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Abstract
Deterministic safety analyses are performed in the nuclear industry to ensure that the plant
in question can withstand certain postulated events. To study how the plant is affected by
such transients or accidents, analyses are made using specialised software. This computer
simulation program, a model of the nuclear power plant is constructed to simulate the be-
haviour of the facility. The results of these analyses, however, depend on the accuracy of
the model. As nuclear safety is the most important factor in the nuclear industry, it is es-
sential to ensure that the model used for safety analyses is accurate and models the plant
correctly. This is the process called verification and validation.
In this thesis, a verification and validation process is performed to two individual parts of
the Hanhikivi-1 plant model, the passive heat removal systems of steam generator and of
containment. These two were chosen because they are new safety systems unique to Gen-
eration III+ reactors and because commissioning test data is available for them from the
Leningrad-II nuclear power plant. This real-world data allows to conduct a more reliable
validation comparison.
The verification was done by studying the model and making preliminary calculations to
test the functioning of the systems. As an outcome of this, model updates were made, and
the heat convection correlation was changed to Churchill and Chu mixed free and forced
convection. The validation study was made by comparing the results calculated in Apros
with the results of the commissioning tests performed at Leningrad-II reference plant. The
comparison showed that the results are analogous, and that the simulation model is accu-
rate. It is suggested that further studies are performed with these systems as the data avail-
able was limited. Additionally, the rest of the model should be verified and validated if more
data is made available from the reference plant.
Keywords verification, validation, passive heat removal system, Apros
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SYMBOLS AND ABBREVIATIONS
Symbols
Latin

𝑨 flow area m2
𝑩 thermal expansion coefficient -
𝑪 concentration ppm
𝑫 neutron diffusion coefficients cm
𝒅 diameter m
𝑭 friction N
𝒈 gravitational acceleration m/s2
𝒉 specific enthalpy kJ/kg
𝑳 length m
𝒑 pressure Pa
𝑸 heat transfer rate W
𝑺 neutron emission rate 1/cm3
𝒔 sources of mass, momentum and energy -
𝑻 temperature K
𝒕 time s
𝒖 velocity of the fluid m/s
𝒗 neutron velocity m/s
𝒘 velocity of gas mixture in the node m/s

Dimensionless quantities
𝒇 Darcy friction factor
𝑮𝒓 Grashof number
𝑵𝒖 Nusselt number
𝑷𝒓 Prandtl number
𝑹𝒂 Rayleigh number
𝑹𝒆 Reynolds number
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Greek
𝜶 volume fraction -
𝜷 total fraction of delayed neutrons pcm
𝚪 mass transfer rate kg/m3 s
𝝀 decay constant s
𝝁 dynamic viscosity N s/m2
𝝂 kinematic viscosity m2/s
𝝆 density kg/m3
𝜮 cross section 1/cm
𝝓 neutron flux 1/cm2 s

Subscripts
𝟏 fast neutron
𝟏𝟐 from fast to thermal neutron group
𝟐 thermal neutron
∞ PHRS tank
𝑩 bulk temperature
𝒃𝟏 absorption in fast neutron group
𝒃𝟐 absorption in thermal neutron group
𝒇 fission
𝒈 gas
𝒊 phase i
𝒊 𝒌 between phases i and k
𝒌 phase k
𝑺 surface
𝒘 wall
𝒘 𝒌 between wall and phase k
𝒚 mass, momentum and energy
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Operators
𝛻 divergence
𝛿
𝛿𝑡

partial derivative with respect to variable t
Σj sum over index j

Abbreviations
AOO Anticipated Operational Occurence
CPHRS Containment Passive Heat Removal System
DBA/DBC Design Basis Accident/Case
DEC Design Extension Condition
FH1 Hanhikivi-1 Nuclear Power Plant
HE Heat Exchanger
IAEA International Atomic Energy Agency
LAES-II Leningrad-II Nuclear Power Plant
LOCA Loss-of-coolant accident
MSH Main Steam Header
NPP Nuclear Power Plant
PHRS Passive Heat Removal System
PRISE Primary-to-Secondary Leak
PSAR Preliminary Safety Analysis Report
PWR Pressurised Water Reactor
SA Severe Accident
SG Steam Generator
SG PHRS Steam Generator Passive Heat Removal System
VVER Water-Water Energetic Reactor
VTT Technical Research Centre of Finland
V&V Verification and Validation
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1 INTRODUCTION
During all phases of a nuclear power plant’s life, deterministic safety analyses
are performed to study the possible transients and accidents that could occur
at the plant and plan the safety systems to successfully handle these events.
The events that are analysed are called Anticipated Operational Occurrences
(AOO), Design Basis Accidents (DBA), Design Extension Conditions (DEC)
and Severe Accidents (SA) on which the design of the plant and of the safety
systems is built upon. If the plant is built to withstand all these postulated
accidents, the risk of causing hazard to individuals and the environment is
low.

To demonstrate that the facility is tolerant to certain identified accident sce-
narios, an accurate model of the plant is constructed. This model must pre-
cisely follow the functioning of the actual plant to ensure that the results of
the analyses are correct and can be trusted upon. To make sure that the code
used, and the model built are precise, a validation process must be con-
ducted. Apros Nuclear as a code has been extensively verified and validated
for various reactors, especially for VVER-440 by VTT and Fortum (Ylijoki et
al., 2015).

The AES-2006 Hanhikivi-1 (FH1) Apros model has been in development
since 2014. It has most of the plant modelled (Peltokorpi & Hongisto, 2020).
The model includes a 1D and a 3D neutronics core model, primary circuit,
secondary circuit, turbine, all important safety systems and safety automa-
tion and containment. Also, some main plant controllers are modelled. Re-
garding the passive heat removal systems (PHRS), the Steam Generator (SG)
PHRS and the Containment PHRS are both modelled.

The FH1 model has been widely used for independent and own safety anal-
yses by Fennovoima. Various comparative transients and accident scenarios
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have been run with the model and compared with the plant Supplier’s, RAOS
Project Oy’s (subsidiary of Rusatom Overseas, part of the Rosatom State Cor-
poration Group) analyses. From the similarities of the analyses results, one
can say that the model does indeed represent the plant accurately as long as
the Supplier’s model is precise. However, the model has not been formally
verified and validated and as such, a verification and validation (V&V) is
needed to be done.

The objective of this thesis is to perform a V&V for specific parts of the plant
model. To limit the scope of this work appropriately, the Passive Heat Re-
moval Systems of steam generators and of containment are studied. These
were chosen because the PHRSs are a new type of safety system that has been
implemented only in Gen III+ reactors (World Nuclear Association, 2020).
Additionally, the Supplier has provided real-life data from SG and contain-
ment PHRS experiments and commissioning tests conducted at the LAES-II
reference plant. With this data, the V&V process is simpler and more trust-
worthy as this data can be compared with Apros model data to find out the
precision of the plant model.

The thesis consists of an introduction, background sections, a literature
study, a research part, a results section and finally conclusions. In the intro-
duction part, the background, the scope and the objectives of the thesis are
presented. In the background sections, the type of power plant and its sys-
tems are described, and the code and model used are presented. Next, the
different methods of V&V are outlined in the literature study. The research
section includes the V&V methods chosen in this thesis in addition to the cal-
culations performed to validate the model. In the results section the V&V is
done using the methods presented in the previous chapter and finally the re-
sults and the V&V are summarised in the conclusions.
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2 VVER-1200 AND FH1
VVER-1200 also known as AES-2006 is a Gen III+ pressurized water reactor
designed in Russia by Rosatom, based on VVER technology. It is an evolution
of the VVER-1000 with improved design in terms of efficiency, safety and
lifetime (World Nuclear Association, 2021). Its specifications include a 54-
month construction time, 60 years design lifetime, 90% capacity factor and
37% thermal efficiency as per Rosatom (2013). Moreover, there are two fam-
ilies of VVER-1200 designs: V-392M designed by Moscow Atomener-
goproekt and V-491 by St Petersburg Atomenergoproekt. The most signifi-
cant difference between these two designs are that the V-491 has a four times
redundancy in most safety and control systems compared to the two times
redundancy in the V-392M (State Atomic Energy Corporation ROSATOM,
2013). Both designs incorporate passive safety systems. Currently there are
five operational VVER-1200 reactors, four in Russia and one in Belarus, and
several in-construction around the world (World Nuclear Association, 2021).

2.1 Hanhikivi-1 nuclear power plant
The FH1 NPP that will be built on the Hanhikivi peninsula in Northern Os-
trobothnia is a VVER-1200 V-522 which is the V-491 designed by St Peters-
burg Atomenergoproekt adapted to Finland (World Nuclear Association,
2020). It is a 1200 MWe, 3200 MWt 4-loop PWR with horizontal steam gen-
erators. The normal operating conditions of a VVER-1200 are coolant tem-
perature of 298 °C at core inlet and 329 °C at core outlet and pressures of
16.2 MPa in the primary loop and 6.8 MPa in the main steam header (MSH)
of the secondary side. The refuelling period is 12-18 months and the expected
service life 60 years. (State Atomic Energy Corporation ROSATOM, 2013)

The reactor core of a VVER-1200 consists of 163 fuel assemblies in a hexag-
onal pattern and each fuel assembly has 252 fuel rods. The reactivity is
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controlled using 121 control rods and using boron injected into the primary
circuit. The fuel columns are 3.73 metres tall and have 13 spacer grids (in-
cluding the anti-vibration one) distributed 34 centimetres apart. The weight
of the uranium oxide fuel can be up to 534 kilograms and the enrichment up
to 5 %. (State Atomic Energy Corporation ROSATOM, 2013)

As a Gen III+ reactor design, the VVER-1200 has all the conventional active
safety systems and various passive ones. A simplified image of the main sys-
tems is in Figure 1. The figure is not drawn to scale, and the objects are not
exactly at the correct locations when compared to the actual plant.

Figure 1: FH1 plant main systems (Zein, 2020)
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In Figure 1, the reactor and the main components of primary loop 4 such as
the pressurizer, steam generator and reactor coolant pump can be seen. In
addition, the main safety systems are visible such as:

 Control rods in reactor
 Emergency core cooling systems with high- and low-pressure injec-

tions (JND & JNG-1) and hydroaccumulators (JNG-2)
 Residual heat removal system with recirculation (JNA & JNE)
 Emergency boron injection system (JDH)
 Chemical and volumetric control system (KBA)
 Pressurizer relief valves (PRZ PORVs)
 Steam generator (SG) and containment passive heat removal systems

(JNB & JMP)
 Containment spray

Additionally, but not visible in Figure 1, the VVER-1200 plant design has a
core catcher under the reactor to ensure that in core meltdown accidents, the
corium cannot escape outside the containment. As this thesis studies the pas-
sive heat removal systems, these systems will be presented in more detail in
the next subsection.

