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Nomenclature

Abbreviations

LargeBreak LossOf-Coolant

Properties of Water and Steam

AA AverageAmplitude LBLOCA Accident
ADS Automatic Depressurisation System LOCA LossOf-CoolantAccident
AF Accuracy Factor LPIS Low-Pressure Injection System
Anticipated Transient Without .
ATWS SCRAM LT-SBO | Long-Term Station BlackOut
Bi Bishop correlation LWR Light Water Reactor
Budapest University of Technology Identifier of one of the enrichment
BME . MIX
and Economics maps developed
BoC Beginning of Cycle Mo Mokry correlation
BWR Boiling WaterReactor MOX Mixed Oxide fuel
CAD ComputerAided Design MSR Molten-Salt Reactor
CCFL CounterCurrent Flow Limitation ND Number of Discrepancies
CIv Containment Isolation Valve NHT Normal Heat Transfer
CRP Coordinated Research Program Nu Nusselt number
D-B Dittus-Boelter correlation Pr Prandtl number
DC Downcomer / Direct Current PT Pressure Tube
DHT Deteriorated Heat Transfer PV Pressure Vessel
DNB Departure from Nucleate Boiling PWR Pressurised Water Reactor
DNBR Departure from Nucleate Boiling Re Reynolds number
Ratio
D-P DyadyakinPopov correlation RIA Reactivity Initiated Accident
ECC Joint European Canadian Chinese
development of Small Modular RPV Reactor Pressure Vessel
SMART
Reactor Technology
Stochastic Approximation Ratio
EHT Enhanced Heat Transfer SAR(BM) (Based Method)
FFT Fast Fourier Transformation SBLOCA quILBreak LossOf-Coolant
Accident
FFTBM | Fast Fourier Transformation Based .
(-SM) Method (with Signal Mirroring) SBO StationBlackout
GDCS Gravity-Driven Cooling System SCL Simantics Contraint Language
Emergency shutdown of a nuclear
GFR Gascooled Fast Reactor SCRAM reactor (Safety Control Rod Ax Man)
GIF Generation IV International Forum SCW SuperCriticalWater
Gr Grashof number SCWR SuperCriticalWatercooled Reactor
SCW SuperCriticalWatercooled Small
HA Hydro-Accumulator SMR Modular Reactor
HPIS High-Pressure Injection System SG Steam Generator
HpLWR | High Performance Light Water SIT Safetylnjection Tank
Reactor
HS HeatStructure SMR Small Modular Reactor
HT Heat Transfer TCP/IP Transmission Control
Protocol/Internet Protocol
HX Heat Exchanger ™ Thermathydraulics / Thermal
(neutron spectrum)
1&C Instrumentation and Control ucC UserComponent
IAEA International Atomic Energy Agency UP Upper Plenum
IAPWS International Association for the VA Variable Accuracy




IC Isolation Condenser VVER WaterWater Energetic Reactor
ID Identifier W-C WattsChou correlation
IE Initiating Event WP Working Package
JH JacksorHall correlation
Latin letters
A Second order moments K Criterion value
Co Isobaric specific heat L Depth of the orifice
Dp, Hydraulic diameter N Number of (fuel assemblies or variables)
f Frequency / density function p Pressure
A& | Orifice area ratio£ & T&) q Heat flow
F Friction force / function t Simulation time
Fo Area downstream of the orifice T Temperature
For | Area of theorifice u Flow velocity
g Gravitational acceleration w Weighting factor
G Mass flux X Onedimensional coordinate
Tot_al enthalpy including kinetic energy 7 Onedimensional coordinate
(h = hgtat + U2/2)
ket | Effective multiplication factor
Greek letters
U] Volume fraction 3 Skin friction factor
a Mass change rate J Density
[ Form loss coefficient 0] gi\llsegei;e[rleed fromthe /& TA curve
Thermal conductivity
= Auxiliary variable(seethe diagrams and « Auxiliary variable
tables provided ifil])
V1 Dynamic viscosity G Auxiliary variable
3 Kinematic viscosity
Sub- and superscripts
0 Initial value k Phase (liquid or gas)
accu| Accumulator lim Limit
ave | Average max | Maximum
b Bulk fluid min | Minimum
cal | Calculated n Auxiliary variable/ index
cold | Cold channel out | Outlet
cont | Containment pc Properties at the pseudocritical temperaty
cr Critical point pri Primary
cut | Cutoff (frequency) set | Setvalue
exp | Experimental tot Total
hot | Hot channel tp Triple point
i Interface of the phasésndex w Wall
in Inner work | Working




Introduction

Generation IV nuclear reactors and Small Modular Reactors (SMRSs) are increasingly regarded
as essential components in achieving global decarbonisation targets and enhancing energy
security. In comprison with the currently operating fleet, this novel generation of nuclear
reactors offers substantial enhancements in terms of safety, efficiency, and sustainability. These
reactors, including technologies such as theogated fast reactor (GFR), theoiten salt

reactor (MSR)pr the supercriticalvatercooled reactor (SCWR), aim to reduce nuclear waste
through fuel recycling and can operate at higher temperatures for improved thermal efficiency.
Furthermore, the incorporation of advanced safety systems, frequently comprisiivg pass
safety features, servesreducethe risk of accidents and enhance resilience to exteazakds

These innovations are of critical importance in an era where energy systems must transition
away from fossil fuels while maintaining reliable baseloadgr productiorj2].

Small Modular Reactor®ffer much greater scalability and flexibility that enhances the
accessibility of nuclear power to a broader spectrum afkats and geographic regions

including remote areas, industrial sites, or regions with limited grid infrastrudiueecompact

design of these reactors facilitates their factory fabrication and modular deployment, resulting

in substantial reductions gonstruction time andostg3]. FurthermoreSMRs can more easily

integrate with renewable energy sources in hybrid energy systems, thereby providing backup
power du i ng periods of l ow wind and sol ar out |
doldrum).The Gen IV and SMR technologiegjetherepresent a revolutionary transformation

in the nucleaiindustry, aligning with global objectives related to enetggnsition climate
protectionandimproving the resilience of our society

The primary objective of t hed urnedseeda ri cnit ecranrartii eo
SMART p@Goji@a¢t European Canadian Chinese devel
Technpdl faywpwhe per i-d2@2oDfwa0 2t00 d e v e |-coopn caenpdt uaanl a
design of the Eur oecpoecalne dS uSpreariclr i Mad éS8uM Ra rWaRdaa cst
concept prosgdhealdecsocrabiibreed advant ages worfs.t he

BME and | wasngohaétd ySMARThe roG&ct and in the
prceconcept$MR SEWi gn.P hlhleefsprcosentthe-htyldesmoma i c

model |l ing and analysis of the cwBwnfcetplie ufsalnigov
mai n parts:

1 Benchmark analyses with the Apros code for the heat transfer phenomena of water under
supercritical pressure, and also for relevant design basdeat scenarios.

1 Development and implementation of a detailed Apros model of the-SENR concept.

1 Coupling of the Apros model with the models developed by the reactor physics working
group of the ECESMART project.

1 Analysis of the steadgtate thermahydraulics processes and characteristics of the SCW
SMR concept using the coupled reactor physitteermathydraulics code system.

1 Analysis of the transient behaviour of the SEGMR concept under selected design basis
and design extensiotonditions, with peicular emphasis on the possibility of natural
circulation in the reactor pressure vessel and of the passive residual heat removal.

In the first two chapters of this thedisriefly introduce the SCWased technology and reactor
concepts, followed by five chapters detailing the main results and findings of my research, while
the final chapter is devoted to conclusions and an outlook on future plans.
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1. Thermal hydraulics of supercritical water

The thermahydraulic processes of the supercritical wat8€W) are quite complex, and
introduce a series of new or slightly modified phenomena compared tohitréisal statelt

is essential tonderstand thegghenomenand tale them into account in the simulation codes
to be able tperformwell-establishednalysesof a reactor concept operating with SCWis
chapter therefore provides a summary of the thetmdraulics of SCW and the modelling
approachimplemented in the Aprosystemcode used for my analys¢®1] [P1Q.

1.1. Supercritical water

As demonstrated its phase diagrank{gurel.l), water has a critical point at the pressure and
temperature of 22.064 MPa and 373.946 °C, respectilrelhe subcritical fluid regionhe
distinction between solid, liquid and gaseous states or regions becomes perceptible, and phase
transitions of the first order can occur around the melting and saturation temperatures at the
given pressurdn caseof suchphase transitions, a discontityun the temperature dependence

of several thermophysicakqpertiescan be observed (see the curves plotted for 20 MPa in
Figurel.2). Above the ctical point,the fluid is in aso-called supercritical state, whane real

phases can be distinguished ahdreforeno firstorder phasehanges mawccur [6] [7].
However, a narrow pressudependent temperature region can identified, where the
thermophysical ppertiesundergodrasticchangeslue to a secondrder phase changalbeit
remainng continuous(seeFigure 1.2). Thisregion is referred to athe Widom or pseudo

critical transition region. Within this region, the temperature point at which the isobaric specific
heat reaches its maximum at a given pressure is called the asdicdd point, while the curve
drawnby the points ataryingpressires isdesignated abe pseuderitical line or Widom line.

This line divides the supercritical domain into a hagnsity and a lovdensity subdomain,

which are therefore called the ligtite and the gasike supercritical regions.

It is also worth nentioning that the fluid is often referred to as SCW not only when its pressure
and temperature are both higher than the critical point value, but also when the high pressure is
combined with a temperature lower than the critical one. This approach iy joatified by

the fact that current SCWR concepts typically operate at a pressure of around 25 MPa, and an
inlet and outlet temperature of around 280 °C and 500 °C, respectively, which means that the
temperaturat the inletis below the critical valuevhile at the outlet it is above critical.

En . supercritical fluid (SCW)
a ". 2
@ ! 5=
5 \ -1
@ solid phase  § 189 .
< sofid phase :I compressible 1= gas-like SCW
o PO 1
'.l liquid i
- H !
22.064 ;rmcal pressure b S
cr 1 .
: liquid critical point
i phase
:
triple point | gaseous phase
~0.0006 7"
vapour
critical
temperature
T Ter _
273.16 647.1 Temperature [K]

Figure 1.1: Phase diagram of light water (derived from[8])
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Chapterl. Thermal hydraulics of supercritical water
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Figure 1.2: Thermophysical properties of water around the criticalpressure[9] [10]
a., density, b., dynamic viscosity c., isobaric specific heatd., thermal conductivity

Thanks to the absence of a fister phase transitiodgparture from nucleate boiling (DNB)
camot occur in thesupercritical state, which is an important advantage of this technology.
However, other new phenomena ni@/ observedsuch as the enhanced heat transfer (EHT)
near the pseudocritical temperaturetlee deteriorated heat transfer (DHT)den low mass

flux and high heat flux condition$] [7] (see Sectior8.1). Although, te latter shares some
similarities with the DNB also resulting in a rapid increase of the wall temperature, it is
typically less abruptn its nature. Nevertheless, it should be avoided during the normal and
transient operation of SC\boled facilities.

The use of SCW as a coolant has many advantages, as discussed inZ-bapiealso poses

a series of thermdlydraulic challengesThese include calculation uncertainty of SCW
thermophysical properti¢$1] [12]; the significant impact of these properties on processes such
as heat transf¢HT) [13]; the fact that only approximate heednsfer correlations are available,

as the aforementioned HT regimes are not fully undergti)e 16]; the behaviour of pressure
drops and flow instabilities under SCW conditions has not been fully explored[6ith&?];

and the hypecompressibility of SCW18] [19]. This shows that there are still a number of
areasn which our knowledge needs to be expanded the biggest challenge is in the field of
materials science. The strong coiveseffects of SCW, and the high operating temperatures
and pressures make the use of most established materials impossible. For example, zirconium
alloys cannot be used as a cladding, special steel alloys are iestdad 20] [21].

1.2. Modelling of SCW in Apros

Apros has been capaléworking with supercritical pressure watkr along time[22] [23]
andhas beemised severdlmes in the recent years model SCWRrelated systemi4]-[28§].
Essentially, the code continues ¢émploy its conventional twegphase models also ithe
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Chapterl. Thermal hydraulics of supercritical water

supercritical pressur@gime Nevertheless, certain enhancememtse considerethecessary,
as described by the developers in tlaéarementionegublications:

1 The modelling of the pseuetwitical transition phenomenon has been introduced.

1 The builtin steam tables were extended and refined to account for the sharp ghanges
the thermophysical properties near the psetrical transition. This is based on the
IAPWS-97 formulation.

1 Some parameters, such as the void fraction and saturation enthalpies, have been
redefined.

1 New specific heat transfer and frictioarrelations have been introduced.

Several thermal hydraulic models/solvers are available in Apros forphase flow
calculations, two of which are most commonly used: the homogeneagiéBon) and the
two-fluid (6-equation) modal The first assume$at the phases share a common temperature

and velocity, while the second treats the phases as separate fluids. The homogeneous model
might seem to be ideal for supercritical conditions as the fluid staysiimglephase. However,

it would give unacceptddresults during transients, if the pressure drops suddenly to subcritical
conditions. Consequently, theeguation model is generally preferred for the supercritical
conditions.Its onedimensional conservation laws can be wriitethe followingform [29]:

MNagpe)  Ooapppug)

: . =1
Mass: 5 9 k (1)
Napprug) O apppu® _ .
Momentum: 2 ’(.;: : ( ’;)“ E Py g+ aprd+ Pk + Fix 2)
N prhy Do prighg %) . , .
Energy: (“L(,;:f k) 4 B (“”(.)LN“ ) 111.«(.)—1; + Trhigk + ik + ok + Fopue + Figuie  (3)

Constitutive equations are alsequiredto solve the above governing equations. The skin
friction factor correlation of Kirillov et alsee in[30]) wasselectechnd implemented in pros
for the supercritical pressure region:

.I [) 0.4
= N
" (1.821og,(Rey) — 1.64)> (m-) (4)

Severalheat transfer correlations for the supercritical pressure conditions are available in the
literature. Five of these were found to be the most suitable, and thus implemented for the 6
eguation model by thegxosdeveloper$29]:

- 0.43
Bishop without entranceerm[31]: Nu = 0.0069 Rej® Pry """ (’ )) (5)

b

0.3 - n
JacksorHall without entrancéerm([32]:  Nu = 0.0183 Rej** Pry-® (”"‘) <(—’> (6)

Pb ('p‘b

Dittus-Boelter[33]: Nu = 0.023 Rey® Pry* (7)
o 0564
Mokry [34]: Nu = 0.0061 Rey ™ Pry ™ (’; »;) (8)
- \ 0-35
WattsChou[35]: Nu = 0.021 Re)S Pry 7 2 ¢ (9)
b
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Chapterl. Thermal hydraulics of supercritical water

wheren andt- aredefined as follows:

0.4, if Ty < Top < Tpe or 12750 < Ty < T
n=2104+02(f 1), if Ty < Tpe < T (10)

04+0.2 (Fe —1 {1 —5 (;— - )} i Tpe < Ty < 1.2T)e and Ty < T,

(1 —3000x)%2%,  upward flow, if 1075 < y < 10~*
= (YO00x)*2*. upward flow, if 107% < y (12)

(1 4+ 30000x)%2%, downward flow

def Gry, — def (pp —Pp)gD}
X=— ———3 Gry == (s — P)g Dy (12)

g o= B
Rfii" Pry PuUj

The range of applicability of the abodescribed correlations are collected Tiable 1.1.
However, in the benchmark analyses presented in Se&tiphapplied these cagtations not

only to their respective geometries or parameter ranges, as one of the goals of the investigation
was to get a more general idea of the capabilities and performance of each correlation. Most of
these are based on experimental results with Isimybes, but in nuclear power plant
applications the rod bundle geometry is typical, so it is useful to see how each correlation
performs in such cases.

Range of database used for

Correlation Remarks
development
P: 22.8- 27.6 [MPa], &: 282- 527 [°C], .
Bishop G: 651- 3662 [kg/nfs], g: 310- 3460 E;VOV vertical tubes, upwar
[KW/m?]
Based on many other correlations
P: 221 - 28.6 MPa, Tp: 300- 500[°C], H.O, CQ, vertical tubes
JacksonHall

G: 400 - 2000 [kg/m?s], q: up to 1000 upward flow
[KW/m?]

