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Abstract 

Carbon-free nuclear power production can help to relieve the increasing energy demand in 

the world. New generation reactors with improved safety, sustainability, reliability, economy 

and security are being developed. Lead-cooled fast reactor (LFR) is one of them. 

Lead-cooled reactors have many advantages related to the use of liquid metal coolants and 

pool-type primary system designs. Still, several technological challenges are to be overcome 

before their successful commercial deployment. The decisions on new designs and licensing 

of LFRs require use of code simulations, due to lack of operational experience and the fact 

that full scale experimental investigations are impractical. Code development and validation 

is necessary in order to reduce uncertainty in predictions for risk assessment and decision 

support. In order to make the decisions robust, i.e. not sensitive to remaining uncertainty, the 

process of collecting necessary evidences should iteratively converge. Extensive sensitivity 

and uncertainty analysis is necessary in order to make the process user-independent. 

The pool-type design introduces 3D phenomena that require application of advanced 

modeling tools such as Computational Fluid Dynamics (CFD). The focus of this thesis is on 

the development and application of CFD modeling and general code validation methodology 

to the following issues of safety importance for LFR: (i) pool thermal stratification and 

mixing, (ii) steam generator tube leakage, (iii) seismic sloshing, and (iv) solidification. 

Thermal mixing and stratification in a pool-type reactor can affect natural circulation stability 

and thus decay heat removal capability and pose thermal stresses on the reactor structures. 

Standalone System Thermal-hydraulics (STH) and CFD codes are either inadequate or too 

computationally expensive for analysis of such phenomena in prototypic conditions. In this 

work an approach to coupling of STH and CFD is proposed and implemented.  For validation 

of standalone and coupled codes TALL-3D facility (lead-bismuth eutectic (LBE) loop) and 

test matrix was designed featuring significant two-way thermal-hydraulic feedbacks between 

the pool-type test section and the rest of the loop. 

The possibility of core voiding due to bubble transport in case of steam generator tube 

leakage/rupture (SGTL/R) is a serious safety concern that can be a showstopper for LFR 

licensing. Voiding of the core increases risks for reactivity insertion accident (RIA) and/or 

local fuel damage due to deteriorated heat transfer. Bubble transport analysis for the ELSY 

(European Lead-cooled SYstem) reactor design demonstrated the effect of uncertainty in 

drag correlation, bubble size distributions and leak location on the core and primary system 

voiding. Possible design solutions for prevention of core voiding in case of SGTL/R are 

discussed. 

The effect of seismic isolation (SI) system on the sloshing of the heavy metal coolant and 

respective mechanical loads on the vessel structures is studied for design basis and beyond 

design basis earthquakes. It was found that SI shifts the frequencies closer to resonance 

conditions for sloshing, thus increasing the loads due to slamming of coolant waves onto the 

vessel internal structures including reactor lid. Possible mitigation measures, such as 

partitioning baffles have been proposed and their effectiveness was analyzed. 
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Coolant solidification is another serious safety issue in liquid metal cooled reactors that can 

cause partial or even full blockage of the coolant flow path and thermo-mechanical loads on 

the primary system structures. Validation of melting/solidification models implemented in 

CFD is a necessary pre-requisite for its application to risk analysis. In this work, the 

parametric analysis in support of the design of a solidification test section (STS) in TALL-

3D facility is carried out. The goals and requirements for the validation experiment and how 

they are satisfied in the design are discussed in the thesis. 

Keywords 

Verification, Validation, Calibration, Sensitivity Analysis, Uncertainty Analysis, CFD, STH, 

Code Coupling, Liquid Lead Coolant, LFR, SGTL/R, Bubble transport, Core voiding, Seismic 

Sloshing, Melting/Solidification.  
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Sammanfattning 

Koldioxidfri kärnkraftproduktion kan hjälpa till att möta det ökande energibehovet i världen. 

En ny generation reaktorer med förbättrad säkerhet, hållbarhet, tillförlitlighet, ekonomi och 

säkerhet är under utveckling. En typ av dessa reaktorer kyls med smält bly. 

Blykylda reaktorer (LFR) har många fördelar relaterade till användningen av flytande 

metallkylmedel och poolutformade primärsystem. Dock måste flera tekniska utmaningar 

lösas för att en kommersialisering skall bli framgångsrik. Beslut om nya konstruktioner och 

licensiering av LFR kräver användning av simuleringar på grund av brist på drifterfarenhet 

och det faktum att experimentella undersökningar i full skala är opraktiska. Kodutveckling 

och validering är nödvändig för att minska osäkerheten i förutsägelser för riskbedömning och 

beslutsstöd. För att göra besluten robusta, dvs inte känsliga för återstående osäkerhet, bör 

processen för att samla nödvändiga bevis vara  iterativt konvergerande. Omfattande 

känslighets- och osäkerhetsanalys är nödvändig för att göra processen användaroberoende. 

Pooltypsdesign introducerar 3D-fenomen som kräver tillämpning av avancerade 

modelleringsverktyg som Computational Fluid Dynamics (CFD). Denna avhandling 

fokuserar på utveckling och tillämpning av CFD-modellering och generell 

kodvalideringsmetodik för följande frågor av betydelse för säkerhet i LFR: (i) termisk 

stratifiering och blandning av kylmedel, (ii) läckage från ånggeneratorrör, (iii) seismisk 

skvalpning, och (iv) frysning. 

Termisk blandning och stratifiering i en reaktortyp av pooltyp kan påverka stabiliteten i den 

naturliga cirkulationen och därigenom förmågan att avlägsna restvärme samt leda till 

termiska påfrestningar i reaktorkonstruktionen. Fristående termohydrauliska system- (STH) 

och CFD-koder är antingen otillräckliga eller för beräkningsmässigt dyrbara för analys av 

sådana fenomen under prototypiska förhållanden. I detta arbete föreslås och implementeras 

ett tillvägagångssätt för koppling av STH och CFD. För validering av fristående och kopplade 

koder utformades en testmatris i TALL-3D-anläggningen (en bly-vismutloop) med 

signifikanta termohydrauliska tvåvägsåterkopplingar mellan en sektion av pooltyp och resten 

av slingan. 

Möjligheten att void uppstår i härden till följd av bubbeltransport från 

ånggeneratorrörläckage /rörbrott (SGTL/R) är ett allvarligt säkerhetsproblem som kan sätta 

stopp för LFR-licensiering. Härdvoid ökar riskerna för reaktivitetsinsättningsolycka och/eller 

lokal bränsleskada på grund av försämrad värmeöverföring. Bubbeltransportanalys för 

ELSY-reaktorn (European Lead-cooled SYstem)-reaktorns design visar effekten av 

osäkerhet i dragkorrelation, bubbelspridningsfördelningar och läckagelokalisering för härden 

och primärsystemet. Möjliga konstruktionslösningar för förebyggande av härdvoid vid 

SGTL/R diskuteras. 

Effekten av ett system för seismisk isolering (SI) på skvalpning av tungmetallkylvätskan och 

respektive mekaniska belastningar på kärlstrukturerna studeras för jordbävningar 

klassificerade inom och utanför konstruktionsförutsättningar. Det visade sig att SI skiftar 

frekvenserna närmare resonansförhållandena för skvalpning, vilket ökar belastningarna på 



viii 

grund av att kylmedelsvågor slår in på kärlets inre strukturer inklusive reaktorlock. 

Eventuella avhjälpande åtgärder, såsom skiljeväggar förslås och deras effektivitet analyseras. 

Frysning av kylmedlet är ett annat allvarligt säkerhetsproblem i metallkylda reaktorer, som 

kan orsaka partiell eller till och med fullständig blockering av kylmedelsflöde och 

termomekaniska belastningar på de primära systemstrukturerna. Validering av smältning- 

och frysningsmodeller som implementeras i CFD är en nödvändig förutsättning för dess 

tillämpning på riskanalys. I detta arbete utförs en parametrisk analys som stöd för 

konstruktion av en sektion för solidifieringsprovning  i TALL-3D-anläggningen. Målen och 

kraven för valideringsexperimentet och hur de tillfredsställs i designen diskuteras i 

avhandlingen. 

Nyckelord 

Verifiering, validering, kalibrering, känslighetsanalys, osäkerhetsanalys, CFD, STH, 

kodkoppling, blykylmedel, LFR, SGTL/R, bubbeltransporter, härdrörelse, seismisk 

skvalpning, smältning/frysning. 
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(iv) design of a validation-grade experimental facility, TALL-3D, for heavy liquid 

metal thermal-hydraulics, 

(v) validation of a commercial CFD software for heavy liquid metal thermal-

hydraulics, 

(vi) development and validation of a coupled STH-CFD code for the integral 

analysis of flows in pool-type heavy liquid metal-cooled systems, and 

(vii) solidification of liquid metal coolant. 

Main findings of the analysis are described in a comprehensive summary of the dissertation. 

Details are further presented in eight archival peer-reviewed publications appended to the 

thesis. 

The research questions were formulated together with my supervisors Pavel Kudinov, Walter 

Villanueva and Dmitry Grishchenko. While the wide range of topics made managing the 

research a tedious task at times, it was a journey full of interesting tasks and enlightening 

discoveries. 

I hope you enjoy your reading. 
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1. Introduction 

The world’s population is expected to increase from 7 to 11 billion by 2100 [1]. Together 

with continuing economic growth the demand for energy is further accelerated. Considering 

that the share of electricity in many end-user sectors (e.g. automotive) is to make up almost 

25% in the final energy consumption by 2040 [2], a decarbonized electricity production 

means are needed. A way to achieve these goals is to use more renewable energy sources and 

nuclear power in the portfolio. In early 2000s, ten countries formed the Generation IV 

International Forum (GIF) with the aim to develop advanced nuclear power plants that can 

be licensed, constructed and operated in sustainable, economic, safe, reliable and secure 

manner. 

 

Figure 1: Generations of nuclear reactor technology [3]. 

GIF selected six reactor types, so-called Generation IV reactors, as promising and worthy of 

further development. The selection process was based following goals in four areas [4]: 

 Sustainability 

o Effective use of fuel resources 

o Waste minimization and management 

o Protection of the environment 

 Efficiency and economic competitiveness 

o Lower life-cycle cost than current reactors 

o Lower financial risk than current reactors 

 Safety and reliability 

o Safe and reliable operation 

o Low likelihood and degree of core damage  

o No need for off-site emergency response 

 Proliferation resistance and physical protection 

o Avoid diversion of weapons-usable material and provide physical protection 

against terrorism. 

The six Generation IV nuclear systems selected are: 

 Gas-cooled fast reactor (GFR) 
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 Lead-cooled fast reactor (LFR) 

 Molten salt reactor (MSR) 

 Sodium-cooled fast reactor (SFR) 

 Supercritical-water-cooled reactor (SCWR) 

 Very-high-temperature reactor (VHTR) 

In 2014, the roadmap was reviewed and a progress report in terms of most relevant 

developments of the six originally selected Generation IV systems, provided [5]. This update 

report included lessons learnt from Fukushima accident emphasizing the need for reliable 

long-term residual heat removal capabilities as well as the necessity to avoid significant off-

site radiological releases in case of severe accident. For the Generation IV systems, additional 

analysis areas were defined related to the use of non-water coolants in most designs, high 

operational temperatures, high reactor power density, and in some cases, the close proximity 

between different fuel-cycle facilities. 

The decisions on new designs and licensing of LFRs require numerical simulations, due to 

the lack of operational experience and the fact that full scale experimental investigations are 

impractical. Therefore, code development and validation is necessary in order to reduce 

uncertainty in predictions for risk assessment and decision support. In order to make the 

decisions robust, i.e. not sensitive to remaining uncertainty, the process of collecting 

necessary evidences should iteratively converge. Extensive sensitivity and uncertainty 

analysis is necessary in order to make the process user-independent. 

1.1. Lead-cooled fast reactors 

1.1.1. Technology description 

The main motivation for the development of a Generation IV LFR is based on the long term 

sustainability of the nuclear energy source and very high level of safety of reactors design 

thanks to the intrinsic features of the coolant. The main coolants that have been considered 

for LFRs are liquid lead (Pb) and lead-bismuth eutectic (LBE) [4]–[7]. 

The sustainability of the fuel cycle is achieved by the implementation of the so-called closed 

fuel cycle: the energy content of fissile material is used efficiently while used fuel (possibly 

from other reactors) is recycled inside the reactor, drastically reducing the amount of long-

life radioactive waste produced and assuring long-term fuel availability. This is possible 

thanks to low moderation by lead coolants resulting in fast neutron spectrum. 

Regarding safety, the lead coolant presents several advantages amongst traditional coolants. 

The nuclear characteristics of lead/LBE with low absorption cross sections and high 

scattering allows the designers to largely space the fuel pins (without excessive neutron 

leakage), reducing the pressure drop of the system and enhancing the natural circulation of 

the primary side. Lead coolant is also a good physical protection shielding radiation. 

Moreover, the typical configuration of the primary system using a non-pressurized large pool, 

the introduction of a passive safety system is strongly favored. Natural circulation heat 

transfer is further supported by the high thermal expansion coefficient, total heat capacity 



3 

(𝜌𝑐𝑝) and thermal conductivity of lead coolants. High boiling point (1748±3°C for Pb, 

1654±16°C for LBE) practically eliminates problems related to coolant boiling in the core 

[8]. 

Lead coolants, unlike sodium, for example, are chemically inert with water and air [9], [10]. 

This permits to install steam generators directly in the primary pool with important 

simplification of the system, able to produce important reduction on the total cost of 

construction and maintenance. 

The reactor coolant outlet temperature is kept below 550°C in most LFR designs [4]. 

However, combining the lead coolant with nitride fuels and high temperature structural 

materials, it is possible to extend the reactor coolant outlet temperature to the 750–800ºC 

range which is potentially suitable for hydrogen production and other process heat 

applications. 

Regarding differences between the two coolants, LBE has a relatively low melting point 

compared to pure lead (125°C vs 327°C) but a disadvantageous accumulation of highly 

radioactive polonium. Therefore, lead is more interesting for nuclear power production and 

LBE is more convenient medium for non-nuclear, e.g. experimental, purposes. 

 

Figure 2: General layout of a pool-type LFR [3]. 
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1.1.2. Overview of LFR designs 

The idea of using heavy liquid metals as nuclear reactor coolants is as old as nuclear power. 

In fact, the world’s first fast reactor Clementine, operating from 1946 to 1952, was cooled by 

liquid mercury while lead and LBE were also potential candidates suggested by Leo Szilard. 

Even though liquid lead and LBE were proposed and investigated as coolants for civilian 

reactors already as early as 1950s in USA, the operational experience with LFRs is mostly 

limited to Alfa class submarines using LBE-cooled nuclear propulsion systems in Soviet 

Union and a handful of non-nuclear experimental facilities. Unfortunately, the experience 

from military submarine programs cannot be easily extrapolated to the LFR since the 

propulsion reactors were small, operated at low capacity factors and at significantly lower 

temperatures than those anticipated for Generation IV LFRs. Moreover, the submarine 

reactors featured an epithermal (not fast) neutron spectrum [5], [6], [11]–[13]. 

Several civil LFR designs have been and currently are under research and development in 

different countries all over the world. An overview of recent advancements, current status 

and future R&D needs regarding experimental and industrial LFR projects can be found in 

[6], [8], [14]–[20]. A brief overview is provided below with selected designs depicted in 

Figure 3. 

In Europe, the initial efforts in LFR research focused on sub-critical Accelerator Driven 

Systems (ADS) with a mission to reduce radiotoxicity of nuclear waste [21]. Since 1998, a 

flexible fast spectrum irradiation facility MYRRHA (Multi-purpose hYbrid Research 

Reactor for high-tech Applications) using LBE coolant is being designed in SCK•CEN, 

Belgium [16], [17]. In early 2000s two projects, PDS-XADS and EUROTRANS, aimed 

development of experimental ADS systems were carried out resulting in two designs 

including the LBE-cooled XT-ADS (eXperimental demonstration of technical feasibility of 

Transmutation in an Accelerator-Driven System) and the lead-cooled EFIT (European 

Facility for Industrial Transmutation) [22]. A major step in the research of critical fast 

reactors was the ELSY (European Lead-cooled System) project which assessed the feasibility 

of an industrial size LFR [18]. Knowledge gained in ELSY project was carried forward into 

LEADER (Lead-cooled European Advanced DEmonstration Reactor) project aiming to 

design a demonstration plant ALFRED (Advanced Lead-cooled Fast Reactor European 

Demonstrator), an industrial prototype PROLFR (PROtotype Lead-cooled Fast Reactor) and 

a first-of-a-kind industrial-size ELFR (European Lead-cooled Fast Reactor) [5], [6], [11], 

[15], [18]. Concurrently, two small LFR designs have been developed in Sweden: an 

education and training reactor ELECTRA (European LEad-Cooled TRAining Reactor) [23] 

and a commercial reactor SEALER (SwEdish Advanced LEad Reactor) for safe and reliable 

power production at remote sites [24]. 

In Russia, two LBE-cooled systems have been designed, namely SVBR-10/75/100 

(Svintsovo Vismutovyi Bystriy Reaktor) and ANGSTREM (previously known as AS MM-

91) [5]. Lead-cooled reactor designs include BREST-300 and BREST-1200 (Bystryi REactor 

so Svintsovym Teplonositelem) that differ from other LFR designs in that they use integral-

loop primary system configuration where the steam generators are located in separate pools 

outside the primary vessel to reduce the consequences of a potential SGTR/L accident [6]. 
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In USA, the proposed LFR designs include G4M (Gen4 Module), ENHS (Encapsulated 

Nuclear Heat Source) and STAR (Secure Transportable Autonomous Reactor) project. The 

latter aims to design STAR-LM (Secure Transportable Autonomous Reactor - Liquid Metal), 

STAR-H2 (Secure Transportable Autonomous Reactor – Hydrogen production), SSTAR 

(Small Secure Transportable Autonomous Reactor). All those designs are characterized by 

modularity, increased safety margins, high degree of passive safety and high plant efficiency. 

They are suitable for areas with limited grid capacity, isolated population and flexible for 

applications beyond power production such as water desalination and hydrogen production 

[19]. 

In China, an ADS Engineering project has been launched with the aim to construct a 

transmutation system using an LBE-cooled CLEAR (China LEAd-based Reactor) design the 

reference [5]. The project foresees developments of CLEAR-I, CLEAR-II and CLEAR-III 

with gradual increase of unit power from 10 to 1000 MW. 

In Japan, two LBE-cooled design concepts have been developed: a 150 MWth LSPR (Long-

life safe simple small portable proliferation-resistant reactor) and a 450 MWth PBWFR (Pb‐

Bi‐cooled direct contact boiling Water Fast Reactor) [25]. 

In Korea, an LBE-cooled LFR design PEACER (Proliferation-resistant, Environmentally-

Friendly, Accident-tolerant, Continuable-energy, and Economical Reactor) has been 

developed for transmutation purposes. Two versions of the design exist: PEACER-300 (850 

MWth) and PEACER-500 (1560 MWth). 

 

Figure 3: Examples of LFR designs developed in the world. 

1.1.3. Technology gaps 

Despite the significant efforts dedicated to the research and development (R&D) worldwide, 

commercial demonstration of Generation IV LFR technology requires some breakthroughs 

and innovations. 
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Innovative design and technology features are needed to achieve high safety and security 

standards, minimize waste and enhance non-proliferation through advanced fuel cycles, as 

well as to improve economic competitiveness, especially with a high availability factor. In 

particular, innovative fuels and structural materials are needed to sustain high fast neutron 

fluxes and high temperatures, as well as to comply with metal coolants [4], [11]. 

The main R&D challenges for the LFR feasibility are corrosion and erosion of structural 

materials, seismic risk, in-service inspection of core, refueling at high temperature, spent fuel 

management, chemistry control, prevention of flow blockage, radiation damage development 

of measuring devices, advanced M&S tools [11]. 

Fuels and materials 

LFRs can use conventional uranium oxide fuels, mixed oxide (MOX) fuels, fuels including 

minor actinides (MAs) as well as more innovative metallic and nitride fuels. The performance 

and compatibility with cladding materials have to be assessed for every fuel type. 

