E635 — Zr-alloy D635; Water11 — Water; UOX330G — UO,+Gd;03)
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Figure D-3: TVSA model (one-third) with 9 Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX300 — UOy; Void —Void; E635 — Zr-
alloy 9635; Water11 — Water; UOX240G — UO,+Gd,03)
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Figure D-4: Radially-profiled TVSA model (one-third) with 9 Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX400 — UO»; Void —Void; UOX360 —
UO2; E635 — Zr-alloy 3635; Water1 1 — Water; UOX330G — UO,+Gd;03)
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Figure D-5: TVS-M model (one-sixth) without Gadolinium fuel pins
(WaterWzrl1 — Water; CoClad — Zr-alloy 2110; UOX160 — UOy; Void —Void; Steel08 —
08X18H10T; Waterl1 — Water)
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Figure D-6: TVSA model (one-sixth) without Gadolinium fuel pins — rodded
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX440 — UO3; Void —Void; E635 — Zr-
alloy 3635, Waterll — Water; Steel06 — 06X18H10T, B4C/Dy203’Ti02 — BsCor Dy203'Ti02)
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Figure D-7: TVSA model (one-third) with 9 Gadolinium fuel pins — rodded
(WaterWzrl1 — Water; CoClad — Zr-alloy 9110; UOX300 — UO»; Void —Void; E635 — Zr-
alloy 9635; Water11 — Water; Steel06 — 06X18H10T; B4C/Dy,03°TiO, — B4C or Dy,03°TiOy;
U0X240G — UO,+Gd,03)

W 1 Wwaterwazrll

2] .1 CoClad

| 21 UOX160

W s void

| .1 Steel0d

| 14 Water1

B .1 Steel0s

B 1 B4AC/Dy203TiO2

Figure D-8: TVS-M model (one-sixth) without Gadolinium fuel pins — rodded
(WaterWzrl1 — Water; CoClad — Zr+1% Nb; UOX160 — UO,; Void —Void; Steel08 —
08X18H10T; Water11 — Water; Steel06 — 06X18H10T; B4C/Dy,03TiO, — B4C or Dy,03°TiO,)
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Kalinin 3 axial power profile for FAs with SPND

Appendix E. Kalinin 3 axial power profile for FAs with SPND
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Figure E-1: Axial power profile for FA 1 (15-24) at 0, 45, 90 and 300 s. Data recorded by Kalinin 3
ICMS are shown with symbols — 30YQRO04FX001, 30YQRO06FX001 (LHR readings normalized
to peaking factor).
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Figure E-2: Axial power profile for FA 3 (15-28) at 0, 45, 90 and 300 s. Data recorded by Kalinin 3
ICMS are shown with symbols — 30YQRO04FX003, 30YQR0O6FX003 (LHR readings normalized
to peaking factor).
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Figure E-3: Axial power profile for FA 4 (15-30) at 0, 45, 90 and 300 s. Data recorded by Kalinin 3
ICMS are shown with symbols — 30YQRO04FX004, 30YQRO6FX004 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-4: Axial power profile for FA 6 (15-34) at 0, 45, 90 and 300 s. Data recorded by Kalinin 3
ICMS are shown with symbols — 30YQRO04FX006, 30YQRO06FX006 (LHR readings normalized
to peaking factor).
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Figure E-5: Axial power profile for FA 8 (14-23) at 0, 45, 90 and 300 s. Data recorded by Kalinin 3
ICMS are shown with symbols — 30YQRO04FX008, 30YQR0O6FX008 (LHR readings normalized
to peaking factor).
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Figure E-6: Axial power profile for FA 10 (14-27) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX010, 30YQR06FX010 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-7: Axial power profile for FA 12 (14-31) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX012, 30YQR06FX012 (LHR readings normalized
to peaking factor).
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Figure E-8: Axial power profile for FA 14 (14-35) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX014, 30YQR06FX014 (LHR readings normalized
to peaking factor).
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Figure E-9: Axial power profile for FA 18 (13-24) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX018, 30YQR06FX018 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-10: Axial power profile for FA 23 (13-34) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX023, 30YQRO06FX023 (LHR readings normalized
to peaking factor).
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Figure E-11: Axial power profile for FA 27 (12-21) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX027, 30YQRO6FX027 (LHR readings normalized
to peaking factor).
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Figure E-12: Axial power profile for FA 29 (12-25) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQR04FX029, 30YQR06FX029 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-13: Axial power profile for FA 30 (12-27) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX030, 30YQRO6FX030 (LHR readings normalized
to peaking factor).
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Figure E-14: Axial power profile for FA 32 (12-31) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQR04FX032, 30YQR06FX032 (LHR readings normalized
to peaking factor).
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Figure E-15: Axial power profile for FA 33 (12-22) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX033, 30YQR06FX033 (LHR readings normalized
to peaking factor).