2.2 Passive heat removal systems
VVER-1200 as other generation III+ designs, have improved the safety as-
pects of nuclear power plants by incorporating an increasing amount of pas-
sive safety systems (World Nuclear Association, 2020). Such systems while
not being inherently safe, increase the safety of a plant because their func-
tioning does not rely on external factors. Passive safety systems are designed
to utilise natural phenomena to achieve their function and thus to not need
active intervention (Schulz, 2006). This removes possible operator errors
and electrical power and signal failures (IAEA, 2009). However, as all
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equipment and devices, passive safety systems are still prone to structural
failures and therefore do not grant absolute reliability (IAEA, 1991).

The two new kind of safety system employed in the VVER-1200 are the SG
and the containment PHRSs. The SG PHRS’s objective is to remove heat from
the steam generator by circulating the steam in the secondary side of the
steam generators to heat exchangers in the PHRS tanks, condensing it and
returning it as water to the steam generator. The containment PHRS’s func-
tion in turn is to reduce and maintain the pressure inside the containment
within design limits and to transfer heat to a heat sink, the PHRS water tank
which itself is cooled by the atmosphere. (State Atomic Energy Corporation
ROSATOM, 2013)

2.2.1 Steam generator passive heat removal system (JNB)
The SG PHRS (JNB) is a passive safety system that is designed to bring the
plant to a controlled state and to maintain it in such state in accident scenar-
ios. Furthermore, it is used to remove heat for extended periods of time from
the primary circuit with the objective to transfer the plant to a safe state. The
SG PHRS is a diverse system for the BRU-A, a system that lowers the pres-
sure in the secondary side by using relief valves that release excess steam to
the atmosphere. Thus, the JNB system offers another possible way to remove
heat from the secondary side to the ultimate heat sink. This system is how-
ever not used in normal operating conditions nor in postulated accidents.
(Fennovoima Oy, 2020a)

The SG PHRS functions by circulating heat in a closed circuit from the steam
generators to the PHRS tanks. The tanks themselves are connected with
pipes to the ultimate heat sink, the atmosphere, to allow the release of steam
from the tanks. The JNB system is actuated by opening start-up valves which
can function passively or using a power supply. After the opening of said
valves, the whole system works passively. Steam that is created in the SGs
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circulates naturally up the riser to the heat exchangers in the PHRS tanks in
which the steam condenses back to water and flows through the downcomer
back to the SGs. (Fennovoima Oy, 2020a)

Figure 2: SG PHRS lines and the PHRS tanks (Fennovoima Oy, 2020a)
The JNB system consists of four identical subsystems: JNB10, JNB20,
JNB30 and JNB40 (Fennovoima Oy, 2020a) which can be seen above in Fig-
ure 2. These subsystems are redundant, isolated functionally and separated
physically. This is to increase reliability and safety of the plant by reducing
the possibilities of common cause failures and to take in account single fail-
ure criterion (IAEA, 2000). A single subsystem consists of steam generator
and its steam header connected to a riser pipeline. This line has two isolation
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valves, on both in- and outsides of the containment. On the outside of the
containment, the line passes in to the PHRS tank and connects to the tube-
type heat exchangers. From the heat exchangers, a condensate line goes back
inside the containment and connects to the SG. Before the SG, there are two
branches with two different sized start-up valves to allow the amount of heat
transfer to be controlled. A schematic diagram of one subsystem is visible in
Figure 3.

Figure 3: One subsystem of SG PHRS (Fennovoima Oy, 2020a)
During the operation of JNB, residual heat created in the reactor is trans-
ferred to the secondary side by the normal operation of steam generators.
The JNB system is actuated by opening either of the start-up valves in the
condensate line. The water in the secondary side turns to steam and through
the JNB riser line goes up to the heat exchangers in the PHRS tank. In it the
heat is transferred to the water in the tank which heats up and eventually



19

boils. The steam in the tank is released to the atmosphere via a passively
opening valve. As the heat transfers to the tanks, the steam in the heat ex-
changers condenses to water and flows down through the condensate line
back to the SGs by gravity. The returning water can then again vaporise in
the SGs and start rising up to the heat exchangers. This way a closed loop is
formed which removes heat effectively and passively using only natural cir-
culation. (Fennovoima Oy, 2020a)

The SG PHRS is designed to remove decay heat from the primary circuit at
an average rate of 30 °C/h and to cool it down to approximately 150 °C when
using the small start-up valves. These are to be used during accident scenar-
ios where the primary circuit is undamaged. The cooldown rate can go up to
44 °C/h when all four JNB subsystems are used. During loss of coolant acci-
dents or primary-to-secondary circuit leaks, the large start-up valves can be
opened which allow for greater heat removal capacities. With three active
trains, these can go up to 150 MW. However, for such accidents the cooldown
rates cannot be stated as they depend on the leak sizes and the pressures
prevalent in the circuits. (Fennovoima Oy, 2020a)

The four PHRS tanks that are on top of the containment, are constructed of
stainless steel and each house during normal operation 1072 m3 of water.
When including the gas space in the tanks, the total volume is 1318 m3. The
volume of the tanks has been designed to fulfil the 72-hours self-sufficiency
criterion. This means that the amount of water in the tanks alone is enough
to ensure decay heat removal from the reactor for 72 hours. (Fennovoima Oy,
2020a)

2.2.2 Containment passive heat removal system (JMP)
The containment passive heat removal system also known as JMP system is
a safety system designed mainly for severe accident management. This
means that the system is meant to keep the plant in a Severe Accident
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Controlled State. The JMP system does that by ensuring the integrity of con-
tainment is not lost by an excess built-up of steam and a raise in temperature.
During severe accidents such as core meltdown accidents, heat and vapor is
continually released inside the containment. The CPHRS’s function is to ex-
tract heat from the steam with heat exchangers and thus condense it and as
a result reduce the pressure and the temperature inside the containment.
(Fennovoima Oy, 2020b)

As the JMP system has this ability of heat removal from the containment, it
is also of use in other accident scenarios than only during severe accidents
(SA). In various design basis accidents (DBA) and design extension condi-
tions (DEC) such as loss-of-coolant accidents and breaks of main steam line,
release of steam takes place inside the containment for a prolonged time. In
these situations, the CPHRS can work as an alternate way for heat removal if
the primary system designed for it, the containment spray, fails. During nor-
mal operation, the JMP system has no function. (Fennovoima Oy, 2020b)

The containment passive heat removal system works by using heat exchang-
ing surfaces inside the containment. Inside these sorts of radiators, water
from the PHRS tanks, circulates to transfer the heat from the containment to
the tanks outside of containment. The CPHRS, in contrary to the SG PHRS,
is not a closed circuit. The inlet pipeline is connected to the bottom of the
PHRS tanks from which water flows down to the heat exchangers, warms up
and may turn in to steam. The heated water and steam rise from the heat
exchangers through the outlet pipeline and reach the steam relief device, also
known as a sparger. This is a cylindrical device that distributes the water and
the steam inside the PHRS tank. (Fennovoima Oy, 2020b)

Similarly, to the SG PHRS, the CPHRS consists of four subsystems (JMP10-
40) that are redundant, isolated and physically separated. Each of the sub-
systems consists of four identical trains connected to the same PHRS tank. A
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single train has an inlet line with an isolation valve, four heat exchanging
surfaces, outlet line with another isolation valve, steam distribution device
and a condensate collector at the bottom of the heat exchangers with a con-
nection to the floor drains. A single JMP subsystem is shown in Figure 4.

Figure 4: Containment PHRS subsystem (Fennovoima Oy, 2020b)
Being a passive safety system, the JMP functions with natural circulation
only. The differences in water temperature and thus in water density, allows
for the circulation of water between the heat exchangers and the PHRS tanks
to take place. As steam is condensing inside the containment on the heat ex-
changing surfaces, the temperature of water inside the heat exchangers in-
creases. This causes a temperature difference between the water in the con-
densers and the water in the PHRS tanks. Due to this temperature difference,
the density also differs. This creates a buoyant force on the warmer water
which pushes it up towards the PHRS tanks. As the resistances in the pipe-
lines of the JMP system are low, the circulation of water from the heat ex-
changers to the tank starts already when a small difference of temperature
exists. To supply more cooling water to the heat exchangers, cold water from
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the bottom of the PHRS tanks flows down through the inlet pipeline to the
heat exchangers to replace the water flowing up to the tanks.

After the CPHRS system has been in operation for a certain amount of time
(depending on the prevailing conditions such as the containment tempera-
ture), the water at the JMP inlet line in the PHRS tanks reaches temperatures
of around 65 °C. This causes the cooling water inside the heat exchangers to
evaporate. The flow from the condensers to the PHRS tanks becomes a two-
phase flow, a mixture of gas and liquid. As the heating of the tanks continue,
the flow may also become a one-phase flow of only steam. At this point, the
volume in the PHRS tanks is reducing and all the steam is released into the
PHRS gas space and from there to the atmosphere. (Fennovoima Oy, 2020b)

A single JMP subsystem is able to provide 33% of the needed heat removal
capacity in accident scenarios which corresponds to 5.32 MW. This means
that 3 out of 4 subsystems are required to operate to maintain the tempera-
ture and pressure inside the containment below design levels. As with the SG
PHRS, the CPHRS can operate 72 hours without any external power or water
supply. (Fennovoima Oy, 2020b)
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3 APROS SIMULATION SOFTWARE
To study passive safety systems and their functioning in various situations,
the systems are modelled into computer simulation programs. Such pro-
grams model the nuclear power plant or a part of it. Fennovoima uses a sim-
ulation program called Apros Nuclear for safety analyses. This software has
been developed by VTT and Fortum and is widely used in the modelling of
nuclear power plants.

Apros is a multifunctional simulation software for modelling of various
power plants and processes. It supports, full-scale modelling with vast model
libraries and calculation algorithms. With these, complex industrial pro-
cesses and power plants such as nuclear power plants can be modelled accu-
rately. The nuclear models in Apros combines the neutronics of the reactor
core with the thermal-hydraulics of the process components. In addition, the
electrical system and the automation can be included to have a full model of
the plant.

3.1 Neutronics
Apros has four options for reactor neutronics models. Point kinetics model,
one-dimensional neutronics model and two different three-dimensional neu-
tronics models. The 1D and the 3D neutronics models are both based on the
two-group neutron diffusion theory in homogenised nodes (Fortum & VTT).
Neutron diffusion theory allows the prediction of the neutron distribution in
the reactor at different times by taking in account the different interactions
the neutrons realise with different environments in the core. These interac-
tions are approximated such that the neutrons undergo a diffusion in the
core. This means that the neutrons distribute from a higher concentration to
a lower one. To find out this neutron distribution, diffusion equations are
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solved. The equations are based on the rate of change of neutron density.
(Lamarsh & Baratta, 2001).