Cladding materials need to be compatible with fuels from inside and coolant from outside. 

They have to be able to sustain fast neutron radiation damage and high temperatures for 15-

20 years. Some lessons learned in the SFR programs can also be adapted to LFRs [4]. 

When operating the reactor at the 750–800ºC range, more extensive R&D is required than 

for the <550ºC option.  For example, the LBE option should be avoided, and the less corrosive 

properties of Pb help to enable the use of new high-temperature materials [4]. 

System design 

For the fuel assemblies, open and closed lattice options with different solutions for spacers 

have been considered. Core design therefore needs to account for natural and forced 

convection heat transfer in those configurations. Neutronics data and analysis tools must be 

developed. 

Coolant chemistry control, especially oxygen and Po210 management is required to maintain 

safety with respect to materials and radiation. 

Innovative, inherently passive safety systems and decay heat removal methods like natural 

circulation and lift pumps must be designed and tested. In-vessel steam generator designs, 

core internals support and refueling machinery have to be designed keeping in mind opacity 

and high density (note that steel is buoyant in lead) of lead coolants. 

High density and total mass raises also concerns regarding seismicity. Special isolation and 

damping devices have to be developed. 

Balance of plant 

Options for the secondary side include supercritical steam Rankine or supercritical CO2 

Brayton cycle. For high temperature option, hydrogen production technologies and heat 

exchangers for process heat applications have to be accustomed to LFRs set-ups. 
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Economics 

The competitiveness of LFRs compared to other energy production methods can be increased 

by using more scalable, modular designs and factory fabrication. 

Fuel cycle technology 

Considering the advanced closed fuel cycles, methods and facilities are needed for fuel 

fabrication and reprocessing as well as for waste management. 

To address the abovementioned R&D challenges efforts have to be send on both, numerical 

and experimental analysis. Irradiation tools, material and fuel fabrication and testing facilities 

are required. Experimental facilities, including loops and pool-type facilities, are required for 

the design and testing of components and sub-systems as well as code (model) qualification 

and validation, which is essential for the reactor design and safety analyses. For more details 

the reader is referred to [4], [11], [26], [27]. 

Out of many technological issues described in the previous section, this thesis focusses on a 

set of thermal-hydraulic phenomena of safety importance in pool-type LFRs that require 

application of Computational Fluid Dynamic (CFD) codes. Due to lack of operational 

experience, evolving designs and stringent regulatory requirements, the design and safety 

analysis of Generation IV metal cooled reactors has to rely on numerical modeling and 

simulation (M&S). Validation is a prerequisite for application of advanced M&S in the 

design and safety analysis. Significant progress has been made in the development of code 

validation  methods [28]–[33]. 

1.2. ELSY reactor 

The topics addressed as well as methodologies developed in this thesis are relevant to any 

LFR. However, the ELSY (European Lead-Cooled SYstem) reactor has been used and 

referred to in several cases including sloshing and steam bubble transport analysis. 

ELSY is an industrial size LFR concept designed to comply with the Generation IV goals 

[18], [34]. Thermal power of the reactor is 1500 MW, which corresponds to electrical power 

of 600 MW at approximately 40% efficiency. Liquid lead is used as the primary coolant. 

ELSY adopts a simplified pool-type primary system, which accommodates all important 

reactor components including the primary coolant inventory thus eliminating problems 

related to out-of-vessel coolant circulation (Figure 4). The primary vessel is 8.65 m high and 

12.4 m in diameter. The reactor cover is a steel plate with penetrations for insertion and 

support of in-pool components such as fuel assemblies, SG units, decay heat removal coolers. 

In normal operation, the heat produced in the core is removed by eight compact spiral-wound 

tube bank SGs [34],[35]. SGs are anchored to the roof and immersed in the primary coolant 

as symmetrically positioned pairs around the core. Every SG is equipped with a coaxial pump 

to circulate the lead coolant (see Figure 5 for details). Hot lead is pumped from the hot plenum 

above the core through pumps into the SG unit where it turns into radial direction and passes 

through the SG tube bank. Lead exits the SG through the perforated double-wall into the 

downcomer where it continues back to the core entrance at the bottom of the vessel. This 
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simple flow path with the heat source (core) located at the bottom of the riser and the heat 

sink (SGs) at the top of the downcomer to allow for efficient natural convection. 

 
Figure 4: ELSY primary system [18]. Courtesy of ELSY 

project. 

 
Figure 5: Spiral-wound SG [34]. 

Courtesy of ELSY project. 

The reference core design uses wrapper-less (open) square fuel assemblies with conventional 

MOX fuel [34], [36]. Primary side of ELSY is characterized by relatively slow (<2 m/s) 

single-phase liquid metal flow at temperatures in range of 400-480°C. Secondary side is 

designed to operate at high flow rates and high pressures (13-26 MPa) using either Rankine 

(steam) or Brayton (gas) cycle [37]. 

1.3. Motivation, goals and tasks 

The ultimate goal of the work described in this thesis is to advance and demonstrate the 

methodology for application of CFD in the safety analysis of LFRs. Following tasks have 

been carried out in order to further develop and demonstrate different aspects of the 

methodology and achieve progress in addressing LFR specific safety issues: 

1. Validation of CFD and coupled STH-CFD codes against TALL-3D data featuring 

effects of thermal stratification and mixing in a pool on the system scale natural 

circulation: 

o Natural circulation that can be used as an inherent safety feature for passive 

heat removal in LFRs is driven by weak forces (i.e. buoyancy) depending 

greatly on the heat transfer. 

o Modeling of turbulent heat transfer in low-Prandtl number liquid metals 

requires special attention (i.e. inapplicability of Reynolds analogy stating 

𝑃𝑟𝑡 = 1 which yields good results at molecular Prandtl numbers larger than 

𝑃𝑟 ≥ 0.7). Requires CFD for adequate modeling. 

o The flow in the pool-type primary systems of LFRs is multi-dimensional in 

nature (i.e. simultaneous presence of 1D, 2D and 3D regions) – requires CFD 

for adequate representation. 

o Large reactor systems are characterized by a wide range of temporal and 

spatial scales (multi-scale problem) and mutual feedbacks between different 
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scales (e.g. 1D vs 3D, parallel flow paths) – requires coupled STH-CFD 

approaches for efficient analysis. 

o Validation of numerical tools must be based on experimental data – requires 

validation grade experiment. TALL-3D experiment is expressly designed 

with the requirements for the validation of standalone and coupled codes mind 

(see Section 3.3 for detailed description). 

2. Application of CFD to assessment of dynamic loads on the vessel structures of pool-

type reactor and void entrapment into liquid metal coolant in case of seismically 

induced sloshing: 

o High density and large total mass of the reactor coolant combined with the 

presence of free surface raises seismic concerns. Potential for liquid sloshing. 

o The effect of seismic isolation systems, an effective approach to reduce 

mechanical stresses in rigid structures by lowering excitation frequency, on 

the liquid behavior is unclear. Potential for violent sloshing. 

o Sloshing is a transient, multi-phase/multi-dimensional problem that requires 

CFD for adequately analysis. 

3. Modeling of steam bubble transport to the core region in case of steam generator tube 

leakage 

o Steam generator is subjected to harsh/adverse conditions in the LFR primary 

system in terms of high potential for corrosion, erosion. Potential for tube 

failures. 

o Moreover, the difference in pressures on either side of HX is very large 

(>10 MPa). Potential for steam ingression into the primary system. 

o Small leaks are difficult to detect on time (experience from LWRs). 

o Since steam generators have been positioned directly inside the primary pool. 

The proximity to the core raises concerns of steam/void entrainment to the 

core. 

o Large LFRs cores have locally positive void coefficients in their central parts 

(due to dominant spectral effect, i.e. leakage due to expansion is less than 

positive reactivity due to hardening of the spectrum). 

o Accumulation of steam bubbles in the primary system can lead to deteriorated 

heat transfer in the core region. 

o Bubble transport in turbulent liquid is a transient multi-phase/multi-

dimensional problem that requires CFD for adequate analysis. 

4. Design of a solidification test section (STS) in TALL-3D facility for validation of 

CFD models 

o High melting temperature of liquid metals requires efforts to maintain the 

coolant in liquid state throughout the whole primary system at all times. 

o Coolant freezing due to accidental overcooling of LBE in steam generators 

and decay heat removal systems affects flow and heat transfer: 

 Increased resistance to flow due to reduced flow areas. 

 Potential for alternating flow paths and stopping the flow altogether. 

 With the reduced fraction of convection, heat transfer becomes more 

reliant on conduction. 
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o Reduced flow rates may lead to increase in core temperatures and decrease in 

temperatures near heat exchangers and exterior surfaces. Potential for re-

melting is complex phenomena. 

o Melting-solidification problem is a transient multi-phase/multi-dimensional 

problem that requires CFD for adequate analysis. 

Since the common denominator in the analysis of all of the above-mentioned safety concerns 

is the use of modeling and simulations, special attention in this work is given to the 

development of a user-independent validation methodology 

1.4. Main achievements 

 Contribution to development of a robust validation methodology with focus on 

CFD and coupled STH-CFD codes applications 

Extensive sensitivity and uncertainty analysis as well as evidence based calibration are 

needed to make the end result of the iterative validation process user-independent. CFD (and 

coupled STH-CFD) code inputs are characterized with large number of UIPs. This presence 

of large number of parameters requires sufficient number of experimental data to constrain 

the problem. Since manual parameter tuning is computationally costly and may not lead to 

user-independent model definition, an automatic calibration based on constrained 

optimization has been used. An approach to efficient visualization of the sensitivity analysis 

results in case of multiple input and output parameters was proposed and used in the 

validation of Star-CCM+ against TALL-3D data. 

 CFD analysis in support of a design of the validation experiment TALL-3D 

A liquid LBE loop TALL-3D has been conceived expressly for providing high-quality 

experimental data for validation of standalone and coupled STH and CFD codes. Parametric 

studies, scaling and CFD analysis were used in order to define conceptual design, geometrical 

characteristics and operational conditions (e.g. coolant flow and heater power) for the 3D 

pool test section in the facility such that provide mutual feedback between natural circulation 

in the loop and complex 3D mixing and stratification phenomena in the pool-type test section. 

 Validation of Star-CCM+ against TALL-3D data for pool mixing and 

stratification phenomena 

The predictive capabilities of Star-CCM+ regarding liquid metal thermal-hydraulics have 

been assessed. The most influential modeling parameters have been identified employing 

sensitivity analysis visualization methods developed during the project. The most influential 

parameters have been verified and calibrated using manual and automatic calibration 

methods. It is demonstrated that after evidence based calibration the local characteristics (i.e. 

in-pool temperatures) can be predicted within the experimental uncertainty. Uncertainty 

analysis of numerical results is used to show the effect of input uncertainties on the 

prediction. 

 Development and validation of coupled RELAP5/Star-CCM+ 



11 

A domain overlapping approach was developed for coupling of RELAP5/Star-CCM+ codes. 

The verification of the approach was carried out using dedicated verification exercises. 

Preliminary validation of the coupled code was done against different steady states and 

transients in TALL-3D experimental facility. The coupled code is able to capture the effect 

of feedbacks between thermal mixing and stratification in the pool-type 3D test section on 

the loop behavior, which is unattainable by the standalone codes. 

 Quantification of the possibility of core and primary system voiding in case of 

steam generator tube leak 

CFD modeling of bubble transport was used to quantify the possibility of primary system 

voiding in case of steam generator tube leak in ELSY reactor. Different sources of 

uncertainties were addressed including location of the break (scenario, aleatory), bubble size 

distribution (scenario, aleatory) and bubble drag (modeling, epistemic). Conditions leading 

to the most severe consequences have been identified. It was shown that knowledge about 

gas bubble drag in liquid lead for sub-millimeter size bubbles can significantly reduce 

uncertainty in prediction of primary system voiding rate. The effect of the leak location was 

also found to be significant uncertainty factor. Suggestions for reduction of the uncertainty 

of the core voiding risk were developed. 

 Analysis of seismic sloshing effects in LFRs 

Risks related to sloshing of liquid metal coolant due to seismic excitations were investigated 

including (i) fluid-structure interactions and (ii) gas entrapment in the coolant with 

subsequent transport to the core region. A map of sloshing modes has been developed to 

characterize the sloshing response as a function of seismic excitation parameters. 

Hydrodynamic forces on structures and potential for coolant voiding have been estimated 

with 2D and 3D simulations. The study of the effect of seismic isolation system showed that 

the isolation can shift effective excitation frequencies closer to the natural frequencies of the 

liquid, thus leading to increased sloshing and respective loads on the structures. A mitigation 

solution in form of a partitioning baffle is proposed and its effectiveness is analyzed. 

 Design of a melting-solidification experiment 

Coolant solidification is a serious safety concern in liquid metal reactors. Solidification, e.g. 

in case of abnormally excessive performance of the heat exchangers, can affect local heat 

transfer and lead to partial or even complete flow blockage. Prediction of such scenarios with 

complex interactions between local physical phenomena of solidification and system scale 

natural circulation is subject to modelling (epistemic) uncertainty. Development and 

validation of adequate models requires validation grade experimental data. 

CFD analysis has been carried out in support of development of validation experiment for 

metal coolant solidification. The experiment will use a dedicated solidification test section 

(STS) installed in the TALL-3D facility. Based on the parametric studies a conceptual design, 

geometrical characteristics, operational regimes and test matrix for the STS were defined. 

The effect of solidification modelling (model types and model closure parameters) was 

addressed. It was shown that the effect of the Flow Stop Solid Volume Fraction should have 
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significant effect on the predictions for the STS conditions and thus can be validated using 

future experimental data. 

1.5. Structure of the thesis 

The general structure of the thesis is described here to aid the readers in following specific 

topics. 

After this chapter (“Introduction”), Chapter 2 (“Methodology”) describes the two main tools 

used in this thesis – (i) code validation process and (ii) CFD modeling fundamentals. 

Chapter 3-6 summarize the main developments, analysis, findings and implications on the 

selected thermal-hydraulic phenomena of safety importance in LFRs – Chapter 3 (“Pool 

thermal-hydraulics”), Chapter 4 (“Steam generator tube leakage”), Chapter 5 (“Seismic 

sloshing”), and Chapter 6 (“Solidification”). 

Chapter 7 reflects on the goals, analysis and main achievements of the thesis. 
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2. Methodology 

This section describes the two main tools employed in this work: (i) a robust approach to 

code validation of the decisions based on computational results and (ii) CFD software used 

to analyze the thermal-hydraulics phenomena. 

2.1. Validation approach 

The ultimate goal of the validation process is to develop sufficient evidences for a robust (i.e. 

not sensitive to user assumptions) decision on selected specific application (intended use). 

Note that since it is not realistic to validate a code (model) for a general application, it is 

important to follow the process as per decision/application. 

A successful validation process is: 

i. connected with the intended use, e.g. through the code acceptance criteria; 

ii. systematic and complete, i.e. all sources of uncertainty (aleatory and epistemic) 

addressed; 

iii. iterative, e.g. new data from dedicated validation experiments or from code 

application to risk analysis can demand changes in the validation process; 

iv. converging, i.e. additional iterations do not lead to change in the decision. 

The process (see Figure 6) has three main stages aiming to reduce (i) numerical uncertainty 

(red); (ii) experimental and respective model input uncertainty (green); in order to 

characterize (iii) the model form uncertainty (blue). 

The validation process starts with definition of criteria for decision on code adequacy for 

intended use. The criteria can be expressed in terms of predictive capability maturity model 

(PCMM) [32], [38]. The outcomes of the validation process are characterization and (if 

necessary for the improvement of robustness of the supported decisions) reduction of the 

code (model) uncertainty. 

Design of a validation experiment is an important part of the validation process. For 

successful validation, experimental design and supporting analytical activities should be 

tightly coupled in order to ensure that (i) code (model) uncertainty is the dominant contributor 

to the overall code prediction uncertainty; (ii) relevant regimes can be addressed in the tests; 

(iii) experimental response is sufficiently sensitive to the possible variations of 

initial/boundary conditions. 

Convergence criteria for the numerical model should be fulfilled for the relevant 

experimental conditions. Code input model development usually requires calibration of 

uncertain input parameters using dedicated tests. Lack of numerical convergence and ad-hock 

calibration of the uncertain model input parameters based only on the engineering judgement 

are among the most ubiquitous “user effects” in the validation process. The numerical and 

input models are often “tuned” by a user to perform well for a specific transient, while lacking 

general predictive capabilities for the other transients and/or regimes. 
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Figure 6: Iterative code validation process. 

In order to reduce the user effects, systematic sensitivity studies are necessary to objectively 

identify and quantify major contributors to the uncertainty. Experimental evidences are then 

used in order to reduce the input and experimental uncertainties. This process is applied 

iteratively, to make sure that the initial guesses of the user on the possible ranges of the 

uncertain input parameters has no effect on the calibrated model input. I.e. any user following 

the process of sensitivity analysis and data collection should converge to the same conclusion 

with respect to the code validity. 

At the final stage of the process all sources of uncertainties are propagated through the 

physics model to obtain the simulation SRQs with uncertainties. Simulation SRQs are then 

compared to the experimental SRQs (validation dataset). The disagreement between the 

simulation and the experiment is quantified by applying a validation metric operator. Based 

on the results, the code performance can be concluded to be adequate or not adequate for the 

intended use, or a decision to perform an additional iteration of the validation process can be 

made. Each new iteration commonly involves also improvement of the experiment. 

2.2. Computational Fluid Dynamics (CFD) 

Star-CCM+ is a Computational Aided Engineering (CAE) solution for solving 

multidisciplinary problems in both fluid and solid continuum mechanics [39]. The software 

offers tools required in all stages of engineering analyses including import, creation and 

modification of geometries; mesh generation; solution of the governing equations; analysis 

of the results; automation and streamlining; and design exploration studies. 
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The physical phenomena that can be modeled in Star-CCM+ include fluid and solid 

mechanics, heat transfer, electromagnetism, and chemical reactions. On a macroscopic scale, 

the discrete structure of matter can be neglected and materials can be modeled as continua. 

The mathematical models that describe the physics of continua are derived from fundamental 

laws that express conservation principles. 

The conservation laws for a continuum can be expressed in Eulerian or Lagrangian form. In 

the Eulerian approach, a given volume represents a portion of space where material can flow 

through. In the Lagrangian approach, a given volume represents a portion of material in the 

body, so that an observer follows the material as it moves through space. Both have been 

employed in this dissertation. 

2.2.1. Flow and energy model 

The fundamental laws that govern the response of fluids in response to mechanical forces are 

the conservation of mass, momentum and energy or the Navier-Stokes equations (derived 

independently by G.G Stokes in England and M. Navier in France, in the early 1800’s) [40]. 

The Eulerian formulation of Navier-Stokes equations is presented here in a differential form, 

for an infinitesimal control volume. 

Conservation of mass 

The balance of mass through a control volume is expressed by the continuity equation: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝐯) = 0 

where 𝜌 is the density, i.e. the mass per unit volume, and 𝐯 is the continuum velocity. 

Conservation of momentum 

The time rate of change of linear momentum is equal to the resultant force acting on the 

continuum: 

𝜕(𝜌𝐯)

𝜕𝑡
+ ∇ ∙ (𝜌𝐯⊗ 𝐯) = ∇ ∙ 𝛔 + 𝐟b 

where ⊗ denotes the Kronecker product, 𝐟b is the resultant of the body forces (such as gravity 

and centrifugal forces) per unit volume acting on the continuum, and 𝛔 is the stress tensor. 

For a fluid, the stress tensor is often written as sum of normal stresses and shear stresses, 𝛔 =

−𝑝𝐈 + 𝐓, where 𝑝 is the pressure and 𝐓 is the viscous stress tensor, giving: 

𝜕(𝜌𝐯)

𝜕𝑡
+ ∇ ∙ (𝜌𝐯⊗ 𝐯) = −∇ ∙ (𝑝𝐈) + ∇ ∙ 𝐓 + 𝐟b 

Conservation of energy 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇ ∙ (𝜌𝐸𝐯) = 𝐟b ∙ 𝐯 + ∇ ∙ (𝐯 ∙ 𝐪) − ∇ ∙ 𝐪 + 𝑆𝐸 
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where 𝐸 is the total energy per unit mass, 𝐪 is the heat flux, and 𝑆𝐸 is an energy source per 

unit volume. 

