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Analysis of a Load Step Test at Ringhals 4 NPP Using RELAP5 Code.
Model Validation and Verification.

ATHANASIOS STATHIS

Department of Applied Physics

Chalmers University of Technology

Abstract

Ringhals 4 unit, a Westinghouse deign Pressurized Water Reactor, has recently
undergone a pressurizer and steam generator replacement. In March 2015 the reactor
was licenced to operate at the uprated 3300 MWy, nominal thermal power level.
Load Step Test is among the first tests performed in the reactor at the uprated
power conditions.

During the Load Step Test, while the reactor is in steady state, the turbine
power is sharply reduced by 10 %. Fast insertion of the control rods follows and the
reactor is stabilized in an intermediate steady state. After 3000 s in the intermediate
steady state the control rods are quickly withdrawn in order to sharply increase the
turbine power by 10 % and restore the reactor to its nominal steady state.

The purpose of the Load Step Test is to verify that the control systems can
mitigate the transient. The data from this test can be used for the assessment
and improvement of RELAP5 model of Ringhals 4. Validation of the model was
performed by the simulation of the transient.

Thus, the first step is that the code reaches a realistic steady state close to the
one of the plant in the beginning of the test. This task is accomplished. The chal-
lenges occurred during this stage are mentioned as well the way they were tackled.
In addition, strategies for achieving steady state are touched upon.

The next step is the simulation of the whole transient. The process/way of
thinking that led to specific improvements in the model is described, as well as the
key parameters for the further improvement of the model.

In the end, the "goodness" of the improved model is assessed using the Fast
Fourier Transformed Method (FFTBM). FFTBM proves that the model is capable
of predicting the transient quite accurately.

Keywords: Fast Fourier Transform Based Method (FFTBM), Load Step Test,
RELAPS5, Ringhals 4, Transient.
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1

Introduction

Nuclear Power is a source of energy used as base load with minimum C'O, emissions.
The power density of a nuclear power plant produces by far more power than the
conventional and renewable power sources (e.g. wind mills farms, solar panels farm).
Nuclear power is also considered cheap as the lifetime of an ordinary plant can be
extended to operate around 60 years and the basis. The fuel, uranium, is cheap and
its price does not fluctuate significantly.

Uranium price is very unlikely to vary significantly due to political reasons. It
is worth mentioning that the fuel used in most of the light water reactors (LWRs)
is enriched around 3-3.5 % #5U. 233U is the isotope that contributes to the energy
output of the fuel. Thus, there is a huge margin of improvement in fuel efficiency.

Despite the above favorable characteristics of nuclear power public opinion in
many countries is very sceptic about its adoption, mainly due to safety concerns.
Chernobyl and Fukushima accidents have damaged a lot the reputation of nuclear
energy.

However the safety of the current third generation reactors has massively im-
proved the last decades and nuclear energy is considered a safe energy source. A
huge effort has been put on the mitigation and prediction/simulation of the most im-
portant class of accidents, the loss of coolant accidents (LOCAs) using small scaled
facilities of commercial prototype reactors. In addition, tests are performed in the
reactors themselves in order to verify the ability of the control systems to mitigate
deviations from ordinary operation conditions. Among those maneuverability tests,
the Load Rejection [6], SCRAM Test and the Load Step Test [7, 4] are the most
important. The complexity and the time required for its analysis make the Load
Step Test very suitable for a master thesis project. This master thesis deals with
the analysis of the Load Step Test performed in 2015-03-03 in Ringhals 4 unit.



1. Introduction

1.1 Nuclear Energy in Sweden

Nuclear energy in Sweden accounts for 41.47 % of the total electricity production
in the country just behind hydro-power electricity production which accounts for
around 45 % of the total electricity production.

Farpmark NPP
Buoilirg Waker Aeactor Forsmarks Kraftgrupp AB

|
ressurized Water Reactor ek 1 . .
Other facilition
— - SFR
m:‘,'m oo Blectric Swrodich Nucloar Fusl and Waste
ks A Maragement Co [SK8])
Runstad

Ranstad Industricentrum AB -
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Vattenfall AB
Fiinghals AR Studuvik
P " " i - Studsvik Nucloar AB, AB SYAFO

Dakarshamn NPP
OKG AB

Ll G Cco(sK8)

Figure 1.1: Nuclear reactors of Sweden [30].

The first reactor to be critical in Sweden was a Pressurized Heavy Water Reactor
(PHWR) in Agesta in 1964. This reactor had a power output of 10 MW, and was
used mainly for district heating of the wider Stockholm region. However, it produced
a small amount of electricity also. Agesta reactor operated for 10 years, until 1974
when it was permanently shut down.

The first commercial reactor commissioned was Oskarshamn 1 Boiling Water
Reactor (BWR) in 1972. Until 1980 another 9 units were commissioned in the sites
of Oskarshamn, Ringhals, Forsmark and Barsebéck.

In the aftermath of Three-Mile-Island accident a referendum was held in Sweden
concerning the future of nuclear energy in the country. The outcome of the referen-
dum was to continue with the construction of Ringhals 3 and 4 units and that the
reactor of operating units would be 12. In addition the safety systems of Barsebéck
3 unit had to be improved. It was also decided that all the units should be phased
out until 2010.

With the occurrence Chernobyl accident in 1985, a new legislation had been
ratified in 1987 by the parliament which prohibited the construction of new units.
However, in a poll held in 2001 the Swedish people seemed to have a very positive
attitude towards nuclear. 76 % voted for the continuation of nuclear industry.

In 2010 the legislation was modified to allow for improvements in the operating
units. Life extension for most of the units was granted and investments were headed
towards improving the operated units.

Finally, in 2014 the government has ceased any initiatives for building new units
and the country is heading towards to the complete phase out of its nuclear power
plants in the foreseeable future.



1. Introduction

During 2015 Oskarshamn 2 unit phased out and Oskarshamn 1 unit along with
Ringhals units 1 and 2 are also expected to stop electricity production by 2020.
Barsebéck units 1 and 2 were phased out in 1999 and 2005 respectively.

Reactor Unit Type | Status Operator Gross Capacity (MW,) | Commercial Operation | Decommissioning
Forshmark-1 BWR | Operational Vattenfall 1022 1980 2040
Forshmark-2 BWR | Operational Vattenfall 1158 1981 2041
Forshmark-3 BWR | Operational Vattenfall 1212 1985 2045
Oskarshamn-1 | BWR | Operational OKG 492 1972 2017-19
Oskarshamn-2 | BWR | Operational OKG 661 1974 2015
Oskarshamn-3 | BWR | Operational OKG 1450 1985 2035 or 2045
Ringhals-1 BWR | Operational Vattenfall 910 1976 2020
Ringhals-2 PWR | Operational Vattenfall 847 1975 2019
Ringhals-3 PWR | Operational Vattenfall 1117 1981 2041
Ringhals-4 PWR | Operational Vattenfall 1168 1983 2043
Agesta PHWR | Shutdown Barseback Kraft AB 12 1964 1974
Barsebéck-1 BWR | Shutdown Barsebick Kraft AB 615 1975 1999
Barsebéck-2 BWR | Shutdown Barsebick Kraft AB 615 1977 2005
Table 1.1: Data about the nuclear reactors in Sweden.
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o4 A A [ S— A "
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Figure 1.2: Timeline of nuclear reactors of Sweden [32].

1.2 Description of LWRs

Light Water Reactors (LWRs) are reactors that use water both as moderator and
coolant. Two designs for LWRs exist. The Pressurized Water Reactor (PWR) and
the Boiling Water Reactor (BWR). These types of reactors use Uranium as nuclear
fuel usually 3 % enriched in U?3 (the rest comprises of ?**U atoms). Thermal energy
comes primarily from the fission of 2°U.
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A fission reaction of 23U occurs when a slowed down neutron/thermal neutron
is absorbed by an 23U nucleus. This reaction yields two or three fast neutrons
along with two medium-heavy nuclei and the release of 200MeV energy. These fast
neutrons need to be slowed down/moderated so as to be absorbed by other 2°U
nuclei. Fast neutrons loose most of their kinetic energy by colliding with water
molecules (water used as moderator).

