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Abstract 

Severe accidents in a Light Water Reactor (LWR) have been a subject of the research for 
the last three decades. The research in this area aims to further understanding of the 
inherent physical phenomena and reduce the uncertainties surrounding their quantification, 
with the ultimate goal of developing models that can be applied to safety analysis of 
nuclear reactors. The research is also focusing on evaluation of the proposed accident 
management schemes for mitigating the consequences of such accidents.  
 
During a hypothetical severe accident, whatever the scenario, there is likelihood that the 
core material will be relocated and accumulated in the lower plenum in the form of a debris 
bed or a melt pool. Physical phenomena involved in a severe accident progression are 
complex. The interactions of core debris or melt with the reactor structures depend very 
much on the debris bed or melt pool thermal hydraulics. That is why predictions of heat 
transfer during melt pool formation in the reactor lower head are important for the safety 
assessment.   
 
The main purpose of the present study is to advance a method for describing turbulent 
natural convection heat transfer of a melt pool, and to develop a computational platform 
for cost-effective, sufficiently-accurate numerical simulations and analyses of Core 
Melt-Structure-Water Interactions in the LWR lower head during a postulated severe 
core-melting accident.  
 
Given the insights gained from Computational Fluid Dynamics (CFD) simulations, a 
physics-based model and computationally-efficient tools are developed for multi-
dimensional simulations of transient thermal-hydraulic phenomena in the lower plenum 
of a Boiling Water Reactor (BWR) during the late phase of an in-vessel core melt 
progression. A model is developed for the core debris bed heat up and formation of a 
melt pool in the lower head of the reactor vessel, and implemented in a commercial 
CFD code. To describe the natural convection heat transfer inside the volumetrically 
decay-heated melt pool, we advanced the Effective Convectivity Conductivity Model 
(ECCM), which was previously developed and implemented in the MVITA code. In 
the present study, natural convection heat transfer is accounted for by only the 
Effective Convectivity Model (ECM). The heat transport and interactions are 
represented through an energy-conservation formulation. The ECM then enables 
simulations of heat transfer of a high Rayleigh melt pool in 3D large dimension 
geometry. 
 
In order to describe the phase-change heat transfer associated with core debris, a 
temperature-based enthalpy formulation is employed in the ECM (the phase-change 
ECM or so called the PECM). The PECM is capable to represent possible convection 
heat transfer in a mushy zone. The simple approach of the PECM method allows 
implementing different models of the fluid velocity in a mushy zone for a non-eutectic 
mixture. The developed models are validated by a dual approach, i.e., against the 
existing experimental data and the CFD simulation results. 
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The ECM and PECM methods are applied to predict thermal loads to the vessel wall 
and Control Rod Guide Tubes (CRGTs) during core debris heat up and melting in the 
BWR lower plenum. Applying the ECM and PECM to simulations of reactor-scale 
melt pool heat transfer, the results of the ECM and PECM calculations show an 
apparent effectiveness of the developed methods that enables simulations of long term 
accident transients. It is also found that during severe accident progression, the cooling 
by water flowing inside the CRGTs plays a very important role in reducing the thermal 
load on the reactor vessel wall. The results of the CFD, ECM and PECM simulations 
suggest a potential of the CRGT cooling as an effective mitigative measure during a 
severe accident progression. 
 
Keywords: light water reactor, hypothetical severe accident, accident progression, 
accident scenario, core melt pool, heat transfer, turbulent natural convection, heat 
transfer coefficient, phase change, mushy zone, crust, lower plenum, analytical model, 
effective convectivity model, CFD simulation. 
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Chapter 1 

Introduction 

1.1.  The context of the study 

Severe accidents can cause significant damage to the reactor fuel, leading to more or less 
core meltdown. Such accidents are highly unlikely in light of the preventive measures 
implemented in the designs as well as in Accident Management Measures (SAM). 
However, they are the focus of considerable research, because the release of radioactive 
products into the environment would have serious consequences. The research also reflects 
a commitment to the defence-in-depth approach of nuclear power safety. 
 
Research in the area of severe accidents involves substantial human and financial resources. 
Most countries with well-developed nuclear power sectors, such as the United States, 
Japan, Germany, Belgium, Canada, South Korea, Switzerland, Sweden and Russia, have 
severe accident research programmes. Each country has focused on one or more particular 
aspects, but in general the field is too vast to allow investigation of all phenomena by any 
one national programme.  
 
Therefore, collaboration is performed among nuclear stakeholders, industry groups, 
research centres and safety authorities, at both the national and international levels. Joint 
programmes on numerous subjects have been initiated in international programmes, 
especially those initiatives supported by the European Commission through its Framework 
Programmes for Research and Development (FPRD), or those conducted under the auspices 
of the OECD (Organisation for Economic Co-operation and Development). 
 
As a part of the Sixth Framework Programme, a Network of Excellence called the Severe 
Accident Research Network of Excellence (SARNET) coordinated by the French Institute 
for Radiological Protection and Nuclear Safety (IRSN), was set up to optimise the use of 
resources in the area of severe accident research. SARNET brings together 52 participants 
from 19 different countries, either members of the European Union (EU) or Switzerland 
and Canada. It aims to improve scientific knowledge, to define and oversee common 
research programmes, to develop common computer tools and methodologies for safety 
assessment, to ensure the sustainability of outcomes and to disseminate information [1]. 
Three of its “integration” activities are the ASTEC code, the methodologies for Level 2 
Probabilistic Safety Assessments (PSA-2) and the reassessment of research priorities 
(Severe Accident Research Program - SARP). 
 
The objectives of SARNET are to define common research programs in the field of severe 
accidents and to develop common computer tools and methodologies for safety assessment 
in this field. To achieve the objectives, sufficient convergence on issues and phenomena 
and on their importance in terms of safety and knowledge was required among all the major 
European actors in Nuclear Safety. The final objective was a consensual approach to 
resolve the remaining uncertainties and open issues. During the past three decades, 
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extensive experimental and analytical researches were performed on accident phenomena 
of risk importance in Light Water Reactor (LWR) plants. Establishing Phenomena 
Identification and Ranking Tables (PIRT) has been proved in other areas (e.g. Loss-of-
Coolant Accidents, LOCA) to be an efficient and unbiased way to reach such a consensus. 
As a basis for the PIRT, a comprehensive list of 1016 severe accident phenomena was 
established. Among these 1016 severe accident phenomena, 162 in-vessel phenomena were 
identified, and in-vessel core melt pool heat transfer is one of the important issues (high 
ranked) of SARNET program [2].  
 

Accident phenomena of risk important program (2006-2008) 
 
An important contribution to state-of-the-art has been made at the Royal Institute of 
Technology, Nuclear Power Safety Division (KTH-NPS). A substantial knowledge base 
was developed, and it is being consolidated, distilled and distributed under SARNET 
(SARP) activities. Several large-scale research projects in EU Framework Programmes FP4 
and FP5 were coincidentally and mutually leveraged on the Swedish research program 
called Accident Phenomena of Risk Importance (APRI), which funds Severe Accident (SA) 
research at KTH-NPS over the past 14 years (1993-2007). APRI program at KTH-NPS 
supports both analytical (e.g. modeling) and experimental activities. 
 
Modeling and analysis activities have helped to elucidate several risk-significant 
phenomena, including:  

(i) Turbulent natural convection heat transfer in corium pools;  

(ii) Vessel hole ablation and core melt discharge;  

(iii) Melt jet impingement;  

(iv) Core melt spreading.  

 
Prediction of (i), (ii) and (iii) are instrumental to the assessment of In-Vessel melt Retention 
(IVR) capability; while (iv) are key to the core melt spreading and stabilization. The past 
research at KTH-NPS contributed to the success of Severe Accident Management Strategy 
(SAMS) in both existing and advanced PWR plants. 
 
At KTH-NPS, experiments were also performed on film boiling, droplet fragmentation and 
jet breakup, which are paramount to the assessment of Ex-Vessel steam Explosion (EVE) 
and Ex-Vessel debris Coolability (EVC) in the Swedish BWR plants [3]. However, such 
studies did not have a critical mass, to reach to a basic understanding and to develop 
appropriate models that would have an impact on the quantification of related risks in the 
Swedish plants. In recent years, the research at KTH-NPS was further focused on several 
concepts, which are envisioned to have mitigative potential. This includes the pursuit of 
downcomer’s idea in the lower drywell, and of bottom coolant injection (COMET concept, 
[4]), both for ex-vessel melt and debris coolability. For in-vessel melt retention, the driving 
idea is to use coolant from the Control Rod Drive (CRD) cooling system to remove the 
decay heat from the corium in the vessel lower plenum. Several series of experiments were 
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performed and data were obtained. Applicability and significance of these data are under 
examination. 
 
KTH-NPS research on severe accidents under the APRI support is guided by the following 
risk-oriented questions [3]:  

(i) Given the state-of-the-art knowledge and uncertainty, what are accident scenarios 
(among core damage sequences) which can readily be concluded, with a high 
confidence, as successfully managed by the existing SAMS in the Swedish plants?  

(ii) What levels of phenomenological uncertainty are required that would enable a high-
confidence assessment of SAMS performance in “inconclusive” scenarios (if any)?  

(iii) Given practical constrains, what is the level of uncertainty reduction that can be 
reasonably expected from additional investment in experimentation and analysis?  

(iv) What are additional cost-effective measures that can be implemented to address 
uncertainty-prone scenarios, removing the issue(s) from the risk plane?  

 
Item (i) is to maximize the utility of previous works and investments, to clearly define the 
domain of a potential risk, and thereby create a focus for actions. Item (ii) provides a 
quantitative measure of the goal in the safety research. Item (iii) is to guard off temptation 
for “indefinite” researches that are cost-ineffective. Item (iv) is to promote innovation, 
thinking outside-the-box. 
 
The near-term activities at KTH during the period of 2006-2008 under the sixth APRI 
program (APRI-6) are as follows: 
 
Objective 1: Establish a comprehensive basis to streamline the resolution of in-vessel 
retention (IVR) capability, ex-vessel steam explosion (EVE) and ex-vessel debris 
coolability (EVC) issues in the Swedish BWR plants which employ the lower drywell 
cavity flooding as its SAM measure.  
 
Objective 2: Develop selected analysis and computational capabilities, which effectively 
guide the experimental effort, through scaling, data interrogation and interpretation, 
modeling and model validation (understanding). The analysis capability is also instrumental 
to making effective use of experimental data, through application of the validated models 
and codes to predict reactor-scale phenomena. 
 
Objective 3: Train and retain the KTH-NPS team as reactor safety experts, who are 
knowledgeable of the Swedish plants and prepared to effectively address complex reactor 
safety issue. Both the KTH-NPS team and its trainees (when they join industry) are able to 
apply advanced simulation tools and methodology of probabilistic/deterministic risk 
analysis. 
 
Under APRI-6, the following tasks are identified, involving analytical and modeling works 
as well as experimental programs (Figure 1.1) [5]: 

- Debris formulation (corium melt fragmentation); 
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- Coolability of debris bed, dry-out heat flux; 

- Debris bed (core melt pool) structures interactions (heat transfer, CRGT cooling, 
vessel ablation etc.); 

- Corium explosibility (Steam Explosion Energetics); 

- Ex-vessel debris bed formation; 

- Ex-vessel coolability. 

 

 
Figure 1.1: Accident progression phenomena and research tasks (APRI-6). 

 

Control rod guide tube cooling in boiling water reactors 
 
In this context, the “Debris bed (core melt pool) structures interactions” is one of the 
important APRI program tasks considered during the years 2006-2008. The main objective 
of the “Debris bed (core melt pool) structures interactions” task is to develop models and 
capabilities to enable evaluation of the merit of any additional accident management 
measure aiming to enhance the in-vessel coolability. The CRGT cooling can be such an 
additional accident management measure.  

1.2.  The significance of the study 

In a hypothetical severe accident in a boiling water reactor, inadequate core cooling 
may lead to core melting and relocation of a large amount of mixture (so-called 
corium) of the molten fuel and metallic structures to the Reactor Pressure Vessel 
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(RPV) lower head, where the corium melt interacts with water and partially fragments, 
quenches, solidifies and forms a debris bed. In a late phase of in-vessel core melt 
progression, the corium debris bed may be re-melted to form a corium pool in the 
lower head. Simultaneously, the decay-heated, high-temperature debris bed and corium 
pool impose a significant thermal load on the RPV and other structures in the vessel 
lower head. Without an effective heat removal, the vessel and structures will be 
degraded and fail. 
 
This process is very hard to be studied experimentally and computationally due to its 
multi-physics nature, the presence of material interactions, phase changes and chemical 
reactions, and also the complex geometries of a BWR lower head with multiple CRGT 
built-in. However, it is of paramount importance for the plant safety analysis that we 
are able to predict the timing and mode of the vessel failure, and the conditions (e.g. 
composition, amount, temperature) of the core melt available for discharge upon the 
vessel failure. What is the challenge we are facing with when we solve the heat transfer of 
a melt pool? The heat transfer process occurring in a melt pool is characterized by turbulent 
natural convection. The main characteristics of a melt pool formed in the lower head are 
high Rayleigh number, large dimensions, turbulent flow, complex 3D geometry and long 
term of transient, which all are the challenge we are facing with. 
 
The main problem to be solved is to find an adequate tool to simulate heat transfer of a 
melt pool which can be formed in the lower plenum of RPV. The potential approaches 
to solve this problem are to develop an analytical model, to use a lumped parameter 
method, to use a CFD tool or to find another effective model. 
 
The analytical model and lumped parameter method may be applied to analyze the heat 
transfer of a melt pool. However, due to their average correlations and applicability 
only into simple geometry, these approaches are rather simple in applications but 
inapplicable for the analysis of specific effects of the flow characteristics. 
  
CFD simulation method has been developed and used to study turbulent natural 
convection in a volumetrically heated melt pool, provided important insights into the 
thermofluid mechanisms. Direct Numerical Simulations (DNS) have also been 
performed at KTH-NPS to provide first-principle data. However, such simulations are 
computationally expensive, especially when there is a need to consider transient 
processes of melt pool formation and long-term melt attack on the vessel.  
 
The objective of the present study is to develop an effective method to compute the 
dynamics of melt pool formation in the RPV lower head, so as to enable high-fidelity 
predictions of (i) thermal loads on the reactor vessel and internal structures, and (ii) the 
characteristics of the lower head’s melt pool during core-melt transients leading to the 
vessel failure.  Within this context, we recognize the significance of physico-chemistry 
in the corium and its interactions with structural materials. 
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1.3.  The structure of the Thesis 

The main structure of the Thesis is described here for the readers easily to follow. After this 
chapter (“Introduction”), Chapter 2 (“Accident scenarios in a BWR plant”) briefly 
describes accident progression and important phenomena that may happen in a LWR. 
“Problem formulation and technical approach” is also presented in this chapter. Chapter 3 
gives a “Literature review”. Analytical models for energy splitting of a molten pool are 
given in Chapter 4. CFD method, validations and applications are presented in Chapter 5. 
In Chapter 6, the ECM method and ECM extension to phase-change problems (PECM), 
and their validations are given. In Chapter 7, applications of the ECM and PECM methods 
to reactor cases are presented. The results of simulations by the ECM and PECM methods 
for the reactor case are then reported and discussed, followed by key findings and 
uncertainty discussions. “Future work” is discussed in Chapter 8. Chapter 9 concludes the 
contents of the Thesis. 
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Chapter 2 

Accident scenarios in a boiling water reactor 

2.1.   Boiling water reactor specificity 

2.1.1. Boiling water reactor  

Before going into the details of accident scenarios in a BWR plant, it is useful to look into 
some BWR design specifics which are important from safety point of view and may have 
significant impacts on an accident progression. A typical reactor vessel and its internals are 
described in Figure 2.1.  
 
From safety point of view the following differences of the BWR configuration from a PWR 
are of importance: larger reactor vessel diameter, more total mass of the reactor internal 
metallic components and the presence of a forest of CRGTs.  
 
Due to both water vaporization and separation processes occurring inside the RPV, a bigger 
space is necessary in a BWR for arrangement of a large number of equipment. The BWR 
vessel height and diameter are typically larger than that those of a PWR. The diameter of a 
BWR vessel is of about 6-7m, while the diameter of a PWR vessel is of about 4-5m. The 
BWR also incorporates steam separators and steam dryers inside the vessel to separate the 
moisture and to dry the steam, respectively, before transferring the steam to high pressure 
turbines. Furthermore, the following internal structures of a BWR: core spray system, core 
support structures, fuel assemble channels and bypass, claddings, barrels, CRGTs, 
Instrumentation Guide Tubes (IGTs) and shroud etc., are available inside the reactor vessel. 
All these equipment and internal structures result in a larger total mass of metallic 
components, available in a BWR compared with those of a PWR. The difference in the 
total metallic component mass can be seen in Table 2-1, which shows the amounts of metal 
and fuel of an evolutionary PWR, a General Electric (GE) BWR and an ABB-Atom boiling 
water reactor. 
 

Table 2-1: PWR and BWR masses of metal and fuel 

 
 
 

Items Evolutionary 
PWR 

GE-BWR ABB-Atom 
BWR 

Thermal capacity, MWt 4000 3440 3300 
Total metal (steel), tons 115 121 172 
Total Zr, tons 30 62 53 
Total UO2, tons 110 172 140 
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Figure 2.1: Boiling Water Reactor vessel and internals. 
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On the one hand, a larger total amount of metals results in a thicker layer of molten metals 
relocated on top of a melt pool in the lower plenum, consequently reducing the heat flux to 
the vessel wall that may avoid the focusing effect which was identified for PWRs. On the 
other hand, a larger diameter of the reactor vessel results in a thinner metal layer on top of a 
melt pool, as a result, the heat flux to the vessel wall is increased. However, the thickness 
of a metal layer in the lower plenum is a subject to be changed, depending on the amounts 
of oxidic melt and metallic constituents relocated into the lower plenum. 
 
Another difference of the BWR configuration compared with a PWR is the presence of 
CRGTs in the BWR lower head. IGTs are present in both the PWR and BWR lower 
plenums. However, CRGTs are arranged in the lower head of a BWR, while in a PWR they 
come from top of the reactor vessel. A small water flow rate, about 62.5g/sec in each 
CRGT is available during plant operation for purging and cooling purpose. 

2.1.2. BWR lower plenum 

The lower plenum in a BWR features a complex geometry that varies from reactor to 
reactor. The diameter of the hemisphere ranges from 5.5 to 7m and its height varies from 
1.8 to 3m. Consequently, the inclinations (i.e. curvatures) of the vessel wall also vary.   
 
Most importantly, the BWR lower plenum compared to that of a PWR includes a large 
number of CRGTs and IGTs. It was proposed that the coolant flow in CRGTs can be used 
to enhance coolability of debris and core melt pool formed in the lower plenum. The CRGT 
number and arrangement in the lower plenum also vary for different designs. 
 
In the present study we use an ABB-Atom reactor configuration which contains 121 CRGT. 
The configuration of a part of the lower plenum under consideration can be seen in Figure 
2.1. 
 
For further analysis, we try to estimate the maximum weight of the molten oxidic and 
metallic components, which can be contained in the free space of a BWR lower plenum. In 
a BWR hemispherical lower plenum, the volume of a LP to be filled with molten materials 
can be determined as follow: 
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Where   R - The diameter of hemisphere (LP) 

nCR - The number of control rods in the reactor 

nIGT - The number of IGTs in the lower plenum 

dout -  The outside diameter of control rod 

dIGT -  The outside diameter of an IGT 
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H -  The maximum height of a melt pool 

 
It can be seen in Figure 2.1, the maximum height of a central CRGT submerged in free 
space (the space with smaller diameter CRGTs, see the figure) of the lower plenum is of 
about 1.7m, which is corresponding to the height H. According to equation (2.1), the free 
space of the ABB-Atom BWR lower plenum can contain a mass of about 200 tons of 
molten oxidic and metallic components. Normally, the mass of uranium dioxide in an 
ABB-Atom reactor is 98-102 tons (86-90 tons of uranium). A mass of 100 tons can be 
estimated for the molten zirconium oxide and metallic components during a severe accident 
scenario (not all are melted immediately). Thus, for an ABB-Atom reactor, the lower 
plenum free space has enough volume for containing all 200 tons of molten oxidic and 
metallic components during an accident progression. 

2.2.   Severe accident progression 

2.2.1. Late phase of in-vessel accident progression 

Severe accidents may result from failure of systems designed to cope with accidents. For 
example, a small break in the cooling system of the primary circuit, along with a temporary 
failure of the emergency cooling system, may lead to core uncovery. The continuous heat-
up of the core by the decay heat of the fission products can cause substantial damage up to 
complete meltdown of the core in unmitigated accident sequences. 
 
It is important to describe and to understand the following questions related to core-melt 
progression: 

- How does a severe accident progress? 

- How to mitigate its consequences? and 

- How to terminate it? 

 
The main issue in addressing these questions is the prediction of the physico-chemical 
behavior of the reactor core during a severe accident [6], i.e. to estimate:  

- When and how the core loses its original geometry; 

- What configurations are formed during the accident progression; 

- How much hydrogen is generated by steam oxidation of core materials; 

- What influence of the core degradation exists on the release of the fission products 
(source term); 

- By what processes the solid and liquid core materials are transported within the core 
and to the lower plenum of the reactor pressure vessel; 

- Coolability of partially blocked cores, fuel debris beds, molten pools; 

- Mechanism, threshold and location of the meltthrough of the ceramic melt pool; 
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- Pathway and mode (gradual, coherent) of melt relocations under “wet-core” and 
“dry-core” conditions; and 

- Influence of flooding (quenching) of the degraded core on the hydrogen source term. 

 
A better understanding of the in-vessel degraded core phenomena is important for: 

- Risk assessments;  

- The qualification of accident management measures; and 

- The design of the next-generation plants. 

 
In general, in-vessel core melt progression provides an important input for all reactor 
pressure vessel and containment failure issues. For example, the quantity, temperature, 
physical and chemical composition, release rate, and pressure of the melt released from the 
reactor pressure vessel, the amount of hydrogen generated and steam available can all affect 
the integrity of the containment and thus have an impact on the risk. 
 
Depending on the conditions and internal structures of the reactor, the accident progression 
can occur very differently. The in-vessel accident progression can be separated by 2 stages, 
core melt progression in the core region and core melt progression in the lower head region. 
In the end of the second stage, melt pool formation is probable. First we will briefly 
describe two above-mentioned stages of the accident progression. 
 

a)   Accident progression in core region 

Depending on timing, the core melt accident progression can also be divided into two 
phases: the early phase with partial melting of core material and the late phase resulting in 
significant melting of core material [6]. While the early phase of a severe accident involves 
core uncovery, heat-up and partial melting in the core region, the late phase is characterized 
by large amount of core melting, core material relocation, redistribution of molten core 
materials in the core region and lower plenum. The governing phenomena of the late phase 
melt progression involving a porous debris bed, molten pool and cavity formation still have 
many uncertainties and are not fully understood due to high temperatures, thermal and 
chemical interactions of multi-component and multi-phase materials, melting and freezing 
processes with different geometrical configurations. Moreover, the properties of molten 
core materials formed in the core region as well as the types and thermal states of the core 
structures involved, may influence the extent and timing of core melting and the melt 
progression in the core region, determining the amount and relocation paths of the melt that 
may be released into the reactor lower plenum. Finally, the arrival conditions of the core 
material at the lower plenum are also affected by thermal behavior of the molten core 
material when it passes through the core support plates. Even in the late phase of core melt 
progression, the in-core and lower head phenomena occur simultaneously as was the case at 
TMI-2. 
 