Dittus-Boelter | Subcritical pressures

P: 22.8- 29.4 [MPa], G: 200- 1500

H-0, vertical tubes with P =

Mokry 2<1 - 70 3-38 mm, upward flow, NHT
[kg/m?s], q: 70- 1250 [kW/nf] and EHT regimes
) P: 25 [MPa], G: 132 1060 [kg/nts] H-O, vertical tubes with P =
Watts-Chou | "1 75 440 [kwin?] 25.4/32.2 mm, upward flow

Table 1.1: Range ofapplicability of the heat transfer correlations (collected from[31] - [35])

The adequacy of the extensiof the Apros solver to the supercritical pressure regime has been
demonstrated by the developers through several tests and valddtolationd22] [23] and

as mentioned above, has since been successfully used for a number ofr&@tRanalyses.

Of the above heat transfer correlations, the Apros User Guidenreends the Jacksaiall
correlation as the primary option. Nevertheless, in the course of my PhD research, | conducted
a comprehensive benchmark analysis with a focus on the heat transfer phenomena, testing all
of the above correlations, the results &indings of which are presented in Sect®f Based

on these, the Bishop correlation was finally selected for the -SGAR investigations| have

shared the findings of these investigations also with the code developers.
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2. Supercritical water-cooled reactos

The Supercritical Wate€Cooled Reactor (SCWR) is a high temperature, ipigissure water
cooled reactor that operat@gh nominal core outlet coolant conditioalsove the critical point
(374 °C, 22.1 MPa) of watelt.is one of the six advanced reactor technologies selected by the
Generation IV International Forum (GIF) for fer research amtevelopmeni2]. Therefore
several specific SCWR concepts have been developtite European Union, Canada, Japan,
China, Russia, Korea and thimited State®ver the past decadeSome of heir key features

and design parametesse summarised in Secti@iland inTable2.1.

These conceptual designs can be grougpsmbrding to several aspecErstly, they can be
designed as a pressure vessel (PV) type reagitailar toconventional light water reactors
(LWRs), or as a pressure tube (PT) type reaconilar toconventional heavy water reactors
(seeFigure2.1). In case of PWype concepts, singl@and multipass core desigrean also be
distinguishedIn terms of the neutron spectruthe core can be designed as therfhll), fast,
fastresonant, or even mixed spectrum by adjusting the amount and distributithe of
moderatorThe fuel is typically UQor thorium for thermal, and MOX for faet fastresonant
spectrum concepts. The Y&el composition is similar tthat usedn Genlll and Genlll+
technologies while the thorium fuel composition consists of a nuse of thorium and
plutonium oxides.

Control rods

A [I Il supercritical B Supvt;!;?eﬂrtlcal
water N

Turbine Generator

Turbine Generator
Electrical
power

Electrical
power

]
= | Condenser

Reactor

|
|| Condenser
|

Reactor

- -—

Heat sink

-

Heat sinkJ

~

Pump Pump

Figure 2.1: General layout of the pressure vessel (A) and pressure tube (B) type SCVI3%]

The SCWR technology has a series of advantages compared to other advanbé@uikn
conventional Getlll and Genlll+ water-based technologies.

1 SCWR is the only Gelv conceptthat is technologically basedn the watercooled
nuclear reactors and supercritical fossil fuel power plants currently in operation worldwide
[37]. Thereforejt can levergethe extensive design, construction and operating experience
of these facilities as well asthe available technological equipment. Thignificantly
reducsthe development and construction castd time which can also be planned much
more accuratelgompared to notwvatercooledadvanced react@moncepts.

1 Using water as a coolant has several advantages: it is chemically inert, inexpensive,
transparent, and netoxic, thus simplifying reactor inspections and maintenance.

1 The high outletcoolanttemper#&ure enablesefficienciesof 40-50% to be achieved and
opensnewways of utilisation, therebyimproving the economics.
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Chapter2. Supercritical watecooled reactors

1 The reactor system hagpically an even simpler configuration than theiling water
reactorBWRY), eliminating the need f@axpensive components such as steam generators,
steam separators and dryers, recirculation loops, etc., thus further reduciagitiieost.

1 Thedeparture from nucleate boililmhenomenn and related issues are irrelevant in case
of SCWRs, howeveiattertiion is required to the heat transfer deterioration phenomenon,
asdescribed in Sectioh.1, and investigated in Secti@il

1 Thecurrently availableegulatory frameworland standards cdie appliednuch easieto
the SCWRghan to other GeiV technologies.

2.1.Existing SCWR concepts

In order to explore and learn about all the existihng SCWR concepts, | conducted a
comprehensive literature review. In addition to the dedicated papers of each concept, it included
several Review articleg38]-[41], IAEA TECDOCs[42] [43], books[36] [44]-[46], white
paperd47] [48], course materialgl9] and the dedicated webpage of GHB]. Based on these,

| present the key parameters of eatéture,largeconcept inTable2.1 and summarise their

main features belowlhe key parameters of the more recent SMR type concepts working with
SCWare alsqresented ifable2.2.

EU Canada Japan China Russia | Korea us
Super | Super SCWR- | VER- | SCWR-
HPLWR | SCWR | FET = IPET gscwr | csrio00| =7 Sop <M | SCWR

Type PV PT PV | PV | PV PV PV PV PV PV
Spectrum TH TH TH Fast | TH TH Mixed Fastres | TH TH
Fuel UO:, PuTh | UO, | MOX | UO, UO; |\U/|(<)32>/< MOX U0, UO:
Moderator Hzo Dzo Hzo -1ZrH Hzo Hzo HzO/— - ZI’Hz Hzo
Thermal 2300 2540 | 3492 | 2337 | 4039 | 2300 3800 | 3830 |3182 | 3575
power [MW]
[E/fI]ICIenCy 435 48 438 | 43 42.7 43 44 4345 | 43.68 |45
Pressure 25 25 25 25 25 25 25 245 25 25
[MPa]
'[?('f]t emp- | Hgp 350 280 | 280 | 290 280 280 290 280 280
?g;'et ©mp. | 559 625 500 |501 |510 500 510 540 510 500
No. offlow | 5 1 12) |1 1 2 2 1) |1 1
passes

Table 2.1: Summary of design parameters of théarge SCWR concepts (based of38] - [50])

The Canadian concept is a presdubedesignthatutilisesa thermal neutron spectrum. It has
aCalandria vessel filled by loywressure heavy water to provide moderatidrehigh-pressure,
countefflow tubes are immersenh this vessel Each channel contains 64 fuel rpdsth

thorium andplutonium oxidepellets,arranged in two rings. The light veaitcoolant enters the
pressure tubes from the inlet plenum at 315 °C, flows downwards in the central tube, reverses
at the bottomandflows upwvardsthrough the annular fudundlebeforeleaving the vessel at

625 °C, which is the highest outlet temperatafehe concepts. Thsize of thetube inlet
openingsis individually adjustedto reduce instabilities and achieve homogeneous outlet
temperatures. Theontrol and safetyodscan be inserteshto the moderataregion of thecore

7



Chapter2. Supercritical watecooled reactors

from the side of th€alandria vesseFurther details are provided [61]-[54]. In Canada,wo
reduced power, SMR versions of this concept have also been developed in the recent years,
named GCSCW-SMR [55] and SuperSafib6)].

EU Canada Japan China
SCW-SMR | C-SCW-SMR | Supersafe| SMR Class| g 154 GE
Super FR
Type PV PT PT PV PV PT
Spectrum TH TH TH Fast TH TH
Fuel UO,/ MOX | UO; PuTh MOX uo, uo,
Moderator H20 D20 DO H2O H-O
Thermal power
IMW] P 290 800 670 650 375 728
Efficiency [%] TBD 48 45 43.8 TBD 45
Pressure [MPa] 25 25 25 25 25 30.3324.13
Inlet temp. [°C] 280 290 350 280 280 285.8
Outlet temp. [°C] | 500 450500 625 500 500 565.5
No. of flowpasses | 7 1 1 1 2 3

Table 2.2 Summary of design parameters of themall SCWR conceptq50]

Threelargeconcepts have been developed in Japan, two of which operate with thermal (Super
LWR and JSCWR) and one with fast (Super FR) neutron spectra. They are all of the pressure
vessel type and are designed withltiple types otoolant flow pathfeaturingeithe a single

pass or a twqpass core. In thermal cases, additionaFHtemperature water rodpositioned in

the centreline of the assemblipsovide the appropriate moderation. As a fuel 2iHused in
thermalconceptsand MOX in the Super FR. The inlehch outlet temperatures are around
280°C and 500 °Crespectively, similar to mosttherconcepts. In all three cases, the control

and safety rods are inserted vertically into the core, either from the top (Super LWR and Super
FR) or from the bottom (JSCWRFurther details are provided [45] [57]-[59]. An SMR

version of the Super FR has also been developed as descrj6ef in

In China,two largeconcepts of pressure vessel type have been devebfermal(CSR1000)
and a mied-spectrumSCWRM). In both cases, theoreis divided into two regionsagntral
and peripheralwith atwo-pass flow pathin case of the CSR100e light waterfirst flows
from the upper to the lowgrlenumthroughthe moderatorodsof all the assemblieand, in
parallel, through the coolant channels of tkatralregionassembliesin the second pasthe
water then flows upward through the coolant channels of theripheralregion assemblies
beforeexiting the vessel at 500 °C. In the SCWIR theperipheraregionoperatest athermal,
while the central region operatesat afast sgctrum This means that only theeripheral
assemblies are equipped with moderator rodmiry the light watefirst flows from top to
bottom, but this time through the moderatmisand coolant channels of tperipherathermal
region.In the second [ 3, theflow is upwardthroughthefast assembliesf thecentralregion
The outlet temperature is slightly higherthis casgat510 °C. Thecontroland safetyods are
insertednto thecorefrom above ito thegapbetween th@ssemblieg both conepts Further
details are provideth [61]-[64]. An SMR version of the CSR1000 has also been developed,
called CSR150[65].

The concept, developed in Russia, is of the PV type and uses a fast resonance spectrum.
Accordingly, MOX is used as fuel and the rodse placed in a tight fuel gridvithin the

8



Chapter2. Supercritical watecooled reactors

hexagonal ssemblies without moderator rods. Both a sifggles and a twpass version of the
core flow path have been introduced. The shpglssconfigurationis similar tothat of
conventional LWRs, while the twpass versiomesemblegshe SCWRM. The coolanffirst
flows downwards in the assemblies of the peripheral regiod then upwards in the central
region, reaching an outlet temperature of 540Si@ilar to conventional maan VVERS, the
control and safety rods are insertitio the core from above via the guide tubes of the
assemblieg-urther details are provided [i66]-[69].

Like most other conceptsheé Korean SCWHSM is of the PV type and utilises thermal
spectrum, however, it has some unique features. Solid iZrttsed ag moderator ingad of
light or heavy waterand it is placed in the core in crucifix and singie forms Another
interesting feature is that, although there is singlepass, ajet-pump is placed in the
downcomer(DC) to enhance the aessel circulation. As a resultetlinlet temperature of the
core reaches approximatedp0°C at thefeedwater temperature of 280 °C. The conamdi
safety rodsnove from abovavithin theguide tubesformedin the cruciformsolid modckrator.
Further details arprovided in[70]-[72].

The US SCWR is also pressure vessel type concept that operates in the theaufbn
spectrumusing UQ fuel and featuring a simple, singpass core. Moderator rods are arranged
along the centreline of the assemblwith light water flow to ensure sufficient moderation.
The control and safety rods are inserted from the top through the moderator rdus. drttils
are providedn [73].

Assembly box
Closure head 4
Control rod extensions

Bolt

Control rod connection tubes

Nut

O - - e
\ O-ring sealing Moderator!
Spring ! box j
T Cold leg G
Control rod guide tubes | ~
Hot leg ™ Backflow limiter
—— .
% ~ ) Coolant inside assemblies Moderator water
: Steam plenum
Outlet pipe assembly RPV upper plenum | 50% —
. Core outlet Upper mixing
Hot steam pipe “ amper™ |chamber
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v
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Core barrel

Fuel assembly cluster: Super heater 1 i
B Steel reflector

Water boxes
QOutside ass. boxes
Downcomer 509

Fuel assembly cluster: Super heater 2

Core support/base plate

> Superheater 2

=
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Figure 2.2: Reactor vessel design, fuel assembly and flow path of the HPLWRactor [74] [75]

Finally, the European High Performance Light Water Reactor (HPL®W)essimilarities

with thethermal concepts afapanChina and the USThe main differencés that it features a

more complexthreepass core configuratiorAs illustratedin Figure 2.2, half of the cold
feedwater firstpassesthrough the moderator regions, while thest flows through the
downcomer These two streams then mix again in the core inlet chamber, which isdlocate
beneath the cor&rom this point onwards, the primary role of the fluid is to provide cooling as
the entire flow passes through the coolant channels of the assemblies. The core is divided into
threeradial regions First, the coolant flows upwards thgiuthe central Evaporator region.
Then, in theUpper mixing chamber, the flow reverses and the coolant is directed downwards
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Chapter2. Supercritical wateicooled reactors

through the mid Superheater 1 region. Finally, the coolant reverses again and flows upwards in
the peripheral Superheater 2 regibuarther details are providea [74]-[78].

The main objective of this unique design concept was to achieve a high coolant outlet
temperature, whilanaintaining a reasonably lowmaximum cladding surface temperature.
Based orawide range of analyses performedkr the yearsthe implementation of éhthree

stage heatip arrangement significantly reduced the maximum cladding temperhtweyer,

this approach has still proved insufficient, as the cladding was still overheated in the regions of
the maximum local power density. Several other issliks the practical impossibility of
residual heat removal by natural circulatiorere also identified during the HPLWR research
projects, as collectad [79].

The SGV-SMR concept, developed in the framework of thefdhdded ECECSMART project
[4], can be considered as awolutionary smaltmodular version of the HPLWR. During the
initial design phase, the developaimedto address all the main weaknessethefHPLWR
and provideanappropriate engineering solutiéor each otthem. Ths conceptis presented in
greatdetail in the nexthager, as | have spent most of iBiaiDresearch othe comprehensive
analysis of tis proposed newonceptin the analyses presented in Chapters | also aimed
to examine and assess the extent of improvement comparesHBLWR.

2.2.The new European SCWSMR concept

The preconceptual design of the European SGWR was introduced and uneent
developmenin the period of 2022025in the frame of the Eflunded ECCSMART project.

A comprehensivealescription of the initial design is provided by the developers in a paper
presented at theSSCWR10 conferencg79], in a journalarticle[80], and in internal project
documentg81] andreports[P11]. This Sectionis based orthe aforementionegbublications

and the summarigeesented in my related pap&ps-[P9.

2.2.1. The reactor vessel

The SCWSMR has a thermal power of 290 MW, r@actor pressure vess@PV) outlet
pressure 025 MPa, and inlet and outlet fluid temperatures of 280 °C and 500 °C, respectively.
The core has a cubic geometry and contains 400 horizontal fuel assemblies arranged in 20 rows
and 20 columns each. Thiesign of thesquare assemblie®llows that of theHPLWR,
containng 40 fuel rods and a central moderator box chariBeth the moderator box and the
assembly have a closed, thtager outer wal(seeFigure2.3).

MODERATOR BOX
INNER LINER (ZIRCALOY)
INSULATION (YT2P)
OUTER LINER (S5 3105)

ASSEMBLY WALL

INNER LINER (55 3105)
INSULATION (YTZP)

OUTER LINER (ZIRCALOY)

Figure 2.3: Fuel assembly (head piece (blue), assembly box (yellow) and moderator box (pink) on th
left side)[79], and its crosssectional view (on the right side]82]

The active length of the assemblies has been significantly reduced to 1.68 m compared to the
4.2m length of theHPLWR design. This modification allows the implementation of a
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Chapter2. Supercritical watecooled reactors

horizontal layout ath a core consisting of seven consecutive-npattages (sdeigure2.4), as

in a typical supercritical waterooled coafired power plant. The coolafiows through each
successive stage, with adequate mixing between the stages to reduce the maximum cladding
temperature and avoid the formation of hot spots. The number of assemblies per stage from the
bottom to the top is as follows: 40, 40, 40, 60, 80, 80. This approach was selected to
compensate for the additional core pressure drop caused by the decreasing density and,
therefore, increasing flow velocity along the flow path.