Successive fissioning of 23U leads in a chain reaction and increasing energy output
which is controlled by the use of neutron absorbers. In PWRs diluted boron in
water and control rods entering from the bottom of the reactor are used as neutron
absorbers.

Thermal energy is also produced by fissioning of 23U by fast neutrons and by
fissioning of 23U and 23° Pu. The two last isotopes are formatted by some of the
successive decays of 233U when it absorbs fast neutrons.

The fission energy produced is removed by turbulent water passing through chan-
nels in the fuel rods to be further utilised for electricity production and for cooling
the fuel rods (water used as coolant).

1.3 Pressurized Water Reactor (PWR)

A PWR consist of two circuits, the primary and the secondary. The primary circuit
includes the core the pressurizer (PRZ) and the primary side of the steam generator
(SG) and the main circulation pumps (MCP). The secondary circuit includes the
secondary side of the SG as well as the turbines and the condenser.

Condenser

Containment Structure

Figure 1.3: PWR outline [31].
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The SG acts as heat exchanger between the primary and the secondary circuits
whereas the PRZ is used for the regulation of the primary pressure.

Energy produced by fission reactions in the core heats the water in the primary
side. The heated water passes from the SG where heat exchange occurs with the
relatively cooler water of the secondary side of the SG. Hence, the heated water
cools down and recirculates in the primary circuit.

The water in the cold side of the SG receives the heat of the water in the primary
circuit and steam is produced. The steam is headed to the high and low pressure
turbines and electricity is produced. After the passage from the turbines, condensers
are used to condense the steam which is then recirculated in the secondary circuit.

A brief description of the PRZ and of a SG takes place in the following subsec-
tions.

1.3.1 The Pressurizer (PRZ)

The PRZ (figure 1.4) is a tank which contains water in its lower part and steam
in the upper part, and is used to regulate the pressure in the primary circuit. In
the upper part the PRZ is connected to a power operated relief valve (PORV) and
a spray nozzle, whereas in the bottom part it is equiped with proportional and
ON-OFF heaters.

The purpose of the PORV and of the spray nozzle is to relieve the pressure
increase in the primary side. PORV achieves that by letting steam to be blown
down through it. The spray nozzle achieves pressure relief by spraying water which
condenses an amount of steam. Yet, there is always a constant small amount of
spraying in steady state conditions in order to minimize the probability of their
blockage in case of a transient condition.

On the other hand ON-OFF and proportional heaters (both pressure actuated)
are used to increase the pressure. Both kind of heaters increase the pressure in the
PRZ by expanding the water through heating. Proportional heaters are actuated
in case of large pressure drops and they function always at full capacity. They are
used to compensate smaller pressure drops and their capacity is analogous with the
pressure deviation from the nominal value.
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Figure 1.4: A Pressurizer (PRZ) [5].

1.3.2 The Steam Generator

The SG (figure 1.5) is a tank filled with water which is penetrated by primary side
tubes of U-shape. Water of the SG in the vicinity of U-tubes lies at smaller pressure
and temperature than the water flowing through them. As a result heat transfer
occurs and the water around the U-tubes starts boiling. This lower section of the SG
where boiling occurs is referred to as evaporation section. The wet steam produced
in the evaporator passes in the steam drum section where wet steam is dried in
steam separators before it is headed in the turbines.

6
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1.4 Ringhals 4 unit

Ringhals 4 unit is a 3-loop Westinghouse design pressurized water reactor (PWR).
Ringhals 4 was commissioned in 1982 with 2783 MW}, nominal power level. In
2011 the original Westinghouse PRZ and SGs were replaced with AREVA-design
components and the turbines were modernized. As a result the reactor would have
the potential to operate for 3300 MWy;,. In the same year, the first start-up tests
were performed with the new components in place, yet, the reactor was still licenced
to operate at 2783 MW, nominal power level. After three years of test operation
new test were performed in March 2015 and the reactor was licensed to operate at
3300 MWy, nominal power level. The Load Step Test was among the tests performed
in 2011 and 2015.

\ PRZ and SG Replacement Turbine Refurbishment j
E ; Test operation E
Start of First startup tests. The New tests at
commercial new nominal power is ~3300 MWih.
operation. Licensed 3300 MWth but still Licensing for 3300
for 2773 MWih licensed for 2773 MWith. MWWth.

Figure 1.6: Timeline of Ringhals 4 unit [4].

1.4.1 The new SG

The new SG is more efficient than the old one due to its innovative design. The new
features of the SG are the divider plate and the double wrapper which covers half of
the bundle wrapper perimeter (figure 1.7). It is known from thermodynamics that
the heat transfer in the SG depend on the temperature difference between the hot
and the cold leg. Increasing the temperature difference translates to an increase in
extracted heat from the fluid.

Hence, the droplets coming from the steam separator recirculates in the outer
downcomer. 90 % in the hot side where the droplets are mixed in the bottom of the
SG with the fluid in the hot leg, and 10 % in the cold side. As a result, the fluid

8
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temperature in the hot side increases.

At the same time feedwater is injected in the downcomer surrounding half of the
bundle wrapper perimeter. The feedwater is mixed with the 10% of the recirculated
droplets in the bottom of the cold side of the SG, and then both are mixed with the
fluid flowing in the cold leg. Thus, the temperature of fluid in the cold side drops.

The divider plate separates the cold from the hot side of the SG so that this
temperature difference is sustained. Consequently, more heat is extracted.

Pressure shell Double wrapper

Divider plate

Bundle wrapper

10 % recirculated

90 % recirculated water
water
100 % feedwater

Double wrapper
Pressure shell
AY 1A
Bundle wrapper

Divider plate

HOT LEG COLD LEG

Figure 1.7: New SG of Ringhals 4 [5].
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1.5 Aim of the thesis project

In general the aim of the present thesis project is the evaluation and assessment of
the RELAP5 model of Ringhals 4 unit being used. More specifically, the calculated
results are compared to measured plant data. The goal is to modify/improve the
model and increase its predicting capabilities for reproduction of the calculated data
as accurately as possible.

The ultimate goal is to obtain a RELAP5 model that will be capable of predicting
every possible transient.

A new contribution of this master thesis is the assessment of the updated model
using the FFTBM with signal mirroring. It is the first time in Sweden that this
method is applied for the code assessment of a real plant start-up and maneuver-
ability test.

1.6 Thesis outline

This thesis is divided in six chapters. Chapter 1 is a brief introduction in nuclear
energy. It describes the principles of nuclear power production, the Pressurized
Water Reactor (PWR) and the time-line of nuclear industry in Sweden.

Chapter 2 refers to RELAP5 model of Ringhals 4 unit. The most important
parameters and features of the model are described, whereas chapter 3 is devoted
to the Load Step performed at 2015-03-03. The reasons for the performance of this
kind of experiment are mentioned and the experimental results are presented.

In order to run the whole transient it is essential for the code to achieve a cal-
culated steady-state close to the real one, as indicated by the plant data. Hence,
Chapter 4 is devoted to steady-state. The method used for achieving steady-state
is explained and the calculated steady-state results are presented.

Chapter 5 deals with the analysis of the whole transient and the corresponding
results are presented. Issues raised during the transient runs are described as well
as the way they were mitigated. In the end of the chapter the most important
outcomes of the transient analysis are summarized.

Chapter 6 is dedicated to Fast Fourier Transform Based Method (FFTBM) with
signal mirroring. The outline of FFTBM is described as well as the results and the
conclusions of code assessment quantification.For the FFTBM analysis, JSI FFTBM
Add-in 2007 was used, an Excel 2007 application implemented by Dr. Andrej Prosek
from Jozef Stefan Institute in Ljubljana.

Finally, chapter 7 presents an outline of the outcomes of this thesis, and elaborates
on topics raised during steady-state and transient runs. Proposals for future projects
are also included.
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2

Modelling of Ringhals 4 Unit

The purpose of this chapter is to give some general information about the RELAP5
model of Ringhals 4. For the scope of this thesis RELAP5/MOD3.3 is used, which
is the newest version of RELAPS5 for the time being.

RELAPS5S is a best estimate code used for the simulation of transients and pos-
tulated accidents. It is a generic code which can also be used for the simulation of
other than nuclear thermal systems. It also plays an important role in licencing,
evaluation of mitigation strategies and operational guidelines [5, 7].

