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Abstract 

Research for severe accidents in Light Water Reactor (LWR) has been an 

important topic since the TMI-2 accident where the cooling for the reactor core 

was insufficient, leading to a core meltdown accident.  

 

In order to terminate a severe accident and therefore restrain the release of 

radioactivity, the concept of in-vessel melt retention (IVMR) is proposed to arrest 

and confine the corium in the lower head of the reactor pressure vessel (RPV). 

The IVMR strategy was first implemented in the Lovissa VVER 440 plant [1], 

and then adopted in the new deigns such as Westinghouse AP1000 [2], the Korean 

APR1400 [3] as well as Chinese advanced PWR designs HPR1000 and CAP1400. 

It is also investigated in the ongoing European project IVMR as a potential back-

fitting to enhance the safety of existing nuclear power plants. 

 

The idea of IVMR is to flood the reactor cavity so that the core melt pool finally 

formed in the lower head can be cooled by the coolant flow through the external 

surface of the RPV. This strategy therefore requires that the angular heat flux 

imposed by the melt pool to the vessel wall should not exceed the limit of the 

external cooling capacity, that is, the critical heat flux (CHF) of boiling at all 

points around the lower head. Hence, it is paramount to understand the heat 

transfer (for identifying heat flux profile) of a volumetrically heated melt pool 

with high confidence. In the EU project IVMR, the SIMECO-2 experimental 

program is being developed at KTH to investigate the heat transfer of a melt pool 

at temperature up to 1000 oC. The goal of this thesis work is to perform a pre-test 

analysis for the SIMECO-2 experiments using CFD simulations, so as to help 

design the new test facility, as well as determine the operating range and 

measuring parameters. The CFD code FLUENT is employed as the simulation 

tool in the present study. 

 



 

4 

 

The first step of the work was to qualify the FLUENT capabilities for modeling 

melt pool convection with internal heat source, by the means of simulating the 

existing experimental work done by Asfia and co-workers [4][5][6] where a R-

113 pool was volumetrically heated in a Pyrex bell jar which was cooled 

externally by water. The FLUENT simulation results showed a good agreement 

with the experimental data and the Horvat and co-workers’ simulations [7][8] 

using the CFX code.  

 

The modeling approach of FLUENT was then applied to the analysis of the 

SIMECO-2 experiment which is a follow-up the old SIMECO experiment 

developed by Sehgal and co-workers [9] to investigate melt pool convection and 

heat transfer in semi-circular slice of lower head, using binary salt mixture of 

KNO3-NaNO3 at temperature less than 300 oC. The SIMECO-2 will choose a new 

corium simulant which can operate at 800 oC. The present simulation provided 

the heat flux profile along the vessel wall, which is comparable to the prediction 

of the Phase-change Effective Convectivity Model (PECM) [10] [11]. Further 

analysis was performed to investigate the effects of the internal heat power as 

well as the heat loss through the top boundary. The results provided insights and 

guidance for design of the experimental setup and operations.  

Keywords 

Safety of light water reactor (LWR), severe accident, melt pool heat transfer, 

turbulence model, natural convection, critical heat flux, computational fluid 

dynamics (CFD). 
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Nomenclature and Acronyms 

Arabic 

A surface area of the control element. 

Al normalized dot product of the area vector of a face 

cl 
vector from the centroid of the cell to the centroid of the adjacent cell 

that shares the face 

Cp specific heat, J/(kgK) 

Da 

Damköhler number 

2

max

reaction rate

convective mass transport rate ( )

v

BC

Q H
Da

k T T
 


 

F flux vector 

F1 blending function 

fl a vector from the centroid of the cell to the centroid of a face 

g The standard acceleration due to gravity, m/s2 

Gr Grashof number, 

3

max

2

( )BCg T T H
Gr

v

 
  

H height of the cavity or the radius of the semicircular cavity, m 

h heat transfer coefficient, W/m2K 

k turbulence kinetic energy, J/kg=m2/s2 

Nu Nusselt number, 
)ave BC

qH
Nu

T T


 
 

P pressure, pa 

Pr Prandtl number, Pr
v


  

q Heat flux, W/m2 

Q vector of the conserved variables 

Qv internal heat generation rate, W/m3 

R radius of the pool, m 
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Ra Rayleigh number, 

5

vQ g
Ra

v



 


  

Ri equation residual at an element vertex i 

S Source term 

t time, s 

Tav average temperature in the cavity, K 

TBC boundary temperature, K 

Twall Wall temperature, K 

U characteristic velocity, m/s 

V volume of the control element 

Wi weighted residual at an element vertex i 

Greek 

α thermal diffusivity, m2/s 

β thermal expansion coefficient, K-1 

ΔT temperature difference, K 

ε turbulent dissipation, J/(kg s)=m2/s3 

κT thermal turbulent conductivity, W/(mK) 

λ thermal conductivity, W/(mK) 

μ dynamic viscosity, kg/m s 

ν kinematic viscosity, m2/s, ν =μ/ρ  

νT kinematic eddy viscosity, 
T

k
v


  

ρ the volumetric mass density, kg/m3 

ω specific dissipation, 1/s 

𝛿 Kronecker delta 

Subscripts and superscripts 

av average 

BC moundary condition 

down down 
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Exp. experiment 

liq liquidus 

max maximum  

obs observed value 

sample sample value 

sol solidus 

up upside 

wall wall 

 

List of acronyms 

ALARA As Low As Reasonably Achievable 

BDBA Beyond Design Basis Accidents 

BWR Boiling Water Reactor 

CFD Computational Fluid Dynamics 

CHF Critical Heat Flux 

CRGT Control Rod Guide Tubes 

DBA Design Basis Accidents 

DES Detached Eddy Simulation 

DNS Direct Numerical Simulation 

  

FDM Finite Difference Method 

FEM Finite Element Method 

FVM Finite Volume Method 

IAEA International Atomic Energy Agency 

ICS Industrial Control Systems 

IGT Instrument Guide Tubes 

INSAG International Nuclear Safety Advisory Group 

IVMR In-vessel Melt Retention 

KTH Royal Institute of Technology 

LOCA Loss Of Coolant Accident 
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LWR Light Water Reactor 

OECD Organization for Economic Cooperation and Development 

PECM Phase-change Effective Convectivity Model 

PSA Probabilistic Safety Assessment 

PWR Pressurized Water Reactor 

R-113 1,1,2-Trichloro-1,2,2-Trifluoroethane 

RMSE 
Root Mean Square Error, 

2

,

1

( )

RMSE=

n

obs i sample

i

X X

n




 

RPV Reactor Pressure Vessel 

SAS Scale-Adaptive Simulation 

SST Shear Stress Transport Model 

TMI-2 Unit 2 of Three Mile Island 
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Chapter 1 Introduction 

1.1 Background 

A severe accident scenario in light water reactors can result in a catastrophic 

release of radioactive material into the environment. Hence redundant safety 

measures are adopted for safe operation of nuclear power plants. However, 

critical assessment of safety features is important for mitigation of unexpected 

events and progressive improvement of the existing safety features.  

 

A combined experimental and modelling approach is key to understand various 

multi-scale, multi-phase phenomena involved in severe accident research.  

Compared to experimental research, modelling is invariably a cheaper and a time 

saving alternative. Should full-scale codes cannot model specific effects with 

sufficient accuracy, appropriate separate-effect models can be used.  

 

In general, a severe accident in light water reactors can be divided into in-vessel 

and ex-vessel stages. The in-vessel melt progression scenario is categorized as a 

sequence of major events which include, uncovering of core, core heat-up, core 

damage and molten core relocation to reactor vessel lower plenum. Retention of 

relocated core in the lower plenum by ex-vessel flooding is considered to be an 

effective severe accident management strategy since further progression i.e. ex-

vessel melt scenarios are mitigated. To assess the efficacy of ex-vessel flooding 

investigation of natural convection heat transfer of a volumetrically heated melt 

pool under high Rayleigh numbers (typically up to 1015) is requisite. 

 

Relevant experimental works to study natural convection heat transfer for 

relocated corium pools in lower plenum are conducted at different scales with 

several corium simulant compositions. For instance, Zhang Luteng and co-

authors studied the heat transfer characteristics in COPRA experiments [12]. The 
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Ra numbers could reach to 1016 to cover the prototypic range of current interest 

of in-vessel retention. However, the experimental works could not completely 

represent prototypic conditions considering low Ra numbers (typically in the 

range up to 1012) and limited experimental data measurements on local heat flux.  

 

A better estimate of local heat flux requires along with the experimental efforts, 

computation efforts. Numerical investigation of natural convections requires a 

well-verified model which has a good agreement with available experimental 

data.  

1.2 Safety Issues 

There are three main safety objectives formulated by the International Atomic 

Energy Agency (IAEA) which demonstrate the basic safety requirements for a 

nuclear power plant. They are general safety objective, radiation protection 

objective and Technical safety objective. 