Nevertheless the complexity and difference of the melt progression in the core region, 
without substantial cooling, relocation of the core melt into the lower head will take place. 
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In the next section, we will shortly introduce the characteristics and specifics of the second 
stage of the melt progression.  
 

b)   Accident progression in lower plenum region 

In the case of uncoolable in the core region, the molten materials (corium) accumulated on 
the core support plates or the crust crucible will be eventually relocated into the lower 
plenum region. It is clear that the core melt progression in the lower head region depends 
on the core melt amount, temperature, morphology, relocation path of accident progression 
in the core region, and conditions of the lower head structures. 
 
There are two mechanisms for core material relocation from the original core boundary into 
the lower plenum: sideward relocation along the peripheral regions of the core as was 
observed in the TMI-2 accident, and/or downward relocation through the failure of the core 
plate or the penetration tube. 
 
In the presence of water in the lower plenum, some portions of the relocating molten core 
materials will be fragmented into small particles and solidified, while the rest will maintain 
its original liquid phase.  
 
If the lower plenum doesn’t have water when core melt relocation occurs, it is expected that 
the core materials relocated onto the lower head maintain their original phases. A large melt 
pool may be formed in the lower plenum. 
 
In the presence of water in the lower plenum, the main mechanism of fragmentation of the 
flowing debris jet is a thermal hydrodynamic process. Therefore, the core materials 
relocated onto the lower head will form various kinds of debris bed (particulate debris in 
one place, homogeneous or stratified melt pool in another place) through a limited transient 
and debris stylization process. Here, it should be noted that the ‘debris bed’ is not limited to 
a layer of solid particles, but is defined as a layer of core material whose constituents might 
be composed of solid particles, liquid corium, or their mixture.  
 
After all, the rate of heat removal from the lower head debris bed will be determined by the 
amount of the heat generated in the molten core materials accumulated in the lower head, 
heat transfer inside the core material, heat transfer from the core material to the reactor 
vessel or to the overlaying water, and heat transfer from the outer vessel surfaces. In case 
the heat removal capacity is less than heat generated in the debris bed, a common melt pool 
will be formed and enlarged in the lower plenum. 
 
From above short description it is seen that with very high probability a common melt pool 
will be formed in the lower plenum at the end of the in-vessel accident progression. A 
liquid melt pool can be formed by either direct relocation of the molten core material into a 
dry lower plenum, or direct slumping of the liquid core material that is not participated in 
the fragmentation process, or melting of the solid particles by the decay heat.  
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Figure 2.2: Melt pool formation in a BWR lower plenum. 
 

Table 2-2: In-vessel severe accident progression and associated phenomena 

In-vessel Accident Progression Phenomena 
Core heat-up and melting 
Metal oxidation 

Melt relocation 
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Figure 2.2 shows a possible scenario of core melt pool formation in a BWR lower plenum. 
In this configuration, a melt pool enveloped by surrounded crust is formed inside a debris 
bed (debris cake). It is probable that two cooling measures are provided to cool the melt 
pool: the first is the cooling by water flows in CRGTs, called CRGT cooling, and the 
second is the cooling by water injection on top of the melt pool. Cooling by water outside 
the lower plenum is a part of accident management, but much later in time. 
 
Whether the decay-heated corium will be kept within the lower plenum or not depends on 
SAM activated and cooling capability. In any case, the heat transfer regime of the melt pool 
will determine timing and failure mode of the reactor vessel. 
 
A summary of the in-vessel phenomena, which may take place in a lower plenum, is 
reported in Table 2-2. 

2.2.2. Melt pool in a lower plenum 

A melt pool formed in a lower plenum is characterized by multi-component and multi-
phase materials under high temperature and complex flows. In the case of molten pool 
formation in the lower plenum, complicated chemical reactions are occurring at the 
prevailing high temperatures (>2200oC), in a mixture containing U, O, Zr, Fe, Ni, Cr and 
control rod materials. The important factors are (i) possibility of a miscibility gap which 
could lead to melt layers stratifications and (ii) the composition and properties (e.g. 
liquidus/solidus temperature, thermal conductivity, viscosity) of the oxidic pool and metal 
layer. The melt pool chemistry can significantly affect the melt pool composition and layer 
configuration, which in turn can significantly affect the incident heat flux-distribution on 
the vessel wall. However, the knowledge base in this area is still under development [7]. 
 
It is assumed that with a high probability, a molten pool relocated in the lower plenum is 
stratified into an oxidic pool and metallic layer on top. The lower oxidic pool consists of 
corium (a mixture of ZrO2 and UO2), and the upper metallic layer consists of light 
component of molten metal. Under certain thermal conditions, crusts of solid materials may 
be formed along the vessel wall, the cooled CRGTs and the top surface of the lower pool 
containing corium mixture. In a dry lower plenum, due to radiation heat flux from the 
molten pool, the reactor internal structures may be melted. It is possible that the metallic 
component mass of the upper layer is increased during an accident progression. The mass 
of each oxidic and metallic component is varied in time, depending on the reactor type, on 
the accident progression, i.e. on relocation of the materials from the upper region, including 
the reactor core. Such variations can be seen in Appendix B, where a calculation is 
performed by the MELCOR code for the ABB-Atom BWR. 
 
 
 
 
 
 



 15

2.3.   Melt pool heat transfer 

2.3.1. Turbulent natural convection 

As described above, although with a low probability, it is possible that a melt pool with 
surrounded crust will be formed in the lower plenum during a severe accident. The heat 
transfer process happening in a melt pool is characterized by turbulent natural convection. 
Natural convection phenomena can be scaled in terms of the Grashof number (Gr) and 
Prandtl number (Pr). In the presence of volumetrical (internal) heating due to the decay heat, 
the Dammkohler number (Da) number is also needed [8]. 
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The overall heat transfer performance is characterized by the Nusselt number (Nu) number, 
which is defined as follows: 
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In case of non-volumetric heating, Nusselt number is a function of Gr and Pr. In the 
presence of volumetric heating, the Nusselt number is a function of Gr, Pr and Da. The 
effect of Prandtl number, Pr is to be described in combination with the other dimensionless 
group, the internal Rayleigh number (Ra’) number, which is given as: 
 

DaGrRa ××= Pr'      (2.6) 
 
for the case of volumetric heating. 
 
With the melt properties and the reactor lower plenum geometry, the internal Rayleigh 
number of a melt pool can reach a very high value, in a range of 1015-1017. 
 
In contrast to the case of a solid debris bed, where the conduction/radiation controlled heat 
flux from the bed surfaces to the vessel and structure material is almost uniform, the natural 
convection flows inside the internally heated liquid melt pool impose a non-uniform 
distribution of heat flux on the vessel wall and structure material (e.g. penetration tube 
walls). The peak heat flux occurring near the pool upper region makes its close the vessel 
wall most vulnerable to a melt-through or creep rupture. 
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The correct prediction of natural convection heat transfer inside a prototypic melt pool is, 
therefore, very important for the assessment of the vessel failure mode and as a corollary 
for the probability assessment of in-vessel retention (IVR) through the cooling of the 
external surface of the vessel wall for PWR cases or the cooling by CRGTs for BWR cases. 
 
The heat fluxes are determined by: 
 

Thq Δ×=     (2.7) 
 
where h is the heat transfer coefficient; ∆T is the melt pool superheat, BCMP TTT −=Δ . 
The TBC is defined as liquidus temperature [9]. The heat transfer coefficient h is determined 
by Nusselt number, Nu, conductivity k and characteristic length L:  
 

L
kNuh ×

=     (2.8) 

 
The heat transfer coefficient, i.e. Nusselt number can be obtained from model experiments 
or numerical simulations. So far, analyses of natural convection heat transfer, based on 
turbulence modeling, suffer from the inaccuracy of the standard turbulence models for the 
stable and unstable stratified flow conditions and the inefficiency of the current numerical 
solvers. Although, the empirical work directed towards melt pool convection investigation 
has been mostly restricted to small scale experiments with use of prototypic melt materials, 
or to larger scale experiments with use of melt simulants, the results from the simulant 
material experiments have been extrapolated to the prototypic melt pool configurations. 
Several correlations for the Nusselt number were established for a wide range of Rayleigh 
number to describe turbulent natural convection of an internally heated pool. Many 
correlations are surface-averaged and describe directional heat transfer coefficients 
(Kulacki-Emara, Steinberner-Reineke, Mayinger correlations etc.). Some of the correlations 
were produced to describe profiles of the heat transfer along boundaries in COPO, ACOPO, 
UCLA, BALI experiments. 
 
It is worth to note that there were only few experiments describing natural convection of a 
melt pool in the presence of the phase change. Most of the experiments were performed 
with isothermal boundary conditions without phase change. Moreover, due to the 
complexity of chemical reactions in the experiment with melt materials, no correlation for 
heat transfer coefficient describing natural convection combined together with chemical 
reactions is found in the literature.  

2.3.2. Melt pool stratification 

In the event that the fuel and metal components (mainly Zr and Fe) become molten and a 
melt pool is established, natural convection takes place. Due to the density difference, 
normally the metal components are moving to the upper region of the pool and create a 
metallic layer on top, an oxidic pool with high melting temperature remains in the lower 
region. A stratified melt pool with a metal layer on top is established. Heat generation in the 
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metallic layer is insignificant (depends on fission product re-distribution), and the main 
heat source to the metallic layer is coming from the oxidic pool from below. Two ways of 
removing the heat from a metal layer are radiation heat transfer (or boiling heat transfer) 
from the top surface and conduction to the vessel wall and CRGTs laterally. The high 
conductivity of the metal and the effective heat transfer from the top surface probably 
reduce the temperature of the metallic layer significantly. This reduction in temperature 
results in formation of a crust on the top of oxidic melt pool. In the case of effective cooling 
by the CRGTs, crust layers surrounded CRGTs are expected in the oxidic pool region and 
in the metal layer region. A schematic of such a stratified molten pool for a BWR case is 
shown in Figure 2.3. Although IGTs are presented in the lower plenum, they are assumed 
to be plugged during severe accident progression. Thus they are not shown in the figure and 
not considered yet in the present study. 
 

 
 

Figure 2.3: A stratified melt pool with a metallic layer on top. 
 
The presence of such a metallic layer raises some concerns for the vessel integrity, since a 
large fraction of the heat removed from the top of the oxidic melt pool, could be focused to 
the side of the metallic layer and threaten the vessel wall or CRGTs at that location. 
Physically, the heat transfer inside such a layer is governed by a mixture of Rayleigh-
Benard and the boundary layer development along available inclined walls, so called mixed 
convection, which has been studied on separate-effect basis both analytically [8] and 
experimentally [10, 11, 12]. In the case of mixed convection in the metallic layer, the heat 
transfer coefficient is a function of the external Rayleigh number.   
 
For the reactor cases, the external Rayleigh number defined as Pr×= GrRa , is in a 
range of 108-1010, with Pr of about 0.1. A well-known experimental correlation for the 

Vessel Wall 

CRGT 

Metal Layer 

Crust 

Water 
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upward heat transfer coefficient is Globe-Drokin correlation (1959) [10]. For the sideward 
heat transfer coefficient, the correlation of Churchill and Chu (1975) [11] is widely used. 

2.4.  Problem formulation and technical approach 

2.4.1.  Problem formulation 

It is clear that in the case of melt pool formulation in the lower plenum, predictions of the 
melt pool characteristics and thermal loads on the vessel wall and reactor internal structures, 
as well as evaluations of the cooling measure effectiveness are essential for safety analyses. 
In order to perform such a risk assessment, reliable and effective tools are needed for 
simulations of heat transfer of a melt pool with high-fidelity prediction results. 
 
The main task of the present study is to develop adequate tools for simulations of heat 
transfer of a melt pool, and melt pool formation from a debris bed in a BWR lower head, 
which contains a forest of CRGTs. A melt pool or debris bed formed in the lower plenum 
can be homogeneous or stratified (i.e. with a metallic layer on top), depending on the cases 
to be considered. The tools should be able to effectively perform simulations of an 
enveloped melt pool, as well as transient behavior of the melt pool formation during a long 
time with a high fidelity.  
 
The CRGTs present in the lower head are cooled by water flowing inside. Normally, a 
BWR lower head is insulated from outside. In case it is necessary to call for additional 
cooling measure, the outer surface of the lower head must be able to be cooled by water. 
These conditions should be taken into account in the simulations to be performed. The 
configuration of ABB-Atom reactors can be used for the cases to be considered. 
 
Based on the formulated problem, the requirements and practical conditions, we must 
choose a suitable technical approach, so as to be able to effectively predict reasonably well 
the behavior of a melt pool in a BWR lower plenum.   
 

2.4.2.  Technical approach 

Heat transfer simulations of a melt pool formed in a lower plenum are a big challenge, 
mainly due to, as aforementioned, a high Rayleigh number, large dimensions of a melt pool, 
and the complexity of the flow and geometry as well as long term transient of an accident 
progression. 
 
Preliminarily, analytical models based on the average heat transfer correlations are 
developed for some specific geometry of a melt pool. Analytical models give average heat 
fluxes, i.e. the first approximation of energy splitting. However, these models are not able 
to describe delicate effects of energy splitting in the complex lower plenum geometry.    
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Simulations of the melt pool heat transfer by means of CFD are very computationally 
expensive. However, CFD (DNS) method is very useful in providing insights into flow 
physics. Thus, a study on heat transfer of a melt pool based specific geometry using the 
CFD method is considered to gain flow behavior understanding and insights, which may be 
applied for the new geometries of practical interest. Furthermore, CFD simulations also 
give reliable results for validations of other tools in case experimental data are not available 
for such purposes. 
 
An effective tool for simulations of reactor-scale melt pool heat transfer is needed to be 
developed. In order to have such a tool, we advance a simplified model, which is capable of 
describing turbulent natural convection happening in a melt pool. One of the requirements 
to be fulfilled is that the simplified model maintains the key flow physics of turbulent 
natural convection. Thus, the insights gained from the CFD (DNS) simulations for the melt 
pool flow are then taken into account in the development of the simplified model. The 
simplified model is then implemented in a commercial CFD code (Fluent in this case) in 
order to take advantages existing in the commercial code. Validations of the simplified 
model are performed, using a dual approach of validation, i.e. against the existing 
experimental data and predicted by CFD simulations results. Comparison with analytical 
model results is also useful to ensure the reliability of the new tool. 
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Chapter 3 

Literature review  

3.1. Analytical and modeling studies 

3.1.1. Analytical effective diffusivity model 

The model of effective diffusivity was pioneered by Cheung et al. (1992) [13] and used to 
solve analytically heat transfer in a volumetrically heated fluid layer subjected to different 
initial and boundary conditions. Effective diffusivity is a method using modified diffusivity 
to describe turbulent natural convection to the upper surface of a fluid layer as a function of 
Nusselt number: 
 

Ieff Nu×= αα       (3.1) 

12/1

4/1

751.01
104.0

−−
=

I

I
I Ra

RaNu     (3.2) 

 
The relationship between NuI and RaI was developed by Cheung (1980) based on 
experimental data of Kulacki-Nagle (1975).  
 
The effective diffusivity approach involved the solution of only heat diffusion equations, 
was found to give rather accurate predictions of the transient response of an initially 
stagnant fluid layer to a step input of power as well as the developing and decaying nature 
of the flow following the step change in the internal Rayleigh number from one state of 
steady convection to another. The effective diffusivity was a useful method in modeling the 
thermal behavior of volumetrically heated fluid. It demonstrated simplicity and accuracy in 
simulation of transient heat transfer of horizontal heat-generating layers. The method gives 
a good estimation of the maximum temperature of the layer, boundary temperature and heat 
fluxes. The effective diffusivity model is an effective tool of describing turbulent natural 
convection of a pool that has been used in some other studies afterward. 

3.1.2. Effective thermal conductivity with the local heat transfer model of 
SCDAP/RELAP5-3D 

The lower head phenomena modeling in the SCDAP/RELAP code is based on a two-
dimensional, finite element heat conduction code, named COUPLE, assuming a complete 
evaporation of the lower plenum water during the initial relocation process of the core 
materials and in turn calculating the thermal behavior of the core materials in the lower 
plenum [14]. Two options as the user input for the debris bed configuration are a porous 
debris bed and a molten pool. Two molten-pool configurations can be modeled by the users. 
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Those configurations are a well-mixed molten pool and stratified molten pool, consisting of 
lighter metallic constituents lying on top of heavier oxidic constituents. 
 

 
Figure 3.1: Identification of elements for which effective thermal conductivity is calculated 

[14]. 
 
The COUPLE code calculates an effective thermal conductivity to represent the heat 
transfer in the regions that contain partially or completely molten core materials and where 
the heat transfer is dominated by natural convection instead of conduction. The effective 
thermal conductivity is defined to be the thermal conductivity for solid state conduction 
that results in the same heat transfer as that occurring due to natural convection (Figure 3.1). 
A finite element mesh is applied for the regions where the effective thermal conductivity is 
calculated. The natural convection heat transfer correlations used to calculate heat transfer 
at the liquid-solid interfaces assume a uniform temperature for the bulk molten material. 
The multiplication factor on thermal conductivity for the elements with molten material 
needs to be sufficiently large so that all the elements containing molten material are about 
the same temperature. The multiplication factor of 1x106 is used, resulting in the maximum 
variation in the calculated temperature of the molten material of less than 4K.  
 
A local heat transfer model is applied to calculate the effective thermal conductivity of a 
COUPLE finite element containing the molten material that interfaces with the solidified 
material [14]. The heat flux calculated at the right boundary of the element by the local 
model is used to calculate the effective thermal conductivity of the element that results in 
the same heat flux at the right boundary when the temperature distribution through the 
element is assumed to be linear. Due to the presence of liquid and solid phases in the 
interface element, the calculation of effective thermal conductivity accounts for a mesh size 
that is much larger than the thickness of the layer of solidified material in the element. The 
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local heat transfer model accounts for a nonlinear temperature distribution through a mesh 
with a liquid-solid interface (Figure 3.2).  
 

 
Figure 3.2: Temperature distribution in finite element with liquid-solid interface [14]. 

 
Calculations of the interface effective thermal conductivity require heat transfer coefficients. 
The steady-state upward and downward heat transfer coefficients applied in the well-mixed 
molten pool are expressed in the correlations derived by Mayinger et al. [15] and 
Steinberner and Reineke [16]: 
 

233.0'345.0 Ra
L
khup =     (3.3) 

( )θfRa
L
khdown

18.0'54.0=    (3.4) 

 
For the transient natural convection case, the following correlations are applied: 
 

304.025.0 Ra
L
khup =     (3.5) 

( )θfRa
L
khdown

22.0472.0=    (3.6) 

 
Here the function f(θ) is the angular heat transfer function describing the angle effect of 
heat transfer along curvature boundary of the crust. L is a characteristic length or pool depth. 
The angular dependence f(θ) uses the correlation of mini-ACOPO experiment [17]. 
 
In the case of stratified molten-pool configuration, the upward and downward heat transfer 
coefficients in the oxidic pool are given by correlations of Steinberner and Reineke as well 
as Theofanous et al. [17], respectively: 
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233.0'345.0 Ra
L
khup =  (1010 < Ra’ < 3x1013)  (3.3) 

2.0'9.0 Ra
L
khup =  (1014 < Ra’ < 3x1017)  (3.7) 

27.0'048.0 Ra
L
khdown =  (1012 < Ra’ < 3x1013)  (3.8) 

35.0'038.0 Ra
L
khdown =  (3x1013 < Ra’ < 7x1014)  (3.9) 

 
Natural convection of the metallic layer is described by an upward heat transfer coefficient 
of Globe and Dropkin [10]:  
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and a sideward heat transfer coefficient of Globe-Dropkin or Churchill-Chu [11], 
respectively: 
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The current version of SCDAP/RELAP5-3D contains models that allow simulations of a 
corium-to-vessel gap. The models offer a number of distinct features including capabilities 
to (1) specify any desired corium-to-vessel gap thickness, (2) specify gaps that vary in 
thickness in the axial direction (i.e., as a function of elevation), (3) easily add gaps to 
existing finite element meshes representing a reactor lower head, and (4) retain existing 
corium/vessel contact resistance heat transfer. The models automatically invoke full logic 
thermal-hydraulics with countercurrent flow limitations (CCFL), although this logic is 
currently based on correlations primarily developed for pipe flow. 

3.1.3. Lumped parameter method 

In this section we give a brief review of the lumped parameter method which is widely used 
in severe accident codes and also implemented in some other studies to model heat transfer 
of the RPV lower head. 
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In the present severe accident codes, the representative phenomena that have been taken 
into account in modeling of lower head heat transfer and vessel response can be 
summarized as follows: 

- Influence of various reactor internal structures on the flowing melt jet on the lower 
head; 

- Interaction of the debris jet with water in the lower plenum and the resulting 
fragmentation into particles; 

- Direct impact of the corium jet on the debris already present in the lower head; 

- Chemical oxidation of the solid/liquid debris by steam presented in the reactor; 

- Heat and mass transfers among the debris beds, water and the RPV wall; 

- Solid debris bed heating up, formation of a molten pool and crust; 

- Melt progression into the solid particle debris and broken crusts surrounding a molten 
pool; 

- Progression and evaporation of water inside solid particles, and chemical reactions; 

- RPV wall creeping and formation of a gap between the crust and the wall (e.g. gap-
cooling); 

- Heat transfer from RPV outer wall with/without insulation to water submerged in the 
reactor cavity (e.g. external cooling); 

- Prediction of the eventual RPV wall failure modes and locations (e.g., melting and 
creep rupture of the RPV wall, failure or immediate ejection of penetration tubes by 
strong steam explosion and core debris attack, corium jet impingement on the lower 
head bottom wall, and focusing effect by the liquid metal layer facing the lower head 
wall); 

Lumped parameter method is widely used in the severe accident codes and in a few other 
studies. The main idea of the lumped parameter method, for the case of MELCOR and 
MAAP, is to model natural convection heat transfer of a melt pool formed in the lower 
plenum using experimental correlations. The lumped parameter method uses averaged heat 
transfer correlations for the upward heat transfer and profile heat transfer coefficients along 
boundaries of the pool. In some cases, dynamics of the crust boundary is solved using 1D 
model in the method.  
 
