
 

 

 

Budapest University of Technology and Economics 

Institute of Nuclear Techniques 
 

 

 

 

 

 

 

 

Investigations of the steady-state and transient 

thermal-hydraulics behaviour of the SCW-SMR 

reactor concept 
 

 

 

PhD thesis 
 

 

 

Tamás Varju 
 

 

Supervisor: Prof. Dr. Attila Aszódi 
 

 

 

 

 

 

 

 

Budapest 

2026 



 

 

 



 

 

I 

 

Contents 

 

Introduction  ........................................................................................................................................... 1 

1. Thermal hydraulics of supercritical water .................................................................................. 2 

1.1. Supercritical water ................................................................................................................... 2 

1.2. Modelling of SCW in Apros.................................................................................................... 3 

2. Supercritical water-cooled reactors ............................................................................................. 6 

2.1. Existing SCWR concepts ........................................................................................................ 7 

2.2. The new European SCW-SMR concept ................................................................................ 10 

2.2.1. The reactor vessel .......................................................................................................... 10 

2.2.2. The primary loops and the safety systems ..................................................................... 13 

3. Benchmark analyses with Apros ................................................................................................ 14 

3.1. Heat transfer phenomenon under supercritical pressure ........................................................ 14 

3.1.1. Apros implementation issue .......................................................................................... 15 

3.1.2. Results of the NTUU KPI experiments ......................................................................... 16 

3.1.3. Results of the UBC experiments ................................................................................... 20 

3.1.4. Results of Yamagataôs experiments .............................................................................. 21 

3.2. LOCA type transients ............................................................................................................ 23 

3.2.1. Apros model issue ......................................................................................................... 24 

3.2.2. Qualification of the benchmark models......................................................................... 25 

3.2.3. Results of the SPE-2 and SPE-4 experiments ............................................................... 25 

3.2.4. Results of the CL-4.1-03 experiment ............................................................................ 32 

4. Apros model of the SCW-SMR concept .................................................................................... 35 

4.1. Reactor vessel ........................................................................................................................ 35 

4.2. Primary loops ........................................................................................................................ 39 

4.3. Safety systems ....................................................................................................................... 40 

4.4. Instrumentation and Control system ...................................................................................... 42 

4.5. Coupling with the reactor physics models ............................................................................. 42 

5. Coupled steady-state analyses of the SCW-SMR ..................................................................... 45 

5.1. Iterations using the coupled code system .............................................................................. 45 

5.2. Original reactor concept ........................................................................................................ 47 

5.2.1. Calculation results for the MIX core configuration ....................................................... 47 

5.2.2. Calculation results for the pure UO2 core configuration ............................................... 53 

5.3. Improved configuration ......................................................................................................... 55 

5.3.1. Design and model improvements .................................................................................. 55 

5.3.2. Evaluation of the improved design ................................................................................ 59 



 

 

II  

 

6. SBO transient analyses ............................................................................................................... 66 

6.1. Description of the scenario and investigated cases ............................................................... 66 

6.2. Findings and results of the analyses ...................................................................................... 68 

6.2.1. Case A and B ................................................................................................................. 68 

6.2.2. Case C ............................................................................................................................ 75 

6.2.3. Case D ........................................................................................................................... 75 

6.2.4. Case E ............................................................................................................................ 78 

7. Cold-leg LBLOCA transient analyses ....................................................................................... 79 

7.1. Description of the scenario and investigated cases ............................................................... 79 

7.2. Findings and results of the analyses ...................................................................................... 82 

7.2.1. Case A ........................................................................................................................... 82 

7.2.2. Case B ............................................................................................................................ 87 

7.2.3. Case C ............................................................................................................................ 88 

7.2.4. Case D, E, F and G ........................................................................................................ 90 

8. Summary and outlook ................................................................................................................. 93 

8.1. Summary ............................................................................................................................... 93 

8.2. Outlook .................................................................................................................................. 95 

Thesis statements ................................................................................................................................. 96 

List of publications .............................................................................................................................. 98 

Acknowledgements ............................................................................................................................ 101 

Bibliography ...................................................................................................................................... 102 

Appendix A ........................................................................................................................................ 110 

A.1 The NTUU KPI test cases ................................................................................................... 110 

A.2 The UBC test cases .............................................................................................................. 112 

A.3 Yamagataôs test cases .......................................................................................................... 112 

Appendix B ......................................................................................................................................... 113 

B.1 The original FFTBM method .............................................................................................. 113 

B.2 The improved FFTBM-SM method .................................................................................... 114 

B.3 The SARBM method ........................................................................................................... 115 

Appendix C ........................................................................................................................................ 116 

C.1 Qualification of the PMK-2 steady-state ............................................................................. 116 

C.2 Qualification of the PSB-VVER steady-state ...................................................................... 117 

Appendix D ........................................................................................................................................ 118 

  



 

 

III  

 

Nomenclature 

Abbreviations 

AA Average Amplitude  LBLOCA 
Large-Break Loss-Of-Coolant-

Accident 

ADS Automatic Depressurisation System  LOCA Loss-Of-Coolant-Accident 

AF Accuracy Factor  LPIS Low-Pressure Injection System 

ATWS 
Anticipated Transient Without 

SCRAM 
 LT-SBO Long-Term Station BlackOut 

Bi Bishop correlation  LWR Light Water Reactor 

BME 
Budapest University of Technology 

and Economics 
 MIX  

Identifier of one of the enrichment 

maps developed 

BoC Beginning of Cycle  Mo Mokry correlation 

BWR Boiling Water Reactor  MOX Mixed Oxide fuel 

CAD Computer-Aided Design  MSR Molten-Salt Reactor 

CCFL Counter-Current 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 

Ratio 
 Re Reynolds number 

D-P Dyadyakin-Popov correlation  RIA Reactivity Initiated Accident 

ECC-

SMART 

Joint European Canadian Chinese 

development of Small Modular 

Reactor Technology 

 RPV Reactor Pressure Vessel 

EHT Enhanced Heat Transfer  SAR(BM) 
Stochastic Approximation Ratio 

(Based Method) 

FFT Fast Fourier Transformation  SBLOCA 
Small-Break Loss-Of-Coolant-

Accident 

FFTBM 

(-SM) 

Fast Fourier Transformation Based 

Method (with Signal Mirroring) 
 SBO Station Blackout 

GDCS Gravity-Driven Cooling System  SCL Simantics Contraint Language 

GFR Gas-cooled Fast Reactor  SCRAM 
Emergency shutdown of a nuclear 

reactor (Safety Control Rod Ax Man) 

GIF Generation IV International Forum  SCW SuperCritical-Water 

Gr Grashof number  SCWR SuperCritical-Water-cooled Reactor 

HA Hydro-Accumulator  
SCW-

SMR 

SuperCritical-Water-cooled Small 

Modular Reactor 

HPIS High-Pressure Injection System  SG Steam Generator 

HPLWR 
High Performance Light Water 

Reactor 
 SIT Safety Injection Tank 

HS Heat-Structure  SMR Small Modular Reactor 

HT Heat Transfer  TCP/IP 
Transmission Control 

Protocol/Internet Protocol 

HX Heat Exchanger  TH 
Thermal-hydraulics / Thermal 

(neutron spectrum) 

I&C  Instrumentation and Control  UC User Component 

IAEA International Atomic Energy Agency  UP Upper Plenum 

IAPWS 
International Association for the 

Properties of Water and Steam 
 VA Variable Accuracy 



 

 

IV  

 

IC Isolation Condenser  VVER Water-Water Energetic Reactor 

ID  Identifier  W-C Watts-Chou correlation 

IE Initiating Event  WP Working Package 

J-H Jackson-Hall correlation    

 

Latin letters 

A Second order moments  K Criterion value 

cp Isobaric specific heat  L Depth of the orifice 

Dh Hydraulic diameter  N Number of (fuel assemblies or variables)  

f Frequency / density function  p Pressure 

ÆӶ Orifice area ratio (ÆӶ&  Ⱦ &)  q Heat flow 

F Friction force / function  t Simulation time 

Fo Area downstream of the orifice  T Temperature 

For Area of the orifice  u Flow velocity 

g Gravitational acceleration  w Weighting factor 

G Mass flux  x One-dimensional coordinate 

h 
Total enthalpy including kinetic energy 

(h = hstat + u2/2) 
 z One-dimensional coordinate 

keff Effective multiplication factor    

 

Greek letters 

Ŭ Volume fraction  ɝ Skin friction factor 

ũ Mass change rate  ɟ Density 

ɕ Form loss coefficient  Ű 
It is determined from the ʐ Æ, ȾÄ  curve 

given in [1] 

ɚ 

Thermal conductivity /  

Auxiliary variable (see the diagrams and 

tables provided in [1]) 

 ◖ Auxiliary variable 

µ Dynamic viscosity  ɢ Auxiliary variable 

ɜ 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 temperature 

cr Critical point  pri   Primary 

cut Cut-off (frequency)  set  Set value 

exp Experimental  tot Total 

hot Hot channel  tp Triple point 

i Interface of the phases / index  w Wall 

in Inner  work   Working 

 



 

 

1 

 

Introduction  

Generation IV nuclear reactors and Small Modular Reactors (SMRs) are increasingly regarded 

as essential components in achieving global decarbonisation targets and enhancing energy 

security. In comparison 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 the gas-cooled fast reactor (GFR), the molten salt 

reactor (MSR), or the supercritical-water-cooled 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 comprising passive 

safety features, serves to reduce the risk of accidents and enhance resilience to external hazards. 

These innovations are of critical importance in an era where energy systems must transition 

away from fossil fuels while maintaining reliable baseload power production [2]. 

Small Modular Reactors offer much greater scalability and flexibility that enhances the 

accessibility of nuclear power to a broader spectrum of markets and geographic regions, 

including remote areas, industrial sites, or regions with limited grid infrastructure. The compact 

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

in substantial reductions in construction time and costs [3]. Furthermore, SMRs can more easily 

integrate with renewable energy sources in hybrid energy systems, thereby providing backup 

power during periods of low wind and solar output, known as óDunkelflauteô (e.g. dark 

doldrum). The Gen IV and SMR technologies together represent a revolutionary transformation 

in the nuclear industry, aligning with global objectives related to energy transition, climate 

protection and improving the resilience of our society. 

The primary objective of the research carried out under the Euratom-funded international ECC-

SMART project (joint European Canadian Chinese development of Small ModulAr Reactor 

Technology [4] [5]) in the period of 2020-2025 was to develop and analyse the pre-conceptual 

design of the European Supercritical Water-cooled Small Modular Reactor (SCW-SMR). This 

concept proposal combines the above-described advantages of the SCWR and SMR reactors. 

BME, and I personally was involved in the ECC-SMART project and in the development of the 

pre-conceptual SCW-SMR design. The present PhD thesis focuses on the thermal-hydraulics 

modelling and analysis of the concept using the Apros system code and consists of the following 

main parts: 

¶ Benchmark analyses with the Apros code for the heat transfer phenomena of water under 

supercritical pressure, and also for relevant design basis accident scenarios. 

¶ Development and implementation of a detailed Apros model of the SCW-SMR concept. 

¶ Coupling of the Apros model with the models developed by the reactor physics working 

group of the ECC-SMART project. 

¶ Analysis of the steady-state thermal-hydraulics processes and characteristics of the SCW-

SMR concept using the coupled reactor physics ï thermal-hydraulics code system. 

¶ Analysis of the transient behaviour of the SCW-SMR concept under selected design basis 

and design extension conditions, with particular 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 thesis, I briefly introduce the SCW-based 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. 



 

 

2 

 

1. Thermal hydraulics of supercritical water  

The thermal-hydraulic processes of the supercritical water (SCW) are quite complex, and 

introduce a series of new or slightly modified phenomena compared to the subcritical state. It 

is essential to understand these phenomena and take them into account in the simulation codes 

to be able to perform well-established analyses of a reactor concept operating with SCW. This 

chapter therefore provides a summary of the thermal-hydraulics of SCW and the modelling 

approach implemented in the Apros system code, used for my analyses [P1] [P10]. 

1.1. Supercritical water 

As demonstrated in its phase diagram (Figure 1.1), water has a critical point at the pressure and 

temperature of 22.064 MPa and 373.946 °C, respectively. In the subcritical fluid region, the 

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 pressure. In case of such phase transitions, a discontinuity in the temperature dependence 

of several thermophysical properties can be observed (see the curves plotted for 20 MPa in 

Figure 1.2). Above the critical point, the fluid is in a so-called supercritical state, where no real 

phases can be distinguished and therefore no first-order phase changes may occur [6] [7]. 

However, a narrow pressure-dependent temperature region can be identified, where the 

thermophysical properties undergo drastic changes due to a second-order phase change, albeit 

remaining continuous (see Figure 1.2). This region is referred to as the 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 pseudo-critical point, while the curve 

drawn by the points at varying pressures is designated as the pseudo-critical line or Widom line. 

This line divides the supercritical domain into a high-density and a low-density sub-domain, 

which are therefore called the liquid-like and the gas-like supercritical regions. 

It is also worth mentioning 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 is mainly justified 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 

temperature at the inlet is below the critical value, while at the outlet it is above critical. 

 
Figure 1.1: Phase diagram of light water (derived from [8]) 
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Figure 1.2: Thermophysical properties of water around the critical pressure [9] [10]  

 a., density; b., dynamic viscosity; c., isobaric specific heat; d., thermal conductivity 

Thanks to the absence of a first-order phase transition, departure from nucleate boiling (DNB) 

cannot occur in the supercritical state, which is an important advantage of this technology. 