The two-group diffusion equations used in Apros as presented in (Puska,
Rintala, Kurki, & Leskinen, 2015) are

𝜕
𝜕𝑡 𝑣1

𝜙1 − 𝛻 ⋅ 𝐷1𝛻𝜙1 𝛴1𝜙1 − 𝛽 𝑆𝑓 𝜆𝐶


(1)

𝜕
𝜕𝑡 𝑣2

𝜙2 − 𝛻 ⋅ 𝐷2𝛻𝜙2 𝛴2𝜙2 𝛴12𝜙1 (2)

𝑆𝑓 𝑣𝛴𝑓1𝜙1 𝑣𝛴𝑓2𝜙2 (3)

where
𝑣1 and 𝑣2 are the fast and thermal neutron velocities
𝐷1 and 𝐷2 are the fast and thermal neutron diffusion coefficients
𝜙1 and 𝜙2 are the fast and thermal neutron fluxes
𝛴1 and 𝛴2 are the fast and thermal neutron sums of absorption
cross sections and absorption coefficients for control rods and
soluble poison. The first term also takes in account the removal
cross-section that a neutron goes from fast to thermal.
𝛽 is the total fraction of delayed neutrons
𝑆𝑓 is the neutron emission rate per cm3 from fission
𝜆 is the decay constant of delayed neutron precursor group j
𝐶 is the concentration of the j th delayed neutron precursor group
𝛴12 is the removal cross-section for a neutron to go from fast tothermal
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𝛴𝑓1 and 𝛴𝑓2 are the fast and thermal neutron fission productioncross-sections
The first equation (1) describes the change in fast neutron density by taking
in account the emission, leakage and absorption rates. Similarly, the equa-
tion (2) describes the change in neutron density for thermal neutrons with
the emission, leakage and absorption rates also taken into account. Finally,
the third equation (3) defines the neutron emission rate per cm3 from fission
as a sum of emission of fast and thermal neutrons.

Apros solves these equations by using methods such as mode decomposition
and approximations of node boundaries. The calculations take into consider-
ation six groups of delayed neutrons and in addition, the concentrations of
burnable poisons such as iodine, xenon, promethium and samarium in the
core are included. (Puska, Rintala, Kurki, & Leskinen, 2015)

3.2 Thermal hydraulics
For the thermal hydraulics part of the plant, Apros has five different accuracy
levels to choose from. These levels differ from each other in the precision and
the way they model the flow of fluids. The accuracy of the calculation that
solves pressures, flows, enthalpies and temperatures of heat structures de-
pends on the level used. The most accurate one, Flow model 6, models the
fluids by calculating the afore mentioned parameters dynamically and con-
stantly during simulation for two different fluids, e.g. for steam and water.
This makes it precise and a good fit when simulating safety analyses. (Fortum
& VTT)

3.2.1 Flow model 6
The two-fluid model used in the Flow model 6 is the most precise calculation
of thermal hydraulics available in Apros. It is based on the conservation of
mass, momentum and energy. These are defined separately for each phase



26

and various other phenomena such as friction and heat transfer are taken
into account. The field equations used in Apros are the 3D two-fluid model
field equations derived by area-averaging. There are six in total, three for
each phase, and are presented in (Kurki, Ylijoki, & Leskinen, 2019). The
equations for mass (4), momentum (5) and energy (6) for a phase are

𝜕𝛼𝑘𝜌𝑘
𝜕𝑡

𝜕𝛼𝑘𝜌𝑘𝑢𝑘
𝜕𝑧

Γ𝑖 𝑘 (4)

𝜕𝛼𝑘𝜌𝑘
𝜕𝑡

𝜕𝛼𝑘𝜌𝑘𝑢𝑘2

𝜕𝑧
−
𝜕𝑝
𝜕𝑧

Γ𝑖 𝑘𝑢𝑖 𝑘 𝛼𝑘𝜌𝑘𝑔 𝐹𝑤 𝑘 𝐹𝑖 𝑘 (5)

𝜕𝛼𝑘𝜌𝑘ℎ𝑘
𝜕𝑡

𝜕𝛼𝑘𝜌𝑘ℎ𝑘𝑢𝑘
𝜕𝑧

𝛼𝑘
𝜕𝑝
𝜕𝑧

Γ𝑖 𝑘ℎ𝑖 𝑘

𝑄𝑖 𝑘 𝑄𝑤 𝑘 𝐹𝑖 𝑘𝑢𝑖 𝑘 𝛼𝑘𝜌𝑘𝑢𝑘𝑔
(6)

where
𝑘 subscript represents the phase of the fluid, i.e. liquid or gas
𝛼𝑘 is the volume fraction of the fluid of phase 𝑘
𝜌𝑘 is the density of the fluid of phase 𝑘
𝑢𝑘 is the velocity of the fluid of phase 𝑘
Γ𝑖 𝑘 is the mass transfer rate between phases
𝑢𝑖 𝑘 is the velocity difference between phases
𝑔 is gravitational acceleration
𝐹𝑤 𝑘 is the friction between the wall and the fluid of phase 𝑘
𝐹𝑖 𝑘 is the friction between phases
ℎ𝑘 is the enthalpy of the fluid of phase 𝑘
ℎ𝑖 𝑘 is the enthalpy difference between phases
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𝑄𝑖 𝑘 is the heat transfer rate between phase
𝑄𝑤 𝑘 is the heat transfer rate between the wall and the fluid ofphase 𝑘

With the equations of mass, momentum and energy, the comportment of the
fluids inside the process components can be calculated accurately. To achieve
this, Apros carries out a discretization in which the state variables e.g. pres-
sure and enthalpy are calculated in a node. In contrary, the flow variables are
calculated at the border of the nodes. The properties of the fluids are obtained
from a look-up table as a function of pressure and enthalpy. After the dis-
cretization, the parameters of pressures, velocities, volume fractions and en-
thalpies for each phase can be solved from the equations with an iterative
process. (Fortum & VTT)

3.2.2 Convection heat transfer
In the Apros Flow model 6, four different correlation options exist to calcu-
late the Nusselt number. The Nusselt number describes the proportion of
convective and conductive heat transfer in a fluid. The four correlations avail-
able are the Dittus-Boelter equation, Sieder and Tate correlation, Gnielinski
correlation and the Combined free and forced convection. These can be se-
lected from the attribute Forced convection correlation of liquid
(TH6_LIQ_FORCED_CONV_CORR) in the control module of the Flow
model.

Conventionally, the option 1, Dittus-Boelter has been used in Apros model.
This equation can be used to calculate the Nusselt number in a turbulent flow
with forced convection. The Dittus-Boelter is a decent approximation when
there are no large temperature differences between the fluid and the heat
transferring surface. The equation relates the Nusselt number to Reynolds
number and Prandtl number (Incropera, Dewitt, Bergman, & Lavine, 2006)
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𝑁𝑢 𝑅𝑒
4
5 𝑃𝑟

2
5 (7)

with the correlation valid for range

൦

≤ 𝑃𝑟 ≤
𝑅𝑒 ≥

𝐿
𝑑
≥

൪

where and are the length and diameter of the pipe.

Option 2 is the Sieder and Tate correlation which is similar to the previous
one but takes in account the viscosity of the liquid at bulk temperature (𝜇𝐵)
and at the wall surface (𝜇𝑆). This makes the correlation more accurate but at
the same time more complex. It is solved by an iterative process since the
viscosity factor varies with the Nusselt number. The Sieder and Tate correla-
tion from (Incropera, Dewitt, Bergman, & Lavine, 2006)

𝑁𝑢 𝑅𝑒
4
5 𝑃𝑟

1
3 ൬

𝜇𝐵
𝜇𝑆
൰
0 14 (8)

with the correlation valid for range

൦

≤ 𝑃𝑟 ≤
𝑅𝑒 ≥

𝐿
𝑑
≥

൪

The third option is the Gnielinski correlation which is also a forced convec-
tion correlation. It however can be also used at lower Reynolds numbers
down to 3 000 which at certain conditions is laminar. The Gnielinski corre-
lation from (Incropera, Dewitt, Bergman, & Lavine, 2006)
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(9)

where f is the Darcy friction factor

𝑓 𝑙𝑛 𝑅𝑒 − −2 (10)

The correlation is valid for the range
ቂ ≤ 𝑃𝑟 ≤

≤ 𝑅𝑒 ≤ ቃ

Finally, the fourth option is the Combined free and forced convection. This
option uses a correlation based on the Rayleigh number, which defines if the
flow is laminar or turbulent in a free convection. A Rayleigh number smaller
than approx. 109 is laminar and larger is turbulent. There are separate corre-
lations that can be used depending if the flow is turbulent or laminar and also
a single correlation that may be used for any Rayleigh number. This is the
Churchill and Chu correlation (Incropera, Dewitt, Bergman, & Lavine, 2006)
and shown below:
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⎬
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2

(11)

The most appropriate correlation can be chosen from these four different cor-
relations depending on the type of flow and convection present in the model.
Currently the correlation change affects the whole model which is problem-
atic. It is common for various flows and convection types to occur at different
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places in the model which makes the choice of only one correlation difficult.
This issue will be solved in the next major update for Apros (6.11), in which a
different correlation can be set for specific parts of the model.

3.3 Containment
To simulate the movements of gasses inside the containment during transi-
ents and accidents, a separate model of the structure is needed. In the con-
tainment model, the volume of the containment is divided into sub volumes
which are called nodes and the flow between the nodes are branches. The
nodes are made of a gas region and may also include a “sump” which is any
kind of liquid pool. The containment model in Apros uses the so-called
lumped parameters (LP) method, in which the gas region of nodes is pre-
sumed to be a homogeneous mixture of non-condensable gases and water
vapour which simplifies the calculations (Silde & Ylijoki, 2020a). In addition
to the gas region and the sump, a node may also include fog droplets. These
can be formed in the containment by condensation of water vapour or by in-
jection through systems such as the containment spray. (Silde & Ylijoki,
2020b)

The containment model in Apros, similarly to the thermal hydraulics model
of the process components, bases itself on the conservation of mass, momen-
tum and energy. In the thermal hydraulics system of the containment, the
three differential equations are used to solve the pressure, mass flow rate and
temperature of a specific node. The equations for mass balance (7), momen-
tum (8) and energy balance (9) reported by Silde & Ylijoki (2020b) are

𝜕𝐴𝜌
𝜕𝑡

𝜕𝐴𝜌𝑤
𝜕𝑧

𝑠𝑦 (12)

𝜕𝐴𝜌𝑤
𝜕𝑡

𝐴𝜕𝑝
𝜕𝑧

𝑠𝑦 (13)
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𝜕𝐴𝜌ℎ𝑔
𝜕𝑡

𝜕𝐴𝜌𝑤ℎ𝑔
𝜕𝑧

𝑠𝑦 (14)

where
𝐴 is the flow area of the node
𝜌 is the density of the gas mixture in the node
𝑤 is the velocity of the gas mixture in the node
𝑝 is the pressure of the node
ℎ𝑔 is the specific enthalpy of the gas mixture
𝑠𝑦 describes the sources of the mass, momentum and energy

Other specific safety systems and features may also be added to the contain-
ment model. These can be the spray system mentioned earlier, or for exam-
ple, a condensation pool into which condensed steam will be collected. The
transfer of heat between the gas region and one or multiple heat structure is
calculated, and it is done with the Apros general heat conduction model.
(Fortum & VTT)
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4 HANHIKIVI-1 PLANT MODEL
Inside Apros, a model of the Hanhikivi-1 plant has been created. The
Hanhikivi-1 Apros model has been in development since 2015 as a coopera-
tion between Fennovoima and Fortum. The Apros model has all the main
systems of a VVER-1200 V-522 modelled. These include the reactor, primary
coolant loops, secondary circuits, containment, turbine, all main safety sys-
tems and their automation and electrical systems. (Peltokorpi & Hongisto,
2020)