 

The general safety objective is to protect people and environment from the 

harmful effects of ionizing radiation. The radiation protection objective is to 

ensure that radiation exposure during all kind of operational states or the release 

of radioactive material are below the limits imposed by law. The risk connected 

to the operations is As Low As Reasonably Achievable (ALARA). The technical 

safety objective is to ensure that all reasonable measures are taken in order to 

avoid accidents or to mitigate them in case they should occur. The plant condition 

categorization given by IAEA is summarized in Figure 1.  
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(a) Accident conditions that are not design basis accidents as explicitly considered but which are 

encompassed by them; (b) Beyond design basis accidents without significant core degradation. 

Figure 1 Plant condition categorization [13]. 

 

The operational states denoted in the Figure 1 include both the normal operation 

state and anticipated operational occurrences. The accident conditions denoted in 

Figure 1 include design basis accidents and beyond design basis accidents. Based 

on the IAEA guidelines redundant safety features are included in the design of 

light water reactors. Some anticipated scenarios which can lead to a severe 

accident are also addressed in the design. For example, the reactor vessel is 

designed to confine molten core materials and retain the radioactive release. The 

implemented design is mostly based on the knowledge acquired. from the TMI-

2 accident.  

1.3 Severe Accident 

A core meltdown accident may happen due to loss of coolant, loss of pressure, 

low coolant flow rate, etc. IAEA demonstrates safety standards for severe 

accident management [14]. According to the IAEA recommendations, important 

event sequences which may lead to severe accidents shall be identified using a 

combination of probabilistic &deterministic methods and sound engineering 

judgement. Before any potential design changes or procedural changes are 

implemented, possible consequences should be evaluated if reasonably 
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practicable. Some representative and dominant severe accident scenarios shall be 

investigated to establish accident management procedures. 

 

For design requirements, representative severe accident scenarios include control 

of accidents within and exceeding design limits, and mitigation of radiation risks 

associated with possible releases of radioactive material. This accident 

management guidance should be based on best estimate analyses to capture the 

proper physical response of the plant. All modes of plant operation should be 

covered, such as fires, floods, seismic events and extreme weather conditions.  

 

IAEA illustrates some operational limits and conditions in its Safety standards 

series, No. NS-G-2.2 [15]. The safety guide is directed at both regulators and 

operators. For normal operation, the limits and conditions include operating 

parameters such as stipulations for minimum amount of operable equipment, 

minimum staffing levels, prescription of actions to be taken by the operating staff, 

as well as the time allowed to complete these actions. 

 

Operability requirements should state for the various modes of normal operation 

the number of systems or components important to safety that should be either 

on operating condition or in standby condition. Higher associated risks should be 

considered, and confirmation should be always obtained before removing any 

component of a safety system from service. Redundancy principle is also 

essential for operability requirements. Methods of PSA or reliability analysis 

should be used as the most appropriate means for this purpose. 

 

The concept of defense in depth is also important in severe accident management. 

Defense in depth concerns the protection of both the public and workers. It is 

fundamental to the safety of nuclear installations. Implementation of defense in 

depth concept contains several levels of protection, including successive barriers 

preventing the release of radioactive material to the environment. The objectives 

are to compensate for potential human and component failures, to maintain the 
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effectiveness of the barriers by averting damage to the plant and to the barriers 

themselves and to protect the public and the environmental from harm in the 

event that these barriers are not fully effective [17]. 

 

IAEA International Nuclear Safety Advisory Group (INSAG) published the 

safety report Defense in Depth in Nuclear Safety [16], illustrates the approach, 

implementation, enhancement of safety systems for the power plants currently in 

operation, and development of Defense in Depth. The first level of defense in 

depth is preventive measures. The surveillance system should monitor the system 

operation status and give precautions when potential hazards may occur. This is 

the first defense line for preventive objectives. The second level is protective 

measures, which implies the function of safety equipment designed to protect the 

reactor. For example, if there is a small LOCA, the ICS should be enough to cool 

the core. If this ICS system fails, then other safety systems will operate. This is 

the level for primary protection. The third level is the mitigation measures. This 

level is to control the accidents within the design basis. The fourth level is control 

of severe plant conditions, including prevention of accident progression and 

mitigation of the consequences of severe accidents. This level includes 

complementary measures and accident management. The fifth level is the 

mitigation of radiological consequences of significant releases of radioactive 

materials. Usually, this level concerns on massive release of radioactive elements 

and contains an off-site emergency response such as evacuation of residents from 

the evacuation zone. 

1.4 Significance of The Work 

In this thesis work, we consider a hypothetical severe accident where the reactor 

core along with the cladding materials melt and relocates into the lower plenum 

of the reactor vessel due to inadequate cooling. The melt impinging into residual 

water in the lower plenum fragments into debris of several sizes. Considering the 

internal decay heat, the debris is expected to reheat and form a molten pool in the 
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lower plenum. To test the efficacy of melt retention, it is essential to judge the 

critical heat flux variation tendency. This is especially important when studying 

the case without efficient heat removal procedure. From safety perspective, the 

main objective is to confine corium, inside the vessel to mitigate further 

progression of the accident. To assess the integrity of the vessel during such 

circumstances, it is of great importance to analyze the mechanism of the heat 

transfer along the vessel wall. Even though several experiments have been 

performed in this regard, a numerical analysis is far more than complementary 

due to the complexity and limitations in measurement capabilities. Before 

predicting for timing and mode of the accident, it is compulsory to ensure the 

simulation results are reliable. Building numerical simulation models which have 

experimental data is a method for modelling validation. The present three-

dimensional results were compared with the experimental data of Asfia and co-

workers [4][5][6].  

 

The most challenging part of this work is solving the natural convection problem 

in simulations. The main characteristics of this process are the high Ra number, 

large dimensions, various boundary conditions, complex geometry and 

turbulence. The flow in the molten pool can be considered as natural convection 

driven by internal volumetric heat source. This turbulent flow is a long term 

transient state, which makes the simulation work time-consuming. CFD 

simulation method has developed greatly and simulation results for turbulent 

natural convection process are in agreement with the experimental data. Multiple 

calculation models and energy equations are needed, as well as a fine mesh setup 

for a better direct numerical simulation. The objective of this work is to simulate 

the related phenomena and analyze the heat transfer mechanism on the cavity 

wall. The first step is to verify the methodology and the second step is to pre-test 

the SIMECO experimental facility design. The simulation results will be 

benchmarked together with experimental data and other simulation methods. 

Studies in depth in the phenomena are implemented, such as heat transfer 

mechanism, turbulence flow studies, mesh sensitivity studies, and effects on 
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boundary conditions. The conclusions gained from the simulation will provide 

suggestions for further work on SIMECO experiments.  

Chapter 2 Severe Accident Scenarios 

2.1 Reactor Core 

The Boiling Water Reactors (BWR) and Pressurized Water reactors (PWR) are 

typically Light Water Reactor (LWR) used for electricity generation. The 

differences of the two LWR involve the method of the steam production, the 

pressure in the system and the process of generated steam. A typical sketch of 

BWR vessel structure is described in Figure 2. In the BWR core, there are more 

fuel bundles than a PWR core. The BWR fuel bundle is enclosed in a Zircaloy 

canister. Each bundle has its own thermal hydraulic profiles such as power 

generation and coolant flow rate. The lower plenum of a BWR is very different 

from a PWR. In BWR design, there are many control rod guide tubes (CRGTs) 

arranged in cellular fashion with 4 supporting rod bundles for each CRGT. Also, 

a large number of instrument guide tubes (IGTs) are placed in the center of the 4 

CRGTs. These structures control the core melt progress in the lower plenum in a 

BWR. 

 

At the aftermath of TMI-2 accident, there is a great interest in understanding and 

modelling severe accident phenomena [15]. There is a wide range of factors 

which could have an impact on the thermo-hydraulic response of the reactor. The 

most significant issue is the effect of the core and vessel reflood. It has been 

proven by experiments for in-vessel natural circulation this effect may result in 

temperature variation in the core region. 
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Figure 2 A typical BWR vessel sketch (Hitachi–ABWR) [16]. 

2.2 Core Degradation and Relocation 

In the case of a severe core damage accident, it is possible that molten fuel and 

structures relocate into the reactor vessel lower head. The fission product decay 

heat can be regarded as an internal heat source inside the molten core material. 

There is possibility that reactor vessel failure occurs if the pool is not successfully 

cooled. The high re-flooding temperature, usually above 1500K, may result in 

sharp increases in the fuel rods temperature and surrounding core regions, as well 

in hydrogen production, fission product release and melting [14]. If the heat flux 

is reaching criticality at some parts of the pool wall, the integrity of the vessel 

may be affected. A wide range of data has been obtained from TMI-2 accident 

which demonstrate these characteristic trends. As a consequence of Zircaloy 

structures oxidation, the freshly exposed zircaloy layers and B4C control rods or 

blades may have similar rapid oxidation. As a result, the local hydrogen 

production rates may increase by an order of magnitude relative to the rates 
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produced during the initial heating and melting of the core. Fission product 

release rates can also increase rapidly, due to the fission products accumulated on 

the grain boundaries during the quench and the increasing system pressure which 

is caused by the additional steam and hydrogen produced during quenching. 

Oxidation of zircaloy results in hydrogen, heat generation, and the transition of 

the metallic materials (e.g. Zr) into ceramic materials (ZrO2).  