The lumped parameter method employed in the present U.S. severe accident integral codes 
are characterized by various different modeling assumptions of the phenomena mentioned 
above or by the different degree of modeling details. In the next paragraphs we will take an 
overview of the lumped parameter models implemented in severe accident codes like 
MELCOR 1.8.6, MAAP4 and in the other studies.  

a) MELCOR 1.8.6 

The update of the MELCOR computer code manuals corresponds to MELCOR version 
1.8.6, released to users in September 2005 [18]. Many new modeling enhancements have 
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been added to the COR package to improve the capabilities of the code to better represent 
the late phase behavior of severe accidents. As part of this development, the Bottom Head 
(BH) package was eliminated and features formerly offered by the BH package that were 
missing from the COR package representation were added to the COR package.  
 
New models in the COR package include hemispherical lower head geometry, models for 
simulating the formation of molten pools both in the lower plenum and the upper core, 
crust formation, convection in molten pools, stratification of molten pools into metallic and 
oxide layers, and partitioning of radionuclides between stratified molten pools, reflood 
quench model, control rod silver release mode, new B4C control rod oxidation model, and 
capability to model the PWR core outer periphery (Figure 3.3. Note: The black arrows 
describing flow convection in this figure are wrongly directed, they should be directed in 
opposite directions). Improvements to other MELCOR packages include flashing of 
superheated sources and flows, and the extension of CORSOR-Booth release model to a 
second fuel type [18].  
 

 
Figure 3.3: Molten pools in the lower plenum (named MP1 and MP2) [18]. 

 
New models have been added to predict the heat transfer coefficients to the substrate 
supporting the molten pool, the heat transfer between pools, and the heat transfer to 
surroundings. In MELCOR 1.8.6, the portion of the vessel that is below the elevation of the 
BWR baffle plate or the PWR bottom plate is treated by the lower head model. The 
convective molten pools contain molten pool material in contiguous COR cells and are 
therefore free to mix. MELCOR 1.8.6 mixes these molten pools so that they are uniform in 
temperature and material composition, radionuclide composition, and temperature. These 
molten pools may then transfer heat to their surroundings by convective heat transfer to the 
supporting substrates, by radiation from the upper surface, by convection to a pool or 
atmosphere at the upper surface, and, in the case of stratified molten pools, by heat transfer 
between pools. 
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Heat transfer coefficients are based on empirical correlations obtained from experiments. 
These correlations are typically reported in terms of an average Nusselt number calculated 
from the internal or external Rayleigh number. The upward heat transfer coefficient from 
the oxidic pool (to the atmosphere or to the interface with the metallic pool) is given by 
Bonnet correlation [19]: 
 

234.0'381.0 Rahup =      (3.13) 
 
The average sideward heat transfer coefficient from the oxidic pool to boundary with crust 
is given by ACOPO correlation [20]: 
 

22.0'3.0 Rahdown =      (3.14) 
 
What is the difference here is that the local effect of the sideward heat transfer coefficient is 
determined by Bonnet equations. An example of such an empirical correlation for relating 
the local heat transfer to maximum heat transfer coefficient as a function of latitude along 
lower plenum is given as follows: 
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Here θ is the polar angle of the lower plenum; the parameter κ expresses the height of the 
stable melt pool, κ = 1 – (unstable-layer height/total pool height); H is the pool height and R 
is lower plenum radius. 
 
For the metallic pool, the Globe-Dropkin correlation is applied for the downward heat 
transfer coefficient: 
 

074.0333.0 Pr069.0 RaNu =      (3.17) 
 
ACOPO correlations are applied for the upward and sideward heat transfer coefficients 
[equation (3.14)]. 
 
The crust dynamics are solved by 1D heat balance equation, similarly to those of the other 
severe accident codes like SCDAP/RELAP5-3D or MAAP4. 
 
A big distinction of the MELCOR compared with the other codes is the method of solving 
transient cases [18]. MELCOR is able to calculate transient convective conditions as 
molten pools are formed or grow from relocation events. Convective currents in the molten 
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pool are driven by density gradients that result both from internal heat generation and from 
temperature differences across the boundary layers. In the cases of transient, the heat 
transfer coefficients describing pool natural convection are the same as in the steady-state 
cases, the only Rayleigh number is calculated otherwise. For transient conditions, the 
steady state correlations are used to obtain a value for the internal Rayleigh number based 
on the average of the decay heat and the boundary heat losses. 
 
It should be also notes that in Figure 3.3, the lower stratified layer called PD (Particulate 
Debris) does not describe the real picture of an accident scenario. In any case such a 
particulate debris layer can not exist. Even in the case of gradual formation of a melt pool 
from a particle bed, due to its lower melting temperature the metallic material will be 
melted earlier and pouring into lower places, resulting in a continuous layer there.  

b) MAAP4 

In the MAAP4 code [21], the debris bed is segregated into the particle bed, the continuum 
oxidic crusts and central region, and an overlaying metallic layer (Figure 3.4). Crusts can 
be formed at three surfaces in the continuum debris bed pool, i.e. the top, the RPV wall, and 
the internal structures (e.g. CRGTs). The crust temperature profile is assumed to be one-
dimensional and parabolic to account for the internal decay heat generation. The debris bed 
pool is homogenously mixed and shares the same thermophysical properties, while the 
metal layer rises to the top of the debris pool. The assessment of a solid or liquid state, and 
the liquid superheat is based on the average debris temperature. Natural convection heat 
transfer is calculated from the molten debris pool respectively to the upper, lower, and 
embedded crusts, with the conduction heat transfer being determined from the temperature 
profiles in the crusts. The downward heat flux is applied to the RPV lower head through 
gap conductance, the sideward heat flux is directed to the CRGTs, and the upward heat flux 
goes to the metallic layer. The spreading and shrinkage of the molten pool is considered 
only between the molten pool and the crusts, depending on the internal energy. 
 

 
Figure 3.4: Debris bed arrangement in the lower plenum (MAAP4 model) [21]. 
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The heat transfer coefficients describing natural convection of the molten pool used in 
MAAP4 are similar to those of SCDAP/RELAP approach, except including sideward heat 
transfer coefficient applied for the interface connecting the molten pool and structures 
(CRGTs). The upward Steinberner-Reineke correlation is applied for the upward heat 
transfer coefficient [equation (3.3)]; the Jahn-Reineke correlation is applied for the 
downward heat transfer coefficient: 
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where H is the debris bed height, R is the radius of the RPV head. 
 
The angular effect is accounted by using the azimuthal heat transfer coefficient which is 
determined as follows: 
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where Cθ=0.25, θ is the polar angle on the lower head, ф is the maximum polar angle of the 
molten pool (Figure 3.5). 
 

 
Figure 3.5: Angular effect of heat transfer coefficient [21]. 

 
The sideward heat transfer coefficient is given by the turbulent Steinberner-Reineke 
correlation: 
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19.0'85.0 Ra
R
khside =     (3.20) 

 
When the debris bed pool average temperature lies between the solidus and liquidus points, 
the heat transfer coefficients are modified to include the two-phase mixture effect. 
 
If the metal layer is determined to be molten, the heat transfer coefficient within the layer is 
given by an extension of the Globe-Dropkin correlation [10]. To combine the conduction 
and convection process in the metal layer, the Nusselt number is then given as: 
 

074.0333.0 Pr069.01 RaNu +=    (3.21) 
 
The ranges of validity noted in the Globe-Dropkin correlation are 8750Pr02.0 <<  and 

95 107103 ×<<× Ra . 
 

Table 3-1: Lower plenum modeling employed in the severe accident codes 

Phenomena SCDAP/RELAP MELCOR 1.8.6 MAAP4 
Debris bed behavior  
Formation of solid 
particles and 
porosity 

Considered, single 
porosity for mixture 
(oxide and metal) 

Considered, 
different values for 
oxide and metal 

Considered, single 
porosity for mixture 
(oxide and metal) 

Formation of molten 
pool 

Considered (Natural 
convection) 

Considered (Natural 
convection) 

Considered (natural 
convection) 

Crust growth and 
shrinkage 

Considered Considered Considered 

Stratification Not considered Considered (natural 
convection) 

Considered (natural 
convection) 

Gap formation 
between Debris Bed 
(DB) and vessel wall 

Not considered Not considered Considered 

Heat transfer  
Heat transfer 
between DB 

2D model (axial and 
radial directions) 

1D model, 
correlations based 
on temperature 
differences 

1D model (bed to 
bed) 

Molten pool Heat 
Transfer (HT) 
- Molten pool 

temperature 
- Heat flux to crust 

- Uniform 
temperature field 
of the pool (high 
conductivity) 

- Mayinger 
upward 
correlations; 
Jahn-Reineke 
correlation for 

- Uniform 
temperature 
field of the pool 

- Bonnet 
correlation to 
upper surface 
(radiation or to 
metal pool); 
ACOPO 

- Uniform 
temperature field 
of the pool (high 
conductivity) 

- Mayinger 
upward HT 
coefficients; 
Park-Dhir local 
downward heat 
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angle effect correlation to 
radial surface 

transfer 

Gap cooling HT Not considered 
(Specified gap heat 
transfer coefficient 
by user) 

Not considered 
(Specified gap heat 
transfer coefficient 
by user) 

Monde correlations, 
heat removal from 
both of lateral crust 
and RPV wall 

Metallic layer heat 
transfer 

Not considered ACOPO 
correlations to 
upper and radial 
surfaces 
Globe-Dropkin 
correlation to lower 
surface 

Mixed convection 
(Globe-Dropkin 
correlations) 

RPV lower plenum 
temperature 
distribution 

2D heat conduction 
model 

2D heat conduction 
model 

2D heat conduction 
model 

 
No separate sideward heat transfer coefficient was originally implemented in the MAAP4 
for the molten metallic layer. A modification of heat transfer at the boundaries of a metallic 
layer is applied to French reactors in the version 4.03 of MAAP4 code using the Churchill-
Chu correlation [11] for the sideward heat transfer coefficient. This modification results in 
a better description of the focusing effect during PWR accident progression. 
 
A summary of the different approaches applied in the above-mentioned three system codes 
is given in Table 3-1. 
 

c) Methods of Park and Dhir, Dombrovskii et al. 

To study the effects of the outside cooling on the thermal behavior of a pressurized water 
reactor vessel lower head, Park and Dhir (1992) [22] implemented a lumped parameter 
method to solve heat transfer of a melt pool in the lower head. A 2D transient and steady-
state thermal analysis of the reactor vessel after the core material relocates into the vessel 
lower head with the cavity already flooded with water was performed. The melt pool was 
assumed to be homogeneous with uniform properties and temperature. Crust dynamics 
were considered using 1D transient heat conduction equation with a distributed heat source 
in the crust. The temperature of the reactor vessel was considered using a 2D differential 
equation. 
 
To describe natural convection in the melt pool, the average downward convective heat 
transfer coefficients of Mayinger et al. and Gabor et al. [23] for a semi-spherical wall were 
used, respectively: 
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Here H is the pool depth (m); R1 is the inner radius of the vessel lower head (m).  
 
The upward heat transfer coefficient was calculated by the Kulacki-Emara correlation: 
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Based on the theoretical results of the local distribution of heat transfer coefficients in a 
semi-circular cavity, the local heat transfer coefficient along the hemi-spherical wall is 
assumed to vary sinusoidally and expressed as: 
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where θ is the polar angle of the lower head, and θ0 is the maximum polar angle of the melt 
pool. 
 
Thermal processes which determine the thermal state of a core melt pool formed in the 
elliptic-type lower plenum of a Russian type PWR (VVER) were analyzed using the 
effective conductivity model and a simple iteration method by Dombrovskii et al. in 1998 
[24]. This method was called the combined model by the authors. 
 

 
Figure 3.6: A stratified melt pool with metallic layer on top in a VVER lower plenum [24]. 
 
Considering an isothermal oxide pool, the combined model first calculates the temperature 
and heat fluxes of a melt pool formed in a VVER lower plenum by iterating the heat 
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transfer coefficients and heat fluxes using the heat balance equation. Afterward the 
calculations of temperature fields of the metallic layer and the vessel wall were performed 
separately.  
 
The heat transfer coefficients αi used in the combined model to iterate heat fluxes are 
different in 3 regions: the upward region under the top surface of the pool, the vertical 
vessel wall region and the inclined vessel wall region of a lower plenum. The downward 
heat transfer coefficient profile and upward/sideward heat transfer coefficient relation are 
defined through experimental correlations.  
 
The local effect of the heat flux distribution was considered for the inclined boundary along 
elliptic part of lower plenum, but the local effect on the vertical cooled walls was not 
modeled. The local heat transfer coefficient along an inclined boundary is given in the 
following form: 
 

4/1
idown RaBNu ×=      (3.26) 

2/54/3

2
sin/

Pr
18.01/

2
sin33.0 ⎥⎦

⎤
⎢⎣
⎡+⎥⎦

⎤
⎢⎣
⎡=

χχB    (3.27) 

 
where, χ is the polar angle of the lower plenum (Figure 3.6). 
 
The melt pool is considered to be homogeneous with uniform pool temperature. The 
temperature of the pool boundaries is considered as the corium melting temperature. It was 
assumed that a very thin crust is established surrounding the pool. Temperature of the pool 
will be determined by solving the heat balance equation of the following form (written for 
an elliptic-type lower head like VVER): 
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Here αi is heat transfer coefficients. After transformation, the equation is reduced to: 
 

( )( ) ( ) ( )321/ ααγα +++=−=Δ ubuv
ox

moxox HHQTTT    (3.29) 
 
where RH uu /2=γ , bH  is the average Hb and 1α  is the average heat transfer coefficient 
of α(χ). 
 
Heat balance equation (3.28) is solved by an iteration method. Crust dynamics were not 
considered in this work. The method was found effective in reducing the calculation time 
and applied to 2D analysis of a melt pool in a VVER lower plenum (without vessel 
penetrations).   
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3.1.4. MVITA and effective convectivity conductivity model 

The effective convectivity conductivity model (ECCM) was first introduced by Bui and 
Dinh in 1996 [25], implemented in the code named MVITA and reported in detail by 
Sehgal et al. in 1998 [26]. The ECCM uses the effective conductivity and effective 
convectivity to simulate horizontal and vertical components of convective heat transfer in 
an internally heated melt pool.  
 
The effective conductivity is a method similar to the effective diffusivity method, using a 
modified conductivity to describe laminar vertical boundary layer heat transfer of an 
internally heated pool: 
 

sideeffx Nukkk ×==     (3.30) 
 

The sideward heat transfer coefficient applied in the ECCM method is given by an Eckert-
type correlation which is derived from the boundary layer concept [27]: 
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The effective convectivity was a novel element of the ECCM. The idea of the effective 
convectivity is to use vertical characteristic velocities (Uup and Ulow) to move the heat 
towards the upper and lower cooled walls by adding convective terms into the conduction 
equation. The characteristic velocities are defined through heat transfer correlations 
(Nusselt number) as follows: 
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The upward Nusselt number is taken from Kulacki et al. correlation [28], and the 
downward Nusselt number is taken from the Steinberner-Reineke correlation [16]. 
 
The MVITA code was validated against experimental data, used to predict the thermal 
behavior of FOREVER experiments at KTH, and used to produce reasonably good 
temperature profiles and heat fluxes of a core melt pool formed in the PWR lower plenum 
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[26], including a stratified melt pool configuration. Notably, the ECCM implementation in 
MVITA code was done for a two-dimensional configuration. 

3.1.5. Combined method of effective conductivity and thin boundary layers 

In an attempt to improve the temperature profile and energy splitting, a new effective 
conductivity model based on ECCM approach was developed by Willschuetz et al. in 2006 
[29]. The model was implemented in the ANSYS code, used to simulate transient heat 
transfer of the FOREVER experiments and heat transfer of a melt pool formed in the PWR 
lower plenum. 
 

 
Figure 3.7: Principle scheme of a hemispherical melt pool with internal heat sources in a 

lower head and heat release over all surfaces and boundaries [29]. 
 
The new idea, implemented together with the effective conductivity model, is using thin 
boundary layers surrounding a debris cake as a tool to correct the temperature profile and 
energy splitting (Figure 3.7). The debris cake is covered by thin boundary layers. In the 
debris cake (the part without boundary layers) the effective conductivity is imposed while a 
nominal conductivity is applied for the material within the boundary layers. The 
thicknesses of the top and vessel boundary layers (of a 2D semi-circular shape) were 

defined through the Bernaz’s heat transfer correlations (Nu), as a function of 
Nu
1 .  

 

up
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233.0382.0 iup RaNu =     (3.38) 
174.02.2 idown RaNu =     (3.39) 

 
The conductivity of the melt in the well-mixed region is given by an enhanced 
conductivity: 
 

 ( ) upum NuT ×= 0λλ     (3.40) 
 
while in the stratified region of the melt pool, directional conductivities are applied. Along 
the vertical direction, a nominal conductivity of the fluid is applied. Along the horizontal 
direction, the thermal conductivity is accepted as follows: 
 

( ) downx NuT ×= 0λλ     (3.41) 
 
The method was found to give good agreement with the FOREVER experimental data. 

3.1.6. Evaluation of the existing methods 

In the previous sections we have already provided an overview of the different effective 
methods for solving heat transfer of molten pools in the lower plenum. In this sub-section 
we give a brief evaluation on these methods. 
 
The analytical effective diffusivity method of Cheung et al. pioneered a concept of using 
the effective diffusivity to describe natural convection in an internally heated liquid volume. 
The method is found to be a good tool for solving energy splitting of a volume. However, 
due to the implementation of a high thermal diffusivity, the temperature field is distorted. 
Moreover, such an analytical method can be only used for simple geometry. It is difficult to 
use for solving heat transfer of a flow in complex geometry, especially in 3D. 
 
The Finite Element Method (FEM) in the COUPLE solver, using the effective thermal 
conductivity combined with the local heat transfer model of the SCDAP/RELAP5-3D, 
seems to be an effective tool for simulations of heat transfer of a melt pool, being capable 
to describe natural convection and dynamics of the phase-change boundary of a pool in 2D 
geometry. One of the drawbacks of the tool is the restriction in the mesh size which might 
be large enough to cover the entire phase-change interface. For a fine grid, it is difficult to 
allocate a unique phase-change interface, i.e. mushy node, to specify the effective thermal 
conductivity. Clearly, no model of a mushy zone is considered in the COUPLE solver. 
Moreover, the SCDAP/RELAP5-3D COUPLE solver can not be used for 3D complex 
geometry such as a BWR lower plenum with a forest of CRGTs. 
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The lumped parameter method used in the severe accident codes MELCOR 1.8.6 and 
MAAP, as well as in the studies of Park and Dhir, and Dombrovskii, is an effective 
approach for solving heat transfer of a melt pool. This method also shows simplicity in 
implementation, flexibility in choosing different correlations, and acceptability of predicted 
results. However, this method can not be applied for 3D and complex geometry. Another 
aspect of the limitation of the method is that we have to accept definite types of a molten 
pool (pre-defined) which may be formed in the lower plenum. Crust dynamics considered 
in this method is described by 1D equation. During an accident progression, the formation 
of a molten pool is a dynamics process, and the melt pool shape may be changed in 3D 
geometry. This method does not allow us to simulate a shape-changing molten pool.  
 
The ECCM method of Bui and Dinh is a good and effective tool to simulate heat transfer of 
a melt pool. The ECCM method implemented a novel technique by involving the effective 
convectivity model. The effective convectivity method is based on numerical treatment 
during a simulation. Convective energy is added in the places where the temperature 
gradient is available, while the same amount of energy is extracted from the entire 
computational domain, so the energy balance is kept. However, the ECCM implemented in 
the MVITA code is limited in 2D. Moreover, the effective conductivity model used in the 
ECCM method may lead to distortions of the temperature field, in some specific geometry. 
 
Effective conductivity combined with thin boundary layers method of Willschuetz et al. is 
also a numerical method and found to be an effective tool for simulations of melt pool heat 
transfer. The predicted results by this method show quite good agreement with 
experimental data (FOREVER experiments). However, the implementation of thin 
boundary layers into computational domain requires, sometimes, high resolution grid and 
these boundary layers may be difficult to be separated from the other part of the domain, 
especially for 3D complex geometry. The effective conductivity model applied in this 
method may not very well describe natural convection of a melt pool, and the predicted 
temperature profile may be of a different shape. Also, the local effect of an inclined 
boundary was not considered in this method. 

3.2. Experimental works and implications 

In this section we briefly introduce the experimental works on heat transfer of an internally 
heated pool, including experiments with artificial and phase-change isothermal boundary 
conditions, and a list of heat transfer correlations which are used in the present study and 
references. The purpose of this introduction is to see which heat transfer correlations are 
appropriate to be applied for the description of melt pool heat transfer. 

3.2.1. Internally heated pool with isothermal boundary conditions 

During the years of 1970s, a number of experimental and analytical studies were focused 
on obtaining the heat transfer correlations for natural convection of internally heated fluid 
in different kinds of geometry, e.g. fluid layer, rectangular, semi-circular and elliptical 
“slice-type” cavity, cylindrical and hemi-spherical pools. A number of correlations were 
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produced from the experiments of Fiedler-Wille (1971), Kulacki-Goldstein (1972) [30], 
Jahn-Reineke (1974) [31], Mayinger et al. (1975) [15], Kulacki-Emara (1977) [28], 
Steinberner-Reineke (1978) [16], Gabor et al. (1980) [23] etc. These correlations which 
were developed mostly experimentally (a few was developed computationally or 
analytically) are describing the dependency of the average Nusselt number at the cooled 
surfaces. It is seen that the dependencies Nuup(Ra) at the upper surface are quite similar in 
trend and values for different geometries (e.g. fluid layer, rectangular, semi-circular and 
elliptical cavities). More interestingly, the heat transfer correlations Nu=f(Ra), at all cooled 
boundaries, are applicable in the entire range of Rayleigh number (106-1016). This allows us 
to assume that there is a similarity in the physical mechanism governing natural convection 
flows and heat transfer in an internally heated pool in the laminar and turbulent regimes.  

 
The fluid mostly used in the simulant experiments were water and Freon. The range of 
Prandtl number for water (Pr = 2.5 – 7) and Freon (Pr = 8 – 11) is one order magnitude 
greater than the prototypic Pr of the core melt (Pr = 0.6). So the question arises, whether the 
heat transfer correlations obtained in the simulant material experiments are applicable to the 
predictions of melt pool behavior in a severe accident. Some later computational analyses 
showed that the effect of Pr number on heat transfer coefficients is insignificant. However, 
the small-scale experiments using joule-heating of molten uranium oxide at Argone Natural 
Laboratory (ANL) showed higher downward heat fluxes than those predicted on the basis 
of simulant material experiment data. The effect of the fluid’s low Prandtl number on its 
heat transfer characteristics in internally heated liquid pools was numerically studied by 
Nourgaliev et al. (1997) [32]. The effects of Pr number on Nu number at the bottom surface 
are found to be significant and they become larger with increasing Ra number.  