161



Kalinin 3 axial power profile for FAs with SPND
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Figure E-16: Axial power profile for FA 35 (12-37) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX035, 30YQR06FX035 (LHR readings normalized
to peaking factor).

- - . n W 30VQRO4FX040
09 * * * * + 30YQROGFX040
08 % I‘ ‘ 5 FA 11-24 (NEM)
0.7

5 o i Se * &

B H * e "o

= o0s = % .0 .0
03

* +* » *
0.2 o [ | u
* * * ¢

o
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

Peaking factor

Figure E-17: Axial power profile for FA 40 (11-24) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX040, 30YQRO6FX040 (LHR readings normalized
to peaking factor).
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Figure E-18: Axial power profile for FA 43 (11-30) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX043, 30YQRO6FX043 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-19: Axial power profile for FA 45 (11-34) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX045, 30YQRO6FX045 (LHR readings normalized
to peaking factor).
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Figure E-20: Axial power profile for FA 50 (10-19) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX050, 30YQRO06FX050 (LHR readings normalized
to peaking factor).
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Figure E-21: Axial power profile for FA 54 (10-27) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX054, 30YQRO6FX054 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-22: Axial power profile for FA 57 (10-33) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX057, 30YQRO6FX057 (LHR readings normalized
to peaking factor).
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Figure E-23: Axial power profile for FA 60 (10-39) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX060, 30YQRO06FX060 (LHR readings normalized
to peaking factor).
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Figure E-24: Axial power profile for FA 65 (09-22) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX065, 30YQRO6FX065 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-25: Axial power profile for FA 66 (09-24) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX066, 30YQRO6FX066 (LHR readings normalized
to peaking factor).
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Figure E-26: Axial power profile for FA 69 (09-30) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX069, 30YQRO06FX069 (LHR readings normalized
to peaking factor).
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Figure E-27: Axial power profile for FA 71 (09-34) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX071, 30YQRO6FX071 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-28: Axial power profile for FA 72 (09-36) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX072, 30YQRO6FX072 (LHR readings normalized
to peaking factor).
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Figure E-29: Axial power profile for FA 76 (08-17) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX076, 30YQRO06FX076 (LHR readings normalized
to peaking factor).
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Figure E-30: Axial power profile for FA 77 (08-19) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX077, 30YQRO6FX077 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-31: Axial power profile for FA 80 (08-25) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX080, 30YQRO6FX080 (LHR readings normalized
to peaking factor).
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Figure E-32: Axial power profile for FA 81 (08-27) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX081, 30YQRO6FX081 (LHR readings normalized
to peaking factor).
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Figure E-33: Axial power profile for FA 83 (08-31) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX083, 30YQR06FX083 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-34: Axial power profile for FA 84 (08-33) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX084, 30YQR06FX084 (LHR readings normalized
to peaking factor).
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Figure E-35: Axial power profile for FA 87 (08-39) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX087, 30YQRO6FX087 (LHR readings normalized
to peaking factor).
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Figure E-36: Axial power profile for FA 88 (08-41) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX088, 30Y QRO6FX088 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-37: Axial power profile for FA 92 (07-22) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQR04FX092, 30YQRO6FX092 (LHR readings normalized
to peaking factor).
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Figure E-38: Axial power profile for FA 93 (07-24) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX093, 30YQRO06FX093 (LHR readings normalized
to peaking factor).
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Figure E-39: Axial power profile for FA 96 (07-30) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX096, 30YQR06FX096 (LHR readings normalized
to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-40: Axial power profile for FA 98 (07-34) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX098, 30YQRO6FX098 (LHR readings normalized
to peaking factor).
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Figure E-41: Axial power profile for FA 99 (07-36) at 0, 45, 90 and 300 s. Data recorded by Kalinin
3 ICMS are shown with symbols — 30YQRO04FX099, 30YQRO06FX099 (LHR readings normalized
to peaking factor).
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Figure E-42: Axial power profile for FA 104 (06-19) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX104, 30YQRO6FX104 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-43: Axial power profile for FA 108 (06-27) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX108, 30YQRO06FX108 (LHR readings
normalized to peaking factor).
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Figure E-44: Axial power profile for FA 111 (06-33) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX111, 30YQRO6FX111 (LHR readings
normalized to peaking factor).
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Figure E-45: Axial power profile for FA 114 (06-39) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX114, 30YQRO6FX114 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-46: Axial power profile for FA 119 (05-24) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX119, 30YQRO06FX119 (LHR readings
normalized to peaking factor).
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Figure E-47: Axial power profile for FA 122 (05-30) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX122, 30YQRO06FX122 (LHR readings
normalized to peaking factor).