However, other new phenomena may be observed, such as the enhanced heat transfer (EHT) 

near the pseudocritical temperature, or the deteriorated heat transfer (DHT) under low mass 

flux and high heat flux conditions [6] [7] (see Section 3.1). Although, the latter shares some 

similarities with the DNB, also resulting in a rapid increase of the wall temperature, it is 

typically less abrupt in its nature. Nevertheless, it should be avoided during the normal and 

transient operation of SCW-cooled facilities. 

The use of SCW as a coolant has many advantages, as discussed in Chapter 2, but it also poses 

a series of thermal-hydraulic challenges. These include calculation uncertainty of SCW 

thermophysical properties [11] [12]; the significant impact of these properties on processes such 

as heat transfer (HT) [13]; the fact that only approximate heat-transfer correlations are available, 

as the aforementioned HT regimes are not fully understood [13]-[16]; the behaviour of pressure 

drops and flow instabilities under SCW conditions has not been fully explored either [6] [17]; 

and the hyper-compressibility of SCW [18] [19]. This shows that there are still a number of 

areas in which our knowledge needs to be expanded, but the biggest challenge is in the field of 

materials science. The strong corrosive effects 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 needed instead [20] [21]. 

1.2. Modelling of SCW in Apros 

Apros has been capable of working with supercritical pressure water for a long time [22] [23] 

and has been used several times in the recent years to model SCWR-related systems [24]-[28]. 

Essentially, the code continues to employ its conventional two-phase models also in the 
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supercritical pressure regime. Nevertheless, certain enhancements were considered necessary, 

as described by the developers in their aforementioned publications: 

¶ The modelling of the pseudo-critical transition phenomenon has been introduced. 

¶ The built-in steam tables were extended and refined to account for the sharp changes in 

the thermophysical properties near the pseudo-critical transition. This is based on the 

IAPWS-97 formulation. 

¶ Some parameters, such as the void fraction and saturation enthalpies, have been 

redefined. 

¶ New specific heat transfer and friction correlations have been introduced. 

Several thermal hydraulic models/solvers are available in Apros for two-phase flow 

calculations, two of which are most commonly used: the homogeneous (3-equation) and the 

two-fluid (6-equation) models. The first assumes that 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 stays in a single phase. However, 

it would give unacceptable results during transients, if the pressure drops suddenly to subcritical 

conditions. Consequently, the 6-equation model is generally preferred for the supercritical 

conditions. Its one-dimensional conservation laws can be written in the following form [29]: 

Mass: 
 

(1) 

Momentum: 
 

(2) 

Energy: 
 

(3) 

Constitutive equations are also required to solve the above governing equations. The skin 

friction factor correlation of Kirillov et al. (see in [30]) was selected and implemented in Apros 

for the supercritical pressure region: 

 
(4) 

Several heat 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-

equation model by the Apros developers [29]: 

Bishop without entrance term [31]: 
 

(5) 

Jackson-Hall without entrance term [32]: 
 

(6) 

Dittus-Boelter [33]:  (7) 

Mokry [34]: 
 

(8) 

Watts-Chou [35]: 
 

(9) 
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where n and ʟ  are defined as follows: 

 

(10) 

 

(11) 

  
(12) 

The range of applicability of the above-described correlations are collected in Table 1.1. 

However, in the benchmark analyses presented in Section 3.1, I applied these correlations 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 simple tubes, 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. 

Correlation  
Range of database used for 

development 
Remarks 

Bishop 

P: 22.8 - 27.6 [MPa], Tb: 282 - 527 [°C], 

G: 651 - 3662 [kg/m2s], q: 310 - 3460 

[kW/m2]  

H2O, vertical tubes, upward 

flow  

Jackson-Hall  

Based on many other correlations,  

P: 22.1 - 28.6 MPa, Tb: 300 - 500 [°C],  

G: 400 - 2000 [kg/m2s], q: up to 1000 

[kW/m2]  

H2O, CO2, vertical tubes, 

upward flow 

Dittus-Boelter Subcritical pressures  

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

[kg/m2s], q: 70 - 1250 [kW/m2] 

H2O, vertical tubes with Din = 

3 - 38 mm, upward flow, NHT 

and EHT regimes 

Watts-Chou 
P: 25 [MPa], G: 132 - 1060 [kg/m2s]  

q: 175 - 440 [kW/m2] 

H2O, vertical tubes with Din = 

25.4/32.2 mm, upward flow 

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

The adequacy of the extension of the Apros solver to the supercritical pressure regime has been 

demonstrated by the developers through several tests and validation calculations [22] [23] and, 

as mentioned above, has since been successfully used for a number of SCWR-related analyses. 

Of the above heat transfer correlations, the Apros User Guide recommends the Jackson-Hall 

correlation as the primary option. Nevertheless, in the course of my PhD research, I conducted 

a comprehensive benchmark analysis with a focus on the heat transfer phenomena, testing all 

of the above correlations, the results and findings of which are presented in Section 3.1. Based 

on these, the Bishop correlation was finally selected for the SCW-SMR investigations. I have 

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

The Supercritical Water-Cooled Reactor (SCWR) is a high temperature, high pressure water-

cooled reactor that operates with nominal core outlet coolant conditions above the critical point 

(374 °C, 22.1 MPa) of water. It is one of the six advanced reactor technologies selected by the 

Generation IV International Forum (GIF) for further research and development [2]. Therefore, 

several specific SCWR concepts have been developed in the European Union, Canada, Japan, 

China, Russia, Korea and the United States over the past decades. Some of their key features 

and design parameters are summarised in Section 2.1 and in Table 2.1.  

These conceptual designs can be grouped according to several aspects. Firstly, they can be 

designed as a pressure vessel (PV) type reactor, similar to conventional light water reactors 

(LWRs), or as a pressure tube (PT) type reactor, similar to conventional heavy water reactors 

(see Figure 2.1). In case of PV-type concepts, single- and multi-pass core designs can also be 

distinguished. In terms of the neutron spectrum, the core can be designed as thermal (TH), fast, 

fast-resonant, or even mixed spectrum by adjusting the amount and distribution of the 

moderator. The fuel is typically UO2 or thorium for thermal, and MOX for fast or fast-resonant 

spectrum concepts. The UO2 fuel composition is similar to that used in Gen-III and Gen-III+ 

technologies, while the thorium fuel composition consists of a mixture of thorium and 

plutonium oxides. 

 

Figure 2.1: General layout of the pressure vessel (A) and pressure tube (B) type SCWR [36] 

The SCWR technology has a series of advantages compared to other advanced Gen-IV and to 

conventional Gen-III and Gen-III+ water-based technologies. 

¶ SCWR is the only Gen-IV concept that is technologically based on the water-cooled 

nuclear reactors and supercritical fossil fuel power plants currently in operation worldwide 

[37]. Therefore, it can leverage the extensive design, construction and operating experience 

of these facilities, as well as the available technological equipment. This significantly 

reduces the development and construction costs and time, which can also be planned much 

more accurately compared to non-water-cooled advanced reactor concepts. 

¶ Using water as a coolant has several advantages: it is chemically inert, inexpensive, 

transparent, and non-toxic, thus simplifying reactor inspections and maintenance. 

¶ The high outlet coolant temperature enables efficiencies of 40-50% to be achieved and 

opens new ways of utilisation, thereby improving the economics. 
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¶ The reactor system has typically an even simpler configuration than the boiling water 

reactors (BWRs), eliminating the need for expensive components such as steam generators, 

steam separators and dryers, recirculation loops, etc., thus further reducing the capital cost. 

¶ The departure from nucleate boiling phenomenon and related issues are irrelevant in case 

of SCWRs, however, attention is required to the heat transfer deterioration phenomenon, 

as described in Section 1.1, and investigated in Section 3.1. 

¶ The currently available regulatory framework and standards can be applied much easier to 

the SCWRs than to other Gen-IV technologies. 

2.1. Existing SCWR concepts 

In order to explore and learn about all the existing SCWR concepts, I conducted a 

comprehensive literature review. In addition to the dedicated papers of each concept, it included 

several Review articles [38]-[41], IAEA TECDOCs [42] [43], books [36] [44]-[46], white 

papers [47] [48], course materials [49] and the dedicated webpage of GIF [50]. Based on these, 

I present the key parameters of each mature, large concept in Table 2.1 and summarise their 

main features below. The key parameters of the more recent SMR type concepts working with 

SCW are also presented in Table 2.2. 

 

EU Canada Japan China Russia Korea US 

HPLWR  SCWR 
Super 

LWR  

Super 

FR 
JSCWR CSR1000 

SCWR-

M 

VVER-

SCP 

SCWR-

SM 
SCWR 

Type PV PT PV PV PV PV PV PV PV PV 

Spectrum TH TH TH Fast TH TH Mixed Fast-res. TH TH 

Fuel UO2 Pu-Th UO2 MOX UO2 UO2 
UO2/ 

MOX 
MOX UO2 UO2 

Moderator  H2O D2O H2O -/ZrH H2O H2O H2O/- - ZrH2 H2O 

Thermal 

power [MW]  
2300 2540 3492 2337 4039 2300 3800 3830 3182 3575 

Efficiency 

[%]  
43.5 48 43.8 43 42.7 43 44 43-45 43.68 45 

Pressure 

[MPa]  
25 25 25 25 25 25 25 24.5 25 25 

Inlet temp. 

[°C]  
280 350 280 280 290 280 280 290 280 280 

Outlet temp. 

[°C]  
500 625 500 501 510 500 510 540 510 500 

No. of flow 

passes 
3 1 1(2) 1 1 2 2 2(1) 1 1 

Table 2.1: Summary of design parameters of the large SCWR concepts (based on [38] - [50]) 

The Canadian concept is a pressure tube design that utilises a thermal neutron spectrum. It has 

a Calandria vessel filled by low-pressure heavy water to provide moderation. The high-pressure, 

counter-flow tubes are immersed in this vessel. Each channel contains 64 fuel rods, with 

thorium and plutonium oxide pellets, arranged in two rings. The light water coolant enters the 

pressure tubes from the inlet plenum at 315 °C, flows downwards in the central tube, reverses 

at the bottom and flows upwards through the annular fuel bundle before leaving the vessel at 

625 °C, which is the highest outlet temperature of the concepts. The size of the tube inlet 

openings is individually adjusted to reduce instabilities and achieve homogeneous outlet 

temperatures. The control and safety rods can be inserted into the moderator region of the core 



Chapter 2. Supercritical water-cooled reactors 

 

8 

 

from the side of the Calandria vessel. Further details are provided in [51]-[54]. In Canada, two 

reduced power, SMR versions of this concept have also been developed in the recent years, 

named C-SCW-SMR [55] and SuperSafe [56]. 

 

EU Canada Japan China 

GE 
SCW-SMR C-SCW-SMR SuperSafe 

SMR Class 

Super FR 
CSR-150 

Type PV PT PT PV PV PT 

Spectrum TH TH TH Fast TH TH 

Fuel UO2 / MOX UO2 Pu-Th MOX UO2 UO2 

Moderator  H2O D2O D2O - H2O H2O 

Thermal power 

[MW]  
290 800 670 650 375 728 

Efficiency [%]  TBD 48 45 43.8 TBD 45 

Pressure [MPa] 25 25 25 25 25 30.33-24.13 

Inlet temp. [°C] 280 290 350 280 280 285.8 

Outlet temp. [°C] 500 450-500 625 500 500 565.5 

No. of flow passes 7 1 1 1 2 3 

Table 2.2 Summary of design parameters of the small SCWR concepts [50] 

Three large concepts 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 with multiple types of coolant flow path, featuring either a single-

pass or a two-pass core. In thermal cases, additional low-temperature water rods, positioned in 

the centreline of the assemblies, provide the appropriate moderation. As a fuel, UO2 is used in 

thermal concepts and MOX in the Super FR. The inlet and outlet temperatures are around 

280 °C and 500 °C, respectively, similar to most other concepts. 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 (JSCWR). Further details are provided in [45] [57]-[59]. An SMR 

version of the Super FR has also been developed as described in [60]. 

In China, two large concepts of pressure vessel type have been developed: a thermal (CSR1000) 

and a mixed-spectrum (SCWR-M). In both cases, the core is divided into two regions (central 

and peripheral) with a two-pass flow path. In case of the CSR1000, the light water first flows 

from the upper to the lower plenum through the moderator rods of all the assemblies and, in 

parallel, through the coolant channels of the central region assemblies. In the second pass, the 

water then flows upwards through the coolant channels of the peripheral region assemblies 

before exiting the vessel at 500 °C. In the SCWR-M, the peripheral region operates at a thermal, 

while the central region operates at a fast spectrum. This means that only the peripheral 

assemblies are equipped with moderator rods. Again, the light water first flows from top to 

bottom, but this time through the moderator rods and coolant channels of the peripheral thermal 

region. In the second pass, the flow is upwards through the fast assemblies of the central region. 

The outlet temperature is slightly higher in this case, at 510 °C. The control and safety rods are 

inserted into the core from above into the gap between the assemblies in both concepts. Further 

details are provided in [61]-[64]. An SMR version of the CSR1000 has also been developed, 

called CSR-150 [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 rods are placed in a tight fuel grid within the 
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hexagonal assemblies without moderator rods. Both a single-pass and a two-pass version of the 

core flow path have been introduced. The single-pass configuration is similar to that of 

conventional LWRs, while the two-pass version resembles the SCWR-M. The coolant first 

flows downwards in the assemblies of the peripheral region, and then upwards in the central 

region, reaching an outlet temperature of 540 °C. Similar to conventional modern VVERs, the 

control and safety rods are inserted into the core from above via the guide tubes of the 

assemblies. Further details are provided in [66]-[69]. 

Like most other concepts, the Korean SCWR-SM is of the PV type and utilises thermal 

spectrum, however, it has some unique features. Solid ZrH2 is used as a moderator instead of 

light or heavy water, and it is placed in the core in crucifix and single-pin forms. Another 

interesting feature is that, although the core is single-pass, a jet-pump is placed in the 

downcomer (DC) to enhance the in-vessel circulation. As a result, the inlet temperature of the 

core reaches approximately 350 °C at the feedwater temperature of 280 °C. The control and 

safety rods move from above within the guide tubes, formed in the cruciform solid moderator. 