 
In the late 1990s, the natural convection heat transfer in internally heated liquid pools was 
studied to determine the consequences of severe (meltdown) accidents in light water 
reactors and to devise accident management schemes. The in-vessel retention concept was 
an important accident management strategy applied to VVER (Loviisa Nuclear Power 
Plant) and AP-600. It was noted that the fluid layer data obtained from 1970s experiments 
may not be relevant to the large-scale geometry of the reactor vessel (elliptical-formed or 
hemi-spherical pools) and the boundary conditions of an isothermally downward curved 
surface. In this context, new experimental programs were pursued to obtain necessary data, 
and support extrapolation of existing correlations to the prototypic conditions. The 
experimental programs which were performed with isothermal boundary conditions, water 
was used as a simulant, were COPO-I experiment (1994) [33], mini-ACOPO (1995) [8] and 
ACOPO experiment (1997) [17].  
 
The heat flux on the COPO-I side wall (vertical wall) was essentially uniform and predicted 
well with the Steinberner-Reineke sideward correlation. However, the COPO-I upward heat 
flux was slightly higher than those predicted by the Steinberner-Reineke correlation. The 
mini-ACOPO experiment test section has a diameter of 0.4m (1/8 reactor scale). This 
experiment confirmed the idea that the cool-down would be arrested and natural convection 
would be investigated during a transient cool-down. The ACOPO experiment simulates 
natural convection heat transfer from volumetrically heated pools, at half-scale reactor 
lower head geometry (hemi-spherical). The results are in substantial agreement with those 
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of the mini-ACOPO experiment. Results of the ACOPO experiment strongly supported the 
analytical results based on the Steinberner-Reineke and Mayinger et al. correlations.   

3.2.2. Experiments with phase-change conditions 

While early studies of melt pool convection were conducted with isothermal boundary 
conditions without phase change, during the 1990s and early 2000s, several experimental 
programs were performed with phase change (truly isothermal boundary conditions), 
ranging from real corium tests (RASPLAV, MASCA) [34, 35], to simulant salt tests 
(RASPLAV-SALT, SIMECO, LIVE) [34, 36, 37] and tests using water as the corium 
simulant (COPO-II, BALI) [38, 39]. 
 
The main objective of the RASPLAV Project was to study corium melt pool convection in 
conjunction with the chemical processes in the debris bed/molten pool and at the interface 
boundaries. The RASPLAV experiments showed that the corium melt pool convection flow 
field may be similar to those that prevail, at equivalent Ra numbers, in facilities employing 
simulant materials. The salt and real material tests confirmed that heat transfer correlations 
established in the simulant materials tests can be used for the convection of a homogenous 
corium melt pool at equivalent Ra numbers [40]. 
 
In the framework of an OECD Project, the MASCA experiments were performed in Russia 
[35]. Successful MASCA-1 experiments were performed and new remarkable results were 
obtained. It was found that under the inert atmosphere, the Zr in the melt actively stole 
oxygen from UO2 which prompted some steel to combine with uranium to form a heavy 
alloy which sank to the bottom of the pool. The last few experiments in MASCA-2 started 
with a corium mixture containing UO2, ZrO2, Zr and steel heated under an inert atmosphere. 
The expected alloy formation between uranium and steel occurred and a metal layer was 
formed at the bottom of the pool. There was also a metal layer at the top of the pool, i.e. a 
three layer pool. However, when steam is added to the test section, the uranium is 
converting to UO2 and releasing the steel, which being lighter joined back the layer at the 
top of the pool. The UO2 and ZrO2 formed joined the oxidic pool and the two layer 
configuration was obtained again. The MASCA experiments focused on stratifications, 
chemical interactions of metals and oxygen, therefore no significant conclusion on the pool 
heat transfer has been made. 

 
The SIMECO experiment was performed to investigate the effect of boundary crusts and 
mushy layers on natural convection heat transfer [36]. Binary salt mixtures were employed 
as a melt simulant. Both eutectic and non-eutectic mixtures of sodium-potassium nitrate 
NaNO3-KNO3 were used in the experiments. The experiment concluded that the upward 
Nusselt number is close to that determined from the Steinberner-Reineke correlation. 

 
The COPO-II and BALI experiments were performed in large 2D slice geometry to study 
the thermal-hydraulic of a corium pool; water was used as the simulant. The boundaries of 
the pool were cooled till freezing so truly isothermal boundaries were established. The 
measured values of the COPO-II showed that upward Nusselt numbers are consistent with 
BALI results. However, they are slightly higher than those predicted by the widely used 
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correlation of Steinberner and Reineke, and also higher than those measured in 3D ACOPO 
experiments which did not have crusts at the boundaries. For the side and bottom 
boundaries, the COPO-II and BALI experiments showed clearly higher heat transfer 
coefficients (20-30%) than those in the ACOPO and those predicted by the Steinberner-
Reineke correlation, particularly regarding the vertical boundary [38, 39]. The reason for 
this discrepancy may be the effect of water density reversal at 4oC on heat transfer of the 
pool. The other potential reason is the ice crust surface roughness which intensifies the 
turbulence mixing of the pool, particularly along the boundary layers. The third reason is 
that in the COPO-II and BALI experiments, the pool boundaries are frozen, causing a large 
temperature difference between the pool boundary and the bulk of the fluid. Therefore the 
fluid properties are non-uniform, raising the question of the reference temperature at which 
the fluid properties are applied in the heat transfer correlations. 

 
More recently, in addressing remaining uncertainties in melt pool heat transfer with phase 
change, the LIVE program was initiated at Forschungszentrum Karlsruhe [37]. The 
experimental technique used in LIVE is similar to that of SIMECO, but in 3D pool 
geometry. The LIVE experimental program is in its active phase and analysis of the LIVE 
data is in progress.  

 
A conclusion which can be made from these experimental studies is that the experimental 
heat transfer correlations built on the data from the simulant fluid experiments under 
isothermal boundary conditions are applicable to a corium melt pool with phase change.   

3.2.3. Heat transfer correlations 

A number of heat transfer correlations were developed from the experiments performed 
with isothermal boundary conditions. The results of several experiments with phase change 
for both the core melt and the simulant materials verified the applicability of the upward, 
sideward and downward heat transfer coefficients of isothermal boundary condition 
experiments. It is worth to mention some of the heat transfer coefficients which are widely 
used in practical applications and important (i.e. further use and reference) in the present 
study. The list of correlations also gives an idea for a further selection of heat transfer 
coefficients to be used in the model of the present study. For an internally heated volume, 
representative heat transfer coefficients are listed as follows.  
 
Kulacki-Goldstein correlations (1972) for a fluid layer cooled from the top and bottom 
wall: 
 

228.0'436.0 RaNu up = , 74 10'104 ≤≤× Ra , 09.6Pr76.5 ≤≤  (3.42) 
095.0'503.1 RaNu down =      (3.43) 

 
Jahn-Reineke experiment (1974) for a semi-circular segment with all walls being cooled: 
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where H is the height of the pool and R is the radius of the semi-circular segment. 
 
Mayinger et al. correlations (1976) for a semi-circular segment with all walls being cooled: 
 

2.0'55.0 RaNu down = , 156 105'107 ×≤≤× Ra  and 7Pr =   (3.45) 
 

Kulacki-Emara experiment (1977) for a fluid layer cooled from the top: 
 

228.0'389.0 RaNu up = , 123 102'102 ×≤≤× Ra , 7Pr6 ≤≤   (3.46) 
 
Steinberner-Reineke correlations (1978) for a rectangular cavity when all walls are cooled: 
 

233.0'345.0 RaNu up = , 1312 103'105 ×≤≤× Ra , 7Pr ≈  (3.47) 
 
 for the upward heat transfer coefficient. Laminar flow regime sideward heat transfer is 
described as: 
 

19.0'65.0 RaNu side =     (3.48) 
 
Turbulent flow regime sideward heat transfer is described as: 
 

19.0'85.0 RaNu side =     (3.49) 
 
For downward heat transfer, the correlation is: 
 

095.0'389.1 RaNu down =     (3.50) 
 
For a fluid layer with external heating (i.e. the heat comes to the layer from outside), we 
have following heat transfer coefficients. 
 
The Globe-Dropkin (1959) correlation for a fluid layer is given as equation (3.17). 

 
The O’Toole-Silveston (1961) correlation for a fluid layer with high Ra number: 
 

084.0305.0 Pr104.0 RaNu =    (3.51) 
 
For an isothermal vertical plate, the Churchill-Chu (1975) correlation for any Pr and Ra 
number less than 1012: 
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It should be noted that these correlations describe surface average heat transfer coefficients. 
The local heat transfer coefficients which describe the local effect of heat transfer are 
expressed by other correlations. The local heat transfer through a boundary layer along a 
vertical wall is described by expression (3.31). 
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Chapter 4 

Analytical models for energy splitting of molten corium pools 

4.1. BWR unit volume  

In the present study, a unit volume (or unit cell) is considered. The unit volume is a 
rectangular chamber full of melt surrounding a control rod guide tube (CRGT) as 
represented in Figure 4.1. The size of the unit volume is obtained by dividing the volume of 
debris bed formed in the lower plenum to the number of CRGTs penetrating in it. The real 
size of an ABB-Atom reactor CRGT is employed, and the height of the unit volume varies 
depending on the height of a melt pool to be formed in the lower plenum. 
  

    
 

Figure 4.1: A unit volume in the BWR lower head (312.6x312.6x400mm). 
 
It is assumed that the unit volume is a representative volume of a melt pool which may be 
formed in the lower plenum of a BWR. The analytical study or the CFD simulation of the 
unit volume provides useful primary information of heat transfer and thermal loads on the 
reactor internal structures (i.e. CRGTs) and the vessel wall. Depending on safety analysis 
requirements, further detailed analyses may be necessary. However, the results obtained 
from the unit volume analyses and simulations may be used for comparison with other 
models or methods. 

4.2. Energy splitting in the BWR unit volume 

The energy splitting analysis is performed for a unit volume, with the assumptions that the 
melt pool is enveloped by crusts and temperature of cooled boundaries is given by the 
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corium’s liquidus temperature. The purpose of the analytical study is to obtain the first 
estimate of thermal loads for further analyses. 
 
The energy balance equation of a unit volume is written as follows: 
 

( ) TShShShVQ downdownsidesideupupv Δ××+×+×=.    (4.1) 
 
where, ∆T is the difference between the pool average temperature and the melting 
temperature of the corium, V is the volume of the melt pool, hup, hside, hdown, Sup, Sside and 
Sdown are the upward, sideward and downward heat transfer coefficients and areas of the 
respectively cooled surfaces.  
 
The Steinberner-Reineke correlations [equations (3.47), (3.48), (3.49) and (3.50)] were 
chosen for deriving the expressions of the upward, sideward and downward heat fluxes in 
this analytical model. The reason why these correlations were chosen is that the 
configuration of interest has three cooled walls: the top, bottom and side (CRGT) walls. 
Steinberner-Reineke experiments provided a full set of correlations of heat transfer for 
these three walls. Furthermore, Steinberner-Reineke correlations were obtained at higher 
Rayleigh number range approaching the prototypic reactor range. The validity of 
Steinberner-Reineke correlations were confirmed in other experiments. For instance, the 
COPO and ACOPO experimental data are consistent with the Steinberner-Reineke 
correlations, with the difference limited to 15%, well suited for the present application.  
 

 
Figure 4.2: Dependency of energy splitting on melt pool height. 
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Knowing the areas of the cooled surfaces of the unit volume and the heat transfer 
coefficients, from equation (4.1), we can derive expressions for heat fluxes. As we know, 
for an internally heated volume, Ra’ of ~1013 is characterized by transition regime, and 
below and above this value of Ra’ are respectively laminar and turbulent regimes, with the 
Nusselt numbers corresponding to equations (3.48) and (3.49). Heat transfer of a melt pool 
is usually characterized by a turbulent regime. In the present analytical model, dependent 
on the value of the Ra’, either the laminar or turbulent sideward Steinberner-Reineke 
correlations are invoked.  
 
The computed dependence of heat fluxes on the pool height is shown in Figure 4.2. It is 
seen that the increase in the pool height results in an increase in Ra’ number, the upward 
heat flux is growing faster than the sideward one, and the downward heat flux keeps a 
decreasing tendency. This observation can be explained. With the increasing Ra’ number, 
natural convection of the pool intensifies with more hot liquid moving upwards, and as a 
result, the amount of heat removed by the top wall is increased significantly. The sideward 
heat flux is also increased with increasing pool height, due to the convection intensity and 
more heat generation of the volume. 
 

 
Figure 4.3: Analytical model downward heat flux. 

 
While the upward and sideward heat fluxes keep an increasing trend with a higher Ra’, the 
downward heat flux is decreasing for the nearly whole range of H (Figure 4.3) that can be 
explained as follows. With a small height of the pool, i.e. small Ra’, the heat transfer is 
dominated by conduction. A higher pool height increases heat generation and it is reflected 
in higher all upward, sideward and downward heat fluxes. Further increase of the pool 
height results in intensive convective heat transfer, and the convective heat transfer 
becomes dominant that increases significantly the upward and sideward heat fluxes. Due to 
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larger fractions of the upward and sideward heat fluxes, the downward heat flux decreases. 
Conduction regime becomes dominant in the downward heat transfer. 
 
Having the analytical expressions for heat fluxes, it is convenient to determine the total 
energy to be removed through the side wall, i.e. by a CRGT. Figure 4.4 illustrates the effect 
of the pool height on the heat percentage to be removed by a CRGT. Although the upward 
heat flux is higher than the sideward heat flux, due to a bigger cooled area of a CRGT 
compared to the areas of the top and bottom cooled wall surfaces, the fraction of heat to be 
removed by the CRGT becomes dominant with the increase of the pool height. This 
fraction of heat can reach 75-80% of the total heat if the melt pool height becomes 1m or 
higher. This reflects a significant role of CRGT cooling in BWR in-vessel coolability. 
 

 
Figure 4.4: Contribution of heat removed by a CRGT in the total heat generation. 

4.3. BWR lower plenum slice energy splitting 

Due to the difficulty related to the mesh generation in the full and other representative 
geometries of the lower plenum, a slice as shown in Figure 4.5 is chosen. The slice of an 
ABB-Atom lower plenum comprises of a segment of the lower plenum with 6 “half” 
CRGTs (i.e. with 6 CRGTs, each of the CRGT is submerged in the slice only by a half part). 
It is assumed that the whole lower plenum is composed of such similar slices. The height of 
the pool varies from 0.6m to 1.6m. It is also assumed that the slice can be a representative 
volume of a melt pool which may be formed in the lower plenum. The slice will be used to 
for further simulations using the CFD and ECM, PECM methods. The results of the 
analytical model derived for this slice will be used for further comparisons.   
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Figure 4.5: Configuration of a slice in an ABB-Atom reactor lower plenum. 
 
Similar to the previous case with the unit volume, the analytical model for the slice is 
considered for an enveloped scenario. The melt pool is covered by cooled walls, which are 
the top wall, 6 “half” CRGT walls and the vessel wall. Adiabatic or symmetrical boundary 
conditions are applied for the front and back walls. Isothermal boundary conditions are 
applied to the cooled walls, temperature of which is the crust melting temperature. Here we 
face with different kinds of wall orientations, horizontal, vertical and inclined (i.e. the 
vessel wall).  Due to this reason, the correlations to be used for the analytical model are 
different. For the horizontal (top) and vertical (CRGT) walls, the Steinberner-Reineke 
correlations [Equations (3.47) and (3.49)] are applied. For the inclined wall, i.e. the vessel 
wall, the Jahn-Reineke correlation [Eqn. (3.44)] for the downward Nusselt number is used 
to represent the heat transfer coefficient to the vessel wall surface. Energy balance equation 
is written as follows: 
 

vesselvesselCRGTsCRGTsupupv SqSqSqVQ .... ++=    (4.2) 
 

Here we denote the upward, sideward and downward heat fluxes respectively as qup, qCRGTs 
and qvessel, and the areas of the cooled walls as Sup, SCRGTs and Svessel. The CRGT cooled wall 

total area is ∑
=

=
6

1i
CRGTiCRGTs SS . Dividing equation (4.2) by the respective heat fluxes, we 

obtain expressions for the heat fluxes: 
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The cooled wall areas Sup, SCRGTs and Svessel can be defined from the geometry of the slice. 
Knowing the slice volume, the heat generation rate and Nu numbers, we can obtain the 
dependencies of the heat fluxes on the pool height, as it is shown in Figure 4.6. The 
dependencies are nearly linear functions. With increasing of the pool height, i.e. higher Ra’ 
number, all the heat fluxes are increased (in the previous section, the downward heat flux is 
decreased with the pool height). It is observed that the average heat flux to a CRGT is much 
higher than that to the vessel wall. These results of the analytical model will be further 
compared with the results predicted by ECM simulations performed in Chapter 6. 
 

 
Figure 4.6: Energy splitting of a melt pool formed in the BWR lower plenum.
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Chapter 5 

Computational study using the method of computational fluid 
dynamics (CFD) 

5.1. CFD simulation and insights into flow physics 

5.1.1. Method of direct numerical simulation and large eddy simulation  

Computational fluid dynamics (CFD) is one of the branches of fluid mechanics that uses 
numerical methods and algorithms to solve and analyze problems that involve fluid flows. 
The fluid flow generally can be described by continuity equation, momentum equation 
(Navier-Stokes equations) and energy equation. 
 
Continuity equation: 
 

( ) 0. =∇+
∂
∂ u

t
rρρ

     (5.1) 

 
Momentum equation: 
 

( ) )(. 2 TTguPuu
t
u

−+∇+−∇=∇+
∂
∂ βρμρρ rrr

r

  (5.2) 

 
Energy equation: 
 

( ) vQTk
Dt
DPhu

t
h

+∇+=∇+
∂
∂ 2. rρρ

   (5.3) 

 
Problems arise when dealing with turbulent characteristics of the flow. The turbulent flow 
produces fluid interaction over a large range of length scales. This problem means that it is 
required that for the turbulent flow regime calculations must attempt to take this into 
account by modifying the Navier-Stokes equations and using turbulence models to model 

the Reynolds stress tensor jiuuρ . The most popular turbulence models are k-ε and k-ω 
models. However, in many cases, for instance, the flow of an internally heated volume in 
large geometry, these models fail to predict heat transfer characteristics of the flow [41]. 
 
The direct numerical simulation (DNS) is a method in computational fluid dynamics in 
which the Navier-Stokes equations are numerically solved without any turbulence model. 
This means that the whole range of spatial and temporal scales of the turbulence must be 
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resolved. All the spatial scales of the turbulence must be resolved in the computational 
mesh, from the smallest dissipative scales (Kolmogorov microscales), up to the integral 
scale L, associated with the motions containing most of the kinetic energy. The 
Kolmogorov scale, η, is given by: 
 

( ) 4/13 / ενη =     (5.4) 
 
where ν is the kinematic viscosity and ε is the rate of kinetic energy dissipation. On the 
other hand, the integral scale depends usually on the spatial scale of the boundary 
conditions. Then a three-dimensional DNS requires a number of mesh points N3 satisfying: 
 

25.24/93 ReRe =≥N    (5.5) 
 
DNS captures all of the relevant scales of turbulent motion, so no model is needed for the 
smallest scales. However, this approach is extremely expensive, if not intractable, for 
complex problems on modern computing machines. Hence there is a need for models to 
represent the smallest scales of fluid motion. 
 
Large Eddy Simulation (LES) is a technique in which the smaller eddies are filtered and are 
modeled using a sub-grid scale model, while the larger energy-carrying eddies are resolved. 
Thus, in LES the large scale motions of the flow are calculated, while the effect of the 
smaller universal scales (the so called sub-grid scales) are modeled using a Sub-Grid Scale 
(SGS) model. In practical implementations, one is required to solve the filtered Navier-
Stokes equations with an additional sub-grid scale stress term. The most commonly used 
SGS models are the Smagorinsky model and its dynamic variants. They compensate for the 
unresolved turbulent scales through the addition of an "eddy viscosity" into the governing 

equations. The model assumes that the residual stress tensor ''
jiuu  is related to the 

instantaneous deformation rate of the resolved flow field ijS  as follows: 
 

ijtji Suu ν2'' =      (5.6) 
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   (5.7) 

 
where νt is the turbulent viscosity and given as: 
 

( ) ShC st
2=ν     (5.8) 

 

Here h is a minimum grid width, ijij SSS =  and Cs is usually determined by the type 
of flow being considered. 
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This method generally requires a more refined mesh than a Reynolds-Averaged Navier-
Stokes Equations (RANS) model, but a far coarser mesh than a DNS solution. 
 
One of the LES methods is called Monotonically Integrated LES (MILES) which involves 
solving the Navier-Stokes equations using high-resolution monotone algorithms, where the 
time solution does not have maximum and minimum values. In MILES, the SGS flow 
physics is provided by intrinsic, nonlinear, high-frequency filters built into the 
discretization and implicit SGS models. The main idea in MILES is that the numerical 
diffusion in an appropriately constructed numerical scheme plays the role of sub-grid scale 
mixing, so that no additional sub-grid scale treatment is required. The MILES approach has 
recently received a substantial body of supporting results as well as theoretical basis 
(Grinstein and Fureby, 2004) [42].  

5.1.2. Heat transfer prediction 

In nuclear safety research and engineering the CFD methods are nowadays used for 
different kinds of tasks. The core melt investigations using DNS and LES are the examples 
of the CFD method applications. The methods of DNS and LES are powerful tools to 
analyze turbulent flows in detail. With increasing progress in numerical methods and with 
the rapid growth of the computational power, the methods become more attractive and 
applicable to a wider community.  
 
The DNS method is used in the fundamental research to study the mechanisms in certain 
flows. DNS is also used for the determination of turbulence statistics to develop special 
features of statistical turbulence models. The first direct simulations were those by Orszag 
and Patterson (1972) for decaying isothermal isotropic turbulence, those by Lipps (1976) 
for weakly turbulent, those by Grotzbach (1982) for fully turbulent Rayleigh-Benard 
convection of air, and those by Kim (1988) for forced convection in channels with heat 
transfer [43]. An investigation of natural convection turbulence characteristics of an 
internally heated fluid layer using DNS method was reported by Nougaliev and Dinh 
(1997) [44]. 
 
The LES is a numerical method to access high Reynolds or Rayleigh number flows. 
Usually, in switching over from Reynolds models to LES, one aims at an increased 
accuracy, at better predictability and sometimes also at using the time-dependent features to 
study flows with instabilities. In the applications of nuclear engineering, the full advantage 
of LES is taken by applying it intensively to the thermal fluid-structure interaction (FSI) 
problem. Conventional theoretical methods rely heavily on input from special purpose 
experiments, whereas LES produces the temperature fluctuation data required for thermal 
fatigue analyses without any additional modeling. Applications of the method in multi-
purpose codes and applications to complex geometries like the lower plenum of a large 
reactor with internal structures should be an important subject of LES method. 
 