 

Zircaloy oxidation is an important and significant case [14]. When the fuel rod 

temperature exceeds 1500 K, positive feedback occurs, between the temperature 

and the oxidation of zircaloy in the presence of steam. In the OECD LOFT LP–

FP–2 Experiment in 1994 [18] the rate of core heat-up driven by decay heat was 

rapidly increased by an order of magnitude due to additional heat released by 

zircaloy oxidation. The total amount of oxidation energy is limited by the 

maximum rate of zircaloy oxidation, and also governed by the availability of 

steam in the core and the diffusion of oxygen into the zircaloy. The total amount 

of oxidation at a given location is limited by the amount of zircaloy present and 

two other factors. First, the oxidation is limited by the melting and relocation of 

the zircaloy. The other limitation factor is the slower heating rates, which is lower 

than 0.3~0.5 K/s. At lower temperature, the formation of a protective oxide 

prevents the relocation of the molten zircaloy.  

 

For typical LWR designs, temperature between 1500 K and 1700 K can result in 

liquefaction and relocation of grid spacers, control structures and portions of the 

zircaloy cladding material in direct contact with other materials. At temperature 

above 2000 K, the zircaloy cladding can melt and drain into the lower core 

regions or reactor lower plenum. Typical melting point of zircaloy ranges 

between 2000 K and 2200 K. In this temperature range the zircaloy cladding 

relocates. Gradually, the fuel and the remaining oxidized cladding start to slump 

lower in the core. The ceramic fuel and oxidized cladding material will relocate 

to cooler regions of the core and result in formation of large blockages, which 

can greatly alter the flow patterns [14]. Usual methods for cooling the pool from 
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preventing vessel failure is to flood the cavity of a PWR, or the drywell of a BWR. 

In this particular situation the lower plenum of the reactor vessel is submerged 

into the water pool. It is expected that the melt in the lower plenum can be cooled 

by this strategy. An approximate assumption is made here that the wall 

temperature is constant due to external coolant flow. The interior of the pool 

remains molten and natural convections occurs due to the density change because 

of decay heat source.  

 

The most notable impact of the molten pool natural circulation is the heat transfer 

rate to its sides and top may be much higher than to the bottom. Thus the crust 

formed at the bottom can be thicker than the sides and top of the molten pool. A 

study carried out by Park and Dhir in 1991 indicates that significant thermal loads 

deviations in the temperature prediction may occur due to the natural convection 

correlations. Many experimental studies have been performed for natural 

convection with a volumetric energy source (Kulacki and Goldstein [19], Jahn 

and Reineke [20], Kulacki and Emara [21], Suo-Anttila and Catton [22]). More 

recently, Kymäläinen and colleagues [1] have performed a large scale natural 

convection experiments of tori spherical lower head of VVER 440 reactor. They 

used Joule heating in the liquid and obtained a Ra number of 1015 order. As it is 

mentioned in Chapter 1.1, They found that local heat transfer coefficient has a 

linear dependence on angular position and the maximum local heat transfer 

position was found to be at the junction between the tori spherical and cylindrical 

section.  

 

The transformation in the core geometry may also occur when the molten pool 

trapped in the core moves lower in the core or lower plenum. In TMI-2 accident, 

the melt moved through the core to the lower plenum. The molten material can 

move radially and axially in the core region and melt relocation may occur even 

if the core is covered with water. The ultimate relocation path into the lower 

plenum depends on the power distribution of the core, the design of the core and 

surrounding structures as well as the thermal-hydraulic boundary. The amount of 
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water available in the lower plenum will also affect the relocation of the melt into 

the lower plenum. The heat transferred to the lower head structures will be 

delayed due to the existence of the water, while the pressure may increase sharply.  

 

The last major change in core geometry results from the addition of water to the 

core and the fragmentation of embrittled materials. Below 1500 K it is shown by 

experiments that the fuel cladding may fail and the pellets may fragment. When 

the temperature is above 1500 K the geometry strongly depends on the re-flood.  

2.3 In-Vessel Melt Retention 

 

Figure 3 Sketch of in-vessel melt retention (IVR) by external cooling [23]. 

 

In-vessel melt retention (IVMR) is the concept [23] to terminate a severe accident 

in the reactor pressure vessel (RPV), by arresting and confining the corium in the 

lower head of the RPV by flooding the reactor cavity. Three general concepts are 

included: quenching of the core in situ, coolability of in-vessel particulate beds, 

and coolability of the in-vessel melt pool. In a hypothetical severe accident, 
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inadequate core cooling may lead to core melting and relocation of a large amount 

of mixture (corium) in the lower head of the vessel. The purpose of IVMR is to 

retain the corium inside the vessel. 

 

As it is shown in Figure 3, when the core melt relocates into the lower head and 

forms a pool of molten materials with an internal volumetrically heating, the outer 

surface of the RPV is submerged by coolant inflow. The decay heat is therefore 

removed outside the vessel. In order to keep the integrity of the wall, the angular 

heat flux from the molten materials imposed to the wall should never exceed the 

critical heat flux (CHF), which usually appears close to the top of the cavity. To 

prove IVR with high confidence requires precisely determining the wall heat flux 

and CHF.  

2.4 Melt Pool Behavior 

During a core meltdown accident, the initial phase includes core uncovering, 

heating up and partial melting. The later phase includes a significant melting of 

the core material which usually comes up with melting core relocation and 

redistribution. Once the molten core materials relocate to the lower plenum, the 

subsequent response will also depend on the water present in the lower plenum, 

the type of the structures and where the additional water is added. [14] The later 

phase results in formation of a porous debris bed. The properties, types of the 

thermal states and the timing of core melting are strongly dependent on the core 

structure and core materials. This will also determine the amount and the 

relocation path of the melting core materials which may drop down to the lower 

plenum afterwards. There are core support plates under the core, which makes 

simulations extremely complex.  

 

The molten materials will be accumulated in the core support plates area and the 

flowing channels and will eventually flow into the lower plenum region. This will 

happen if the cooling in the core region is not sufficient. Besides the physical and 
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chemical properties of the melted materials, the geometry of the lower region will 

also affect the dynamics of relocation. For different types of reactors, the 

geometry features vary a lot. Usually for BWR lower plenum the geometry is 

built of a hemisphere bottom and top wall. The melt pool formed in a lower 

plenum has variable material components. It is very complicated to characterize 

it due to high temperature (usually >2400 K) and complex fluid dynamics. The 

mixture contains molten Uranium Oxide from melted core and metal elements 

such as Zr, Ni, Cr, Fe, etc. from the cladding materials.  

 

 

Figure 4 Melt pool formation in a lower plenum [24]. 

 

Due to the existence of water, it would be a thermal hydrodynamic problem for 

the debris bed deformation. Sometimes, some portion of the melted materials will 

be solidified into small fragments and the rest will remain in its liquid phase. If 

no water exists, no solid fragments will be formed and this will eventually 

generate a melt pool in the lower plenum. Also, the debris and melt will continue 

to heat and ultimately the vessel may fail. A various kinds debris beds will be 

generated due to the fragmentation. The concept of debris bed is not only limited 

to a layer of solid particles, but also refers to a layer of core materials which has 

potentials to be solidified, or to form a mixture. As it is shown in Figure 4, the 
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formation of molten pool and debris bed occurs in the lower plenum. Figure 5 

shows the mixture of the melt pool which consists of molten ceramic pool, 

solidified crust and heavy metal layer.  

 

 

Figure 5 Schematic of the melt pool configurations in the lower head [23]. (a) 

Two layers; (b) three layers. 

 

In conclusion, there is possibility that a large melt pool will be formed in the 

lower plenum at the end of a core melting accident. IVMR of the melt core cooled 

by external coolant flow outside the RPV has been widely adopted as a reactor 

design basis for AP1000. It is the mitigation method for practical elimination of 

large radioactive release. Experimental approaches and simulations have been 

used to investigate the heat transfer mechanism. In present work, it is of great 

importance to simulate the heat transfer mechanism and predict the heat flux 

along the vessel wall since failure of the vessel may happen due to high CHF. 

2.5 Heat Transfer and Fluid Dynamics 

From previous introduction, the motion dynamics in the melt pool is 

characterized by natural convection. Natural convection is a mechanism, or type 

of heat transport, in which the fluid motion is not generated by any external 

source (like a pump, fan, suction device, etc.), but only by density differences in 
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the fluid occurring due to temperature gradients. In natural convection, buoyancy 

is the driving force of fluid motion. Density is a function of temperature. Due to 

different fluid physical properties, laminar flow or turbulent flow may occur. In 

order to investigate the mechanism of fluid motion, it is necessary to be aware of 

the basic fluid dynamics to build a computational approach to solve the problem.  

Chapter 3 Computational Approach 

3.1 Governing Equations 

In order to simulate the heat transfer and the convection flows, the complete 

three-dimensional time dependent equations are involved as below: 

mass equation 
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Here, QH is the total enthalpy, P is the pressure, and U is the characteristic velocity, 

μ is the dynamic viscosity. The Boussinesq approximation [25] is assumed here. 