Finite volume discretization 

Discretization methods are used to convert the continuous system of equations to a set of 

discrete algebraic equations, which can be solved using numerical techniques follow a 

general procedure: 

 the continuous domain is divided into a finite number of subdomains (cells/elements), 

 the unknowns are stored at specific locations of the mesh (vertices, cell centroids, 

face centroids, or edges), and 

 an integral or weak form of the differential equations used for spatial discretization. 

Depending on the mathematical model, the continuous equations are discretized using either 

the Finite Volume or the Finite Element method. 

Generally, numerical methods, and this includes the finite-volume method, transform the 

mathematical model into a system of algebraic equations. This transformation involves 

discretizing the governing equations in space and time. The resulting linear equations are 

then solved with an algebraic multigrid solver. 

For unsteady problems, the physical time interval to be analyzed is subdivided into an 

arbitrary number of sub-intervals or time steps. 

When the appropriate constitutive relations are introduced into the conservation equations, a 

closed set of equations is obtained. All conservation equations can be written in terms of a 

generic transport equation. By integrating the generic transport equation over a control 

volume 𝑉 and applying Gauss's divergence theorem, the following integral form of the 

transport equation is obtained: 

𝑑

𝑑𝑡
∫𝜌𝜙𝑑𝑉
𝑉⏟      

𝑇𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 𝑡𝑒𝑟𝑚

+ ∫𝜌𝐯𝜙 ∙ 𝑑𝐚
𝐴⏟      

𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑙𝑢𝑥

= ∫Γ∇𝜙𝑑𝐚
𝐴⏟      

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑓𝑙𝑢𝑥

+ ∫𝑆𝜙𝑑𝑉
𝑉⏟    

𝑆𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚

 

where 𝜙 represents the transport of a scalar property (e.g. velocity, energy, concentration), 𝐴 

is the surface area of the control volume, Γ is the coefficient of diffusivity and 𝑑𝐚 denotes the 

surface vector. 

2.2.2. Turbulence 

The Reynolds-Averaging of the Navier-Stokes equations results in (RANS) equations for the 

mean flow quantities that are essentially identical to the original equations, except an 

additional term appearing in the momentum equation –  the Reynolds stress tensor [39], [40]: 

𝜕(𝜌�̅�)

𝜕𝑡
+ ∇ ∙ (𝜌�̅� ⊗ �̅�) = −∇ ∙ (�̅�𝐈) + ∇ ∙ (𝐓 + 𝐓𝐭) + 𝐟b 
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The challenge is thus to model the Reynolds stress tensor, 𝐓𝑡, in terms of the mean flow 

quantities, and hence provide closure of the governing equations. Two basic approaches are 

(i) eddy viscosity models and, (ii) Reynolds stress transport models. 

In this work, we have mainly used Realizable K-Epsilon turbulence model which is a two-

equation eddy viscosity model. (K-Omega and Reynolds stress transport models have been 

occasionally used for testing, troubleshooting and sensitivity analysis). As a good 

compromise between robustness, computational cost and accuracy, and ability to handle 

complex recirculation and heat transfer, K-Epsilon turbulence models are often 

recommended for industrial applications. 

Eddy viscosity models use the concept of a turbulent viscosity 𝜇𝑡 to model the Reynolds 

stress tensor, 𝐓𝑡, as a function of mean flow quantities (according to the turbulent-viscosity 

hypothesis introduced by Boussinesq in 1877) [39], [40]: 

𝐓𝑡 = 2𝜇𝑡𝐒 −
2

3
(𝜇𝑡∇ ∙ �̅�)𝐈 

where 𝐒 =
1

2
(∇�̅� + ∇�̅�𝑇) is the mean strain rate tensor, �̅� is the mean velocity and 𝐈 is the 

identity tensor. 

Realizable K-Epsilon turbulence model solves transport equations for the turbulent kinetic 

energy 𝑘 and the turbulent dissipation rate 𝜀 [39]: 

𝜕(𝜌𝑘)

𝜕𝑡
+ ∇ ∙ (𝜌𝑘�̅�) = ∇ ∙ [(𝜇 +

𝜇𝑡
𝜎𝑘
) ∇𝑘] + 𝑃𝑘 − 𝜌(𝜀 − 𝜀0) + 𝑆𝑘 

𝜕(𝜌𝜀)

𝜕𝑡
+ ∇ ∙ (𝜌𝜀�̅�) = ∇ ∙ [(𝜇 +

𝜇𝑡
𝜎𝜀
) ∇𝜀] +

1

𝑇𝑒
𝐶𝜀1𝑃𝜀 − 𝐶𝜀2𝑓2𝜌 (

𝜀

𝑇𝑒
−
𝜀0
𝑇0
) + 𝑆𝜀 

in order to determine the turbulent eddy viscosity from: 

𝜇𝑡 = 𝜌𝐶𝜇𝑓𝜇𝑘𝑇 

In the three equations above 𝜌 is the density, 𝜇 is the dynamic viscosity, 𝜎𝑘 , 𝜎𝜀 , 𝐶𝜇, 𝐶𝜀1, 𝐶𝜀2, 

are model coefficients, 𝑃𝑘 and 𝑃𝜀 are production terms, 𝑆𝑘 and 𝑆𝜀 are user-specified source 

terms 𝑓𝜇 and 𝑓2 are damping functions, 𝜀0 is the ambient turbulence value counteracting 

turbulence decay, and 𝑇, 𝑇𝑒 and 𝑇0 are the turbulent time scale, large-eddy time scale the time 

scale of the user-defined ambient source term. A detailed description and the values of 

different terms can be found in [39]. 

2.2.3. Bubble transport modeling 

The Lagrange multiphase flow models are used to simulate and track the flow path of 

dispersed particles in a continuous phase [39]. In this work, we have modelled the transport 

of bubbles in liquid lead with Lagrangian model in conjunction with Eulerian model. Particles 

are not resolved on the Eulerian field, they are sub-grid and the interaction between the phases 

is modeled. The latter can include the associated mass, momentum and heat transfer 

phenomena such as droplet evaporation, particle drag etc. 
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The conservation equation of momentum for a bubble in the Lagrangian framework reads as: 

𝑚𝑝

𝑑𝐯𝑝
𝑑𝑡

= 𝐅𝐷 + 𝐅𝑝 + 𝐅𝑣𝑚⏟        
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑓𝑜𝑟𝑐𝑒𝑠

+ 𝐅𝑔 + 𝐅𝐶𝑜 + 𝐅𝑢⏟        
𝑏𝑜𝑑𝑦 𝑓𝑜𝑟𝑐𝑒𝑠

 

where 𝐯𝑏 is the bubble velocity and the forces are drag (𝐅𝐷), pressure gradient (𝐅𝑝), virtual 

mass (𝐅𝑣𝑚), gravity (𝐅𝑔), Coulomb forces (𝐅𝐶𝑜) and user-defined force (𝐅𝑢). 

The drag force is defined as: 

𝐅𝐷 =
1

2
𝐶𝐷𝜌𝐴𝑏|𝐯s|𝐯s 

where 𝐶𝐷 is the drag coefficient of the bubble, 𝜌 is the liquid density, 𝐴𝑏 is the projected area 

of the particle, and 𝐯s = 𝐯 − 𝐯𝑏 is the bubble slip velocity (𝐯 is the continuous phase 

velocity). 

A bubble in turbulent primary system lead flow experiences a randomly-varying velocity 

field to which it responds according to its inertia. This effect can be modelled by representing 

the instantaneous bubble velocity (𝐯) as a sum of the local Reynolds-averaged velocity (�̅�) 

and the velocity fluctuations due to turbulent eddies (𝐯′): 

𝐯 = �̅� + 𝐯′ 

2.2.4. Free surface 

In general, there are two approaches to model free surfaces – interface tracking and interface 

capturing methods [41]–[43]. First involves construction of a Lagrangian grid to define and 

track the interface. This model provides high accuracy for continuous free surface problems 

but requires re-meshing. The second one is based on fixed grid Eulerian methods which allow 

for capturing discontinuous and breaking interfaces but require special treatment to maintain 

sharp interfaces. Most common examples of Eulerian methods are the VOF (Volume Of 

Fluid), Level Set and Phase Field methods [41]–[46]. In this thesis, we have used the VOF 

method for the study of two-phase flow phenomena in seismic sloshing and coolant 

solidification due to its favorable properties described below. 

VOF method, that has become a popular tool in many recent sloshing studies, is a fixed-grid 

homogeneous Eulerian multiphase method based on the concept of fluid volume fraction 

[47]. It is very efficient for flows with several immiscible, largely separated phases with 

relatively small interfacial area. The numerical grids have to be capable of resolving the 

interface between the phases, though. In VOF, the velocity, temperature and pressure fields 

are assumed common for all phases. The distribution of phases and the position of the gas-

liquid interface are described by the phase volume fraction fields 𝛼𝑖. The volume fraction of 

phase 𝑖 is: 

𝛼𝑖 =
𝑉𝑖
𝑉
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where 𝑉𝑖 is the volume of phase 𝑖 and 𝑉 is the volume of the computational cell. Volume 

fractions of all phases must add up to 1. Respecting this criterion provides intrinsic 

enforcement of mass conservation, which is one of the main strengths of the VOF method.  

The material properties of cells containing the interface are calculated for the mixture: 

𝜌 = Σ𝑖𝜌𝑖𝛼𝑖 

𝜇 =  Σ𝑖𝜇𝑖𝛼𝑖 

𝑐𝑝 = Σ𝑖 (
(𝑐𝑝)𝑖𝜌𝑖

𝜌
)𝛼𝑖 

where 𝜌𝑖 is the density, 𝜇𝑖 is the dynamic viscosity and (𝑐𝑝)𝑖 is the specific heat capacity of 

phase 𝑖. 

The volume fraction is advected using following transport equation: 

𝑑

𝑑𝑡
∫𝛼𝑖𝑑𝑉
𝑉

+∫𝛼𝑖𝐯 ∙ 𝑑𝐚
𝐴

= ∫ (𝑆𝛼𝑖 −
𝛼𝑖
𝜌𝑖

𝐷𝜌𝑖
𝐷𝑡
 ) 𝑑𝑉

𝑉

 

In VOF, no specific boundary condition on the free surface is imposed. This alleviates the 

problem of geometric non-linearity related to steep and highly contorted interfaces during 

sloshing, for example. In Eulerian methods, calculation of the convective fluxes, or flow, 

involves averaging of the flow properties over a mesh element. However, the interface 

between the immiscible coolant and cover gas shall always remain sharp. Therefore, in order 

to avoid smearing of the interface, special treatment is needed to recognize the location of 

the interface and avoid averaging there (see examples in [42], [48]–[55]). 

In Star-CCM+, the sharp interface is reconstructed using HRIC (High-Resolution Interface-

Capturing) scheme based on the NVD (Normalized Variable Diagram) used in the convection 

discretization of the finite volume formulation [39]. 

Solvers 

In most simulations, lead/LBE flow was modelled as incompressible turbulent flow with or 

without heat transfer. Both, segregated and coupled implicit solvers were used with 2nd-order 

upwind discretization schemes. Lead/LBE material properties were implemented in Star-

CCM+ are defined according to lead/LBE handbook prepared by OECD/NEA [8]. 

Turbulence is modelled using Reynolds-Averaged Navier-Stokes (RANS) formulation using 

two-equation Realizable 𝑘 − 𝜀 eddy viscosity model. Buoyancy Driven Two-Layer All-𝑦+ 

model is used for wall treatment, which automatically switches between resolving viscous 

sublayer in fine mesh regions and wall functions in coarser regions [56]. 

Occasionally, mostly for testing or troubleshooting purposes, 1st order modeling, explicit 

modeling of Reynolds stresses (RSM) and explicit solvers were also used. 
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3. Pool thermal-hydraulics 

3.1. Background 

Nuclear power plants are complex systems whose behavior is governed by many different 

physical processes and interactions between them. Nuclear engineering is therefore a domain 

of several disciplines including (but not restricted to) neutronics, thermal-hydraulics, 

chemistry, material science. The simulation of nuclear power plants, then, takes advantage 

of coupling between different physics models, which can span different scales. This takes 

often place in the form of code coupling, which can be defined as any collection of techniques 

using the results of multiple specialized codes to predict the integral behavior of the plant or 

of any of its subsystems. The benefit of code coupling to design, safety analysis and licensing 

of nuclear power plants (NPPs) has been recognized by the International Atomic Energy 

Agency (IAEA) [57]. 

In nuclear reactor analysis, common subjects to coupling are system thermal-hydraulics and 

neutronics; fluid dynamics and structural dynamics; system thermal-hydraulics and local 

fluid dynamics (represented by CFD). The latter is an example of multi-scale coupling, where 

the coupling takes place between different time and lengths scales. The flow and heat transfer 

phenomena in pool-type reactors (e.g. most LFRs and SFRs) exhibit a wide range of spatial 

and temporal scales and is multi-dimensional in nature. Thermal mixing and stratification in 

pool-type components determine the flow fields in steady states and progression of both, 

operational and accidental, transients. 

STH codes have been extensively developed by the nuclear industry, research institutes and 

technical safety organizations for the design, safety and licensing analysis of nuclear 

installations. A large number of these simulation tools are based on the lumped parameter 

theory. Lumped parameter programs use networks consisting of 1D cells, where mass, 

momentum and energy equations are solved for each fluid phase and balanced over each node 

of the network. STH codes are extensively validated against forced circulation conditions in 

one-dimensional experiments and can provide reliable results for complex systems at low 

computational cost. However, reactor-relevant fluid flow and heat transfer phenomena are 

3D in nature, especially in Generation IV pool-type fast reactor designs. Therefore, 1D STH 

codes have limited physics and geometry modeling capabilities for application to problems 

with pronounced 3D phenomena like boron dilution, pressurized thermal shock and main 

steam line break. 

In order to overcome these deficiencies, different approaches are implemented and utilized 

by the system codes’ developers. Some of these are based on the “quasi 2D representation” 

using multiple 1D thermal-hydraulic channels, which are connected by cross-connection 

objects, thus accounting for cross flows between these channels. Another approach for 

detailed 3D simulations is the generation of tables with system codes, containing time 

dependent thermal-hydraulic parameters, which are then provided to the CFD program as 

boundary conditions. Unfortunately, both approaches have significant limitations. Natural 

3D phenomena like thermal mixing in the downcomer of the PWR cannot be simulated 

properly by utilizing 1D cross-connection objects. With the second approach, these 



22 

restrictions are not present but the feedback of the simulated CFD flow domain (e.g. 

downcomer) to the whole simulated system (primary loops, secondary sides) is not captured. 

CFD codes can handle complex geometries and wide range of physics, but they are 

computationally too costly to model and simulate large systems. 

To avoid such constraints, innovative strategies are needed. A recent trend in the nuclear 

reactor safety research is the direct coupling of classical system codes with modern CFD 

simulation tools. Coupling of STH and CFD codes combines the necessary accuracy in 

resolving 3D effects with an affordable computational effort in resolving feedbacks between 

the large scale system and the 3D effects. Further improvement of the efficiency is possible 

with development of simplified surrogate models, which would reproduce important aspects 

of the CFD model at lower cost and couple them with STH codes. To develop and validate a 

surrogate model, a set of coupled STH/CFD simulations is needed. 

In the case of STH-CFD coupling, the macroscale is the integral, coarse mesh, 1D description 

of the system while the micro scale is represented by the 3D, fine mesh domain of the CFD 

simulation. 

There are specific challenges related to the verification and validation of coupled codes. From 

the verification point of view, it is not enough that the constituent codes are verified. It must 

be also ensured that the exchange of information takes place according to the design of the 

coupling algorithm. From the validation point of view, experiments, which can produce data 

to validate all the components of the coupled code are required, even though it is possible to 

imagine instances where the goal of a coupled simulation is only the dynamics at a certain 

scale. In the STH-CFD coupling case, which is the focus of this discussion, this means that 

the experiments should provide data to validate both the STH and the CFD parts of the code 

as well as the coupled code. Such validation experiment must feature following properties: 

 The instrumentation should allow resolving velocity and temperature profiles in the 

CFD domain and average, 1D data in the STH domain, 

 The 3D component’s behavior should not be captured satisfactorily by an STH code, 

 Mutual, two-way feedbacks exist between the system and the component’s dynamics. 

So far, a comprehensive base of experimental data to be used for the validation of coupled 

STH-CFD codes has yet to be developed. In order to fill this gap, a dedicated experimental 

facility, TALL-3D is designed and built. 

This chapter provides a historical overview of STH-CFD coupling, description of TALL-3D 

experiment, and validation of standalone CFD and coupled STH-CFD code. 

3.2. Literature review 

One of the earliest efforts in combining different codes was a U.S. NRC initiative where the 

best estimate codes COBRA-TF and TRAC-PD2 where combined into a COBRA/TRAC 

code to predict the thermal-hydraulic response of nuclear reactor primary systems to small 

and large break loss-of-coolant accidents (LOCA) and other anticipated transients ([58]). 
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COBRA/TRAC was further developed by Westinghouse Electric Corporation into a 

WCOBRA/TRAC code [59] which was validated using extensive full-length emergency 

cooling heat transfer (FLECHT)-SEASET program and used to predict the thermal-hydraulic 

phenomena occurring inside the vessel of a PWR during LOCA with upper plenum injection 

(UPI) [60]. 

Extensive coupled code development program started in early 90’s in Korea Atomic Energy 

Agency (KAERI). First, COBRA-TF and RELAP5/MOD3 Version 5m5 were merged to 

form a best estimate code COBRA/RELAP5 to enhance the simulation capabilities of 

different LOCA-related transients such as upper plenum injection during reflood period of a 

LOCA [61], [62]. Consolidating and restructuring RELAP5/MOD3.2.1.2 and COBRA-TF 

that resulted in a single multi-dimensional STH code MARS (Multi-dimensional Analysis of 

reactor Safety) [63]. 

In these abovementioned cases, a “hard-wired” approach was used by concatenating the 

solution matrices of the codes. Downside of such integration is that the coupled code is not 

in current with the separate developments of the constitutive codes. 

Recently, the possibility to combine any number of programs via generic platforms without 

merging them has gained importance. This allows separate maintenance, update and/or 

replacement of any code in the system. 

One of the first example of using a separate coupling platform is coupling of RELAP5 and 

CONTAIN via Parallel Virtual Machine (PVM) to improve the accuracy and flexibility of 

accident analysis capability, considering both primary system and containment responses 

[64], [65]. 

A generic semi-implicit coupling technique was developed and implemented in RELAP5-3D 

to allow for coupling with any other program [66], [67]. The performance of the model was 

evaluated by coupling RELAP5-3D to itself. 

A proof-of-principle of a fully explicit domain decomposition coupling approach between 

RELAP5-3D and CFDS-FLOW3D (now CFX) codes was demonstrated in [68]. However, 

the testing done on a fast two-phase blowdown transient revealed numerical instabilities that 

were attributed to the explicit coupling methodology. After some developments, a more 

advanced, numerically stable semi-implicit coupling technique was implemented in the 

RELAP5-3D/CFX and RELAP5-3D/COBRA-TF coupled codes [66], [69], [70]. 

A simplified explicit coupling scheme between FLOW1D and NPHASE (both are single 

phase and incompressible) to study the code coupling issues by comparing the simulation 

results to Laufer’s data on fully developed pipe flow [71]. Importance of correct definition 

of physical in- and outflow conditions for the 3D domain was emphasized. 

Thermal mixing of hot helium exiting the core into the outlet plenum of a Very High 

Temperature Reactor (VHTR) has been studied using coupled RELAP5-3D and Fluent [72]. 