Apart from DNS and LES, high-resolution 3D CFD simulations also contribute important 
understandings of the flow dynamics, where experimental studies are limited in a small 
scale or using of simulants instead of the prototypic materials from the core melt. In order 
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to predict heat transfer in thermal convection, one must be able to correctly describe the 
mixing in unstably stratified regions. Since every scheme for numerical discretization of the 
Navier-Stokes and energy equations involves numerical diffusion, it is important that the 
numerical diffusion does not interplay with physical mixing to the level that it causes the 
mixing to diminish. Often, physical models are added in an ad hoc manner so as to recover 
the lost mixing source. However, developments and validations of such models have been a 
challenge. 
 
A series of previous publications (Dinh and Nourgaliev, 1997) [41], demonstrated that 
anisotropy is the utmost important factor in understanding and modeling of high Rayleigh-
number thermal convection. A suggestion was made on that LES is the most promising and 
efficient approach to numerical simulations in both Rayleigh-Benard fluid layers and 
volumetrically heated liquid pools. Numerical simulations for different unstably stratified 
thermal flows using a “no model” LES showed that the method works quite well in 
predicting mixing and heat transfer of natural convection in volumetrically heated liquid 
pools and for transient cool-down liquid pools. An analysis of past works as well as a 
review of recent advances in turbulence modeling and simulation revealed that an empirical 
selection of numerical schemes for use in “no model” LES model of turbulent natural 
convection in internally-heated liquid pools has a root in Monotonically Integrated LES (or 
MILES) method (Boris et al, 1992) [45].  
 
The aforementioned analyses and summaries allow us to suggest to use the method based 
on high-resolution 3D CFD simulations, without an explicit subgrid scale model (“no 
model” LES) to study heat transfer of an internally heated volume.  

5.2. Simulation of heat transfer of an internally heated pool 

3D CFD simulations, based on fine-nodalization grids to effectively provide large eddy 
simulation without an explicit subgrid scale model are performed to validate the CFD tool. 
The predicted heat transfer coefficients are compared with the experimental correlations of 
Kulacki-Emara and Steinberner-Reineke [16]. The method of validation used here is to 
refine the 3D meshes and check the heat transfer coefficients. For each resolution of a mesh, 
a CFD simulation is performed until the steady-state is reached, and then the refinement 
procedure is continued until the predicted heat transfer coefficients reach a stable value.  
The final heat transfer coefficient predicted by such CFD simulations is compared with the 
experimental correlation. The commercial Fluent code is used to perform CFD simulations 
[46]. 
 
The CFD method is then used to simulate heat transfer of a unit volume to predict energy 
splitting and to investigate heat transfer characteristics of the flow. 

5.2.1.      Kulacki-Emara experiment 

Kulacki-Emara experiment was performed for water cooled from the top. The measured 
heat transfer coefficient is expressed by equation (3.46). In this section, we use the CFD 
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method to predict the heat transfer coefficient of a fluid layer for a wide range of Rayleigh 
number. CFD simulations are performed in order to find appropriate grid sizes and time 
step, and validate the CFD tool with the experiment correlation. 
 
The simulations by the CFD method give a good physical description of an internally 
heated fluid layer (Figure 5.1). Beneath the top cooled wall there is a thin thermal boundary 
layer with high temperature gradients. In this area, approaching to the cooled boundary, 
average temperature of the fluid layer is decreased steeply (Figure 5.2). Apart from this 
boundary layer, the rest of the fluid layer is well mixed where the temperature profile is 
nearly flat. Rayleigh-Taylor instability is also observed when the cooled blobs are flowing 
down from the top cooled wall into the well-mixed region.  
 

 
Figure 5.1: Instantaneous temperature contour of a fluid layer. 

 

 
Figure 5.2: Time-averaged temperature profile of a fluid layer cooled from the top. 
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It is clear that a CFD simulation needs to be performed with a small time step and a high-
resolution grid to provide a required accuracy for the boundary regions where thermal-
hydraulic characteristics (velocity, temperature) change steeply. Non-uniform grids are 
used for the simulations, with the grid resolution increased when approaching the cooled 
boundary of the fluid layer. Moreover, the flow characteristics also depend on the Rayleigh 
number, i.e. with an increasing of Ra’, the grid should be changed to higher resolution to 
obtain more accurate results (Figure 5.3). The figure shows that, depending on the Rayleigh 
number, the Nusselt number approaches its stable value when the grid resolution reaches an 
enough high value. Beyond these values, the effect of an increasing the grid resolution on 
the Nusselt number is insignificant. An extrapolation of the grid resolution to higher 
Rayleigh number can be found in Figure 5.4. The heat transfer coefficient is reported when 
it reaches a stable value. 
 

 
Figure 5.3: Grid resolution dependency of Nusselt number. 

 
Figure 5.5 shows the CFD simulation results and the predictions of the Kulacki-Emara 
correlation within ±15% ranges. It can be seen that simulation results are in fair agreement 
with the Kulacki-Emara correlation. With increasing Ra, the results of simulations have a 
tendency of reducing heat transfer coefficient compared with the correlation’s dependency. 
However, it can be seen that in the reactor range of Rayleigh number (1013-1016), the 
discrepancy between the calculated and experimental Nusselt numbers is negligible. 
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Figure 5.4: Rayleigh number dependency of grid resolution (H/∆Z). 

 

 
Figure 5.5: Heat transfer coefficient (CFD simulations vs. Kulacki-Emara correlation). 
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5.2.2. Steinberner-Reineke experiment 

In the Steinberner-Reineke experiment, a 3D rectangular chamber with the dimensions of 
0.8m x 0.8m x 0.035m filled with water was used to study turbulent natural convection of 
an internally heated volume [16]. Two large walls (by 0.8m x 0.8m) of the chamber were 
kept under adiabatic conditions while the other four walls (top, vertical and bottom walls) 
were kept under isothermal conditions. Vertical profiles of the heat transfer coefficients 
were reported and the average heat transfer coefficients of the top, vertical and bottom 
walls were described by equations (3.47), (3.48), (3.49) and (3.50). This experiment is 
simulated using the aforementioned CFD method with a high-resolution grid.  
 
Figure 5.6 shows the heat transfer coefficients along the vertical boundary obtained in the 
experiment and by the CFD simulation, respectively. The results of the CFD simulation and 
the experiment are in good agreement. It is seen that in the upper region of the fluid layer, 
the vertical heat transfer coefficient corresponds to the boundary layer development along 
the vertical wall. This is well recorded in the experiment data and the CFD simulation 
results. In the initial part of boundary layer the heat transfer coefficient is very high. The 
development of boundary layer thickness following the descending laminar flow reduces 
the heat transfer coefficient. However, in the lower part of the vertical walls, an increase in 
the heat transfer coefficient is observed. This is related to the transition of the boundary 
layer flow to a turbulent regime and the effect of the horizontal bottom wall. This 
phenomenon is also well reflected in the CFD simulation results. 
 

 
Figure 5.6: CFD and experiment Nusselt number (Steinberner-Reineke experiment). 
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Predicted by the CFD simulation and the analytical method, respectively, the average heat 
fluxes of the top, vertical and bottom cooled walls are shown in Table 5-1. It is seen that the 
CFD simulation can predict reasonably well the heat fluxes of the experiment. The 
deviations between the computed and the empirical values of the upward and sideward heat 
fluxes are within 10%, while the CFD calculation gives 25% lower downward heat flux 
than that of the analytical prediction. It should be noted that in this experiment, the simulant 
fluid was water, which has a relatively high Pr number compared with the core melt Pr 
number. We will come back to analyze the downward heat transfer coefficient of the fluid 
with a low Pr number. 
 

Table 5-1: Comparison of energy splitting of CFD simulation with correlations 

Methods qup, W/m2 qside, W/m2 qdown, W/m2 
CFD simulation 1045 599 41 

Analytical based on 
correlations 

1026 659 55 

 
A conclusion which can be made from these results of the simulations is that the CFD 
method based on a fine-resolution grid, without explicit SGS model is found to be an 
appropriate tool for simulation of heat transfer of an internally heated volume. In the next 
section, we apply this method to simulate heat transfer of a specific volume of the melt pool 
which may be formed in the lower plenum during a severe accident. 

5.3. Unit volume CFD simulation and evaluation of the CRGT cooling effectiveness 

In this section, the CFD method is used to simulate heat transfer of the melt pool 
represented in a unit volume. Based on the results of the CFD simulations and the 
analytical model, the effectiveness of the CRGT cooling is evaluated by comparing the 
predicted heat fluxes with the Critical Heat Flux (CHF). 

5.3.1.  Unit volume CFD simulation 

The method we choose to analyze heat transfer and energy splitting of a unit volume is the 
CFD method based on a high-resolution grid, to effectively describe large-eddy simulation 
without an explicit SGS model, as it was described in the previous sections. The results of 
the previous simulations (sub-section 5.2.1) obtained for the grid resolution and simulation 
time step are extrapolated to choose an appropriate grid size and time step for unit volume 
calculations. Unstructured grids are used for the unit volume. The grid adaptation technique 
of the Fluent code is used to refine grids, especially along the boundaries where the 
temperature gradients are relatively high. CFD simulations are performed for two cases 
with the pool height of 0.4m and 0.8m. 
 
A quasi-steady state of the unit volume is considered, i.e. the unit volume is enveloped by 
boundaries with isothermal walls which are top, side (CRGT) and bottom walls. The 
temperature applied to isothermal boundary conditions is the core melt liquidus temperature. 
Boundary conditions of the vertical walls of the unit volume are either symmetrical or 
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adiabatic. Core oxidic melt properties, which are assumed to be homogeneous, are applied 
for the fluid inside the unit volume. Notably, the core melt Pr is about 0.6, significantly 
lower than that of water used in the Steinberner-Reineke experiment (sub-section 5.2.2). 

 

   
a)               b) 

Figure 5.7: CFD simulation: a) contours of temperature, K; and b) contour of velocity, m/s. 
  
Figure 5.7 shows the steady state temperature and velocity contours of the core melt inside 
the unit volume. The upper part of the core melt pool is well mixed. The lower part of the 
pool is stably stratified (Figure 5.8). This region is characterized by lower fluid temperature 
and heat transport here is dominated by conduction. Along the CRGT, cold fluid flows 
downwards, transporting hot fluid from the well mixed region into the stratified region. The 
effect of the boundary layer on heat transfer to the CRGT and the bottom wall is analyzed 
in this section.  
 

 
Figure 5.8: Vertical profile of time-averaged pool temperature. 
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In Figure 5.9, the profile of the CFD simulation sideward heat flux along a CRGT is shown. 
It can be seen that the heat flux to a CRGT has a peaking value at the upper part. We know 
that the heat transfer along a CRGT obeys the boundary layer concept, thus, an analytical 
model can be derived from Eckert-type correlation (3.31) and Steinberner-Reineke 
correlations (3.47), (3.49), and (3.50). The following analytical transformation is performed 
to get a final expression for the sideward heat flux. 
 

 
Figure 5.9: CFD simulation and boundary layer concept sideward heat flux profile. 

 
Eckert-type equation (3.31) describes the local heat transfer coefficient. The local heat flux 
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The average heat flux can be calculated based on the local heat flux as follows: 
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Using these two relations and equation (3.31), an expression for the local heat flux can be 
obtained as follows: 
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Here, y is the distance from the pool top along a CRGT. The average heat flux yq  can be 
obtained using the analytical model (section 4.2.), i.e. using the unit volume geometry and 
Steinberner-Reineke correlations (3.47), (3.49) and (3.50). The dependency of the local 
heat flux expressed in equation (5.11) is presented in Figure 5.9 as an analytical model. It 
can be seen that the correlation-based analytical model, i.e. equation (5.11) and CFD results 
are in reasonable agreement over the prevailing middle section of the vertical wall. Thus, a 
conclusion which can be made is that the local heat flux along a CRGT can be described by 
the boundary layer concept. 
 

 
Figure 5.10: Analytical and CFD simulation energy splitting. 

 
Figure 5.10 gives a comparison of energy splitting of the CFD simulation and analytical 
model. The analytical model description is already given in Section 4.2. However, here 
again we plot the results of the analytical model for comparison. It is seen from the figure, 
the upward and sideward heat fluxes computed by the CFD simulation and the analytical 
model agree well, whereas the surface-averaged downward heat fluxes substantially differ. 
The computed results reveal a locally enhanced heat flux near the cooled CRGT wall (as 
shown in Figure 5.11 and 5.12). This is consistent with the impingement of the descending 
flow related to “low Prandtl number effect”, previously reported for core melt pools [32].  
The peaking factor of the downward heat flux in the case of H=0.8m, reaches fourfold, and 
the peaking heat flux is substantially high (120 kW/m2).  
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Figure 5.11: Heat flux distribution at the bottom surface, a view from top (the red color 

shows low, the blue color shows high heat fluxes). 
 

 
Figure 5.12: Downward heat flux distribution across a CRGT unit volume. 

 
The effect of downward heat flux peaking may have an impact on the vessel integrity. For a 
BWR, there is no cooling provided outside the lower plenum. Without an external cooling, 
the downward high heat fluxes from the corium pool would cause a rapid ablation of the 
RPV wall. Most importantly, the impingement of flow descending along the vertical CRGT 
cooled wall is likely to cause the local vessel melt-through leading to melt discharge as a 
film along the ex-vessel part of the control rod drive. 
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5.3.2. Evaluation of the CRGT cooling effectiveness 

From the results of the analytical model calculations and CFD simulations, it is clear that in 
the case of homogeneous melt pool formation in the lower plenum, the average heat flux to 
a CRGT does not exceed 200 kW/m2 (Figure 5.10). It is conservative to make a conclusion 
that the average heat flux to a CRGT (or average CRGT heat flux) predicted by the 
analytical model is higher than that of the CFD simulation. Based on the results of the CFD 
simulations, we can also assume that the peaking value of the CRGT heat flux is twice 
higher than the average CRGT heat flux. These evaluation and assumption give us a 
dependency of the maximum CRGT heat flux on the pool height, as a double value of the 
analytical model heat flux. 
 
To evaluate the effectiveness of the CRGT cooling, the critical heat flux is needed. We use 
two methods to determine the critical heat flux along a CRGT: the Groeneveld-Kirillov 
look-up table [47] and Katto’s correlations [48] for the forced convection boiling in vertical 
concentric annuli (water is flowing in the CRGTs through such annuli). The critical heat 
flux calculation methods are presented in Appendix A. 

 

 
Figure 5.13: Thermal load on the CRGT (shown as the maximum qCRGT) and CHF. The 
dots are based on a CHF lookup table [47]; the curves are calculated by a model [48] for 

different coolant flow rates. 
 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.5

1

1.5

2

2.5

3

3.5
x 10

6

Melt pool heights - H, m

H
ea

t f
lu

xe
s,

 W
/m

2

      Subcool = 60 degrees C; P = 3 bars

15 kg/m2s 
20 kg/m2s 
25 kg/m2s 
45 kg/m2s 
50 kg/m2s 
55 kg/m2s 

maximum 
q CRGT  
 

Groeneveld-
Kirillov table 

50 kg/m2s 
15 kg/m2s 



 62

The critical heat flux is calculated for a wide range of water flow rate in the CRGTs, from 
15kg/(m2.sec) to 55kg/(m2.sec). Note that the nominal water flow rate in the CRGTs, for 
the ABB-Atom reactor, is 15kg/m2.s (equivalent to 62.5g/sec). In the present study, we 
assume that the Automatic Depressurization System (ADS) has been initiated and pressure 
inside the reactor is not high during the accident progression. The calculations are 
performed for the pressure of 3 bars inside the CRGTs. The subcool of inlet water is of 60K. 
The heat flux used for the steam quality calculation is assumed as a double of the average 
heat flux to the CRGT. The calculated maximum CRGT heat flux and CHF by the two 
methods are presented in Figure 5.13 (Tran and Dinh, 2006) [49]. 
 
It can be seen from the figure, at the operational flow rate of 15 kg/(m2.s), the thermal load 
from the melt pool imposed on the CRGT wall is predicted to be below the CHF for the 
corium pool with a height up to 0.7m. For a high water flow rate, predicted CHF by the 
look-up table and the Katto’s correlations are well agreed. However, for a low water flow 
rate like nominal for a BWR, uncertainty in the CHF prediction is found to be significant. 
This deviation may be related to an overestimation of the steam quality due to the high 
assumed heat flux. When the steam quality is calculated based on the realistic average 
CRGT heat flux, the CHF predicted by the two methods are better agreed (Figure 5.14).  
 
It is seen that the increase of the flow rate to about 30 kg/(m2.s) and higher in CRGTs 
increases the coolability range. Such an enhanced water flow rate in the CRGTs is able to 
remove the heat from a high melt pool, i.e. the melt pool with a height of 1.4m and higher. 

 

 
Figure 5.14: Thermal load on the CRGT and CHF (steam quality used for the look-up table 

is estimated based on the realistic CRGT heat flux). 

15 kg/m2s 
20 kg/m2s 
25 kg/m2s 
45 kg/m2s 
50 kg/m2s 
55 kg/m2s 

Maximum 
qCRGT  
 

Groeneveld-
Kirillov table 

50 kg/m2s 
15 kg/m2s 



 63

Chapter 6 

ECM method 

6.1.   Effective convectivity model 

6.1.1. ECCM method 

The effective convectivity model (ECM) method advanced the ECCM method which was 
developed and implemented in the MVITA code at KTH during 1996-1998. As an 
introduction of the ECM method, in this section we briefly recall the main ideas of the 
ECCM method which is already introduced in sub-section 3.1.4. 
 
The main idea of the ECCM is using the effective convectivity and effective conductivity 
models to describe natural convection heat transfer of a flow, to solve only heat conduction 
equation instead of solving a set of Navier-Stokes equations. The effective convectivity 
model is a model using characteristic velocities to represent turbulent convective terms of 
heat transport along the vertical direction. In the horizontal direction, the convective heat 
transport is represented using a modified effective conductivity, so this model is called the 
effective conductivity model. Characteristic velocities are defined through heat transfer 
coefficients of experimental correlations while the horizontal effective conductivity is 
modified by using the boundary layer concept heat transfer coefficient. The effective 
conductivity model was pioneered by Cheung et al. [13]. The difference here is that the 
Cheung’s model was applied for vertical direction conductivity while the effective 
conductivity model is used for the horizontal direction conductivity. This ECCM method 
was implemented in the 2D MVITA code, which was validated against experimental data 
and used to simulate heat transfer of a melt pool forming in a PWR lower head, and some 
other studies. 

6.1.2. ECM equations and heat source 

Built on the concept of effective convectivity first introduced in the ECCM [25], the ECM 
method uses characteristic velocities Ux, Uy and Uz to effectively transfer the heat generated 
in a fluid volume toward the cooled wall in an amount equal to the convective heat 
transport in the respective direction. The amount of heat transferred in x (y, z) direction is 
defined as STUCQ zyxp .),( Δ= ρ , where S is the area of the cooled wall, and ΔT is the 
pool’s driving temperature difference (between the pool bulk and the pool boundary 
temperatures). The characteristic velocities are determined by means of heat transfer 
correlations.   
 
The use of effective convectivity helps eliminate the need to solve a complete set of 
Navier-Stokes and energy equations with fluid velocities (ux, uy and uz) – a computationally 
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expensive exercise for a large pool with high Rayleigh numbers (turbulent natural 
convection). Instead, the following energy conservation equation with the effective 
convective terms (involving the characteristic velocities Ux, Uy and Uz) is solved: 
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Equation (6.1) is essentially a heat conduction equation once the convective terms are 
moved to the right hand side, serving as an additional source term. The heat generation 
term Qv can be combined together with the convective terms to reproduce a common heat 
source term. The common heat source term, named Sc is then given as: 
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In this case, if we can find a way to describe the convective terms of this common heat 
source, we can solve the convection heat transport equation by solving only a conduction 
equation, and then the need of solving a set of Navier-Stokes equations is eliminated. A 
good way to implement this idea is using the solver of a commercial CFD code and 
representing the convective terms as an additional heat sources through User Define 
Functions (UDF). The characteristic velocities of convective terms can be described using 
experimental heat transfer coefficients. The way of describing characteristic velocities is 
presented in the next section. 

6.1.3. Characteristic velocity 

In practice, a liquid pool features the upper, lower and side cooled boundaries (walls).  We 
denote the respective effective heat-convecting velocities as Uup, Udown and Uside. For an 
internally-heated fluid layer cooled only from the top, we have:  

- Convective heat removal STUCQ uppconv ×Δ= ρ ; 

- Conductive heat removal ST
H
kQcond ×Δ= ,   

where H is the thickness of the fluid layer. 
 
The layer’s energy balance is given as: 
  

 ST
H
kSTUCVQ uppv ×Δ+×Δ=× ρ    (6.3) 

 
Thus, we have   
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For an internally heated pool with maximum height H and width W, the volume can be 
separated into two regions: a well mixed upper region with the height Hup and a stratified 
lower region with the height Hdown (Figure 6.1). Temperature at the regional interface is the 
pool’s maximum temperature and there is no heat transfer between the two regions.  
 

 
 

Figure 6.1: Internally heated liquid pool and characteristic velocities. 
 

Let us also suppose that the heat generated in the volume is comprised of the upward, 
sideward and downward components: 
 

VQVQVQVQ down
v

side
v

up
vv ×+×+×=×    (6.5) 

 
then we can write an energy balance equation for the heat to be removed through the top 
cooled wall: 
 

up
up

upupp
up
v ST

H
kSTUCVQ ×Δ+×Δ=× ρ    (6.6) 

 
where Sup is the area of the top cooled wall. Thus the upward characteristic velocity is: 
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It is observed that in an internally heated volume, the lower region of the volume is 
stratified. In the presence of vertical/inclined cooled walls, the stratified region, on the one 
hand, is cooled by the bottom wall, and on the other hand, accumulates the cold liquid 
flowing down from the vertical or inclined boundary layers. The thickness of the stratified 
layer becomes larger due to this accumulated cold fluid from the boundary layers. This 
effect is accounted for in equations (6.8) and (6.9). These equations can be derived as 
follows (see Figure 6.2). 
 

 
Figure 6.2: An internally heated volume cooled from top, side and bottom walls. 

 
In this figure, Sup, Sside and Sdown are the areas of the cooled walls, TBC is boundary 
temperature of the cooled walls. In the stratified region, the fluid is moving upwards with a 
velocity v (m/s). When moving upwards, the temperature of the fluid is increased from the 
boundary temperature TBC to the pool well-mixed temperature Tpool due to the heat 
generated in the stratified region. The same amount of fluid with temperature Tpool from the 
well mixed region will enter into the boundary layers. It is supposed that during its moving 
along the boundary layers, the temperature of this amount of fluid will be reduced from 
Tpool to TBC due to the side wall cooling. 
 