Side view

coolant
inlet

Figure 2.4: Internal structure of the reactor vessel and the coolant flow path of th&CW-SMR concept
(dashed arrowsi flow in the assemblies; solid arrow$ flow in the spiral channels) P11]

Spiral flow
channels

Inlet plenum of
coolant channels

Reflector space

Outlet plenum of
moderator channels

__ Outlet plenum of
~ coolant channels

— Core drum

Downcomer

Rails

Inlet plenum of Horizontal fuel assamblies

moderator channels

Figure 2.6: Horizontal cross sectionof the vesse[81]

The internal design of the RPV is quite complex in order to allow the layout described above,
to provide adequate coolant and moderator flow paths, and to provide sufficient space within
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Chapter2. Supercritical watecooled reactors

the core ér the control and safety rods, as well as for the possibility of periodic refuelling. The
flow path is designed as follows (deéigure2.5 for numbering): The feedwater, at a temperature

of 280 °C, enters the RPV through two ct#d nozzles (1), whose first task is to maintain a
low and uniform vessel wall temperature. To achithis objective, most of the feedwater flows
downwards through the downcomer (2) to the lower plenum (3), while a smaller proportion
flows directly to the upper plenum (UP) (5) through a series of orifices positioned on the reactor
flanges (4).

The primay role of the fluid in the subsequent part of the path is to provide proper moderation
of the core, ensured by its relatively low temperature. In the lower plenum (3), the flow is again
divided into two directions. Most of the flow passes through the war¢gheinter-assembly

gaps (6) (upward moderator channel), while a small part flows through-tadled reflector

space (7) located at the sides of the core Regpare 2.6). These two flow paths merge above

the core (8) and continue towards the upper plenum (9), mixing with the first bypass flow
through the flange orifices. From here, the total mass flow continues downwards on the inlet
side of thecore towards the inlet plenum (10) of the horizontal moderator channels (boxes).
From this plenum, the moderator passes in parallel through the moderator channels of the entire
core (through all the 400 assemblies). On the other side of the core, tineatsdlow is again
collected in the outlet side moderator plenum (11). It then continues downwards, passing
through two channels (12) under the core before returning to the inlet side again (13). The
temperature of the fluid at this point is approximatgl0 °C. From this point onwards, the
primary function of the fluid is to provide adequate heat removal and cooling of the fuel rods.

The coolant first passes through the coolant channels of the 40 fuel assemblies of the first,
lowermostheatup stage anthen reaches its outlet coolant plenum (14). From there, the coolant
flows through the spiral flow channels (15) around the reflector space to reach the second stage
inlet plenum. The plena and spiral channels facilitate the proper mixing and homogeragati

the fluid temperature. Following this arrangement, the coolant passes sequentially through all
seven heatip stages, each being connected by an outlet and inlet plenum and a spiral flow
channel between them. The dé&® supercritical water leavindghé topnoststage is collected

in the annular steam dome (16) above the core, from where it exits the reactor vessel through
the two hotleg nozzles (17).

As seen from above, despite the formation of separate moderator and cegitarg these are

not incependent subsystems. Instead, the same fluid performs both roles in succession. The
individual spaces of the described flow path are separated by flat and cylindrical walls, which,
with a few exceptions, are welded together to prevent unwanted mixingypadsbflows.
However, with the exception of the asseiehlthe walls are not insulated, allowing for
significant heat transfer between spaces of different temperatures. This causes, for example, the
moderator medium to heat up from 280 °C to 310 °C along its flow prathy experience,

proper consideration ohts phenomenon in both steasiate and transient modelling is of great
importance as demonstrated in the analyses performed and presented in €hafter

The proposed design incorporates all the lessons learned from previous research projects on the
HPLWR and other SCW& The main improvemnts over the HPLWR include the followings:

1 The enhanced mixing, resulting from the increased number ofupeatages with
unchanged total heated length, can significantly reduce the locally high coolant and
cladding temperatures.
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Chapter2. Supercritical watecooled reactors

1 The reduction of the lear heat rate along the flow path can be better established by using
an increased number of stages, compensating more accurately for the increasing coolant
temperature and decreasing cooling capability.

1 The proposed threlayer assembly ananoderator box wall structureg=igure 2.3)
significantly reduce the neutron absorption in the core, effectively limit the moderator heat
up in the interassemblygapsand within the moderator boxgsrovide adequate resistance
to highly corrosive supercritical media and ensure structural syabilit

1 The orientation of the fuel assemblies in the core has been changed from vertical to
horizontal, allowing natural circulation and passive heat removal to develop in the event of
an accident. One of the main goals of tbaductedransientanalyses wato investigate
and confirm the effectiveness of this approésgeChapters and7).

2.2.2. The primary loops and the safety systems

The preconceptual design progress of the SGWR has so far focused mainly on the reactor
vessel. More detailed design for thermal operational primary cooling systeand for the
safety systemis not yet available, so the current concept is largely based on the HPLWR design
[74] with appropriate scaling.
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Figure 2.7: First design of the minimum set of safety systems for the SC\8MR [P11]

The preliminary concept of the primary circuit include® Bot and coldlegs, which are
interconnected outside the containment and share a common turbine and feedwater system. The
first designof the minimum set of safety systems and their short description were provided in
[P11] and can also be seenhkigure2.7. In this draft, the active safety systems played a rather
important role. In order téacilitate the management e&lectednitiating events(IEs) on a

passive basis, the above layowassupplemented with further systems. The finally considered,
preliminary set of safety systems include the following:

9 Control and safety elements to perform reactor SCRAM.

Emergency boron injection system as a secondary measure for reactor shutdown.
Turbinebypass valves for depressurisation and heat removal via the condenser.
Passive heat removal system with isolation condensers and cooling pools (IC system).
Automatic depressurisation system (ADS) equipped with pressure release valves.
Accumulator system for passive, high flsate emergency injection.

Active, low-pressure injection system (LPIS).

Gravity-driven cooling system (GDCS) for gsive, lowpressure emergency injection.
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3. Benchmark analyses with Apros

In orderto properly investigate the nominal steagtgite operation and the transient behaviour
of the SCWSMR concept presented in Sect@, a system code model with sufficient detail,
appropriate nodalisation and appropriate settimgs requiredseeChapter4). However, its
development first required performiragset ofbenchmark analyseer two main purposes:
firstly, to demonstratehat the Apros code is capable of adequately modelling thatmo sd
arising in the SC\ABMR conceptandsecondly to identify the optimal modelsetting to be
used In accordance witlthese objectivedywo main series ofbenchmark analgs have been
carried out. The first studipcused on the heat transfer processesdersupecritical pressue
conditions ofwater, while thesecondwas concerned with modellingf cold-leg LOCA-type
events These analyses hawaginally been published in detail [®1] [P2] [P3] [P4], while in
the followingsections | summarise the main results akel lessons learned.

3.1. Heat transfer phenomenon under supercritical pressure

An extensive database of the experimental inforonatelated to heat transfer and fluid flow at
supercritical pressure in bare tubes and rod bundles was collected-Bem@e, and shared
with all the partnesin the ECCGSMART project(seeTable3.1). It contains 164 experiment
caseswith H.O or CO; flowing in bare tubes ireither vertical (downward or upward)pr
horizontal directionsand 29 additional experimental casemducted at the NTUU KPI facility
on rod bundles (with 1, 3 or 7 rods) with a vertical upwas@ How [P1(Q.

Facility Country Geometry | Flow direction | Coolant
NTUU KPI Test facility[83] - [85] | Ukraine ;ﬂﬁ‘;lznd Vertical H-0
IPPE test facility{86] [87] Russia Vertical H.O
JIHTRAS Test facility{88] - [90] Russia Vertical CO,
UBC test facility[91] [92] Canada Tube Horizontal H.O
Yamagat aos[l§ est 1Japan Horizontal H.O
MSTF test facility[93] Qatar Horizontal CO,
Adebi yi 6s[94est f {UK Horizontal CO,

Table 3.1: Facilities and their main features as collected by IPEentre [P10Q]

Unfortunately, as can be seen from the table, there were no experimental cases available for the
horizontal rod bundle geometry, which would have been the most relevant for theSMRN

concept. Therefore, in order to be as comprehensive as possible, | have selected the
experimental cases of the NTUU KPI facility with vertical tube and rod bundles, ahe of t

UBC and Yamagataods facilities with horizont e
Apros benchmark analys@®1] [P1Q. This selection allowed me to explore, albeit separately,

the effects of both the rod bundle geometry and the horiZagtait A brief description of the

three test facilitieds provided inthe op@ accesdP1Q reportand P1] paper while the
boundaryconditions of the particular sas studieavith Aprosarecollected inAppendix A

The primary aim of my analyses was to compare the behaviour of the ApgpsBon and 6
equation solvers, and the temperature profiles determined by the available heat transfer
correlatiors under various supercritical pressure conditibmsase of the twdluid model,

users can choose a specific heat transfer correlation for the superpregslireegion from

the list described in Sectidn2, but it is not possible to defiriertherown correlations. On the
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other hand, in case of the homogeneous model, a specific correlation for supercritical pressure
is not available, but usehave the possibility to implement and use own defined heat transfer
correlations. To be able to compare the behaviour of the two model typesderddostrate

that they provideimilar resuls, | implementedhe Bishop, JackseHall, Dittus-Boelter, and
additionally the DyadyakirPopov [95 heat transfer correlations in Aprpsn order to
supplement the range of correlations available in Apros (givBedtionl.2). TheDyadyakin
Popovcorrelation developed on the basis of rod bundle measuremsrgecifiedn [95] as

0.45 0.2 0.1
. u— 1 , Dy,
Nu = 0.021 RV Pry (L) (ﬂ) (ﬁ) (1 + zj—’) (13
b Hin Pin £

For all the considered experimental facilities, similar simple system code models have been
developed as described[in]] and [P10.

3.1.1. Apros implementation issue

After the simulation of ( sAppendixiAr st heewbNaUbeH]
were compared, and a signifieguoibt dieigfuamndmmndée
model resulwti g hi mirlgdpg kvmé é mper ature difference
the Apros developers with this observation a

of t hien buwodntel ati ons, which was not jwWsg sumed
density ratio, used in some of the <correlat
corresponds to a maximum of 50 AC temperatu
temperature). Il n t he-bNUTITWKU teexnppeerri asteuoreee ddeitfeftelre
i mit significainn|l gornedat hasstéeefbeaeiéd from
the discussions with the developers, I recei

Apros vedRl om 6v.hll h atlhue mifnitrhemdwensi ty rati
0.08. With this modification, t Higuredi)evisoousll y
wasl ebto perform the analysis of the select

onwards, the new | imit value is used by def a
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an

further di scussed

appropr i after phph iceettiadgd sy o f

this type of

her et, hiA®@pweovjeer ¢ In thelieipswag ta.r e

sections, the performance of the five heat transfer correlations ofettpeaion solver and the

Dy adyR&p ;v

the wall temperature proflesbt ai ned
t he

Aprofiled refer to

correl ati orqiurag li eimanaigssd ty lcomparihgh e
. Uhereforeg thededmefim e mper at ur e 0
prof

wal | temperatur e

notations are used to identify the correlations and their resulB=[DittusBoelter; JH =
JacksorHall; Bi = Bishop; WC = WattsChou; DP = Dyadyakin and Popov; Mo = Mokry

3.1.2. Results of th&iTUU KPI experiments

a) Bare tube cases

In most ofthe investigated bare tube experinadicasegseeTable A.J), the coolant remained

in liquid-like phase throughout the test section, but there are also examples in which it reached
a pseuderitical or even the galike region. The results of three selaetases are presented

in Figure 3.2. In the liquidlike region, no strong heat transfer deterioration is seen, but two
main phenomena can be observethie measured profiles. First, there is an entrance effect in

the first circa 100 mm, which enhances the heat transfer and thus reduces the temperature that
could be reproduced only by Bi andMcorrelatiors. Second, when the wall temperature
reaches the 38000 °C regionjts profile flattens out temporarily and then starts again to
increase, something that is not shown by Rorrelation at all, while the other correlations

were able to represent it at legsialitatively.
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Figure 3.2: Results of he NTUU KPI bare tube analyses in case dhree different regimes

As a general behaviour observed in the analyses, it can be notedBhandJH are able to
give good predictions at low heat fluxes, but they tend to underestimate the wall temperatures
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when the heat flux is increased. The nature of temperature prafilamed byBi reproduce

more correctly the measurements in most cases, but they are quantitatively correctasdy

of higher heat fluxeshaving the tendency to underestimate otherwiseC @eems to be the

most accurate in the investigated casdgt) an exception for thentrance region. With the
introduction of an additional term for entrance effects, it might fit the measurements with
relatively high accuracy. 8P provided good agreement in the first part of the tube and with
smaller heat fluxes. However, in the second part and especially, when a higher heat flux is
specified, it tends to significantly overestimate the temperature. Yinslb predicts
unrealistically strong heat transfdeterioration and high temperatures in nearly all cases.

An example of predictions at the pseuttdgical transition is presented ragime #22 oFigure

3.2. In the experiment, the increase of wall temperature is continuous and it is only partially
slowed down while the bulk temperature crosses the psaudal threshold, while EB, J-H,

Bi and W-C correlations show a temporary HT enhancement and thus a temperature drop,
which results in a wall temperature underestimatio®. iBinstead able to catch the behaviour
relatively well, while in the case of Mo, a completely different profile is obtaiskedwing
recovery from deteriorated heat transfer.

In the gadike coolant region, the correlations provide results much closer to each other, within
or quite close to the measurement error range.dlightly overestimates the temperature, while
D-B slightly underestimates it.

b) Singlerod cases

In the NTUU rod bundle caséseeTable A.2, the coolanalways remained in liquitike phase
and the main focus of the investigations was on the heat tratetfioration phenomenon.
The results ofwo selectedsingle rodcases are presentedrigure3.3.
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Figure 3.3: Results of he NTUU KPI single rod analyses in case divo different regimes

The behaviour of the examined correlations is quite consistent,thee.predicted wall
temperatures generally follow the same order throughout all the investigated cases, which
provides the following ordering of correlations

Toe < T < Twe < Tgi < Top < Twmo (19

This ordering of the correlations is also consistent witt ti theexponers of the density ratio
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t e r wh g (that most of the correlations include, i.e. generally, the larger this exponent is, the
higher the wall temperatures the correlation gives. The extremely high wall temperature
deviations, observed between the correlations in the DHT region, are also mainly due to this
term, as the fluid densities at the bulk and wall temperatures are qtaiet tisthis region.

In the experiments, normal heat transfer (NHT), mildly and stromefigriorated heat transfer
regions can be identified. NHT could be sustained with moderate (<2500%kWéat flux,
something that was in general accurately predicted by the correlations, as they produced results
within or close to the measurements error range. Ifirgteseries Regime #15), correlations

tend to slightly overestimate the temperatureljevin the secondRegime #69), they tend to

slightly underestimate it. With higher heat fluxes (>2500 k¥y/na mild and/or strong
deterioration can appear as showkigure3.3. The strength of this phenomenon, as predicted

by the correlations, also follows tleder of correlation resuless ofEq. (14): D-B and JH do

not show it at all; WC and Bi can partly predict with a significant underestimation;-B

seems to be generally the most accurate, but it still underestimates the wall temperature, while
Mo providesa strong overestimation. The Mo correlation was origirdalyeloped for the NHT

and EHTregion (sedablel.1), which can be the reason for this observed strong overestimation

of the walltemperature in the DHT regioh.should be noted here that the experimental axial
power profiles, used as boundary conditions in the simulations, can have local excursions in the
DHT regionsdue tothe temperature dependence of the electrical resistinsech caseshé
simulatedwall temperaturefollow the heat fluxchangesas seen ifrigure3.3 (Regime #9 at

circa 400 mm)lt is important to distinguish the sudden temperature rises caused by this effect
from real DHT.