Further details are provided in [70]-[72]. 

The US SCWR is also a pressure vessel type concept that operates in the thermal neutron 

spectrum, using UO2 fuel and featuring a simple, single-pass core. Moderator rods are arranged 

along the centreline of the assemblies with light water flow to ensure sufficient moderation. 

The control and safety rods are inserted from the top through the moderator rods. Further details 

are provided in [73]. 

 

 

 

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

Finally, the European High Performance Light Water Reactor (HPLWR) shares similarities 

with the thermal concepts of Japan, China and the US. The main difference is that it features a 

more complex, three-pass core configuration. As illustrated in Figure 2.2, half of the cold 

feedwater first passes through the moderator regions, while the rest flows through the 

downcomer. These two streams then mix again in the core inlet chamber, which is located 

beneath the core. From 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 

three radial regions. First, the coolant flows upwards through the central Evaporator region. 

Then, in the Upper mixing chamber, the flow reverses and the coolant is directed downwards 
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through the mid Superheater 1 region. Finally, the coolant reverses again and flows upwards in 

the peripheral Superheater 2 region. Further details are provided in [74]-[78]. 

The main objective of this unique design concept was to achieve a high coolant outlet 

temperature, while maintaining a reasonably low maximum cladding surface temperature. 

Based on a wide range of analyses performed over the years, the implementation of the three-

stage heat-up arrangement significantly reduced the maximum cladding temperature, however, 

this approach has still proved insufficient, as the cladding was still overheated in the regions of 

the maximum local power density. Several other issues, like the practical impossibility of 

residual heat removal by natural circulation, were also identified during the HPLWR research 

projects, as collected in [79]. 

The SCW-SMR concept, developed in the framework of the EU-funded ECC-SMART project 

[4], can be considered as an evolutionary, small-modular version of the HPLWR. During the 

initial design phase, the developers aimed to address all the main weaknesses of the HPLWR 

and provide an appropriate engineering solution for each of them. This concept is presented in 

great detail in the next chapter, as I have spent most of my PhD research on the comprehensive 

analysis of this proposed new concept. In the analyses presented in Chapters 5-7, I also aimed 

to examine and assess the extent of improvement compared to the HPLWR. 

2.2. The new European SCW-SMR concept 

The pre-conceptual design of the European SCW-SMR was introduced and underwent 

development in the period of 2020-2025 in the frame of the EU-funded ECC-SMART project. 

A comprehensive description of the initial design is provided by the developers in a paper 

presented at the ISSCWR-10 conference [79], in a journal article [80], and in internal project 

documents [81] and reports [P11]. This Section is based on the aforementioned publications 

and the summaries presented in my related papers [P5]-[P9]. 

2.2.1. The reactor vessel 

The SCW-SMR has a thermal power of 290 MW, a reactor pressure vessel (RPV) outlet 

pressure of 25 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. The design of the square assemblies follows that of the HPLWR, 

containing 40 fuel rods and a central moderator box channel. Both the moderator box and the 

assembly have a closed, three-layer outer wall (see Figure 2.3).  

 
 

Figure 2.3: Fuel assembly (head piece (blue), assembly box (yellow) and moderator box (pink) on the 

left side) [79], and its cross-sectional view (on the right side) [82] 

The active length of the assemblies has been significantly reduced to 1.68 m compared to the 

4.2 m length of the HPLWR design. This modification allows the implementation of a 
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horizontal layout and a core consisting of seven consecutive heat-up stages (see Figure 2.4), as 

in a typical supercritical water-cooled coal-fired power plant. The coolant flows 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, 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. 

 

Figure 2.4: Internal structure of the reactor vessel and the coolant flow path of the SCW-SMR concept 

(dashed arrows ï flow in the assemblies; solid arrows ï flow in the spiral channels) [P11] 

 

Figure 2.5: Reactor pressure vessel and the moderator flow path of the SCW-SMR concept [81] 

 

Figure 2.6: Horizontal cross section of the vessel [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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the core for the control and safety rods, as well as for the possibility of periodic refuelling. The 

flow path is designed as follows (see Figure 2.5 for numbering): The feedwater, at a temperature 

of 280 °C, enters the RPV through two cold-leg nozzles (1), whose first task is to maintain a 

low and uniform vessel wall temperature. To achieve this 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 primary 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 core via the inter-assembly 

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

space (7) located at the sides of the core (see Figure 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 the core 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, the total mass flow 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 approximately 310 °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, 

lowermost heat-up stage and then 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 homogenisation of 

the fluid temperature. Following this arrangement, the coolant passes sequentially through all 

seven heat-up stages, each being connected by an outlet and inlet plenum and a spiral flow 

channel between them. The gas-like supercritical water leaving the topmost stage is collected 

in the annular steam dome (16) above the core, from where it exits the reactor vessel through 

the two hot-leg nozzles (17). 

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

not independent 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 mixing and bypass flows. 

However, with the exception of the assemblies, the 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 path. In my experience, 

proper consideration of this phenomenon in both steady-state and transient modelling is of great 

importance, as demonstrated in the analyses performed and presented in Chapters 5 - 7. 

The proposed design incorporates all the lessons learned from previous research projects on the 

HPLWR and other SCWRs. The main improvements over the HPLWR include the followings: 

¶ The enhanced mixing, resulting from the increased number of heat-up stages with 

unchanged total heated length, can significantly reduce the locally high coolant and 

cladding temperatures. 
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¶ The reduction of the linear 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. 

¶ The proposed three-layer assembly and moderator box wall structures (Figure 2.3) 

significantly reduce the neutron absorption in the core, effectively limit the moderator heat-

up in the inter-assembly gaps and within the moderator boxes, provide adequate resistance 

to highly corrosive supercritical media and ensure structural stability. 

¶ 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 the conducted transient analyses was to investigate 

and confirm the effectiveness of this approach (see Chapters 6 and 7). 

2.2.2. The primary loops and the safety systems 

The pre-conceptual design progress of the SCW-SMR has so far focused mainly on the reactor 

vessel. More detailed design for the normal operational primary cooling system and for the 

safety systems is not yet available, so the current concept is largely based on the HPLWR design 

[74] with appropriate scaling. 

 

Figure 2.7: First design of the minimum set of safety systems for the SCW-SMR [P11] 

The preliminary concept of the primary circuit includes 2-2 hot- and cold-legs, which are 

interconnected outside the containment and share a common turbine and feedwater system. The 

first design of the minimum set of safety systems and their short description were provided in 

[P11] and can also be seen in Figure 2.7. In this draft, the active safety systems played a rather 

important role. In order to facilitate the management of selected initiating events (IEs) on a 

passive basis, the above layout was supplemented with further systems. The finally considered, 

preliminary set of safety systems include the following: 

¶ Control and safety elements to perform reactor SCRAM. 

¶ Emergency boron injection system as a secondary measure for reactor shutdown. 

¶ Turbine bypass 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 flow-rate emergency injection. 

¶ Active, low-pressure injection system (LPIS). 

¶ Gravity-driven cooling system (GDCS) for passive, low-pressure emergency injection.
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3. Benchmark analyses with Apros 

In order to properly investigate the nominal steady-state operation and the transient behaviour 

of the SCW-SMR concept presented in Section 2.2, a system code model with sufficient detail, 

appropriate nodalisation and appropriate settings was required (see Chapter 4). However, its 

development first required performing a set of benchmark analyses for two main purposes: 

firstly, to demonstrate that the Apros code is capable of adequately modelling the conditions 

arising in the SCW-SMR concept, and secondly, to identify the optimal model settings to be 

used. In accordance with these objectives, two main series of benchmark analyses have been 

carried out. The first study focused on the heat transfer processes under supercritical pressure 

conditions of water, while the second was concerned with modelling of cold-leg LOCA-type 

events. These analyses have originally been published in detail in [P1] [P2] [P3] [P4], while in 

the following sections, I summarise the main results and key lessons learned. 

3.1. Heat transfer phenomenon under supercritical pressure 

An extensive database of the experimental information related to heat transfer and fluid flow at 

supercritical pressure in bare tubes and rod bundles was collected by IPP-Centre, and shared 

with all the partners in the ECC-SMART project (see Table 3.1). It contains 164 experiment 

cases with H2O or CO2 flowing in bare tubes in either vertical (downward or upward), or 

horizontal directions; and 29 additional experimental cases conducted at the NTUU KPI facility 

on rod bundles (with 1, 3 or 7 rods) with a vertical upward H2O flow [P10]. 

Facility  Country Geometry Flow direction Coolant 

NTUU KPI Test facility [83] - [85] Ukraine 
Tube and 

Bundle 
Vertical H2O 

IPPE test facility [86] [87] Russia 

Tube 

Vertical H2O 

JIHTRAS Test facility [88] - [90] Russia Vertical CO2 

UBC test facility [91] [92] Canada Horizontal H2O 

Yamagataôs test facility [15] Japan Horizontal H2O 

MSTF test facility [93] Qatar Horizontal CO2 

Adebiyiôs test facility [94] UK Horizontal CO2 

Table 3.1: Facilities and their main features as collected by IPP-Centre [P10] 

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 the SCW-SMR 

concept. Therefore, in order to be as comprehensive as possible, I have selected the 

experimental cases of the NTUU KPI facility with vertical tube and rod bundles, and of the 

UBC and Yamagataôs facilities with horizontal tubes operating with a water medium for the 

Apros benchmark analyses [P1] [P10]. This selection allowed me to explore, albeit separately, 

the effects of both the rod bundle geometry and the horizontal layout. A brief description of the 

three test facilities is provided in the open access [P10] report and [P1] paper, while the 

boundary conditions of the particular cases studied with Apros are collected in Appendix A. 

The primary aim of my analyses was to compare the behaviour of the Apros 3-equation and 6-

equation solvers, and the temperature profiles determined by the available heat transfer 

correlations under various supercritical pressure conditions. In case of the two-fluid model, 

users can choose a specific heat transfer correlation for the supercritical pressure region from 

the list described in Section 1.2, but it is not possible to define further own 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 users have the possibility to implement and use own defined heat transfer 

correlations. To be able to compare the behaviour of the two model types and to demonstrate 

that they provide similar results, I implemented the Bishop, Jackson-Hall, Dittus-Boelter, and 

additionally the Dyadyakin-Popov [95] heat transfer correlations in Apros, in order to 

supplement the range of correlations available in Apros (given in Section 1.2). The Dyadyakin-

Popov correlation, developed on the basis of rod bundle measurements, is specified in [95] as: 

 
(13) 

For all the considered experimental facilities, similar simple system code models have been 

developed as described in [P1] and [P10]. 

3.1.1. Apros implementation issue 

After the simulation of the first few NTUU KPI test cases (see Appendix A), the obtained results 

were compared, and a significant difference was found between the 3-equation and 6-equation 

model results in regimes with high wall - bulk temperature difference. Therefore, I contacted 

the Apros developers with this observation and it turned out to be a result of a fixed limitation 

of the built-in correlations, which was not assumed in the user defined versions. The (ɟw/ɟb) 

density ratio, used in some of the correlations, had a minimum value of 0.2 that roughly 

corresponds to a maximum of 50 ÁC temperature difference (near critical point and 400 ÁC 

temperature). In the NTUU experiment, the wall - bulk temperature difference exceeded this 

limit significantly, and thus the built-in correlations suffered from the limitation. As a result of 

the discussions with the developers, I received a modified Beta version of the related DLL for 

Apros version 6.11SR1, in which the minimum value of the density ratio has been decreased to 

0.08. With this modification, the previously observed issue has vanished (see Figure 3.1), so I 

was able to perform the analysis of the selected benchmark cases. From Apros version 6.12 

onwards, the new limit value is used by default. 

  

 
Figure 3.1: Wall and Bulk temperature profiles of a selected bare tube and rod bundle case with the 3-

equation model, and the 6-equation model utilising the original and the new DLL 

The analyses performed with the improved code version showed quite good agreement between 

the results obtained with the 3- and 6-equation solvers, confirming that the code improvement 

and the modification of the built-in limit value was successful, and that the 6-equation model is 
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an appropriate choice for my further applications. Details of this type of comparison will not be 

further discussed here, however, these are provided in the [P10] project report. In the following 

sections, the performance of the five heat transfer correlations of the 6-equation solver and the 

Dyadyakin-Popov correlation implemented in the 3-equation model is analysed by comparing 

the wall temperature profiles obtained using them. Therefore, the terms ñtemperatureò and 

ñprofileò refer to the wall temperature profiles whenever not otherwise stated. The following 

notations are used to identify the correlations and their results: D-B = Dittus-Boelter; J-H = 

Jackson-Hall; Bi = Bishop; W-C = Watts-Chou; D-P = Dyadyakin and Popov; Mo = Mokry. 

3.1.2. Results of the NTUU KPI experiments 

a) Bare tube cases 

In most of the investigated bare tube experimental cases (see Table A.1), the coolant remained 

in liquid-like phase throughout the test section, but there are also examples in which it reached 

a pseudo-critical or even the gas-like region. The results of three selected cases are presented 

in Figure 3.2. In the liquid-like region, no strong heat transfer deterioration is seen, but two 

main phenomena can be observed in the 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 and D-P correlations. Second, when the wall temperature 

reaches the 380-400 °C region, its profile flattens out temporarily and then starts again to 

increase, something that is not shown by D-B correlation at all, while the other correlations 

were able to represent it at least qualitatively. 