3.2 Dimensionless Numbers 

There are many useful dimensionless numbers in fluid dynamics research. 

Rayleigh number (Ra) is an important dimensionless number associated with 

buoyancy-driven flow. The heat transfer will be in the form of convection if Ra 

exceeds the value of a certain kind of fluid, otherwise it will be in the form of 

conduction. For a physical phenomenon of natural fluid convection with an 

internal heat generating source, Rayleigh number can be written as: 
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Here, 𝑄𝑣  is the internal heat generation rate, 𝛽  is the thermal expansion 

coefficient, H is the height of the cavity or the radius of the semicircular cavity, 

𝛼 is the thermal diffusivity, 𝜈 is the kinematic viscosity, and λ is the thermal 

conductivity. When the Rayleigh number is below a critical value for that fluid, 

heat transfer is primarily in the form of conduction; when it exceeds the critical 

value, heat transfer is primarily in the form of convection. 

 

Another important dimensionless number is Prandtl number (Pr), which is 

defined as the ratio of momentum diffusivity to thermal diffusivity:  

Pr
v


  (5) 

The overall heat transfer performance is characterized by Nusselt number (Nu), 

which is the ratio of convective to conductive heat transfer across, or normal to 

the boundary:                               

)ave BC

qH
Nu

T T


 
 (6) 

Here 𝑇𝑎𝑣𝑒  is the average temperature in the cavity, and 𝑇𝐵𝐶   is the boundary 

temperature. The internal Ra of a melt pool can reach 1015-1017. Experiments and 

numerical studies have been implemented to find proper correlations between Nu 

and Ra, of heat generating fluid in three-dimensional hemispherical or two-

dimensional semicircular cavities.  

 

When the Nusselt number is close to one, the convection and conduction are of 

similar magnitude, which is laminar flow. A larger Nusselt number indicates more 

active convection and 100-1000 range is typical turbulent flow.  

 

The Grashof number (Gr) is a dimensionless number which is the ratio of the 

buoyancy to viscous force acting on a fluid: 
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The Damköhler number is a dimensionless number which is the ratio of reaction 

timescale to the convection time scale, flow rate through the reactor for 

continuous processes:                             
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In this thesis report, all the cases are volumetric heating. Then the Nusselt number 

is the function of Gr, Pr and Da. Pr is described in combination with Rayleigh 

number, which is given as:                            

PrRa Gr Da    (9) 

3.3 Other Parameters  

To study the reactor vessel failure and make correct predictions, some other key 

parameters are important. The heat flux, usually in the unit of W/m2, is 

determined by 

q h T   (10) 

where h is the heat transfer coefficient usually in the unit of W/(m2K), ∆𝑇 is the 

temperature difference. It is the driving force for the heat flow and the local 

maximum critical value is important for judging the wall strength. For local wall 

heat transfer, it can be written that                                

wall

wall ave

q
h

T T



 (11) 

The heat transfer coefficient and Nu have very similar equations. Therefore, these 

two numbers can both judge the heat transfer on the wall of the pool. They can 

be obtained from model experiments and numerical simulations. Compared to 

experiments, simulation of natural convection heat transfer lacks accuracy due to 

turbulence model restrictions and also time consumption. Several correlations 
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have been built between Nu and Ra to have a better description for the convection 

of internal heated pool.  

3.4 Computational Fluid Dynamics Introduction 

3.4.1 The FLUENT Code 

ANSYS FLUENT is a state-of- the-art program for modeling fluid flow, heat 

transfer and chemical reactions in complex geometries [28]. In this thesis work 

FLUENT is the tool for simulations and solution analysis. The basic procedural 

steps are: 

1. define the modeling goals. 

2. Create the model geometry and mesh. 

3. Set up the solver and physical models.  

4. Compute and monitor the solution.  

5. Examine and save the results.  

6. Consider revisions to the numerical or physical model parameters if 

necessary.  

 

In transient CFD calculation, the simulation is preceded in iterations. In each 

iteration by calculating the physical residuals including mass, continuity, velocity 

and momentum the solver will check if they meet the convergence factor set in 

advance. In each time step the residuals need to get converged before revolving 

into the next time step. In each time step it is necessary to set enough iterations 

to make each concerned parameter converge. Usually at the beginning of the 

calculation, it takes more iterations since the initial conditions may have large 

bias compared to the final converged steady state. Another helpful method to get 

the calculations converge, is to modify the relaxation factors may help the 

iterations get faster to convergence, though it may take longer. Computational 

fluid dynamics, CFD, is a branch of fluid mechanics which uses numerical 

analysis and algorithms to calculate the fluid dynamics problems. The basic 

procedure of almost all CFD problems is discretizing the calculation geometry of 
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the problem into cells or mesh, and implement different models and algorithms. 

For inviscid flow Euler equations are the governing equations, and for viscous 

fluid the Navier-Stokes equations are the motion equations.  

 

Besides mesh definition and motion control equations, the boundary conditions 

need to be defined as well as the physical model. Then the simulation could be 

started and solved iteratively for both steady-state or transient scenarios. The final 

step for the methodology is to analyze the results.  

3.4.2 Discretization Methods 

There are many discretization methods being used. The finite volume method 

(FVM) is the classical method and the most common method in research and 

CFD codes. In this method the equations will be solved in discrete control 

volumes and this guarantees the conservation of the flux. The FVM governing 

equation is: 

SQdV FdA
t


 

    (12) 

Here Q is the vector of the conserved variables, V is the volume of the control 

element, F is the flux vector, A is the surface area of the control element and S is 

the source term.  

 

Another widely used method is the finite element method (FEM). It is not only 

available for structural analysis of solids but also for fluids. It has to be carefully 

formulated to be conservative but it requires less memory usage and less 

calculation time compared to FVM [25].  

 

There are some other methods implemented such as finite difference method 

(FDM). But they are not widely used due to accuracy and efficiency restrictions. 

If the Navier-Stokes equations are numerically solved without any turbulence 

models, the method is called a Direct Numerical Simulation (DNS). However, 

the number of operations grows in order of Re3, and the cost of DNS is very high, 



 

32 

 

even when Re is rather low. In practical applications, turbulence models are 

implemented as approximations to simplify the calculation. 

3.4.3 Eddy Viscosity Models  

Boussinesq introduced the concept of eddy viscosity in 1877. The momentum 

transfer caused by turbulent eddies can be characterized by an eddy viscosity. 

Eddy viscosity models are the simplest turbulence models since they model 

turbulent stresses and fluxes by analogy to molecular stresses and fluxes. An eddy 

viscosity function, 𝜇𝑇 and Pr correlations can be written as [27]: 
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Here 𝜅𝑇 is the thermal turbulent conductivity. So the whole problem is reduced 

to define the eddy viscosity and turbulent Prandtl number, and usually Pr is set to 

be constant of the order of unity. This assumption makes it possible to 

characterize the turbulence effect on the mean flow the same as the molecular 

viscosity affects a laminar flow. However, Boussinesq assumptions is not valid 

for complex flows, such as flows with strong curvature or strongly accelerated.  

3.4.4 k-ε Model 

In practical fluid dynamics calculations, two-equation turbulence models are the 

most common models [28]. Two main types are k-epsilon and k-omega models 

and they have become industrial standards. Two-equation models include two 

extra transport equations to represent the turbulence properties, one of which is 

the turbulent kinetic energy and the other one depends on what type of model it 

is. Turbulent dissipation, ε, and the specific dissipation, ω, are used in 
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calculations. The second variable determines the scale of the turbulence both on 

length scale and time scale and the first variable determines the turbulence energy.  

 

k-ε model is one of the most common turbulence model although it does not 

perform well for cases of large adverse pressure gradients [26]. Standard k-ε 

model transport equations for turbulent kinetic energy k are written as: 
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Here k is the turbulence kinetic energy. 𝐶1𝜖, 𝐶2𝜖 are model constants. k-ε model 

indicates that the turbulence flow is well developed and ignores the molecular 

viscosity.  

3.4.5 k-ω Model 

The k-ω model is another widely used turbulence model. The two transport 

variables included in this model is turbulent kinetic energy k and specific 

dissipation ω. Kinematic eddy viscosity is defined as: 
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The transport equations are: 
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Here the closure coefficients and auxiliary relations 𝛼 =
5

9
, 𝛽 =

3

40
, 𝛽∗ =

9

100
, 

𝜎=0.5 and 𝜎∗=0.5. These parameters are obtained from experiments. Standard 

k-ω model is developed for cases of low Reynolds number and has better 
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accuracy in the regions near the wall comparing to k-ε model. However, this 

model is sensitive to boundary values especially for the regions outside the 

laminar region.  