Version RELAP5/MOD3.3 is based on a non-homogeneous non-equilibrium model
for the two phase system which is solved using a partial numerical scheme [11]. It
simulates important first-order effects related with transients in a simple manner so
that the computational cost remains sufficiently low.

RELAP5 model of Ringhals 4 is a "stand alone" thermohydraulic model compris-
ing of two main parts, the primary and the secondary side. It is a representation of
the prototype reactor and as such it is the compromise between geometrical fidelity,
results accuracy, complexity and cpu time. Inevitably, a number of simplifications
are adopted as will be described in the remainder of the chapter.

2.1 Modelling of Primary Side

The most important major components included in the nodalization of the primary
side in figure 2.3 are:

» The reactor pressure vessel (RPV).

o The pressurizer (PRZ).

o The safety and relief valves.

e The normal letdown.

o The main circulation pumps (MCPs).

o The residual heat removal system (RHRS).

e The charging system.

A description of the modelling of the most related major components follows in
the upcoming subsections.

11



2. Modelling of Ringhals 4 Unit

2.1.1 Modelling of Reactor Pressure Vessel

The core in the reactor pressure vessel (RPV) contains 157 fuel assemblies, each one
modeled individually, and each one discretized axially into eight levels. Radially, the
core is divided into three loops (figure 2.1) so that the code captures any possible
asymmetric loop behaviour.

110 ]

115 6

2568 257 258 123 124 7

301 302 303 133 134 8

311 312 313 141 142 2]

10

11

12

13

14

15

LOOPS

Figure 2.1: Radial discretization of the core of Ringhals 4 unit with 157 fuel
assemblies[5, 7).

Another important feature in the modelling of the primary side is the connection
of each loop is with three by-pass channels in order to simulate:

e The flow in space between the baffle and the barrel.

e The flow in the open guide thimbles.

e The flow in the core periphery.

Finally, the core inlet and outlet is represented by a bunch of interconnected junc-
tions which are ultimately connected with the 157 fuel assemblies. This approach is
chosen due to the RELAP5/MOD3.3 limitation that a "branch" component can be
connected (with junctions) to maximum 9 other volumes.
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2. Modelling of Ringhals 4 Unit

2.1.2 Heat Source

So far, RELAP5 model of Ringhals 4 unit is not coupled with a neutronic code. As a
result this model accounts only for the thermohydraulic features of Ringhals 4 unit,
since the reactivity feedbacks and small variations in power cannot be accounted
for. Thus, the thermal power is given as function of time (in a table form). Thermal
power strongly affects a number of variables such as the primary pressure, fluid
temperatures etc.

2.1.3 Modelling of PRZ

The PRZ is modelled as a pipe with 12 components (figure 2.2). The first two
volumes in the bottom of the PRZ contain the proportional heaters and the ON-

OFF heaters.
Spray
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435 -10
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o
=
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™
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g
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©
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-
435 -05
435 -04
Heaters
Lower Ap tap |
0.760 m

Figure 2.2: Nodalization of the PRZ [5].
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2. Modelling of Ringhals 4 Unit

Proportional heaters regulate moderate pressure deviations and their output is
proportional to the pressure deviation from the nominal value, as their name indi-
cates. Their maximum output is 375 kW. ON-OFF heaters operate at 1125 kW
power output and they are actuated in case of larger pressure deviations.

The top volume of the PRZ is connected with the modelled spray nozzle (modelled
as valve component) and the modelled power operated relief valve (PORV). In the
real plant two spraying valves exist, each injecting maximum 14.52 kg/s, which are
connected to cold legs of loop-1 and 2. In the current R4 RELAP5 model these two
spraying valves are modelled as one, which is connected to the cold leg of loop-2,
having 28.040 kg/s maximum flow rate.

2.2 Modelling of Secondary Side

As far as the secondary side concerned, the nodalization scheme presented in figure
2.5 includes the following major parts:

o The three hot legs (HLs) and cold legs (CLs).

« The three steam generators (SGs).

e The feedwater system.

e The steam dumping lines.

e The turbines.

As it is mentioned above, a number of simplifications take place in the model.
For instance, the turbine and the condensers in the secondary side are not modelled.
In such cases it is quite regular to use boundary conditions.

2.2.1 Modelling of Steam Generators

The nodalization scheme of a SG is presented in figure 2.6. Particularly, this is the
nodalizaton scheme of SG-1, but the other two steam generators have exactly the
same nodalization. The only difference lies in the first digit in the numbers assigned
to each volume component. For instance, the inlet plenum in SG-1 is denoted as
control volume 120 whereas in SG-2 as control volume 220.

2.2.1.1 Nodalization of SGs Primary Side

Water enters in the inlet plenum, volume 120, which is modelled as branch com-
ponent, it flows along the U-tubes and exits from the outlet plenum, volume 140,
which is modelled as branch component as well. U-tubes, volumes 130-01 to 130-22,
are modelled as a pipe with 22 components. Water flows upwards in volumes 130-01
to 130-10, and downwards in volumes 130-13 to 130-22.

2.2.1.2 Nodalization of SGs Secondary Side

The description of the nodes below will follow the order of which they first appear
to the incoming feedwater flow.

The inner downcomer of the SG receives feedwater from single junction compo-
nent 868 and flows downwards through volumes 505-01 to 505-12. Then through

14



2. Modelling of Ringhals 4 Unit

single junction 508, water flows upwards starting from volume 510-01 which is the
beginning of the cold side of the riser (vol. 510-01 to 510-07). Following the riser,
water starts to boil in the boiler section, which is modelled by volume 530 (4 cells).

Volumes 535 (single cell) and 538 (3 cells) model the evaporator region where
wet steam exists. This mixture flows upwards to the phase seperator, volume 540.
Steam continues through the modelled steam dryers whereas the liquid droplets are
driven to the upper part of the downcomer, volume 545-05, and then flow downwards
to the outer downcomer, volume 550-01 to 550-13. Single junction 518 drives the
water droplets in the hot side of the riser, volumes 520-01 to 520-07, where they
flow upwards again.

It is important to mention that feedwater flowing to the inner downcomer 505 is
being driven by single function 518 to the bottom of the cold part of the riser, volume
510-01, where mixing occurs with the droplets coming from the outer downcomer
(vol.550-01 to 550-13).

The steam driers and the steam dome are modelled by volumes 560 and 570
respectively.

Volumes 510-01 to 510-07 of the cold side of the riser are thermally connected to
volumes 130-16 to 130-22 of the modelled U-tubes. Volumes 520-01 to 520-07 are
thermally connected to volumes 130-01 to 130-07 of the modelled U-tubes. Likely-
wise, volumes 550-01 to 550-13 are thermally connected to volumes 505-01 to 505-12
and to volumes 520-01 to 520-07 as well. In the same trend, volumes 520-01 to 520-
07, volumes 510-01 to 510-07, volumes 130-01 to 130-07 and volumes 130-16 to
130-22, are thermally interconnected to each other.

It should also be mentioned that the upper part of the downcomer appears both
in the left and in the right side of the nodalization scheme as if they were two distinct
volumes. They constitute one volume though.

In addition, all the volumes of the SG model where flow occurs are modelled as
pipe components.

2.2.2 Turbine Modelling

It is a common practise to model the turbines as boundary conditions (vol. 814
and 824). A thorough modelling of the turbine has been proven to be very com-
plicated. Thus, the turbine is replaced with a time dependent volume, in which
temperature/quality and pressure have to be defined accordingly so that the model
reproduces (as much as possible) the test data.

2.2.3 Inflow Boundary Condition

The inflow boundary condition refers to the conditions in time dependent volume
851. The pressure and temperature are set as function of time.

15



2. Modelling of Ringhals 4 Unit
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Figure 2.3: Nodalization scheme of the primary side of Ringhals 4 unit [5, 7].
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2. Modelling of Ringhals 4 Unit
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Figure 2.5: Secondary side discretization of Ringhals 4 unit [5, 7].
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3

The Load Step Test

The purpose of the Load Step Test is to verify that the control systems are capable
to handle the rapid power perturbation without the need of activation of any safety
systems.