  

 
 

Figure 3.2: Results of the NTUU KPI bare tube analyses in case of three different regimes 

As a general behaviour observed in the analyses, it can be noted that D-B and J-H 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 profiles obtained by Bi reproduce 

more correctly the measurements in most cases, but they are quantitatively correct only in case 

of higher heat fluxes, having the tendency to underestimate otherwise. W-C seems to be the 

most accurate in the investigated cases, with an exception for the entrance region. With the 

introduction of an additional term for entrance effects, it might fit the measurements with 

relatively high accuracy. D-P 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. Finally, Mo predicts 

unrealistically strong heat transfer deterioration and high temperatures in nearly all cases. 

An example of predictions at the pseudo-critical transition is presented in regime #22 of Figure 

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 pseudo-critical threshold, while D-B, J-H, 

Bi and W-C correlations show a temporary HT enhancement and thus a temperature drop, 

which results in a wall temperature underestimation. D-P is instead able to catch the behaviour 

relatively well, while in the case of Mo, a completely different profile is obtained, showing 

recovery from deteriorated heat transfer. 

In the gas-like coolant region, the correlations provide results much closer to each other, within 

or quite close to the measurement error range. D-P slightly overestimates the temperature, while 

D-B slightly underestimates it. 

b) Single rod cases 

In the NTUU rod bundle cases (see Table A.2), the coolant always remained in liquid-like phase 

and the main focus of the investigations was on the heat transfer deterioration phenomenon. 

The results of two selected single rod cases are presented in Figure 3.3. 

  

 

Figure 3.3: Results of the NTUU KPI single rod analyses in case of two different regimes 

The behaviour of the examined correlations is quite consistent, i.e., the predicted wall 

temperatures generally follow the same order throughout all the investigated cases, which 

provides the following ordering of correlations: 

 TD-B   <   TJ-H   <   TW-C    <   TBi   <   TD-P    <   TMo   (14) 

This ordering of the correlations is also consistent with that of the exponents of the density ratio 
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term (ɟw/ɟb), 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 quite distant in this region. 

In the experiments, normal heat transfer (NHT), mildly and strongly deteriorated heat transfer 

regions can be identified. NHT could be sustained with moderate (<2500 kW/m2) heat flux, 

something that was in general accurately predicted by the correlations, as they produced results 

within or close to the measurements error range. In the first series (Regime #1-5), correlations 

tend to slightly overestimate the temperature, while in the second (Regime #6-9), they tend to 

slightly underestimate it. With higher heat fluxes (>2500 kW/m2), a mild and/or strong 

deterioration can appear as shown in Figure 3.3. The strength of this phenomenon, as predicted 

by the correlations, also follows the order of correlation results as of Eq. (14): D-B and J-H do 

not show it at all; W-C and Bi can partly predict it with a significant underestimation; D-P 

seems to be generally the most accurate, but it still underestimates the wall temperature, while 

Mo provides a strong overestimation. The Mo correlation was originally developed for the NHT 

and EHT region (see Table 1.1), which can be the reason for this observed strong overestimation 

of the wall temperature in the DHT region. It should be noted here that the experimental axial 

power profiles, used as boundary conditions in the simulations, can have local excursions in the 

DHT regions due to the temperature dependence of the electrical resistance. In such cases, the 

simulated wall temperatures follow the heat flux changes as seen in Figure 3.3 (Regime #9 at 

circa 400 mm). It is important to distinguish the sudden temperature rises caused by this effect 

from real DHT. 

In the additionally investigated high heat flux cases (Regimes #10-11), a mild deterioration was 

observed throughout the first part of the rod (0-350 mm in Figure 3.3 Regime #11), similarly 

to the 300-400 mm region of Regime #9, which could not be represented by any of the 

correlations. Unfortunately, the strong deterioration could not be predicted either by most of 

the correlations in the second part of the rod. D-P showed a weak deterioration, while Mo was 

the only correlation providing a relatively good result with a slight underestimation or 

overestimation respectively. Based on these cases, it seems that the combination of high heat 

fluxes and low coolant temperature points out a weakness of all correlations. 

c) 3-rod bundle cases 

In case of the 3-rod geometry, both NHT and DHT regions could be observed, but the degree 

of deterioration was generally low, except for Regime #20, in which a stronger deterioration 

and then a recovery was seen. The results of three selected cases are presented in Figure 3.4. 

The correlations show a similarly consistent behaviour, still keeping the order given in Eq. (14) 

throughout the investigated cases. The NHT zone is well predicted except for the correlation by 

Mo, while the DHT zones have provided quite interesting observations. While most of the 

investigated correlations strongly underestimated or did not even show any sign of deterioration 

in the 1-rod geometry, overestimation is much more typical here, especially in some specific 

cases with lower inlet temperature (~168°C) (see Regime #14 in Figure 3.4). Mo and D-P have 

a significant overshooting in the other three series as well, while Bi, J-H and W-C correlations 

are able to provide a relatively good estimation, Bi being seemingly the most accurate (see 

Regime #16 in Figure 3.4). D-B could not show any DHT at all.  
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Figure 3.4: Results of the NTUU KPI 3-rod bundle analyses in case of three 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 result of the changing local 

heat flux, an effect already mentioned. 

d) 7-rod bundle cases 

The experiments of the 7-rod bundle geometry (see Table A.2) also resulted in a rich panorama 

of phenomena, including NHT, DHT and DHT recovery regions. The results of two selected 

regimes are presented in Figure 3.5. 

  

 

Figure 3.5: Results of the NTUU KPI 7-rod bundle analyses in case of two different regimes 
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The consistent behaviour of the correlations as expressed in Eq. (14) is observed here as well. 

NHT regions are well predicted, with a slight overestimation by Mo and slight underestimation 

by D-B and J-H. The mild deterioration effect, occurring at the end part of the bundle (see 

Regime #25), is quite well reproduced by D-P and 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 deterioration phenomenon. 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 for the 3-rod 

bundle geometry is seen, with a stronger deterioration followed by a recovery. The recovery 

could be represented neither in the 3-rod bundle nor in the 7-rod bundle cases by any of the 

correlations. The degree of deterioration was however reasonably well reproduced by Bi 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 the NHT regions. No significant effects can be seen in the 

results obtained by the remaining correlations. 

3.1.3. Results of the UBC experiments 

In Bazarganôs experiments on the UBC facility (see Table A.4), heat transfer both in the liquid-

like and gas-like phases as well as the pseudo-critical transition has been investigated in a 

horizontal pipe test section. Furthermore, the HT enhancement and deterioration caused by the 

buoyancy effect and by its dependence on the mass flux has also been analysed, by performing 

measurements both at the "topò and ñbottomò surfaces of the tube. The results of three selected 

cases are presented in Figure 3.6 and Figure 3.7. Since Apros is a 1D system code, it is basically 

unable to reproduce any buoyancy effect in the radial direction of the horizontal test section. 

However, it was interesting to examine how the code and various HT correlations behave under 

such conditions.  

  

 

Figure 3.6: Results of the UBC experiment analyses in case of two different regimes with low mass flux 

The consistent ordering of the obtained temperature values expressed by Eq. (14) for different 

enthalpy ranges and experimental cases is mostly observed here as well. At low mass fluxes 

(Figure 3.6) and bulk enthalpies, D-B and J-H slightly underestimate the wall temperature, Bi 
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and W-C provide data following quite well the measured ñbottomò profile, while the curves of 

D-P and Mo are between the ñbottomò and ñtopò measurements. At a wall temperature of 

around 380 °C (i.e., close to the pseudo-critical threshold), a change in the curve slope can be 

observed for most of the correlations, but its extent is different. A slight enhancement is 

predicted by the first four correlations, while a deterioration is shown by D-P and Mo, which 

temporarily resulted in temperatures quite close to the measured ñtopò line. 

The overestimation of HT enhancement effect of D-B, J-H, Bi and W-C, and the DHT recovery 

of Mo, caused by reaching the pseudo-critical transition zone (at around 1900 kJ/kg), is similar 

to that observed in the vertical tube experiments (see Regime #22 in Figure 3.2). In the higher 

enthalpy region (see case A-2 in Figure 3.6), Bi, W-C and J-H provide temperatures between 

the two measurement series, while D-B is below, D-P and Mo is above both of them.  

  

Figure 3.7: Results of the UBC experiment analyses with high mass flux 

At higher mass fluxes (Figure 3.7), the correlations provide results quite close to each other. 

However, they tend to underestimate the measured profiles by circa 10-20 °C, which is a 

relatively large deviation considering the low wall-bulk temperature difference. In this case, 

HT enhancement is predicted by all correlations, when a wall temperature of around 380 °C is 

reached, owing to the greater heat capacity of the fluid close to the pseudo-critical threshold. 

Moreover, the flattening of wall temperature in the transition zone is well reproduced here, but 

its underestimation is also significant. 

3.1.4. Results of Yamagataôs experiments 

Yamagataôs experiments were carried out also in a horizontal bare tube, with measurements at 

both the ñbottomò and ñtopò surfaces of the tube (see Table A.5). The concatenated results for 

two selected heat flux series are shown in Figure 3.8 and Figure 3.9. 

The fluid conditions of the lower heat flux Case q233 (see Figure 3.8) are relatively close to 

Case D of the UBC experiment (see Figure 3.7). Therefore, mostly similar observations can be 

drawn with some important differences. The temperature profiles of the correlations are quite 

close to each other throughout the entire enthalpy range, and they all slightly underestimate the 

measured wall temperatures in the liquid-like fluid domain, although the deviation is smaller 

here compared to the UBC case. In the pseudo-critical transition zone and in the subsequent 

enthalpy range, all the correlations, except for D-B, gave results within the measurement error 

range. Also in the high enthalpy range, only W-C and D-P show a smaller overestimation. In 

conclusion, the measured profiles were better reproduced in this experiment compared to Case 

D of Bazarganôs, which can be attributed to the lower system pressure used here. 
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Figure 3.8: Results of Yamagataôs experiment analyses in a low heat flux case 

The higher heat flux of Case q698 (see Figure 3.9) is able to produce a slight buoyancy effect 

in the transition zone, as shown by the measurement data series of the ñbottomò and ñtopò 

surfaces (see the 1900-2300 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 

about 380 °C. Furthermore, the correlations show a larger deviation from each other from this 

point on. Generally, in the transition zone, D-B, J-H and Bi follow well the ñbottomò 

measurements, while W-C, D-P and Mo curves are close to the ñtopò data points. In the gas-

like region, J-H and Bi reproduce well, W-C, D-P ad Mo overestimate and D-B underestimates 

the measured temperatures. These observations are mostly consistent with those of Case A-1 

and A-2 of the UBC experiment. 

  

Figure 3.9: Results of Yamagataôs experiment analyses in a higher heat flux case 

Based on the presented benchmark analyses of Section 3.1, I can conclude 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 pseudo-critical transition. The correlations by Dittus-Boelter and Jackson-Hall can hardly 

reproduce any DHT and tend to overestimate the effects of enhancement at the pseudo-critical 

transition. The Bishop correlation seems to be the most appropriate choice among the 

correlations available in Apros 6-equation solver for best estimate calculations, as it has 

provided the most stable behaviour and was able to show the deterioration at least qualitatively. 

The results of the Watts-Chou correlation were quite close to those of the Bishop one in most 
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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 must be careful, 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 Bishopôs one, though in Apros it is currently available only for the 

3-equation model, which is unsuitable when transients leading to subcritical pressure conditions 

have to be simulated, like the ones performed and presented in Chapters 6 and 7. Therefore, the 

Apros model of the proposed SCW-SMR concept (see Chapter 4) utilises the 6-equation solver 

with the Bishop correlation as a general approach, however, I have also performed some 

sensitivity analyses for the correlation as presented in [P6] and [P11]. 

Similar benchmark analyses performed for the NTUU cases by our project partners using the 

Transfer Matrix Method (IPP-Centre [P1] [P12]) and the RELAP system code (University of 

Pisa [P12]) provided results that were mostly consistent with those of Apros. Based on this, the 

above findings can be extended to the more general use of the correlations. However, there was 

a slight deviation in the case of the Jackson-Hall correlation, which proved to be more sensitive 

to HT deterioration in the implementation of the Transfer Matrix Method. Further investigation 

of the cause of this difference may be worthwhile in the future. 

3.2. LOCA type tra nsients 

The ultimate goal of my PhD research was to analyse in detail the transient behaviour of the 

proposed SCW-SMR concept in the event of a Loss-of-Coolant accident (LOCA) and Station 

Blackout (SBO) considering various availability of the safety systems and therefore covering a 

range of design basis and design extension conditions. In order to perform these analyses in a 

well-established manner [96] [97], an important initial step in my research was the modelling 

of integral benchmark experiments, in which the main thermal-hydraulics phenomena and 

processes expected during the above SCW-SMR events, such as the blowdown from high 

pressure, heat removal by natural circulation, decrease of the core water level and its subsequent 

reflooding, etc., also occur. Unfortunately, the availability of experimental facilities operating 

at supercritical pressures of water is quite limited, and I was unable to get access to any of their 

experimental results that could be used for the above purposes. I am currently involved in a 

project (CRP I31034, [98]) organised by the International Atomic Energy Agency (IAEA), 

which, among other objectives, aims to investigate the depressurisation process of a 

supercritical pressure system during shutdown. However, this project is still ongoing and its 

results are not yet available for my PhD activities. For the above reasons, I have finally decided 

to conduct benchmark studies of cold-leg LOCA experiments performed on classical 

pressurized water reactor (PWR) design based facilities with subcritical pressure, as these 

experiments can also be used to study the most important thermal-hydraulics phenomena. 