4.1 Reactor
Nuclear power plant models in Apros are built using components from Apros
library. The Apros library includes components for the nuclear part such as
ready-made reactors, reactor channels, fuel rods and control rods. The FH1
reactor core is modelled in both 1D and 3D. The 3D model has 163 fuel as-
semblies with each in its own flow channel. Thus, 163 reactor channels are
modelled and also 121 control rod assemblies. The core is divided into six
sectors and each sector connected to the corresponding lower and upper ple-
num sectors. In the axial direction, the core is divided into 20 nodes. Between
the reactor channels, cross flows are modelled in three separate levels. The
data used in Apros for cross-sections has been calculated with CASMO-4E
and the fuel burnups with HEXBU-3D. For LOCA analyses, a special core
model has been developed, with fewer reactor channels but with denser axial
nodalization. (Peltokorpi & Hongisto, 2020)

4.2 Primary side
For the process components, the Apros library has components such as pipes,
valves and pumps among others. Using these components, the plant model
can be built. For example, the four primary coolant loops of the plant are
modelled using points, pipes and a reactor coolant pump. To demonstrate
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this, a part of the primary loop 1 can be seen in Figure 5. The hot leg on the
figure is the one above, coming from the upper plenum and going to the
steam generator. The cold leg comes from the SG and is pumped by the reac-
tor coolant pump back inside the reactor by the downcomer which’s connec-
tion is visible at bottom left on the figure. (Fennovoima Oy, 2021)

Figure 5: FH1 primary loop in Apros (Fennovoima Oy, 2021)
The flags connected to the components on the figure are connections. The
larger flags are for major systems. The two connected on the left of the pipes
are the connections to the reactor. Other larger flags are safety systems con-
nections such as low-pressure or boron injection systems and decay heat re-
moval systems. The small flags connected to all the points on this figure are
heat transfer connections. They represent heat escaping from the primary
circuit to the piping and the surroundings of the loop. The escaping heat is
modelled with heat structure components.
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4.3 Secondary side
For the steam generator, a specific component in Apros library models the
horizontal SGs of a VVER. Its heat losses to the secondary side and the con-
tainment are also modelled using the heat structure components. The circu-
lar grey SG component is visible on the left in Figure 6. Connected to the SG
are the inlet and outlet of the primary loop connections and the main and
emergency feedwater lines. From the steam generator, the steam line takes
the steam out of the reactor building through the containment isolation
valves and towards the turbine. The containment isolation valves are the
valves in green and the flag on the right of the figure represents the connec-
tion towards the turbine. The flag on top of the SG is the connection to the
SG passive heat removal system and the four valves on the middle are the two
SG pilot-operated relief-valves (PORV) and two BRU-A valves which can
lower the pressure in the secondary side by releasing steam to the atmos-
phere.
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Figure 6: SG1 and steam line (Fennovoima Oy, 2021)

4.4 Containment
The containment is modelled with a large number of nodes connected be-
tween each other. These nodes model a certain volume of the inside of the
containment. The nodes are connected with branches to simulate the gasses
inside the volumes transferring between each other.  To the nodes a sump
component is connected, which keeps track of the liquid water present in the
node. The source of this water may be condensation or from external sources.
The sump component is then connected by a branch to a different node’s
branches or sumps to simulate the water flowing or falling to different areas
of the containment. In addition, a heat structure component may be con-
nected to the nodes to model the transfer of heat inside the containment to
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the walls and other structures such as condensers. In Figure 7, two nodes
(grey squares) can be seen each connected to sumps (blue). The two flags be-
low the red line at the bottom are connections from the CPHRS system.

Figure 7: Part of FH1 containment model
4.5 Passive heat removal systems
The passive heat removal safety systems, the SG PHRS and the CPHRS, and
the PHRS tank have been modelled in the plant model completely by using
reference plant data. As the objective of this thesis is the V&V of the passive
heat removal systems of the FH1 Apros model, the modelling of these two
systems is described more precisely in the following subsections.

4.5.1 Steam generator passive heat removal system
The JNB system is modelled in Apros with four identical subsystems. A sub-
system is connected to the point above the SG on the steam line as can be
seen in Figure 6. To this point, the SG PHRS pipeline is connected. The circuit
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model is made up of pipes, points and valves and it circulates through the
PHRS tank. A JNB subsystem is presented in Figure 8. On it, one can see the
riser line at the top and the condensate line at the bottom with each’s two
containment isolation valves. The condensate line has in addition two sets of
two valves inside the containment. The bottom two are starting valves that
are opened to start the system.  The top two are control valves with which the
total flow capacity is adjusted by modifying the pressure loss parameter. The
condensate line is connected by a flag to a node which represents the water
condensed in the heat exchangers returning to the steam generator.
(Fennovoima Oy, 2021)
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Figure 8: JNB subsystem (Fennovoima Oy, 2021)
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The heat exchangers located between the riser and the condensate lines are
modelled using a component called HEAT_PIPE. The 16 heat exchangers
that would be present in the actual plant are simulated in Apros with 10 of
these HEAT_PIPE components. The transfer of heat is modelled by connect-
ing the HEAT_PIPE components to heat transfer components which are in
turn connected to nodes. According to the documentation, the heat transfer
capacity has been set to match the real-world capacity of the heat exchangers
by varying the pressure losses of valves and pipes in the system. The capacity
of the system in the model will be studied in the V&V section. (Fennovoima
Oy, 2021)

A PHRS tank of one subsystem in the model consist of two rows of 19 nodes
connected to each other. A single node represents a certain volume of water
or air in the tank. During normal conditions, when the tank is at its nominal
level, 34 bottom nodes represent the water volume and four nodes at the top
the air volume in the tank. To the air nodes at the top, a pipe and a point is
attached and depicts the connection to the atmosphere. In Figure 9 below,
the SG PHRS is on the left and the 38 nodes in two columns next to it, are the
PHRS tank. At the bottom of the PHRS tank, are the connections to and from
the containment PHRS.
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Figure 9: JNB system, PHRS tank and outlet line of JMP system

4.5.2 Containment passive heat removal system
The containment PHRS is modelled with four identical trains in Apros. The
inlet line of the CPHRS connects to the bottom of the PHRS tank as can be
seen in Figure 9. This allows for water to flow from the tanks through the
inlet line to the heat exchangers/condensers. The heat exchangers of the JMP
system are modelled using 10 vertical PIPE and 12 HEAT_STRUCTURE_X
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components connected to the line where water from tanks flow (see Figure
10). The heat structure components are connected to the containment model
nodes and sumps to simulate the heat transferring between the inside of the
containment and the JMP system. From the heat exchangers, the water and
steam that flows upwards towards the tanks is connected via a flag to the
outlet line of the CPHRS (flag at the top in Figure 10) also known as the riser.

Figure 10: Containment PHRS
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This outlet line is modelled using 17 nodes on rightmost side of the diagram
in Figure 9. The 11 bottom nodes of the outlet line are connected to the PHRS
tanks to simulate heat transferring through the pipeline to the water. The 6
top nodes of the outlet line are connected to the steam relief device to simu-
late the water and steam releasing from the outlet line to the water inside the
sparger. This device is modelled using 16 nodes between the PHRS tank and
the outlet line. Similarly, to the PHRS tank nodes, the four top nodes of the
steam relief device are air nodes to model the air gap in the tanks.

At the start of this study, it was known that the JMP model had a modelling
inaccuracy. In the system description, it is stated that the outlet line inside
the sparger has a 50 mm hole. This hole is below the surface of water and it
allows for liquid water to circulate out of the riser inside the sparger. The
natural circulation occurs when a temperature and thus density difference
takes place between the water in the system compared to the water in the
PHRS tank.

In the current Apros model, this hole is not modelled and thus the only way
for water to exit the sparger is through the larger holes at the top of the de-
vice. The holes are above water level and therefore a significantly greater tem-
perature increase and thermal expansion is needed in the whole riser until
the water is expulsed from the outlet line via these holes at the top of the
steam relief device. As the 50 mm hole allows for the water circulation in the
sparger to take place substantially faster than without it, it has a considerable
effect on the whole operation and heat transfer of the system. For this reason,
the model is updated with this hole and this study uses the updated model to
perform calculations.
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5 VERIFICATION AND VALIDATION OF COMPUTER
SIMULATION MODELS

The use of many computer simulation models assumes that the model has
been constructed correctly and that it represents its real-word counterpart
with only minor discrepancies. While simulation is an approximation of
these real-world systems, the model and the information gathered from the
model cannot be trusted unless it is proven that the simulation has the
needed precision for the application. For this reason, when building simula-
tion models, it is of utmost importance to confirm that the simulation has
indeed been done accurately. This is demonstrated by a process called verifi-
cation and validation (V&V). (Thacker et al., 2004)

5.1 Background
The verification and validation of computer simulation models has been a
concern since the early days of digital computers in the 1950’s (Sargent &
Balci, 2017). Developers created simulation models and were testing these
models to see if they functioned correctly. However, as Sargent and Balci
state in “History of Verification and Validation of Simulation Models”, in
these early days of simulation, the V&V of these models was rarely explained
and there was no common terminology for the process. Authors used the
terms verification and validation interchangeably, Sargent and Balci note.
Moreover, there was no accepted methodology to conduct a V&V and as the
creation of complex models took a considerable amount of time and energy,
the process of V&V was in some cases completely neglected.

In the late 1960’s, the first articles that focused on the methods of V&V ap-
peared. For example, Naylor and Finger in 1967 studied various validation
techniques in their article, “Verification of Computer Simulation Models”. In
it the authors present a “multistage validation” procedure based on the
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philosophy of science. These are rationalism, empiricism and positive eco-
nomics. In the context of validation these mean respectively that the model
needs to be developed logically and correctly, the assumptions of the model
need to be empirically valid and that the outcomes of the model are correct
while not being concerned with the assumptions or structure. Naylor and
Finger state in their article that all these steps are required to be performed
to achieve a high-quality validation of a simulation model.

Heading onto the 70’s and 80’s, the research and development of V&V sky-
rocketed, as stated by Sargent and Balci (2017). The importance and neces-
sity of well-conducted V&V was recognized, which prompted plenty of stud-
ies and articles. This led to standardized definitions and accepted processes
and methods for conducting V&V (Sargent & Balci, 2017). While the research
on V&V has continued, the methods are mostly similar to those presented in
(Sargent, 1988). These methods are used extensively. Some of them will be
explained in subsection 5.3.

5.2 Definition
As stated earlier, model V&V is a process whose objective is to increase con-
fidence in a simulation model by confirming that a numerical simulation
model is accurately built and that it corresponds to the real-world (MITRE
Corporation, 2013). V&V consists of verification and validation:

 Verification is the process of ensuring that the computer simulation
model corresponds to the conceptual description and specifications of
the system

 Validation is the process of ensuring that the simulation model is an
accurate representation of the real-world system for the intended ap-
plication of the model
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This is also described in (Balci, 1997) where he clarifies that verification en-
sures that the model is built right, and validation ensures that the right
model has been built. However, it is important to note that model verification
and model validation are not entirely separate processes, and it is inevitable
that parts of both processes may be conducted simultaneously (Winton,
2008).