3.4.6 Shear Stress Transport Model (SST) 

In 1993 Menter [29] developed the SST k-ω model and successfully combined 

the advantages of the two models. The k-ω formulation in the inner part of the 

boundary layer can make the model efficient in the viscous sub layer without 

implementing other additional modification terms. The SST model switches to k-

ε model in the free stream and avoid the k-ω sensitivity problems. Generally 

speaking, the SST switches to k-ω model in a wall proximity and k-ε model far 

away from the wall [28]: 

1 1SST model=F (  model) (1 F )(  model)k k      (21) 

Here F1 is the blending function. Therefore, the SST model has characters of 

Low-Reynolds number k-ε models with much larger sensitivity allowance. Also, 

there are other turbulence models implemented in industrial calculations, such as 

Transition k-kl-omega model, Transition SST model, Reynolds Stress model, 

Scale-Adaptive Simulation (SAS) and Detached Eddy Simulation (DES).   

3.5 Heat Transfer Correlations 

A number of heat transfer correlations have been implemented from experiments 

with isothermal boundary conditions. Various correlations between the global 

Nusselt number and Rayleigh number have been abstracted from previous 

experimental results. Mayinger and co-workers [30] performed numerical 

correlations for a full-filled spherical cavity: 

Nu=0.55Ra0.2 (22) 

Reineke analyzed that [31] 

Nu=0.78Ra0.1 (23) 

Kulacki and Emara [32] analyzed for a fluid layer with cooling from the top: 
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Nuup=0.398Ra0.228 (24) 

The above correlations are only part of various correlations for global Nusselt 

number and Rayleigh number. The correlations for local heat transfer are 

described by other correlations. It should be noted that there have been already 

many correlations developed not only for semi-spherical cavity geometry, but 

also for various shapes such as rectangular box and slide layers. In this thesis 

work the main idea to check the dimensionless numbers is to ensure the 

calculation results are in agreement with the experiments. In the next chapter, the 

global Nusselt number and Rayleigh number will be checked whether they are 

within the correlation regions.  

Chapter 4 Validation of Modeling Approach 

4.1 Asfia et al. Experiment 

The objective of this thesis work is to set up a computational model of natural 

convection of a spherical cavity with an internal heat source. Previous work done 

by Asfia et al. [4] is a good comparison for the first step simulation work.  

 

In Asfia et al. experiments, a rigid box served as a tank for subcooled water as 

well as a support for a glass bell jar containing the test fluid, R-113. Made of 

plywood and polyurethane foam, the box contains the coolant and the Pyrex bell 

jar inside the box serves as the vessel. The working fluid inside the vessel is 

heated uniformly with a 750 W magnetron controlled by a conventional 

microwave oven. Thermocouples are located in perpendicular planes. A water 

cooling system is used to maintain the temperature of water surrounding the 

vessel nearly constant with time. The experimental apparatus is shown in Figure 

6 and Figure 7.  
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Figure 6 Experimental apparatus [4]. 

 

 

Figure 7 Location of thermocouples in the pool and on the wall (H/R = 1.0) [4]. 

 

By setting up such experiments the authors could heat up the working fluid under 

a constant power, cool the cavity with water and keep the wall temperature 

constant, by controlling the water temperature. Then by checking the monitors 

placed on the wall, various heat flux data could be obtained and analyzed. 

Isotherm patterns could be observed from measurements, as it is shown in Figure 

8.  
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Figure 8 Isotherm patterns for bell jar 1 for cold rigid surface, H/R e = 1.0. (All 

temperatures are in celsius) [4]. 

 

H is the height of the working fluid and R is the radius of the pool. The surface 

was rigid, for both side walls and top boundary. The maximum heat transfer 

coefficient occurs below the pool upper surface. From this location, the heat 

transfer coefficient decreases both on the curved wall, as well as on the rigid wall. 

The ratio of local to average heat transfer coefficient on pool angle is shown in 

Figure 9. 
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Figure 9 Ratio of local to average heat transfer coefficient with respect to angle 

for cooled rigid wall for bell jar 1 [4]. 

 

Figure 10 Comparison of the present data for cooled rigid wall bounding the 

pool surface with the correlation developed by Kulacki and Emara (1975) [4]. 
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In Asfia et al. experiments, the correlations between Nusselt number and 

Rayleigh number was calculated and compared with Kulacki and Emara’s 

correlation Eq.1 and Eq.2, as it is shown in Figure 10. From this experiment the 

conclusions can be drawn that the heat transfer coefficient is lowest at the bottom 

and increases along the spherical segment. Maximum value occurs slightly below 

the pool surface. Also the heat transfer coefficients on the cold rigid wall 

bounding the pool surface compare favorably with previously studied 

correlations by Kulacki and Emara in 1975.  

4.2 CFD Model Setup 

Asfia et al. [4] used different sizes of spherical bell jars with diameters of 60.1, 

43.65, 21.0 and 15.7 cm. H/R=1, where H is the height of the liquid and R is the 

radius of the spherical bell jars.  

 

Figure 11 H/R=1 spherical bell jar. 

 

In this thesis work, the spherical cavity had a radius of 30.8 cm and was filled up 

to the top with the working fluid. Using Autodesk AutoCAD 2016 the cavity was 

drawn. 
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4.3 Geometry and Mesh 

Another important step of the simulation work is drawing meshes for the working 

geometry. Mesh cannot be equilibrium distributed since more mesh should be 

placed near the geometry boundaries. the O-grid distribution is suitable for the 

given spherical bell jar. The O-grid is to split the circle into different areas. In this 

case, the cube is set in the middle Using ICEM CFD 16.2 the mesh could be 

drawn as shown in Figure 12 and Figure 13. 

 

 

Figure 12 Mesh drawing, view from the top. 
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Figure 13 Mesh drawing, view from the side view. 

 

The mesh quality plays an important role in the calculation accuracy and stability. 

The mesh quality checked in FLUENT is the orthogonal quality [33]. To 

determine the orthogonal quality of a cell, the following quantities are calculated 

for each face i: 

l l

l l

A f

A f


 (25) 

Here 𝐴𝑖
⃗⃗  ⃗ is the normalized dot product of the area vector of a face and 𝑓𝑖⃗⃗  is a 

vector from the centroid of the cell to the centroid of that face:  

l l

l l

A c

A c


 (26) 

Here 𝑐𝑖⃗⃗  is the vector from the centroid of the cell to the centroid of the adjacent 

cell that shares the face. The minimum value of the quality calculated by (25) and 

(26) for all the faces is defined as the orthogonal quality for the cell. Therefore, it 

can be inferred that the worst cell will have an orthogonal quality close to 0, and 

the best cell will have an orthogonal quality close to 1. Then the quality of the 

mesh is drawn by ICEM CFD 16.2 software, and displayed in in Figure 14. 
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Figure 14 Mesh quality histogram. 

 

 

Figure 15 The vectors used to compute orthogonal quality [33]. 
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Table 1 Quality Statics for Mesh 1. 

Mesh Quality Quantities 

0~0.65 0 (0%) 

0.65~0.7 299 (0.36%) 

0.7~0.75 2783 (3.355%) 

0.75~0.8 7430 (8.958%) 

0.8~0.85 12376 (14.921%) 

0.85~0.9 18086 (21.805%) 

0.9~0.95 20740 (25.005%) 

0.95~1 21230 (25.596%) 

Total 82944 (100%) 

 

All the meshes are having qualities over 0.75 and this mesh drawing is good 

to use. The minimum quality is 0.792 according to the FLUENT mesh 

quality histogram.  

4.4 Preliminary Setting 

The first part of work of the thesis is to simulate the previous experimental work 

to validate the model. After building up a proper mesh, correct boundary 

conditions are required. The first model with 82944 meshes is used. The cooling 

arrangement for the bell jar is open top and rigid top. From the experimental 

options, rigid and no-slip wall conditions are chosen for all the boundaries. The 

temperature of the wall is also assumed to be isothermal, Twall=25.4 oC, or 298.4 

K. The internal heat source Qv=4410 W/m3.  

 

The working fluid in the calculation is 1,1,2-Trichloro-1,2,2-Trifluoroethane (R-

113). Under the selected pressure and temperature of 101325 Pa and 298.4 K, it 

can be regarded as an incompressible liquid. The density of R-113 is 

approximately a linear function [34]: 
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2

kg
2.323 ( 298.65 ) 1648.5 kg/m

m K
T K      (27) 

The other material properties were constant. 

Table 2 R-113 Material Properties. 

Viscosity μ Thermal conductivity λ Specific Heat Cp 

6.64*10-4 kg/m s 7.47*10-2 W/m K 958 J/kg K 

 

The other FLUENT settings include pressure-based solver (for incompressible 

fluid), gravity settings. SST k-ω model is implemented in this calculation. The 

limitation for the SST k-ω model is the average physical wall distance of the first 

layer of nodes (Y+) is below 2.0. In all the cases the Y+ value is below 2.0. 

The simulation process was implemented on FLUENT 16.2 software. The most 

time consuming part in the natural convection simulation is achieving thermal 

equilibrium. Therefore, a good balance needs to be determined between accuracy 

and time efficiency.  

 

 

Figure 16 Time for heat transfer equilibrium. 
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To check the system convergence, both the average static temperature and 

maximum were monitored. The maximum static temperature in the interior liquid 

area was monitored as shown in Figure 16. It can be inferred that the temperature 

difference is 0.1 K between 5000 seconds and 6000 seconds. Considering that 

every 1000 seconds of simulation time takes around 3~4 days of actual time and 

the limitations of parallel calculation memory usage, it is acceptable to take 4000 

seconds as the end of the calculation even though it still takes around 2 weeks for 

the complete iterations.  