I must confess, that performing benchmark model development and comparison of numerical 

and experimental results for LWR integral tests were an important experience in my studies, 

helping a lot to be prepared for the simulations of the SCW-SMR. As shown in Chapters 6 and 

7, the pressure drops to subcritical levels within the first 1ï2 seconds of the events analysed in 

the SCW-SMR, and the rest of the event then takes place at low pressure. Therefore, I assume 

that the experience gained from the subcritical benchmark analyses can be utilised effectively 

also in the SCW-SMR analysis. The initial depressurisation process can be reassessed later 

based on the aforementioned CRP's experience. 
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Finally, three cold-leg small-break LOCA (SBLOCA) experiments (SPE-2, SPE4; and CL-4.1-

03) from two facilities (PMK-2 [99] [100] and PSB-VVER [101] [102]) have been selected for 

the benchmarking. My Apros calculations were qualitatively evaluated by comparing their 

results with the measured data and with the results of calculations performed by my colleagues 

using the TRACE and RELAP5 system codes. Additionally, I conducted a thorough 

quantitative evaluation employing the Fast Fourier Transform Based Method (with Signal 

Mirroring) (FFTBM-SM) [103] [104] and the Stochastic Approximation Ratio Based Method 

(SARBM) [105]. The results and lessons learned from these analyses have originally been 

published in three separate papers [P2] [P3] [P4] and two reports [P13] [P14]. The second 

chapters of the [P2] [P3] [P4] papers present the experimental setup of the facilities, while the 

fourth chapter of [P2] and third chapter of [P3] and [P4] provide detailed descriptions of the 

developed Apros and other system code models and considerations. The quantitative methods 

are introduced in the sixth chapter of these papers, but a summary of their key features is also 

provided in Appendix B. In this section of the thesis, I summarise the main results and lessons 

learned from the qualitative and quantitative evaluations, based on the above publications. 

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

¶ PMK -2: In 2013, an Apros model was built for the SPE-2 benchmark case by my 

colleagues as part of a four-year research program [106]. This model served as a good basis 

for my analyses, but it was developed in an older Apros 5 version, which is not supported 

anymore. Consequently, I completely reconstructed it in Apros 6, and also made a series 

of modifications and improvements [P2] [P3]. 

¶ PSB-VVER : An Apros model has originally been developed by an MSc student, Boldizsár 

Kardos working under my supervision [P15], which I later further improved and optimized 

[P4] to be used for the simulation of the CL-4.1-03 experiment. 

3.2.1. Apros model issue 

Before focusing on the assessment, I would like to highlight an important issue related to the 

Apros code. The accumulators have been modelled by the specific ACCUMULATOR 

component of the code in each case. The interfacial heat transfer efficiency of these modules 

needed to be increased by a factor of 5.0 in case of the SPE-4 [P2], and by a factor of 3.0-3.5 

in case of the SPE-2 experiment [P3], partly for stability reasons and to observe the expected 

depletion. It was found that without this modification, the gas temperature in the components 

would decrease to an unrealistically low level (close to 0 °C), causing very low injection rates 

and occasional runtime error. Proper modelling of another experimental facility (PWR 

PACTEL) also required the augmentation of this efficiency according to paper [107]. 

Meanwhile, in case of the PSB-VVER facility, a much better 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 it was not modified in the final model version. This could be explained with the 

following main factors: 

¶ The scale of the PSB-VVER and its accumulators are much closer to a real plant. 

¶ In the PMK-2 facility, the four accumulators of the reference plant is modelled only by 

two, with an inventory equivalent to three real 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 ratio in the PSB-

VVER facility. 

¶ The injection was much faster in case of the PMK-2 (~ 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 I was also involved as a beta 

tester. By repeating the SPE analyses with the updated model version, I was able to identify 

some implementation errors, and provide feedback to the code developers.    

3.2.2. Qualification of the benchmark models 

In the qualification of model nodalisation, the three most important factors to consider are 

geometrical fidelity, the accuracy of steady-state parameters and finally the satisfactory 

transient behaviour [108] [109]. All three areas have been examined in detail in the [P2] [P3] 

[P4] papers. I will not go into details regarding the geometry fidelity here, but briefly, the 

qualification found the Apros models to be adequate. I summarise the assessment of the steady-

state in Appendix C, while that of the transient behaviour is presented in the following 

experiment-specific sections. Further details are provided in the aforementioned three papers. 

3.2.3. Results of the SPE-2 and SPE-4 experiments 

The IAEA-SPE-2 and SPE-4 experiment [110] [111], performed in 1988 and 1993, were the 

second and fourth thermal-hydraulic benchmark task carried out on the PMK-2 test facility in 

the framework of a project organized under the umbrella of the IAEA. Main features of the 

SPE-4 experiment are the following: 

¶ A Ø3.2 mm cold-leg break is assumed at the top of the downcomer, modelling a 7.4% 

break of the reference plant. 

¶ Experiment started from full power, and decay heat is modelled. 

¶ Pump coast-down is simulated in a prescribed manner through a cold-leg bypass branch. 

¶ Injection from both safety injection tanks (SITs), i.e. accumulators (HA) is available with 

water amount equivalent to three accumulators of the real plant. 

¶ High-pressure injection system (HPIS) is not available. 

¶ Low-pressure injection system (LPIS) is available. 

¶ Secondary side is isolated after transient initiation. 

¶ Secondary side feed and bleed operation is provided using the emergency feedwater 

injection. 

The SPE-2 case features a quite similar cold-leg LOCA event, however, the initial states were 

slightly different (see Table C.1), and the set of available safety systems was different: 

¶ Injection from the high-pressure injection system (HPIS) is provided. The set constant 

mass flow rate corresponds to the case when only one of the three pumps is available. 

¶ No injection from the low-pressure injection system (LPIS) is available. 

¶ Secondary side is completely isolated after transient initiation, thus no feed and bleed 

operation is provided. 
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Qualitative assessment of the transient behaviour ï SPE-4 

The Apros simulation results of the SPE-4 experiment are illustrated and compared to the 

measurements and other simulations also performed at the BME NTI using RELAP5 and 

TRACE in Figure 3.10 - Figure 3.13. Based on these, the transient can be divided into four main 

phases as listed in Table 3.2. 

  

Figure 3.10: Upper plenum pressure [P2] Figure 3.11: Integral break mass [P2] 

  

  

Figure 3.12: Global water level in the core [P2] Figure 3.13: Fuel rod surface temperature [P2] 

 

 Time interval Characterisation 

Phase 1 0 ï 158 s Pump coast-down period 

Phase 2 158 ï 310 s Start of natural circulation, initiated secondary bleed, intense SIT injection 

Phase 3 310 ï 345 s SIT injection terminated, final loop seal clearing 

Phase 4 345 ï 1800 s 
Loop seals are cleared, steam blow-down, core dry-out and quenching, LPIS 

and emergency feedwater system initiation 

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 published in [P2]. Based on that, 

the Apros simulation reproduced most of the TH phenomena and the measurement results 

relatively well, perhaps the most accurately of the three models. However, large deviations were 

observed in the reactor vessel water level (Figure 3.12) and the cladding temperature (Figure 

3.13), which can be explained as follows. 

At the end of Phase 3, when the loop seals get finally emptied and the steam reaches the break, 

the core level is regained thanks to water coming from the downcomer. This behaviour was also 
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reproduced by the simulations, but the rise of the core level is underestimated by 0.5 ï 1.0 m, 

which has an important impact on subsequent processes. A part of this missing amount is most 

likely trapped in the steam generator side of the hot-leg loop seal, since the break flow is well 

reproduced (Figure 3.11), but a significant uncertainty also comes from the unknown ratio of 

steam and water excluded from the primary system in the cold-leg bypass branch during the 

experiment [P2]. 

In Phase 4, as a result of the lack of emergency injection, the collapsed water level of the core 

and downcomer decreases continuously, until a dry-out occurs in the upper section (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 the dry-out is 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 as the dry-out occurs at a much lower collapsed water level resulting in a 

much closer timing. The fuel rod heat-up is terminated by the low-pressure injection, starting 

at the pressure of 1.04 MPa. The slope of the pressure curve is low in the final stage, therefore, 

even a small difference in the timing of the dry-out and the prediction of the pressure can result 

in significant deviations in the peak cladding temperature, as shown by Apros (Figure 3.13). 

Qualitative assessment of the transient behaviour ï SPE-2 

The Apros simulation results of the SPE-2 experiment are illustrated and compared to the 

measurements and other simulations in Figure 3.14 - Figure 3.17.  

  

Figure 3.14: Upper plenum pressure [P3] Figure 3.15: Global water level in the hot-leg loop 

seal (RPV side) [P3] 
  

  

Figure 3.16: Global water level in the core [P3] Figure 3.17: Fuel rod surface temperature [P3] 
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The thermal-hydraulics processes of this case are quite similar to those of the SPE-4, but two 

important differences should be highlighted: 

¶ The steam generator was in a significantly different initial state, 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. 

¶ The high-pressure injection was sufficient to stabilise the RPV water level above the core 

after the termination of the HA injection, so that no dry-out or temperature rise occurred. 

A detailed description and qualitative analysis of the results have been published in [P3]. Based 

on that, the Apros simulation reproduced the dominant phenomena and the measurement results 

relatively well also in case of the SPE-2, perhaps the most accurately of the three models. Again, 

the largest deviations were observed in the water levels of the reactor vessel (Figure 3.16). 

Quantitative assessment of the transient behaviour ï SPE-4 

Besides the qualitative evaluation, objective judgement on the acceptability of thermal-

hydraulic models has always been important and thus many quantitative methods have been 

developed over the years. For the evaluation of my three transient calculations, a combination 

of the FFTBM(-SM) and the SARBM methods have been applied, a description of which is 

provided in Appendix B. To perform these assessments, our Institute was given access to an 

Excel Add-in (see in [112]), developed by Andrej Proġek (JSI). 

A great advantage of using the original FFTBM method is that the SPE-4 experiment served as 

one of the primary reference cases during its development. Several professionals have therefore 

used it to evaluate their calculations [112]-[116], providing an opportunity for comparison. My 

simulations were therefore also evaluated first using the original FFTBM, and the results were 

compared to three further calculations taken from [112], in addition to the RELAP5 and 

TRACE ones performed at the BME NTI. This comparison indicated that the RELAP5 model 

of BME provides the most accurate results, while the Apros and TRACE models fall between 

the older models. The detailed comparison has been published in [P2], while in this thesis I will  

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

to produce inconsistent and somewhat unreliable results due to the so called óedge-effectô. 

Further details of this issue, and the ósignal-mirroringô approach used in the FFTBM-SM 

method to eliminate it, are provided in [103] and in Appendix B. 

The single-variable and total accuracy measures calculated by the SARBM and FFTBM-SM 

methods for the entire transient are shown in Table 3.3, where the font colour also indicates the 

categorisation as of Table B.1. In case of the FFTBM-SM, a minimum and a maximum set of 

results are provided, determined by varying the cut-off frequencies. Based on my experience, I 

would recommend carrying out the evaluation primarily using the minimum values to achieve 

a more consistent conclusion, since even these typically provide a worse categorisation 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 comparability, the 

water level curves of the calculations were determined using the same approach: the locally 

measured values were shifted by the elevation of the lower measurement gauge (see Figure 

3.15). Like other users of the methods, first I also carried out the quantitative evaluation using 

these global water levels, the results of which are shown in the rows labelled 'global' in Table 



Chapter 3. Benchmark analyses with Apros 

 

29 

 

3.3. However, I later found these to be suspicious for both the SPE-4 and SPE-2, and therefore 

carried-out further investigations. 

The global water level signals cannot drop below the level of the relevant measurement gauge 

neither in the experiment nor in the simulations. When calculating single parameter average 

amplitudes (AAm), only the denominator (measurement) part is influenced by the selected 

reference level (see in Eq. B.2). The deeper the reference point is, the larger the measured signal 

and thus the smaller the AAm-s are. From the perspective of the measurement gauges, the use 

of a single, global 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 method. This finding could 

therefore serve as an explanation for the unrealistically high accuracy of some parameters in 

previous applications. To eliminate this distorting effect, I 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 of the 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 

Reactor water level LE11 
global 0.239 0.553 0.660 

local 0.319 0.748 0.855 

HL loop seal water level LE31 
global 0.035 0.241 0.369 

local 0.574 1.076 1.193 

CL loop seal water level LE46 
global 0.077 0.202 0.370 

local 0.433 0.695 0.781 

SIT-1 water level LE91 
global 0.006 0.040 0.044 

local 0.213 0.346 0.361 

Core pressure drop DP11 - 0.401 0.756 0.890 

Break flow FL01 - 0.372 0.711 0.890 

Integral break mass  MA01 - 0.063 0.174 0.202 

Primary pressure PR21 - 0.077 0.157 0.282 

Secondary pressure PR81 - 0.059 0.134 0.153 

Rod surface temp. TE15 - 0.255 0.918 0.941 

Upper plenum temp. TE22 - 0.024 0.151 0.170 

Core inlet temp. TE63 - 0.009 0.061 0.076 

Total 
global 0.094 0.284 0.339 

local 0.153 0.375 0.427 

Table 3.3: Results of the improved FFTBM-SM and SARBM evaluations of SPE-4 for the selected 

variables (green - very good, blue - good, yellow - poor, red - very poor) 

In light of this finding, the evaluation was repeated using the local levels, the results of which 

are shown in the rows labelled 'local' in Table 3.3, and are compared to those obtained using 

the global reference calculation. As expected, using local levels affects the accuracy measures 

of the individual parameters differently. In case of LE11 the gauge is located at 0.19 m in the 

lower plenum, therefore, the effect of using local levels is not significant. On the other hand, 

the AF and AAm values of LE31 and LE91 typically increased by an order of magnitude. While 

the results obtained with the new approach are much more consistent, it is important to highlight 

that they are highly sensitive. On the local scale used, water levels undergo significant changes 
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and may travel through the entire level range several times during a LOCA scenario. If, the 

magnitude and nature of these changes are accurately reproduced by a simulation, but with a 

time shift, both quantitative methods are prone to provide a poor assessment. For example, 

Apros reproduced the LE31 and LE46 measurements reasonably well, except for a slight time 

shift, however, the assessment was still extremely poor. The inability of the methods to account 

for and appropriately handle the time shifts can also be observed with other parameters, such 

as the fuel temperature. For example, in the analyses of [113], only one of the calculations was 

able to model the core dry-out, while receiving the worst AAtot value. This demonstrates well 

that if the nature and the timing of the dry-out is not properly modelled, then the discrepancy 

can be more significant compared to a case without dry-out occurrence. Consequently, the 

quantitative methods should only be used with due caution and in conjunction with qualitative 

assessment, otherwise they can result in misleading conclusions. 