In the additionally investigated high heat fleesses (Regimes 8411),a mild deteriorationvas
observedhroughout the first part of the rod-850 mmin Figure3.3 Regime #1}, similarly

to the 300400 mm region b Regime #9 which could not be represented by any of the
correlations. Unfortunately, the strodgteriorationcould not be predicted either by most of
the correlations in the second part of the rod? Ehoweda weak deterioration, while Moas

the only correlation providing a relatively good result with a slight underestimation or
overestimation respectively. Baon these cases, it seems that the combination of high heat
fluxes and low coolant temperaturems out a weakness afl correlations.

c¢) 3-rod bundlecases

In case of the -8od geometrypoth NHT and DHT regions could be observed, but the degree
of deterioration was generally low, except Regime #20, irwhich a stronger deterioration
and then a mvery was seen. The results of three selected cases are preséigaccid4.

The correlations show a similarly consistent behaviour k&t#dping the order given in E4.4)
throughout the investigated cases. The NHT zone is well predicted except for the correlation by
Mo, while the DHT zones have provided quite intergstobservations. While most of the
investigated correlations strongly underestimated or did not even show any sign of deterioration
in the Xrod geometry, overestimation is much more typical here, especially in some specific
cases with lower inlet tempeuaié (~168°C) (seRegime #14n Figure3.4). Mo andD-P have

a significant overshooting in the other three series as well, whileHBgrldW-C correlations

are able to provide a relatively good estimation, Bi being seemingly the most a¢sasate
Regime #16 irFigure3.4). D-B could notshow any DHT at all.
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Figure 3.4: Results of the NTUU KPI 3rod bundle analyses in case dhree different regimes

The recovery effect seen in Regime #20 could not be reproduced by any of the correlations.
The observed break in the slope of the curves of Apros is only the resultobiatinging local
heat flux an effectalready mentioned.

d) 7-rod bundle cases

Theexperments of th&-rod bundle geometriseeTable A.9 also esultedin a rich panorama
of phenomena, including NHT, DHT and DHT recovery regions. The results of two selected
regimes are presentedhigure3.5.
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Figure 3.5: Results of the NTUU KPI #rod bundle analyses in case dfvo different regimes
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The consistent behaviour of therrelations as expressed in Etd)(is observed here as well.

NHT regions are well predicted, with a slight overestimation by Mo and slight underestimation
by D-B and 3H. The mild deterioration effect, occurring at the end part ofbtihalle (see
Regime #25), is quite well reproduced byPDand also highlighted by Bi with a small
underestimation. Mo provides again a great overestimation of the temperature, while the rest of
the correlations are hardly able to catch the deterioratiengvhenon. The good behaviour of

the D-P correlation is not surprising, given that it is based on experiments with quite similar
geometries to that used here.

In Regime #28, a similar temperature trend as the one observed in Regime #20 fovdhe 3
bundlegeometry is seen, with a stronger deterioration followed by a recovery. The recovery
could be represented neither in theod bundle nor in the-fod bundle cases by any of the
correlations. The degree of deterioration was however reasonably well regmtdaudi and

D-P there, while a different type of profile is shown here. Mo provides a relatively good increase
of the wall temperature, but the deterioration is too early, which might be related to the fact that
it gives higher temperatures even in theTN\tdgions. No significant effects can be seen in the
results obtained by the remaining correlations.

3.1.3. Results of th&/BC experiments

Il n Bazargands exper (sesEabld As9, heat transfeebothiBt@e lifuadc i | i t
like and gadike phases as well as the psewmibical transition has been investigated in a
horizontal pipe test section. Furthermore, the HT enhancementtertdation caused by the
buoyancy effect and by its dependence on the mass flux has also been analysed, by performing
measurements both at the "t Therésuls ofideestlected t o mo
cases are presentedHigure3.6 andFigure3.7. Since Apros is a 1D system code, it is basically

unable to reproduceng buoyancy effect in the radial direction of the horizontal test section.
However, it was interesting to examine how the code and various HT correlations inethare

such conditions
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Figure 3.6: Results of the UBC experiment analyses in casetwfo different regimes with low mass flux

The consistent ordering of the obtained temperature values expressed b¥) Eay. different
enthalpy ranges and experimental cases is mostly observed here &% Vogll.mass fluxes
(Figure3.6) and bulk enthalpieP-B and 3H slightly underestimate the wall temperature, Bi
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andWC provide data foll owi ng g u,iwhilethexcervesoft he m
D-P and Mo aredt ween t he bott omo. Aaavdall témpergtuve ofne a s u I
around 380CC (i.e., close to the pseudunitical threshold), a change in the curve slope can be
observed for most of the correlations, but its extent is different. A slight enhancement i
predicted by thdirst four correlations, while a deterioration is shownyP andMo, which
temporarily resulted in temperatures quite <c

0
A

The overestimation of HT enhancement effect € [3-H, Bi and WC, and the DHT reovery

of Mo, caused by reaching the psewatitical transition zone (at around 1900 kJ/kg), is similar
to that observed in the vertical tube experimésteRegime #22 irFigure3.2). In the higher
enthalpy region (see case2An Figure3.6), Bi, W-C and JH provide temperatures between
the two measurement series, whileBDs below D-P andMo is aboveboth of them.
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Figure 3.7: Results of the UBC experiment analyses with high mass flux

At higher mass fluxesH{gure 3.7), the correlations provide results quite close to each other.
However, they tend to underestimate the measured profiles by ci¥2@ XD, which is a
relatively large dviationconsidering te low wallbulk temperature difference. In this case,
HT enhancement is predicted by all correlations, when a wall temperature of arouit|i880
reached, owing to the greater heat capacity of the fluid close to the ps#ighd threshold.
Moreover, tle flattening of wall temperature in the transition zone is well reproduced here, but
its underestimation is also significant.

3.14. Resultsofamagat ads experi ments

Yamagat abs exper i asinalwrizon@alrbare tebayith measudmerntsatt
both thefibottond andfitopo surface of the tubeg(seeTable A.5. Theconcatenatedesults for
two selectedcheatflux seriesare shown irFigure3.8 andFigure3.9.

The fluid conditions othe lower heat fluxCaseq233(seeFigure 3.8) are relatively close to
Case D of the UBC experiment (degure3.7). Therefore, mstly similar observationgan be
drawnwith some important difference$he temperature profiles of the correlations are quite
close to each other throughout #@ireenthalpy range, and they alightly underestimate the
measured wallemperatures in the liquiike fluid doman, dthough the @viationis smaller
here compared to the UBC case the pseudaritical transition zone and in the subsequent
enthalpy range, all the correlations, except feB,Oyave results within the measunent error
range.Also in thehigh enthalpy rangeonly W-C and DP show a smaller overestimatioim.
conclusion, the measured profiles were better reproduced iexipgsimentompared to Case
DofB a z a r, gldch €as battributed to the lower systepnessure uselere
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The higher heat flux of Case 698 ($agure3.9) is able to produce a slight buoyancy effect

in the transition zone, as shown by the mea
surfacegseethe 19002300 kJ/kg interval)Meanwhile, stronger DHT and EHT effects start to

appear also in the simulation results, when first the wall and later the fluid temperature reaches
about380 °C.Furthermore, theorrelations show a larger detran from each othefrom this

point on. Generally, in the transition zone;BD JH a n d Bi follow well
measurements, while M, D-Pand Mo <cur ves adaapoidtstnghegaso t he
like region J-H and Bi reproduce well, Y, D-P ad Mooverestimate and 1B underestimates

the measured temperatur@fiese observations are mostly consistent with tbb§ase Al

and A2 of the UBC experiment.
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Figure39:Resul t s of Yamagat aod shigeekhea flukaasent an

Based on the presented benchmark analyses of S8ctjdrcanconclude that the investigated
correlations are able to provide a good wall temperature prediction in the normal HT regime,
while they show inaccuracies when deterioration occurs or in cases in which the coolant reaches
the pseudritical transition. Thecorrelations by Dittudoelter and JackseHall can hardly
reproduce any DHT and tend to overestimate the effects of enhancement at thecgteabdo
transition. TheBishop correlation seems to be the most appropriate choice among the
correlations availale in Apros Gequation solver for best estimate calculations, as it has
provided the most stable behaviour and was able to show the deterioration atdiativgly.

The results of the WattShou correlation were quite close to those of the Bishopromest
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cases, but the correlation seems less reliable in the DHT prediction. The Mokry correlation
might be selected for conservative analyses, as it tends to overestimate the wall temperature
and it is quite sensitive to the DHT; however, the users ieistareful, as this has been
developed only for the NHT and EHT regions. The Dyadyakin and Popov correlation might be
even a better choice than the Bishopds one,
3-equation modelyhich isunsuitablevhen transients leading to subcritical pressure conditions
have to be simulated, like the ones performed and preser@dpters and7. Therefore, the

Apros model of the proposed SC8MR concept (se€hapterd) utilises the éequation solver

with the Bishop correlation as a general approach, however, | have also performed some
sensitivity analyses for the correlationpesented inf6 and[P11].

Similar benchmark analyses performiea the NTUU caseby our project partners using the
TransferMatrix Method (IPPCentre P1] [P13) and the RELAP system coddrfiversity of
Pisa P12) provided results thatere mostly consistent withose ofApros Based on thighe
above findingean be extended to the more general uskaxforrelationsHowever, here was
aslightdeviaton in the case of the Jacksbtall correlation which proved to be more sensitive
to HT deterioration in themplementatiorof the Transfer Matrix Method. Further investigation
of the cause of thisifferencemay be worthwhile in the future.

3.2.LOCA type transients

The ultimate goal of my PhD research was to analyse in detail the transient behaviour of the
proposed SCWEMR concept irthe event of d ossof-Coolant accident (LOCA) an8itation
Blackout (SBOXxonsidering various availability of the safety systems and therefore covering a
range of design basis and design extension conditiorsder to perform thseanaly®s in a
well-establishednanner{96] [97], an importantnitial step in my research was the modelling

of integral benchmark experimenis which the maintherma-hydraulicc phenomena and
processes expected during thieove SCW-SMR events, such abe blowdown from high
pressurgheat removal by natural circulatiaiecrease of the coveater level andts subsequent
reflooding etc., also occur. Unfortunately, the availability of experiméiafalities operating

at supercritical pressure$ wateris quite limited, and Wasunableto get access to any of their
experimental results that could be used for the above purposesclirrently involved in a
project (CRP 131034 [98]) organisedby the International Atomic Energy Agency (IAEA)
which, among other objectivesaims to investigatethe depressurisation process of a
supercritical pressure systesaring shutdown. Howevethis projectis still ongoing and its
results are not yet available for my Ph€livities For the above reasongydvefinally decided

to conduct benchmark studieof coldleg LOCA experimentsperformed on classical
pressurized water react@PWR) design basedacilities with subcritical pressure, as these
experiments can also be used to study the most important tHeydraulics phenomena.

| must confess, that performing benchmark model development and comparison of numerical
and experimental results for LWiRtegral tests were an important experience in my studies,
helping a lot to be prepared fibre simulationsof the SCWSMR. As shown in Chapte&and

7, the pressure drops to subcritical levels within the fir& deconds of the events analysed in

the SCWSMR, and the rest of the event thekes place at low pressure. Therefdrassume

that the experiencgainedfrom the subcritical benchmark analyses can be utikstedtively

alsoin the SCWSMR analysis.The initial depressurisation process can be reassessed later
based on the aforememtied CRP's experience.
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Finally, three coldeg smalibreak LOCA(SBLOCA) experiments (SPR, SPE4; and C4.1-

03) from two facilities (PMK-2[99] [10QQ and PSBVVER [10]] [102)) havebeenselected for

the benchmarking My Apros calculations were qualitatively evaluated by compatimgjr
results withthe measured datadwith the resultof calculations performed by my colleagues
using the TRACE and RELAPS system cadésglditionally, | conducted a thorough
guantitative evaluation employing the Fast Fourier Transform Based Method (with Signal
Mirroring) (FFTBM-SM) [103 [104] and the Stochastic Approximation Ratio Baséethod
(SARBM) [105. The results and lessons learned from these analysesdnameally been
published in three separate papg#g] [P3] [P4] and two reportsH13] [P14]. The second
chapters of theH2] [P3] [P4] papers present the experimental setup of the facilities, while the
fourth chapter of 2] and third chapter ofH3] and[P4] provide detailed descriptisrof the
developed Aprosnd otheisystem code mode&nd considerationd he quantitative methods
are introduced in the sixth chapter of these papers, but a summary of their key featises
provided inAppendix B In thissectionof the thesisl summarise the main results and lessons
learned from the qualitative and quantitative evaluatibased o the above publications

Two notes need to be highlighted regarding the Apros model developments:

1 PMK-2: In 2013, an Apros model was built for the SPBenchmark casby my
colleaguess part of a fouyear researcprogram[106. Thismodel served as a good basis
for my analyses, but it was developed in an older Apros 5 version, which is not supported
anymore. Consequently, | completely reconstructed it in Apros 6, andradde a series
of modifications and improvemens2] [P3].

1 PSB-VVER: An Apros model hasriginally been developday an MSc student, Boldizsar
Kardos workingunder my supervisiorP[15], which | later further improved and optimized
[P4] to be used for the simulation of the 4L1-03 experiment.

3.2.1. Aprosmodel issue

Before focusing on the assessment, | would like to highlight an impastardrelated to the
Apros code The accumulators have been modelled by the specific ACCUMULATOR
component of the code in each case. The interfacial heat transfemeffiokthese modules
needed to be increased by a factob@fin case of the SPE[P2], and by a factor of 3:8.5

in case of the SRE experimen{P3], partly for stability reasons and to observe the etquk
depletion. It was found that without this modification, the gas temperature in the components
would decrease tanunrealistically lowlevel (close to 0 °C), causing very low injection rates
and occasional runtime error. Proper modelling of anoth@eraxental facility (PWR
PACTEL) also required the augmentation of this efficiency accordingaimer [107].
Meanwhile, in case of the PSBVER facility, a much ltter accumulator behaviour was
observed P4]. When considering also the heat structures of the walls, even the default 1.0
efficiency was able to provide a really good injection characteristics, based on a sensitivity
analyses, so ivasnot modfied in the finalmodelversion. This could be explained with the
following main factors:

1 The scale of the PSBVER andits accumulators are much closer to a real plant.

1 Inthe PMK2 facility, the four accumulators of the ference plants modelled only 1
two, with an inventory equivalent tbreereal accumulators. On the other hand, the PSB
VVER facility has four separate accumulators, two of which were available in the
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analysed experiment. This resulted in a more realistic gas/water volume rati®®Bhe
VVER facility.

1 The injection was much faster in case of the RRI& 300 s vs 1000 s), which has a
significant effect on the temperature behaviour of the gas volume.

Based on these observations, an improved ACCUMULATOR model has recently been
introduced in Apros version 6.13, in the development of which | was also involveldets a
tester By repeating the SPE analyses with the updated model version, | was ablstifg ide
some implementation errors, and provide feedback to the code developers.

3.2.2. Qualification of the benchmark models

In the qualification of model nodalisatipthe three most important factors to consider are
geometrical fidelity, the accuracy of stgastate parameters and finally the satisfactory
transientbehaviour{108 [109. All three areas have been examined in detail in[B## [P3]

[P4] papers. | will not go it detaik regarding the geometry fidelity here, but briefly, the
gualification found the Apros modsb be adequate. | summarise the assessment of the-steady
statein Appendix C, while that of thetransient behaviours presentedn the following
experimenispecificsections Further details are provided in the amentionedhreepapers.