The resulting flow and temperature distributions revealed the possibility of too high thermal 

stresses in the outlet plenum structures. 
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A domain decomposition and a domain overlapping coupling schemes were developed for 

CATHARE and TRIO_U [73]. The domain overlapping approach was used to simulate a 

blackout transient in a gas-cooled fast reactor (GFR) with a strong thermal stratification 

observed in the upper plenum. This work was then advanced to develop a coupled 

CATHARE2/TRIO_U code which would be applied and validated against a natural 

circulation test in a sodium-cooled Phenix reactor –to demonstrate the capability of a coupled 

analysis to simulate a complete, real nuclear reactor transient [74], [75]. 

A coupled TRACE V5.0 and ANSYS-CFX R11.0 was developed using two domain 

decomposition coupling schemes – explicit and semi-implicit [76]. Both schemes were 

successfully tested on a simple pipe flow case and explicit method was validated on a double 

T-junction experiment. 

A “proof-of-principle” of the domain overlapping procedure with “Coupling-by-Closures” 

approach was demonstrated in [77] for a test problem with transient drag in a pipe with 

sudden expansion. 

Extensive development, verification and validation activities of a coupled TRACE/CFD code 

are presented in [78]. The purpose of this work was to improve the simulation methodologies 

for strongly multi-dimensional nuclear power plant transient phenomena such as main steam 

line break and boron dilution in the core. 

In order to evaluate the thermal stratification effects in the upper plenum of a sodium cooled 

fast reactor 4S, a coupled SAS4A/SASSYS-1 and STAR-CD was [79]. Coupled analysis 

revealed the impact of fine resolution of thermal stratification on the whole plant 

performance. 

Development, testing and application of an explicit and a semi-implicit domain 

decomposition coupling between ATHLET AND ANSYS-CFX is described in [80]–[85]. 

So-called systems CFD (SCFD) approach in which the models of various level of complexity 

are linked to simulate the complete integrated system are discussed in [86]. Application of 

SCFD on the modeling of flow and heat transfer in a packed pebble bed High Temperature 

Gas-cooled Reactor (HTGR) is provided. 

Gradual development of a semi-implicit domain overlapping coupling methodology for 

RELAP5 and Star-CCM+ by the author and colleagues of this thesis is described in [87]–

[90]. 

Development and testing of a domain overlapping methodology for coupling best estimate 

STH code TRACE and CFD code Star-CCM+ has been presented in [91]–[93]. This coupling 

is motivated by the desire to extend the range of applicability of TRACE to scenarios with 

important local momentum and energy transfer such as boron mixing and dilution, 

Anticipated Transient Without SCRAM (ATWS) and Main Steam Line Break (MSLB). 

An explicit and a semi-implicit “non-overlapping” coupling between RELAP5 and Fluent is 

developed and applied to the transients in a loop-type facility NACIE and a pool-type facility 

CIRCE [94], [95]. 
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At the Belgian Nuclear Research Centre (SCK·CEN), coupling between RELAP5-3D and 

Fluent was developed to carry out multi-scale transient simulations of pool-type reactors [96], 

[97]. The method uses an implicit coupling scheme based on a Quasi-Newton algorithm and 

has been tested on a case with multiple coupling interfaces. Validation of the method for a 

forced to natural circulation test in TALL-3D facility and application on E-SCAPE (a down-

scaled model of MYRRHA reactor) have been presented. 

Comparison of different coupling methodologies and different codes can be found in [98]–

[100]. 

3.3. TALL-3D experimental facility 

TALL-3D is a lead-bismuth eutectic (LBE) thermal-hydraulics loop expressly conceived for 

the validation of standalone and coupled codes. The facility is a modified design of the 

previous, TALL loop [101], [102]. 

TALL-3D loop consists of three vertical legs and a pool-type 3D test section. Despite the 

geometrical simplicity of the TALL-3D elements, the feedbacks between the 3D and system 

scale phenomena are quite complex. TALL-3D facility design provides (i) mutual feedback 

between natural circulation in the loop and complex 3D mixing and stratification phenomena 

in the pool-type test section, (ii) a possibility to validate standalone STH and CFD codes for 

each subsection of the facility, (iii) sufficient number of experimental data to separate model 

calibration from validation. 

A schematic of the facility is shown in Figure 7. The height of the loop legs is about 6 meters. 

The left leg accommodates a 27 kW rod heater in its lower part and is herein called the main 

heater (MH) leg. The right leg has a counter-current double-pipe heat exchanger in the top 

part and is called the heat exchanger (HX) leg. In forced circulation the flow is driven by a 

rotating permanent magnet pump placed in the HX leg. Facility is connected to a sump tank 

for LBE storage and an expansion tank to accommodate thermal expansion of LBE. 

Three-dimensional flow phenomena are introduced in the facility by a pool-type test section 

installed in the middle leg, which is aptly named the 3D leg. The 3D test section is an 

axisymmetric cylindrical stainless steel vessel with an inlet at the bottom and an outlet at the 

top (see Figure 8). A 15 kW band heater is installed around the test section to promote the 

development of thermal stratification of LBE in the pool. Inside the test section, a circular 

plate is placed normal to the flow in order to enhance pool mixing by deflecting the inlet jet 

to periphery. This plate is attached to the ceiling of the pool with 4 fin-shape separators, 

which are designed to minimize flow disturbances. 
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Figure 7: TALL-3D experimental facility. 

  

Figure 8: TALL-3D test section and thermocouple locations. 
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The nominal flow direction is downwards in HX leg and upwards in the MH and 3D legs. 

However, it is possible to carry out tests with any direction of the flow in any of the legs. E.g. 

in certain transients, flow reversal occurs in different legs. This phenomenon depends, among 

other factors, on the heater powers, pressure and heat losses, and initial conditions. Hydraulic 

resistances can be tuned in all legs to achieve desired flow distribution. For example, it can 

be used to reach similar natural circulation LBE mass flow rates in MH and 3D legs – this 

brings the system close to instable regime. 

TALL-3D has been instrumented to measure LBE mass flow rates, differential pressures and 

LBE temperatures in main loop and in the 3D test section. The positioning of the 

measurement instrumentation allows to estimate heat losses, thermal inertia of the structures, 

transient mixing and stratification in the pool i.e. parameters not directly measured. The 

measurements have been distributed so that the facility can be virtually divided into sections 

with boundary conditions available for section-wise, separate effect and integral effect tests 

(SETs and IETs). 

Thermal-hydraulic phenomena that can be studied in the TALL-3D facility includes pipe 

flows, free jet flow, jet impingement on a surface, jet induced recirculation in a pool, 

stratification development, mixing, thermal inertia of the structures, conjugate heat transfer, 

turbulence to name a few. Dimensionless numbers characterizing the facility are given in 

Table 1. 

Table 1: Ranges of dimensionless numbers in the 3D test section. 

Dimensionless quantity Range 

Reynolds, Re = 𝜌𝑈𝐿/𝜇  0 – 2×105 

Prandtl, Pr = 𝜇𝑐𝑝/𝑘  2×10-2 – 5×10-2 

Richardson, Ri = 𝑔𝛽Δ𝑇𝐿/𝑈2   1×10-4 – 1×103 

Peclet, Pe = 𝐿𝑈/𝛼  0 – 5×105 

Grashof, Gr = 𝑔𝛽ΔT𝐿3/𝜈2  1×108 – 1×1012 

3.3.1. Development of the 3D test section 

The design of the 3D test section relies on a large number of STH, CFD simulations and 

analytic scaling analysis. In addition to supporting the selection of geometrical parameters, 

and component positioning the analysis was used to define the test matrices for experimental 

campaigns including evaluation of the operational safety related parameters (i.e. maximum 

temperatures and pressures). 

STH analysis was used to calculate the system scale dynamic behavior of the TALL-3D loop, 

which provides boundary conditions for the 3D test section. An example of a forced to natural 

circulation transient in the 3D test section is shown in Figure 9. It can be seen that such a 

transient features a sudden drop in flow rates in all legs, possible flow reversal, oscillating 

flows in MH and 3D legs and two steady states (initial forced and final natural circulation). 

Competing flows in parallel flow paths can even lead to limit cycle instabilities [103]. 
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Figure 9: A pre-test STH prediction of a forced to natural circulation transient in TALL-3D. 

CFD analysis was used to identify the flow conditions inside the pool at different loop flow 

rates corresponding. In particular, it is desired that during oscillating flow rates, the 

conditions inside the pool change between stratification and mixing. The characteristic flow 

and temperature fields in the 3D test section are shown in Figure 10. It can be seen that the 

conditions change from thermal stratification to partial to full mixing with mass flow rate 

from 0.3kg/s to 1.0 kg/s, which is the characteristic range of flows in TALL-3D transients. 

   
Thermal stratification. Jet is too 

“weak” to break the stratified 

layer. 

Partial mixing. Jet penetrates the 

stratified layer in the middle but 

has not enough momentum to 

reach break the buoyant wall jet 

at the heated wall. 

Full mixing. Jet penetrates the 

stratified layer and mixes the 

pool. 

Figure 10: Flow regimes in the TALL-3D test section. 
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Additionally, scaling analysis developed for buoyant jets in pool-like geometries was used to 

further support the selection of the final test section dimensions and heater parameters. The 

analysis is based on work by Peterson [104]. Such approach allows to reduce computational 

effort (by neglecting the unnecessary geometrical details) compared to three-dimensional 

resolution of mixing-stratification flows with jets in pools. The condition for stratification is: 

(
𝐻𝑠𝑓
𝑑𝑖𝑛𝑙𝑒𝑡

)𝑅𝑖𝑑𝑖𝑛𝑙𝑒𝑡
1
3 (1 +

𝑑𝑖𝑛𝑙𝑒𝑡

4√2𝛼𝑡𝐻𝑠𝑓
)

2/3

> 𝐶 

where Richardson number based on inlet jet diameter, 𝑅𝑖𝑑𝑖𝑛𝑙𝑒𝑡, is defined as: 

𝑅𝑖𝑑𝑖𝑛𝑙𝑒𝑡 =
(𝜌𝑖𝑛𝑙𝑒𝑡 − 𝜌𝑜𝑢𝑡𝑙𝑒𝑡)𝑔𝑑𝑖𝑛𝑙𝑒𝑡

𝜌𝑖𝑛𝑙𝑒𝑡𝑣𝑖𝑛𝑙𝑒𝑡
2

 

According to Peterson, the transition between unstable stratification and turbulent mixing 

due to round jets in large open volumes occurs at C=1.0. However, the flow in the TALL-3D 

pool is bounded and the volume is relatively small. Based on the CFD calculations at different 

geometries, flows and heater powers it was found that C=3.0 performs well for TALL-3D. 

Figure 11a shows that the flow in the 3D test section changes from stratification to (weak) 

mixing when the inlet flow rate changes from 0.3 kg/s to 0.7 kg/s using the inlet diameter of 

17 mm. For smaller inlet diameter, 15 mm for example, it is more difficult to achieve the 

desired mixing. Figure 11b is an alternative representation of the analysis for 17 mm inlet 

with respect to mass flow rate. It can be seen that at <0.65 kg/s the pool becomes stratified. 

 

Figure 11: Scaling model for prediction of stable stratification and mixing in TALL-3D. 

3.3.2. Test matrix 

Experimental work on TALL-3D is grouped into campaigns which are defined by the 

particular design and set-up of the loop, implemented instrumentation and purpose of the 

experiments that are performed on the facility. 
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From the point of view of the loop configuration, three classes of experiments can be 

envisioned: forced circulation steady states (SSF), natural circulation steady states (SSN) and 

transients (T). Examples of transients, which can be run in the TALL-3D loop (arrows in 

Figure 12) include: natural circulation and forced circulation transients generated by the 

activation of the CFD test section heater, transitions from forced to natural circulation, and 

from natural to forced circulation 

 

Figure 12: Possible steady states and transients in TALL-3D experiment. 

The experimental activities in TALL-3D are divided into four categories: 

 Group 00: Measurement verification. This group includes tests for identifying the 

reasons for malfunctioning of equipment and/or unphysical measurements. These 

tests are not intended to produce data directly for modeling activities. 

 Group 01: Quantification of measurement uncertainties. This group includes tests for 

quantification of experimental uncertainty or measurement offsets for actual physical 

channels. Following parameters related to CFD modeling were addressed. 

 Group 02: Code calibration. This group includes tests for code input model 

calibration. The information about which parameters to calibrate in order to reduce 

the uncertainty in the modeling the most, is obtained from sensitivity analysis. Special 

attention is given to the modeling parameters that cannot be directly measured. 

 Group 03: Code validation. This group includes tests for code validation and 

benchmarking. Most tests are transients preceded with a high-quality steady. 

3.3.3. Example: TG03.S30104 

TG03.S301.04 test is a forced to natural circulation transient with constant electric powers in 

the main heater and 3D test section. See the evolution of main parameters in Figure 13 and 

Figure 14. It is used as an open benchmark test for validation of coupled codes in SESAME 

project. Loss of flow transients are generally of interest since they can lead to change of flow 

configuration from mixing to thermal stratification and flow oscillations between two parallel 

flow paths. Flow reversal in both hot legs can be expected. Flow reversal in the HX leg is 
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more difficult to achieve. It would require significant undercooling of the hot legs. Complex 

feedback between 3D phenomena and loop behavior can be expected including limit cycle 

oscillations (LCO). 

 

Figure 13: Experimental results of test TG03.S301.04. 

 

Figure 14: Time evolution of the vertical temperatures distribution in the 3D test section indicating 

development of thermal stratification during forced to natural transient. 

3.4. Validation of Star-CCM+ 

3.4.1. CFD TALL-3D test section model description 

A base input model of TALL-3D test section is prepared in following aspects: (i) 

representation and geometric fidelity, (ii) physics and material models, (iii) input model 

parameters and their uncertainty, and (iv) physics model parameters and their uncertainty. 
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2D modeling approach is used to leverage the axis-symmetry of the physical test section in 

order to increase the computational efficiency (accuracy vs speed). Model geometry is 

defined according to the manufacturer specifications, CAD drawings and on-site 

measurements. The model consists of one fluid region (for LBE) and four solid regions (for 

pool structures, heater, and two different thermal insulation materials) (see Figure 15). 

The main boundary conditions used are inlet mass flow and temperature, outlet temperature 

(needed in case of reversed flow), heater power and ambient temperature. 

   
Figure 15: A photo, 3D CAD and 2D CFD model of the 3D test section. 

3.4.2. Definition of SRQs 

In order to carry out quantitative validation, System Response Quantities (SRQs) which are 

available both in simulations (monitored) and in experiments (measured) have to be defined. 

SRQs should be relevant to the application (e.g. peak core outlet temperature) and reveal 

modelling errors. It is desired that SRQs are sensitive towards the most uncertain input 

parameters in order to support model calibration. 

In this CFD validation study we have chosen following SRQs describing the 3D test section 

(note that this list can change according to Sensitivity Analysis, for example): 

 LBE temperature at the test section outlet. 

 LBE temperature below the CIP (11 readings). 

 Pressure drop over the section. 

 Temperature gradient along the IPT line. 

 Timing of the minimum/maximum in the LBE temperature during a transient. 

3.4.3. Solution verification 

Verification of the spatial and temporal discretization was carried out using mesh and time 

step size sensitivity studies. For uniform reporting purposes between mesh verification 

studies, the Grid Convergence Index (GCI) [105] has been used. GCI is defined as: 

𝐺𝐶𝐼 = 𝐹𝑠
| 𝜀|

(𝑟𝑝 − 1)
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where 𝐹𝑠 is the “factor of safety”, 𝜀 is relative error between consecutive solution and 𝑟𝑝 is 

the refinement ratio to the power of the dimension of the problem, 𝑝. 

Figure 16 shows the convergence of selected parameters with increasing mesh density. Figure 

17 shows the behavior of the corresponding GCI for the pressure drop. Mesh effect on the 

flow field at low and high LBE mass flow rates in the pool are shown in Figure 18 and Figure 

19, respectively. According to these results, adequate mesh for the present problem consisting 

at least ~30,000 elements. 

  

  
Figure 16: Mesh independence study (2.0 kg/s LBE flow rate). 

 

Figure 17: GCI for pressure drop in asymptotic range (2.0 kg/s LBE flow rate). 
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Figure 18: Flow and temperature fields in 0.3 kg/s mesh study. 

 

Figure 19: Flow and temperature fields in 2.0 kg/s mesh study. 

3.4.4. Sensitivity Analysis 

Sensitivity Analysis (SA) is used to identify the importance of every uncertain input 

parameter on the computational result. Several SA iterations are required to alleviate the user 

effect due to, for example misjudgments and typographical mistakes. 

The SA performed in this work employs a global, non-intrusive Morris One-At-a-Time 

(MOAT) method [106]. MOAT is a screening method that can be used to evaluate the 

magnitude and type of the effect an uncertain input variable has on the model output. Whether 

an UIP has negligible, linear and additive, or nonlinear or interaction effect on the output, is 

assessed by performing simulations with individually randomized set-ups which vary one 

input factor at a time to create a sample of its elementary effects. High-quality screening 

requires multiple evaluations of the elementary effects which are then represented as a mean, 

modified mean (using sum on absolute values in when calculating the mean) and standard 

deviation. The mean and modified mean indicate of the overall effect of an UIP on the output. 

Standard deviation indicates nonlinear effects or interactions. 

The effect of more than 20 UIPs (geometry, physics models, material properties and 

boundary conditions) on 6-8 SRQs (e.g. outlet temperature, pressure drop, maximum LBE 

temperature, heat losses and temperature mean gradients) was estimated. 

Interpreting the results of SA for large models involving many UIPs and SRQs can be a 

cumbersome process. Therefore, the results are presented in three distinct ways: 

 (𝜇∗, 𝜎) or modified mean and standard deviation diagram showing the elementary 

effects of every input on an SRQ (Figure 20). Note that there is one plot per SRQ. 
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Figure 20: (𝝁∗, 𝝈) diagram for the 3D pool outlet temperature and pressure drop. 

 SA importance matrix (see illustration in Figure 21) showing 

o which UIP has the largest effect on an SRQ (i.e. which UIP can be calibrated 

using that SRQ), and 

o which SRQs is mostly affected by an UIP (i.e. which SRQ should be used for 

calibration of that UIP). 

 

Figure 21: SA importance matrix (forced circulation steady state). 

 Cumulative effect plot showing the cumulative effect of an UIP on all SRQs – helps 

to focus only on the most important UIPs (Figure 22). 
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Figure 22: Cumulative effect plot (forced circulation steady state) 

These representations provide better visualization means for effective comparison of SAs 

from different iterations (e.g. they reveal the effect of calibration clearly). 

Example insights learned from the sensitivity analysis using (𝜇∗, σ) diagrams, importance 

matrices and cumulative effect plots are following: 

 Thermal SRQs, i.e. outlet and maximum LBE temperature, depend mainly on the 

parameters governing steady state heat balance such as inlet temperature, specific 

heat capacity of LBE, heater power and LBE flow rate. 

 Pressure drop with hydrostatic head is governed by thermal parameters (through 

density) while pressure loss (i.e. pressure drop minus the reversible hydrostatic head) 

depends mainly on the hydraulic parameter (LBE flow rate). 

 Heat losses in the 3D test section depend strongly on the thermal conductivity of the 

insulation materials, external heat transfer coefficient and ambient temperature. 

Using the SA results in the screening process, it was found that the boundary conditions 

(mass flow rate, inlet temperature, heater power) are the UIPs with the highest influence on 

the output uncertainty. Those are followed by the turbulent Prandtl number and specific heat 

and density of LBE. Therefore, the first priority in reducing the modeling uncertainty is to 

address the uncertainty in those abovementioned parameters. 

3.4.5. Calibration 

As SA demonstrated, boundary conditions of the model (mass flow rate, inlet temperature 

and heater power) constitute the largest fraction of the overall model output uncertainty. They 

are followed by physics models including the turbulent Prandtl number, LBE material 

properties and properties of the insulation materials (Isover wool and Nano T Ultra). It must 

be noted, that the uncertainty in the insulation properties, especially thermal conductivity, 

can be larger than initially guessed due to potential thermal bridges (e.g. TC wiring, 

supporting structures) which are not explicitly modelled. 
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The boundary conditions were addressed first as they influence not only on the model output 

variability but also the calibration of parameters not directly measured in the experiment. 