Beyond the sensitive LE31 and LE46 water levels, the LE11, DP11, FL01 and TE15 parameters 

were deemed as poor by the methods. This is reasonable, since the RPV water level (Figure 

3.12) and, consequently, the core pressure drop were indeed underestimated, and the dry-out 

temperature (Figure 3.13) was overestimated by Apros, despite the main characteristics being 

reproduced. Meanwhile, in case of the break mass flow rate (FL01), it was mainly the erroneous 

measurement data that resulted in the poor rating (see [P2]), as confirmed by the assessment of 

the integral mass MA01. 

Beyond the single-variable evaluation, a general (AAtot Ò 0.4) and a strict primary pressure (AA 

Ò 0.1) acceptability criterion have originally been defined for the FFTBM method. Due to the 

introduction of the signal mirroring procedure, the accuracy measures typically increase in the 

FFTBM-SM method. In case of monotonic parameters, like the primary pressure during a 

LOCA, this effect is enhanced and thus the original criterion cannot be directly applied [103] 

[117]. Article [116] suggests that new, higher criterion values could be determined by applying 

the FFTBM-SM method for the same set of calculations. The correction of the used acceptance 

criterion has been investigated in some later studies like [103], but no comprehensive results 

suggested by article [116] were found in the literature. Based on a comparison of the SPE-4 

result of the FFTBM and FFTBM-SM methods and the calculated ratios shown in Table 3.4, I 

proposed the use of a more permissive primary pressure criterion of (AAm Ò 0.2) for FFTBM-

SM calculations in [P2]. Later, the assessment of the SPE-2 and the CL-4.1-03 experiments 

confirmed the adequacy of this proposal [P3] [P4].  

Experiment AAmin AAm,min Ratiomin AAmax AAm,max Ratiomax 

SPE-4 0.117 0.157 1.342 0.144 0.282 1.958 

SPE-2 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 FFTBM-SM 

The Apros simulation result of the SPE-4 were 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 able to justify the 

main differences observed, and all important phenomena were qualitatively well reproduced by 

the simulation, so overall I found the Apros model and calculations acceptable. 
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Quantitative assessment of the transient behaviour ï SPE-2 

A similar assessment has also been performed in case of the SPE-2 experiment, but for a slightly 

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

different TH phenomena involved. The results are summarised in Table 3.5. 

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

quantitative assessment showed many similarities with SPE-4: the water levels and the break 

mass flow rate were the one rated óvery poorô here as well. However, the early stabilisation due 

to the high-pressure injection, and the avoidance of the dry-out and reflooding processes, 

generally allowed for a more accurate simulation, and thus a much better evaluation. For 

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

Parameter ID  Level type AF AAm, min AAm, max 

Reactor water level LE11 
global 0.303 0.741 0.842 

local 0.314 0.756 0.858 

HL loop seal water level LE31 
global 0.043 0.206 0.302 

local 0.346 0.597 0.742 

CL loop seal water level LE46 
global 0.070 0.236 0.272 

local 0.132 0.314 0.358 

Downcomer water level LE61 
global 0.102 0.471 0.498 

local 0.107 0.485 0.512 

SIT-2 water level LE92 
global 0.002 0.013 0.015 

local 0.053 0.118 0.130 

Core pressure drop DP11 - 0.248 0.499 0.659 

SG pressure drop DP41 - 0.317 0.314 0.583 

Break mass flow rate FL01 - 0.597 1.319 1.867 

Cold-leg mass flow rate FL51 - 0.231 0.280 0.510 

Primary side pressure PR21 - 0.087 0.204 0.376 

Secondary side pressure PR81 - 0.027 0.068 0.081 

SIT-2 pressure PR92 - 0.039 0.101 0.126 

Heater rod surface temperature TE15 - 0.019 0.088 0.111 

Upper plenum temperature TE22 - 0.010 0.036 0.049 

SG inlet coolant temperature TE41 - 0.018 0.081 0.105 

SG outlet coolant temperature TE42 - 0.019 0.079 0.096 

Core inlet coolant temperature TE63 - 0.019 0.069 0.079 

Total 
global 0.061 0.162 0.216 

local 0.076 0.182 0.238 

Table 3.5: Results of the improved FFTBM-SM and SARBM evaluations of SPE-2 for the selected 

variables (green - very good, blue - good, yellow - poor, red - very 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 (see Table 3.4). Figure 3.14 

shows that this is due to inaccurate modelling of the first few seconds of the transient, where 

the calculation 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 different intrinsic 

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

found the Apros model suitable for simulating the SPE-2 experiment as well despite the failure 

of the pressure criterion of the FFTBM-SM method. Finally, the effects of using either the local 

or global water level references on the results are demonstrated also for SPE-2 in Table 3.5. 
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3.2.4. Results of the CL-4.1-03 experiment 

In the OECD PSB-VVER project, a series of experiments were conducted in the facility, one 

of which is the CL-4.1-03 (or Test 3) transient, carried out in 2004 [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: 

¶ A Ø10 mm break is assumed in the cold-leg of loop #4, located between the pump and 

the downcomer inlet, modelling a 4.1% break of the reference plant. 

¶ Pressurizer is connected to loop #4. 

¶ Experiment started from 1.15 MW power, and decay heat is modelled both in the core 

and core bypass heaters after reactor SCRAM. 

¶ Pump coast-down is simulated. 

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

¶ High-pressure injection system (HPIS) is not available. 

¶ Three low-pressure injection (LPIS) lines (to the cold-leg of loops #1, #3 and #4) are 

available, starting over the cladding temperature of 500 °C. 

¶ Secondary side is isolated after transient initiation. 

¶ The ADS operation limits the overpressurisation of the secondary side. 

Qualitative assessment of the transient behaviour - CL-4.1-03 

The Apros simulation results of the CL-4.1-03 experiment are illustrated and compared to the 

measurement and TRACE simulation in Figure 3.18 - Figure 3.21. The thermal-hydraulics 

processes of this case share similarities with both the SPE-4 and SPE-2, but some important 

differences should be highlighted: 

¶ No secondary side feed and bleed operation is provided here, therefore, the ADS lines 

reached their opening pressure multiple times before the SG heat transfer was reversed. 

¶ Two early, temporary dry-out is observed (Figure 3.18). The first is caused by the slow-

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 injection (Figure 3.20). 

¶ The PSB-VVER facility has a horizontal hot-leg pipeline, so no such temporary loop seal 

may be formed in it as in the case of the PMK-2, which has a declined hot-leg. This is the 

main reason why the pressure build-up process observed in the third phase of SPE-4 does 

not take place here (Figure 3.18). 

¶ The PSB-VVER has four loops, enabling it to describe the asymmetric processes (e.g. 

cold-leg loop seal behaviour), unlike the single-loop PMK-2. 

A detailed description and qualitative analysis of the results have been published in [P4]. Based 

on that, the Apros simulation reproduced the dominant phenomena and the measurement results 

even more accurately than in the PMK-2, mainly thanks to the more detailed and finer 

nodalisation applied in the PSB-VVER model. The most important differences were, however, 

still observed in the RPV water level (Figure 3.20) and in the timing of the dry-out (Figure 

3.21). Apros reproduced the water level associated with the dry-out again with high accuracy, 

unlike TRACE which underestimated it, while due to the slower decrease of the level, the onset 

of the dry-out was delayed. 



Chapter 3. Benchmark analyses with Apros 

 

33 

 

 
 

Figure 3.18: Core outlet pressure [P4] Figure 3.19: Integral break mass [P4] 

  

  

Figure 3.20: Reactor vessel water level [P4] Figure 3.21: Fuel rod surface temperature (top) 

[P4] 

Quantitative assessment of the transient behaviour - CL-4.1-03 

The results of the quantitative evaluation of the CL-4.1-03 experiment are summarised in Table 

3.6. These are consistent with the qualitative observations and confirm that the PSB-VVER 

Apros model was able to reproduce a cold-leg SBLOCA event, featuring dry-out and reflooding 

processes, more accurately than the PMK-2 Apros model (see the case of SPE-4). This finding 

was really useful and informative for me, as it enabled me to evaluate the differences in the 

modelling approaches and settings used for the two models, and to consider these experiences 

during the development of the SCW-SMR model, introduced in Chapter 4. 

Apart from some differential pressure signals, only the rod surface temperature showed weak 

agreement in this experiment. This is reasonable, given that the differential pressure signals 

were subject to large variations and fluctuations, which are difficult to reproduce perfectly in a 

simulation. However, the effect of these fluctuations can be mitigated by applying an 

appropriately selected cut-off frequency, as demonstrated in Table 3.6. In case of the rod 

temperature, as in SPE-4, the time shift of the dry-out peak led to the poorer evaluation. The 

general and strict pressure criteria were, however, met by a large margin. 

In most cases of the CL-4.1-03 experiment, the results from the differential pressure 

measurements were directly available instead of water levels. In the remaining cases, the water 

levels measured on a local scale were provided. This means that, unlike for SPEs, the evaluation 

here did not require the water level conversions, and could be used directly as a ólocalô value. 
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Parameter ID  AF AAm,min AAm,max 

Pressure at core outlet YC01P17 0.051 0.082 0.106 

Pressure in PRZ YP01P01 0.053 0.114 0.168 

Pressure in SG3 YB03P01 0.024 0.070 0.139 

Pressure in SG4 YB04P01 0.018 0.066 0.114 

SG3 water level YB03L01 0.025 0.099 0.189 

SG4 water level YB04L01 0.046 0.108 0.178 

HA-2 water level TH02L01 0.049 0.127 0.151 

HA-4 water level TH04L01 0.022 0.083 0.102 

HA-2 pressure TH02P01 0.059 0.161 0.170 

HA-4 pressure TH04P01 0.069 0.149 0.158 

Rod surf. temp. (top) YC01T11 0.139 0.585 0.641 

Rod surf. temp. (mid.) YC01T84 0.051 0.374 0.464 

Rod surf. temp. (bot.) YC01T123 0.010 0.052 0.085 

Temperature in DC YC01T259 0.024 0.191 0.353 

Temp. above core YC01T04b 0.037 0.282 0.325 

Core power YC01N01 0.004 0.010 0.040 

SG3 inlet temp. YA03T04 0.050 0.233 0.318 

SG3 outlet temp. YA03T25 0.028 0.094 0.119 

SG4 inlet temp. YA04T04 0.019 0.144 0.306 

SG4 outlet temp. YA04T25 0.023 0.097 0.123 

DC diff. pressure YC01DP01-05 0.117 0.430 0.610 

Core diff. pressure YC01DP07-10 0.164 0.603 0.896 

UP diff. pressure YC01DP11-15 0.189 0.358 0.608 

Core bypass diff. pres. YC01DP17 0.140 0.521 0.788 

Loop seal #3 diff. pres. YA03DP04-05 0.268 0.414 0.544 

SG3 cold header diff. pressure YA03DP13 0.210 0.099 0.223 

SG3 hot header diff. pressure YA03DP14 0.092 0.114 0.293 

Loop seal #4 diff. pressure YA04DP04-05 0.076 0.135 0.299 

SG4 cold header diff. pressure YA04DP13 0.145 0.160 0.300 

SG4 hot header diff. pressure YA04DP14 0.290 0.342 0.672 

Integral break flow MassBr 0.051 0.104 0.329 

RPV collapsed level Lpv 0.089 0.262 0.413 

System mass Mass1 0.090 0.174 0.315 

Total 0.056 0.190 0.277 

Table 3.6: Results of the improved FFTBM-SM and SARBM evaluations of CL-4.1-03 for the selected 

variables (green - very good, blue - good, yellow - poor, red - very poor) [P4] 

As was highlighted at the beginning of the section, these LOCA-type benchmark analyses are 

only of limited use for establishing the SCW-SMR modelling and analyses due to the relevant 

geometry and initial pressure. Nevertheless, they significantly contributed to the development 

of a suitable SCW-SMR model (see Chapter 4). The following are some key examples: 

¶ A comparison of the results obtained from the PMK-2 model, which employed coarser 

nodalisation, with those from the PSB-VVER model, which utilised finer nodalisation, was 

undertaken to ascertain the most appropriate nodalisation for the SCW-SMR model. 

¶ The experience gained with the two-channel UP nodalisation of the PSB-VVER model 

proved instrumental in the development of the DC nodalisation of the SCW-SMR model. 

¶ 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. 

¶ In the SCW-SMR 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 model of the SCW-SMR concept 

Following the benchmarking activities, an Apros (version 6.11SR1) model of the SCW-SMR 

concept, presented in Section 2.2, was developed to analyse its steady-state and transient 

behaviour (such as an SBO and LOCA), which has influenced the modelling considerations in 

several areas. 