The Load Step Test can essentially be divided in five phases which are evident
by observation of figure 3.1:

o Phase 1 - Initial Steady-State: This stage corresponds to the initial state

of the plant just before the rapid power decrease.

e Phase 2 - Power Decrease: The turbine power is sharply reduced by
10 %. Control rods are rapidly inserted in the core so that the thermal power
level reduces approximately 10 %.

o Phase 3 - Intermediate Steady-State: Turbine power is kept constant at
the -10 % reduced power level. Primarily with control rod maneuvering the
reactor is stabilised to the new thermal power level, approximately 10 % lower
than the initial one.

e Phase 4 - Power Increase: Turbine power sharply increases by 10 % and
is restored to the its initial value. Control rods are rapidly withdrawn in
order to increase the thermal power level by 10% reaching the thermal power
level of phase-1. Nonetheless, the thermal power level overshoots and it peaks
at a power level greater than that of the initial steady-state of phase-1, but
gradually decreases to the level of the initial steady-state.

e Phase 5 - Stabilizing to the Initial Steady-State: Turbine power is kept
constant to its initial/nominal power level. The reactor is gradually stabilized
to the initial steady-state.

The results of the Load Step Test are presented in the graphs below. For the test
measurements usually three channels are used for each variable. Some variables,
such as the pressure in the SGs or in the steam lines, have to be measured for each
of the SGs and steam line respectively. Three channels are used for each component.
Some other variables are measured using two channels, such as the PRZ controllers
output signals in figure 3.11, and few with only one channel.

As it can be seen from the figures the measurements slightly differ for every
component. Yet, they follow the same trend. The oscillating nature of the mea-
surements is also obvious. For each component variable the measurements of the
different channels are averaged in order for the data to be processed. In the same
trend, similar variables for multiple components are averaged.
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3. The Load Step Test

However, for the level in the PRZ the channel with the lowest level measurements
is chosen. This is in conformity with the configuration in the prototype reactor. The
operator chooses which of the three channels will be used for the real-time monitoring
of the level in the PRZ.

It is worthy to mention that there is not any direct test data regarding thermal
power, neither the thermal power level that the reactor operates at is a priori known.
The thermal power must implicitly be estimated using other test data. One indicator
about how the thermal power evolves over time is the neutron flux, which is however
not linearly related with the thermal power level due to reactivity feedbacks.

95 R4 Load Step Test 2015: Neutr. Flux & Contr. Rod Position 290

Neutron Flux
Control Rod Position

90 =200
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Figure 3.1: Neutron flux and control rod position.
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3. The Load Step Test

%107 R4 Load Step Test 2015: PRZ Pressures
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Figure 3.2: Pressure in the PRZ with time measured by three different channels.
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Figure 3.3: Level in the PRZ measured by three different channels.
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3. The Load Step Test

65 «108 R4 Load Step Test 2015: Pressure in St. Lines
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Figure 3.4: Pressure in the steam lines as measured by the first channel of each
steam line.
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Figure 3.5: Level in SGs as measured by the first channel of each SG.
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3. The Load Step Test

R4 Load Step Test 2015: Hot Leg Temperatures
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Figure 3.6: Temperature in the hot legs as measured by the first channel of each
hot leg.

R4 Load Step Test 2015: Cold Leg Temperatures
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Figure 3.7: Temperature in the cold legs as measured by the first channel of each
cold leg.
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3. The Load Step Test

R4 Load Step Test 2015: Loop Flow-Rates
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Figure 3.8: Flow-rate in the three loops as measured by the first channel of each
loop.
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Figure 3.9: Feedwater-flow rate in the three loops measured by three different
channels.
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R4 Load Step Test 2015: Steam Flow-Rates
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Figure 3.10: Steam-flow rate in the three steam lines as measured by the first
channel of each steam line.
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Figure 3.11: Spraying flow controllers output signals (red and green lines) and pro-
portional heaters controller output signals (blue and magenta lines), each measured
by two channels.
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4

Load Step Test Analysis (1) -
Calculating Steady-State

The first phase of the Load Step Test is a steady-state. Therefore the model should
realistically simulate the initial steady-state before the simulation of the other phases
of the transient.

So, the first section of this chapter deals with achieving steady-state using the
previous model of Ringhals 4 tweaking (slightly) specific parameters. The second
section elaborates on strategies to reach steady-state whereas the third presents the
calculated results.

4.1 Achieving Steady-State

The code has to be fed with an appropriate input deck. In other words, the variables
needed for the code to run must be initialized (e.g. the normalized thermal power
level). It has to be stated that the initial guess for the initial values of the input
deck have to be realistic enough. The control systems simulated in RELAP5 of
R4 eventually force all variables to reach a steady-state value. But in case of an
unrealistic input deck the initial values the control systems greatly overshoots trying
to stabilize the system and more computational time and resources are needed.

It is also important that all the variables have finally set to a constant value
during the steady-state runs time interval. In case they do not, it means that
the modelled reactor is still in transient mode and the results of the following the
transient runs will be distorted.

So, how one could make a good guess for the initial values of the input deck?
The answer is by exploiting the initial steady-state test data (measured data corre-
sponding to the first phase of the load step test). But a quick overview of the test
data reveals that some of the required input parameters have not been measured,
like the thermal power, whereas some others are not measured in SI units (e.g. the
pressure in the PRZ is measured as overpressure). RELAP5 requires all the input
parameters in SI units. For instance, the loop flow-rate (figure 3.8) is measured
in [%)] and unfortunately the value which is normalized is not known. The same
happens with the neutron flux which is given in [%] but the normalizing value is not
known.
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4. Load Step Test Analysis (1) - Calculating Steady-State

As a result, the best strategy to initialize the required input variables that are
missing is to assume the behaviour of the reactor symmetrical (e.g the conditions
at every steam line and SG are the same) and perform a heat balance calculation
using averaged values for the three SGs. Thus, using the plant data for the initial
steady-state period, 0 — 338 s, the following quantities are calculated as averages of
the corresponding values in the three SGs:

o Feedwater flow-rate.

o Steam flow-rate.

o Hot and cold leg temperature.

e Pressure in steam line.

The conditions (pressure and temperature) in the charging line of the secondary
side are calculated too, using the plant data for 0 — 338 s. Hence, everything is
ready to perform the heat balance calculation:

Secondary Side

My, = 524.57kg/s
T, = 480.92K
hpw = 0.889723 x 10°k.J /kg
Msteam = D17.17kg/s
Peam = 64.31bar
Tsteam = 1
Rsteam = 2.7797 x 10°k.J /kg
= (1w + titgeam) /2 = 521.37kg/s
Qsc = 1(Psteam — hfw) = 985.38 MW
Qsecondary = 3 X Qs = 2956.13M W

Primary Side

Q primary — Qsecondary

Pprz = 154.99bar

Ty = 593.68K

Ter = 556.51K

hir = 1.45632 x 10°J /kg

her = 1.24997 x 10°J /kg
TMioop = Qsa/(hur — hor) = 4775.2Tkg /s
Tiotal = imloop,i = 3 X Tiypep = 14325.81kg/s

=1

where 7y, and T}, the mass flow-rate and the temperature of the feed-water,
(sc the heat produced by one SG, @Qprimary the heat produced in the core and
(Qsecondary the total heat in the secondary side produced by all SGs.
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4. Load Step Test Analysis (1) - Calculating Steady-State

4.1.1 Strategies to reach Steady-State

The step following the input deck variables initialization is setting the set-point
values in the controllers. The set-points are set accordingly using the components
averaged values for the corresponding test data during the initial steady-state period
0 — 338 s.

Then, with the set-points set and the desirable values set the user should vary
the turbine boundary conditions conditions (pressure),the thermal power level and
slightly the pump speed, as long as results close to the expected/desired values
are obtained (table 4.1). This procedure is time and cpu costly to be performed
manually. Hence, a new control system has been embedded in the model, which
varies the pressure of turbine boundary condition so that the SG pressure reaches
the desired value. This auxiliary control system must be deleted in the transient
runs.