Then a method for automatic calibration is used followed by final manual calibration. 

Calibration of uncertain model input parameters in large and computationally demanding 

CFD models requires efficient methods. Presence of large number of parameters commonly 

involved in CFD models requires sufficient number of experimental data to constrain the 

problem. Manual parameter tuning is computationally costly and may not lead to user-

independent model definition. 

The calibration procedure employed here is based on constrained optimization i.e. process of 

optimization of uncertain model input parameters with respect to system response quantities. 

More specifically, the process aims to find a combination of UIPs that would minimize the 

difference between numerical and experimental SRQs. The formulation of the problem can 

be written as follows: 

𝜕𝑆𝑅𝑄𝑖
𝜕𝑈𝐼𝑃𝑗

Δ𝑈𝐼𝑃𝑗 = (𝑆𝑅𝑄𝑖
𝑒𝑥𝑝 − 𝑆𝑅𝑄𝑖

𝑟𝑒𝑓
) 

where 𝑖 goes from 1 to number of SRQs (constraints) and 𝑗 goes from 1 to number of UIPs 

(degrees of freedom). We used insulation thermal conductivities as UIPs and different 

number of in-pool temperature measurements as SRQs. An approximate solution to this 𝐴𝑥 =

𝑏 type of problem was found using linear (and non-linear) least-squares solver with additional 

constraints to ensure that the solution is physical, i.e. material property such as conductivity 

can only be positive. The in-pool temperature gradient (along the line of IPT thermocouples) 

predicted by the reference model using nominal insulation properties and the calibrated 

model is shown in Figure 23. Constrained optimization results suggested that the thermal 

conductivity had to be increased in the part of insulation located at the top of the pool where 

insulation is penetrated by several metallic tubes and wires for instrumentation forming 

thermal bridges which are not explicitly modelled. 

 

Figure 23: Improvement of in-pool temperature gradient in the upper part of the pool using 

constrained optimization. 
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The remaining difference between experiment and simulation was calibrated manually using 

measurements from different temperature profiles in the pool. Temperature distribution along 

the IPT thermocouples indicates strong thermal stratification in the final steady state (natural 

circulation) of TG03.S301.04 (Figure 24). See Figure 25 for other temperature profiles. 

  
Figure 24: In-pool temperature gradient used in the calibration of steady state thermal balance. 

 

 

Figure 25: In-pool temperature profiles after manual calibration. 

 

Moreover, a cool-down transient at stagnant flow conditions without heating, TG02.06.06 

was used for calibration since the effects of mass flow rate, heater power and turbulence are 

practically eliminated in this test. Rate of cooling of in the test section depends on the heat 

losses and thermal inertia (which is relatively small due to slow nature of the transient). See 

the results in Figure 26. 
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Figure 26: TG02.06: Test for evaluating the thermal losses in the 3D test section 

3.4.6. Validation 

Simulated 3D test section inlet and outlet temperature of the TG03.S301.04 transient using 

calibrated model is shown in Figure 27. An interesting feature captured by the CFD model is 

the increase of test section inlet temperature. It can be seen that the model predicts the 

dynamics present in the experiment with very well. Prediction of transient evolution of 

bottom plate (BP) temperature is shown in Figure 28. 

 

Figure 27: 3D test section inlet and outlet temperature during SESAME transient test TG03.S301.04. 
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Figure 28: Bottom plate temperature during SESAME transient test TG03.S301.04. 

Figure 29 shows the application of this model to another forced to natural test carried out in 

THINS project, T02.06. These tests differ from each other in terms of boundary conditions 

used - mass flow rate, inlet temperature and heater power. The fact that the model predicts a 

transient which is not used in the model calibration demonstrates the maturity of Star-CCM+ 

for the modeling of liquid metal thermal-hydraulics in pool-type geometries. 

 

Figure 29: 3D test section inlet and outlet temperature during transient test T02.06 (THINS project). 

3.4.7. Uncertainty Analysis 

Uncertainty analysis is carried out to quantify the effect of input uncertainty on the model 

output. This effect can be presented in terms of tolerance intervals, which are characterized 

by two numbers (typically given in percentage): 

1. The coverage probability is the fixed percentage of the data to be covered, 𝑞 

2. The confidence level, 1 − 𝛼 

The desired levels of confidence and coverage are defined by the application. E.g. decisions 

in critical, high-impact applications require levels of 95% and higher while 60-80% is 

acceptable in some optimization and trend studies. 
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To compute the desired tolerance intervals, i.e. certain 1 − 𝛼 and 𝑞, a certain number of 

simulations needs to be performed. 

A non-parametric methodology (no assumptions are made on the distribution of the samples 

within the uncertainty range) based on the works of Wilks [107], [108] and Noether [109], 

[110]. The general formula for calculating two-sided tolerance limits by Noether is: 

𝛼 ≥ ∑ (
𝑁
𝑖
) (1 − 𝑞)𝑖(𝑞)𝑁−𝑖

𝑟+𝑚−1

𝑖=0

 

An example of the UA results are shown in Figure 30. The UA results show clearly the effect 

of input parameter uncertainty on the output. It is also evident that this effect varies 

throughout the transient due to varying thermal-hydraulic flow conditions in the pool. It can 

be seen that given the current state of knowledge about the 3D test section parameters, the 

outlet temperature tends to be overestimated in the simulations. The same applies to inlet 

temperature during the flow reversal. 

 

Figure 30: UA of TG03S30104 transient test. 

3.5. Development and validation of coupled RELAP5/Star-CCM+ code 

3.5.1. General methodology 

Coupling different codes requires specific methodologies for data transfer between the codes 

in time and in space. The main questions regarding any coupling procedure are as follows: 

1. What information is exchanged? 

This refers to the type and amount of information that is transferred between codes in order 

to keep both solutions valid. With coupled model evolving in time, variables are exchanged; 

these are called coupling variables. In multi-scale thermal-hydraulics coupling, these 
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variables commonly include independent variables of the conservation equations (i.e. 

pressure, enthalpy/temperature, velocity) and/or some parameters used to model certain 

physical phenomena (e.g. pressure loss coefficients, heat transfer coefficients, source terms). 

In multi-phase cases, volume fraction, concentration etc. can be transported. The final 

decision must be based on the features of models that are coupled, namely, the predictive 

capabilities of them – what is not accurately predicted by (or is missing in) one model, must 

be provided by the other. 

Fluid properties 

Comparison of the material properties packages implemented in STH and CFD codes is an 

important step, which has to be performed before the first coupled simulations. Identical or 

at least very similar thermal-hydraulic parameters for a specified thermal-hydraulic state is a 

prerequisite for a good convergence of the CFD code and simulation stability and hence for 

reliable results. Differences in the material properties will lead to the calculation of different 

thermal-hydraulic states at the left and right sides of the coupling boundary. This may cause 

discontinuities and/or unphysical oscillations of the thermal-hydraulics parameters such as 

pressure waves propagating through the system. 

2. Where is the information exchanged? 

This pertains to the spatial division of the domains between codes and whether they are 

separated or they overlap. 

Coupling in space 

The most implemented coupling approaches in space are (i) domain overlapping (DO), and 

(ii) domain decomposition (DD) (see Figure 31 illustrating the case with STH/CFD models). 

In the DD approach the CFD tool simulates part of the facility, where 3D flow phenomena 

occur, while the rest is calculated by the system code. 

 

Figure 31: Coupling in space – a) domain overlapping and b) domain decomposition. 

The main difficulty with the DD approach is to establish numerical convergence and to 

maintain conservation of mass, momentum and energy during the coupling procedure. Such 

problems are reduced in domain overlapping approach where the whole physical domain is 
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simulated by an STH code and only a certain part of the system where 3D phenomena are 

expected to be significant is simulated by a CFD code. 

Coupling location selection 

The selection of the coupling location is an important issue, which needs special attention, 

although it is a part of the coupling in space. 

The size of the domains is defined by the physical size of the system’s region where specific 

phenomena occur. E.g. neutronics code must be used for the whole fuel assembly (from fuel 

to coolant) whereas thermal-hydraulics code can be used only for subassemblies to model the 

coolant flow. 

The location of coupling boundaries is chosen to minimize the loss of accuracy due to 

transformation of information from one domain (or formulation) to another. The coupling 

interface location choice is subject to restrictions related to the geometry and the phenomena 

to be simulated. The interface between the 1D and 3D code should be put, if possible, at 

locations with simple and flat surfaces. E.g. when the velocity is to be transferred from 1D 

domain to 3D domain, the coupling boundary should be defined where the knowledge about 

velocity profile is known (either analytically or measured) and can be reconstructed. This 

will ease the implementation of the boundary conditions for the CFD code and might increase 

the stability of the coupled calculation. The simulated phenomena should be also considered, 

when the coupling locations are selected. Recirculation zones, zones with phase change, as 

well as zones with in- and outflow within the same coupling surface should be avoided. The 

flow pattern in the vicinity of the coupling interface should be as simple as possible. 

3. When is the information exchanged? 

The frequency or the time step of a coupled calculation must be chosen such that the rate of 

change of coupled variables is captured. It is also a subject to optimization with a goal to 

achieve the desired accuracy with the minimum number of steps. Automatic control of the 

time step based on the error estimation is the key to highest efficiency possible. 

Explicit, semi-implicit or implicit schemes can be used for temporal coupling. The particular 

choice depends on the nature and magnitude of feedbacks between the coupled components. 

As a rule-of-thumb, the stronger the feedbacks the more implicit scheme is required. 

In typical explicit coupling the data exchanged between the codes remains constant between 

the time step advancements. Explicit schemes are commonly fast but have restriction on step 

size to ensure stability (and accuracy). 

In implicit coupling, the data is iteratively advanced within the time step until convergence. 

Implicit schemes are therefore more stable and allow using larger time steps. The time step 

size is still restricted due to accuracy requirements, nature of physical process or due to one 

of the constitutive codes. 

Semi-implicit coupling schemes are generally based on recalculation of the executed time 

step with some (but not all) codes several times until a converged solution is found. 
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Time step control 

The time step control is also of great importance as it might influence the numerics and hence 

the results. A simple time step control is based on the approach, in which the time steps from 

the system and the CFD code are compared and the smaller one is selected for execution for 

the coupled code. Unfortunately, this might be very inefficient in certain situations. In 

general, the CPU times of the CFD codes are very prohibitive and these require smaller time 

steps compared to system codes. A good time step control approach is to not prescribe the 

time step, but to let the CFD program determine it for the coupled code. In more sophisticated 

time step control algorithms, CFD determines the time step size and the system code 

calculates the specified interval with the same time step size or with multiple time steps, if 

needed. This is very beneficial in coupled simulations, where the system code time step 

decreases for some reason, while the CFD program still can perform large time steps. The 

overall simulation time will be significantly lower compared to the case, where the small 

system code time step is compared with the CFD time step and then prescribed for the 

coupled run. Moreover, this strategy increases the numerical stability of the coupled solution 

substantially. 

How is the information exchanged? 

The exchange of information between codes can be unidirectional or bidirectional. The first 

approach can be useful for “zooming” into a region of interest by the resolving a certain 

spatial domain or a certain period of time with a CFD code. This is possible if the feedbacks 

are weak or the influence is only in one direction (e.g. the system scale affects the local 

phenomena but not vice versa). When simulating a system with strong feedbacks the 

information must go in both directions. E.g. in problems involving free convection the motion 

is sensitive to small changes in temperature and vice versa. 

Coupling control 

Regarding the execution sequence of the coupled codes, coupling schemes are classified as 

sequential and parallel. In sequential schemes the leader (master) task is advanced first and 

then the follower (slave) task is executed using data received from the leader task. In parallel 

schemes both programs progress simultaneously. In most of the parallel coupling control 

schemes an extra program is needed to control the execution of the coupled run. 

Mass and energy conservation 

The conservation of mass and energy is an important issue, when dealing with coupling of 

two codes, since it may significantly affect the calculation results. For closed loop systems 

mass conservation is substantial, because pressure increase or decrease might occur, if small 

amounts of fluid mass are generated or lost in the coupled system. Therefore, it is 

recommended to use mass flow rates as exchange parameters, rather than fluid velocities. 

Unfortunately, this is not always possible, and sometimes mean velocities from the system 

code are provided at the inlets of the CFD domain. These velocities need to be carefully used 

for the generation of the turbulent velocity profile, applied at the CFD boundary. The 

objective is to obtain the same mass flow rate in the CFD code as it is in the last node of the 
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system code, before the coupling interface. Attention should be paid also to the coupling 

surface dimensions in both programs, which should be absolutely identical in order to 

conserve mass. Note, that even with a finer mesh, the CFD pipe cross-section surface is not 

necessarily 100% identical with the one in the CAD model used for the generation of this 

mesh.  

Boundary condition transformation 

Since both codes are based on different scales, adequate boundary condition reconstruction 

has to be performed at the coupling interface. In the direction 3D1D it is easier, because 

more information is available than needed. In this case appropriate averaging functions are 

required in order to extract mean values for the thermal-hydraulics parameters from the 3D 

fields in the CFD domain. The 1D3D transformation is quite more challenging, since less 

information is available from the system code than required by the CFD program. In such 

cases a reconstruction in the coupling interface might be helpful. An example can be given 

with velocity, which is provided from the system code to the CFD software. Since the system 

code provides mean velocity and the CFD needs velocity profile over the coupling cross-

section, a power law can be used to construct a turbulent velocity profile in the interface 

routines. This power law is often based on the mean velocity (available from the system code) 

and the Reynolds number, which can be calculated. Another strategy that can be applied here 

is to provide a flat velocity profile, based on the mean velocity, provided by the system code 

and to move the coupling interface away from the zone with complex flow pattern. The flow 

will develop and obtain realistic turbulent profile before reaching this zone. 

Increasing of the simulation complexity 

At the beginning, very simple configurations, consisting of one system code pipe and one 

CFD pipe should be modeled. One coupling interface connects both calculation domains. If 

plausible results are obtained, an open TH system with two system code and one CFD pipe 

might be prepared (two coupling interfaces). In case of success, a closed loop should be 

modeled. It is more challenging configuration for simulation by any coupled code, because 

mass needs to be conserved within the system. The last step in the testing approach is the 

simulation of experimental facilities and NPPs. 

Decisions in each of those aspects affect the computational efficiency, which can be defined 

as the amount of computational resources needed to provide a solution of desired quality 

(high accuracy and/or reliability). 

3.5.2. Considerations for coupled code VVUQ 

In order to use coupled codes in safety analysis and even in licensing, these codes need to be 

properly qualified for specific applications. The approach to verification and validation of 

coupled codes require dedicated benchmarks and experiments. Verification needs to be done 

for constitutive standalone codes as well as for the coupling algorithm. Depending on the 

coupling methodology, it is important to assess the effect of assumptions made in 

implementation of the methodology. For example, the effect of information losses due to 
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averaging (or reconstructing) the boundary conditions when transferring the data from 3D to 

1D (or 1D to 3D). 

The key feature of the validation experiment is to enable separate effect and integral 

validation of the standalone and coupled codes using the same experimental setup. The goal 

of the validation is to isolate and study separately the effects of different sources of 

uncertainty. 

The problem of coupled code qualification can be approached in different ways. Here are two 

options:  

Option 1: Treat the coupled code as a combination of separate standalone codes and a 

coupling algorithm. In this case, a prerequisite for the coupled code qualification is the 

qualification of each constitutive standalone code. 

Option 2: Treat the coupled code as single unified code consisting of different physics models 

regardless the origin (from standalone code or coupling algorithm). This normally requires 

access to the source of the codes and quantification of the model form uncertainty for all sub-

models. In case of this option, one needs to follow the code qualification procedures for 

stand-alone codes. 

Verification of coupled codes 

Mesh and time step size sensitivity study needs to be done in all regimes that occur in the 

system. To be entirely rigorous, the mesh study needs to be carried out for both, steady state 

and transient conditions by looking at the grid effect on the most important/relevant SRQs. 

When verifying the implementation of the coupling scheme, one can use following: 

o Simple pipe flow case to learn about uncertainties (i) in pressure drop prediction 

due to flat velocity profile b.c., (ii) in axial temperature profile due to smearing 

the temperature front at coupling boundaries (effect of b.c. extrapolation), 

o Backward-facing step (or sudden expansion/contraction) case where 

hydrodynamic 3D effects are introduced by vorticity behind the step, 

o A case with thermal stratification/mixing where thermal 3D effects are influential. 

Validation of coupled codes 

Validation of coupled codes must follow the same philosophy as defined for any numerical 

code with special attention on the coupling algorithms. Briefly, following points need to be 

considered: 

 Calibration 

o Since coupled codes are commonly combination of low- and high-fidelity models 

they are rather complex systems. Therefore, calibration of coupled codes can be 

possibly done using surrogate models either by Bayesian calibration or 

constrained optimization of an error function. 
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 Uncertainty analysis to quantify the uncertainties in the coupled code output 

o Use the reduced and calibrated input parameter set (with ranges) for both codes 

(comes from the previous single STH/CFD code validation). 

o Propagation of input uncertainties in both STH and CFD (e.g. non-parametric 

Wilks). 

 Comparison with experimental data 

o In order to provide a quantitative estimate of the coupled code quality, calculation 

of validation metric result for the coupled solution is necessary. 

o Since coupling is often realized to improve STH code’s prediction, it can be 

shown that the coupled validation metric result is reduced for a particular transient 

and SRQ compared with the single STH validation metric result for the same 

transient and SRQ (where previously STH failed, i.e. validation metric result was 

large). 

 Identify and quantify the sources of error/uncertainty due to implicit modeling of physics 

in the coupling methodology, i.e. coupling model inadequacy. Options how to do that: 

o Define additional SRQs representing the physics implicitly modelled by the 

coupling methodology. 

o Perform sensitivity study on the coupled model elements (physical models and 

coupling algorithm). 

o Reduce the effect of constituent codes 

1. Couple constituent codes (STH, CFD) separately with experimental data. 

 Use analytic benchmarks/verification cases where the physical effects compared to 

code effects are large. 

3.5.3. Domain Overlapping (DO) coupling methodology 

In this work, we employ a domain overlapping coupling scheme where the whole TALL-3D 

facility is modeled with the STH code and the 3D test section (where 3D phenomena play an 

important role) is represented with the CFD program. A comparison of DO and DD 

methodologies on TALL-3D is shown in Figure 32. 
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Figure 32: Domain overlapping (b) and domain decomposition (c) schemes for TALL-3D facility (a). 

3.5.4. STH modeling 

The STH input model consists of a primary and a secondary side of the loop with a heat 

structure connecting them simulating the heat exchanger. The details of the STH model 

development and validation can be found in [103]. 

3.5.5. CFD modeling 

CFD model of the TALL-3D test section is described in Section 3.4. 

3.5.6. Coupling algorithm 

Coupling algorithm is responsible for the data transfer between the constituent codes, 

execution of the constituent codes, time-marching (constant and adaptive time stepping) and 

monitoring variables of interest. Coupling algorithm is implemented in a Java program that 

has access to Star-CCM+ via its API (Application Programming Interface) (see Figure 33). 

 

Figure 33: Coupling architecture. 
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A logical algorithm describing the coupling procedure is illustrated in Figure 34. The starting 

point for coupled calculation is that both solutions are in the same steady state. During the 

calculation, codes march in parallel exchanging information at every coupling time step. STH 

drives the process and is evaluated always first to account for external excitations, which 

cannot be extrapolated from the existing solution (e.g. start or stop of a pump). Necessary 

data is provided to the CFD code, which performs the high-fidelity calculation. Based on the 

difference in solutions corrections terms are calculated and applied to STH. Latter is repeated 

to ensure convergence between the solutions. 

Coupling time step is set to be equal to CFD time step. I.e. the coupling time step size has to 

meet criteria from the CFD model. Fast-running STH model may use shorter time step. 