The data used for the modelling of the RPV were obtained from the CAD (Computer-Aided 

Design) model and the documents provided by the developers [79]-[81]. In case of the primary, 

safety and I&C systems, due to incomplete and only preliminary information available (see 

Section 2.2.2), the system code models (Apros at the BME and RELAP/SCDAPSIM at 

University of Pisa [118]) and the 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 that the 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 ECC-SMART project and my PhD research was not to 

precisely design the safety systems, to elaborate their defence in depth categorisation or to 

examine their technical feasibility in the current pre-conceptualisation phase yet, but to 

investigate the basic thermal-hydraulics 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 elaboration of these 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, I maintained continuous contact with the concept developers, 

colleagues from the University of Pisa and other project partners. The aim was to harmonise 

the modelling considerations as much as possible. The Apros models, their main features and 

the content of this chapter were originally published in the following papers: [P5] - [P9]. 

4.1. Reactor vessel 

The Apros diagram modelling the reactor pressure vessel is presented in Figure 4.1, where the 

numbering of the regions follows that of Figure 2.5 for an easier identification. 

First, I would like to emphasise that I have extensively used the so-called User Component 

(UC) feature available in Apros. These are reusable, user-created structures consisting of 

standard Apros modules and other components. The configuration and use of UC instances on 

the main diagrams are similar to that of the standard modules, with the difference that UC 

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 use such a 

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. This approach is optimal for modelling the 

heat-up stages of the SCW-SMR concept, as it allows a more coherent and comprehensive 

representation of the model, so a dedicated UC has been developed. Its symbol, used in the 

main diagram (Figure 4.1), and its internal substructure are shown in Figure 4.2 and Figure 4.3, 

respectively. The UC structure of each heat-up stage includes the following components: 
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¶ Horizontal coolant channels are modelled by three flow channels per stage. One represents 

the five assemblies with the highest power (hot), one the five assemblies with the lowest 

power (cold), and one the remaining (N-10) assemblies (average). 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 of Figure 4.3). In the improved design concept, inlet orifices have been introduced 

at the cold and average coolant channels in order to compensate for the power peaking and 

to achieve a homogeneous power-to-flow ratio in the three channels of each stage. More 

details of these are provided in Section 5.3. 

¶ 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 (cold, 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 section and 1-1 

axial node at the ends (see part B of Figure 4.3). 

¶ The gap space between the assemblies, i.e. the vertical moderator channel, is represented 

by one node per stage (see part A of Figure 4.3). 

 

Figure 4.1: Apros model of the SCW-SMR reactor pressure vessel [P5] 
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Figure 4.2: Symbol of the heat-up stage User Component in the Apros model [P5] 

 

Figure 4.3: Substructure of the heat-up stage User Component in the Apros model [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 proposed by Prof. Walter Ambrosini (University 

of Pisa), with one channel representing the five hottest assemblies and another representing the 

remaining N-5 (2-channel model). This approach was further developed with the construction 

of the Apros model by the implementation of the aforementioned three-channel model. 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 codes. It also enables the interpolation 

of the TH data used by the reactor physics model, further improving its accuracy. 

The fuel bundles and their coolant channels are modelled using the DESIGN_REACTOR 

component and the associated 3-3 heat structures (HS). One of these represents the fuel rods, 

while the other two model the three-layer outer walls of the moderator boxes and assemblies. 

The rest of the model uses 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 in Figure 4.3, but the small triangular flags are intended to indicate these 

relationships. The larger flags represent the external connections of the UC, corresponding to 

the small, coloured circular connection points shown on the edges of the UC symbol (see Figure 

4.2). These are used to establish the appropriate connections in the main diagram (see Figure 

4.1). Finally, additional modules are included to define the axial power profiles of each coolant 

channel heat structure individually. 

The source of these profiles was a coupled reactor physics model (see Section 4.5) during the 

steady-state analyses. On the other hand, the transient analyses had to be carried out without 

neutronics calculation, because the available reactor physics models developed by my 

colleagues were either not suitable (Serpent 2), or not yet prepared for coupled transient 

analyses at the time (SPNDYN). Therefore, the following assumptions were made. The relative 

power profiles determined for the nominal state were retained throughout the simulation, while 

the total thermal power of 290 MW was reduced after the initiation of SCRAM, first 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, specified as ñ3a. ANS94 proposal w/ U235 
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only @ 2 sigmaò in Figure 1 of the Attachment 1 ï Appendix K of the book [119], was 

implemented and used in my calculations (conservatively held constant beyond the time frame 

of 10000 seconds of the referenced figure). In the transient analyses, the SCRAM was activated 

assuming a conservative delay. During this period, the total power was conservatively held at 

100 %, assuming no temperature reactivity feedback. 

Seven instances of the UC were placed on the RPV diagram (Figure 4.1), and each was 

individually parameterised based on the number of assemblies and other unique characteristics 

of each heat-up stage. The friction and other pressure loss coefficient settings of the stages, 

which also consider the effect of the wire wraps, are based on the fuel assembly CFD analysis, 

performed by my colleagues at BME using Ansys CFX [120]. The rest 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 the moderator nodes of the UCs. Simple NODE and PIPE 

components were used in this part of the model. In addition, the internal and outer walls of the 

RPV, together with the associated heat transfer and heat loss, were considered with HSs. These 

are indicated by the small flags again. In the nodalisation, particular care was taken to ensure 

that each concentric volume in thermal connection had the same vertical subdivision, allowing 

the HS connections to be established precisely and straightforwardly. This approach presented 

some challenges in the case of the inclined spiral channels, yet their heat transfer was also 

considered as accurately as possible. 

During the development of the RPV model, I have kept in mind the findings of the benchmark 

analyses presented in Chapter 3 and have set options such as the CCFL model, the emergency 

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 downcomer and steam dome consisted of only 1-1 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: 

¶ The modelling of LOCA-type initiating events is expected to be more accurate. 

¶ 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 boxes, respectively. The two cold-leg 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. I aimed to account for these effects by separating the two half-rings. 

In case of the coupled steady-state simulations presented in Chapter 5, the rest of the system 

were disregarded (or not even modelled yet), and instead, appropriate boundary conditions were 

set for the inlet and outlet nozzles of the RPV. Inlet temperature and mass flow rate, and outlet 

pressure boundary conditions were used. Furthermore, the RPV outer wall and the heat losses 

were also neglected in those analyses, because they do not significantly affect the steady-state 

results, but the convergence 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 long-term SBO, these can have a significant effect on the system behaviour, 

therefore, both the heat capacity and the heat loss of the RPV wall were considered there. 
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4.2. Primary loops 

The developed Apros primary loop model of the SCW-SMR is presented in Figure 4.4, where 

the flow goes from the left-hand side to the right. It essentially follows the primary loop concept 

of the HPLWR reactor [74] with appropriate downscaling. As can be seen, 2-2 steam and 

feedwater lines are installed inside the containment, but they join after the containment isolation 

valves, and share a common turbine and feedwater system. 

 
Figure 4.4:. Apros primary loop model of the SCW-SMR [P7] 

The primary loop model includes the hot- and cold-leg pipelines; the containment isolation 

valves; the turbine control, shut-down and check valves; the condenser with its cooling circuit; 

the turbine bypass line with a shut-off valve; the condensate and feedwater pumps; the low- and 

high-pressure re-heaters; the feedwater tank, and connections for the IC and ADS systems. 

In addition to the above components, a number of groups of three valves have also been installed 

at various points in the primary pipeline system, allowing a 200 % guillotine break to be easily 

modelled at various locations (hot/cold-leg, separable/inseparable section). The critical flow 

option #5 of Apros, i.e. the Henry-Fauske critical flow model using the stagnation pressure, 

was selected in case of these break simulator valves. This selection was made on the basis of 

my findings from the series of benchmark analyses conducted at subcritical pressures (see 

Section 3.2). Currently, no critical flow model specified for supercritical pressure is available 

in Apros. However, in the event of an LBLOCA, the pressure at the break drops below the 

critical value in less than 0.1 s (see Chapter 7), so the setting used is considered acceptable. In 

case of the SBO 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 

283 mm 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 lines. The turbine bypass line has an inside diameter of 150 mm, a length 

of 5.5 m, while its shut-off 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 low-pressure reheater. The thermal 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 the high-pressure reheater, 

which sets the inlet temperature of the RPV to 280.0 °C.  

The model described above is capable of setting the required steady-state of the reactor vessel 

and the primary loops with the aid of the dedicated control systems. However, during the 
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investigated transient simulations, most of the primary loop model get separated by shut-off or 

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, the latest Apros model includes the following: 

¶ SCRAM is modelled as described in Section 4.1. 

¶ Turbine bypass line is included in the primary loop model outside of the containment. 

¶ An ADS line is connected to both hot-legs within the containment with a pipe diameter 

of 135 mm. A blowdown tank is not specifically modelled, a boundary condition point is 

used instead. 

¶ Two lines of the passive heat removal system connect the 2-2 hot- and cold-legs, when 

open (IC system). Further details are provided below. 

¶ Two units of accumulators are connected to the moderator region of the RPV. Further 

details are provided below. 

¶ Active (LPIS) and passive (GDCS) low pressure injection systems are connected to the 

moderator region of the RPV. The exact injection location was varied during the LOCA 

analyses (see Chapter 7). 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 SCW-SMR is in the pre-conceptual 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 individual sections 

of Chapter 6 and 7. 

a) The passive residual heat removal system 

The Apros model of one of the two lines of the passive residual heat removal system is presented 

in Figure 4.5. 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 atmosphere, in which 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 have a horizontal 

top hot and a bottom cold collector, both with an inner diameter of 400 mm and a length of 1 m. 

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. The returning 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 drops under 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 of one Isolation Condenser loop of the SCW-SMR [P7] 

The cooling pool is simulated by a two-channel model with vertical- and cross-connections (see 

in Figure 4.5). 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 heat exchanger 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 long-term phase of the SBO. The applied nodalisation of 

the IC loops and the cooling pools is based on system code modelling approaches available in 

the literature, such as [121]-[123], and on my Apros modelling experience on the SG-PHRS 

system of the VVER-1200 reactor type. The initial pool temperature is 30 °C and the initial 

water volume is 300 m3. In the current model, it is assumed that two units of the above-described 

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 system is shown in Figure 4.6. This 

model includes an accumulator module with additional wall heat structures and an injection 

pipeline with a check valve and a shut-off valve. The shut-off valve is open during normal 

operation 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 30 m3, of which 

20 m3 is water and 10 m3 is nitrogen. In the initial state, it has a 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. Currently, two units of this system is included in the Apros 

model, both connected to the RPV.  

 

Figure 4.6: Apros model of one Accumulator system line of the SCW-SMR [P7] 
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4.4. Instrumentation and Control system 

A simplified yet comprehensive I&C system has also been developed to control the systems 

described in the previous sections under both nominal operating and accidental conditions. This 

mostly uses PI controllers and limit value checkers to perform the following interventions: 

¶ perform the SCRAM of the reactor when certain conditions are met, followed by 

controlling the residual heat generated using the implemented tabular data; 

¶ control of the turbine inlet and outlet valves to set the RPV outlet pressure and the flow 

rate to the condenser during nominal operation, and perform turbine protection 

interventions during accidents; 

¶ perform the opening of the turbine bypass line for steam blowdown; 

¶ control of the condensate and feedwater pumps to set the nominal mass flow rate, and 

perform their protective shutdown under certain conditions; 

¶ control of the heating power of the low- and high-pressure reheaters and the flow rate of 

the feedwater tank heating steam to set the RPV inlet temperature and the nominal 

conditions of the feedwater system, as well as to perform their protective shutdown; 

¶ perform the isolation of the containment by closing the isolation valves (CIV); 

¶ open the ADS lines for emergency depressurisation; 

¶ start the IC system for emergency heat removal; 

¶ start the LPIS injection at certain system conditions; 

¶ close the accumulator shut-off valves to prevent nitrogen ingress to the primary system, 

when its water level is low. 

4.5. Coupling with the reactor physics models 

In the frame of the ECC-SMART project, the members of the WP4 work package have 

developed several reactor physics models to enable the accurate neutronics simulation of the 

proposed SCW-SMR core. In particular, I would like to highlight the Serpent 2 and the 

SPNDYN models, which have been coupled with the Apros thermal-hydraulics model as part 

of my collaboration with WP4 colleagues, also involving BSc and MSc students of BME. In 

this section, I focus on the coupling with Serpent 2, while a short summary related to the 

SPNDYN is provided in Appendix D. 

One of the neutronics models of the SCW-SMR was created using the Serpent 2 Monte Carlo 

particle transport code (version 2.1.31) [124] developed at the VTT Technical Research Centre 

of Finland. The code selection was based on the findings of the SCWR-FQT Monte Carlo 

computational benchmark [125], previous experiences of the WP4 members and investigations 

carried out in the ECC-SMART project. The details of the developed core model have been 

published in [82] [P5] [P16] [P17], and are also shown in Figure 4.7. As a result of the core 

optimisation procedure performed by the WP4 colleagues, two types of core loading 

configurations, named ñMIXò and ñUO2ò have been developed, as shown in Figure 4.8 and 

Figure 4.9. 