At the same time, the heat generated in the stratified region is removed by bottom wall. The 
top wall plays the role of keeping constant temperature in the well mixed region. Then the 
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heat generated in the stratified region is balanced with the heat removed by the side and 
bottom walls. We have on the one hand: 
 

( )downdownsidesidevdown ShShTQV ×+××Δ=×    (6.10) 
 
On the other hand, the heat balance of the volume means: 
 

( )downdownsidesideupupv ShShShTQV ×+×+××Δ=×   (6.11) 
 
Dividing equation (6.10) by equation (6.11) we have: 
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If Sup=Sside=Sdown then we have equations (6.8) and (6.9). 
 
In a similar way, we determine the characteristic velocities in the sideward and downward 
directions as follows: 
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Notably, the second term of each characteristic velocity presents the conductive heat 
removal, which is very small compared with the convective heat removal. 
 
The problem remained is how to choose the Nusselt numbers. The selection of heat transfer 
coefficient correlations to be implemented in the ECM method will be presented in the next 
section. 

6.1.4. Correlations implemented in the ECM method 

As it is mentioned in sub-section 3.2.1, most of the existing correlations describing 
turbulent natural convection are related to an internally heated volume with artificial 
isothermal boundary conditions (not truly isothermal boundary condition, i.e. with melting 
temperature). However, these correlations were also verified and confirmed by some 
experimental data made with truly isothermal boundary conditions (e.g. COPO-II, BALI, 
SIMECO, RASPLAV experiments). 
 
Although the available correlations were developed in different ranges of Rayleigh number, 
they are describing the dependency of the Nusselt number on the Rayleigh number, with 
some correlations including the dependency on the Prandtl number. Figure 6.3 represents 
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different correlations for the upward Nusselt number. It is seen that the dependencies of 
experimental correlations look quite similar, in tendencies and in values. A conclusion 
which can be made is that we can use these experimental correlations to calculate the 
Nusselt number in the Rayleigh number range of a reactor. 
 
In the ECM method, we implement the Steinberner-Reineke correlations for calculations of 
the average upward and downward Nusselt numbers [equations (3.47) and (3.50)]. The 
reason why these correlations are chosen to be implemented in the ECM method is similar 
to what was explained in section 4.2.  
 
The sideward heat transfer depends on the characteristics of the boundary layer developing 
along vertical or inclined cooled surfaces. The heat flux profile along such surfaces is a 
function of the vertical distance y, accounted from the starting point of the boundary layer, 
reaching its maximum value at the top region. The heat transfer coefficient along an 
inclined surface can be described by Eckert-type equation (3.31).  

 

 
Figure 6.3: Different dependencies of upward Nusselt number on Rayleigh number (J-R: 

Jahn-Reineke; K-G: Kulacki-Goldstein; S-R: Steinberner-Reineke). 
 
The characteristic velocities presented in the ECM are then determined based on the 
correlations expressed in equations (3.47), (3.49) and (3.50).  
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6.1.5. Energy balance method of the ECM 

As it is seen from the heat source term [equation (6.2)], the method of the ECM is based on 
the characteristic velocities and temperature gradients. In reality, the effective convective 
heat transport term is activated only at the pool cooled surface boundaries, where the 
temperature gradients are available. Looking into the heat source term, it is seen that due to 
positive characteristic velocities, in the ECM method we are artificially adding an amount 
of heat to the computational domain, i.e. the pool volume. To achieve the pool’s correct 
energy balance, the convective heat transport terms added into the volume should be 
uniformly extracted from the whole computational domain. The procedure of adding and 
extracting the energy is shown in Figure 6.4. 
 
As it has been shown, the main idea of the ECM method is to solve numerically the 
conduction equation by adding the convective terms into this equation and keeping the heat 
balance of the domain by extracting the added energy. Using this model (technique) we can 
describe turbulent natural convection heat transfer of a volume in both vertical and 
horizontal directions. The effective conductivity model is not needed in the ECM method. 
That is what the ECM method differs from the ECCM method. This model can be realized 
only by using a numerical solver with additional capability of modifying the heat source. In 
the present study, we choose to implement the ECM in the commercial Fluent code. In the 
next section, some of the advantages and difficulties concerned with the ECM model 
implementation in the Fluent code are presented. 

 

 
Figure 6.4: Energy balance during simulation and transient temperature profiles. 
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simulation in 3D geometry and post processing of the corresponding results. Later, the 
ECM is used in conjunction with a phase-change model built in Fluent to compute the pool 
formation process. 
 
Some difficulties in implementing the ECM are noted here for the benefit of the reader who 
may want to do so. First, a problem arises from using the correlation for heat transfer on a 
vertical or inclined wall of the type (Nu ~ y -1/4), where y is the distance from the upper 
corner. Clearly, in approaching the upper corner, Nusselt number becomes infinitely high, 
leading to a large characteristic velocity and temperature gradient. The calculation may 
become unstable and divergent. To overcome this issue, either a finite size for the 
computational elements (nodes) in the corner region is maintained or a cut-off in Nusselt 
number is applied. Another problem is related to temperature fluctuations, caused by large 
temperature gradients and high Nusselt numbers. An “adjusting technique” is used to 
restrict the added energy to the cells to keep a reasonable temperature range.  The idea of 
this technique is to keep the energy added to each cell under a control amount. The cell 
temperature of the next time step should be lower than the sum of the current-time-step 
maximum temperature of the volume and the temperature that would be increased due to 
only the volumetric heat source Qv. 

6.2.   Extension to phase-change problems (PECM) 

6.2.1. Phase-change modeling 

The numerical methods used for solving phase-change problems can be divided into two 
main groups. The first group is named strong numerical solutions [50, 51]. In this group the 
focus is on implementing finite-difference and finite-element techniques to the strong 
formulation of the process, locating fronts and finding temperature distributions at each 
time step or employing a transformed coordinate system to immobilize the moving 
interface. The second group is named weak numerical solutions, as the example in 
reference [52]. In the second group, a popular approach used for the numerical modeling of 
phase-change systems is so called the “fixed” grid method. The essential feature of this 
method is that the latent heat evolution is accounted for in the governing energy equation 
by defining either a total enthalpy, an effective specific heat coefficient, or a heat source 
term. Examples of the fixed grid solutions of convection-diffusion phase change can be 
found in references [53] and [54]. 
 
The most important and widely used numerical method to solve phase-change problems is 
the enthalpy method. This approach does not trace the exact position of the phase-change 
interface, thus allowing the method to be formulated in a fixed region, and no modification 
of the numerical scheme is necessary in order to satisfy the conditions at the moving phase-
change interface. Furthermore, this method is suitable both for both the problems where the 
phase change occurs at a single temperature and where the phase change occurs over a 
temperature range [55]. 
 
The major problem of the enthalpy formulation in a fixed grid is in accounting for the zero 
velocity condition as liquid turns to solid. To overcome this difficulty, a subtle approach in 
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making the viscosity a function of the latent heat was developed [53]. The computational 
cells in which phase change is occurring are modeled as pseudo porous media with porosity, 
so the method was called the enthalpy-porosity technique. The functional relationship of 
the latent heat is a linear porosity dependency. The method was widely used for modeling 
the phase-change mushy zone, and was tested with experiments [55, 56]. This method was 
also implemented in the Fluent code [46] to model the solidification/melting process. 
 
In the present work, the enthalpy-porosity formulation is used to model the 
solidification/melting process. The enthalpy formulation is based on the assumption of total 
enthalpy as a dependent variable, along with the temperature. In this formulation at a 
temperature T around the melting temperature TMP, the phase-change material is assumed to 
be mushy for the temperature T in the mushy zone:  

 
 LIQSOL TTT ≤≤      (6.15) 

 
Assuming that the viscous dissipation is neglected, from a single enthalpy conservation 
equation which is common for solid, mushy and liquid regions, the flowing heat transfer 
equation can be derived:  
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where the source term Sc includes convective terms and material volumetric heat source. 
We can separate two cases of a mushy region: a mushy zone in which the solid is fully 
dispersed in the liquid phase, and a fixed columnar zone [57]. The mushy region of the core 
melt is characterized by dendrite structure which is similar to a columnar zone. In the 
PECM, the fixed columnar zone model is considered, the source term Sc is defined as 
follows: 
 

( ) ( ) vpc QuLTuCS +•∇−•−∇= ρρ    (6.17) 
 
In the fixed columnar zone, however, the solid flow is zero, and no net latent heat is 
convected. As a result, the second convective term of expression (6.17) is zero. Thus in the 
PECM there are two mechanisms of heat transfer within a mushy zone: the conduction and 
convection of the liquid fraction. The convection is possible only within the liquid fraction. 
 
The latent heat of fusion ∆H is constrained by the limits 
 

LH ≤Δ≤0      (6.18) 
or        LFH L ×=Δ          (6.19) 

 
where FL is the local liquid fraction.  
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6.2.2. Liquid fraction in a mushy zone 

A key feature in the development of the fixed grid method is the definition of the local 
liquid volume fraction FL. In general, the local liquid fraction in the mushy zone will 
depend on the nature of solidification. The local liquid fraction could be a function of 
temperature, cooling rate, solidification rate and the local liquid fraction field. A general 
form of the local liquid fraction versus temperature function is non-linear (Figure 6.5). In 
this figure, the step change at the solidus temperature (solid-mushy interface) can be 
associated with a eutectic phase change, and the step change at the liquidus temperature 
(mushy-liquid interface) can be used to approximately represent a kinetic under-cooling at 
the dendrite tips [58]. 
 
In many systems, however, it is reasonable to assume that the liquid fraction is a function of 
temperature alone. In Fluent the solution for temperature is essentially an iteration between 
the energy equation and the liquid fraction equation. For non-eutectic mixture, a linear 
function temperature dependency of the local liquid fraction in the mushy zone is used in 
enthalpy-porosity method, equation (6.20). 
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Figure 6.5: A general liquid fraction-temperature curve. 

 
However, for a eutectic mixture or pure metal where the temperature undergoes a step 
change during solidification/melting, directly using equation (6.20) to update the liquid 
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general source-based method for solidification phase change by Voller and Swaminathan 
[59] is used in Fluent to improve the convergence. 

6.2.3. Mushy zone velocity 

It is seen from equations (6.16) and (6.17) that to solve the heat transfer equation, it is 
necessary to define the fluid velocity in a mushy zone. The fluid velocity in a mushy zone 
may have a certain impact on the dynamics of the melting/solidification front and change 
the behavior of the melt pool formation. 
 
We name the fluid velocity to be implemented in a mushy zone a mushy zone velocity (or a 
mushy velocity). There are two approaches to resolve the mushy velocity: the first is a 
definition via the permeability of the mushy zone and the second is a determination via 
mushy zone viscosity. 
 
The first approach assumes that the dendrite mushy zone can be considered as a porous 
media, the permeability of which is a function of the porosity λ (or liquid fraction λ=1-
FS=FL) [53]. At the solid interface, the liquid fraction is close to zero and permeability 
reaches zero, while in the region with liquid fraction approaching unity, the permeability 
reaches the infinitive and the effective velocity of the fluid should be equal to the actual 
liquid velocity uLIQ. Consequently, in the enthalpy–porosity formulation, the mushy region 
is considered as a columnar zone, where the mushy velocity is governed by the Darcy law 
and the superficial velocity (the ensemble-average velocity) in a mushy zone is defined 
through liquid fraction FL as: 

 
LLIQ Fuu ×=      (6.21) 

 
The second approach assumes that the mushy velocity depends on mushy zone viscosity. 
The viscosity of the corium can be considered as suspension viscosity which may be a 
linear function of the solid fraction FS, an exponential dependency on the solid fraction or 
in the case of concentrated suspensions, a higher-order term than 2

SF  dependency [60]. 
 
In a mushy region the fluid convection may become stiffer as it goes deeper into the 
dendrite zone. It can be assumed that the fluid velocity decreases gradually until it reaches 
the solid interface. It is also possible that the fluid velocity decreases rapidly when it enters 
into the mushy region and decreases slowly when it gets closer to the solid interface. It is 
seen that due to the simplicity of the PECM, different types of dependency of the mushy 
velocity can be tested to choose an appropriate model for a dendrite structure mushy zone 
of the core melt. To examine the effect of these descriptions we choose to implement in the 
PECM three models of the mushy velocity: a model without mushy velocity (n-order 
dependency), a linear dependency model and a quadratic dependency model. Liquid 
fraction dependencies of the mushy velocity in these three models to be implemented in the 
PECM are as follows: 
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n
Lxyxmushy FUu ×= ,,     (6.22) 

Lxyxmushy FUu ×= ,,     (6.23) 
2

,, Lxyxmushy FUu ×=     (6.24) 
 

where Ux,y,z is the characteristic velocity.  
 

 
Figure 6.6: Three mushy zone velocity models. 

 
We denote the case with equation (6.22) as E-n (no mushy velocity or n-order dependency 
function, n→∞), the case with linear equation (6.23) as E-1 and the case with quadratic 
dependency equation (6.24) as E-2. Liquid fraction dependency of a mushy velocity is 
shown in Figure 6.6.  

6.2.4. Adaptive mesh refinement 

Adaptive Mesh Refinement (AMR) is performed to efficiently reduce the numerical error in 
the digital solution, with minimal numerical cost. Unfortunately, direct error estimation for 
point-insertion adaptation schemes is difficult because of the complexity of accurately 
estimating and modeling the error in the adapted grids. A comprehensive mathematically 
rigorous theory for error estimation and convergence is not yet available for CFD 
simulations. Assuming that the maximum error occurs in the high-gradient regions, the 
readily available physical features of the evolving flow field may be used to drive the grid 
adaptation process. 
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Dynamic gradient adaptation based on the liquid fraction is used to capture the moving 
boundaries of phase-change problems. The dynamic gradient adaptation is a fully 
automated process. For both time dependent and steady state problems, one can perform the 
entire solution without changing the initial settings. That is, one can let the solver 
periodically perform adaptations without changing/entering any parameter. An example of 
an AMR application to a phase-change problem can be seen in Figure 6.7, with a moving 
fine mesh for a solid-liquid boundary. 
 

 
Figure 6.7: Mesh of a plane with a refined region done by the AMR technique. 

 

6.3.   Validation of the ECM, PECM 

6.3.1.      Dual approach of validation 

Due to a lack of direct experimental data and correlations on specific geometries or on 
phase-change heat transfer under relevant conditions, a dual approach is employed to 
examine the performance and provide validation for the ECM and PECM. The first 
approach involves making comparison with the existing experimental data or correlations 
wherever available, and the second is to compare ECM, PECM simulations with the results 
obtained by CFD simulations of fluid flow and heat transfer in the same geometry. 

6.3.2.      ECM validation 

Experimental data used for validation of the ECM include (i) transient temperature profiles 
of Kulacki-Emara experiment with a fluid layer cooled from the top [28]; (ii) Kulacki-
Goldstein experiment with fluid layers cooled from the top and bottom [30]; and (iii) 
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Steinberner-Reineke experiment with volumetrically heated water in square cavity cooled 
from the top, bottom and vertical walls [16]. 
 

a) Kulacki-Emara experiment 

Kulacki et al. reported the measurements of the transient temperature distribution of an 
internally heated horizontal fluid layer cooled from the top [28]. The ECM simulation 
results of transient temperature profiles (lines) are in good agreement with the experimental 
data (Figure 6.8). 

 

 
Figure 6.8: Transient temperature profiles (Ra=1.18x1010) in a fluid layer cooled from the 

top. 
 

b) Kulacki-Goldstein experiment 

Kulacki and Goldstein recorded the temperature profiles of internally heated fluid layers 
cooled from the top and bottom with a wide range of Rayleigh numbers [30]. The ECM 
simulations of the experiments showed comparable temperature profiles with the 
experimental data (Figure 6.9). 
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Figure 6.9: Temperature profiles in fluid layers cooled from the top and bottom. 

 

c) ECM unit volume simulation 

As an example of heat transfer simulation for 3D complex geometry, we apply the ECM 
method to a melt pool unit volume of the BWR (Figure 4.1), for which the CFD simulation 
was also performed and presented in Section 5.3. The properties of core melt applied in 
CFD and ECM simulations are the same.  
 
Temperature contours generated by the CFD and ECM simulations are shown in Figure 
6.10. The sideward heat flux distributions along the CRGT of the unit volume are shown in 
Figure 6.11, for the 3D CFD and ECM simulations. The average upward, sideward and 
downward heat fluxes are reported in Table 6-1. Results of the simulations show that the 
maximum temperatures of the core melt by the two methods differ by mere 5K. 

  
Table 6-1: Heat fluxes predicted by the CFD, ECM and analytical model 

Models  qup (W/m2) qside (W/m2) qdown (W/m2) 
CFD 169049 109218 35554 
ECM 179900 108796 12263 

Analytical model 
(Steinberner-Reineke 

correlations [16]) 
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Figure 6.10: Temperature fields of CFD and ECM simulation (Temperature range from 

3120 to 3180K). 
 

 
Figure 6.11: Sideward heat fluxes of CFD and ECM simulations for a unit volume. 
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predicted by CFD and the ECM is acceptable (within 15% for the upward and sideward 
heat fluxes). The ECM method well predicts the profile of the sideward heat flux. For the 
downward heat flux, the difference between CFD and ECM predictions is larger and the 
ECM temperature profile does not really resemble the CFD-generated one. 
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6.3.3.      PECM validation 

a) Fluid layer cooled from top with phase change 

The purpose of this simulation task is to examine the consistency of the CFD and PECM 
simulations with different mushy velocity models, and to compare the heat transfer 
coefficient (i.e. the upward Nusselt number) of the phase-change case with that predicted 
by the experimental correlation of Kulacki and Emara [28].  
 
The solidus and liquidus temperatures applied in the CFD and PECM simulations are 
2750K and 2770K, respectively. The domain’s initial temperature is 50K lower than 
solidus temperature. 
 
As baseline benchmark, we use the CFD method of direct numerical simulation (DNS) to 
compute the fluid flow and heat transfer in an internally heated fluid layer cooled from the 
top with a truly isothermal boundary condition (i.e. with the phase-change boundary). A 
very fine nodalization was applied to effectively provide large-eddy simulations of 
turbulent natural convection in a fluid layer without invoking an explicit subgrid scale 
turbulence model.  

 

 
Figure 6.12: CFD and PECM predicted transient pool centerline temperature of the fluid 

layer cooled from the top. 
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Table 6-2: Heat transfer coefficient of CFD and PECM simulations 

 
Items 

Reference 
temperature  

TSOL 
(∆T=T-TSOL) 

Reference 
temperature  

TMP 
 (∆T=T-TMP) 

Reference 
temperature  

TLIQ 
 (∆T=T-TLIQ) 

Rayleigh number 1.47 x 1011 
Fluid layer height 0.199 
Kulacki-Emara correlation 
Nusselt number 

136.9 

 CFD simulation (with phase change) 
Temperature difference, K 87.8 78.9 68.9 
Nusselt number 147.3 163.9 187.7 
 CFD simulation (without phase change) 
Temperature difference, K 88.8 
Nusselt number 145.8 
 PECM simulation (E-1 case) 
Temperature difference, K 88.5 78.9 69.7 
Nusselt number 149.4 167.6 189.7 

 

 
Figure 6.13: Kulacki-Emara correlation and CFD simulation heat transfer coefficients. 

 
The results of simulations show good agreement of the temperature transients of the CFD 
simulation and the PECM simulations (Figure 6.12). The linear dependency of the mushy 
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simulation results. The other mushy velocity models predict slightly higher pool 
temperature. Table 6-2 shows good agreement of the heat transfer coefficients of the CFD 
simulation and the PECM simulation with a linear function dependency of the mushy 
velocity. 
 
The results of the CFD simulation of the fluid layer cooled from the top without phase 
change (the boundary temperature is the liquidus temperature) agree well with the 
prediction by the experimental correlation valid for a wide range of Rayleigh number 
(Figure 6.13). However, the results of CFD simulation with phase change exhibit an 
uncertainty in determining the heat transfer coefficient. If we apply the solidus reference 
temperature TSOL, the calculation gives a slightly higher Nusselt number compared to the 
result predicted by the correlation. In the case of applying the liquidus reference 
temperature TLIQ the Nusselt number appears to be 37% higher than that predicted by the 
correlation (Table 6-2). 
 
It suggests the use of a reference temperature TREF which is higher than TSOL and lower than 
TLIQ. For the linear dependency mushy velocity, it is recommended to apply the reference 
temperature in between TSOL and TLIQ (i.e. midpoint TMP), although for the fluid layer 
calculated above this temperature still gives a deviation of about 20% compared with the 
correlation and 12% with the CFD simulation result without phase change.  
 
An additional CFD simulation performed with a eutectic mixture (TSOL=TLIQ) shows a 
closer result of Nusselt number with the experimental correlation (Kulacki-Emara 
correlation). However, the deviation between the two heat transfer coefficients still remains 
to be about 14%. It is supposed that this deviation may be related to the numerical and 
modeling errors. 
 

b) SIMECO experiment 

The SIMECO experiments were conducted in a slice-type facility (Figure 6.14) which 
includes a semicircular section and a vertical section [36]. The diameter, height and width 
of the test section are 620x530x90mm. Binary salt mixtures were employed as a melt 
simulant; both eutectic (50%-50%) and non-eutectic (20%-80%) mixtures of KNO3-NaNO3 
were used. For the PECM validation we use the experiment with the eutectic mixture (the 
experiment number is SSEu-10). We show the PECM is able to simulate the behavior of 
the internally heated pool with a eutectic material. 
 
The following boundary conditions were implemented: the pool top surface is cooled by a 
heat exchanger so an isothermal boundary condition is used there; the angular brass surface 
is cooled by water coming from the lower part, so a convection heat transfer boundary 
condition is applied; the back wall is insulated; and the front wall is made of a special glass 
for visualization, so a small heat flux of about 10-20 W/m2 is applied for this wall. The 
initial temperature is 300K. 
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Figure 6.14: SIMECO experiment, temperature contour (in K, middle plane). 

 

         
 

Figure 6.15: SIMECO experiment, pool formation (after 0.83h and the steady state). 
 
The pool formation and crust thickness can be seen in Figure 6.15. Fair agreement between 
the PECM simulation results and the experimental data was obtained: the vertical 
temperature profiles are shown in Figure 6.16; the inner and outer vessel temperature 
profiles in Figure 6.17 and the vessel wall heat flux distributions in Figure 6.18. 
 
Slightly higher vertical temperature is observed in the PECM simulation and the predicted 
heat flux is higher than that of the experiment in the lower region of the pool.  The increase 
in the PECM pool temperature compared with the experiment may be due to uncontrolled 
heat loss in the experiment. The increase in the heat flux in the lower region of the pool 
may be assumed from a larger experimental crust thickness in the pool lower region. A 
larger experimental crust thickness of the lower region may be explained by two reasons: 
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more cold liquid is accumulated in this region from all the upper inclined surfaces of the 
crust, or the effect of non-uniformly heated volume of the experiment (electrically heated) 
compared with the uniformly heated volume of the PECM simulation that causes an 
accumulation of cold liquid to be solidified in this region. 