 

Figure 34: Logical algorithm of the coupling scheme between STH and CFD. 

The general flow of information is depicted in Figure 35. Time and cross section averaged 

LBE temperature and mass flow rate in STH are used as boundary conditions for CFD. The 

updated CFD solution provides detailed temperature, pressure and velocity fields. STH 

solution is corrected in two aspects. First, temperature field is corrected using special 

“virtual” heaters implemented in every STH model cell. Note that at first only outlet 

temperature was corrected but it was found that the whole field influences the TALL-3D loop 

dynamics through the hydrostatic pressure. Second, the remaining (from hydrostatic head 

correction) difference in predicted differential pressures over the 3D domain is corrected 

using local loss coefficients implemented in a junction right at the exit of the 3D pool in STH 

model. The exchange of variables is independent of flow direction. 
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Figure 35: Variables exchanged during coupling. 

3.5.7. Verification 

The STH and CFD solutions differ in resolution of the thermo-physical flow field (in terms 

of geometry and physical phenomena). In steady states, this difference manifests itself in 

pressure drop and local temperature distributions (i.e. integral heat balance must still hold). 

In transients, however, the temporal evolution of the outflowing LBE temperature is also 

different (due to the difference in the internal/local details of the solution). 

Therefore, verification of the implementation of the coupling algorithm has been carried out 

in several stages with gradually increasing complexity starting from horizontal adiabatic 

steady state flows to transients with heated sections. Such approach further supported the 

development of the coupling algorithm, as more features were deemed necessary with 

increasing complexity of the flow in the CFD domain. 

Figure 36 illustrates how coupling improves the pressure drop prediction over the 3D domain 

in a horizontal (i.e. no gravity effects) adiabatic isothermal section. Figure 37 shows the 

improvement of the 3D domain outflow temperature using coupled code. Coupled solution 

follows the reference solution very well in both cases. 
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Figure 36: Calculated pressure drop with standalone STH, reference (CFD) and coupled code in 

horizontal, adiabatic case. 

 

Figure 37: Calculated 3D domain outlet temperature with standalone STH, reference (CFD) and 

coupled code in vertical, heated case. 

3.5.8. Validation against TALL-3D experiment 

An example of improved numerical efficiency is shown using a forced to natural circulation 

transient performed in TALL-3D facility. Figure 38 shows the comparison between measured 

and calculated mass flow rate during the transient using standalone STH code and coupled 

STH-CFD code. It can be seen how the coupled solution improves the prediction of the 

oscillatory transient dynamics, i.e. amplitudes and timing of peaks, over the standalone STH. 

Similar tendency is clearly visible in Figure 39 where the inlet and outlet temperature are 

shown. STH fails to predict the temperature evolution during the transient. It must be noted 

that the flow and temperature fields are strongly interrelated in TALL-3D transients. 
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Figure 38: Mass flow rate in THINS test T02.06 predicted with standalone STH code, coupled STH-

CFD code compared to experiment. 

 

Figure 39: Inlet and outlet temperature of the 3D test section in THINS test T02.06 predicted with 

standalone STH code, coupled STH-CFD code compared to experiment. 

3.6. Summary 

Multi-scale flows are important in liquid metal cooled nuclear reactors. STH codes are 

inadequate to resolve 3D flow phenomena and CFD codes are computationally demanding 

for large systems. 

The aim of this part of the thesis was to develop and validate a coupled STH-CFD code. For 

that purpose, a dedicated test facility, TALL-3D, was designed, built and operated. Pre-test 

analysis demonstrated the desired transition between thermal mixing and stratification in the 
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3D test section. TALL-3D facility is designed and instrumented for validation of standalone 

and coupled thermal-hydraulics codes. 

As a pre-requisite for the validation of a coupled code, validation of standalone Star-CCM+ 

code was carried out according to a robust methodology developed in the beginning of this 

work. Coupled RELAP5/Star-CCM+ code was developed and tested on manufactured 

verification cases and against experimental data from TALL-3D. 

In order to enhance the efficiency of numerical analysis, a coupled STH-CFD thermal-

hydraulics code using RELAP5 as an STH and Star-CCM+ as CFD has been developed. 

Coupling introduces new physical models including translation of data between 1D and 3D 

codes, which sets additional requirements on the validation of coupled codes compared to 

validation of standalone codes. Several aspects have been discussed in detail. 

Extensive verification has been carried out in stages of increasing complexity. Verification 

activities supported also gradual development of coupled code features. 

Performance of the developed coupled code was evaluated against a forced to natural 

circulation transient in TALL-3D facility. It was shown that the coupled code improves the 

prediction of system scale behavior due to the detailed modeling of the 3D phenomena in the 

pool-type component. Coupled simulations revealed features that would not be captured with 

the standalone 1D STH code. 
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4. Steam generator tube leakage 

4.1. Background 

Steam generators are heat exchangers used to convert water into steam using heat produced 

in the nuclear reactor core. Heat is transferred from the radioactive primary side to the non-

radioactive secondary side coolant. The two coolants are physically separated to prevent the 

secondary side becoming radioactive. 

A fine balance between economics and safety of LFRs lies on assuring the feasibility of 

having core, coolant pumps and steam generators (SGs) in a compact pool. This eliminates 

the need for, and economic burden of, an intermediate circuit, e.g. used in sodium-cooled fast 

reactors (SFRs). However, complex thermal-hydraulic phenomena, corrosion and erosion of 

the structures by lead alloys, large pressure differential between primary and secondary 

system and the SG proximity to the core raise safety concerns related to steam generator tube 

leakage and/or rupture (SGTL/R) [111], [112]. 

The problem is not new per se. Leakage of SG tubes became a serious issue at the dawn of 

the commercial pressurized water reactors (PWRs) technology in the late 1950’s [113], [114]. 

A significant number of PWRs was operating with gradually degrading SG tubes. A Leak-

Before-Break (LBB) concept refers to a tendency of tubes to degrade slowly and leak at a 

relatively small rate through small cracks before rupturing [115], [116]. US NRC limit for 

leakage through a single SG is about 0.4 L/min during normal operation and 3.8 L/min in 

case of an accident [117]. Moreover, it is more difficult to detect small leaks in LFRs 

compared to LWRs. 

The safety related phenomena and potential consequences of SGTL/R are: 

 Fluid-Structure Interaction (FSI) [118]–[120] 

 Lead freezing 

 Energetic Coolant-Coolant Interaction (CCI) [121], 

 Chemical CCI [13], 

 Primary system over-pressurization and radioactivity release to the environment, 

 Core voiding including 

o Power excursions, 

o Reactivity Insertion Accidents (RIA) [122], [123], 

o Reduced heat transfer in the core. 

Considering the uncertainty and severity of potential SGTL/R accident can become a 

showstopper for licensing the LFR technology. According to the safety approach for the LFR 

plants developed within LEADER project, SGTL/R is classified as a DBC3 (design basis 

category 3) event which may occur infrequently (10−2 < 𝑓 < 10−4) per reactor year and 

which the plant shall cope with within the defined radiological protection requirements [124]. 

The goal of this work is to quantify the likelihood and characteristics of primary system 

voiding during an SG tube leak in ELSY reactor. A methodology used to evaluate the primary 

system voiding is proposed. Aleatory (stochastic) and epistemic (modeling) uncertainties 

pertaining to SGTL/R are discussed and addressed. 
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4.2. Modeling of bubble transport in ELSY primary system 

The computational domain for nominal steady state flow modeling represents a 1/8th section 

of the primary system including core, SG and a 90 degree bent pipe (see Figure 40). 

 
Figure 40: Mesh and definition of regions in ELSY 

computational domain 

 
Figure 41: Mesh study results. Parameters 

normalized by their value at finest mesh. 

Flow is driven by a momentum source defined in the pump. Temperature dependent heat 

source / sink are used in the core and SG. 

Porous media modeling is used for the core, pump and SGs as an efficient approach to reflect 

the macroscopic effects, e.g. pressure drop due to actual geometrical details. Isotropic 

resistance is assumed in the pump and SG region whereas axisymmetric resistance is used in 

the core and reflector (to ensure dominant stream wise flow compared to cross-flows). 

As no validation data exists for ELSY reactor, only solution verification was carried out to 

assess the effect of numerical discretization on the results. See the mesh study results in 

Figure 41. 

The steady state temperature and velocity fields obtained using the finest mesh (error < 2%) 

are shown in Figure 42. The predicted mass flow rate is 16.1 tons/s, core inlet and outlet 

temperatures are 402.3 °C and 480.1 °C, respectively, and pressure drop is 0.94 bar in the 

core and 0.43 bar in SG. These agree with the design values [18], [125], [126]. The important 

parameter for the steam bubble transport, velocity in the downcomer, is ~0.26 m/s on average 

whereas maximum downward component is 0.53 m/s. 

Bubble transport is modeled using Lagrangian approach. The detailed transport in the core is 

a) not of interest and b) limited by the spatial resolution. Use of porous media approach may 

have an effect on the timing (residence time in the core due to locally “wiggly” path) of the 

bubble when passing through the core. However, since the finest details of actual paths are 

not of interest, the effective averaging due to the mesh resolution (bubbles motion is a sub-

grid phenomenon) has no effect on the statistics of the general trajectories (which is of 

interest here). 

Different small-scale phenomena that affect the drag (e.g. turbulent dispersion, non-linear 

trajectories, pressure, virtual mass, shear lift force) have been accounted for by the sub-

models in the Lagrangian modeling. 

Steam generator

Pump

Active core

Reflector

Downcomer
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Figure 42: ELSY steady state temperature and velocity fields. 

4.3. Bubble size distribution 

Figure 43 shows three different bubble size distributions obtained in experiments closest to 

SGTL-relevant conditions: (i) nitrogen bubbles generated through a slit orifice in water [127], 

steam-water mixture bubbles in liquid lead at reactor conditions [128], (iii) and gas bubbles 

(mostly nitrogen, but also argon and helium) in 100 °C molten Wood’s metal [129]. 

 

Figure 43: Bubble size distributions used in the SGTL analysis. 

4.4. Drag coefficient  

Drag coefficient, 𝐶𝐷, is a non-linear function of bubble diameter for which different 

correlations exist. While no experimental data is available for 𝐶𝐷 in water-lead systems, a 

correlation based on the Stokes and Mendelson laws that can successfully predict the terminal 

rise velocity in different gas-liquid systems has been used for validation [130]. Several 

empirical 𝐶𝐷 correlations were tested. 

Figure 44 illustrates the variation in the results attributed to different assumptions in models. 

Schiller-Naumann model, that is a combination of Stokes law and a constant value for inertial 

regime, fails to capture the non-linear, medium size bubble regime. 
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Figure 44: Terminal rise velocity of steam bubble in liquid Pb with different drag correlations. 

The family of correlations by Tomiyama was found to perform best in predicting the peak 

in 𝐶𝐷 curve as well as providing flexibility to model the effect of contamination: 

• Tomiyama et al. (1998) model [131]: 

𝐶𝐷 = max {min [
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where 𝑅𝑒𝑏 is the bubble Reynolds number and 𝐸𝑜 is Eötvös number. In order to cope with 

the uncertainty in drag model, two bounding correlations by Tomiyama are used in the 

remainder of this work for the pure and contaminated coolant situations. I.e. a coolant 

contaminated by oxides or other impurities can be considered as a more realistic case. 

4.5. Methodology to estimate core and primary system voiding 

The voiding analysis is divided into steps of injecting and collecting particles at different 

locations in the ELSY primary system. We collect particle at the core inlet (P1, P3) and 

release them at the outlet to be collected at the pump (P2) and so on throughout the primary 

circuit. SG leakage is simulated by injecting bubbles randomly at three vertical elevations 

inside an SG – 5.22 m, 6.87 m and 8.55 m (i.e. 0.1 m below the free surface) (Figure 45). 

Bubble transport in the primary system is characterized statistically using two definitions for 

the fraction of “dangerous” bubbles: 

 Fraction of bubbles reaching any in-pool monitoring locations after injection 

o Represented by probability 𝑃𝑖 where 𝑖 denotes the injection location 

 Fraction of bubbles reaching the hot free surface after injected 

o Represented by probability 𝐸𝑖. 
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All bubbles reaching a monitoring location are collected, counted and removed from 

simulation to be accounted once in statistics. The non-zero difference between P1 and (1-E1) 

means that a fraction of bubbles accumulates in the primary system without reaching the core 

or escaping. These probabilities are calculated for every injection location and for all bubble 

sizes. Additional injection locations are used at the core outlet and at the pump outlet. They 

allow to separately estimate the fraction of bubbles that i) travel through the core and continue 

to the pump (P2) or escape to the hot free surface (E2) and ii) travel through the pump and 

are entrained again by the primary coolant flow (P3) or escape to the cold surface after first 

passage through the primary circuit (E3) (Figure 46). 

 
Figure 45: Bubble injection locations 

inside the SG (brown round planes). 

 

Figure 46: Entrainment probabilities (P1-3) and escape 

probabilities (E1-3). 

The steam accumulation rate in the primary system is estimated according to: 

�̇�𝑝𝑟𝑖𝑚𝑎𝑟𝑦 = �̇�𝑙𝑒𝑎𝑘𝑆𝐺∑(𝑓𝑑𝑖∏𝑃𝑗𝑑𝑖

3

𝑗=1

)

𝑁

𝑖=1

 

where �̇�𝑙𝑒𝑎𝑘𝑆𝐺 is the volumetric leak rate, 𝑓𝑑𝑖 and 𝑃𝑗𝑑𝑖
 are volume fractions and probabilities 

for a bubble with size 𝑑𝑖, and 𝑁 is the number of bins in the bubble size distribution. 𝑃𝑗 means 

either entrainment probability or one minus escape probability (they are not equal if bubbles 

accumulate somewhere in the primary system), depending which definition for dangerous 

bubbles is used. 

In certain circumstances, bubbles leaking into the primary system can stick and accumulate 

somewhere in the primary system (e.g. in vortices behind corners). This can lead to void 

build-up and, if a destabilizing disturbance occurs, motion of larger slugs in the core. This 

void accumulation is estimated using only the first probability (P1, or E1): 
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�̇�𝑐𝑜𝑟𝑒 = �̇�𝑙𝑒𝑎𝑘𝑆𝐺 ∑ 𝑓𝑑𝑖𝑃1𝑑𝑖
𝑖=1,𝑁

 

The gas carry-under factors (fraction of flow that is entrained) are evaluated to provide leak 

rate-independent characteristic for the gas entrainment: 

𝐶𝑈𝑐𝑜𝑟𝑒 =
�̇�𝑐𝑜𝑟𝑒

�̇�𝑙𝑒𝑎𝑘𝑆𝐺
, 𝐶𝑈𝑝𝑟𝑖𝑚𝑎𝑟𝑦 =

�̇�𝑝𝑟𝑖𝑚𝑎𝑟𝑦

�̇�𝑙𝑒𝑎𝑘𝑆𝐺
 

The methodology is generally applicable for any LFR given that design-specific geometry, 

flow conditions and bubble volume distributions (leak characteristic) are used. 

4.6. Results 

4.6.1. Entrainment probabilities 

The probabilities as a function of bubble size are shown in Figure 47. Clean system is 

represented by black and contaminated system by red curves. Round symbols take into 

account only the bubbles reaching the monitor location (e.g. core inlet, pump inlet) while 

square symbols consider also the bubbles that do get stuck somewhere in the primary system. 

Injection location 1 (IL1) refers to the case where bubbles are transported from SG to core. 

 

Figure 47: Bubble entrainment probabilities. 

Based on those results, following can be learned: 

 All curves reflect the non-linear effect of the drag coefficient as a function of bubble 

size, regardless of the injection location. Sub-millimeter bubbles (𝑑𝐵 < 0.5 𝑚𝑚) are 

always entrained by the flow because of the maximum drag in viscosity dominated 

regime. Mid-size bubbles (0.5 𝑚𝑚 < 𝑑𝐵 < 1.2 𝑚𝑚) always have the lowest 

entrainment probabilities (surface tension regime with the lowest drag), which increases 

again for the larger bubbles (𝑑𝐵 > 1.2 𝑚𝑚) for which the form drag starts to dominate. 



61 

 Effect of leak location. Bubble entrainment probability increases with the depth of leak 

location in the SG. This is explained by more pronounced downward velocity 

component in the bottom of the SG region and adjacent to SG in the downcomer (Figure 

48). 

 

Figure 48: Velocity streamlines originating from the three injection locations in the SG. 

 Effect of liquid contamination. Contamination increases the entrainment probabilities 

due to increased drag. The effect is especially strong in the 0.2-2.0 mm range, which is 

so-called surface tension dominated since this property depends on the interface purity. 

 Effect of definition of “dangerous” bubbles. Bubbles which cannot escape the system 

nor reach the monitored location of interest, are assumed to remain in the system. This 

effect is governed by the balance between drag and buoyancy forces and is pronounced 

for mid-size bubbles (peak in the probability of remaining in Figure 49). 

 

Figure 49: Probability for bubbles to remain in the system. 
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When either buoyancy or drag strongly dominates, e.g. low velocity region in the upper part 

of the SG or high velocity in the connecting pipe, respectively, bubbles do not remain in the 

flow. Therefore, the (1-E1) probability results in more conservative estimates for the voiding. 

 Effect of turbulence. The effect of turbulence on bubble transport was evaluated using 

Turbulent Dispersion model employing random walk technique on 0.4 mm and 4.0 mm 

bubbles. While the bubbles trajectories became slightly more chaotic with turbulent 

dispersion, the flow pattern was qualitatively unaffected. Quantitatively, the probability 

of remaining in the system (E1) did not change while the probability of reaching the core 

(P1) decreased by 4%. Thus, the effect of drag correlation appears more significant than 

the turbulent dispersion. 

4.7. Void accumulation rates 

Experimental studies and SGTL/R accidents in PWRs have demonstrated leak rates from 

single bubble per minute up to 10 L/min ([115], [127], [128], [132]–[134]). This translates 

up to 15 m3/day, which can be a concern when even a fraction of it reaches the core. In case 

of leak at the top of SG (8.55 m level), gas entrainment is negligible. For leaks at 5.2 m and 

6.87 m levels, void buildup rates in the primary system and in the core as a function of leak 

rate are shown in Figure 50. Different curves correspond to different bubble size distributions 

and system contamination levels. The most dangerous location for leak is the bottom of an 

SG (5.2 m), where smallest bubbles (i.e. modeled by Terasaka distribution) contribute most 

to the void buildup and the larger end of the size distribution also has an important 

contribution. In case of leak in the middle of an SG (6.87 m level), only small bubbles in 

contaminated system are entrained. It is instructive to note that such small size distribution 

results from small leak rates of up to 1 L/min that corresponds to void accumulation of 

0.5 L/min in the core and 0.4 L/min in the primary system. 

Note that the flow rate presented here assumes no compression of the bubbles. 

 

Figure 50: Core and primary system voiding rates as a function of SG leak rate. 
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Figure 51 shows the carry under factors for different analyzed configurations. It can be seen 

that the most dangerous is a leak in the lower part of the SG. Bubble entrainment is larger for 

small bubble sizes and contaminated systems. Up to 50% of the gas from leak can reach core. 

 

Figure 51: Carry-under factors. 

4.8. Summary 

Steam generator tube leakage has potentially severe consequences on the LFR performance 

ranging from reactivity initiated accidents (RIAs) to deterioration of heat transfer in the core. 

The problem has been studied with CFD using ELSY reactor design as a reference case. 

The study focusses on the numerical modeling of the transport of gas bubbles that leak at low 

rate from the secondary to the primary side, i.e. common to an early-stage leak that is difficult 

to detect and protect against. Such leaks are not infrequent in light water reactors experience. 

A probabilistic-deterministic methodology is proposed to separately quantify core and 

primary system voiding and calculate the amount of bubbles that remain in the coolant. 