The objective of the coupling between the Apros and Serpent 2 SCW-SMR models was to 

iteratively determine the nominal, equilibrium reactor physics and thermal-hydraulics states of 

the investigated core configurations [P5]. To achieve this, a semi-automated and weak coupling 

method has been developed. This method ensures that the input data of the Apros / Serpent 2 

models are updated based on the otherôs calculation results before each iteration step. 
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Figure 4.7: Top, front and side views of a general Serpent model [82] 

 

Figure 4.8: MIX core enrichment map and the resulting core power distribution  [P5] 

 

Figure 4.9: UO2 core enrichment map and the resulting core power distribution [P5] 

As input data, Apros requires the average axial power distribution of the five hottest, the five 

coldest, and the remaining N-10 fuel assemblies at each heat-up stage. In this phase of the 

investigation, 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 detectors and an evenly spaced axial 

mesh of 20 bins are defined for the fuel region assembly-by-assembly, resulting in detailed 

axial assembly power distributions characterising the core. The resulting axial power profiles 

are written to text files for post-processing and for the Apros usage. In Apros, users can perform 

model modifications using SCL scripts, which effectively automate the coupling process and 

reduce potential user errors. Therefore, I developed a MATLAB code to generate the SCL script 

that sets the obtained 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 

structural 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 calculation results. A 

MATLAB code has been developed that uses the average temperature and density profiles of 

the five hottest, five coldest and the remaining N-10 assemblies obtained from Apros to 

determine individual profiles for each assembly of the Serpent 2 model using a quadratic 

interpolation procedure. The interpolation is based on the fuel assembly power distribution 

resulting from the previous iteration step. The 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 stainless-steel plates surrounding the core and the reflector) is 

updated by a core-wise average since the neutron cross sections of the affected materials do not 

change significantly within their core-wise temperature range. At this research stage, the 

coupling did not include a tool for monitoring the behaviour (e.g. the thermal expansion) of the 

fuel and other structural materials. Consequently, the density of the solid materials remained 

constant throughout the Serpent 2 simulations. 

The above described coupling procedure (see Figure 4.10) and the referenced MATLAB scripts 

have been developed in collaboration with WP4 colleagues and an MSc student, Péter Mészáros 

[P5] [P16] [P17]. 

 

Figure 4.10: Flowchart of the coupled Serpent 2 - Apros code system for the steady-state calculations 
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5. Coupled steady-state analyses of the SCW-SMR 

The thermophysical properties of supercritical water exhibit rapid changes in the pseudocritical 

region, which has a significant impact on the power distribution in SCWRs. Therefore, the 

coupling of neutronic and thermal-hydraulics codes is crucial in the development of such 

reactors. As various SCWR designs have been developed to different stages (see Section 2.1), 

coupled computational methods have also been reviewed. The fuel channel of the pressure tube 

type CANDU-SCWR was analysed in [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. The high efficiency re-entrant channel (HERC) of the 

Canadian SCWR was also investigated using the 3D fine mesh diffusion code CITATION and 

a single channel model in [127]. In this work, the coolant 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 in [128], by calculating the axial power distribution of an assembly. The calculations 

were also repeated for the CSR1000 fuel assembly in the same work. The HPLWR was also 

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 on calculating the temperature 

and pin power distribution, as well as 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 calculations to analyse the whole systemsô thermal 

hydraulics and reactor physics behaviour is rare in the literature.  

In this chapter, I present the main results and lessons learned from the coupled steady-state 

analyses of the whole SCW-SMR reactor vessel performed using the Apros - Serpent 2 code 

system, as well as the proposed improvements of the concept. As mentioned earlier, only the 

RPV model with appropriate boundary conditions was used in these calculations, while the rest 

of the Apros model was excluded from the simulation.  

It is important to note that this work was carried out in a collaborative effort and is not my sole 

contribution. I was responsible for the Apros calculations and the evaluation of the results, while 

the reactor physics calculations were performed by my colleagues Dr. Boglárka Babcsány, 

Csenge Antók and Péter Mészáros. I personally carried out most of the Apros calculations 

presented here (both concepts with UO2 core map; original concept with MIX core map), while 

a smaller part (improved concept with MIX core map) was performed by Péter Mészáros, an 

MSc student working under our supervision [P16] [P17]. The results and content of this chapter 

were originally published in the following papers: [P5] [P6] [P9]. 

5.1. Iteration s using the coupled code system 

The developed code system was used to perform iterative computations on both the MIX and 

the pure UO2 core configurations (see Figure 4.8 and Figure 4.9). In the iterative process, a 

Serpent 2 calculation was first performed using 500 000 neutrons per generation (1000 active 

and 200 inactive generations) and estimated temperature and density distributions (or those 

derived from previous iterations) (Figure 4.10). The resulting 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 was relatively 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 each 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 steps were usually 

performed to ensure the stability of convergence. 

Figure 5.1 shows an example of the system response and the results of a series of iterations 

following a hypothetical, rough model change. The ñReferenceò curve represents the initial, 

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 seen, the profiles do not 

change after 2-3 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. 

  

Figure 5.1: Radially volume-averaged fuel temperature profiles of the average channel in 

the series of iteration [ P5] 

The results of the coupled calculations for the MIX and pure UO2 cores are presented in the 

following sections. Figure 5.1, and most of the figures of Chapter 5 illustrate the temperature, 

density or power profiles 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 plena of the respective 

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

168 nodes. 

The figures of Section 5.2 and 5.3 show the properties of the cold, average and hot channels in 

a single diagram. However, it should be emphasised that the hot channels of these models 

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 within these assembly groups. This 

limitation of the modelling approach also applies to the investigation of Chapter 6 and 7. 

Nevertheless, the presented profiles are suitable for demonstrating and investigating the extent 

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. Such calculations have also been 

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 the developers [79] [80] using the boundary conditions shown in Table 5.1. Section 5.2.1 

presents the results of the MIX core enrichment map in detail, while Section 5.2.2 summarises 

the key effects and differences of the pure UO2 map. 

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 shown in Figure 5.2 - Figure 

5.14. These are evaluated along the flow path as follows. 

The change in fluid temperature is first plotted in the vertical moderator channel in Figure 5.2. 

Here, the moderator arrives at a temperature of almost 280.8 °C, indicating a 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 outer assembly wall) increases along the stages (see 

Figure 5.6). Secondly, the upper heat-up 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 °C leaves the 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 much lower 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, the main flow reaches a temperature of around 297 °C in the upper 

plenum. It then enters the inlet plenum of the moderator boxes (see region 10 of Figure 2.5). 

According to the preliminary, single channel calculations of the developers [81], this 

temperature is 296 °C, which differs from our detailed calculation with only 1 °C. 

  

Figure 5.2: Upward moderator channel 

temperature profile (1 node per stage) [P5] 

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. In my 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 sections of the boxes. Only minimal differences are observed in the 

moderator inlet plena as they form a large, shared space. This region is heated from the inside 

by the coolant inlet plena and cooled from the outside by the downcomer (see Figure 2.6), but 

these have only a limited effect due to the high mass flow rates. On the 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 consequence of how the data is presented. The long, intermediate section 

of the moderator boxes has a rectangular cross-section and a three-layer wall, including an 

insulating layer (see Figure 2.3). 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 longer nodes have been used in the inactive 

sections, distorting the graphical representation of the data. The higher temperature rise 

observed in the upper stage moderator boxes is due to the warmer coolant with which they are 

in thermal contact. 

In the active (intermediate) section of Figure 5.3, the temperature rises steadily at a slightly 

accelerated rate. This is because the temperature of the corresponding coolant section (shown 

in Figure 5.6) also rises axially at a higher rate than that of the moderator (co-current flows). 

Like the magnitude of the inlet temperature jumps, the upper stages' steeper slope also results 

from the higher coolant-moderator 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 plena also form a shared 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, resulting 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 can be misleading, 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 transfer 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 preliminary calculations of the 

developers indicate a temperature of 308 °C [81], representing a significant discrepancy of 4 °C 

from our detailed calculations. The possible reasons for this are discussed later. As can be seen, 

even at the hottest stage, the moderator temperature remained around 320 °C, far below the 

onset of the pseudo-critical transition, indicating that the three-layer wall successfully fulfilled 

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

The power distribution, as determined using the Serpent 2 model, is shown in Figure 5.4. The 

axial power profile of each stage is cosine-shaped, 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 distribution (envelope of the curves 

per stage) continuously decreases, except for the first heat-up stage. 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 enrichment (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. 

  

Figure 5.4: Axial power distribution  [P5] Figure 5.5: Channelsô power peaking factors of 

the heat-up stages [P5] 

Within the stages, there are significant power differences between the cold, average and hot 

assemblies. The actual channel-wise power peaking factors are plotted in Figure 5.5. The 

highest factors are naturally observed at the top and bottom edges of the core, but the applied 

enrichment map also plays an important role, tending to compensate for the power inequality 

within the stages. However, the lowest enrichment is applied throughout the 7th stage (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 shown in Figure 

5.6 - Figure 5.8. As can be seen, the coolant remains in the liquid-like phase in the first two 

stages, undergoes the pseudo-critical transition in the third stage, and then the gas-like coolant 

is superheated in the remaining stages. The RPV outlet temperature reaches 518 °C, while the 

density drops below 100 kg/m3. According to the preliminary calculations of the developers 

[81], the outlet temperature should only be 500 °C for the specified total power and mass flow 

rate. The RELAP/SCDAPSIM calculations of University of Pisa showed similar temperature 

distributions to ours [118] [P11], and simple enthalpy balance calculations also confirm the 

accuracy of our results. 

  

Figure 5.6: Axial coolant channel temperature 

profiles [P5] 

Figure 5.7: Axial coolant channel density profiles 

[P5] 
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The observed difference is partially attributed to the increased system pressure, as the 

preliminary calculation assumed an inlet value of 25 MPa, while the system code calculations 

used it as the outlet boundary. This change was introduced because RELAP showed improved 

stability at the increased pressure. Apros was not sensitive to this property, but the same 

assumption was made for easier comparability. 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 calculations. It remains to be decided whether it is preferable to 

maintain the increased outlet temperature to achieve an even higher efficiency or 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 

Section 5.3. 

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

for mixing and temperature homogenisation is clearly observed, as the heating of each stageôs 

hot and average channels differs significantly. For example, stage #7 reaches up to 560 °C, 

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 mixing within the outlet coolant plena, a similar 

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

 

Figure 5.8: Coolant channel pressure profiles [P5] 

The pressure (Figure 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 coefficients, but 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. The positive effect of this 

approach can be seen in Figure 5.8. The first three stages contain 40 assemblies each, so the 

pressure curve becomes progressively 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 assembly (Figure 5.9) and velocity (Figure 5.10) by a 

factor of 1.5 at the boundary between stages #3 and #4. This 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 effective, resulting in a total pressure drop of approximately 0.5 MPa for the 

coolant region of the core. 

  

Figure 5.9: Coolant mass flow rate per assembly 

[P5] 

Figure 5.10: Coolant velocity at the assembly inlet 

and outlet [P5] 

Regarding the mass flow rates (Figure 5.9) and velocities (Figure 5.10), it can also be observed 

that the coolant always enters the warmer assemblies at lower velocities and consequently at 

reduced mass flow rates. However, along the active section, the density decrease is more 

enhanced in these assemblies, resulting in much higher exit velocities, especially in the gas-like 

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 receive less coolant, 

further increasing the inequalities. 

 

Figure 5.11: Axial cladding temperature profiles [P5] 

The cladding temperature profiles are shown in Figure 5.11. 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 power distribution 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 cladding temperature, 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, 
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respectively. This indicates a difference of over 100 °C 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 Section 5.3), as this has also been 

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

The radially-averaged and maximum (centreline) fuel temperature profiles are shown in Figure 

5.12 and Figure 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 significant power decrease. 

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. 

  

Figure 5.12: Radially averaged fuel temperature 

profiles [P5] 

Figure 5.13: Centreline fuel temperature profiles 

[P5] 
  

 

Figure 5.14: Downcomer mass flow rates of the two channels [P5] 

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 cold-leg nozzles) are shown in Figure 5.14. 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 flow is directed to the half-ring 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, the higher 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 investigation concerns the setting of the bypass flow 

rates. The reflector space is equipped with a double-walled 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. The appropriate flow rates can be adjusted by varying the number and diameter 

of these holes. However, this process, particularly in the case of the DC-UP bypass, proved to 

be more complicated than expected in both Apros and RELAP [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 

appropriate 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, which is directly 

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 smaller natural circulation loop was 

superimposed on the main flow path, i.e. along the downcomer ï lower plenum ï upward 

moderator channel ï upper plenum ï bypass holes ï and finally, the downcomer (similar to the 

one observed during the SBO analyses and presented in Figure 6.3/B). Finally, a normal flow 

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

mass flow rate remained quite sensitive. Based on the current plans, the control and safety rods 

will also be placed in these gaps, which may strongly influence 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. Therefore, these will have to be considered in more detail in later stages of the 

development, once all the required information is available. 

5.2.2. Calculation results for the pure UO2 core configuration 

The coupled calculations were also repeated with the pure UO2 core (Figure 4.9), the map of 

which was developed based on the experience gained from the calculations with the MIX core. 

A comparison of the results is shown in Figure 5.15 - Figure 5.20. 

The power distribution (Figure 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 (see Figure 4.8 and Figure 4.9), as UO2 with 10.0 % enrichment is used throughout the 

first stage instead of the combination of 9.9 % UO2 and 9.5% MOX. Both maps use only the 

lowest enrichment in the uppermost stage, but this has been reduced from 6.0 % to 5.5 %. The 

channel-wise peaking factors shown in Figure 5.16 have changed significantly only in the two 

uppermost stages, 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, especially at stage #6 (Figure 5.17). Meanwhile, the axial profile of stage #7 is much 

flatter, resulting in an almost unchanged outlet temperature as the total 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: Channelsô power peaking factors of 

the heat-up stages [P5] 

  

  

Figure 5.17: Axial coolant channel temperature 

profiles [P5] 

Figure 5.18: Coolant channel pressure profiles 

[P5] 

  

  

Figure 5.19: Axial cladding temperature profiles 

[P5] 

Figure 5.20: Centreline fuel temperature profiles 

[P5] 

The higher coolant temperatures result in a lower density, increased flow velocity, and, 

therefore, an increase in the pressure drop within the core (Figure 5.18) by approximately 

0.5 bar, or 10 %. The higher temperatures allow a greater heat transfer to the moderator regions, 

which experience an increased heat-up of about 1 °C in the vertical channel and an additional 

1 °C in the boxes. As a result, the inlet coolant temperature of stage #1 is also increased by 

approximately 2 °C (Figure 5.17). The overall higher temperatures can also have an additional 


































































































