 
Figure 6.16: Temperature profile along the pool centerline: PECM vs. experiment. 

 

 
Figure 6.17: Temperature profile of the vessel inner and outer walls. 
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Figure 6.18: Vessel wall heat flux distribution (PECM vs. experiment). 

6.3.4.      Evaluation of the tool 

a) Capability 

In the previous sections, we have presented the ECM method, its implementation in Fluent, 
and validations of the ECM and PECM tools. The capability of the ECM method (the ECM 
and PECM tools) can be summarized as follows: 

- The ECM well describes turbulent natural convection heat transfer of an internally 
heated volume with a high Rayleigh number, in large dimension 3D complex geometry; 

- The PECM is capable not only to describe natural convection heat transfer, but also 
capable to describe and convection heat transfer of the flow in a mushy zone; 

- Due to the capability of describing natural convection heat transfer of the flow in a fluid 
and mushy zone, the PECM is then capable to simulate the transient behavior, i.e. heat 
transfer of melt pool formation, which may be occurring in a lower plenum during an 
accident progression; 

- Due to much less time-consuming of the calculation, simulations of long term transient 
processes are possible using the ECM and PECM tools; 

- The implementation of the ECM method in a commercial code (e.g. Fluent) is quite 
simple; 

- However, in the present ECM method, the implemented downward heat transfer model 
does not really reflect the physical effect, i.e. the increasing and peaking behavior of the 

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Angle, Degrees

V
es

se
l W

al
l H

ea
t F

lu
x 

P
ro

fil
e,

 q
 lo

ca
l/q

av
e

Outer Vessel Wall Heat Flux 

Experiment 

PECM 



 85

downward heat transfer of a low Prandtl number fluid is not captured by the ECM 
method.    

b) Effectiveness 

The effectiveness of a tool can be evaluated by the time of calculation. The ECM and 
PECM tools substantially reduce the time of calculation while keeping reasonably high 
accuracy of prediction results. The ECM and PECM solve only a modified conduction 
equation. Due to its formulation, the ECM and PECM allow large time steps, compared to 
those of the CFD simulation. More importantly, the ECM and PECM effectiveness is 
obtained by the much lower number of iterations needed to achieve solution convergence in 
each time step.  
 

Table 6-3: Comparison of CFD and PECM calculation times 

 
A comparison of the CFD and PECM computing times is presented in Table 6-3 for two 
transient scenarios with phase change. The PECM simulations are 100-200 times faster 
than the CFD simulations, while having a similar accuracy to the CFD. 

 
Cases 

CFD time 
step 

(seconds) 

CFD 
calculation 

time (hours) 

PECM 
time step 
(seconds) 

PECM 
calculation 

time (hours) 
Fluid layer cooled from the top 0.025 1224 0.5 10 
Scaled PWR lower plenum 0.010 1560 0.2 8 



 86

Chapter 7 

Simulations of BWR melt pool heat transfer 

7.1.   PECM unit volume simulation 

In a previous section, we examined the potential of using coolant flow in the CRGTs to 
remove the decay heat and retain the debris and corium melt within the RPV. The presence 
of the CRGTs significantly complicates the analysis of heat transfer in a debris bed (or 
cake) as well as a melt pool, and consequently the quantification of the melt attack on the 
vessel structures and vessel failure mode and timing. In this section, we apply the PECM to 
compute the dynamics of the melt pool formation in a unit volume, in conjunction with the 
RPV wall. The simulation objective is to examine the performance of the PECM in the 3D 
complex geometry of a BWR and obtain new insights into the dynamics of the melt pool 
formation, the energy splitting and thermal loads on the vessel structure and CRGT. 
 
Before going to the detailed simulation conditions, we look into the structure of the 
penetration place, i.e. the nozzle area of the ABB-Atom lower plenum. Figure 7.1 provides 
detailed information of this nozzle area. 

 

 
 

Figure 7.1: Control rod nozzle area (ABB-Atom reactor type). 
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It is seen from this picture, there is no close contact between a CRGT and the vessel wall, 
where the CRGT penetrates into lower plenum. There is a gap (air gap) between the CRGT 
and the vessel wall. In the presence of this gap, the heat conduction between two these 
surfaces is nearly impossible (or very little through small contacts). However, during an 
accident scenario with core melt relocation into lower plenum, it is probable that the lower 
plenum vessel is heated to high temperature. Due to high temperature (with the assumption 
that the CRGT is cooled by water inside and kept at low temperature) radiation heat 
transfer becomes a dominant measure of heat transfer from the vessel wall to the CRGT.   
 
The configuration of the computational domain chosen here is a unit volume in conjunction 
with a steel plate (of the vessel wall) below. In this new unit volume, the height of the 
debris bed is of 0.4m, and the thickness of the vessel wall is of 0.2m. The unit volume 
penetration is a CRGT, the diameter of which is taken from the ABB-Atom lower plenum 
configuration. This CRGT penetrates through the debris cake (initial of the corium) and the 
vessel wall. 
 
Further, the following assumptions are made for the test case. Both the debris cake and the 
resulting melt pool are assumed to be homogeneous, with volumetric decay heat generation 
rate of 1 MW/m3. The thermal conductivities of the debris cake and molten corium are 
assumed to be 1 W/(m.K) and 3 W/(m.K), respectively. The debris cake has the initial 
temperature of 500K. Isothermal boundary conditions (383K, 450K) are applied to the top 
surface, the contact surface of the debris cake and the CRGT. The lower surface of the 
vessel contacts with the insulation material (outside the lower plenum). A limited heat flux 
(20W/m2) is applied for this boundary. From the aforementioned analysis, radiation heat 
transfer condition is applied for the contact surface between the vessel and the CRGT.  

 
To ensure the accuracy of complex flow simulation, adaptive mesh refinement (AMR) 
technique of Fluent is used. The AMR tool of Fluent creates a high-resolution mesh based 
on the gradient of liquid/solid fraction; a high-resolution mesh is provided in the phase-
change interface of the solid debris and liquid melt to resolve the melting front. 

 

    
     a)       b) 
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c) 

Figure 7.2: Side view of the formation of a melt pool in a unit volume predicted by the 3D 
PECM simulation: a) Time t = 2.8h; b) Time t = 3.3h; c) Steady state, t > 10h. Color bar 

represents the corium liquid fraction. 
 

    
a)         b) 

Figure 7.3: Top view of the formation of a melt pool within four CRGTs: a) Formation 
process b) Steady state. 

 
As expected, the simulation results (Figure 7.2 and 7.3) depict the formation of a melt pool 
in the region between the CRGTs. The pool expanded with time, both radially and axially, 
and became connected, forming a large melt pool surrounded by crusts on the top surface, 
along the cooled CRGT walls and the vessel. Figure 7.4 shows temperature evolution of the 
debris cake and the pool at the centerline. Remarkably, due to a lower downward heat flux 
from the debris bed compared with the upward and sideward heat fluxes, a thick crust layer 
remains in the lowermost region.  
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Figure 7.4: Transient pool centerline temperature profiles: 1) t=2.8h ;  2) t=3.3h ; 3) 

t=4.2h ; 4) t>10h. 
 

 
Figure 7.5: Transient heat fluxes from the melt pool to the structures. 
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Table 7-1: PECM, CFD superheat of the pool and energy splitting 

Simulation Superheat 
of the pool, 

K 

Upward 
heat flux 

qup (W/m2) 

Sideward heat 
flux to CRGT 

qsd (W/m2) 

Downward heat 
flux to vessel wall 

qdown (W/m2) 
PECM 56 108909 137803 42281 

CFD method 
without phase change 

 

 
61.1 

 
169649 

 
108267 

 
29581 

 
Figure 7.5 shows the evolution of the heat fluxes measured at the computational domain 
boundaries and at the interface between the debris bed and the vessel wall. It can be seen 
that the cake starts to melt at 2.6 hours and a steady state is achieved after 10 hours. The 
level of heat flux is quite modest.  
 
Although the boundary conditions applied to the PECM computational domain of the unit 
volume differ from those of the CFD simulation (Section 5.3), in these two cases, we have 
two similar melt pools bounded by isothermal boundaries with melting temperature. The 
dimensions of the corium pools do not have much difference (the PECM simulation has a 
smaller pool due to the surrounded crust). It is worth to compare the energy fractions 
directed to the upward surface, the CRGT and vessel walls. Table 7-1 shows the superheat 
and directional heat fluxes of these two cases. 
 
It can be seen that the upward heat flux of the debris crust is lower than the sideward heat 
flux of the debris crust (see Table 7.1 also). The difference in the heat fluxes can be 
explained as follows. On the one hand, due to different boundary temperatures applied for 
the top and the CRGT walls, the crust thicknesses at the top and CRGT surfaces are 
different. On the other hand, the crust thicknesses also depend on the heat flux from the 
melt pool to a melting boundary. In addition, the heat generated in the crust also gives an 
additional contribution to the total heat flux. A combined effect of the temperature drop, the 
heat flux level and the crust heat generation may determine different behaviors of the heat 
fluxes to the top and CRGT surfaces.  
 
From Table 7.1, it is also seen that the downward heat flux of the PECM simulation is 
higher than that of the CFD simulation. The difference is easily explained. The larger 
downward heat flux (measured at the interface between the debris bed and the vessel wall) 
obtained in the PECM simulation is due to a significant energy contribution of the thick 
bottom crust. 
 
Figure 7.6 shows the heat flux distribution along the CRGT, with a peaking factor of less 
than 2.0 and a maximum flux less than 200 kW/m2. The lower part of the heat flux profile 
(below zero position) is the radiation heat flux from the vessel wall to the CRGT lower part. 
This radiation heat flux is about 40 kW/m2. The superheat of the melt pool in the PECM 
simulation is 56oC, which is very close to the superheat of the CFD simulation with 
isothermal boundary conditions and no phase change (Table 7.1). 
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Figure 7.6: Sideward heat flux to a CRGT (from debris bed and vessel wall). 

 
Looking into the temperature and melting/solidification contours, we observe that although 
the temperature of the vessel wall is high, it is still kept under 1000oC, i.e. below the 
thermal creep limit. This means that a lot of heat from the vessel wall is radiated to the 
CRGT. The radiation heat transfer, which is rather small, plays an important role in keeping 
the vessel wall temperature low (i.e. lower the creep limitation). In other words, the indirect 
CRGT cooling plays a role in keeping this low temperature level. Of course, here in the 
simulation of the unit volume the impact of the sideward heat flux on the vessel wall is 
ignored. With a higher pool, the impact of the sideward heat flux on the vessel wall 
increases. We will analyze how this observation is reflected in a reactor scale simulation, in 
sub-section 7.2.2. 

7.2.   Reactor-scale simulations 

7.2.1.      ECM simulation 

An enveloped melt pool with isothermal boundary conditions is considered. The ECM is 
used to simulate a 3D slice of this melt pool with 6 “half” CRGTs inside (Figure 4.5). The 
boundary conditions applied in the ECM simulation are as follows: the front wall is 
symmetrical; the back wall is adiabatic; the top, CRGT and vessel walls are isothermal; the 
left wall of the slice can be set symmetrical as well as adiabatic boundary condition. Results 
of the ECM simulation of the melt pool with a height of 1.0m are presented in Figure 7.7. 
 
It can be seen from the ECM simulation (of a BWR LP slice) results that heat flux 
distributions along the CRGTs are very close in both profile and value. The maximum 
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value of CRGT heat flux profile is found to be close to 300kW/m2 for the pool with height 
of 1.0m. The superheat of the core melt is about 78K. The CRGT wall heat flux is higher 
than the vessel wall heat flux (Figure 7.7). The peaking value of the CRGT wall heat flux is 
1.7 times higher than the peaking value of the vessel wall heat flux. Further analysis is 
needed to identify weaker regions in the CRGT and vessel walls. The CRGT walls are 
vulnerable due to high heat fluxes and smaller wall thicknesses, while the lower plenum 
vessel wall is amenable to ablation due to the absence of an external surface cooling in 
BWRs. 

 

 
Figure 7.7: CRGT and vessel wall heat fluxes, the case of H=1.0m. 

 
A similar simulation by the ECM method was performed for the melt pool with a height of 
1.4m. The following observations were obtained. The superheat of the 1.4m height pool is 
slightly higher than the H=1.0m case (about 15K higher). The ratio of peaking values of the 
CRGT heat flux and the vessel wall heat flux is reduced to 1.3 times. Clearly, the peaking 
value of the vessel wall heat flux depends on the vessel wall inclination. A higher melt pool 
results in a higher inclination of the vessel wall (compared to the horizontal direction), 
causing a higher peaking value of the vessel wall heat flux. This effect may be called 
“geometry effect” of the lower plenum. According to this geometry effect, the vessel wall 
position with a higher inclination is imposed with a higher heat flux from the melt pool. 
This effect should be accounted for in the safety analysis. 

7.2.2.      PECM simulation 

The PECM tool is applied to simulate heat transfer of melt pool formation in an ABB-Atom 
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volume which includes 6 “half” CRGTs and bounded below by the steel vessel wall of a 
0.2m thickness (Figure 7.8). 
 

 
Figure 7.8: A formed melt pool in the lower plenum (ABB-Atom reactor type LP, t = 6.1h). 
 
Isothermal boundary conditions with different temperatures are applied for the top surface 
of the debris bed and the CRGT surfaces, which are submerged in the debris bed. The top 
surface temperature is assumed to be boiling temperature of water, 383K, due to coolant 
injection to the debris bed top surface. The contact surfaces between the CRGTs and the 
debris bed are imposed with higher temperature, about of 450K, due to the temperature 
drop in the CRGT walls. For the surfaces of the vessel wall in close contact with the 
CRGTs, due to the availability of a small air gap between the vessel wall and the CRGTs, 
radiation heat transfer is applied. The contact surface of the debris bed to the vessel wall is 
kept under coupling condition. A limited heat flux (about 20W/m2) is applied for the outer 
vessel wall surface due to the insulation covering the outer surface of the reactor vessel 
lower plenum. The other surfaces of the slice are kept under adiabatic or symmetrical 
boundary conditions. The initial temperature of the debris bed before heating-up is 450K. 
During the simulation, after the initiation of debris melting, the AMR technique of Fluent 
is also used to refine the mesh to increase the reliability of the simulation.  
 
The results of simulation show that the initiation of debris melting takes place after about 
2.8 hours. Small melt pools are first created in between the CRGTs, afterward are enlarged 
and connected together, forming a large melt pool in the lower plenum (Figure 7.9). The 
effect of natural convection is well captured in the simulation. Along the top surface and 
the CRGT surfaces submerged in the debris bed (melt pool), thick crusts are formed at the 
beginning. During melt pool enlargement, natural convection results in higher heat fluxes 
upwards and sideward (Figure 7.10). As a result, the top and sideward crusts are eroded. 
However, stable thin crusts are formed along the top and CRGT surfaces, due to constant 
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temperatures assumed at boundaries (Figure 7.8). Along the contact surface between the 
debris bed and the vessel wall, a stable and thick crust is formed in the region where the 
CRGT penetrations are close. The reason is that the radiation heat transfer removes a 
substantial amount of heat from the vessel wall to the CRGTs, keeping relatively low 
temperature of the vessel wall surrounding the CRGTs. However, in the vessel wall regions 
where the CRGTs do not penetrate (upper regions), the vessel wall temperature is relatively 
high, resulting in a thin crust layer and vessel ablation (Figure 7.8).  
 

    
a)     b) 

    
c)      d) 

Figure 7.9: Melt pool formation in a BWR lower plenum, liquid fraction contours of the 
vertical surface in between two CRGT lines: a) Melt pool commence, t=2.8h; b) Melt pool 

coalescence, t=3.1h; c) Melt pool expanding, t=3.6h; d) A large melt pool at t=4.2h. 
 

It is seen from the heat flux transient figure that the upward and sideward heat fluxes are 
stable after about 7 hours. However, a steady state is not reached after 8 hours due to 
unbalance of heat removal of the vessel wall. The downward heat flux from the melt pool 
to the vessel wall is higher than the heat flux to be removed by the CRGTs (radiation heat 
transfer) and the outer surface heat flux. The unbalance is mostly related to a higher 
sideward heat flux in the upper region of the vessel due to a higher angle of vessel 
inclination and the absence of effective heat transfer in this region. Due to high temperature 
of the vessel wall (higher than 1000oC after 5.3 hours), thermal creep should take place in 
these regions. 
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Figure 7.10: Transient heat fluxes from a melt pool to the structures (slice simulation). 

 
Some results on the superheat of melt pools can be discussed. In the case of 1.0m pool 
height the superheat of the pool predicted by the PECM reaches 84K which is fairly 
consistent with the isothermal boundary condition ECM simulation which predicts a 
superheat of about 78K. A slight reduction of the superheat predicted by the ECM may be 
explained as follows. In the PECM simulation, due to the presence of the crust, the pool 
height is less than those of the ECM simulation, resulting in a lower Rayleigh number. As a 
consequence the convective heat transfer intensity is reduced and the temperature of the 
pool is increased slightly. In the case of 1.4m pool height, the ECM predicts a superheat of 
93K. 

7.3.   Discussions 

In this section we discuss the results of ECM simulations in comparison with those 
predicted by an analytical model and PECM simulations for the unit volume and reactor 
lower plenum slice.  
 
Figure 7.11 shows the results of the ECM simulations for the two cases of 1.0m and 1.4m 
height pools, and the heat flux dependencies on the pool height calculated by the analytical 
model. It is seen that good agreement between the results predicted by the ECM and 
calculated by the analytical model results is obtained. Although different correlations were 
implemented in the ECM and the analytical model for the heat transfer to the vessel wall 
(inclined wall), the obtained results are quite close. In the analytical model, the Jahn-
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Reineke correlation was used to describe heat transfer from the pool to the vessel wall, 
while in the ECM, just directional Steinberner-Reineke correlations were implemented. 
During the simulations, the ECM itself combines a common vector of heat transfer 
coefficient to the vessel wall from the directional vectors of the sideward and downward 
Steinberner-Reineke heat transfer coefficients. However, the results show that the ECM-
simulated vessel wall heat flux is consistent with the calculation based on the correlation. 
This shows a reliable aspect of the ECM method.  

 

 
Figure 7.11: The ECM simulation and analytical model heat fluxes. 

 
A discussion on the outside surface vessel temperature behavior can be made if we compare 
the heat flux transients shown in Figure 7.5 and Figure 7.10 and look back into the 
temperature profile shown in Figure 7.4. 
 
In the two figures of transient heat fluxes, it can be seen that the upward and sideward heat 
fluxes are increased substantially after the melt pool formation. This is consistent with 
natural convection heat transfer, where a large amount of heat is moved to the upward and 
sideward cooled walls. The heat fluxes reach stable values after some hours from the initial 
condition, i.e. after the stable crusts have been formed. Looking into the downward heat 
flux (Figure 7.5), it is seen that in the case of the unit volume, i.e. the pool height is of 0.4m, 
it reaches a stable value after about 10 hours, when the downward heat flux to the vessel 
wall is balanced with the heat flux from the vessel wall to the CRGT (radiation heat 
transfer).  
 
For the 1.0m height pool case (Figure 7.10), the downward heat flux to the vessel wall can 
not reach a steady state. The reason is related to the contribution of the sideward heat flux 
component in the downward heat flux, precisely the contribution of the peaking value of 
the sideward heat flux component in the downward heat flux. In the lower part of the lower 
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plenum, where the vessel wall is penetrated by the CRGTs, the heat flux from the melt pool 
to the vessel wall is relatively low, and due to a substantial heat removal by radiation heat 
transfer (or conductive heat transfer in case of a direct contact between the vessel wall and 
the CRGTs) to the CRGTs, the vessel wall temperature is kept under a relatively low level 
(Figure 7.12). For the higher part of the lower plenum, where the vessel wall is imposed 
with a high, i.e. peaking heat flux, and the CRGT cooling by radiation is not available, the 
temperature of the vessel wall is highly increased. Clearly, the unbalance of average heat 
fluxes of the whole vessel wall (Figure 7.10) is mainly related to the unbalance of local heat 
fluxes in this area. The increasing of the average heat flux to the vessel wall after 5 hours is 
due to the increasing of the vessel wall local heat flux peaking, which is a result of crust 
thickness thinning in this area. That is why the vessel wall heat flux can not reach a stable 
value as the figure shows.  

 

 
Figure 7.12: Vessel outer surface temperature (Hpool = 1m): 1) after 5 hours; 2) after 6.1 

hours. 
 

It is assumed that thermal creep of the vessel wall may occur where the temperature is 
higher than about 1000oC. It is interesting to see the evolution of the maximum temperature 
of the vessel wall outer surface. Figure 7.13 shows the transients of the maximum 
temperature of the vessel wall outer surface in the two considered cases which were 
simulated by the PECM. In the case of the 0.4m height debris bed, the maximum 
temperature is kept under 900oC. This temperature already reaches a stable value after 
about 10 hours, i.e. the vessel wall is intact under thermal attacks from the debris bed (and 
the melt pool later). The integrity of the vessel wall is kept due to heat transfer from the 
vessel wall to the CRGT, i.e. radiation heat transfer in the considered case, or possible 
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conductive heat transfer in the case of a direct contact of the vessel wall with the CRGT. 
Radiation heat transfer from the vessel wall to the CRGT, in the considered case, is rather 
small but it plays an important role in keeping integrity of the vessel wall from thermal 
attacks. 

 

 
Figure 7.13: Transients of maximum temperature of the vessel outer surface: 1- Hpool = 

0.4m (unit volume simulation); 2- Hpool = 1m (BWR LP slice simulation). 
 

In the case of a 1.0m height debris bed (the slice simulation), clearly the maximum 
temperature of the vessel outer surface is growing faster, reaching 1000oC after about 5.3 
hours. The maximum temperature is observed in the vessel wall contacting the upper part 
of the debris bed (melt pool). Thermal creep is taking place in this area. However, in the 
considered case, we assume that the top surface of the debris bed is cooled by injected 
water. It is very possible that a narrow gap between the vessel wall and the debris bed may 
be formed during the formation of the debris bed. As a result, water penetrating into this 
narrow gap, although only for a shallow depth, may significantly remove the heat in this 
area by boiling heat transfer, and in turn reduce the heat flux imposed on the vessel wall. 
Boiling heat transfer in the gap may keep the vessel wall from thermal creep. The gap 
cooling model is not considered in the present PECM. However, it is possible to implement 
a simplified model of boiling heat transfer in a narrow gap in the PECM in the future.  
 
A conclusion which can be made is that in the case of small debris bed (melt pool later on) 
formation in the lower plenum, i.e. the height of the debris bed (melt pool) is less than 0.7m 
and the CRGTs are evenly penetrated in the debris bed, it is possible that the CRGT cooling 
can keep the vessel intact. In the case of a debris bed (melt pool later on) higher than 0.7m, 
the CRGTs penetrations are distributed only in the central area of the debris bed (melt pool), 
and due to the unbalance of heat fluxes in the peripheral area where the CRGT penetrations 
are not available, i.e. the CRGT cooling is not close, the temperature of the vessel wall is 
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growing fast, and ultimately exceeding the thermal creep limit, which causes creep of the 
vessel wall to take place after some hours.  