3.2.3. Results oflte SPE2 and SPE4 experimerd

The IAEA-SPE2 and SPHE experimen{11Q [111]], performedin 1988 andl993 werethe
second andourth thermalhydraulic benchmark task carriedt on the PMK2 test facility in
the framework of a project organized under the umbrella ofAB&\. Main features of the
SPE4 experiment are the following:

1 A @3.2 mm coldeg breakis assumedt the top of the downcomanodelling a 7.4%
breakof thereferenceplant

1 Experiment started from full poweanddecay heat is modelled

1 Pump coastiownis simulated in a prescribed manmnierough a coldeg bypas®ranch

1 Injection from botlsafety injection tank&SITs), i.e. accumulator@HA) is availablewith
water amount equivalent to three accumulators of the real plant

1 High-pressure injection system (HPIS)not available

1 Low-pressure injection system (LPIiS)available

1 Secondary sides isolated after transient initiation

1 Secondaryside feed and bleed operati providedusing the emergency feedwater

injection
The SPE2 case features a quite similar ctédy LOCA event, however, the initial states were
slightly different (se@able C.), and the set of available safety systems was different:

1 Injection from the higkpressure injection system (HPIS) is provided. The set constant
mass flow rate corresponds to the case when onlpfie three pumps is available.
1 Noinjection from the lowpressure injection system (LPIS) is available.

1 Secondary side is completely isolated after transient initiatiaus no feed and bleed
operationis provided.
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Qualitative assessment of the traméibehavioui SPE4

The Apros simulation results of the SBEexperiment are illustrated and compared to the
measurementand other simulations also performedtla¢ BME NTI using RELAP5 and
TRACEIn Figure3.10- Figure3.13. Basedonthesethe transient can be divided irftur main
phasesslisted inTable3.2.
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Figure 3.12 Global water level in the core P2] Figure 3.13 Fuel rod surface temperature P2]

Time interval Characterisation
Phasel | 07 158 s Pump coastlown period
Phase 2 | 1581 310 s Start of natural circulation, initiatesecondary bleed, intense SIT injection
Phase 3 | 3101 345 s SIT injection terminated, final loop seal clearing
ehase | aasi 10005 | LOOP Se e Sgred Sear, Ml SO ot and guenchin, 17

Table 3.2: Main phases of the transient (time intervals are based on the experiment)

A detailed description and analysis of these phases have been publigP@dBaged on that,
the Apros simulation reproducedost of the THphenomena and the measurement results
relatively well, perhaps the most accurately of the three mddielgever large deviations were
observed in theeactor vesselater level(Figure3.12) and the cladding temperatuiéigure
3.13), which can be explained as follows.

At the end of Phase 3, when the loop seals get finally emgmti@dhe steam reaches the break,
the core level is regained thanks to water coming frorddlaancomer. This behaviour was also
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reproduced by the simulations, but the rise of the core level is underestimated iy ®r8,

which has an important impact on subsequent processes. A part of this missing amount is most
likely trapped in the steam gerator side of the hdeg loop sealsince the break flow is well
reproducedKigure3.11), but a significant uncertainty also comes from the unknown ratio of
steam and water excluded from themary system in the coldeg bypass branch during the
experimen{P2].

In Phase 4, as a result of the lack of emergency injection, the collapsed water level of the core
and downcomer decreases continuously, unty-out occurs in the uppesection Figure

3.13). This process can be observed in each code, but it occurs at different water levels and at
different times. Apros is close to the measured water level, but theutlry too early because

of the lower liquid level at the end of Phase 3. The results of RELAP5 and TRACE suggest a
different flow regime aghe dry-out occurs ah much lower collapsed water levebulting in a

much closer timingThe fuel rod heatip is terminated by the lopressure injection, starting

at the pressure of 1.04 MPEhe slope of the pressure curve is low in the final stage, therefore,
even a small difference in the timing of the-tyt and the prediction of the pressure can result

in significant deviations in theeak cladding temperature, as shown by ApFigufe3.13).

Qualitative assessment of the transient behavidbPE2

The Aprossimulation results of the SPE experiment are illustrated and compared to the
measurements and other simulationkigure3.14 - Figure3.17.
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Figure 3.16: Global water level in the core[P3] Figure 3.17: Fuel rod surface temperature[P3]
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The thermahydraulics processes of this case are quite similar to those of thé, BREtwo
important differences should be highlighted:

1 The steam generator was in a significantly different ingiate, and no secondary side
feed and bleed operation was provided here, as a result of which the PV23 steam relief
valve reached its opening pressure once before the SG heat transfer was reversed.

1 The highpressure injection was sufficient to stabilise RPV water level above the core
after the termination of the HA injection, so that no-dug or temperature rise occurred.

A detailed description and qualitative anadysf the results have been publishefH8]. Based

on that, he Apros simulation reproduced ttheminantphenomena and timeeasurement results
relativelywell also in casef the SPE2, perhaps the most accurately of the three models. Again,
thelargest deviations were observed in the water levels of the reactor (regaet3.16).

Quantitativeassessment of the transient behavio&PE4

Besides the qualitative evaluation, objective judgement on the acceptability of thermal
hydraulic models has always been important and thus mamyitgtise methods have been
developed over the years. For thaaluation oimy three transient calculations, a combination
of the FFTBM(SM) and the SARBM methods have been applied, a description of which is
provided inAppendix B To perform these assaments, our Institute was given access to an
Excel Addin (seein [117]), developedy AndrejP r o @18k

A greatadvantage ofisng the original FFTBMmethod is thathe SPE4 experiment served as

one of the primary refence caseduringits developmentSeveral professionalsavetherefore

usedit to evaluate theicalculationd112-[116), providingan opportunity for comparisoMy

simulatiors werethereforealso evaluated first using the original FFTBahdthe resuk were

compared to three further calculations takesm [117], in addition to theRELAP5 and

TRACE ones performed #te BME NTL This comparisoimdicated that the RELAP5 model

of BME providesthe most accurate results, while Apros and TRACE modelgll between

the older modelsThe detailed comparison has been publishéddh while in this thesis Will

focus on the results of theprovedFFTBM-SM evaluation, as the original version was found

to praducei nconsi st ent and somewhat unr ed fi fadd ted .r ¢
Further details of -mihirori sgbde jamhe RFFBEMSKNe u $ 6 d ¢
method tceliminateit, areprovided in[103 andin Appendix B

The singlevariable and total accuracy measures calculated by the SARBM and FEMBM
methods for the entire transient are showhable3.3, where the font colour also indicates the
categorisation as dfable B.1 In case of th&FTBM-SM, a minimum and a maximum set of
results are provided, determined by varying theattrequenciesBased on my experience, |
would recommend carrying out the evaluation primarily using the minimum values to achieve
a more consistent conclusiainceeventhesetypically provide aworsecategorisation rating

than the SARBM.

The measured water levels of the experiment are provided on a global scale, assuming a
common reference point at the bottom of the lower plenum. To ensure direct compathbility
water level curves of the calculations were determined using the same approach: the locally
measured values were shifted by the elevation of the lower measuremen{ggakggure

3.15). Like other users of the methods, first | also carried out thetit@t@ e evaluation using

these global water levels, the results of which are shown in the rows labelled 'gldladllan
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3.3. However, | later found these to be suspicious for both thedS&tel SPE2, and therefore
carriedout further investigations.

The global water level signals canmiop below the level of the relevant measurement gauge
neither in the experiment nor in the simulations. When calculating single parameter average
amplitudes (AAv), only the denominator (measurement) part is influenced by the selected
reference level (sem Eqg.B.2). The deeper the reference point is, the larger the measured signal
and thus the smaller the A¥s are. From the perspective of the measurement gauges, the use
of a single, tpbal reference level results in various reference depths. As a consequence, the
results are inconsistent and the accuracy measure of water levels at higher elevations could be
misleading. A similar effect occurs also in the case of the SARBM methodfifidirsy could
therefore serve as an explanation for the unrealistically high accuracy of some parameters in
previous applications. To eliminate this distorting effect, | suggested the usage of local water
levels in P3] as follows: Individual reference levels should be defined for each measurement
and set to the elevation below which the particular coolant level signal cannot possibly decrease.
Typically, it is the position bthe lower measurement gauge, however exceptions might be
made. For example, in case of the SPE experiments, the accumulator injection terminates at a
relatively high tank level, therefore an increased reference level was applied.

Parameter ID Level type AF AAm min | AAm, max
global 0.239
Reactor water level LE11 local 0748 0.855
global 0.369
HL loop seal water level |LE31 local 0574 1076 1193
global 0.370
CL loop seal water level |LE46 local 0781
: global
SIT-1 water level LE91 local 0213 0346 0361
Core pressure drop DP11 |- 0.756 0.890
Break flow FLO1 |- 0.711 0.890
Integral break mass MAO1 |-
Primary pressure PR21 |-
Secondary pressure PR81 |-
Rod surface temp. TE15 |- 0.918 0.941
Upper plenum temp. TE22 |-
Core inlet temp. TEG3 |-
global 0.339
Total local 0.153 | 0375 | 0.427

Table 3.3: Results ofthe improved FFTBM-SM and SARBM evaluationsof SPE4 for the selected
variables (green- very good, blue- good, yellow- poor, red - very poor)

In light of this finding, the evaluatiowasrepeatedisingthelocallevels, the results of which
are shown in the rows labellddcal in Table3.3, andarecompared to those obtaineding
the global reference calculation. As expected, ukiogl levelsaffectsthe accuracy measures
of the individual parameters differently. In case of LE11 the gauge is located at liBe
lower plenum, therefe, the effect of usindocal levels is t significant On the other hand,
the AF andAAn values olLE31 andLE91 typically increasedy an order of magnitud&vhile
the results obtained with the new approach are much more consissantportant to highlight
that theyare highly sensitiveOn thelocal scale used, water levels undesjgnificantchanges

29



Chapter3. Benchmark analyses with Apros

and may travel through the entire level range several tdueag a LOCA scenario. If, the
magnitude and nature of these chamgesaccuratelyreproducedy a simulationput with a
time shift, both quatitative methodsare proneto provide a poor assessment. For example,
Apros reproducethe LE31 and LE46measuremestreasonably well, except far slighttime
shift, howevertheassessmentasstill extremelypoor. The inability of the methods to account
for andappropriatelyhandle the time shstcan also be observedth otherparameters, such
asthefuel temperaturei-or example, in thanalyses of113, only one of the calculations was
able to model the core dut, while receiving the worst A4 value. This demonstrates well
that if the nature and the timing of the 4wyt is not properly modelled, then the discrepancy
can be more significant compared to a case withoubdtyoccurrence. Consequenttie
guantitative methods should only be used with due caution and in conjunction with qualitative
assessment, otherwideey carresult inmisleading conclusions.

Beyond the sensitive LE31 and LE46 water levels, the LE11, DP11, FLO1 and TE15 parameters
were deemed as poor by the methods. This is reasonable, since theaP\evel Figure

3.12) and, consequentlyhe core pressure dropeveindeed underestimated, and the-doyt
temperatureRigure 3.13) wasoverestimated by Aproslespite he maincharacteristicbeing
reproduced. Meanwhile, in case of the break mass flowfatl), it wasmainly the erroneous
measurement dathatresuled in the poorating(see[P2]), as confirmed by the assessment of

the integral mass MAOL.

Beyond the singlwariable evaluatiorg general AA&«O 0. 4) and a strict pr
O 0.1) acceptability cr ifdrteRFDBM methodDeetothd gi n al
introduction of the signal mirroring procedure, the accuracy measures typically increase in the
FFTBM-SM method In caseof monotonic parameters, like the primary pressure during a
LOCA, this effect is enancedand thus the original criterion cannot be directly appli€if]

[117]. Article [116] suggestshat new, higher criterion values could be daieed by applying

the FFTBMSM method for the same set of calculations. The correction of the used acceptance
criterion has been investigatedsome later studies liKd03, but no comprehensive results
suggested by articlgt16 werefound in the literatureBased on a comparison of t8€E4

result of the FFTBM and FFTBMM methodsand the calculated ratios shownTiable3.4, |
proposedhe use of a more permissive primary pressure critefigAAm O  Ofor EFTBM-

SM calculationgn [P2]. Later, the assessment of the SPEnd the CL4.1-03 experiments
confirmed the adequacy of this propod28] [P4].

Experiment | AAmin AAnmin | Ratiomin | AAmax AAnmmax | Ratiomax
SPE4 0.117 0.157 1.342 0.144 0.282 1.958
SPE2 0.158 0.204 1.291 0.198 0.376 1.899
CL-4.1-03 | 0.043 0.082 1.907 0.054 0.106 1.963

Table 3.4: Average amplitudes of the primary pressure calculated with FFTBM and FFTBMSM

The Aprossimulation result of the SREwere at the boundary of acceptance based on both the
general, and the new pressure criteria, the minimum values being below, while the maximum
values being above the limits. Meanwhile, the qualitative assessment was jaiskefytahe

main differences observed, and all important phenomena were qualitatively well reproduced by
the simulation, so overall | found the Apros moaleticalculations acceptable.
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Quantitativeassessment of the transient behavio&PE2

A similar assessment has also been performed in case of th2 8/terimentput for a slightly

different set of parameters due to the different set of available measurement data, and the

different TH phenomena involvedhe results are summarisedTiable3.5.

Given that | was dealing with the same facility and Apros model, and a fairly similar event, the

guantitative assessment showed many similarities with8Rike water levels and the break

mas s

to the highpressure injection, and the avoidance of thealtyand reflooding processes,
generally allowed for a more accurate simulation, and thus a mutdr bgaluation. For

fl ow rate were the

one

rated dbdvery

instance, the rod surface temperature could be reproduced with a very high accuracy.

Parameter ID Level type AF AAm min | AAm, max
global 0.741 0.842

Reactor water level LE11 local 0.756 0858
global 0.302

HL loop seal watelevel LE31 local 0742
global

CL loop seal water level LE46 local 0132 0314 0358
global 0.102 0.471 0.498

Downcomer water level LE61 local 0107 0485

SIT-2 water level LEgy (diobal
local

Core pressure drop DP11 |- 0.248 0.499

SG pressure drop DP41 |- 0.314

Break mass flow rate FLO1 |- 0.597 1.319 1.867

Cold-leg mass flow rate FL51 |- 0.231

Primary sidepressure PR21 |- 0.376

Secondary side pressure PR81 |-

SIT-2 pressure PR92 |-

Heater rod surface temperature TE15 |-

Upper plenum temperature TE22 |-

SG inletcoolant temperature | TE41 |-

SG outlet coolant temperature | TE42 |-

Core inlet coolant temperature | TE63 |-

Total global
local

Table 3.5: Results ofthe improved FFTBM-SM and SARBM evaluations of SPE2 for the selected
variables (green- very good, blue- good, yellow- poor, red - very poor)

poor

While the general criterion was met by a large margin, the Apros calculation failed the pressure
criterion, even with the new, more permissive limit value of 0.2 Tsdxe 3.4). Figure3.14
shows that this is due to inaccurate modelling of the first few seconds of the transient, where
the calculatn indicates a much faster drop of the system pressure. After the first few seconds,
however, Apros provided the most accurate results. Furthermore, it can also be seen that the

SARBM method was less sensitive to this discrepancy, due to its differemtsimtr

characteristics, as it evaluated the PR21 parameter as outstandingly good. Overall, | therefore

found the Apros model suitable for simulating the SP&periment as well despite the failure

of the pressure criterion of the FFTB®M methodFinally, the effects of using either thacal
or global water level references on the results are demonstrated also f2niSPdble3.5.
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3.2.4. Results of th€L-4.1-03 experiment

In the OECD PSB/VER project, a series of experiments were conducted in the facility, one
of which is the Ck4.1-03 (or Test 3) transient, carried out2004 [101]. This test was a
counterpart of that of the LOBI (PWR) test facility, therefore, similar initial and boundary
conditions were set in the two. Main features of the experiment are the following:

1 A @10 mm breaks assumedh the coldleg of loop #4, located between thempand
the downcomer inletnodelling a4.1% breakof the referencelant

1 Pressurizer is connected to loop #4

Experiment started from 1.15 MW poweanddecay heat is modelled both in the core

andcore bypass heateaster reactor SCRAM

Pump coastlown is simulated

Injection from two of the four accumulators (both to the downcomer) is available

High-pressure injection system (HPIS) is not available

Three lowpressure injection (LPIS) ling$o the coldleg of loops #1, #3 and #4Ye

available starting over the cladding temperature of 500 °C

Secondary side is isolated after transient initiation

1 TheADS operation limis the overpressurisation of the secondary.side

= =4 —a A =

=

Qualitative assessment of ttransient behaviour CL-4.1-03

The Apros simulation results of the €L1-03 experiment are illustrated and compared to the
measurement and TRACE simulationkigure 3.18 - Figure 3.21. The thermahydraulics
processes of this case share similarities with both the4S&tel SPE2, but some important
differences should be highlighted:

1 No secondary side feed and bleed operais provided here, therefore, the ADS lines
reached their opening pressure multiple times before the SG heat transfer was reversed.