As for the primary pressure the model offers the option to connect the top of
the pressurizer with a time dependent volume (time dependent vol. 439 - it does
not appear in the nodalization diagrams) which has pressure equal with the PRZ
pressure set-point. This time dependent volume acts like a huge steam tank which
when connected with a smaller volume, the PRZ | it forces the PRZ pressure to be
equal. The connection between the PRZ and the time dependent volume should be
eliminated when the transient runs start.

However, another method was applied. The PRZ pressure control system was let
to run sufficiently long, in order to converge the pressure to the desired value.

4.2 Steady-State Results

Several steady-state runs were launched, each one with a duration of 6000 s, modi-
fying mostly the thermal power and to less extent the pump speed.

A constant negative primary pressure deviation from the PRZ pressure set-point
was observed in the last seconds of the transient runs. The modeled PRZ con-
trol systems configuration was investigated and it turned out that for this primary
pressure deviation the proportional heaters didn’t function close to their working
point, almost 50 % capacity at 0 % primary pressure deviation, but around 38 %
capacity. This means not only improper functioning of the proportional heaters at
steady-state but less heating than expected for the stabilization of PRZ pressure
in its steady-state value. Consequently, the heat balance of the PRZ was checked
(heat structure 435) and it was found to be imbalanced. As a result, less heat was
exerted from the PRZ walls than was inserted. In other words an excess amount
of heat were remaining in the PRZ causing the overestimated pressure in the PRZ
(improper capacity of proportional heaters).

From the efforts described above it was concluded that the formerly estimated
200 mm thickness of the PRZ insulation was unrealistic, and it was reduced to 10
mm. In the new series of steady-state runs with 10 mm insulator thickness, the
working point of the proportional heaters is restored close to 50 % as the primary
pressure almost coincides with PRZ pressure set-point.
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4. Load Step Test Analysis (1) - Calculating Steady-State

Thus, with the new PRZ insulator thickness and after several initializations and
runs the initial conditions of table 4.1 give the best steady-state values which are
presented in the figures below.

The best steady-state values achieved are presented in the following table and to

the figures below.

Parameter Desired | Achieved | RELAP5 Parameter | set-point Setting
Thermal Power (MW) 2950 2950 entrlvar-1 cntrlvar-1
PRZ Pressure (bar) 154.99 155.04 | p-43512 cntrlvar-400
PRZ Level (%) 41.72 41.71 | cotrlvar-430 cntrlvar-430
Hot Leg Temp. (K) 593.68 | 593.67 | tempf-12001 automatic
Cold Leg Temp (K) 556.51 556.42 | tempf-14001 automatic
Average Loop Temp (K) 575.10 575.13 | cntrl-434 automatic

SG Pressure (Pa) 64.31 64.40 p-57001 p-81401,82401
SG Level (%) 66.71 66.71 | cntrlvar-502 cntrlvar-503
SL Pressure (Pa) 6347000 | 6338119 | p-58505 p-81401,82401
Loop Flow-Rate (kg/sec) 4775.27 | 4772.56 | mflowj-18001 cntrlvar-180
Feedwater Flow-Rate (kg/sec) | 521.37 | 519.32 | mflowj-86800 automatic
Steam Flow-Rate (kg/sec) 521.37 | 519.39 | mflowj-59400 automatic
Feedwater Temp. (K) 480.92 | 480.92 | tempf-85100 tempf-85100

Table 4.1: Steady-state values achieved and expected/desired values according to

the test data.
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Figure 4.1: Thermal Power.
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R4 Load Step Test 2015: Mean Average Loop Flow-Rate
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Figure 4.2: Loop flow-rate.
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Load Step Test: Level in SGs
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Figure 4.4: Level steady-state value in the SGs.

R4 Load Step Test 2015: Pressure in the PRZ

157 T

Measured
RELAPS
156.5 .

156 [ 1

155.5 i+ /\ .

155 3

Pressure (bar)

154.5 .

1535 |- .

153 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000

Time (sec)

Figure 4.5: Pressure in the PRZ.
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R4 Load Step Test 2015, Level in the PRZ
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Figure 4.6: Level in the PRZ.
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Figure 4.7: Feedwater flow-rate.
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Figure 4.8: Feedwater temperature.
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R4 Load Step Test 2015: Mean Cold Leg Temperature
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Figure 4.10: Temperature in cold leg.
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Figure 4.11: Average temperature for the three loops in the hot leg.
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Load Step Test: Mean Steam Flow-Rate
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Figure 4.12: Steam temperature.
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Figure 4.13: Steam pressure.
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It can be concluded from table 4.1 and from the figures above that all the variables
converge during the 6000 s duration of the steady-state runs. Some of them, like
the pressure in the steam lines (figure 4.13) and the pressure in the SGs (figure
4.3), converge fast, whereas others, like the hot leg temperature (figure 4.9) and
the pressure in the PRZ (figure 4.5) need thousands of seconds to converge. The
goal of reaching a realistic steady-state by the code is fulfilled. The next step is the
initiation of the transient runs, each of 4500 sec duration, starting from the end of
the most successful steady-state run presented above.
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Load Step Test Analysis (2) -
Transient Analysis

Analysis of the whole transient takes place in this chapter. Transient runs begin at
the end of the steady-state runs. After each run the calculated results are compared
against the test data. Experience has shown that when the calculated secondary
pressure matches with the corresponding measured values, the other variables tend
to converge to their measured values as well. Hence, the first thing to check after
each run is the pressure in the SGs. The turbine control valve opening is adjusted
manually due to the lack of turbine valve characteristic curve, so that the calculated
secondary pressure matches with the corresponding one from the test data.

The first issue to be discussed in the following sections of this chapter is the
thermal power ratio. Defining a realistic power ratio during the transient is one of
the most challenging issues when performing transient runs. Then, some issues with
the PRZ control systems found during the transient runs are discussed as well as
the way they were tackled. Finally, the results of the best transient run, with the
corresponding corrections of the model are presented.

5.1 Thermal Power Ratio

The current model is a "stand alone" thermohydraulic model and the time evolution
of the thermal power level is not determined in a coupled neutron kinetic code.
Consequently, the thermal power is user given input in a general table in the model.
It is very important to give a table with realistic thermal power values as function
of time in order to produce better results as possible. However, as it was underlined
in the previous paragraphs, the thermal power is the most determining parameter,
which has the strongest influence on the calculated results.
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Three approaches were tested to derive the thermal power:

1. Set the thermal power ratio equal to the neutron flux/neutronic power (%)
plant data. This is equivalent to assume linear interdependence between neu-
tron flux and thermal power. The results are presented in figure 5.1.

2. Calculate the thermal power ratio by calculating the enthalpies of the feedwa-
ter and of the steam produced. Using the test data for pressure and feedwater,
its enthalpy is calculated using water property tables. The enthalpy of the pro-
duced steam is calculated using steam properties table for quality x = 1 and
the measured steam pressure values during the whole transient. Hence, the
thermal power is calculated as:

3
Qtot = ZQSG,Z' =3 X mfw(hsteam - hfw)

i=1

where the quantity 77 ¢y, (Rsteam — Rfw) 1S the thermal power produced by one
SG. The thermal power along the transient is normalized with the time av-
erage of the calculated power using the above equation, from 0 to 338s. The
calculated thermal power ratio is presented in figure 5.2.

3. Using the fact that ) = rhc, AT it means that the thermal power ratio will be
varying proportional to the temperature difference AT = Ty — T, between
the hot and cold leg. The temperature difference between the hot and cold
leg is calculated using the corresponding test data for the whole transient, and
is normalized with the average of the temperature differences from 0 to 338
s.The results are presented in figure 5.3.

Among the three fore-mentioned approaches the third one leads to better results.

A quick look in figure 5.3 shows that the steam production/steam flow-rate behave
in the same manner as the thermal power ratio. More thermal power translates into
more steam and the opposite, as ones physical intuition dictates, which does not
happen in the two previous approaches. In the first one, the thermal power ratio is
tilted compared to the steam production during the intermediate steady-state. In
the second half of the intermediate steady-state less thermal power produces the
same amount of steam as in the first half with more thermal power. This is quite
unphysical. In last part of the transient, after the power uprate the thermal power
does not follow the steam production trend either. The second approach is incapable
of reflecting the first seconds of the intermediate steady-state as well as the last part
of the transient after the power increase.