7.4.   Key findings 

In this section we summarize some key findings observed during the simulations of heat 
transfer in a melt pool, using the ECM method. 
 
The ECM simulations of a BWR lower plenum slice show that due to “geometrical effect” 
of the lower plenum, i.e. vessel wall inclination, the heat flux to a CRGT is higher than the 
heat flux to the vessel wall. The local peaking value of the CRGT heat flux is higher than 
that of the vessel wall. However, with increasing of the debris bed (melt pool) height, the 
local heat flux peaking values seems to be more comparable.  
 
Results of the PECM simulations describing the heat transfer of melt pool formation in the 
lower plenum show that the thermal attack leading to thermal creep from a debris bed (melt 
pool later on) with a height less than 0.7m may be avoided by the CRGT cooling. Heat 
transfer by radiation from the vessel wall to the CRGTs is rather small, but may keep the 
vessel wall temperature under the thermal creep limit. A large debris bed (melt pool) with a 
height exceeding 0.7m formed in the lower plenum may impose a high heat flux to the 
vessel wall close to the top surface of the debris bed (cake), causing vessel wall thermal 
creep in this area. 
 
The CRGT cooling, can be an avenue for effective heat removal in the case of melt pool 
formation in the lower plenum and plays an important role in protection of the vessel wall 
from thermal attacks. 

7.5.   Discussion of uncertainty  

The ECM and PECM-based simulations of heat transfer in the debris bed and melt pool 
formed in the lower head were made possible by using several assumptions for the thermal 
conditions at the boundaries of the computational domain and for the effective physical 
properties (e.g., thermal conductivity, thermal expansion) of the debris materials, the 
molten corium and the mushy zone. We also assumed that Instrumentation Guide Tubes 
(IGTs) present in the BWR lower head do not significantly affect the heat transfer in the 
unit volume. Furthermore, the IGTs are plugged by either the metallic or oxidic materials, 
thus inhibiting melt release from the RPV through the failed IGTs. In future, the analysis of 
the BWR lower head will include the RPV (as was done for the PWR case), where thermal 
boundary conditions (cooling from the RPV external wall) can be specified robustly and 
rather accident-scenario-independent. The uncertainties in corium properties (in liquid, 
mushy, solid and porous states) can be reduced with the availability of corresponding data. 
However, given the value range of the relevant properties, the significance of their 
uncertainties is judged to be far less important than the uncertainties in an accident 
progression scenario. In fact, it should also be noted that the cases presented in the present 
study only consider a highly simplified configuration of the core melt in the lower plenum, 
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namely the transformation of a homogeneous debris cake into a homogeneous melt pool. 
Accident sequences in a LWR are expected to involve stratified cakes and melt pools, 
where the material and decay heat distributions are heterogeneous, space-dependent and 
evolving in time. While the ECM method developed in this study allows one to account for 
such heterogeneities in the analysis of heat transfer in the lower plenum, the scenarios of 
the melt relocation must be provided as an input. We envision that the PECM-based 
mechanistic simulation can be coupled with a severe accident system code (e.g. MELCOR, 
ASTEC) to leverage on the strength of the two methods.  
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Chapter 8 

Future work 

8.1.   Extension of the ECM to metallic layer 

During an accident scenario, it is possible that a stratified molten pool is formed in the 
lower plenum (sub-section 2.3.2). The main purpose of the ECM extension to a metallic 
layer is to enable prediction of energy splitting and thermal loads on the vessel wall and the 
other structures (CRGTs) in a stratified melt pool configuration. 
 
The scenario to be simulated may start with a stratified molten pool including a metallic 
layer on top (Figure 2.3). The initial temperatures of the oxidic molten pool and metallic 
layer should be chosen appropriately to reflect possible parameter ranges of a hypothetical 
accident scenario. The steady state is not the only interest for prediction, it is important also 
to capture transient behavior of a stratified melt pool. The thickness of the metallic layer 
can be varied, depending on relocation scenarios, to study if the focusing effect is observed 
in a BWR. Boundary conditions to be applied for simulation cases should be based on the 
practical conditions of a BWR. 
 
To implement the ECM method to a metallic layer, the task is to choose heat transfer 
correlations for the bottom surface, the top surface and the inclined surface along the vessel 
wall. The Globe-Dropkin correlations can be selected for heat transfer coefficients of the 
bottom and top metallic layer surfaces. However, the Globe-Dropkin correlations were 
obtained from a layer with uniform heat flux applied to the bottom surface. In practice, we 
deal with combined heat transfer from the oxidic pool to the metal layer, for which the heat 
flux applied to the bottom wall may not be uniform. The heat flux from the oxidic pool to 
the metallic layer varies in space and time. A study of the influence of the heat flux 
variation on the heat transfer of the metallic layer is needed. 
 
The surface-averaged correlation of Churchill and Chu [11] can be selected for the average 
heat transfer coefficient along an inclined surface. In the reality, the heat transfer from the 
metallic layer to an inclined surface obeys the development of the boundary layer. The 
corresponding correlation to be used in the ECM should reflect the spatial profile of heat 
transfer along an inclined surface. We envision a CFD simulation study to qualify 
appropriate correlations or methods for describing heat transfer along the vessel wall. 

8.2.   Coupling of thermal and mechanical creep analyses 

In a previous study of Willschuetz [29], the lower vessel plenum of PWR was modeled 
with structural elements considering the material behavior at high temperature. The finite 
element method (FEM) code ANSYS was used to simulate mechanical creep of the lower 
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plenum with supplemental routines (User Programmable Features - UPFs) for the creep and 
damage modeling. The following loads were considered within the mechanical calculation: 

- Internal pressure; 

- Gravity; 

- Temperature field in the vessel wall. 

The temperature field of the vessel wall depends on heat transfer of the molten pool, which 
was simulated using the effective conductivity model, in combination with modeling of 
crust layers with different thicknesses, covering a molten pool (sub-section 3.1.5). However, 
due to the limitations of the applied method in heat transfer modeling, the temperature 
behavior of the molten pool may not be correctly reflected in other different geometries and 
conditions. 
 
In our future studies, the ECM method will be used to model heat transfer of the molten 
pool in a BWR lower plenum, with addition of the internal pressure and gravity loads 
modeling, to study the mechanical behavior of the BWR lower plenum and its internal 
structures (i.e. CRGTs and IGTs). 

8.3.   Porous media heat transfer and gap cooling 

Porous media heat transfer and gap cooling (in case the late water injection to the reactor is 
provided) may take place in a debris bed formed in the lower plenum (Figure 8.1). A 
porous layer may exist to be adjacent to a continuous crust. Due to poor contacts between 
the debris bed and the vessel wall, or the vessel deformation during a transient process, a 
narrow gap may be formed in-between the porous layer/crust and the vessel wall. Narrow 
gaps and porous layers may be also formed on the CRGT walls. 
 

               
Figure 8.1: Model of porous media heat transfer and narrow gap cooling. 
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In such a configuration, the heat from the melt pool is transferred through the porous media 
and gap to the vessel wall and the CRGTs. Porous media heat transfer can be modeled by 
an effective conductivity determined by volume weighting of the solid conductivity and 
fluid conductivity (conductivity of steam, air or gas). For debris with an overlaying water 
pool, it is possible that the water permeates into the gaps, and boiling heat transfer may take 
place. Although the gaps can be narrow and water penetration length into the gap can be 
limited, boiling heat transfer play an important role in reducing the vessel wall temperature 
in these locations, which are typically a subject to a high heat flux from the melt pool. 
Taking into account the effects of porous media heat transfer and narrow gap cooling 
(boiling heat transfer) will increase the reliability of heat transfer simulations. 
 
It is useful to develop and implement simplified models of porous media heat transfer and 
gap cooling into the ECM-base simulation platform. The simplicity of the ECM method 
should allow implementing such models. However, the problem that remains is to look and 
to find out appropriate models of porous media heat transfer and narrow gap cooling. The 
size and depth of the porous media layers and gaps also remain uncertain if we consider 
implementing such models into the ECM-base simulation platform. 

8.4.   Evaluation of corium coolability and in-vessel retention capability in a BWR 

Since in a BWR the CRGTs can be used as a mitigative SAM measure to cool the corium 
pool formed during accident progression in the lower plenum, we see that in-vessel 
retention is of a high potential to be achieved for BWRs. Evaluation of the in-vessel 
retention capability of a BWR will be based on the Risk Oriented Accident Analysis 
Methodology (ROAAM) [61]. 
 
The calculations using the severe accident codes (e.g. MELCOR, ASTEC) provide detailed 
information about relocations and melt constituent mass distributions in the lower plenum 
during accident progression. As an example, we present a MELCOR calculation for a 
station blackout scenario of an ABB-Atom BWR in Appendix B that shows the variations 
of the melt constituent masses in the lower plenum. More accident scenario analyses will be 
performed to provide information for corium relocations to the lower head. Evaluation of 
the corium coolability will be based on the ECM, PECM calculations. A number of 
calculations using the ECM and PECM will be performed for different melt masses under 
different severe accident conditions. In addition, the predicted heat fluxes from the debris 
bed (melt pool) to the CRGTs will be checked with the critical heat flux under different 
water flowrates (nominal and enhanced) in the CRGTs. A similar study is reported in sub-
section 5.3.2., where the heat flux to a CRGT is calculated using CFD method and 
compared with the critical heat flux (Appendix A). Further, if the CRGT cooling is 
insufficient for the in-vessel coolability and retention, an outside cooling of the lower 
plenum by water will be also taken into consideration. 
 
Applying the ROAAM into the evaluation of the BWR in-vessel retention, in the 
probabilistic framework we plan to apply MELCOR code, ECM and PECM tools to 
determine the probability distribution function for key scenario parameters, namely volume 
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of oxidic pool; power density; mass of the upper steel layer; emissivity of the pool surface;  
heat fluxes (to the CRGTs and the vessel wall); the CRGT critical heat flux; lower plenum 
outer surface critical heat flux (if outside cooling is available); and the vessel wall thickness.  
 
 The analysis shall also provide the probability of exceeding the critical heat flux; and 
failure of the vessel wall due to creep or other mechanisms. 
 
If Probability Distribution Functions (PDFs) show that the probability of vessel failure is 
remote and speculative, i.e. such an outcome is physically unreasonable, and then there is a 
basis to develop the CRGT cooling as a severe accident management measure to enable in-
vessel retention in BWRs. Otherwise, additional measures of cooling, e.g. an outside 
cooling of the lower head for a BWR, may be needed to ensure the coolability of a melt 
pool in the lower head.   
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Chapter 9 

Conclusions 

This Thesis presents the development, validation and applications of the effective 
convectivity model (ECM) for simulations of melt pool heat transfer. The ECM has 
advanced the effective convectivity conductivity model (ECCM), previously developed at 
KTH-NPS [25], and has been extended to phase-change problems (PECM) to enable 
simulations of heat transfer of melt pool formation in a LWR lower plenum. The 
development of the ECM and PECM has been also based on the insights gained from a 
computational fluid dynamics (CFD) study on turbulent natural convection heat transfer of 
an internally heated volume. The ECM method has been implemented in the Fluent code. 
The established ECM and PECM tools are found to be effective and satisfactory in meeting 
the challenging requirements in melt pool heat transfer simulations. 
 
In Chapter 5, the CFD method is presented with validations against the existing 
experimental data on heat transfer. It was established that for the heat transfer simulations, 
the CFD method based on a high-resolution grid to effectively represent a large eddy 
simulation (LES) without an explicit sub-grid scale (SGS) model is able to describe 
turbulent natural convection heat transfer in an internally heated volume. The CFD method 
was applied to a unit volume, which is an enveloped melt pool surrounding a CRGT. The 
results of the CFD simulations show that the sideward heat transfer to an inclined surface 
obeys the development of the boundary layer along the surface. The results of the CFD 
simulations also reveal that downward heat flux has a peak value in the region where the 
descending boundary flow impinges on the bottom cooled wall. These phenomena are due 
to the low Prandtl number of the corium. It was identified that for a melt pool formed in the 
BWR lower plenum, where the CRGTs are cooled by inside water, the corium’s descending 
flows along the CRGTs may threaten the integrity of the vessel wall, due to high local 
downward heat flux.   
 
In Chapter 6, the development, validation of the ECM and PECM tools are presented. It has 
shown that the ECM and PECM can be easily implemented in a commercial CFD code. 
Simplicity of the PECM allows us to implement various types of dependency of the fluid 
velocity in a mushy zone, and to parametrically investigate the effect of mushy zone 
modeling.  The implementation of the ECM and PECM in a commercial CFD code allows 
us to take all advantages of the CFD code, to use effectively pre- and post processing tools 
of the code. Furthermore, the adaptive mesh refinement (AMR) technique of the code can 
be used to refine a mesh automatically to increase the reliability of the simulation. Less 
time-consuming of the ECM and PECM allows using the AMR. Validations of the tools 
have been performed using a dual approach, i.e. comparison with the experimental data and 
with the results predicted by the CFD method (for some specific geometry). The ECM and 
PECM simulations have shown that the ECM and PECM methods can produce results in 
good agreement with the experimental data and with the CFD predictions. The ECM and 
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PECM simulations also showed that the ECM and PECM tools are indeed computationally 
efficient and hence suitable for engineering analysis. 
 
In Chapter 7, the ECM and PECM applications are documented. The ECM simulations 
were performed for enveloped melt pools in a BWR lower plenum slice. The ECM 
predicted the superheats of 78K and 93K for melt pools with 1.0m and 1.4m height 
respectively. The simulations also indicate that the heat flux to the vessel wall is much 
lower than the heat flux to the CRGTs. Due to its high contribution of heat removal, for a 
shallow melt pool in the lower plenum, the CRGT cooling offers a potential of an important 
mitigative measure in BWRs. PECM simulations were performed for a unit volume of a 
debris bed (cake) and for a slice of the BWR lower plenum. The PECM simulations well 
capture transients of heat fluxes and temperatures of melt pool formations in the lower 
plenum. Results of the simulations show that if the height of a debris bed (melt pool) 
formed in the lower plenum is less than 0.7m, the CRGT cooling may be able to keep the 
vessel wall intact. In the case of a deeper melt pool, vessel failure may occur, due to melt-
through adjacent to the pool upper corner.  
 
Directions for future work are discussed in Chapter 8. The ECM method should be 
extended to enable simulations of heat transfer of stratified melt pools. The models can be 
coupled with a mechanical model to analyze thermal-mechanical creep of a BWR lower 
plenum. It is envisioned that the PECM can be improved by introducing a model of porous 
media heat transfer and a model of gap boiling heat transfer. Further, the ECM and PECM 
can be used to calculate different accident scenarios to evaluate the coolability of the BWR 
lower plenum, in order to quantify the probability of the vessel failure. Such analysis 
provides input much needed for the planned assessment of in-vessel retention potential in a 
BWR using the risk oriented accident analysis methodology (ROAAM). 
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Appendix A 

Critical Heat Flux Correlations 

The main purpose of the Appendix is to introduce the methods of Critical Heat Flux 
(CHF) calculations. These methods are used to calculate the CHF of the forced 
convection boiling in the Control Rod Guide Tubes (CRGTs). The obtained CHF is then 
compared with the predicted heat flux from the melt pool to the CRGTs, so as to 
determine the coolability limit of the CRGT cooling. Namely the CHF calculations and 
thermal load predictions allow us to evaluate the effectiveness of the CRGT cooling. 
 
Two methods of CHF calculations are presented here: the first method is based on the 
Groeneveld-Kirillov look-up table [47] and the second method is using Katto’s CHF 
correlations [48] for the forced convection boiling in vertical uniformly heated annuli. 
The lower value of the critical heat fluxes predicted by the two methods is used for 
further analyses. 

a) Groeneveld-Kirillov look-up table  

The steam quality along an outside-heated vertical concentric annulus can be evaluated as 
follows: 
 

anlLG

subcoolpanltubes

GSh
TCGSHdq

x
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=
π

  (A.1) 

 
where qs is the heat flux imposed to the annulus (W/m2), dtube is the outside diameter of 
the annulus (m), H is the annulus height (m), G is the water flow rate (kg/m2.s), Sanl is the 
cross section area of the annulus (m2), ∆Tsubcool is the subcooling of the inlet water (K), 
and hLG is the latent heat of vaporization (J/kg). If we apply the realistic CRGT heat flux 
and the CRGT annulus geometry to equation (A.1), then the dependency of the exit steam 
quality on the height of the outside-heated vertical annulus under different water flow 
rates is as shown in Figure A-1. 
 
Given the steam quality, pressure and water flow rates, the critical heat flux is estimated 
by using the look-up table of Groeneveld and Kirillov [47]. Since the critical heat fluxes 
in the look-up table are obtained for tubes of 8mm diameters, a correction as described by 
equation (A.2) is needed for calculations of critical heat fluxes in larger diameter tubes. 
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Here dtube is defined as a heated equivalent diameter. In the case of greater than 25mm 
diameter, a correction of 0.63 is recommended. Applying the correction, the CHF of 
water flow along the vertical concentric annulus of a CRGT is estimated as 0.63 times of 
the CHF obtained using the look-up table for an 8mm inside diameter tube. 
 

 
Figure A-1: Steam quality along an outside-heated vertical annulus for different water 

flow rates (water subcool is 60K, pressure is 3 bars). 
 

b) Katto’s critical heat flux correlations for vertical concentric annuli  

The second method of determining CHF is using Katto’s correlations [48]. The critical 
heat flux is defined as follows: 
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where ∆hL,inlet is the change of enthalpy of water from its subcooled inlet temperature to 
its saturation temperature and qcrit,i is the reference critical heat flux.  
 
If we define the following variables: 
 

15 kg/m2s 
20 kg/m2s 
25 kg/m2s 
45 kg/m2s 
50 kg/m2s 
55 kg/m2s 
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where z is the tube length (m); ρG and ρL are the steam and water densities (kg/m3), 
respectively; dhe is the heated equivalent diameter (m), which is defined as follows for the 
vertical concentric annulus with outside heating:  
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where dint and dout are the annulus’s inside and outside diameters, respectively.  
 
Then the reference critical heat fluxes qcrit,i and parameter Ki are defined as follows: 
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The value of C is given by: 
 

C = 0.25 for Z < 50 
C = 0.25 + 0.0009(Z-50) for 50 < Z < 150    (A.14) 
C = 0.34 for Z > 150 
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The appropriate choice of expressions for qcrit,i and Ki is determined as follows: 
 
For R < 0.15: 
 
  If qcrit,1 < qcrit,2    then qcrit,i = qcrit,1 
  If qcrit,1 > qcrit,2 and qcrit,2 < qcrit,3 then qcrit,i = qcrit,2 
  If qcrit,1 > qcrit,2 and qcrit,2 > qcrit,3 then qcrit,i = qcrit,3 
 
 
  If K1 >  K2    then Ki = K1 
  If K1 < K2    then Ki = K2 
 
For R > 0.15: 
 
  If qcrit,1 < qcrit,5    then qcrit,i = qcrit,1 
  If qcrit,1 > qcrit,5 and qcrit,5 > qcrit,4 then qcrit,i = qcrit,5 
  If qcrit,1 > qcrit,5 and qcrit,5 < qcrit,4 then qcrit,i = qcrit,4 
 
  If K1 >  K2    then Ki = K1 
  If K1 < K2 and  K2 < K3  then Ki = K2 
  If K1 < K2 and  K2 > K3  then Ki = K3 
 
The critical heat flux correlations cover the following conditions: 
 

0.01 < z < 8.8m 
0.001 < dhe < 0.038m 
5 < Z < 880 
0.0003 < R < 0.41 
3x10-9 < W < 0.02 
0.4 < ∆hLG < 39.9 kJ/kg 
 

Based on the equations (A.3 - A.14), CHF can be calculated depending on the height of 
the outside-heated vertical concentric annulus. 
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Appendix B 

MELCOR calculation masses of oxidic and metallic 
components relocated in a BWR lower plenum 

In this Appendix we present the variations of the melt constituent masses in the lower 
plenum during the accident progression, based on a MELCOR calculation for a station 
blackout scenario of an ABB-Atom BWR. The main purpose is to provide the transient 
distributions of melt components and their mass which can be used to guide selecting 
parameters of the melt pool configurations in the lower plenum for the ECM and PECM 
simulations. 
 
The calculation was performed for an ABB-Atom BWR. The flowing input data and 
criteria were used:  
 

Table B-1: Some input data of the MELCOR calculation for an ABB-Atom BWR 

 

The vessel failure criterion used is penetration melt-through temperature of 1625K. This 
criterion is based on the recommendation of the MELCOR code development team at 
Sandia National Laboratory (SNL).  

 

Figure B-1 shows the nodalization (configuration) of the core and lower plenum. The 
lower plenum can be represented by 15 cells (regions) situated in three layers of L1, L2 
and L3. In other words, each layer is divided radially into 5 cells. The followed figures 
illustrate the mass changes of components of the corium melt in each cell of the lower 
plenum. 

Parameters Values 
Thermal capacity, MW 3300 
Total mass of UO2 in the reactor, kg 139510 
Zircaloy in claddings, kg 30275 
Mass of Zr in canisters (boxes), kg 22400 
Mass of Inconel in spacers, kg 604.8 
Mass of steel in the non-supporting 
structures, kg 

24253 

Mass of steel in cruciform control rod 
blades, kg 

16275 

Mass of steel in supporting structures 
(CRGTs), kg 

37726 

Mass of steel in the core, kg 93360 
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Figure B-1: Layers and cells in lower plenum nodalization. 

 



 
Figure B-2: Fe mass in cells of layer L1. 

 
Figure B-3: Fe mass in cells of layer L2. 
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Figure B-4: Fe mass in cells of layer L3. 

 

 
Figure B-5: FeO mass in cells of layer L1. 
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Figure B-6: FeO mass in cells of layer L2. 

 

 
Figure B-7: FeO mass in cells of layer L3. 
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Figure B-8: Inconel mass in cells of layer L1. 

 

 
Figure B-9: Inconel mass in cells of layer L2. 
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Figure B-10: Inconel mass in cells of layer L3. 

 

 
Figure B-11: UO2 mass in cells of layer L1. 
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Figure B-12: UO2 mass in cells of layer L2. 

 

 
Figure B-13: UO2 mass in cells of layer L3. 
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Figure B-14: Zr mass in cells of layer L1. 

 

 
Figure B-15: Zr mass in cells of layer L2. 
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Figure B-16: Zr mass in cells of layer L3. 

 

 
Figure B-17: ZrO2 mass in cells of layer L1. 
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Figure B-18: ZrO2 mass in cells of layer L2. 

 

 
Figure B-19: ZrO2 mass in cells of layer L3. 

 