4.5 Settings for Mesh Sensitivity Study 

It is notable that different mesh settings could affect the final results of the 

convection simulations. Theoretically higher mesh density should bring more 

accurate calculations. However, it also brings higher computer memory usage 

and longer calculation time. Therefore, it is necessary to find the proper mesh 

settings which do not take up too much memory usage and obtain enough precise 

results at the same time. Then the following setups for the mesh are implemented: 

 

Table 3 Mesh Density Settings. 

Groups Edge split Cells Quantities 

1 20 82944 

2 30 154976 

3 35 241741 

4 37 293292 

5 40 355914 

 

All the groups were simulated for 4000 seconds under a 4-core parallel 

calculation. Here the edge split means the number of nodes made on each edge 

of the O-grid block. In other words, it means how many parts of the edge is 

divided. The node distribution is not equilibrium on each block edge. More 
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meshes were placed near the boundaries of the geometry due to the requirement 

of Y+ limitations.  

4.6 Simulation Results 

4.6.1 Final Solution 

The Group 4 data with a mesh density of 293292 is taken to show the primary 

conclusions here. Due to the internal heat generation, the fluid was heated up in 

the center region. With the cooling effect from constant wall temperature near the 

spherical boundary, the fluid was cooled and flowed down along the isothermal 

wall side. The temperature field is shown in Figure 17. The Prandtl number in 

this case is calculated to be Pr=8.52 in this case. The thermal boundary layer can 

be much thinner than in the real core melt pool [7]. 

 

Figure 17 Temperature field in the cavity. 
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Figure 18 Heat flux on the wall of the cavity, t=4000 s. 

 

The temperature field is distributed into layers and the highest temperature is on 

the top. The layer formation takes around 2500 seconds to stabilize and the 

maximum is still increasing with time. The heat flux on the spherical boundary is 

shown in Figure 18. the highest absolute heat flux is expected just below the 

circular rim of the cavity. The lowest heat flux position is at the bottom of the 

cavity. This non-uniform heat flux distribution is the result of the natural 

convection due to volumetric heat generation. This heat flux distribution is also 

time dependent.  

4.6.2 Influence of Mesh Density 

The most significant parameter in this thesis work is the heat flux on the wall. 

Therefore, it is necessary to examine the mesh density effect on the calculated 

heat flux. The local wall heat transfer coefficient can be written as: 
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then 5 different groups of data comparison are shown as below, in Figure 19.  

 

Figure 19 Wall Heat Flux along the wall angle for different mesh settings 

 

It can be inferred that from the plot the first group with the least mesh quantity 

has larger deviation comparing to other groups. Except the first group with lowest 

mesh (82944) is farther from the other four groups (especially at low angle 

region), the rest four groups of data are very close to each other. Hereby the 

analysis on the mesh density sensitivity is studied. Two groups of experimental 

data obtained by Asfia et al. were set as the comparison group. At the same angle 

the simulation data was obtained and calculated from nearby two groups of data 

by linear interpolation. Linear interpolation is a method of curve fitting using 

linear polynomials to construct new data points within the range of a discrete set 

of known data points. If the two known points are given by (x1, y1) and (x2, y2), 

the linear interpolant is the straight line between the points: 
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Solve the equation for y and it gives 

1
1 2 1

2 1

( )
x x

y y y y
x x


  


 (30) 

The measure of deviation is Root-mean-square error (RMSE) which is frequently 

used measure of the differences between the sample values and the observed 

values: 
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X X
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Table 4 Wall heat Flux coefficient comparison on different angles. 

Angle 

(o) 

Asfia et 

al. 1 

Asfia et 

al. 2 

Asfia et al. 

average 

Mesh 

154976 

Mesh 

241741 

Mesh 

293292 

Mesh 

355914 

18.3 0.242 0.097 0.170 0.181 0.836 0.113 0.067 

34.3 0.355 0.276 0.315 0.436 0.337 0.417 0.313 

52.5 0.700 0.667 0.684 0.970 0.920 0.902 0.833 

64.5 1.074 0.954 1.014 1.264 1.277 1.268 1.240 

71.6 1.465 1.170 1.318 1.422 1.477 1.485 1.472 

85.6 1.910 2.478 2.194 1.599 1.826 1.910 2.030 

88.6 1.561 1.736 1.648 \[*] 1.240 1.308 1.000 

[*] data is not available due to the ending angle expiration in this group.  

 

Table 5 RMSE value for different mesh settings. 

 
Mesh 

154976 

Mesh 

241741 

Mesh 

293292 

Mesh 

355914 

RMSE on Asfia et al. 

average 
1.155994 1.113636 1.080754 1.089717 

RMSE on Asfia et al. 1 1.193681 1.146865 1.125317 1.135889 

RMSE on Asfia et al. 2 1.133801 1.095257 1.050825 1.05794 
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The RMSE values for 4 groups of different mesh settings on 2 groups of Asfia et 

al. experimental data and the mean value of Asfia et al. experiments are listed. 

From the RMSE values it can be inferred that with higher mesh density the RMSE 

value is decreasing, which means the relative deviation of the simulation and 

experimental data is decreasing. It is not so intuitive to compare the RMSE values 

directly. Assuming that the highest mesh density may bring more accuracy to the 

simulation, the relative RMSE deviation was calculated in table 4.6, based on the 

355914 mesh setting.  

 

Table 6 RMSE relative deviation based on 355914 mesh setting. 

 Mesh 154976 Mesh 241741 Mesh 293292 

Asfia et al. average 6.08% 2.19% -0.82% 

Asfia et al.1 5.09% 0.97% -0.93% 

Asfia et al.2 7.17% 3.53% -0.67% 

 

It can be inferred from the table that the relative deviation for mesh 293292 is 

below 1% comparing to the highest mesh settings of 355914. Considering that 

the only difference among each mesh group is the edge splitting nodes number 

under the same dominating equation, it is reasonable to say that the mesh density 

of 293292 is accurate enough. With higher mesh density it will only bring 1% of 

deviation difference. The mesh density of 241741 has an average deviation of 

2.19%. Considering the accuracy of Asfia et al. experimental data, this 1% 

difference is quite acceptable. Therefore, the recommendation value for the mesh 

density is over 290000. Lower mesh settings like 250000 will only have less than 

4% difference of RMSE, which is also considerable if the computational time 

consumption needs to be shortened. Since it has been proved that the difference 

between different groups is not large, the group with 293292 mesh quantities was 

chosen as the simulation result.  
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Figure 20 local heat flux coefficient comparison for different mesh density 

settings. 

 

Asfia and co-workers [4][5][6] did two separate experiments under the same 

experimental settings and then a fitting line based on these two groups of data 

was obtained. It should be noted that between the two separate observed groups 

there could be up to 20% measurement bias. The local heat flux coefficient has 

larger difference at the regions near the top of the cavity pool. With the angle 

along the spherical wall increasing the heat flux coefficient is increasing. It 

reaches maximum value in the region close to the rim and then has a rapid drop. 

Our simulation result followed the same trend and showed good correlations to 

the angle change. Considering the possible experimental uncertainties, it is 

reasonable to accept this simulation result. 

 

A. Horvat has done similar work [8] based on Asfia et al. experiments using CFX 

5.7 fluid dynamic software. A comparison was made among the thesis work 
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simulation result, A. Horvat’s simulation result and Asfia et al. experimental 

result, are shown in Figure 21. 

 

 

Figure 21 Comparison with Horvat’s simulation results [*]. 

[*]Asfia’s [5] and Horvat’s [8] data was obtained from plots of their publications.  

 

Horvat’s result showed linear increase for the heat flux coefficient on angle 

increase. However, there is no turning point for his fitting curve in the region near 

the rim. Also the deviation of his study result is much larger than the thesis work. 

Therefore, it is acceptable to say we have a better heat flux coefficient shape 

match to the experimental values compared to previous studies.  

 

The correlation between Nusselt number and Rayleigh number is another 

important scaling law. The local Rayleigh number can be written as below, 

according to equation (4); 
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Here V(z) is the volume of fluid at the level z., and 𝛽 is the coefficient of thermal 

expansion. 

 

The heat transferred through the wall depends on the wetted surface area. The 

local Nusselt number, or the local dimensionless heat transfer coefficient can be 

written as below, according to equation (6); 

( ) ( )

( )

wall
local

wall ave

q z R z Rh
Nu

T T

 

 
 


 (33) 

Here 𝛼(𝑧) is the angle between the cavity wall and the vertical axis.  

Then the correlations for local Nusselt number and Rayleigh number can be 

obtained as: 

Nu=0.0051 Ra0.383 (34) 

 

 

Figure 22 Local Nusselt number distribution on Rayleigh number. 
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Figure 23 Global Nusselt number and Rayleigh number correlations. 