As long as the thermal power ratio during the transient is set, then a power ratio

table for 99 time entries (RELAP5 confinement) is built using the thermal power
ratio from AT.
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R4 Load Step Test 2015: Th. Power Ratio & Steam Flow
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Figure 5.1: Steam flow-rate and thermal power ratio used in the calculation. The
thermal power ratio is deduced from the neutron flux test data.
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Figure 5.2: Steam flow-rate (left axis) and thermal power ratio used in the calcu-

lation. The thermal power ratio is calculated using the feedwater flow-rate and the
enthalpies of the feedwater and of the steam.
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R4 Load Step Test 2015: Th. Power Ratio & Steam Flow
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Figure 5.3: Steam flow-rate (left axis) and thermal power ratio used in the calcu-
lation. The thermal power ratio is calculated based on the temperature difference
between the hot and the cold leg.

5.2 Discrepancies in the PRZ

During the transient runs discrepancies in the calculated pressure and level in the
PRZ have occurred (figures 5.5 and 5.6). In figure 5.5 it is observed that there are
relatively high discrepancies during the power increase phase, roughly between 500
and 1500 s. During this time interval a high pressure overshoot takes place compared
with the test data. Relatively high overshoots are observed in figure 5.6 between
500 and 1500 s as well. Likewise, in the second half of the intermediate steady-state
and after that, the code cannot predict the measured level values as accurate as in
the first phase of the transient. Not to mention that the calculated spraying control
signal is half of the corresponding measured values during the power increase (figure
5.7).

Given that the PRZ pressure controllers have been checked and refined during
the steady-state runs, the discrepancies in the spraying control signal indicate that
the PRZ level controller may be a source of these discrepancies. The discrepancies in
the calculated water level in the PRZ could originate due to overfeeding or improper
feeding by the chemical and volume control system (CVCS), and thus, of the feeding
flow (figure 5.4). A question may arise that what if the charging flow-rate or the
spraying control signal would be equal to the corresponding test values? Would it
eliminate the discrepancies in the calculated PRZ pressure and level?
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In order to answer these questions, the code has been run for two different cases:

1. Manual spraying flow-rate and automatic charging flow-rate.

2. Manual charging flow-rate and automatic spraying flow-rate.

The second approach, the manual water charging of the primary side drastically
improves all the results and consolidated the initial suspicion of poor documentation
of the PRZ controllers, especially the of the PRZ level controller. Thus, it is decided
to go along with manual charging water injection in the primary side for the rest of
the transient calculations.

R4 Load Step Test 2015: Charging Flow-Rate
T T T T T T

Measured
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Flow-Rate (kg/sec)

0 500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 5.4: Charging flow-rate in the primary side. Discrepancies occur during
the whole transient, however they intensify during the sharp thermal power decrease
and increase.
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Figure 5.5: Pressure in the PRZ. Noticeable discrepancies occur between 500 and
1500 s as well as after 4000 s.
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Figure 5.6: Water level in the PRZ. Noticeable discrepancies after 500 s.
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20 R4 Load Step Test 2015: Spraying Flow-Rate Signal
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Figure 5.7: Output of spraying flow-rate controller. This control signal is trans-
lated into spraying flow-rate through the valve characteristic curve.

5.3 Transient Analysis Results

In the last series of transients runs the RELAP5 table of feedwater temperature
is readjusted so as to capture the decrease of feedwater temperature during the
intermediate steady-state.

Despite the fact that feedwater temperature changes roughly 4 K it seems that
it affects the heat balance of the system and improves the calculated results when
simulated.

It should also be noted that the length of the charging line is set equal with 10
m. Its previous value was 100 m an old estimate by the original developer of the
code. The 100 m value for the length of the charging line seem to be exaggerated
and that is the reason of its replacement with the most realistic 10 m value.

The results of the most successful transient run are presented in the following

pages.
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Figure 5.8: Thermal Power input for the transient runs.
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Figure 5.9: Pressure in the pressurizer.
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Figure 5.10: Level in the PRZ.
6.9 10% R4 Load Step Test 2015: Pressure in SG
B T T T T T T T
Measured
RELAPS
6.8 1
6.7 [ b
Se6l .
e
=
g
F 65
A
6.4 1
6.3 1
62 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (sec)

Figure 5.11: Pressure in the SG.
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Figure 5.12: Level in the SG.
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Figure 5.13: Temperature in hot leg.
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Figure 5.14: Temperature in cold leg.
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Figure 5.15: Loop average temperature.
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Figure 5.16: Feedwater flow-rate in the secondary side.

Figure 5.17: Steam flow-rate.
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R4 Load Step Test 2015: Charging Flow-Rate
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Figure 5.18: Charging flow-rate (given as boundary condition).
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Figure 5.19: Proportional heaters capacity.
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20 R4 Load Step Test 2015: Spraying Flow-Rate Signal
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Figure 5.20: Spraying flow-rate signal.

The calculated values follow the trend of the test values and that almost all
variables are predicted with very good precision. However, in some cases, like the
feedwater flow (figure 5.16) overshooting is observed, not significant though, during
the sharp power decrease and increase phases of the transient. However, a more
thorough assessment of the accuracy of the code predictions is given by the FFTBM
with signal mirroring in the following chapter.

5.4 Transient Analysis Concluding Remarks

The charging flow-rate is set as a boundary condition. This approach is followed
in order to show that the results produced with charging flow set as boundary
conditions are better than those when the charging flow is regulated automatically
by the PRZ control systems. It is believed that improper modelling of the PRZ level
controller mostly affects negatively the accuracy of the calculated results.

For manual charging flow-rate the calculated results seem to follow the trend
of the corresponding test data and the vast majority of the variables are predicted
with very small error, like the primary pressure (figure 5.9) and the loop average
temperature (figure 5.15). Some others are predicted with a relatively higher error
which are still between the acceptability limits. For instance, the steam flow- rates
during the intermediate steady-state are predicted with relative error less than 5 %.

As for the spraying flow-rate signal concerned, it seems that despite the fact that
the calculated results follow the trend of the test values, the peak of the spraying
during the power decrease is not predicted as accurately as other variables, like the
primary pressure. This happens because the calculated control signal decays slower
than the actual one (not visible in figure 5.20). Again, this has to do with the PRZ
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controllers inadequate modelling.
However it should be noted that mass flow-rates in general are one of the most
difficult values to be predicted by BE-codes.
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Accuracy Quantification using

Fast Fourier Transform Based
Method (FFTBM)

Quite often BE-code users have to deal with the following questions [22]:

o How many simplifications can the model afford without deteriorating the pre-

diction accuracy?

o What is the margin for necessary improvements in the model?

o How to perform an objective assessment of the model?

FFTBM is a method that deals with the above questions by depicting the discrep-
ancies between the calculated and the experimental data in the frequency domain.
It provides the means to assess the "goodness" of the method.

So far, FFTBM has been applied to primary side transients, especially for SB-
LOCAs simulations in small-scaled facilities, secondary side transients as well as in
burn-up calculations assessment.

6.1 FFTBM Outline

FFTBM is using Fast Fourier Transformation algorithm (FFT) in order to calculate
the Discrete Fourier Transformation (DFT) of the experimental calculated signals.
Thus, N samples from the experimental/calculated signals are needed. When FFT
is used, in order for the sampling theorem to be fulfilled (the number of samples
needed in order the experimental /calculated signal to be reliably represented by the
sampled values) N = 2™ m = 8,9,10,11. Hence, the sampling frequency reads
as:

N 2m+1

Ty Ty’

1
*:fs:2fmax:
T

where Ty is the duration of the sampled signal, 7 the time interval between two
successive samples and f,,., the highest frequency component of the signal. The
sampling theorem does not hold beyond f,,.z.