B 30YQRO4FX124

0.9 u | | |
+ 30YQROGFX124
0.8 .‘ .’ ‘ ‘ FA 05-34 [NEM)
0.7
5 o d Y. * *
Tos ? 3 "o fe
3o : 1 R R
- » 4 » »
h | n | |
01 ¥ * * *

o
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Peaking factor

Figure E-48: Axial power profile for FA 124 (05-34) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX124, 30YQR06FX124 (LHR readings
normalized to peaking factor).

172



Kalinin 3 axial power profile for FAs with SPND
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Figure E-49: Axial power profile for FA 129 (04-21) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX129, 30YQRO06FX129 (LHR readings
normalized to peaking factor).
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Figure E-50: Axial power profile for FA 131 (04-25) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX131, 30YQRO6FX131 (LHR readings
normalized to peaking factor).
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Figure E-51: Axial power profile for FA 132 (04-27) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX132, 30YQRO6FX132 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-52: Axial power profile for FA 134 (04-31) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX134, 30YQRO06FX134 (LHR readings
normalized to peaking factor).
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Figure E-53: Axial power profile for FA 135 (04-33) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX135, 30YQRO6FX135 (LHR readings
normalized to peaking factor).
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Figure E-54: Axial power profile for FA 137 (04-37) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX137, 30YQRO6FX137 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-55: Axial power profile for FA 141 (03-24) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX141, 30YQRO06FX141 (LHR readings
normalized to peaking factor).
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Figure E-56: Axial power profile for FA 146 (03-34) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX146, 30YQRO06FX146 (LHR readings
normalized to peaking factor).
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Figure E-57: Axial power profile for FA 150 (02-23) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX150, 30YQRO6FX150 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-58: Axial power profile for FA 152 (02-27) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX152, 30YQRO06FX152 (LHR readings
normalized to peaking factor).
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Figure E-59: Axial power profile for FA 154 (02-31) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX154, 30YQRO06FX154 (LHR readings
normalized to peaking factor).
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Figure E-60: Axial power profile for FA 156 (02-35) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQR04FX156, 30YQR06FX156 (LHR readings
normalized to peaking factor).

176



Kalinin 3 axial power profile for FAs with SPND
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Figure E-61: Axial power profile for FA 158 (01-24) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX158, 30YQRO6FX158 (LHR readings
normalized to peaking factor).
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Figure E-62: Axial power profile for FA 159 (01-26) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX159, 30YQRO6FX159 (LHR readings
normalized to peaking factor).
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Figure E-63: Axial power profile for FA 162 (01-32) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX162, 30YQRO6FX162 (LHR readings
normalized to peaking factor).
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Kalinin 3 axial power profile for FAs with SPND
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Figure E-64: Axial power profile for FA 163 (01-34) at 0, 45, 90 and 300 s. Data recorded by
Kalinin 3 ICMS are shown with symbols — 30YQRO04FX163, 30YQRO6FX163 (LHR readings
normalized to peaking factor).
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