Several uncertain parameters governing the SGTL/R phenomena have been analyzed in 

detail. Among those, bubble size distribution and drag coefficient are found to be the most 

crucial ones. Since slit-like crack is expected at the early stage of a SG tube degradation, the 

smaller end of bubble size range (0.1-10 mm used here) was of higher interest. Different 

correlations of the drag coefficient were considered and validated using scarce experimental 

data available for bubble motion in liquid metals. 

The main conclusions are: 

 Probability of gas entrainment and transport to the core depends on the leak location, 

bubble size distribution and system contamination levels. 

 Leak in the lower part of SG is the most dangerous in terms of subsequent gas 

entrainment. 

 Gas leaking in the upper part mostly escapes to the free surface of lead. 

 Gas carry under is significant for small bubbles in contaminated systems which 

corresponds to increased drag. 
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5. Seismic sloshing 

5.1. Background 

Using essentially a partially-filled elevated pool of heavy liquid metal as a primary system 

for LFRs raises safety concerns regarding seismicity. Nuclear power plants have to be 

designed to withstand severe internal and external natural and man-made hazards, including 

earthquakes. A comprehensive overview of earthquake-related nuclear reactor safety 

problems can be found in [135]–[139]. 

The dynamic behavior of nuclear island structures is affected in several ways by the liquid 

pools, for example [140]–[142]. Mass of the liquid reduces the natural frequency compared 

to empty structures. Wave propagation in liquids contributes to hydrostatic and dynamic 

stresses acting on the pool walls. Pools with free surfaces can experience sloshing. Since 

LFRs use high density liquids as coolants, sloshing has to be carefully accounted for in the 

design and safety analysis [143], [144]. 

Sloshing is any motion of the free liquid surface inside its container. Sloshing can be caused 

by internal (e.g. vortices, chemical reactions) or external disturbances (e.g. seismic events, 

motion of tanker ships and trucks). Depending on the type of disturbance and container shape 

different types of motion include planar, nonplanar, rotational, irregular beating, symmetric, 

asymmetric, quasi-periodic and chaotic. Given the motion of the container, sloshing problem 

involves estimation of hydrodynamic pressure distribution, forces, moments and natural 

frequencies of the free surface. 

For a given geometry, the important factors affecting the sloshing include (i) the excitation 

“signature” (frequency and amplitude), (ii) fill/ullage level and (iii) the properties of the 

liquid and gas phases. Depending on those parameters, the conditions can be near resonance, 

experience hydraulic jumps and travelling waves impacting vertical structures (low fill 

levels) or standing waves near resonance frequency leading to impact on the container lids 

(high fill level) [145]. It has been demonstrated experimentally that the ambient vapor/liquid 

properties and their interaction during an impact event can alter maximum impact pressures 

by as much as 2 orders of magnitude [146]. 

5.1.1. Seismic phenomena in LFRs 

Phenomena accompanying liquid metal sloshing in LFRs are fluid-structure interaction (FSI) 

and gas entrapment. During FSI, sloshing liquid exerts loads on the reactor components 

inducing stresses that can lead to structural failures (i.e. plastic deformation when exceeding 

the yield stress and rupture when exceeding the ultimate tensile strength). This is particularly 

critical in the cold plenum region where the motion of free surface can lead to high peak 

pressures on the vessel, roof and steam generator units [147]. An underwater explosion in the 

SL-1 nuclear reactor vessel caused the water to accelerate upwards through 0.76 m of air 

before it struck the vessel head at 49 m/s with a pressure of 690 bar. This pressure wave 

caused the 12,000 kg steel vessel to jump 2.77 m before it dropped into its prior location 

[148]. 



66 

Gas entrapment becomes significant in case of violent, non-linear sloshing characterized by 

strongly deformed and disintegrated liquid-gas interface. Moreover, depending on the 

evolution of advancing wave front and the location of the wave breaking (i.e. on the free 

surface itself or on some walls) different modes of gas entrapment have been identified [149]. 

Subsequent gas entrainment to the core can lead to (i) reactivity initiated accidents (RIA) due 

to positive void reactivity coefficients in LFRs, or (ii) local dry-out of the fuel rods [150]. 

5.1.2. Seismic isolation (SI) system 

One of the mitigation strategies in case of an earthquake is to use seismic isolation systems. 

The purpose of the SI system is to allow larger displacements in the superstructure (e.g. 

reactor building) and absorb ground motion energy using special isolator/bearing devices 

(see examples in [151], [152]). The fundamental frequency in the floor response spectrum 

(FRS) is reduced compared to ground motion and the accelerations causing stresses in solid 

structures and components are significantly reduced. This is illustrated in Figure 52. 

 

Figure 52: Effect of seismic isolation system [153]. 

5.2. CFD analysis 

The major uncertainties in the seismic design of nuclear power plants are related to the 

selection and characterization of the design earthquake(s), the soil properties, the accuracy 

of the structural and soil structure models and methods of analysis, and the general treatment 

of nonlinear effects [138]. 

RANS CFD analysis with VOF modeling was used to improve the understanding of sloshing 

phenomena in the primary system of LFRs and the effects that using an SI system have on 

sloshing response. 

First part of the analysis consists of a 2D probing study to identify the seismic excitation 

parameters (frequency and amplitude) that lead to dangerous violent sloshing in terms of 

impact pressures and gas entrapment. 

In the second part, 3D sloshing is analyzed in the ELSY reactor primary system subjected to 

Design Basis Earthquake (DBE) and Beyond Design Basis Earthquake (BDBE) conditions. 

3D analysis provides information about the geometry effects and allows to evaluate the loads 

on the in-pool structures like SGs, reactor lid, vessel walls. 
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Verification of the code solution is carried out with respect to time and space resolution. Dam 

break experimental data is used for validation [154]. See Figure 53 for the set-up and Figure 

54 for the analysis results. It was demonstrated that the most important criterion is the 

Courant number (that combines the mesh and time step size) due to the VOF and High-

Resolution Interface-Capturing scheme used for the interface shape reconstruction. 

 

Figure 53: Dam break set-up and positions for pressure and water level measurements. 

 

Figure 54: Pressure at sensor P1 with different mesh sizes. 

The final sizes were chosen according to the requirements on capturing the impact pressures 

and tendencies in void formation (possibility of gas entrapment and the size/location/velocity 

of the gas in the coolant) and not actual description of individual bubbles. 

5.2.1. 2D parametric study 

2D sloshing was studied in a rectangular domain with dimensions characteristic to ELSY 

reactor. Sinusoidal acceleration time-histories were used (Figure 55). Frequency was varied 

from 5 Hz to 0.25 Hz corresponding to the shift from un-isolated to isolated system spectra. 

Acceleration was varied from moderate 0.1 g to 0.9 g, which, as found in pre-calculations, 

leads to very violent sloshing and larger values would therefore not improve knowledge about 

the size of the dangerous domain of sloshing. 

The resulting characteristic flow structures are plotted in the map-like Figure 56. Cases 

located in the upper left part of the map, i.e. the low frequency/high amplitude region, result 

in severe sloshing. Favorable conditions for development of wave-breaking phenomena in 
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this configuration occur near 2.5 Hz and 0.9 g. The resonance frequency of the fluid sloshing 

was found to be ~0.5 Hz. This is in a good agreement with 0.46 Hz estimated from an 

analytical method for natural frequency of sloshing in rigid tanks [141]. 

 

Figure 55: Acceleration time-histories used as seismic input in the 2D parametric study. 

 

Figure 56: Map of the characteristic flow structures in 2D parametric study. 
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5.2.2. 3D analysis of sloshing in ELSY reactor 

The computational domain used in the 3D analysis represents a section of the region occupied 

by lead coolant and cover gas between the two neighboring SGs in ELSY primary pool 

(Figure 57). 

 

Figure 57: Cross-section (a) and top (b) view of the 3D domain and initial solution (red-Pb, blue-Ar) (c). 

Four cases have been analyzed: fixed-base and seismically isolated reactors at DBE and 

BDBE conditions on hard soil. The SI system considered in the analysis is based on LRBs 

(Lead-Rubber Bearings) (Figure 58, left) [155]. Earthquake is simulated using 3D time-

dependent acceleration time-histories calculated at the supporting ring of the vessel (Figure 

58, right) applied to the liquid in the pool via a momentum source. 

  
Figure 58: LRB SI device (left) and location of the interface point IP1B on the reactor vessel (right). 

The seismic input was created in SILER (Seismic-Initiated event risk mitigation in LEad-

cooled Reactors) project whose aim was to study the risks associated with seismically 

triggered events focusing on the beyond design events in Generation IV heavy liquid metal 

cooled reactors [155]. Acceleration time-histories and FRS are shown in Figure 59 and Figure 

60, respectively. 
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Figure 59: Acceleration time-histories for the analyzed cases (V- vertical, H1, H2 - horizontal). 

 

Figure 60: Acceleration FRS for the analyzed cases (V- vertical, H1, H2 – horizontal). 
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It can be seen that the horizontal accelerations are significantly reduced when using SI system 

(in both, DBE and BDBE cases). More importantly, the frequencies are shifted from ~5 Hz 

to sub-Hz. The latter is closer to liquid resonance conditions as mentioned earlier. 

First, the 3D simulations revealed the congesting flow between SGs as seen in Figure 61. 

This leads to increased accelerations and lateral forces on the SGs as well as pronounces 

slamming on vessel walls. Since the seismic excitation is asymmetric in nature, an imbalance 

of the forces on either side of an SG can result in displacements and stresses in the pipes that 

connect SGs to the core barrel. 

 

Figure 61: Flow congestion between SGs. 

Figure 62 shows the maximum pressures on the reactor internal surfaces. Peak pressures in 

the BDBE cases are up to two orders of magnitude higher than in respective DBE cases. In 

DBE cases, vessel wall and core barrel experience mostly impulsive pressures, i.e. those 

associated with the inertial forces directly proportional to the seismic excitation and fluid 

weight while the reactor roof and SG walls experience slamming due to dynamic pressures, 

i.e. the forces produced by the impact of sloshing waves on a surface. BDBE cases are 

characterized by violent non-linear convective slamming throughout the earthquake duration. 

Effect of SI system depends on the seismic level. In case of moderate earthquake level (DBE), 

application of SI system results in fewer number but (4-5x) higher magnitude impacts – a 

clear indication of resonance effect. However, in case of BDBE, the magnitude of seismic 

excitation is so high that the positive, load reducing effect of SI system prevails over the 

adverse effect of possible resonance due to frequency-shift. To put the magnitude of loads 

calculated here into perspective, damages and large deflections of blast wall structures 

evaluated during hydrocarbon explosions in offshore oil platforms have been detected 

already at peak pressures of few bars and/or pressure impulses of few kPa-s [156], [157]. 

Similar trends were seen in other monitored parameters. For example, it can be seen from 

Figure 63 that the amount of gas entrained by the coolant down to depths of at least 1 m 

below the free surface level is slightly higher in isolated DBE case compared to fixed-base 

DBE case. However, the volume does not exceed 1 L in either situation. In BDBE cases, 

however, up to 70 L has been detected regardless the use of SI. 
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Figure 62: Pressure maxima on reactor structures. 

  

  
Figure 63: Volume of gas reaching at least 1 m below the initial free surface level. 
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5.2.3. Mitigation solution 

Mitigation of the high dynamic loading of reactor structures due to slamming observed in 3D 

analysis is needed. One solution is to use baffles to partition the flow domain i.e. effectively 

decrease the characteristic length scales and thus inertia of the liquid. The baffle proposed 

here is a 5 cm thick rigid structure extending 0.1 m above and 1.0 m below the free surface 

(dark slab between the SGs in Figure 64). 

 

Figure 64: A flow-obstructing baffle in the inter-SG region. 

The effect of such a baffle is shown in Figure 65, left. It can be seen that in both, fixed and 

isolated DBE cases the peak pressures are reduced compare to non-baffled system. It was 

found that in BDBE conditions, the sloshing is too severe to be effectively mitigated using 

simple baffles. Even when the loads are reduced several times they still remain very high. 

 

 
 

Figure 65: Pressure maxima on reactor structures using baffles (left). CFDs of pressure impulse 

showing the effect of using SI system and of using baffles (right). 
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The effects of SI system and baffles are illustrated in statistical terms on the right of Figure 

65. It is visible from the CDF (Cumulative Distribution Function) of pressure impulses that 

the SI system has a positive effect in the low impulse region but increases the maximum 

pressure impulses (resonance effect). The most important effect of using baffles, in addition 

to reduction of overall pressure impulse levels, is the significant (several times) reduction of 

maximum impulses. Baffles help also to reduce the wave heights and gas entrapment. 

While the detailed design and optimization of the baffle is beyond the scope of this work, 

following aspects are found. First, the baffle itself bears loads that have to be included in its 

final design. Second, as the waves break over the baffle, gas bubbles may get entrapped as 

illustrated in Figure 66. 

 

     
Figure 66: Evolution of an overturning wave and splashing around the baffle. 

5.3. Summary 

Sloshing in the pool-type primary system of LFRs was studied using a RANS CFD approach 

coupled with VOF model to capture the free surface dynamics in a computationally efficient 

manner. 

A unified verification-validation of the code solution is carried out with respect to time and 

space resolution using a dam break experiment. The importance of respecting the limitations 

on the Courant number due to the VOF was demonstrated. 

A 2D probing study was used to identify the region of seismic excitation parameters which 

lead to potentially dangerous, violent sloshing of heavy liquid metal in the pool. It was found 

that the resonance frequency of a system with dimensions and flow configuration 

characteristic to ELSY reactor is about 0.5 Hz. This value was in the same range with 

analytical solutions and earlier analyses done on ELSY reactor. The results CFD analysis 

suggest that the strongest sloshing with the highest waves, velocities, and pressure peaks at 

the walls occurs near frequencies of 0.4 to 0.5 Hz already at fairly low (0.1 g) acceleration 

amplitudes. 

3D analysis of sloshing in the inter-SG region of ELSY reactor was performed for a fixed-

base and seismically isolated reactor cases at DBE and BDBE levels. The flow congestion in 

the gap between SGs increases loads on the reactor structures (i.e. core barrel, reactor vessel 

and SGs). Such 3D effects are not resolved by lower order solution methods. 

Regarding the use of SI system, it was found that in case of moderate DBE earthquake the 

shift of spectrum closer to natural frequency of sloshing, results in higher peak pressures and 
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impulses compared to non-isolated case. In severe, BDBE earthquake, the positive effect of 

reduction of seismic excitation magnitude is more important than the adverse effect of 

frequency shift. However, the reduction of loads due to SI is insufficient to reduce the 

sloshing loads to safe levels where significant damage can be avoided. 

A mitigation solution using flow-obstructing baffles has been proposed as a potential 

mitigation measure. The evaluation of its performance in DBE cases showed a positive effect 

of reducing the loads in both, fixed-base and seismically isolated reactors. However, detailed 

design of the baffle, which was not the subject of this work, is needed for practical 

implementation to make sure that it can carry excreted loads nor leads to excess gas 

dispersion/entrapment due to breaking waves. As the baffle reduces the characteristic length 

scales in the domain, it is expected that similar effect can be achieved by reducing the ullage. 

As recommendations for the future analysis, the realistic operating conditions (e.g. 

temperature gradient, steady state flow) could be taken into account. 3D analysis of the whole 

primary system is also of interest due to the asymmetric nature of seismic excitation. Full 

model of the entire primary system including the total inventory of the primary coolant may 

result in higher inertial forces during sloshing compared to section model where the influence 

of the adjacent sections is not fully taken into account. 
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6. Solidification 

6.1. Background 

Coolant freezing is a serious safety issue in liquid metal reactors that can cause partial or 

even full blockage of the coolant flow path and thermo-mechanical loads on the primary 

system structures. The highest risk of freezing of coolant is thought to occur during shut-

down, maintenance, refueling, and whenever excess cooling from the secondary system or 

the (passive) emergency cooling system is established. Solidification will affect the natural 

convection pattern in the pool with possible impairment of the core cooling. 

As a 3D phenomenon, the most suitable analysis method for solidification is CFD, which can 

handle multi-dimensional and multi-phase flows and interfaces. However, validation of 

melting and solidification models is needed for their application to risk and safety analysis. 

This part of the thesis describes the analysis in support of the design of a Solidification Test 

Section (STS) in TALL-3D facility. The goals and requirements for the validation experiment 

and how they are satisfied in the design are discussed. 

6.2. Approach to design the code validation experiment 

In order to carry out model and code validation, experimental data on relevant phenomena, 

regimes and configurations is necessary from an expressly designed experiment [158]. 

The TALL-3D test facility is enhanced by adding a test section in the left leg above the main 

heater dedicated to the LBE solidification. The main purpose this experiment is to induce, 

control and study the phase change process under different flow regimes and to collect the 

experimental data for a cross-check and validation of the associated CFD modelling. 

The design process of the STS that can be used for code validation includes several steps and 

requirements: 

1. Selection of the most important phenomena and regimes, relevant to the ultimate code 

application (design or safety analysis), that will be addressed in the experiment. 

2. Selection of the set of models and assumptions implemented in a code that will be 

validated against the data. 

3. Conceptual test design to ensure that (i) predicted system behavior will be sensitive 

to the modeling uncertainty; (ii) regimes relevant to the ultimate code application are 

covered; (iii) validation experiment should provide all necessary information required 

by the model to simulate the physics (e.g. initial and boundary conditions, material 

properties) as well as measurements of the SRQs. 

4. Design of instrumentation system that is sufficiently accurate to detect variation of 

system excitations and response with measurement uncertainty that is lower than the 

modeling uncertainty. 

6.3. Solidification phenomena and regimes relevant to LMFRs 

While there is a large number of design specific issues and scenarios where solidification can 

play an important role, they all share a typical set of the underlying phenomena, 

configurations and regimes. Solidification is a transition of matter from liquid state to solid 
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depending on mutually interacting thermodynamics, heat and mass transfer phenomena. In 

this work we focus on the following generally relevant phenomena: 

 “Microscopic” scale: Development of a solid layer (crystallization) and melting. 

 “Mesoscopic” scale: Dynamic interactions between the LBE flow structure and the 

solid-liquid interface. 

 “Macroscopic” scale: The effect of flow path variation on the integral system 

circulation. 

In prototypic conditions one can expect a variety of flow-solid configurations, from 

tangential flow to orthogonal impingement on the solid-liquid interface (Figure 67). 

 

Figure 67: Flow-solid interaction. 

6.4. Modeling approaches to solidification 

Depending on the length and time scale of the process, different modeling approaches can be 

used ranging from analytical approaches to low-order numerical modeling to complex finite 

element analysis (see Figure 68). Solidification in large nuclear reactor requires the latter. 

Numerical modeling approaches can be divided into two categories – fixed grid methods and 

interface tracking methods [159]–[163]. Tracking methods follow the interface location 

explicitly by adjusting the mesh accordingly. Fixed grid methods, or sometimes called 

interface capturing methods, allow the interface to move through the mesh using special 

treatment to identify its location and shape. 

 

Figure 68: Solidification phenomena, applications and modeling approaches at different time and 

length scales [163]. 
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In this work the Melting-Solidification model in Star-CCM+ has been used. It employs the 

VOF method to capture the location of the solid-liquid interface together with a High-

Resolution Interface-Capturing (HRIC) scheme to reconstruct the shape of the interface. 

Since Melting-Solidification model has an effect only on the energy equation (i.e. latent heat) 

separate models are needed to simulate the effect on the hydrodynamics when the material 

changes from the liquid to the solid state. Those available in Star-CCM+ are [39]: 

 Slurry Viscosity Model. At low Solid Volume Fraction (SVF) the mixture is considered 

as a slurry. The effect on the flow is modeled using a SVF-dependent viscosity. 

 Mushy Zone Permeability Model. With increasing SVF, dendritic regions form and grow. 

This partially solidified region with dendrites is called a “mushy zone”. The effect on the 

flow is modeled using SVF-dependent isotropic flow resistance coefficient. 

 Flow Stop Functionality. At certain SVF the flow is to be arrested completely. Past that 

SVF (i.e. zero flow velocity), the effect of Slurry and Mushy regime models disappears. 