6.1.1 Average Amplitude

Average Amplitude AA is the basic measure used for FFTBM analysis. Supposing
that the difference between the calculated F,, () signal and the experimental one
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Feup(t) reads in the time domain as: AF = F,,(t) — F..p(t) then, the average
amplitude AA is calculated as:

2 o Feap(f)

where AF (fn) and Fexp( fn) the DFT of AF and F,,, as calculated by FFT algorithm
respectively. AA can be interpreted as an integral measure that keeps track of
the relative magnitude of the discrepancy between the experimental and calculated
variable over the time history. Calculating the AA value of a variable of interest the
following conclusions can be made for its prediction by the code:

o« AA < 0.3 corresponds to very good variable prediction.

e 0.3 < AA < 0.5 corresponds to good variable prediction.

e 0.5 < AA < 0.7 corresponds to poor variable prediction.

e AA > 0.7 corresponds to very poor variable prediction.

This criterion refers to one variable. Usually, it is favorable to quantify the
overall model accuracy based on a number of different variables N,,.. Thus, the
total average amplitude AA;,; for all of the variables of interest can be computed
as:

AA =

Nyar
Al = Z (wr)i(AA);
i=1
where (wy); the weighting factor of the i —th variable of interest. The above criterion
in this case is modified as:
o AA;, < 0.34 corresponds to very good code prediction.
e 0.3 < AA,; <0.5 corresponds to good code prediction.
e 0.5 < AA;,; < 0.7 corresponds to poor code prediction.
o AA;,; > 0.7 corresponds to very poor code prediction.
There is a certain limit for the AA or AA;, that should not be overwhelmed for
experienced users, the so called "acceptability limit" AA < 0.4.
Those weighting factors are normalized, thus:

N’UaT

> (wp)i =1

i=1

The weighting factor (wy); of the i — th variable of interest is subsequently defined

as:

(wf)@ _ (wexp)i<wsaf)i(wnorm)i

S (Weap)i(Wsaf )i (Wnorm )i

where (weyp); accounts for the uncertainty due to the instrumentation or of the
measurement method, (ws,r); the safety relevance of the variable, and (wyerm); the
interrelation with the primary pressure since in a complex system like a nuclear
reactor variables are not completely independent with each other. Primary pressure
is a variable of significant importance therefore it is used as a benchmark for fixing
(Wnorm )i values for different variables. Weighting factors (wegp)i, (Wsaf)i and (Wnorm )i
are usually referred to as experimental accuracy, safety relevance and primary pres-
sure normalization respectively. These three weighting factors are not normalized
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usually. Their values are a subject of engineering judgment, which introduces a
degree of arbitrariness, and as long as their values have been decided for a partic-
ular transient they should not be changed when comparing different codes/models
results. FFTBM was first introduced for SB-LOCAs and the weighting factors were
first estimated for this kind of transient, as shown in table 6.1.

Quantity Wezp Wsaf Whorm
Pressure Drops 0.7 0.7 0.5
Mass Inventories 0.8 0.9 0.9
Flow-Rates 0.5 0.8 0.5

Primary Pressure 1.0 1.0 1.0
Secondary Pressure 1.0 0.6 1.1
Fluid Temperatures 0.8 0.8 2.4
Clad Temperatures 0.9 1.0 1.2
Collapsed Levels 0.8 0.9 0.6
Core Power 0.8 0.8 0.5

Table 6.1: Weighting factors for different measured quantities (SB-LOCA) [8, 12,
29].

6.1.2 Additional Measures for Accuracy Quantification

Additional measures used in FFTBM analysis are the variable accuracy V' A; of the
i — th variable of interest, the minimal and maximal variable accuracy V' A,,;, and
V Ajnaz respectively, as well as the number of discrepancies ND [8, 18].

Variable accuracy V' A; of the ¢ — th variable of interest shows what the total
average amplitude AA;,; would be if the rest of the chosen variables all have the
same weighting factor (wy); and average amplitude AA;. Therefore it is designated
as:

VAl = (wf)Z . AAZ . Nvar

It should be mentioned that the criterion for AA is applicable for V A; too.
Minimal variable accuracy V' A,,;,, and maximal variable accuracy V A,,., indicate
the minimum and the maximum variable accuracy among the accuracy amplitudes
AA;,i=1,..., Ny of the N, chosen variables.

Consequently, they are defined as:

VApin =max(VA;),i=1,..., Ny

and
VApae =min(VA;),i=1,..., Ny

As it is mentioned before the acceptability limit is 0.4 and consequently AA;,; < 0.4.
Hence, the number of discrepancies N D is equal with the number of variables for
which VA; > 0.4. It is obvious that ND = 0 when VA,,;, < 0.4. It should be
mentioned that a prerequisite for the application of FFTBM is that the average
amplitude of the primary pressure is AA < 0.1 due to the significant influence of
this variable in the system.
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6.2 Methodology for Code Accuracy Quantifica-
tion

Initially, a qualitative assessment of the code results should take place to see whether
the code predicts accurately the measured data and whether the calculated results
follow the trend of the measured ones.

Then, the transient is divided in phenomenological windows for which the relevant
thermal-hydraulic aspects (RTA) are identified (most important events/phenomena
occurring). Variables that best describe the RTA are chosen. Then the weighting
factors of the variables are set. The average amplitude AA of each chosen variable
as well as the AA;,; can be calculated using the increasing time window approach.

In increasing time window approach the transient is divided in equal and succes-
sive time slots. Increasing time windows are then made by adding successive time
slots so that the first time window corresponds to the first time slot, the second
time window to the addition of the two first time slots etc. Hence, the last time
window corresponds to the whole duration of the transient. AA; fori=1,..., Nyar
and AA;, are calculated for each time window and plotted with time. This is the
new increasing time window approach proposed in [8].

In the old increasing time window approach [22] the transient used to be par-
titioned in time slots equal with the duration of each phenomenological window.
The time windows were constructed in the same manner as mentioned above, by
adding successive time slots. Nonetheless, the new increasing time window approach
allows to better track the evolution of AA; or AA;,; with time, especially for tran-
sients with few phenomenological windows. In addition it reveals when the biggest
discrepancies occur and their contribution both to variable and total accuracy.

In addition, the discrete calculated and discrete experimental signal are mirrored
in the time domain in order to avoid an inherent weakness of the original FFTBM
method that produced unphysical AA results [10]. AA (AA; or AA;,) should in-
crease with increasing time window, since it is an integral discrepancy measure
throughout the increasing time window interval. Consequently as time window in-
creases, addition of discrepancies of the newly added time slots occur, which is why
AA should monotonically increase. However this does not happen when the last and
the first point of the discrete signal differ significantly. FFT multiplies the discrete
signal so as to create a periodic infinite signal. As a result, any difference between
the first sample of each period with the last sample of the previous period increases
the frequency content of AA, distorting it significantly.

6.3 FFTBM Analysis

The quantitative analysis is described in the Transient Analysis (2) - Transient
Results chapter. The main conclusion of the qualitative analysis is that overall the
calculated results are in very good agreement with the corresponding experimental
values.
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Then, FFTBM with signal mirroring is applied for the quantification of the good-
ness of the model used mainly through average amplitude AA.

The transient is partitioned in five phenomenological windows:

1. Initial Steady-State, 0 — 338 s

2. Power Decrease, 338 — 500 s

3. Intermediate Steady-State, 500 — 3914 s

4. Power Increase, 3914 — 4300 s

5. Stabilizing in the Initial Steady-State, 4300 — 4500 s

A number of 25 variables descriptive of the most important RTA were chosen
for the assessment, those that appear as inputs or outputs in the PRZ level and
pressure controllers as well as in SG level controller (table 6.2).

The safety and experimental weighting factors used are the same as the ones
used for the SB-LOCA transient. The normalised factors are chosen as the aver-
age amplitude for each variable divided by the average amplitude of the primary
pressure.

For the FF'TBM analysis JSI FFTBM Add-in 2007 is used. It is an Excel-2007
add-in developed by Jozef Stefan Institute in Ljubljana by Dr. Andrej Prosek. The
user should tabulate the experimental as long as the calculated data. The options
provided by the add-in is FF'TBM with or without signal mirroring, Safety Analysis
Report (SAR) analysis and plotting of the experimental versus the calculated data.

6.4 FFTBM Results

The results for the biggest time window 0 —4500 s are representative of the variables
trends during the whole transient and they are presented in table 6.2. From figure
6.1 it can be seen that the primary pressure criterion AA < 0.1.