1 Two early, temporary drput is observedHigure3.18). The first is caused by the slew
down and subsequent reversal of the core flow, while the second one is the result of the
reduced RPV water level before the start of accumulator injedtignre3.20).

1 The PSBVVER facility has a horizontal hdeg pipeline, so no such temporary loop seal
may be formed in it as in the case of the RRIKvhich has a declined hieg. This is the
main reason why the pressure builol process observed in the third phase of-8Bes
not take place heré&igure3.18).

1 The PSBVVER has four loops, enabling it to describe the asymmetric processes (e.g.
cold-leg loop seal behaviour), unlike the singpep PMK-2.

A detailed description and qualitative analysis of the results have been publishgdBafed

on that, the Apros simulation reproduced the dominant phenomena and the measurement results
even more accurately than in the PRK mainly thanks to the more detailed and finer
nodalisatim applied in the PS®VER model. The most important differences were, however,

still observed in the RPV water levetigure 3.20) and in the timing ofhe dryout (Figure

3.21). Apros reproduced the water level associated with th@dinagain with high accuracy,

unlike TRACE which underestimatedvthile due to the slower decrease of the level, the onset

of the dryout was delayed.
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Quantitativeassessment of the transient behavioGt-4.1-03

The results of the quétativeevaluation of the Cl4.1-03 experiment are summarisedliable
3.6. These are consistent with the qualitative observatmiconfirm that the PSB/VER
Apros model was able to reproduce a delgl SBLOCA eventieaturing dryout and reflooding
processesnore accurately than the PMKApros model (see the case of SPEThis finding
was really useful and farmative for me, ast enabled meo evaluag¢ the differences ithe
modelling approaches and settings used for the two ma@deldo consider these experiences
during the development of the SC8WMR model, introduced in Chapiér

Apart from some differential pressure signals, only the rod surface temperature showed weak
agreementn this experimentThis isreasonablegiven thatthe differential pressure signals

were subject téarge variations anfluctuations whicharedifficult to reproduceperfectly in a
simulation. However, the effect of these fluctuations canntiggated by applying a
appropriatelyselected cubff frequency, as demonstrated ifiable 3.6. In case ofthe rod
temperature, as in SPE the time shift of thelry-out peak led to the poorer evaluation. The
general and stricpressure criteria weraowever metby a large margin.

In most cases of the GA1-03 experiment the resultsfrom the differential pressure
measurements were directly available instead of watersldughe remaining casgthe water

levels measured arlocal scale werprovided This means thatinlike for SPEshe evaluation

here did not require the water level conversj@mlcould be used directlg s a 61 ocal 6
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Parameter ID AF AAm,min AA m,max
Pressure atore outlet YCO01P17
Pressure in PRZ YPO1P0O1
Pressure in SG3 YBO3PO1
Pressure in SG4 YB04P0O1
SG3 water level YBO3L01
SG4 water level YB04L01
HA-2 water level THO2LO01
HA-4 water level THO4L01
HA-2 pressure THO2PO1
HA-4 pressure THO4P01
Rod surf. temp. (top) YCO01T11
Rod surf. temp. (mid.) YC01T84
Rod surf. temp. (bot.) YC01T123
Temperature in DC YC01T259
Temp. above core YCO01T04b
Core power YCO1NO1
SG3 inlet temp. YAO03T04
SG3outlet temp. YAO03T25
SG4 inlet temp. YA04T04
SG4 outlet temp. YA04T25

DC diff. pressure YCO01DP0105
Core diff. pressure YCO01DPO710 0.896
UP diff. pressure YCO01DP1115
Core bypass diff. pres. YCO01DP17 0.788
Loop seal #3 diff. pres. YAO03DP0405
SG3 cold header diff. pressure | YA03DP13
SG3 hot header diff. pressure YAO3DP14
Loop seal #4 diff. pressure YA04DP0405
SG4 cold header diff. pressure | YA04DP13
SG4 hot header diff. pressure | YA04DP14
Integral break flow MassBr

RPV collapsed level Lpv

System mass Mass1

Total

Table 3.6: Results ofthe improved FFTBM-SM and SARBM evaluations ofCL-4.1-03 for the selected
variables (green- very good, blue- good, yellow- poor, red - very poor) [P4]
As was highlighted at the beginningtbk section, theeLOCA-type benchmark analyses are
only of limited use for establishing the SE8MR modelling and analyses due to the relevant
geometry and initial pressure. Nevertheless, they significantly comtdtiatthe development
of a suitableSCW-SMR model (see Chaptd). The following aresome keyexamples:

1 A comparison of the results obtained from #&K-2 model, which employed coarser
nodalisation, with those from the PSB/ER model, which utilised finer nodalisation, was
undertaken to ascertain the most appropriate nodalisation for theSh@R\Vmodel.

1 The experience gained with the twbannel UP nodalisation oféhlPSBVVER model
proved instrumental in the development of D@ nodalisation of the SCY8MR model.

1 It was also possible to utilise the experience gained with CCFL models and settings, as
well as the unique Apros settings for the ECCS injection lines.

1 In the SCWSMR transients examined, the pressure drops to a subcritical level within a
second. Therefore, the experience gained with critical flow models can also be utilised.
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4. Apros modelof the SCW-SMR concept

Following the benchmarking activities, an Apros (version 6.11SR1) model of the SRV
concept, presented in Sectidr?, was developed to analyses isteadystate and transient
behaviour(such as an SBO and LOCAy¥hich has influenced the modelling considerations in
several areas.

The data used for the modelling of the RPV were obtained from the (CabputerAided
Design)model and the documents pided by thedeveloper$79-[81]. In case otheprimary,

safety and 1&C systemslue to incomplete and only preliminary information available (see
Section 2.2.2, the system codemodek (Apros atthe BME and RELAP/SCDAPSIM at
University ofPisa[118)) andthe scaling of the individual elements were modified several times
during the model development and also later on, based on the experience of the transient
analyses performed. This means tiat system code models were not simply used to analyse
the safety of the designed reactor, but also served as design tools. However, it must be
emphasised that the objective of the ESKIART project and my PhD research was not to
precisely design the sajesystems, to elaborate their defenin depth categorisation or to
examine their technical feasibility in the current -pomceptualisation phase yet, but to
investigate the basic therrdaydraulics phenomena, such as the natural circulation,-blow
down,core reflooding, and the evolving flows within the proposed, complex reactor vessel, as
well as to verify that appropriate heat removal can be established in the proposed horizontal
core layout under various transient conditions. A more detailed elabordtibese systems

will, of course, be required in the upcoming conceptualisation phase, during which we can
however greatly benefit from the results and experiences of this thesis work.

During the development, | maintainembntinuous contact withhe conept developers,
colleagues fronthe University of Pisandother project partners. The aim was to harmonise
the modelling considerations as much as possible. The Apros sniba@l main featuresand

the contet of thischapterwere originallypublished in the following paperd?y - [P9.

4.1. Reactor vessel

The Aprosdiagrammodelling the reactor pressure vessel is presentemjime4.1, where the
numbering of the regions follovikat of Figure2.5 for an easier identification.

First, | would like to emphasise thdt have extensively used the-salled User Component

(UC) feature available in Apros. These are reusaldercreated structures consisting of
standard Apros modules and other components. The configuration and use of UC instances on
the main diagramare similar to that of the standard modules, with the difference ti@t U
instances have their own substructure. The configuration is the same for all the instances, but
each has its own independent parameterisation. It is typically useful to create and wse such
structure when a system part, consisting of several basic components, is replicated many times
within the model so that it is sufficient to build the structure once, which can then be used in
several instances with individual parameterisation. Thisogmbris optimal for modelling the
heatup stages of the SC\WWMR concept, as it allows a more coherent and comprehensive
representation of the model, so a dedicat€lhds beerdevelopedIts symbol, used in the

main diagramKigure4.1), and its internal substructure are showRigure4.2 andFigure4.3,
respectivelyThe UC structure of each hegh stage includes the folving components:
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1 Horizontal coolant channels are modelled by three flow channels per stage. One represents
the five assemblies with the highgstwer (hot) one the five assemblies with the lowest
power (cold) and one the remaining {f)) assembliegaveage) These channels share
common inlet and outlet plena. In the central, heated section, 20 axial nodes were used,
while 1-1 nodes were used for the unheated inlet and outlet sections, respectively (as shown
in part C ofFigure4.3). In the improved design concept, inlet orifices have been introduced
atthe cold and average coolant channels in order to compensate for the power peaking and
to achieve a homogeneous povi@iflow ratio in the three channels of each stage. More
details of these are provided in Sectof

1 Horizontal moderator channels are similarly modelled with three flow channels per stage,
sharing common inlet and outlet plena. The distribution here is based on the coolant
channel (old, average, hot) with which the moderator channel is in thermal contact through
the moderator box wall. Again, 20 axial nodes were used in the central sectiorland 1
axial node at the ends (see part B-igfure4.3).

1 The gap space between the assemblies, i.e. the vertical moderator channel, is represented
by onenode per stage (see part Arofjure4.3).
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Figure 4.1: Apros model of the SCWSMR reactor pressurevesse[P5)|
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Figure 4.2: Symbol of the heatup stage User Component in the Apros modé¢P5]
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Figure 4.3: Substructure of the heatup stage User Component in the Apros mod¢P5]
A) upward moderator channel; B) horizontal moderator channels with inlet and outlet plena;
C) horizontal coolant channels with inlet and outlet plena

The parallel channel allocation was originally ppeed byProf. Walter Ambrosin{University

of Pisg, with one channel representing the five hottest assemblies and another representing the
remaining N5 (2-channel model). This approach was further developed with the construction
of the Apros model by the implementation of the aforementioned-tia@enelmodel. The
advantage of this approach is that it allows for more accurate coupling with the reactor physics
model and data matching of the assemblies between the ttaalss.enables the interpolation

of the TH data used by tmeactor physics modgiurther improvingits accuracy.

The fuel bundles and their coolacitannels are modelled using the DESIGN_REACTOR
component and the associate8 Beat structures (HS). One of these represents the fuel rods,
while the other two model the thréseyer outer walls of the moderator boxes and assemblies.
The rest of the modeises NODE and PIPE components. In addition, all the internal separating
walls and the heat transfer through them are considered with heat structures. These are not
shown directly inFigure 4.3, but the small triangular flags are intended to indicate these
relationships. The larger flags represent the external connections@Cthmrresponding to

the small, coloured circular connection points showtheredges of the UC symbol (d&gure

4.2). These are used to establish the appropriate connections in the main dsegBigure

4.1). Finally, additional modules are included to define the axial power profileaaf coolant
channeheat structurendividually.

The source of these pilefs wasa coupled reactor physics modste Sectiod.5) during the
steadystate analyse®©n the other hand, the transient analyses had to be carried out without
neutronics calculation, because thavailable reactor physics models developed by my
colleagues were either not suitalffeerpent 2) or not yetpreparedfor coupledtransient
analyssat the timgSPNDYN). Therefore, the following assumptions were made. The relative
power profiles determined fdne nominal statevere retained throughout the simulation, while

the total thermal power of 290W was reduced after the initiation of SCRANMst according

to the shutdown process (reaching 8 % in 13 s) and then following the decay heat curve, using

a single multiplication factor. The decay heat curve, specifiéddaga . ANS94 pr oposal
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only @ 2n Fgurg Ina the Attachment il Appendix K of thebook [119, was
implemented and used my calculations (conservatively held constant beyond the time frame
of 10000 seconds of the referenced figurejhintransient analysetie SCRAMwasactivated
assuming &onservativedelay. During thigeriod the total powewasconservatively held at
100 %, assuming no temperature reactivity feedback.

Seven instances of the UC were placed onRR&/ diagram (Figure 4.1), and each was
individually parameterised based on the number of assemblies and other unique characteristics
of each heatp stage. Thdriction and othelpressure loss coefficient settinglstbe stages,

which also consider the effect of the wire wraps, are based on the fuel assembly CFD analysis,
performedby my colleaguesit BME using Ansys CFX120. Therest of the reactor vessel

model was then built around the UCs, including the outlet and inlet nozzles, the downcomer,
the lower and upper plenum, the reflector space, the spiral channels, the steam dome and some
additional connections between thederator nodes of the UCs. Simple NODE and PIPE
components were used in this part of the model. In addition, tém@land outer walls of the

RPV, together with the associated heat transfer and heat loss, were considered WittestSs.
areindicated by thesmall flagsagain In the nodalisation, particular care was taken to ensure
that each concentric volume in thermahoection had the same vertical subdivision, allowing

the HS connections to be established precisely and straightforwardly. This approach presented
some challenges in the case of thelined spiral channels, yet their heat transfer was also
considered aaccurately as possible.

During the development of the RPV model, | have kept in mindindengs of the benchmark
analyses presented in Chageand have set options such as the CCFL modelemhergency
injection options, and the heat transfer correlation accordingly. In case of the heat transfer, the
Bishop correlation is used under supercritical pressure conditions.

The original model of the dowomer and steam dome consisted of onlly flow channels.
However, subsequent modifications divided each channel into two, corresponding to the
number of nozzles. The reason for this improvement can be attributed to two main factors:

1 The modelling of LOCAtype initiaing events is expected to be more accurate.

1 Two opposite quarters of the downcomer are in thermal connection with the spiral
channels, while the other two are in connection with the inlet and outlet plena of the
moderator boxesgespectively. The two colbg nozzles are located on opposite sides, in
the moderator plenum quarters, so that the half downcomer rings associated with the two
nozzles have different heating through the walls. This can significantly affect the system
behaviour in transient scenarios requiring the development of natural circulation, such as
an SBO. aimedto account for thseeffects by separating the two halhgs

In case of the coupled steastate simulations presented in Chafiethe rest of the system
were disregarde@br not even modelled yednd instead, appropriate boundary conditions were
set for the inlet and outlet nozzlekthe RPV Inlet temperature and mass flow rate, and outlet
pressure boundary conditions were udaaithermorethe RPV outer wall and the heat losses
were also neglected in those analyses, because they do not significantly affect thetateady
results, but theonvergence of the calculations would have been considerably slower due to the
large heat capacity of the thick outer wall. However, in case of the transient calculations,
especially during a lonterm SBO, these can have a significant effect on the systhaviour,
therefore, both the heat capacity and the heat loss of the RPV wall were considered
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4.2.Primary loops

The developed Apros primary loop model of the SSWR is presented iRigure4.4, where

the flow goes from the leftand side to the right. It essentially follows the primary loop concept

of the HPLWRreactor[74] with appropriate downscaling. As can be seef, feam and
feedwater lines are installed inside the containment, but they join after the containment isolation
valves, andghare a common turbine and feedwater system.
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Figure 4.4:. Apros primary loop model ofthe SCW-SMR [P7]

The primary loop model includes the hand coldleg pipelines; the containment isolation
valves; the turbine control, shdbwn and check valves; the condenser with its cooling circuit;
the turbine Ppass line with a shuiff valve; the condensate and feedwater pumps; thedoa/
high-pressure réeaters; the feedwater tank, and connections fdCtla@dADS systems

In addition to the above components, a number of groups of three valveddualveen installed

at various points in the primary pipeline system, allowing a 200 % guillotine break to be easily
modelled at various locations (hot/caét), separable/inseparable sectioffe critical flow

option #5 of Apros, i.ethe HenryFauske critical flow model using the stagnation pressure,
was selected in case of these break simulator valves.selection was made on the basis of

my findings from the series of benchmark analyses conducted at subcritical pressures (see
Sedion 3.2). Currently, no critical flow model specified for supercritical pressure is available

in Apros. However, in the event of an LBLOCA, the gaé@re at the break drops below the
critical value in less than 0.1(see Chapter), so the setting used is considered acceptable. In
case of th&BO transient, there is of course no intervention on these valve groups.