In general, these models can be applied in combination using a special switching function in 

the transition between liquid and solid states and the complete stopping. An example of a 

switching function with critical SVF of 0.27 for Slurry-to-Mushy transition and a Flow Stop 

activation at SVF of 0.5 is shown in in Figure 69. 

 

Figure 69: Example of a switching function between different models. 

6.5. Analysis in Support of Experimental Design 

The analysis of the TALL-3D STS experiment is divided into three parts: 

 System analysis using RELAP5 to define the volume and location of the STS in the 

facility, considering system scale behavior to maximize STS-loop interaction and 

system scale feedbacks. 

 Conceptual analysis where many possible solutions are evaluated in terms of reactor-

relevant criteria and limitations of the TALL-3D facility. 

 A detailed scoping analysis using CFD to study wide range of STS design parameters 

and experimental conditions and to identify the most valuable for code validation 

conditions. 
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6.5.1. System analysis using STH 

During natural circulation conditions LBE flow rates in the two hot legs of the TALL-3D 

facility are in competition. The feedback between natural circulation and solidification can 

be stronger if the loop is closer to instable conditions where small changes in the STS due to 

solidification can cause large variation of the loop behavior. This competition, which can be 

enhanced more symmetry between the legs, can lead to flow instabilities [103]. 

RELAP5 TALL-3D model (Figure 70, left) is used to study the effect of different STS 

positions (Figure 70, right) and total volume of LBE in each leg. 

  
Figure 70: TALL-3D RELAP5 model nodalization (left) and possible STS locations (right). 

It was found that positioning the STS right above the main heater (LO in Figure 71, left) 

results in more unstable flow conditions than the higher position (HI in Figure 71, left). 

Regarding the STS size, it was shown that a volume of about 1.8 – 3.0 liters is sufficient to 

create a possibility for instable natural flow circulation with similar powers in the main heater 

and 3D test section heaters (Figure 71, right). 

  
Figure 71: Effect of STS location (left) and volume (right) on the flow instabilities. 
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6.5.2. Conceptual design of STS 

The aim of the design is to minimize complexity of the design that yields additional source 

of uncertainty in interpretation of the data. Even though solidification in the reactor is a 3D 

phenomenon, we postulate that for validation of solidifications models for the flow-solid 

configurations discussed in Section 6.3 it will be beneficial to use quasi-2D (plane or 

axisymmetric) flow geometry. This reduces significantly the complexity of the 

instrumentation set-up and computational costs while preserving the physical phenomena for 

which the models are validated. Moreover, reducing the complexity magnifies the effect of 

solidification models on the simulation results compared to other modelling factors such as 

turbulence and meshing. 

In order to address different possible flow configurations and interactions with the solid, two 

cooling arrangements can be considered – external and internal (Figure 72). External wall 

cooler configuration requires smaller number of UDV (Ultrasonic Doppler Velocimetry) 

sensors but introduces uncertainty into heat removal measurement. Internal wall 

configuration, however, requires higher number of UDV sensors (creates an obstacle in the 

pool for UDV), but allows for accurate measurement of the removed heat. 

 

Figure 72: Potential arrangements of coolers and the UDV measurement set-up. 

6.5.3. Detailed design of STS using CFD 

Large number of possible STS designs were proposed in the conceptual design phase. They 

can be broadly divided into two categories: (i) modified versions of the existing TALL-3D 

test section and (ii) a separate test section. Due to difficulties in implementation, the option 

to modify the existing test section was discarded. Three different separate test section 

versions were proposed as shown in Figure 73. 
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a b c 

Figure 73: Options of the STS design separate to the existing test section in TALL-3D. 

The option in the Figure 73a was considered both in 2D axisymmetric and 2D slice geometry 

but it was discarded after simulations demonstrated low sensitivity of solid front location to 

boundary conditions (flow and temperature) and only tangential interaction between the flow 

and the solid front. 

Parametric study of the options in the b and c have shown that regardless of boundary 

conditions (Figure 74): 

1. The flow is always tangential to solid /liquid interface. 

2. A large vortex separates the jet from the solid front. 

3. Solidification front pushes the jet away from solid/liquid interface. 

The latter finding was further confirmed in calculation with top cooling only and side cooling 

only (Figure 75a and b). However, in case of top and right side cooling competing solid 

interfaces sensitive to the LBE inlet temperature and mass flow may develop (Figure 75c). 

 
a 

 
b 

 
c 

Figure 74: Flow-solid front interaction in the 2D sliced geometry with top and left side cooling (a – no 

cooling; b – high flow rate; c – low flow rate). 
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a 

 
b 

 
c 

Figure 75: Flow-solid front interaction in the 2D sliced geometry with top and right side cooling (a – top 

cooling; b – right cooling; c – combined top and right sides cooling). 

A parametric study of wide range of boundary conditions was carried out for the option in 

the Figure 75c to obtain information about the regimes with different extent of solidification. 

An example of top-right cooling with 30 °C wall temperature is shown in Figure 76. It can 

be seen that the solidification is sensitive to LBE boundary conditions especially at low inlet 

temperature and mass flow rates. Moreover, inlet temperature tends to be more influential 

than the mass flow rate. 

 

Figure 76: 2D parametric study of LBE solidification using constant temperature (30°C) on top and 

right side of the STS (yellow – solid) and streamlines showing in-pool vertices. 
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The knowledge obtained in coarse parametric 2D analysis is then used in the more refined 

3D parametric analysis to further increase the confidence of the pre-test study. Details of the 

3D CFD model include the solid structures and water cooling (Figure 77). Explicit modeling 

of the water flow is used to obtain realistic wall heat flux conditions. 

Figure 78 shows the solidification in a 3D model in different steady state conditions defined 

by LBE inlet mass flow rate and temperature. A constant water flow of 0.2 kg/s/cooler with 

inlet temperature of 15 °C is used. 

Maximum amount of solid LBE in the pool is about 7.5 kg corresponding to the 1.0 kg/s and 

150 °C LBE inlet conditions. Clogging occurred again at low LBE flows and inlet 

temperatures. It was found that the maximum cooling water temperature is about 74°C (at 

LBE inlet of 2.0 kg/s and 190°C). The correlation between the pool temperature profile, 

solidification front and jet position suggests that the in-pool temperature can be used to 

characterize the flow and solid front location. Temperature measurements can be used in 

conjunction with UDVs to diversify pool characterization for validation purpose. 

  
 

Figure 77: Solidification test section geometry, material domains and numerical mesh. 
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Figure 78: 3D parametric study of LBE solidification with top and right cooling (solid – red). LBE 

temperature ranges from freezing (125°C to inlet temperature). 

6.6. UDV positioning study 

One of the techniques considered for measurement of solidification front location is UDV. 

UDV measurement technique provides the velocity component aligned with the axis of the 

ultrasound beam. Therefore, zero reading indicates the presence of solid structures, i.e. walls 

or solid LBE (or flow orthogonal to the UDV axis). However, few considerations have to be 

accounted for in the final placement of the UDV sensors including following: 

 Velocity must be measured in the regions of interest (e.g. jet, vortices), 

 Reflections from the walls (due to beam widening) may interfere with the signal, 

 Measurement uncertainty increases with the distance, 

 Limited space available for the UDV fittings. 

Out of many configurations tested, an option with 3 UDV sensors installed on the left wall 

was chosen to fit the design requirements. See Figure 79 for flow fields, UDV measurement 

lines and corresponding velocity profiles. 
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Figure 79: Location of the UDV measuring beams (top images) and the corresponding beam-axial 

velocities profiles (bottom images). 

6.7. Test matrix 

Based on the knowledge about the physical phenomena and boundary conditions obtained 

from 2D and 3D parametric analysis, a test matrix is proposed for the experimental campaign: 

 Calibration steady states: without cooling, top cooling, right cooling, both coolers. 

 Calibration transients: 

o A constant LBE mass flow transient with gradual decrease of the LBE inlet 

temperature (possibly until clogging). 

o A constant inlet temperature transient with gradual reduction of LBE flow 

rate (possibly until clogging). 

 Validation transients: 

o A TALL-3D system-scale forced-to-natural circulation transient with 

constant or changing powers in the 3D pool and MH. 

The test matrix cases were simulated numerically before physical experiment to define the 

test parameters and reduce the uncertainty in the potential outcome in order to a) ensure that 

the tests would feature the most interesting/challenging physical phenomena and b) ensure 

the safety of the facility. 

Comparison of steady state tests with distinct jet-vortex-solidification configurations inside 

the pool are shown Figure 80.  
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Figure 80: Pre-test simulation of steady states with different cooling configurations. 

6.8. Effect of numerical modeling parameters 

In the constant mass flow rate/decreasing inlet temperature transient, the effects of melting-

solidification modeling parameters were observed. Figure 81 shows the snapshots of the 

transient with 0.5 kg/s LBE flow rate and Figure 82 shows the snapshots of the transient with 

1.0 kg/s LBE flow rate. 

It was noticed that using the Flow Stop SVF of 0.5, a significant amount of solid LBE (all 

solid in cells with SVF<0.5) is transported by the flow. Whether this is physically reasonable 

has to be answered in the future validation. The problem is illustrated in the snapshots with 

the blue SVF region that follows the LBE flow pattern. 

 

Figure 81: Temperature transient snapshots – 0.5 kg/s. Flow Stop SVF = 0.5.Range for SVF plotting = 

0.1-1.0. 
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Figure 82: Snapshots of temperature transient – 1.0 kg/s. Flow Stop SVF = 0.5. Range for SVF plotting 

= 0.1-1.0. 

The case with 1 kg/s LBE flow was further simulated with Flow Stop at 2% SVF (Figure 83) 

and Slurry + Mushy + Flow Stop at 50% SVF (Figure 84). 

 

Figure 83: Snapshots of temperature transient – 1.0 kg/s. Flow Stop SVF = 0.02. Range for SVF plotting 

= 0.1-1.0. 

 

Figure 84: Snapshots of temperature transient – 1.0 kg/s. Slurry and Mushy models are used with the 

Flow Stop SVF = 0.5. Range for SVF plotting = 0.1-1.0. 

The results demonstrate the effect of using different solidification modelling approaches. In 

addition, user-defined values of SVF and slurry / mushy transition thresholds may be 

sensitive to (i) flow orientation with respect to solid/liquid interface and (ii) local temperature 

gradients. Experimental data is required to reduce such modelling uncertainties, find the most 

suitable solidification modelling approach and respective modelling parameters (thresholds). 

6.9. The final TALL-3D STS design 

Based on the pre-test analysis, requirements for instrumentation, safety and manufacturing, 

the final configuration of the TALL-3D facility with STS is defined (Figure 85). 

STS is a rectangular vessel made of SS316L with 40 cm rectangular inlet and outlet pipes. 

The pool dimensions are 200x200x52 mm (i.e. 2 L of total volume, 21.1 kg of lead at melting 

temperature). 
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Figure 85: TALL-3D facility with STS in the main heater leg. 

On the left side of STS there is a rectangular flange to which different instrumentation can 

be connected. Water cooling is installed at the top and right side. The front and back walls 

are equipped with stiffeners to minimize bulging. 

Three sets of instrumentation have been chosen for the measurement of the solidification 

front and characterization of the flow in the STS pool: 

 Thermocouples (TCs) for temperature measurement outside and inside the pool, 

 Fiber Bragg gratings (FBGs) for temperature measurement inside the pool, 

 Ultrasound Doppler Velocimetry (UDVs) for measurement of the LBE flow 

velocity and location of the solid front. 

Since simultaneous application of UDVs and FBGs was not practical, two independent 

configurations of the experimental setup are suggested: one with UDVs and one with FBGs 

(see Figure 86). 
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Figure 86: STS design with the UDV probes (left) and the FBG probes (right). 

6.10. Summary 

The design process of a test section incorporated into TALL-3D experimental facility to study 

melting-solidification phenomena in LFRs is described. The design process relies heavily on 

numerical modeling and simulations. 

The integral features of the STS (i.e. volume, height) and its positioning in the TALL-3D 

loop were analyzed using STH code. The 1D system-scale model provided understanding of 

the effects STS has on the TALL-3D experiments. 

Details of the STS design were investigated with CFD software Star-CCM+. First, a 2D 

parametric study was carried out to identify the region of LBE and cooling water parameters 

resulting in „interesting” solidification cases. This was followed by a 3D parametric analysis 

taking into account the limitations in the TALL-3D experimental facility. 

Based on the results of probing pre-test studies, an experimental test matrix was suggested. 

The list included both steady states and transient tests for model calibration and validation. 

Selected tests were analyzed numerically to provide fine level input to finalize the design of 

the solidification test section. 

Regarding the effects of solidification modelling approach and parameters, it was noticed 

that using Flow Stop Solid Volume Fraction may not be universally applicable. As an 

example: 

 In the bulk (i.e. cells not in contact with stopped cells), a cell with 100% SVF should 

not be stopped. E.g. a piece of material in solid phase dropped into the same material 

in liquid phase modes (e.g. rises/falls in case of gravity). Stop the flow in a cell only 

if there is a stopped cell next to it. 

 On the wall, any amount of solidus appearing should be stopped and not advected 

away. However, fluid in that cell should not be stopped. It is important to retain the 

solid in that cell and let the flow to move. This will lead to growth of the solid layer 

on the wall. 

Further analysis and/or experimental data is needed to study: 

 Value of Flow Stop SVF in LBE. 
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 Presence of Slurry/Mushy regimes and the corresponding needs of respective models 

(viscosity, permeability, resistance coefficient). 

 Thermal conductivity of LBE in solid and liquid phase. 

The final experimental design was suggested based on the pre-design calculations. The 

experimental facility has two optional configurations: one with UDV probes and one with 

FBG probes.  

These pre-test analysis results confirm that there is sufficient flexibility incorporated in the 

design of the STS to carry out a validation grade experimental campaign featuring different 

liquid-solid configurations, transient interactions in a safe manner. 
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7. Summary, conclusion and outlook 

The design and licensing of LFRs has to rely to a great extent on numerical simulations due 

to the lack of operational experience and infeasibility of full-scale experimental 

investigations. 

In this work, we demonstrate application of advanced numerical tools such as CFD to a 

number of LFR specific safety issues. CFD is selected as an adequate approach for addressing 

3D thermal-hydraulic phenomena in pool-type designs. While becoming more mature, 

application of CFD to analysis of the whole primary coolant system still might be 

prohibitively expensive, especially along with uncertainty quantification. Coupling of STH 

and CFD codes can provide a more efficient way of modeling complex large scale systems 

without loss of accuracy. In this regard, a RELAP5/Star-CCM+ coupled code, employing a 

domain overlapping approach, is developed for integral analysis of systems involving both, 

loop- and pool-type components or regions. 

A robust decision requires reduction of uncertainty to the level when decision is insensitive 

to the remaining uncertainty, i.e. it doesn’t change if uncertainty is further reduced. In order 

to make robust decisions based on modeling and simulation (M&S) results the uncertainties 

must be quantified and reduced using physical evidences. An iteratively converging process 

of code validation and application for its intended use is necessary in order to achieve that.  

In this thesis, we further develop and apply the iteratively converging validation methodology 

which employs a combination of physical evidences with extensive sensitivity and 

uncertainty analysis in order to reduce the “user-effect”. Elements of this methodology are 

demonstrated in application to the safety issues addressed in this work in order to ensure that 

the end-results of the analysis are user-insensitive. 

In order to provide data for validation of standalone and coupled STH and CFD codes, a 

loop-type experimental facility featuring a 3D pool test section – TALL-3D – was designed 

using extensive STH, CFD and scaling analysis. In addition to the optimization of the pool 

geometry and flow conditions, CFD was also used in the selection and positioning of the 

measurement instrumentation. 

Validation of Star-CCM+ has been carried out as a first step towards the validation of coupled 

RELAP5/Star-CCM+ code. A CFD input model was prepared and numerical settings 

verified. Multiple sensitivity analyses were used to identify the most influential uncertain 

input parameters on the output variability. Two visualization methods – SA importance 

matrix and cumulative effect plot – were proposed to enhance the interpretation of sensitivity 

analysis involving many input and output parameters. These representations help users also 

to compare the results of different SA studies (e.g. from different iterations with changed 

uncertainty ranges). It was found that boundary conditions (e.g. LBE mass flow rate, inlet 

temperature, heater power) followed by the turbulent Prandtl number and material properties 

(e.g. density and heat capacity of LBE) constitute the major source of uncertainty. Using 

dedicated tests, uncertainties in the measurement of boundary conditions were reduced. 

Subsequent uncertainty analysis and calibration using local in-pool temperature profile 

measurements demonstrated the deficiencies in the modeling of heat losses, which did not 
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take adequately into account the presence of thermal bridges and other local effects in thermal 

insulation.  

Preliminary validation of the coupled RELAP5/Star-CCM+ for pool thermal-hydraulics was 

carried out using TALL-3D data. It was demonstrated, qualitatively yet distinctly, that the 

coupled code is able to predict thermal stratification and mixing phenomena in the pool and 

the feedbacks with the loop natural circulation, which is unattainable for standalone STH 

code. However, more rigorous, quantitative validation following the methodology proposed 

in Chapter 2.1 is needed in the future. 

Bubble transport analysis for the ELSY reactor design demonstrated the effect of uncertainty 

in drag correlation, bubble size distributions and leak location on the core and primary system 

voiding. Possible design solutions for prevention of core voiding in case of SGTL/R are 

discussed. Drawing on the available experimental data from other gas-liquid metal systems 

it was observed that the family of Tomiyama drag correlations performs the best for steam-

lead configuration. The flexibility of the correlation enabled to show that the risk of core 

voiding increases with coolant contamination (e.g. containing impurities, oxides etc.). It was 

found that the experimental data in the sub-millimeter range is missing from the existing 

bubble size distributions for gas-liquid metal systems. Since, according to the results of core 

voiding analysis, small bubbles are most prone to be entrained by the coolant to the core 

region, experimental data about the drag of sub-millimeter bubbles is needed to further reduce 

the uncertainty in core voiding analysis (see developments in [164]). Bubble entrainment 

probability increases also with the depth of leak location in the SG, which is explained by the 

higher downward component of the coolant velocity in the bottom of the SG. 

The study of the effect of SI system showed that the isolation shifts FRS frequencies closer 

to the natural frequencies of the liquid sloshing, thus leading to increased loads on the 

structures. A map of sloshing modes has been developed to characterize the sloshing response 

as a function of seismic excitation parameters and to identify the dangerous regimes. It was 

shown that using flow partitioning baffles the loads on the vessel structures are reduced. 

However, the baffle structure itself bears loads, which have to be taken into account in their 

detailed design. This requires integrated FSI analysis that was out of scope of the present 

work. 

The design process of a solidification test section (STS) incorporated into TALL-3D 

experimental facility to study melting-solidification phenomena in LFRs is described. The 

process starts with definition of the requirements to address reactor-relevant conditions 

considering the possibilities and limitations of the experimental facility. 

The design process relies heavily on the numerical modeling and simulations. The integral 

features of the STS (i.e. volume, height) and positioning in the TALL-3D loop were studied 

using STH code RELAP5. The 1D system-scale model provided insights of the effects STS 

has on the dynamics in the TALL-3D loop. 

The details of the STS design were investigated with CFD software Star-CCM+. A large 

number of simulations were required to probe wide range of potential designs and operating 

conditions. First, a 2D parametric study was carried out to identify the region of parameters 
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(LBE and water flow) resulting in „interesting” solidification cases. This was followed by a 

3D parametric analysis taking into account the limitations in the TALL-3D experimental 

facility. 3D simulations were feasible when the design started to converge and more details 

were of interest. 

Based on the results of probing pre-test studies, a plan for the experimental campaign, 

including 4 calibration steady states and 2 calibration transient tests and 2 full loop transient 

tests (that provide variable boundary conditions). Selected tests were analyzed numerically 

to provide fine level input to finalize the design of the solidification test section. Two optional 

configurations are considered: one with UDV probes and one with FBG probes. 

Effect of solidification modelling (model types and parameters) was addressed. It was noticed 

that the Flow Stop Solid Volume Fraction may not be universally applicable and further 

analysis and/or experimental data is needed. 
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