4.7 Summary of Validation  

The preliminary simulation results performed on FLUENT showed that 

convection occurred in the cavity pool. There is heat transfer through the 

isothermal cavity wall and the fluid in the pool flowed into different layers in the 

final steady state. This process takes more than one hour to reach and there is 

around 8K temperature difference between the highest temperature and the 

lowest. The layer with highest temperature is located on the top. The wall heat 

flux increases with the angle increase between the cavity wall and the vertical 

axis. The peak of local heat flux over average heat flux located near the rim of 

the cavity circle and a drop appears when the angle continues to increase, which 

fits the experimental conclusions. The heat flux from simulation results is in 

agreement with the experimental data from Asfia et al. Different geometry mesh 

density settings may slightly affect the calculation result, but does not affect the 

heat flux trend on the angle. Mesh density higher than 240k only has slight 

difference on the calculated heat flux and could save much simulation time. The 
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dependence of the dimensionless numbers Nusselt number and Rayleigh number 

indicates that near the top of the cavity pool, there is more heat transfer and more 

convection. From the case one data point could be obtained to be compared with 

previous global correlations of Nusselt number and Rayleigh number. The results 

fall within the correlation region and shows a good agreement. It should be noted 

that the discrepancies of the correlations of other authors do not exceed 20%.  

 

In summary, the methodology on FLUENT SST k-omega model is verified and 

validated with achieved agreement of the local heat transfer coefficients and the 

Nusselt number. Further work can be implemented on more complex geometry 

models and different height of the working fluid. Therefore, it is reasonable to 

implement this methodology on the SIMECO-2 model, which will be introduced 

in details in the next chapter. 

Chapter 5 Pre-test Analysis of SIMECO-2 

5.1 SIMECO-2 Facility 

In the valuation of in-vessel melt retention (IVMR), the prior concerning issues 

are the effects of melt stratification on the vessel wall thermal loading, the 

composition of the metal layer and its effect on the focusing of the heat flux, and 

the reliability of the gap cooling mechanism. From the previous discussion on 

convection of the fluid in the spherical pool, it can be inferred that the temperature 

gradient field is formulated into layers with the coolest part at the bottom. In the 

IVMR accident scenario, the molten core dropped into the lower plenum of the 

reactor pressure vessel (RPV) with external cooling. The bottom layer will 

solidify if the temperature is cooled below the freezing temperature of the melt 

material. The mechanisms of this formation for the debris bed as well as the heat 

transfer regime of the melt pool are worth investigating. This mechanism will 

affect the thermal loads imposed on the reactor structures and vessel wall. 
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The challenge in the numerical analysis of the melt pool behavior lies in the phase 

change and solidification process during the convection. it takes long time to 

reach steady state due to this complex transient process. A good guess for the 

initial boundary conditions is essential since the calculation may diverge due to 

the deviation between the initial and the final steady state physical parameters.  

 

In order to investigate the effect of the boundary crust and mushy layer on the 

natural convection heat transfer on the wall of the melt pool, the SIMECO facility 

was developed by Sehgal and co-workers in 1998 [9]. The facility consists of a 

volumetric heated pool with crust forming at the boundaries with molten salt 

mixture and metallic layers as the simulant. The cavity slice has wall made of 

stainless steel, with quartz in front and behind the simulant as thermal isolation. 

Similar to Asfia et al. experiments, the facility has an external cooling flow. 

Monitors set in advance can record the concerned parameters such as temperature 

and heat flux.  

5.2 Model and Mesh Setup 

The new SIMECO-2 experimental facility consists of a slice of the vessel 

including a semi-circular section and a vertical section. Experimental program of 

SIMECO-2 will include study of heat transfer in uniform pool as well as in 2- 

and 3-stratified pool [35] But current thesis work is devoted to pre-test analysis 

of one-layered case (uniform pool) only. 

 

The thesis work is about the preliminary simulation on SIMECO-2 facility in 

order to give suggestions to further experimental setups. Some assumptions are 

made: 

 Volumetric heat in the salt melt is uniform 

 Boundary temperature of the external surface of stainless steel wall, 

343K (constant) 
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 Initial temperature of internal surface of stainless steel wall, 1073K 

 Initial temperature of internal surface of quartz wall, 1073K 

 Height of molten pool, m: 0.5 

 Radius of molten pool, m: 0.5 

 Thickness of quartz wall, m: 0.02 

 Thickness of stainless steel wall, m: 0.015 

 Adiabatic surface top condition. 

 

Figure 24 Geometry of molten pool for reference case simulation. 

 

The material physical properties are listed below. 

Table 7 Physical properties of Salt layer. 

Property 
Temperature 

range, K 
Simplified expression 

Value at 

Tmax 
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Solidus temperature 

(Tsol), K 
- 923 [36] - 

Liquidus 

temperature (Tliq), 

K 

- 983 [36] - 

Density, kg∙m-3 

Tsol – Tmax 3707.5 - 1.04684∙T [36] 2323 

<Tsol* 3437.4 - 0.53403∙T - 

Dynamic viscosity, 

mPa∙s*** 

Tsol – Tmax 
0.00003493∙T2 - 0.087463∙T + 

57 [36] 
2.4 

<Tsol - - 

Thermal 

conductivity**, 

W∙m-1∙K-1 

Tsol – Tmax 0.519 - 0.000131338∙T [37]  0.35 

<Tsol 4.00 - 0.002822∙T [38] - 

Heat capacity**, 

J∙kg-1∙K-1 

Tsol – Tmax 663.29 [40] 663.29 

<Tsol 424.66 + 0.146818616∙T [39] - 

Liquid mass 

fraction 

Tliq – Tmax 1 1 

Tsol – Tliq 0.0043877∙T - 3.33 [34] - 

<Tsol 0 - 

Heat of fusion, 

J∙kg-1 
=Tsol 203526 [17] - 

Emissivity* 
Tliq – Tmax 0.5 [39] 0.5 

<Tsol - - 
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Thermal expansion 

coefficient, 1/K 

Tliq – Tmax 0.000000167∙T + 0.000226 
0.00044

7 

<Tsol 0.0000000314∙T + 0.000152 - 

 

Table 8 Physical properties of Quartz (test section material). 

Property Simplified expression 
Value 

at Tmax 

Melting temperature 

(Tmelt), K 
1953 - 

Density, kg∙m-3 2200 [40] 2200 

Thermal conductivity, 

W∙m-1∙K-1 

-0.0000003974∙T2 + 0.001314∙T + 

1.045 [40] 
2.08 

Heat capacity, J∙kg-1∙K-1 
-0.00037037∙T2 + 1.0313∙T + 516.65 

[40] 
1232.8 

 

Table 9 Physical properties of stainless steel (test section material). 

Property Simplified expression 

Melting temperature, K 
1671 (solidus) 

1727 (liquidus) 

Density, kg∙m-3 7000 

Thermal conductivity, W∙m-1∙K-1 20 

Heat capacity, J∙kg-1∙K-1 430 

Viscosity, mPa∙s 0.002 

Heat of fusion, J/kg 250000 

Solidus temperature, K 1671 

Liquidus temperature, K 1727 

 

The objective of this simulation part is to estimate the crust thickness and the heat 

flux transferred across the boundary of the wall. 
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5.3 Results and Discussion 

5.3.1 Conclusions from Reference Case 

The simulated temperature field for SIMECO-2 experiment is shown in Figure 25. 

 

Figure 25 Temperature field, adiabatic top boundary condition. 

 

From the simulation the maximum temperature may reach 1298 K when the salt-

layer temperature stabilized. The temperature field formed into different gradient 

layers. At the bottom part of the pool there is low temperature zone, where the 

salt layer solidified. Mushy layers form at the bottom part of the pool, which can 

be inferred from the liquid fraction Figure 26 shown below.  
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Figure 26 Liquid mass fraction contour. 

 

From Figure 26 it can be observed that the mushy zone is colored in blue, at the 

bottom of the pool. When the maximum temperature of the salt layer no longer 

increases, the system can be regarded to have reached the steady state. The 

magnitude of the velocity is 10-2, which indicates fluid motion existence in the 

pool. The maximum velocity appears near the mushy zone formation boundaries, 

which indicates rapid phase change and heat transfer at this part. From the 

simulation the wall heat flux data can also be obtained. The wall heat flux on 

angle is shown in Figure 27. 
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Figure 27 Wall heat flux on pool angle. 

  

 

Figure 28 Wall heat flux over average value on angle. 

 

The maximum heat flux reaches 3.5*10-5 W/m2. The maximum heat flux 

appears near 60o, which is the boundary of the mushy zone. With increased 

angle, the heat flux increases rapidly. When investigating the ratio of wall heat 

flux and average wall heat flux, the maximum value reaches 2.61 when the 

angle is 62.2o. 
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5.3.2 Benchmark with other Method 

The Phase-change Effective Convectivity Model (PECM) [10] [11] was 

employed as computational tool to analyze the melt pool behavior in this 

semicircular slice geometry. It is a simplified approach, developed in Royal 

Institute of Technology (KTH). It has been validated against many experiments 

like ACOPO [41], COPO [42], LIVE [43] etc.  