The evolution of total average accuracy AA;, is depicted in figure 6.12. It can
be seen that the total average accuracy is below the acceptability limit and that the
overall predictions of the code are good.

The number of discrepancies (variables with VA > 0.4) in the 0 — 4500 s time
window is equal to 5, which is due to the steam flow-rates, the spraying flow-rate
signal and the proportional heaters capacity.

However, from the figures and from the AA - VA data in table 6.2 it can be
seen that the spraying flow-rate signal (figure 6.11) is the variable with the most
deleterious influence in total average accuracy. Its AA and V' A are well above the
acceptability limit.

The second variable that negatively influences the code accuracy is the propor-
tional heaters capacity (figure 6.10) and last, the steam flow-rates figure(6.9). The
behaviour of spraying and of the proportional heaters substantiates the suspicions
for the controllers modelling.

Seventeen variables have AA < 0.1. Hence their prediction is excellent and it is
very noticeable that among those variables the most important system variables are
included. Namely, the primary pressure, the secondary pressure, the levels of the
SGs and of the PRZ, and all temperatures.
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Variable Weighting factors 0 — 4500s
Wezp | Wsaf | Wnorm | AA VA
Primary Pressure 1.0 1.0 1.0 0.02 | 0.006
Level in PRZ 0.8 0.9 4.1 0.09 |0.1
Pressure in SG-1 1.0 0.6 1.1 0.02 | 0.004
Pressure in SG-2 1.0 0.6 1.3 0.03 | 0.005
Pressure in SG-3 1.0 0.6 1.2 0.03 | 0.004
Level in SG-1 0.8 0.9 4.2 0.09 | 0.07
Level in SG-2 0.8 0.9 4.5 0.10 | 0.08
Level in SG-3 0.8 0.9 4.3 0.10 | 0.08

Hot Leg Temp. in Loop 1 0.8 0.8 0.3 0.02 | 0.001
Hot Leg Temp. in Loop 2 0.8 0.8 0.4 0.02 | 0.001
Hot Leg Temp. in Loop 3 0.8 0.8 0.4 0.02 | 0.001
Cold Leg Temp. in Loop 1 | 0.8 0.8 11.7 1 0.01 | 0.02
Cold Leg Temp. in Loop 2 | 0.8 0.8 11.1 0.01 0.02
Cold Leg Temp. in Loop 3 | 0.8 0.8 11.8 0.01 |0.02
Average Temp. in Loop 1 0.8 0.8 0.3 0.008 | 0.0004
Average Temp. in Loop 2 0.8 0.8 0.4 0.008 | 0.0004
Average Temp. in Loop 3 0.8 0.8 0.4 0.008 | 0.0004
Feedwater Flow in SG-1 0.5 0.8 11.7 |1 0.26 | 0.30
Feedwater Flow in SG-2 0.5 0.8 11.1 0.25 | 0.27
Feedwater Flow in SG-3 0.5 0.8 11.8 | 0.27 |0.31
Spraying Control Signal 0.5 0.8 43.1 0.97 | 4.15

Prop. Heaters Capacity 0.8 0.8 19.7 1044 |1.39
Steam Line - 1 Flow 0.5 0.8 14.1 0.32 | 0.44
Steam Line - 2 Flow 0.5 0.8 16.1 0.36 | 0.58
Steam Line - 3 Flow 0.5 0.8 14.9 0.33 | 0.50
Total 0.33

Table 6.2: FFTBM analysis variables, weighting factors and results for the 0—4500
s interval

From the total accuracy figure (figure 6.12) and from the spraying flow-rate signal
figure (figure6.11) it can be deduced that it is mostly the discrepancies during the
first spraying period that contributes negatively to the accuracy of this variable and
to the total accuracy. In other words the big jump in AA;, diagram is caused by
the jump occurring in the AA of the spraying flow-rate signal. In the same trend
the discrepancies of every variable during the power decrease phase are greater
than in the rest of the transient, especially compared to the discrepancies occurring
during the power increase phase. It seems that the modeled control systems are
initially "shocked" due to the power decrease but then they manage to compensate
the transient.
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FFTBM Analysis - Primary Pressure
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Figure 6.1: Average amplitude of the primary pressure.
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Figure 6.2: Average amplitude of level in the PRZ.
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Increasing Time Window - Pressure in SGs
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Figure 6.3: Average amplitudes of the pressure in the SGs.
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Figure 6.4: Average amplitudes of the levels in the SGs.
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Figure 6.5:

Figure 6.6:

FFTBM Analysis - Hot Leg Temperatures
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FFTBM Analysis - Cold Leg Temperatures
T T T T

0.012 T
0.01
0.008 |-
0.006
0.004 |
0.002
——SG-1
—8—5G-2
—&—SG3
0 Il 1 1 Il 1 1 Il 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (sec)
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%1073 Increasing Time Window - Level in SG3
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Figure 6.7: Average amplitudes of the average loop temperatures.

FFTBM Analysis - Feedwater Flows
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Figure 6.8: Average amplitudes of the feedwater flow-rates in the SGs.
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FFTBM Analysis - Steam Flows
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Figure 6.9: Average amplitudes of the steam flow-rates in the SGs.

FFTBM Analysis - Proportional Heaters Capacity
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Figure 6.10: Average amplitude of the proportional heaters capacity.
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FFTBM Analysis - PRZ Spraying Flow-Rate signal
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Figure 6.11: Average amplitude of the spraying flow-rate signal.
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Figure 6.12: Total average amplitude.
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6.5 FFTBM Analysis Concluding Remarks

In general, on the basis of the FFTBM analysis it can be concluded that the code
predictions of the most important parameters, like the primary and secondary pres-
sure are excellent.

Figure 6.12 indicates that the quality of overall code predictions are in the range
of good agreement. Yet, there is a margin for further improvement by re-examination
and possible re-adjustment of the modeled PRZ controllers, especially the PRZ level
controller.
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Conclusion

This chapter presents the most important results of the previous analysis and a
recommendation for future work is given.

7.1 Summary - Main Conclusions

The main purpose of the Load Step Test is to check the ability of the control systems
to handle the perturbations without triggering any safety or protection systems.
This should also be reflected in the simulation of the Load Step Test by the RELAP5
model of Ringhals 4, which is successful.

The first step for the simulation of the transient is that the code is able to achieve
a steady-state close to one of the real reactor. The code reaches a steady-state after
6000 s and the steady-state values of the most important variables predict the
corresponding test data values.

Thermal power level throughout the transient is the most important parameter
affecting the calculated results. Deriving it from the temperature difference between
the hot and the cold legs is the most reliable way.

Investigation of the calculated PRZ level discrepancies revealed that the cause
lied in the inappropriate modeling of the CVCS system which affected the feeding
flow of the PRZ from the surge line as well as the spraying flow. Hence, the remaining
transient calculations were run with the primary side charging flowrate given as a
boundary condition.

The FFTBM analysis shows the overall reliability of the code predictions. The
predictions of the most important variables, 20 out of the 25 chosen variables, can
be labeled as very good. The predictions for the spraying control signal and the
proportional heaters are not satisfactory. The last two indicate that the modelling
of the PRZ controllers has to be improved. Thus, additional data like spraying valve
characteristics will be needed.

7.2 Proposals for Future Work

The work presented above revealed the inappropriate modelling of the PRZ level con-
trol system (CVCS). Consequently, the most important recommendation for future
work is the re-examination of the PRZ control system because this will contribute
to the improvement of the results.
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7. Conclusion

The weighting factors that were set for the FFTBM analysis of the Load Step
Test are presented in table 6.2. As it is mentioned in a previous chapter, the weight-
ing factors are set for different transient types and their values are a subject of
engineering judgement. It would be useful to further if more appropriate weighting
factors could be set.

Furthermore, development of a PARCS neutron kinetic model for Ringhals 4
which will be coupled with the existing RELAP5 model will pave the way for a more
complete and integrated neutronic-thermalhydraulic model of Ringhals 4, increasing
the model fidelity and ultimating the ability of transient predictions.

Another option for future work is the conversion of RELAP5/MOD3.3 model of
Ringhals 4 to TRACE, which is a new and more user-friendly code compared to
RELAPS.
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