The parallel steam lines have an inside diameter of 200 mm each, while it is increased to
283mm after the conjunction to provide the same total flow area. On the feedwater side, the
inside diameters are 142 mm and 2x100 mm in the respective sections. The passive heat
removal loop connections and the containment isolation valves are 5.5 m and 12.5 m away from
the nozzles in all four line§he turbine bypass line has an inside diamaté50 mm, a length

of 5.5 m, while its shubff valve opens with an operation time of 3 s.

The turbines are not directly modelled, boundary conditions are used instead. The condensate
is pumped to the feedwater tank through a-fmessure reheater. Theetmal equilibrium of

the feedwater tank is set with the controlled reheater and the controlled heating steam provided
by boundary conditions. The feedwater is then pumped through theragsure reheater,

which sets the inlet temperature of the RPV8&6.2 °C.

The model described above is capable of setting the required-steselyf the reactor vessel
and the primary loops with the aid of the dedicated control systems. However, during the
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investigated transient simulatigmaost of thgrimary loop model get separated by sbfitor
check valves after a few seconds and no longer affect the main processes, so that they can only
have a significant effect on the early transient phase.

4.3. Safety systems
Regarding the safety systems, lestApros model includes the following:
1 SCRAM is modelled as described in Sectoh
1 Turbine bypass line is included in the primary loop model oaitsfdhe containment.

1 An ADS line is connected to both Rieigswithin the containment with a pipe diameter
of 135 mm A blowdown tank is not specifically modelled, a boundary condition point is
used instead.

1 Two lines of the passive heat removal systemneat the 2 hot and coldlegs, when
open (IC system¥urther detailsare providedelow.

1 Two units of accumulators amnnected to the moderator region of the RPutther
detailsare providedelow.

1 Active (LPIS)andpassive (GDCS) low pressure injection systemesconnected to the
moderator region of the RPV. The exact injection location was varied during the LOCA
analyses (see Chapt@). These systems are modelled in a simplified way, using
appropriate boundary conditions.

The exact sizing of these systems and the majority of their key parameters are currently
provisional, as the development of the SGMR isin the preconceptual phase, and will be
finalised later. Furthermore, it is important to note that during the parameter analysis performed,
several parameters of the safety systems have been varied, as indicated in the isectidnsl

of Chapter6 and7.

a) The passiveesidualheatremoval system

The Apros model of one of the two lines of the passive residual heat removal system is presented
in Figure4.5. The model has two main parts:

1. An Isolation Condenser system, with its riser, heat exchangers and returning pipelines.

2. A cooling pool filled with water in connection with the atmosphereyhicth the IC heat
exchangers (HX) are placed and which serves as the heat sink.

The riser pipeline includes an isolation valve and has a vertical section of 12.5 m and a
horizontal section of 1 m with an inner diameter of 200 mm. The condensers havaathbri

top hot and a bottom cold collector, both with an inner diameter of 400 mm and a length of 1
There are 200 vertical heat transfer tubes between the collectors, with a length of 1.5 m, inner
diameter of 20 mm and a wall thickness of 2 mm. Themetg line includes a pipe section, a
check valve and an isolation valve. The total length is 10.2 m and the inner diameter is 100 mm.
The isolation valves are closed in normal operation states and get an open signal only, when the
RPV outlet pressure drepunder 11.0 MPa. The use of the check valve prevents the potential
reversal of the flow.
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Figure 4.5: Apros model ofone Isolation Condenser loop of the SCYEMR [P7]

The cooling pool is simulated by a tvebannel model with verticadnd crossonnections (see

in Figure4.5). One channel represents the volume surrounding the heat exchangers (heater
part), while the other channel represents the more distant part of the pool (recirculation part).
The volume above the heakchanger is modelled by a single node, the top of which is
connected to a boundary condition point that maintains atmospheric pressure and provides an
outlet for the steam flow during the lotgrm phasef the SBO The applied nodalisation of

the IC loos and the cooling pools is based on system code modelling approaches available in
the literaturesuch a4121]-[123, and onmy Apros modelling experience on the $BIRS

system of the VVERL200 reactor type. The initial pool temperature is 30 °C and the initial
water volume is 300 fnln the current model, it is assumédt two units of the abowvaescribed

heat removal loop with own pools is required, one connecting to each of the two primary loops.

b) Accumulator system

The Apros model of the passive emergency core cooling systehown inFigure4.6. This

model includes an accumulator module with additional wall heat structures and an injection
pipeline with a check valve and a shuit valve. The shubff valve is open during normal
opeation states and closes, if the accumulator water level drops under 0.2 m to avoid nitrogen
injection to the RPV. The accumulator is cylindrical and it has a total volume of, 8 which

20 n? is water and 10 fis nitrogen. In the initial state, it haa temperature of 30 °C and a
pressure of 4.8 MPa, which is similar to standard PWR accumulators. In nominal state, this
system is separated by the check valve and starts to inject once the primary pressure drops
below that of the accumulator. Currenttwo units of ths system is included in the Apros
model, both connected to the RP
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Figure 4.6: Apros model ofone Accumulator systenline of the SCW-SMR [P7]
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4.4.1nstrumentation and Control system

A simplified yet comprehensive 1&C system has also been developed to control the systems
described in the previossctions undebothnominaloperatingand acciderai conditions.This
mostly uses PI controllers and limilue checkert perform the folbbwing interventions:

1 perform the SCRAM of the reactavhen certain conditionsare met followed by
controling the residual heat generated using the implemented tabular data

1 control oftheturbine inlet and outlet valves to set RRBV outlet pressure and the flow
rate to the condenseduring nominal operation and perform turbine protection
interventiors duringaccidents

1 perform the opening of therbine bypastne for steamblowdown

1 control of the condensate and feedwater pumpseb thenominal mass flowatg and
perform theirprotective shutdownnder certain conditions

1 controlof theheatingpowerof thelow- and highpressure reheaters and the flateof

the feedwater tankeaing steamto set theRPV inlet temperature and the nominal

conditiors of the feedwater systeras well as to perfortheir protective shutdown

perform the isolation of theoatairmentby closing thasolation valvesCIV);

open theADS lines for emergency depressurisation

start thelC systenmfor emergency heat removal

start theLPISinjection at certain system conditions

close theaccumulator shubff valves to prevent nitrogen ingress to the primary system,

when its water level ilv.

E R

4.5. Coupling with the reactor physicsmodels

In the frame of the ECGMART project, the members dhe WP4 work packagehave
developed several reactor physics modelsnable the accurateeutronics simulatioof the
proposedSCW-SMR core In particular,| would like to highlightthe Serpenf and the
SPNDYN models, whiclhave beercoupledwith the Apros thermal-hydraulics modeéas part

of my collaboration with WP4 colleagues, also involvBg§c andMSc students of BMEIn

this section, | focus on the coupling with Serpent 2, while a short summary related to the
SPNDYN is provided ilAppendix D

One of he neutronis modek of the SCWSMR was created using the Serpent 2 Monte Carlo
particle transport codeérsion 2.1.31)124] developed at the VTT Technical Research Centre

of Finland. The code selection was based on the findings of the SEWRMonte Carlo
computational benchmafk25, previous experiences of the WP4 members and investigations
carried out in the ECGMART project.The details of the developed core model have been
published in[82] [PY [P16] [P17], andarealso shown irFigure4.7. As a result of theore
optimisation procedureerformed bythe WP4 colleaguestwo types of core loading
configurations, noa nmheadv efi Mol eXedn adnedw Eitylusdh.8add as s
Figure4.9.

The objective of the coupling between the Apros and Serpent 2-SKZR/models was to

iteratively determine the nominal, equilibrium reactor physics and thdmyaaulics states of

the investigated core configuratiof®g. To achieve this, aesniautomated and weak coupling

method has been developed. This method ensures that the input data of the Apros / Serpent 2
model s are updated based on the otherés calc
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Figure 4.7: Top, front and side views of a general Serpent modfs2]
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Figure 4.8: MIX core enrichment map and the resulting core powedistribution [P5]
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Figure 4.9: UO2 core enrichment map and the resuliig core power distribution [P5]

As input data, Apros requires the average axial power distribution of the five hottest, the five
coldest, and the remaining-N0 fuel assemblies at each haptstageln this phaseof the
investigatia, it is assumed that all the fission power generated in the system (290 MW) heats
the fuel material. Consequently, the direct heating of the moderator, coolant, or other structural
materials is neglected. In the Serpent 2 input file, neutron detectoas awenly spaced axial
mesh of 20 bins are defined for the fuel region asseimplssembly, resulting in detailed
axial assembly power distributions characterising the core. The resulting axial power profiles
are written to text files for pogtrocessing@ndfor the Apros usageén Apros, users can perform
model modifications using SCL scripts, which effectively automate the coupling process and
reduce potential user ersoil herefore] developech MATLAB code to generate the SCL script

that sets the obined power profiles in the corresponding Apros modules. Subsequently, the
received SCL script must be run in Apros before each iteration step starts.
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Serpent 2 requires the density and temperature distributions of the fluid regions, fuel and other
structual components. As the neutron behaviour is mainly influenced by the moderator and
coolant temperature and density distributions, and the fuel temperature distribution, these
profiles are updated in detail in the Serpent 2 model based on the Apros ralaesdlts. A
MATLAB code has been developed that uses the average temperature and density profiles of
the five hottest, five coldest and the remaininglON assemblies obtained from Apros to
determine individual profiles for each assembly of the Serpemb@el using a quadratic
interpolation procedurelhe interpolation is based on the fuel assembly power distribution
resulting from the previous iteration stéfhe symmetry of the core configuration provides
some simplification in this procedure.

Prior to each iteration step, the temperature of each of the remaining regions and structural
materials (gas gap, cladding, the three layers of the assembly and the moderator box walls, the
reactor pressure vessel, the stainrksgl plates surrounding the card the reflector) is
updated by a coraiise average since the neutron cross sections of the affected materials do not
change significantly within their comwise temperature range. At this research stage, the
coupling did not include a tool for monitoritige behaviou(e.g.the thermal expansidwof the

fuel and other structural materials. Consequently, the density of the solid materials remained
constant throughout the Serpent 2 simulations.

The above described coupling procedigexrigure4.10) andthe referenced MATLAB scripts
have been developed in collaboration with WP4 colleagues and an MSc sRétenMészaros
[P [P16] [P17].
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Figure 4.10: Flowchart of the coupled Serpent 2 Apros code systenfor the steady-state calculations
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The thermophysical properties of supercritical water exhibit rapid changes in the pseudocritical
region, which has a significant impact tre power distribution in SCWRs. Therefore, the
coupling of neutronic and thermhydraulics codes is crucial in the development of such
reactors. As various SCWR designs have been developed to different stages (se®.3gction
coupledcomputational methods have also beetienged The fuel channel of the pressure tube
type CANDU-SCWR was analysed {126, by coupling MCNP and the ATHAS subchannel
code. The calculations focused on the optimisation of coolant and cladding temperature
distribution and axial power distribution. Thagh efficiency reentrantchannel (HERCpf the
Canadian SCWR was also investigated using the 3D fine mesh diffusion code CITATION and
a single channel model [427]. In this work, the cdant density variation was analysed in the
central flow tube and several modifications were studied in order to decrease the maximum
cladding surface temperature. The coupling of MCNP and CFX was tested on a HPLWR fuel
assembly if12§, by calculating the axial power distribution of an assembly. The calculations
were also repeated for the CSR1000 fuel assembly in the same work. The HPLVdRavas
studied in[129, using the coupling of MCU and ATHLET codes to understand the neutronic
and thermal behaviour of a fuel assembly. The study focused odatiaigithe temperature

and pin power distribution, as wel the maximum peaking factor of an assembly. While these
studies focused on understanding the coupled behaviour of various fuel assembly designs under
SCW conditions, detailed coupled calculationso anal yse the whol e
hydraulics and reactor physics behavisurarein the literature

In this chapter, | present the main results and lessons learned froooupéed steadgtate
analyseof the whole SCWWSMR reactowvesselperformedusingthe Apros- Serpent 2 code
system as well as the proposed improvements of the condspmnentioned earlier, only the

RPV model with appropriate boundary conditions was used in these calculations, while the rest
of the Apros model was excluded frahe simulation.

It is important tonotethat this workwascarried ouin a collaborative effort and is not my sole
contribution. | wasesponsible fothe Aproscalculations and the evaluation of the results, while
the reactor physics calculations were performed by my colledgueBoglarka Babcsany
Csenge Antokand Péter Mészaros personally carried out ast of the Apros calculations
presented her@oth corcepts withUO> core map; original concept with MIX core maphile

a smaller par{improved concept with MIX core mamas performed byéter Mészarosn
MSc studentvorkingunderour supervisiorfP16] [P17]. The resultendcontent of thischapter
were originally published in the following papefB5 [Pq [P9.

5.1. Iteration s usingthe coupled code system

The developed code system was used to perform iterative computations on both the MIX and
the pure UQ@ core configurations (seeigure4.8 and Figure4.9). In the iterative process, a
Serpent 2 calculation was first performed using 500 000 neutrons per gemét800 active

and 200 inactive generations) and estimated temperature and density distributions (or those
derived from previous iteration@igure4.10). Theresulting power profiles were then used to
perform the first Apros calculation, which was run until the temperatures have stabilised to an
accuracy of about 0.1 °C. The process wadivelg time-consuming due to the complex RPV
design, especially in the first iteration step, as the convergence of the temperatures is delayed
by various internal heat transfer processes characterised by a wide range of time constants,
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which also affect ez other. The resulting temperature and density profiles were then used for
iteration step 2. This procedure was repeated until the entire system has reached sufficient
convergence, typically requiring only 2 or 3 iteration steps. However, 4 to 6 stepasuveaitly
performed to ensure the stability of convergence.

Figure5.1 shows an example of the system response and the results of a series afisteratio
following a hypothetical, rough model chandjeh e fA Ref er enceod curve re
equilibrium state of the code system. The applied enrichment map was then promptly and
significantly modified, followed by a series of iterations. As can be,dberprofiles do not

change after -3 iteration steps, and the results and behaviour are stable. It proves that the
coupled system remains stable even after a significant, prompt change and converges quickly

to the new equilibrium state.
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Figure 5.1: Radially volume-averaged fuel temperature profiles of the average channel in
the series ofiteration [ P5]

The results of the coupled calculations for the MIX and purexld@es are presented in the
following sections.Figure5.1, and most of the figures of Chapteillustrate the temperature
density or poweprofiles of the consecutive stages. The fuel and cladding parameters are given
in 20 nodes along the active length axially, forming 7x20 = 140 nodes. However, the coolant
and moderator parameters can also be provided for the inlet and outlet plenaespéutive

stage, and for the inactive inlet and outlet sections of the assemblies, giving a total of 7x24 =
168 nodes.

The figuresof Section5.2and 5.3 show the properties of the cold, average and hot channels in

a single diagram. However, it should be emphasised that the hot channelseomntukss
represent the average of the five hottest assemblies in each stage. The actual hot rod and hot
subchannel parameters may be significantly higher than the maxima obtained from these
calculations depending on the actual power peaking withisetassemby groups This

limitation of the modelling approach also appliesthe investigation of Chaptes and 7.
Nevertheless, the presented profiles are suitable for demonstrating and investigatitenthe ex

of inequalities within and between the stages. CFD and subchannel analyses are required for
more accurate hot subchannel calculations, as these tools are essential for investigating the
temperature distribution within the horizontal assemblies. Sattulationshave also ben

carried out as part of the project, and their results can be used later to refine the Apros model in
this respect.
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5.2. Original reactor concept

Coupled calculations were first performed for the concept originally proposed and published
by thedeveloperd79 [80] usingthe boundary conditions shown Trable5.1. Section5.2.1
presents the results of the MIX core enrichment map in detail, while SEc@summarises

the key effects and differences of the pure;d@p.

RPV boundary conditions | Value
Inlet temperature 280.0 °C
Inlet mass flow rate 145.0 kg/s
Outlet pressure 25.0 MPa

Table 5.1: Constant boundary conditions of the RPV

5.2.1. Calculation results for the MIX core configuration

The results of the coupled calculations for the MIX core variant are shdvigure5.2 - Figure
5.14. These are evaluated along the flow path as follows.