5.3 Processes
To further explain the different entities and processes of V&V, R. Sargent cre-
ated a simplified model development diagram in 1979, nowadays also known
as Sargent diagram which can be seen in Figure 11. This diagram illustrates
the different processes of model development. The problem entity is the real-
world system, the conceptual model is the representation of the problem en-
tity and the computerized model is the simulation model built with a com-
puter program or code.

The diagram links the problem entity and the different models to each other.
In the first place, for successful model development, accurate data is needed
to create the models. To create a conceptual model, the real-world system
needs to be studied and analyzed and on this basis a model can be made. To
bring this conceptual model to a computer, the model needs to be imple-
mented and programmed inside a software or code. To link the computerized
model to the problem entity, experimentation needs to be done to ensure that
the implementation has been successful and that the model indeed is repre-
sentation of the real-world system.
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Figure 11: Simplified model development process (Sargent diagram)
(Sargent, 2020)

The V&V process then determines if the various steps of model development
have been conducted correctly. To ensure that the assumptions and the rep-
resentation of the problem entity used to create a conceptual model is pre-
cise, a conceptual model validation is done. Next the computerized model
verification indicates whether or not the computer simulation model has
been constructed correctly based on the conceptual model. Finally, the oper-
ational validation process reviews that the computerized model functions as
expected, and its output is in line with the problem entity and its data.

5.3.1 Conceptual model validation
The validation of the conceptual model sometimes also referred as confirma-
tion deals with ensuring that the suppositions and theories used to make the
conceptual model are accurate to the needed precision (Sargent, 2015). In
addition, the correctness of the depiction and structure of the model com-
pared to the real-world system are studied. When creating a conceptual
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model of a complex system, some simplifications are needed to build an effi-
ciently working model. These simplifications are, however, done considering
the accuracy required for the application of the model. (Carson, 2002)

Conceptual model validation methods are several with the most commonly
used being face validity. The face validity technique means that potential us-
ers of the model and other experienced individuals of the system being mod-
elled are incorporated to the development process of the model. These ex-
perts evaluate if the conceptual model is a reasonable representation of the
real-world system by checking its fundamentals and functioning and giving
constant feedback on needed changes. This contributes to better face validity
and confidence as knowledgeable parties have been involved in its making.
(Winton, 2008)

5.3.2 Computerized model verification
The verification of the computerized model refers to checking if the concep-
tual model has been correctly implemented to the chosen computer simula-
tion program or code. During the development phase, a simulation model is
constructed based on the conceptual model inside a software. All the compo-
nents of the system being modelled are implemented considering the simpli-
fications done during the development of conceptual model. However, as
with all software development, errors and bugs may have occurred during the
development of the simulation model. For this reason, a verification of the
computerized simulation model is done. (Sargent, 2011)

This verification process is conducted through the computer program that
the simulation model is built in. There are several methods to do model ver-
ification. One method is examining and meticulously checking all the com-
ponents and their specifications that they match to the conceptual model
specifications. This is important as typing errors are common and could lead
to inaccurate results. Other verification methods can be such as model testing
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with various input data, checking if model output seems correct and observ-
ing the behaviour of the model during simulation. (Tsang, 1990)

5.3.3 Operational validation
The operational validation, also sometimes referred simply as validation of
simulation model, is the validation process that determines if the output and
results of the simulation model have the precision needed for the application
of the model. Erroneous outputs may be caused by flaws that took place dur-
ing the conceptual modelling or during the implementation of the computer-
ized model. It is also possible that the data used for modelling is invalid or
bugs may be present in the simulation code. To ensure that the model is cor-
rect, deep testing and evaluation is carried out. (Sargent, 2020)

As stated at the beginning of this chapter, simulation models are only approx-
imations of real-world systems and thus will always have certain inaccura-
cies. With operational validation, the accuracy of the model can be quanti-
fied. The most common method is to conduct statistical and graphical com-
parisons between the model outputs and results and the data of the real-
world system if such is available. The model data can also be compared to the
data of another model that has been verified and validated. When performing
the comparisons of data, it is better to have data from various situations to
study the system and model behaviour more thoroughly. (Sargent, 2020)
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6 RESEARCH METHODS
6.1 Verification methodology
Returning to the Sargent diagram (Figure 11) presented in the previous chap-
ter, in our study the problem entity corresponds to the passive heat removal
systems of steam generator and containment of the FH1 NPP. The conceptual
model represents the theoretical model and functioning of the passive heat
removal systems and finally the computerized model is the simulation mod-
els of the passive heat removal systems built in Apros.

In order to conduct a model V&V, generally three different processes are
done. The validation of the conceptual model, the verification of the comput-
erized model and the operational validation of the simulation model. The
FH1 plant model has been developed by experts from Fennovoima and For-
tum based on information received from the Supplier. As such it could be said
that the conceptual model already had a high face validity. Nonetheless, as
the models of the PHRSs were built several years ago with less information
than available today, it was deemed that both the conceptual validation and
computerized verification for these systems were necessary.

As the two processes of conceptual validation and the verification of the com-
puterized model are closely related, they were done and reported jointly. This
is due to the overlapping nature of these processes and the methods to carry
out these and as such they will be performed together. In addition, to simplify
the reporting and terminology for the results section the process of concep-
tual validation and the verification of the computerized model is from here
on referred simply as verification (as opposed to the operational validation
referred simply as validation).
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The verification was done by checking and comparing the systems and the
components of the model in question with the specifications of these compo-
nents described in the design documentation received from the Supplier.
With this, it was ensured that the model is built right and that the systems
are modelled correctly and correspond to the real-world system. In addition,
preliminary calculations were done with the model in question to test the
simulation and the changes made.

6.2 Validation calculations
To conduct the operational validation of the passive heat removal systems
models, different calculations were done. For the SG PHRS and the CPHRS,
these match to the commissioning tests conducted at LAES-II reference plant
in 2017. In these tests the functioning and the heat removal capacity of the
system was assessed by completing 3 different tests for the SG PHRS train 1
and one test for the CPHRS train 1. The plant was in the following state:

 No fuel in reactor (hot-functional tests state)
 All 4 reactor coolant pumps operating and producing approx. 20 MWt
 Primary circuit temperature is 285 °C
 Primary circuit is fully insulated with heat losses of approx. 2 MWt
 Primary circuit pressure is 16.2 MPa
 Secondary circuit pressure is 6.65 MPa
 PHRS tank temperatures were 25 °C for the tanks 1, 3 and 4 and 65 °C

for tank 2
To carry out the calculations, the Apros model is modified and run to a simi-
lar state. The reactor was shut down and the decay heat was set to zero. The
turbine was excluded as it did not have a function in these cases. The heat
created by the RCPs was adjusted from the model default value of approx. 22
MWt to value stated in the report (Geraghty et al., 2017) of 20 MWt by mod-
ifying the hydraulic torque curves of the pumps. The primary circuit pressure
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was adjusted by PRZ heaters and the secondary pressure and level with by-
pass line of feedwater system and the BRU-A release valves.

With the plant in a similar state to the reference plant during the commis-
sioning tests, the calculations were started. The calculations were done as
closely as possible to the commissioning tests described in the Supplier’s re-
port (AO Rosenergoatom, 2017a). However, because the document does not
include all information on the plant state nor the exact values of all parame-
ters before and during the tests, some had to be estimated.

The JNB system was tested with three runs on the train 1. First the bypass
line of feedwater system and the BRU-A release valves were closed. Then the
small starting valve (solenoid valve) was opened which initiated the opera-
tion of the system through the small valve. This was kept open for 18 minutes
and then closed. The second test was through the large starting valve (motor
operated valve) with no hindrances to flow. This was to test the maximum
capacity of the system through the large valve and was run for 17 minutes.
The last test was also through the large valve with objective to lower the flow
and heat transfer to match the design capacity of the system. The flow was
decreased at LAES-II by closing of manual control valve, in Apros this was
done by varying the losses of the system components. This last test was run
for 7 minutes.

For the CPHRS system, the calculations were conducted as reported in Sup-
plier’s document (AO Rosenergoatom, 2017b) on commissioning tests. Dur-
ing these tests, the train 1 of the JMP system was tested. To replicate the tests,
the Apros model’s containment temperature was heated up to a value of 56
°C. As the humidity in the containment was stated to be low, but no exact
value for this was given, a sensitivity analysis was done by varying the amount
of humidity. From this analysis, the humidity level that was deemed to be
closest to the conditions at the reference plant was chosen to be studied



52

further. The tests were started by opening the isolation valves of the JMP
system up- and downstream from the heat exchangers. The temperature dif-
ference between the heat exchanger inlet and outlet, the power of the JMP
system and the mass flow through the system was tracked.
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7 RESULTS
7.1 Steam generator passive heat removal system
7.1.1 Verification
During the verification process, it was noticed that the SG PHRS model had
inaccuracies that needed to be fixed before validation could be started. The
heat exchangers of the system were modelled using 10 HEAT_PIPE compo-
nents as described in the subsection 4.5. When the total surface of these heat
exchangers was calculated this resulted in 239.15 m2. According to the report
(JSC Atomproekt, 2020), the heat exchanging surface of a heat exchanger is
14.93 m2 and with 16 heat exchangers, this equals to 238.88 m2. However,
these surfaces do not include the headers of the HE. The top and bottom
headers also contribute to the heat transfer, and as such they must be in-
cluded in the model to have accurate results. As the difference in surfaces
between the model and the report is 239.15 m2 - 238.88 m2 = 0.27 m2 apart,
it confirms that the computerized model does not have the headers modelled.

The headers of the heat exchangers were modelled by a node which was con-
nected to the heat pipes by a branch component at the top and bottom of the
HEs. In addition, a heat structure component was connected to the new node
and the other end to a node in the PHRS tank. This heat structure component
models the heat transfer from the header to the water in the tank. The new
components for one header added to the model can be seen on the Figure 12.
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Figure 12: Top header of the HEs in the updated Apros model
Additionally, the nodes of the PHRS tank on the JNB diagram were modified.
Several extra nodes were added to correct the volume-height curve to match
the shape of the tank. Additionally, as newer, up to date information has
been received on the exact positions of the systems in the PHRS tank, the
height of the nodes was also adjusted. This was done in order to correct the
JNB and JMP systems’ position in the tanks.

With the model updated, the system was tested. As a result, from systematic
testing, the condensate temperature in the condensate line below the heat
exchangers was substantially higher compared to the results from the com-
missioning tests at the reference plant. Thus, the problem was in the heat
transfer and more precisely the heat convection from the outer surface of the
heat exchangers to the PHRS tank. To correct this, the convection heat trans-
fer correlation needed to be changed.

Conventionally, the FH1 Apros model uses the Dittus-Boelter correlation
(option 1 in Apros) for the whole plant (see section 3.2.2). This works well for
forced convection calculations but as the heat transfer from the outer surface
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of the JNB heat exchangers to the PHRS tank is free convection, it was not
valid to be used in these PHRS validation specific calculations.