 

In the PECM model, the flow velocities ux, uy, uz are replaced by characteristic 

velocities Ux, Uy, Uz respectively in the energy conservative equation to 

equivalently represent heat transfer to cooler boundaries. The characteristic 

velocities will be calculated with use of empirical correlations so that the 

necessity of solving Naiver-Stocks equations will be eliminated. [10] [11] The 

heat transfer correlations are used to define the characteristic velocities. In the 

salt layer zone with internal volumetric heat source, the Steinberner-Reineke [9] 

correlations are employed: 

( )
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 (35) 

Here, hpool is the melt pool depth; hup is the thickness of well mixed layer of the 

pool; hdown is the thickness of lower stratified region of melt pool; Wpool is the 

width of pool; α is the thermal diffusivity, m2/sec. 

 

A benchmark simulation was performed with both PECM and CFD method. The 

same case with constant wall temperature of 343 K, adiabatic top boundary and 

0.5 MW/m3 internal volumetric heat source was considered. For the CFD method, 
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SST k-ω model was implemented. The heat flux distributions along the polar 

angle are shown in Figure 29. 

 

 

Figure 29 Comparison between CFD method and PECM method [44]. 

 

Results of PECM method and CFD method show good agreement to each other 

in the local heat flux distribution. 

5.3.3 Influence of Boundary Conditions 

Simulations of three different top wall boundary conditions were implemented in 

order to investigate the effects and influence: (1) adiabatic, (2) radiation with an 

emissivity of 0.5, (3) radiation with an emissivity of 0.5 and convection h=20 

W/(m2K). Other initial and boundary conditions were kept constant, such as outer 

wall cooling temperature (343 K), internal heat source (Qv=0.5 MW/m3) and 

adiabatic side walls. The mesh density sensitivity has already been considered. 

When the mesh quantity was increased up to 360 k, the solutions on heat flux and 

temperature distributions did not show clear difference. To reduce the 

computation, the current mesh quantity was set to 125 k.  
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Figure 30 Temperature field for radiation and convection top boundary 

condition. 

 

 

Figure 31 Temperature field for radiation top boundary condition. 
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Figure 32 Effects of different top boundary conditions. 

 

 

Figure 33 Temperature Distribution on depth of the salt layer. 

 

Figure 25, Figure 31 and Figure 30 give the steady state temperature field 

distribution for adiabatic, radiation, and radiation and convection top boundary 

conditions, respectively. The maximum temperatures were calculated as 1208 K, 

1081 K and 1030 K. Figure 32 showed big wall heat flux difference of different 
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top wall boundaries. It can be inferred from Figure 33 that the temperature on 

depth of the salt layer does not show much difference at the bottom of the pool. 

However, significant temperature difference showed near the top of the salt layer, 

which is due to the effects of different top boundary conditions.  

 

5.3.4 Influence of Internal Heat Source 

 

Figure 34 Qv=300 kW/m3. 

 

Figure 35 Qv=500 kW/m3. 

 

 

Figure 36 Qv=800 kW/m3. 

 

Figure 37 Qv=1 MW/m3. 

 

Higher internal heat source may be needed due to the existence of radiation in 

experiments. Large heat losses may occur due to this boundary so higher internal 

heat source are needed. Then, four simulations were implemented with different 

internal heat source, while keeping all the other initial and boundary conditions 
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unchanged. The internal heat sources were 300 kW/m3, 500 kW/m3, 800 kW/m3 

and 1 MW/m3.  

 

 

Figure 38 Wall Heat Flux Distribution on different internal heat source. 

 

 

Figure 39 Temperature Distribution on depth. 

 

The heat flux distribution along the wall of the pool and the temperature 

distribution along the central vertical depth of the geometry are given in Figure 
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34, Figure 35, Figure 36 and Figure 37. The debris bed zone formed at the bottom 

of the pool becomes thinner with the internal heat source increasing. Both of the 

checked characteristic parameters increase with internal heat source increasing. 

The maximum temperature should be smaller than 1200 K, so the suggested 

internal heat source value is 500 kW/m3.  

5.4 Summary 

The CFD method validated against the experiments done by Asfia et al. in the 

previous chapter was implemented in SIMECO-2 simulations. SIMECO-2 is 

being developed at KTH to have a higher temperature of salt layers than SIMECO, 

simulating molten pool convection and heat transfer. The results simulated by 

CFD method showed good agreement with results from PECM method, which is 

another well-developed fluid dynamics simulation method but no turbulence 

models employed. From the simulation results it can be inferred that the wall heat 

flux increases to a maximum value and then decreases with the angle increasing. 

The position with maximum wall heat flux appears below the top of the pool. 

There is solidification in the simulation. Solid corium appears along the bottom 

of the wall and mushy zone appears at the boundary of the solid and liquid phases. 

The temperature on depth of the pool increases when the depth increases.  

 

Effects for different top boundary conditions and internal heat source were also 

studied, which could provide good suggestions for further practical experiments 

settings. The heat transfer is different for cases with different top boundaries. 

Higher internal heat source brings more heat to the working fluid, which can be 

inferred from higher temperature and higher wall heat flux along the wall. Heat 

losses through radiation will be more significant than that through convection and 

will be the main heat losses for top wall.  
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Chapter 6 Conclusions and Outlook 

Research for severe accident in LWR has been an important topic since the TMI-

2 accident. A core meltdown accident may occur if the cooling for the reactor 

core is insufficient. The concept of IVMR is proposed in order to terminate such 

kind of accident, and to arrest and confine the corium in the lower head of the 

RPV. The core may have degradation and relocation during the melting process. 

If the temperature is kept high, the core may start melting and form corium. The 

corium consists of different materials, including the fuel bundle as well as the 

cladding materials. As a result, a molten pool is formed in the lower plenum. One 

idea of IVMR is to flood the reactor cavity in order to provide sufficient cooling 

to the reactor vessel wall. It is of great importance to guarantee the integrity and 

the function of the plenum. Therefore, the angular heat flux imposed by the 

molten pool to the wall of the vessel should not exceed the limit of the external 

cooling capacity, or CHF of boiling at all points around the lower head. To have 

a better understanding for the heat transfer of a volumetrically heated molten pool 

with external cooling, KTH developed the SIMECO-2 experimental program 

under the EU project IVMR to investigate the heat transfer of a melt pool at 

temperature up to 1000 oC. To perform a pre-test analysis for the SIMECO-2 

experiments, the thesis work uses CFD simulations to help improve the design of 

the new-test facility.  

 

The first step of the work was to qualify the FLUENT capabilities for modeling 

molten pool convection. A 3D CFD FLUENT model was first built up to simulate 

an existing experimental work done by Asfia and co-workers [4][5][6]. The 

experiment employed R-113 as the working fluid filled in a bell jar and cooled 

externally by subcooled water. The working fluid was heated up uniformly by 

microwave to simulate the internal volumetric heat source. Turbulence motion 

occurred due to the change of fluid density driven by internal volumetric heat 

source and external cooling. The simulation results of local wall heat flux and 

temperature distribution showed good agreement with Asfia et al. experimental 
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data. As the simulation results compared and benchmarked with previous 

simulation work done by Horvat and co-workers [7][8], the simulation results 

from the FLUENT model are more close to the experimental data. The study for 

mesh density independence was also employed. From simulation results one can 

draw a conclusion that with mesh quantities increasing to some extent, the 

accuracy of the results would not have any further increase. Considering that 

there is a balance between the mesh quantity and calculation time, a proper mesh 

should be chosen which can both guarantee an acceptable accuracy of the 

simulation results, and a reasonable computational efficiency. In this thesis work 

when the mesh quantity increases to a certain extent, the simulation results are 

already close enough and will not bring more than 5% precision.  

 

After the validation of the FLUENT model, simulations were applied to single-

layer SIMECO-2 model. The SIMECO-2 model was developed by Sehgal and 

co-workers [9] to investigate the melt pool convection and heat transfer in a semi-

circular slice of the lower head. Developed from the old SIMECO experiment 

which employs binary salt mixture of KNO3-NaNO3 at temperature less than 300 

oC, the new SIMECO-2 experiment will choose a new corium simulant which 

can operate at 800 oC. The simulation results of local heat flux profile along the 

vessel wall were compared with PECM method and showed a good agreement. 

Also, influences of different top boundary conditions and internal heat source 

were studied, which gives good suggestions for SIMECO-2 pre-test analysis. 

Different top boundary conditions will affect the heat loss significantly. 

Considering the wall materials capacity, an internal heat source of Qv=500 

MW/m3 is a proper value. 

 

There is still some further work to do. A stepped shape curve on the local heat 

fluxes as a function of angle was obtained from the simulations, which is 

considered to be nonphysical. Further studies on improving the accuracy of the 

simulation are essential. The pre-test analysis also needs to be compared with 

post-test results. After doing the single-layer simulations, more complex models 
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need to be studied, such as two-layer (see Figure 40) and three-layer model with 

metallic materials.  

 

Figure 40 Two layer mesh with metallic (top) layer. 

 

The goal of SIMECO-2 experiment is to investigate the heat transfer behavior in 

a uniform and stratified molten pool with external cooling. Practical experiments 

need to be done to give further directions of reactor core melt accident analysis 

and severe accident management.  
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