The change in flal temperature is first plotted in the vertical moderator chanriégure5.2.

Here, the moderator arrives at a temperature of almost 280.8 °Gitingia heating of about

0.8°C as it flows through the downcomer and lower plenum. In the vertical channel, the
temperature increases at an accelerating rate for two reasons. Firstly, the temperature of the
coolant (which transfers heat through the oassembly wall) increasedong the stagelsee

Figure 5.6). Secondly, the upper heap stages contain more rows of fuel assemblies and,
therefore, have a larger heat transfer surface (while each stage is modelled by a single node in
the vertical channel). Finally, a fluid with a temperature of almost 298 ¥€ddhe core. Due

to the heat transfer through the wall shared with the spiral channels, the moderator flowing in
the reflector space also heats up to about 286 °C. Their mixing causes a temperature drop of
less than 0.1 °C in the main flow due to the mimer mass flow rate of the bypass.
Subsequently, the main flow also mixes with the bypass flow coming from the downcomer
through the flange orifices, which has a higher mass flow rate and a lower temperature than the
reflector bypass. As a result, theimflow reaches a temperatureasbund297 °C in the upper
plenum. It then enters the inlet plenum of the moderator boxes (see regiofrifjaref2.5).
According to the preliminary, single channel calculatiafsthe developers[8]], this
temperature is 298C, which differs from our detailed calculation with gril °C.
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Figure 5.2: Upward moderator channel
temperature profile (1 node per stage)P5]
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Figure 5.3: Axial moderator temperature profiles
within the moderator boxes[P5]
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It should be noted that the flow is parallel in all the moderator boxes. The interpretation of the
temperature profiles obtained within the boxes and at the upstream and downstream nodes (see
Figure 5.3) is complex. Inmy plotting methodology, the first and last points of each stage
represent the inlet and outlet plena, while the second and penultimate points represent the
inactive inlet and outlet saohs of the boxes. Only minimal differences are observed in the
moderator inlet plena as they form a large, shared sphteregion is heated from the inside

by the coolant inlet plena and cooled from the outside bydlencomer(seeFigure2.6), but

these have only a limited effect due to the high mass flow @teshe other hand, there is a
noticeable temperature jump between the plena and the inactive inlet sections, which is more
pronounced in the upper stages. This phenomenon can partly be perceived as a real temperature
jump, but it is also a consequencenofv the data is presented. The long, intermediate section

of the moderator boxes has a rectangular esestion and a threayer wall, including an
insulating layefseeFigure2.3). However, the ends of these boxes are cylindrical with a single
layer steel structure without any insulation, resulting in a more effective heat transfer in these
sections. Nevertheless, it should be noted that longersnioade been used in the inactive
sections, distorting the graphical representation of the data. The higher temperature rise
observed in the upper stag®derator boxes due to the warmer coolant with which they are

in thermal contact.

In the active (intemediate) section dfigure 5.3, the temperature rises steadily at a slightly
accelerated rate. This is because the temperature of the correspordiamy section (shown

in Figure5.6) also rises axially at a higher rate than that of the moderataufcent flows).

Like the magnitude of the inlet temperature jumps, the upper stages' steeper slope also results
from the hgher coolanimoderator temperature difference. The same observations can be made
for the inactive outlet sections as for the inlet side, except that the jumps are typically larger
due to the greater temperature difference. The outlet moderator plenaraissoshared space,

in which the flow is downward, which means that the plena of stages #1 to #6 collect the fluid
not only from their own assemblies but also from all the outlet plena above. The 1D
approximation implies perfect mixing of these flows, t@sg in a steadily decreasing plenum
temperature from top to bottom, as the moderator coming from the assemblies of the lower,
colder stages successively mixes with the main flow. From the point of view of the individual
stages, this representation camtisleading, as the aforementioned mixing process results in
large temperature jumps between the last two data points of the lower stages. It is therefore
important to emphasise that this temperature increase is not only due to an additional strong
heat tansfer process but rather to the mixing with the warmer moderator coming from the upper
stages. Finally, the moderator leaves the bottom outlet of the plena and later enters the first
stage coolant channels at a temperature close to 312 °C. The prelical@anationsof the
developersndicate a temperature 808 °C[81], representing@ significant discrepancy of€

from our detailed calculations. The possiblaes@ns for this are discussed lafes.can be seen,

even at the hottest stage, the moderator temperature remained around 320 °C, far below the
onset of the pseudritical transition, indicating that the thrsgyer wall successfully fulfilled

its insulatng function and thus ensured the adequate moderation of the core.

The power distribution, as determined using the Serpent 2 model, is sh&wguia5.4. The

axial power profile of each stage is cossi@ped, with the peaks slightly shifted towards the
inlet side. This is due to the lower moderator and coolant temperatures on the inlet side,
facilitating improved moderation. However, the vertical disition (envelope of the curves

per stage) continuously decreases, except for the firsupestaige. This is a consequence of
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one of the primary design objectives and the enrichment map developed accordingly. Despite
its high fuel enrichmen{see Figure 4.8), stage #1 yields a significantly lower power
contribution due to its location at the bottom edge of the core and the resulting neutron leakage.
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Figure 5.4: Axial power distribution [P5] Figure 5.5: C h a n n ewesp&akipg factors of
the heat-up stageqP5]

Within the stages, there are significant power differences between the cold, average and hot
assemblies. The actuahannelwise power peaking factors are plotted fingure 5.5. The

highest factors are naturally observed at the top and bottom edges of the core, but the applied
errichment map also plays an important role, tending to compensate for the power inequality
within the stages. However, the lowest enrichment is applied throughotthtsiage(Figure

4.8) and the absence of any compensation led to the highest peaking factor of around 1.8.

The temperature, density and pressure distributions of the coolant channels are $tigune in
5.6 - Figure5.8. As can be seen, the coolant remains in the lijk@phase in the first two
stages, undergoes thseudecritical transition in the third stage, and then the-ljjees coolant
is superheated in the remaining stages. The RPV outlet temperature reach@€s\giide the
density drops below 100 kgfmAccording to the preliminary calculation$ the developers
[81], theoutlet temperature shoutthly be 500 °C for the specifigdtal power and mass flow
rate The RELAP/SCDAPSIM calculationsf University of Pisashowed similar temperature

distributions toours[118 [P11], and simple enthalpy balance calculations also confirm the
accuracy of our results.
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Figure 5.6: Axial coolant channel temperature Figure 5.7: Axial coolant channel density profiles
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The observed difference igartially attributedto the increased system pressure, as the
preliminary calculation assumed an inlet value of 25 MPa, while the system code calculations
used it aghe outlet boundarylhis changevas introduced becau&ELAP showed improved
stability at tke increased pressure. Apros was not sensitive to this property, but the same
assumption was made for eascomparability. An additional source of the observed
temperature difference could be the assumptions made on the RPV heat loss and the water
steam tables used for the calculatiohsiemains to be decided whether it is preferable to
maintain the increased outlet temperature to aclaeexen higher efficiencgr whether it is
preferable to return to the initial design value of 500 °C by changing specific parameters (e.g.
by increasing the mass flow rate). The implications of the latter approach are investigated in
Section5.3

At these temperatures, the positive effect of using more stages and providing more opportunities

for mixing and temperature homogenisation is clearly observed, as the heatinghofeat age 6 s
hot and average channels differs significantly. For example, ##ageaches up to 56C,

42 °C higher than the outlet, despite its relatively low power. The sudden changes observed at
the end of the hot and cold channels result from mixinigisvthe outlet coolant plena, a similar

effect to that already discussed in the case of the moderator.

Coolant pressure
256 B

—Cold
—Average

25.5 \ —Hot

~
~

~
\\

24 48 72 96 120 144 168
Nodes

Pressure [MPa]
N N N
a o 4]
(] w B

]
o
N

25

Figure 5.8: Coolant channel pressure profilegP5)]

The pressureHigure 5.8) decreases steadily in the active sections, while sudden drops are
observed at the edges, especially on the inlet side. These can be partly attributed to the adjusted
form loss coefficientsput the different node lengths of the inactive sections also have a
distorting effect on the representation used, like the case of the moderator box temperatures.
The effect of the wire wraps, and thus the pressure drop along the assemblies, has also been
considered with appropriate form loss coefficients. An important feature of the concept is that
the upper stages contain more assemblies, thus providing a larger total flow area, which can
partially compensate for the effects of the decreasing density pdsiéve effect of this
approach can be seenhkigure5.8. The first three stages contain 40 assemblies each, so the
pressure curve becomes progreslsi steeper along the flow path. However, the 4th and 5th
stages contain 60 assemblies each, resulting in a sudden increase in the flow area, and therefore,
a reduction in the mass flow rate per assemblgure 5.9) and velocity Figure5.10) by a

factor of 1.5 at the boundary between stages #3tandhis results in a slightly flatter pressure

curve. A similar effect can be observed at the boundary between stages #5 and #6, where the
number of assemblies per stage is increased from 60 to 80. The method used has, therefore,
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proved to be effectiveiesulting in a total pressure drop of approximately 0.5 MPa for the
coolant region of the core.
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Figure 5.9: Coolant mass flow rate per assembly Figure 5.10: Coolant velocity at the assemblynlet
[P5] and outlet [P5]

Regarding the mass flow ratésdure5.9) and velocitiesKigure5.10), it can also be observed

that the coolant always entdte warmer assemblies at lower velocities and consequently at
reduced mass flow rates. However, along the active section, the density decrease is more
enhancedh these assemblies, resulting in much higher exit velocities, especially in thieegas

fluid region. The flow distribution between the three parallel channels of a given stage is always
determined by their pressure balance. This phenomenon has an unfavourable effect on the
maximum cladding and fuel temperatures, as the warmer assemblies ressiw®déant,

further increasing the inequalities.
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Figure 5.11: Axial cladding temperature profiles[P5]

The cladding temperature profiles are showrrigure5.11. It can be seen that the vertical
profile (per stage profile) is mainly influenced by the increase in coolant temperature along its
flow path, while the effect of the cosinusoidal axial podistribution is present on the axial
cladding temperature profiles of the assemblies. As a result, the peaks per stage are formed at
about 2/3 of the assemblies (axially shifted towards the outlet) and become higher as going
upwards. The maximum claddingmperature, reached in the hot channel of stage #7, is close

to 610 °C. Due to the significant inequalities of stage #7, it can also be observed that the axial
peak temperatures of the average and cold channels remain below 550 °C and 500 °C,

51



Chapters. Coupled steadgtate analyses of the SC8MR

respectively This indicates a difference of over 10D within the stage. Reducing these
inequalities and, thus, the maximum cladding temperature by various methods was one of the
main objectives during my subsequent research activities (see Ee8}j@s this has also been

a critical issue in other projects related to the HPLWR and other SCWR concepts.

The radiallyaveraged and maximum (centreline) fuel tenapure profiles are shown kigure

5.12 andFigure 5.13. The maximum temperature profile is mainly determined by the power
distribution, while the radial average is also affected by the coolant temperature feedback, as
only minor differences are observed in stages #3 to #7, despite the sigmbesntdecrease.

The calculated maximum fuel temperature of the core is 1250 °C, while the average
temperatures remain mostly below 800 °C in the modelling methodology used.
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Figure 5.12 Radially averaged fuel temperature  Figure 5.13: Centreline fuel temperature profiles
profiles [P5] [PS]
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Figure 5.14: Downcomer mass flow rates of the two channe[£5]

Finally, two further observations are made regarding the mass flows. As described in Section
4.1, the downcomer is modelled with two parallel channels, whose downward mass flow rates
(section below the coltkg nozzles) are shown ifigure5.14. As can be seen, in the core
section, where the DC is in thermal contact with the spiral channels and the inlet and outlet
moderator plena, an increasing proportion of the mass flowastedto the halfring channel
representing the inlet moderator plenum side of the DC, as flowing downwards. At the height
of the core bottom, the difference reaches 30 kg/s. This behaviour is caused by the higher
temperature of the outlet plenum, and hence,hilgher power transferred through the walls.

The significant difference is due to the large flow area of the DC, which is combined with a
relatively low mass flow rate, resulting in velocities below 0.07 m/s.
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The other major lesson learned from this iriigggion concerns the setting of the bypass flow
rates. The reflector space is equipped with a dewhléed bottom plate with holes to provide

the moderator flow. Similarly, the reactor flange has orifices to provide a bypass flow between
the DC and UP. lie appropriate flow rates can be adjusted by varying the number and diameter
of these holes. However, this process, particularly in the case of tHé¢F§ypass, proved to

be more complicated than expected in both AprosREIJAP [118 [P11].

In the upward moderator channel, the fluid is heated as it passes through the small gaps between
the assemblies, causing a significant pressure drop. The latter is taken into account by
appropride form loss coefficients, to the choice of which the models proved to be highly
sensitive. The effect on the reflector space is less pronounced because it also has an upward
flow direction and significant heating. On the other hand, the DC bypass, wghitfectly
connected to the UP and has practically no heating, is significantly affected. During the
development process, there were model versions of both codes in which the flow direction of
the DC orifices was even reversed. In these cases, a smdlieal r@rculation loop was
superimposed on the main flow path, i.e. along the downconhewer plenumi upward
moderator channélupper plenuni bypass holes and finally, the downcomesimilarto the

one observed during the SBO analyses and presenkgure 6.3/B). Finally, anormal flow

direction could be achieved with estimated but realistic form loss coefficlemigver,the

mass flow rateemainedjuite sensitive. Based on the current plans, the control and safety rods
will also be placed in these gaps, which may stipifluence their flow conditions.

While the effects described above will not significantly impact the nominal operation state, they
may impact the transient behaviour, especially during events requiring natural circulation, such
as an SBO. Thereforghes will have to be considered in more detail in later stages of the
development, once all the required informat®available.

5.2.2. Calculation results for the pure W@ore configuration

The coupled calculations were also repeated with the pupecbl®(Figure4.9), the map of
which was developed based on the experience gained from the calculations with the MIX core.
A comparison of the results is showrFigure5.15 - Figure5.20.

The power distributionHigure 5.15) changed mainly at the edges of the core, increasing at
stage #1 and decreasing at stage #7. Much minor changes, typically small increases, are
observed at the intermediate stages. This behaviour is a direct consequence of the enrichment
maps(seeFigure4.8 andFigure4.9), as UQ with 10.0 % enrichment is used throughout the

first stage instead of the combination of 9.9 %.Wd@d 9.5% MOX. Both maps use only the
lowest enrichment in the uppermost stage, histlias been reduced from 6.0 % to 5.5T¥e
channelwise peaking factors shown fRigure5.16 have changed significantly only in the two
uppermost stges, with an increase of about 0.2. This is also a consequence of the reduced
enrichment of the weakest assemblies, mainly used in the top stages.

As a result of the higher powers, the coolant temperature of stages #1 to #6 is significantly
increased, egtially at stage #8-gure5.17). Meanwhile, the axial profile of stage #7 is much
flatter, resulting in an almost unchanged outlet temperatureeatothl power (290 MW)
remains identical in both cases. The maximum temperatures of stages #6 and #7 are quite close,
and about 10 °C lower than that of the MIX core variant.
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Figure 5.15: Axial power distribution [P5] Figure 5.16: C h a n n ewes p&akipg factors of
the heatup stageqP5]

Figure 5.17: Axial coolant channel temperature Figure 5.18 Coolant channel pressure profiles
profiles [P5] [P5]

Figure 5.19: Axial cladding temperature profiles Figure 5.20: Centreline fuel temperature profiles

[P3] [P3]

The higher coolant temperatures result in a lower density, increased flow velocity, and,
therefore, an increase in the pressure drop within the €ageré 5.18) by approximately
0.5bar, or 10%. The higher temperatures allow a greater heat transfer to the moderator regions,
which experience an increased Reptof about 1 °C in the verticahannel and an additional

1°C in the boxes. As a result, the inlet coolant temperature of stage #1 is also increased by
approximately 2 °CRigure5.17). The overall higher temperatures can also have an additional
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