To identify the situation further, the Rayleigh number for the heat transfer
from the outer surface of the heat exchanger to the PHRS tank was calculated.
This was to find out if the flow is laminar or turbulent and therefore the cor-
rect convection heat transfer correlation to be used. This was done by creat-
ing a user-component in Apros that calculates the Rayleigh number using the
following equation (15) taken from (Incropera, Dewitt, Bergman, & Lavine,
2006)

𝑅𝑎 𝐺𝑟 𝑃𝑟
𝑔 𝐵 𝑇𝑆 − 𝑇∞ 𝐿3

𝜈 𝑤
(15)

where
𝑔 is the gravitational acceleration
𝐵 is the thermal expansion coefficient
𝑇𝑆 and 𝑇∞ are the temperatures at the surface and in the PHRStank
𝐿 is the characteristic length of the geometry
𝜈 is the kinematic viscosity
𝑤 is the velocity of the gas mixture in the node

The equation (15) is created in Apros as a user-component (see Figure 13). In
Figure 14 the user-component is in use. It is connected through value trans-
mitters to the outside surface of the heat exchangers and a node in the PHRS
tank. The output of the component is given as a signal from the red dot.
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Figure 13: The created user-component inside Apros

Figure 14: The user-component (Ra) added to the JNB diagram
Calculating the Rayleigh number gave a value in the range of 1012 for both the
top and bottom part of the heat exchanger which means that the flow on the
outer surface of the heat exchangers is turbulent. Thus, naturally the corre-
lations for laminar flow such as the Gnielinski correlations cannot be used.
To get the most accurate results for the PHRS heat transfer, the correlation
was changed to Churchill and Chu correlation (option 4) which is valid for
free and forced convection and for both laminar and turbulent flows.

The change fixed the heat transfer inaccuracies in the JNB system while there
were no noticeable variations to the flows and heat transfers in the rest of the
plant. The differences in results for the two correlations are on the Table 1 for
the train 1 of JNB system with small valve open and loss coefficients set to
the default values.
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Table 1: Results for preliminary test calculation with correlation options 1 and
4.

Dittus-Boelter
(option 1)

Churchill and Chu
(option 4)

Mass flow (kg/s) 10.5 12.8
Heat flow (MWt) 22.4 29.8
Condensate temperature (°C) 119 53

As can be seen from Table 1, with option 4 active, the heat transfer is aug-
mented. The free convection correlation allows for better transfer of heat
from the heat surfaces to the PHRS tank. This is visible on the temperature
of the condensate. With option 4 active, the JNB system is able to extract
more heat from the water flowing through the heat exchangers.

The designed system capacity for one train is approx. 28 MWt with small
valve and 52 MWt with large valve (Fennovoima Oy, 2020a). However, the
results from the commissioning tests show that the maximum measured ca-
pacity for small valve was 25 MWt and 60 MWt for large valve. This differ-
ence was explained by Atomproekt engineers by the smaller valve having a
higher friction than designed. Friction on the valve slows down the flow rate
in the system and therefore reduces the heat transfer.

To match the heat and mass flows measured at reference plant to the values
of Apros, the pressure losses of the control valves were adjusted. The exact
losses of the JNB components are not yet known, and as such they were fine-
tuned so that the mass flow through the system is as close as possible to the
LAES-II measurements. The JNB mass flow with the small valve was higher
in Apros than the value in the commissioning tests and thus the pressure loss
of the control valve downstream the small solenoid valve was increased to
0.47. For the large valve, the pressure loss was decreased to 0.1 as the mass
flow was in contrary initially lower than in the commissioning tests.
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7.1.2 Validation
With the above modifications done, the validation calculations were started.
The SG PHRS validation was done by completing three test runs with train 1
of JNB system: one with small valve and two with large valve. The tests were
done imitating the commissioning tests at LAES-II (AO Rosenergoatom,
2017a) to allow for efficient benchmarking. A summary of the tests per-
formed are in Table 2.

Table 2: Test runs for JNB system.
Test 1 Test 2 Test 3

Valve opened Small starting
valve

Large starting
valve

Large starting
valve

Duration (min) 18 17 7
Valve position 100% open 100% open 70% open

To test the functioning of the JNB system, two parameters were tracked
closely: primary circuit temperature and pressure in steam generator 1. These
two parameters allow to examine, how effective the heat removal and pres-
sure reduction has been. The temperature of PHRS tank was also plotted
however, the size of the tank is different in FH1 and LAES-II. The volume of
the FH1 tank is 1080 m3 and that of LAES-II is 550 m3. As the difference is
almost twofold, direct comparison of temperature is pointless.

Data on the commissioning tests were available in the Supplier’s report in the
form of a graph and thus allowed for comparisons of data to be made. Other
information such as JNB mass flow and power were simply listed in a table
with only one value for each test run. The pressure in primary circuit was
another potential parameter, but the changes to it during the tests were mi-
nor and the data available on it is of poor quality.
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Test 1
To start the calculations, the initial conditions of the Apros model were
brought as close as possible to the values of commissioning tests. In Table 3,
the values of the three parameters are presented at the start of test run 1. The
largest difference was in primary circuit temperature, which had a difference
of 2.7 °C between Apros and LAES-II. This corresponds to a difference in
temperature of only 0.96% and as such it was deemed to not affect the vali-
dation process significantly.

Table 3: Initial conditions for test 1, small valve.
Apros LAES-II

Primary circuit temperature (°C) 282.1 284.8
SG1 pressure (MPa) 6.65 6.64
PHRS tank 1 temperature (°C) 25.0 25.0

With the Apros model in a similar state to LAES-II, the first test run was
started. The valves of the bypass line of the feedwater system were closed
which ceased the flow of feedwater into the steam generator. Additionally,
the BRU-A valves and the MSIVs were closed which in turn stopped the flow
of steam out of the steam generator and its nearby lines to the atmosphere
and to the turbine. These valve closures made sure that the steam generator
was isolated and that the only way to remove the heat of the primary side
brought to the secondary side was via the SG PHRS system.

The test run 1 was started with the opening of the small starting valve of the
JNB system at 19:41:45. This started the flow of steam from the SG up to the
heat exchangers. When the steam which was approx. 279 °C reached the
header and the top of the HEs, it condensed. The condense flowed down the
HEs and kept cooling until it reached the bottom of HEs and was of temper-
ature 50 °C. The mass flow through the system increased at the start to a
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value of 10.1 kg/s but then stabilised to approx. 9.65 kg/s. Table 4 shows the
results of test 1. The trend figures of test 1 are in Appendix 1.

Table 4: Results of test 1, small valve.
Apros LAES-II

Test duration (min) 18 18
Primary circuit temperature start (°C) 282.1 285.0
Primary circuit temperature end (°C) 278.0 278.0

SG1 pressure start (MPa) 6.65 6.64
SG1 pressure end (MPa) 6.14 5.94

PHRS tank 1 temperature start (°C) 25.0 25.0
PHRS tank 1 temperature end (°C) 28.8 27.5

Mass flow through JNB (kg/s) 9.65 9.65
JNB power (MWt) 24.8 24.7
Cooling rate (°C/h) 13.7 23.4

As can be seen from the table, the results are very similar and the differences
in primary circuit temperature and SG pressure are minor. At the reference
plant, for the same JNB mass flow and capacity, the real system with small
valve reduced the temperature and pressure slightly more than what Apros
predicts. This can be attributed to variation in real-world operation of the
system. For example, the exact cooling rate of primary circuit when JNB sys-
tem is operating with small valve can vary between tests significantly. This
can already be seen in the report on the commissioning tests where the cool-
ing rate of the trains varies between 14.6 °C/h and 23.4 °C/h.

Other possible factor that brings uncertainty to the results is the fact that
there is no precise information on the location of the measurement devices
at LAES-II. In the primary circuit, the temperature varies by about 2 °C
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between the hot and cold legs. This difference can account for some of the
variations in results. In Apros, the temperature is taken from the cold leg at
the reactor inlet. In Figure 15, the primary circuit temperature during the test
run 1 is shown for both Apros and LAES-II.

Figure 15: Primary circuit temperatures during test 1.
Regarding the PHRS tank temperature, the Apros one is higher. This should
not be the case due to the tank size difference explained earlier. The explana-
tion for this anomaly is that the temperature measurement location is un-
known at the reference plant. For Apros the measurement location is node
28, which is the third node from the top that is connected to the Heat_pipe
components. It is fair to say that the water in this node heats up quicker than
where the measurement was made at LAES-II and thus the location is inac-
curate. Nonetheless, as the tank sizes are different and therefore the temper-
atures are not comparable, it was decided to not change the measurement
location.
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Test 2
The second test run was using the large valve 100% open with no limitations
to the flow. With this run, the maximum flow and capacity of the system was
tested. Flow limitations at LAES-II were done with the manual control valve
and in this run the valve was 100% open. With Apros to achieve similar sys-
tem performance as measured at reference plant, the pressure loss of the con-
trol valve was modified to 0. In addition, the loss coefficients of several pipes
and isolation valves were reduced to increase the mass flow through the sys-
tem. As a result from these changes, a maximum JNB power of 59.8 MW was
reached with average power during the test around 57.5 MW. Table 5 shows
the results for test run 2.

Table 5: Results of test 2, large valve 100% open.
Apros LAES-II

Test duration (min) 18 17.8
Primary circuit temperature start (°C) 280.7 281.4
Primary circuit temperature end (°C) 262.3 266.2

SG1 pressure start (MPa) 6.46 6.40
SG1 pressure end (MPa) 4.76 4.60

PHRS tank 1 temperature start (°C) 28.7 27.9
PHRS tank 1 temperature end (°C) 38.5 44.7

Mass flow through JNB (kg/s) 24.5 24.1
JNB power (MWt) 57.5 59.6
Cooling rate (°C/h) 61.3 51.2

The results for test 2 are comparable with slight differences to the end values
of primary circuit temperature and SG1 pressure. The reason for these
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deviations can be again explained by the variations of the system during op-
eration and from the uncertainty induced by the measurement locations. The
size difference of the PHRS tank is also visible with the temperature of water
at LAES-II heating considerably faster than in Apros.

The power of the JNB system, exceeded the design value of 50 MW. This was
expected as at the reference plant, powers over the design thermal power
were reached with full large valve capacity. Values close to 60 MW were
reached in both Apros and at LAES-II. As to the cooling rate of primary cir-
cuit, for Apros it was calculated to be 61.3 °C/h when using the cold leg tem-
perature and 53.3 °C/h when using the hot leg temperature. This difference
is mostly caused by the start-up of JNB system in the beginning of the run.
After this, the cooling rate in both legs is identical. Comparing the cooling
rate with LAES-II, the results are very similar, and the slope of the curves
match closely (see Figure 16). The cooling rate in Apros and LAES-II are close
to the design maximum cooling rate of 60 °C/h and as such the modelling
seems to be accurate. The rest of the trend figures for test 2 are in Appendix
1.
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Figure 16: Primary circuit temperatures during test 2.
Test 3
The last test run for JNB system was test 3 in which the power and the mass
flow through the system was decreased to design values when operating with
the large starting valve. The system design power is 50 MW. To reach values
close to this, the power was lowered from the maximum powers calculated
during test 2 by reducing the mass flow. At LAES-II this was done by closing
the manual control valve by approximately 30%. In Apros, the loss coeffi-
cients of all pipes and valves were returned to their default values and the
pressure loss of the control valve was increased to 0.01 MPa. These changes
allowed for the system to operate at design values and the test run 3 was com-
pleted. The results of this run are shown in Table 6.
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Table 6: Results of test 3, large valve 70% open.
Apros LAES-II

Test duration (min) 7 7
Primary circuit temperature start (°C) 260.7 261.0
Primary circuit temperature end (°C) 255.9 256.0

SG1 pressure start (MPa) 4.65 4.60
SG1 pressure end (MPa) 4.28 3.85

PHRS tank 1 temperature start (°C) 38.7 52.7
PHRS tank 1 temperature end (°C) 41.9 59.9

Mass flow through JNB (kg/s) 21.0 20.9
JNB power (MWt) 50.3 50.3
Cooling rate (°C/h) 40.1 42.8

As can be seen from this table, the results are once again similar. The primary
circuit temperatures are almost identical when comparing with the cold leg
temperature of Apros (see Figure 17). The mass flow, power and cooling rates
are also very close, and the PHRS tank temperature follows the expected
trend where a smaller tank heats up quicker than a larger one even when tak-
ing into account the difference in temperature measurement location men-
tioned earlier. The trend figures for test 3 are in Appendix 1.
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Figure 17: Primary circuit temperatures during test 3.

7.2 Containment passive heat removal system
7.2.1 Verification
The Verification of the CPHRS system was done in several steps. First the
model was studied, and it was noted that in needed to be updated, as stated
in the subsection 4.5.2. The JMP system’s outlet line inside the sparger has a
50 mm hole which allows for liquid water to circulate out of the riser inside
the sparger. This had not been modelled in the original Apros model and it
was added to correct the representation of the model because this modifica-
tion changes the flow behaviour of water inside the steam relief device.

This hole was modelled using a branch component with a diameter of 0.05
m and length of 0.004 m. Its form loss coefficient was set to 0, to allow for
free flow out of the device. If losses were high on this component, it would
hinder the start of natural circulation in the tank. The branch is connected
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from the JMP outlet line to the volume inside the steam relief device both
represented by different nodes in the Apros model.

Figure 18: Hole in sparger’s outlet line in Apros.
Next, Apros’s CPHRS modelling capabilities were tested with a separate ex-
isting model. This was an Apros model of the Lappeenranta University of
Technology’s (LUT) PASI facility. The PASI is a test facility in Lappeenranta
which houses a scaled down version of a single heat exchanger and cooling
circuit of a VVER-1200 V-491 containment PHRS. This facility has been de-
signed and constructed by the Nuclear Engineering research group of LUT as
part of the INTEGRA project in the SAFIR2018 national nuclear power plant
safety research programme. The objective of this facility is to conduct tests to
measure the system’s performance and to study the operation of a contain-
ment PHR system in detail. (Kouhia & Riikonen, 2018)

The PASI facility is designed to mimic the CPHRS of the Hanhikivi-1 power
plant. The inlet and outlet lines are connected to a water tank to constitute
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the heat removal circuit. The heat exchanger is housed in a pressure vessel to
form conditions like the containment of a power plant. To achieve these con-
ditions, steam can be fed to the vessel via a feeder system and an electrical
heater can be used to heat the atmosphere inside. In Figure 19, the PASI fa-
cility and its main components are presented. (Kouhia & Riikonen, 2018)

Figure 19: PASI test facility (Riikonen et al., 2021).

The PASI facility is of 1:2 height scale for the inlet and outlet lines and for the
heat exchanger. The heat exchanger consists of 15 heat exchanging tubes.
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These equate to a heat exchanging surface area of 4.02 m2 (Riikonen et al.,
2021). This is considerably smaller than compared to the reference plant
where the area is 75.5 m2 (Fennovoima Oy, 2020b). The ratio between the
heat exchanging surface areas equal to 18.8.

In addition to the experiments made as part of the research programme, Fen-
novoima ordered a set of tests from LUT to be done with this facility. These
tested the operation of the system and its heat transfer capacities. Included
in these was an experiment whose specific objective was to mimic the condi-
tions of the system in a power plant during commissioning tests. This was
done by reaching and maintaining various quasi-steady states at different hu-
midity levels. As these conditions are analogous to the conditions of the ref-
erence plant during its commissioning tests, it was deemed a good way to test
Apros’s modelling accuracy.

Therefore, preliminary test calculations were done with the PASI Apros
model matching to the experiment made at the test facility. In these tests, the
power of the heat exchanger was measured with different amounts of steam
supplied to the vessel. At the start of the test, the heater was on and no steam
was fed. The power stabilised to around 1 kW and humidity was 30%. The
amount of steam supplied was then increased and the system allowed to sta-
bilise to a quasi-steady state. This was done with steam amounts of 1 g/s, 2
g/s, 4 g/s and 6 g/s.

Some adjustments were made to the PASI Apros model so that it models the
facility accurately during these specific tests. Firstly the, heat losses of the
inlet and outlet lines and of the vessel had to be adjusted. They were set to
approximately match the heat losses measured during the characterizing ex-
periments of PASI facility. For the vessel temperatures of around 60 °C, the
losses were approximately 0.7 kW. In addition, the heat transfer efficiencies
of the heat exchanger were adjusted to match the values of the tests.
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From previous testing, it was known that the heat transfer efficiencies of the
heat exchanger had to be raised to values of over 100% so that the powers
match to those of the test facility. This was again the case and the efficiency
in this test was set to 210%. To explain this, there must be some inaccuracies
in the Apros’ calculation of heat transfer. Especially during condensation, it
seems that Apros underestimates the amount of latent heat caused by the
phase change. It was also tested to change the heat convection correlation in
the PASI model to correlation 4, but this did not seem to influence the results
and as such it was left to its default value of 1.

The tests were run, and the results can be seen in Table 7 and in Figure 20
and Figure 21.

Table 7: Results of PASI facility tests.
Steam supplied Power (kW) Humidity (%)

Apros LUT Apros LUT
1 g/s 3.5 2.5 50 45
2 g/s 5.7 7.0 64 50-60
4 g/s 10.0 10.5 83 70-80
6 g/s 14.1 14.0 95 80-100

As can be seen from the table, the results are analogous. The power of the
single heat exchanger in Apros follows well the power measured at the facility
for different amounts of steam supplied. Furthermore, the humidity of the
vessel that acts as the containment are also comparable. The humidity meas-
urements had a margin of error of approx. ±5 % which can explain some of
the deviations.
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Figure 20: Apros calculation results with PASI facility model.

Figure 21: Results from the test conducted at the PASI facility (Riikonen et
al., 2021).
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Before starting the validation calculations with the full FH1 Apros model, the
conditions of the containment were modified. The containment was heated
up to the 56 °C as mentioned in (Geraghty et al., 2017). This was done by
modifying the temperature directly from the nodes of the containment and
starting the simulation to allow for it to stabilise. This took Apros a consider-
able amount of time as all the heat structures had to also heat up from the
default 30 °C to 56 °C. To speed up this process, the heat structure compo-
nents in Apros were modified to produce 1 MW of heat each. In addition, the
temperature of the inflow air to the containment by the KLD10 system was
raised to 55 °C and the KLA fans were left active to circulate air but their
cooling was removed.

Additionally, a quick test was made to see the effect of the heat convection
correlation change to the operation of this system. For the JNB system this
change was pronounced and improved the quality of the results. For the JMP
system however, the change was less prominent. An increase in system power
of approx. 15 % ensued from the change with a small difference of 3 to 4 de-
grees for the heat exchangers inlet and outlet temperatures. It was decided to
use the correlation 4, Churchill and Chu, also for the JMP system as it works
by natural circulation. This means that free convection and turbulent flow
characterise the situation in the JMP system the best.

7.2.2 Validation
The validation of the CPHRS system was done by comparing the results of
the commissioning tests conducted at the reference plant (AO
Rosenergoatom, 2017b) to calculations done with the Hanhikivi-1 Apros
model. The results of the tests performed at the reference plant are presented
per train tested in Table 8. Train 2 was not tested.
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Table 8: Results of the CPHRS commissioning tests at LAES-II.
Train 1 Train 3 Train 4

Water temperature HE inlet (°C) 23.0 22.7 23.1
Water temperature HE outlet (°C) 27.5 28.5 29.0
Difference in temperature outlet-inlet (°C) 4.5 5.8 6.9

Containment temperature start (°C) 56.1 56.0 56.0
Containment temperature end (°C) 55.5 55.3 55.1
Difference in temperature start-end (°C) 0.6 0.7 0.9

Mass flow through JMP (kg/s) 4.9 3.2 4.3
JMP power (kW) 90.6 79.4 104.2

The results of the commissioning tests between trains were similar but with
differences. The mass flow was between 3.2 and 4.9 kg/s and the power var-
ied between 79.4 kW and 104.2 kW. The capacity of the system seems to have
a natural variation in results even though the trains themselves are identical
and the conditions in the containment are reported to be the same.

To test the CPHRS in Apros, most of the systems in the model were excluded.
This was done to speed up the calculation. Systems such as the reactor, the
primary and the secondary circuit and the turbine were all excluded as they
do not affect the operation of the CPHRS. Only the crucial processes and di-
agrams were left included. These were notably the processes of the passive
heat removal systems and of the different containment volumes.

During the commissioning tests at the reference plant, the humidity present
in the containment was unknown. It was stated that only a tiny amount of
condensate had formed during the tests and thus the humidity must have
been low. As no exact value is reported, a sensitivity analysis was done in
Apros. This consisted of testing the system with different values of
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containment humidity to see how it affects the results and what humidity
would match the closest to the results from the reference plant.

The system was run with different amounts of humidity in the containment
with the humidity being adjusted by Forced Feed Source containment com-
ponents in Apros. The temperature of the containment remained approxi-
mately the same at 56 °C and the temperature at HE inlet was 25 °C. During
the run, parameters important for examining the heat transfer were tracked.
These were water temperature at outlet of heat exchangers, mass flow
through JMP and power of JMP. The results of the analysis are shown in Ta-
ble 9.

Table 9: Results of sensitivity analysis.
Humidity (%) HE outlet temperature

(°C) Mass flow (kg/s) Power (kW)
20 30.1 2.8 56.1
25 30.6 2.9 66.7
30 31.2 3.1 87.5
35 32.1 3.4 105.1
40 33.8 3.9 112.2
45 34.2 4.0 140.9
50 35.1 4.1 167.5

As can be seen from the table, the humidity affects the results significantly.
At a lower humidity, the outlet temperature and mass flow are smaller which
also equates to smaller system power. This is explained by condensation on
the heat exchangers generating a considerable part of the heat transfer of the
system. At lower humidity, less water is present in the air of the containment
and thus less condensation can take place which translates to a decreased
heat transfer.
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Examining the results of the sensitivity analysis, the closest result in terms of
power of the system to the commissioning tests is at 30% humidity. In the
tests at LAES-II, the power calculated was 80-100 kW depending on the train
which means that the humidity was probably around 30 to 35%. Regarding
the mass flow through the system, for trains 1 and 4 it was considerably
higher than in Apros for the specific power. However, the mass flow for train
3 matched with Apros results. The results for train 3 are the lowest between
the trains and therefore the most conservative. Thus, a specific test run in
Apros is made at 30% humidity with its results compared with the LAES-II
results for train 3. This is presented in Table 10.

Table 10: Results of CPHRS validation test.
Apros LAES-II (train 3)

Test duration (min) 120 120
Water temperature HE inlet (°C) 25.4 22.7
Water temperature HE outlet (°C) 31.6 28.5
Difference in temperature outlet-inlet (°C) 6.2 5.8

Containment temperature start (°C) 57.1 56.0
Containment temperature end (°C) 56.2 55.3
Difference in temperature start-end (°C) 0.9 0.7

Mass flow through JMP (kg/s) 3.2 3.2
JMP power (kW) 88.6 79.4

As can be seen from the table, the starting conditions were similar. The con-
tainment was at 56 °C and the PHRS tank temperature was close at 23 to 25
°C. The test calculation was started by opening the shut-off valves
JMP10AA801 and JMP10AA802. This started the operation of the system as
the water in the heat exchangers was warmer than in the outlet line which
induced natural convection. The warm water rose upwards towards the
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PHRS tank and cooler water flowed down from the tank through the inlet line
to the heat exchangers.

At the start of the test, some instabilities were in place caused by temperature
differences in the lines and the surfaces. This caused strong oscillations in
mass flow through the system. The flow fluctuated between 4 kg/s and 10
kg/s. At the same time the water temperature at the heat exchanger outlet
rose in both tests to around 52 °C due to warm water being trapped in the
system. After approximately 10 minutes of operation, the system stabilised.
The flow through the system settled to 3.2 kg/s in both tests and the HE out-
let temperature to 28.5 °C at LAES-II and 31.6 °C in Apros (see Figure 22).

Overall, the results were similar with water temperature from inlet to outlet
line (ΔT) heats up by 6.2 °C in Apros compared to the 5.8 °C at LAES-II. The
mass flow was identical and the power of the system only approx. 9 kW apart.
The trend figures for these results can be found in Appendix 2.
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Figure 22: Water temperatures at HE inlet and outlet in Apros.
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8 DISCUSSION
8.1 Steam generator passive heat removal system
As an outcome of the verification process for the SG PHRS, the model was
updated to include the headers of the heat exchangers which increased the
total heat exchanging surface. Additionally, the nodes of the PHRS tank and
their height in relation to the components inside the tank was adjusted ac-
cording to newer design information. Finally, the heat convection correlation
was changed to correlation 4 (mixed free and forced convection) and prelim-
inary testing with this option showed good results that were in line with com-
missioning test results.

The results of the validation calculations showed that Apros results match
well with commissioning tests results. The mass flow, power and cooling
rates were all similar. The most noticeable difference in JNB test results is in
SG1 pressure. At LAES-II the end pressure was consistently lower by 0.20 to
0.43 MPa. This was a pattern that could be seen in all test runs: the SG pres-
sure at the reference plant is decreased by the JNB system more effectively
than in Apros.

No exact reason for the pressure variation can be identified from these tests.
The BRU-A which were used to control the pressure in the secondary side
were closed in both Apros and LAES-II before the start of the tests. The
MSIVs were also closed in Apros and while it was not directly stated, these
are expected to be also closed at the reference plant as they would allow for
steam to escape from the SG to the MSH and the turbine. As the reason for
this small discrepancy could not be identified this is something that could be
studied further if new data on this system becomes available.
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To summarise, the results of the verification and validation process for the
JNB system, the Apros model of the JNB system has been built well and mod-
els the system accurately. The difference stated earlier is small enough that it
would not affect the usability of the model. In addition, the difference is that
the pressure is higher in Apros, which makes the model more conservative,
which is preferred in safety analyses.

8.2 Containment passive heat removal system
For the CPHRS, the verification process led to the addition of the sparger hole
to the model. During the verification, preliminary calculations were also done
comparing the results of the PASI Apros model to the results of the facility
itself. These tests were done to evaluate the heat transfer modelling of Apros.
The results of these tests showed that the heat transfer of Apros matches that
of the facility when using a heat transfer efficiency of 210% for the single heat
exchanger. The reason for such a high efficiency seems to be due to inaccu-
racies in condensation heat transfer for that specific model and do not appear
to affect the complete plant model. This however still requires closer investi-
gation.

In the validation process for the CPHRS, firstly, a sensitivity analysis was
performed to see the effect humidity has on the system performance. This
effect was significant, and it was deducted that the humidity at LAES-II dur-
ing the commissioning tests was probably approximately 30%. With this re-
sult, a specific test calculation was done with the FH1 Apros model at 30%
humidity and its results compared with the results of the commissioning test.

The results of Apros were similar to those of the commissioning tests and
matched almost perfectly with the results of LAES-II train 3. The mass flow
was identical at 3.2 kg/s, and the power of the system was close with a differ-
ence of only 9 kW. This difference may be caused by the slightly higher
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temperature in the containment or due to the humidity not being exactly the
same. The change in temperature between the heat exchanger inlet and outlet
was also nearly matched with a ΔT of 6.2 °C in Apros and 5.8 °C at LAES-II.
Therefore, it can be said that the Apros model of the JMP system is built well
and models the operation of the system precisely.

The reason for the discrepancy between the two results is unclear. The differ-
ence in mass flow through the JMP system could be explained by pressure
losses and friction coefficients being different as there is no information from
the reference plant, and they are only estimated in Apros. Nonetheless, the
larger factor for inaccuracies are the conditions inside the containment such
as the humidity and the temperature. These affect the operation of the system
greatly. As the exact humidity at LAES-II is not reported and the temperature
is approximate, the conditions of the Apros model had to be estimated. As
already a small difference affects the JMP system it affects the accuracy at
which a validation can be made.

The imprecisions in temperature and humidity were small and therefore the
results were deemed acceptable. While differences in exact values persisted,
the JMP system operated close to the same power in both tests. The mass
flow was identical and the water temperature change difference is small
enough that they do not affect the results nor the usability of the model neg-
atively.

8.3 Limitations
The possibility to conduct an accurate verification and validation process
rests on the availability of credible data. With this research the data availa-
bility in general was limited with only two sets of test results from the refer-
ence plant commissioning tests were received from the Supplier. These two
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were then used for validation as they are the only available data from a real
nuclear power plant.

For the SG PHRS, this data was of relatively good quality and showed mass
flows and heat flows through the system that were akin to the design capacity.
However, some information was missing, and the exact measurement loca-
tions were not specified which brought uncertainty to the process. The results
for the SG PHRS allowed nonetheless to perform validation comparisons that
were mostly precise.

For the CPHRS, the results of the commissioning tests had similar problems.
They were lacking information such as humidity and pressure inside the con-
tainment which lowers the quality of validation possible. Additionally, the
tests were performed in conditions that did not test the design capacity of the
system. From the sensitivity analysis it does seem that the model works well
also at higher concentrations of humidity and temperature, but this should
be studied further. Nonetheless, the results calculated in Apros were similar
to the LAES-II results and thus a validation could be made.

8.4 Recommendations
This thesis suggests recommendations for the future use of Apros model.
Firstly, the model changes made improved the accuracy of the system models
and should be replicated to the other trains. These were the headers, the
sparger hole, and the updated nodes of the PHRS tanks. Secondly, the heat
convection correlation for the calculation of heat transfer for the passive heat
removal systems should be changed. The Dittus-Boelter forced convection
correlation is a good option for most parts of the model but as the PHRSs
function using natural convection, the Churchill and Chu mixed free and
forced convection correlation should be used for them. In the next version of
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Apros 6.11, the correlation can be set individually for diagrams/systems and
this is recommended for the two passive heat removal systems.

8.5 Future work
For the two systems studied, some future research suggestions are made. The
steam generator passive heat removal system’s model was deemed accurate
but the difference in steam generator pressure was something that could be
studied further if more data becomes available on this system. To the con-
tainment passive heat removal system model more validation should be per-
formed with conditions closer to design values. The possibility for additional
validation is, however, limited by data availability.

Regarding the rest of the Hanhikivi-1 plant model, V&V work should be con-
tinued. To ensure the correct functioning of the complete simulation model,
a V&V should be conducted for the entire model or separately for each sys-
tem. With this, the credibility of the model and thus of the safety analyses
done for the FH1 Construction License Application and Operating License
Application is increased as a proof of validity exists. It is however important
to note that the possibility to conduct such V&Vs is limited by the amount of
data available from the Supplier. The more data received from the commis-
sioning tests and operational phase of the reference plant, the more thorough
V&V processes can be done for the simulation model.
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9 CONCLUSIONS
Passive heat removal systems are a new kind of safety system used in many
generation III+ nuclear reactor designs to increase the safety of the plant.
This is also the case for Fennovoima’s upcoming Hanhikivi-1 nuclear power
plant to be built in the municipality of Pyhäjoki. As these systems are new,
with only a handful of operating plants with such systems, the experience in
building simulation models for them is limited. In this thesis, the simulation
models in Apros of two PHRS systems of a VVER-1200 V-491 type pressur-
ized water reactor were verified and validated. The motivation behind this
research was to study the Hanhikivi-1 Apros model and how well it simulates
these systems.

The verification and validation process was done for both the steam genera-
tor and the containment passive heat removal systems. The verification in-
cluded studying the model, modifying it in order to fix inaccuracies and per-
forming preliminary calculations. The validation process in the other hand
was to compare the results of the model with data from the reference plant
to quantify the accuracy of the model output.

Main takeaways from this V&V study were that the steam generator passive
heat removal system model built in Apros is sufficiently accurate and its out-
put follows well the results from the reference plant with a small margin of
error. However, to achieve this, it is recommended to change the heat con-
vection correlation in Apros from the default Dittus-Boelter to the Churchill
and Chu mixed free and forced convection correlation. This latter depicts the
situation especially on the outer surfaces of the heat exchangers better and
thus allow for more accurate results.

Regarding the containment passive heat removal system, the preliminary cal-
culations of the verification process with the PASI model showed that Apros
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does model CPHRSs well. Next, sensitivity analysis and validation calcula-
tions were done with the plant model and these matched to the results from
the commissioning tests of the reference plant to the needed degree. Some
differences in mass flow and temperatures inside the system were in place
but these were small enough and thus the results are deemed to be accepta-
ble. Therefore, the Apros model of the CPHRS is sufficiently accurate and
models the system well.
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APPENDICES
Appendix 1: Trend figures SG PHRS
The results for the steam generator passive heat removal system validation
calculations for the three test runs (see subsection 7.1.2) are presented in this
Appendix.

Test 1
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Test 2
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Test 3
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Appendix 2: Trend figures CPHRS
The results for the containment passive heat removal system validation cal-
culations (see subsection 7.2.2) are presented in this Appendix.
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