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Abstract 
 

The present paper discusses an approach to reduction of uncertainty in prediction of transient 
thermal loads imposed on the boiling water reactor (BWR) lower head vessel wall during a severe 
accident. The approach is built on synergistic use of computational fluid dynamics (CFD), experimental 
data and the effective convectivity model (ECM) which has been developed for simulation of melt pool 
heat transfer. 

The paper focuses on synergistic use of detailed CFD numerical “experiments”, experimental and 
ECM data to identify and quantify sources of epistemic uncertainty due to modeling assumptions in the 
ECM. Specifically, heat transfer correlations that underlie the ECM, obtained as surface-averaged (even 
though implemented as spatially distributed) and derived from experiments conducted at different 
geometries and using fluids that are not reactor prototypical (molten corium) are examined. Previous CFD 
simulations have revealed so-called low fluid Prandtl number effect on local peaking of the pool’s 
downward heat flux for corium as working fluid. Detailed data obtained by the CFD method are 
implemented in the Phase-change ECM (PECM) models to examine the integral heat transfer effect on the 
vessel wall. The PECM is also employed to assess the influence of the experimental error uncertainty 
related to the downward heat transfer correlation. PECM simulation results show that the modeling 
uncertainty is significant factor in prediction of the integral heat transfer effects. The proposed approach 
offers an effective strategy for uncertainty reduction with minimal available resources. 

1. INTRODUCTION 

During the last years, one of the important research topics in the division of Nuclear Power Safety, 
KTH is to study the possibility of using the control rod guide tube (CRGT) purge flow as a severe accident 
management (SAM) measure for Swedish boiling water reactors (BWRs). Namely CRGTs cooled by the 
purge flow may help to remove effectively the decay heat from the corium melt relocated in the lower 
plenum and thus delay or even prevent vessel failure (Tran and Dinh, 2008) leading in the last case to in-
vessel melt retention. Reliable and computationally efficient prediction of transient melt pool formation 
and thermal loads on the vessel is necessary for evaluation of the CRGT cooling efficiency and for 
determination of vessel failure modes (Rempe et al., 1993). Timing of the vessel failure and melt 
discharge characteristics is of paramount importance for the ex-vessel melt risk quantification in the 
Swedish BWR with a deep water-filled reactor cavity (Kudinov et al., 2008). 

Melt pool heat transfer simulations can be performed using the CFD methods, and lumped-
parameter models implemented in system codes such as RELAP/SCDAP (RELAP/SCDAP-3D, 2003), 
MELCOR (Gauntt et al., 2005). The high-resolution computational fluid dynamics (CFD) method is a 
uniquely tool capable to gain the insights into flow physics and to reveal and examine local fluid flow and 
heat transfer effects. However, the CFD method is computationally expensive and thus not feasible in 
many cases for direct application to solution of nuclear reactor safety problems, such as severe accident 
analysis. In contrast, simplified models which are more suitable for analysis of long transient processes 
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often lack the capability to resolve important details, including local heat transfer effects. For example 
severe accident analysis codes such as RELAP/SCDAP, MELCOR, MAAP (MAAP4, 1999) are not 
capable to predict detailed mechanics of vessel failure modes due to limitations of lumped-parameter 
models for describing natural convection heat transfer of a melt pool. 

Aiming at the development, validation and application of computationally efficient and sufficiently 
accurate tools for prediction of core melt pool heat transfer in a BWR lower head, a “five steps” approach 
has been proposed recently (Tran et al., 2010). The general framework is presented in Fig. 1 where the 
CFD method is an important tool for understanding flow physics, especially the local heat transfer effects, 
and generation of data for validation purpose. 
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Fig. 1: A framework for development, validation and application of analysis methods for core melt pool 
heat transfer in a BWR lower head (Tran et al., 2010). 

The effective convectivity model (ECM) and Phase-change ECM (PECM) have been developed for 
simulation of turbulent melt pool heat transfer in a BWR lower plenum (Tran and Dinh, 2009a, 2009b). 
Computational efficiency of the ECM/PECM methods is achieved by eliminating necessity of solving the 
full system of Navier-Stokes equations for predicting convective heat transfer. Instead the ECM is solving 
heat conduction equations with a source term which represents the effect of melt convection on the pool 
three-dimensional energy splitting. The accuracy of the ECM models is maintained by the use of the 
experimental heat transfer correlations which capture the effects of turbulent natural convection in a 
volumetrically heated liquid pool, while retaining a capability of the ECM to represent local heat transfer 
effects. Specifically the ECM and PECM use the directional characteristic velocities employing the 
Steinberner-Reineke correlations (Steinberner and Reineke, 1978) to represent turbulent heat fluxes 
upwards, sideward and downwards from an internally heated volume to its cooled boundaries. 

Validated CFD tools are exploited in the development of the ECM for two purposes. First is to 
translate experimental information and correlation obtained in the tests with reduced scale, non-prototypic 
geometry and melt properties to the conditions of heat transfer in real geometry of BWR lower plenum. 
Second is to provide data for validation of the ECM, when applying to BWR specific geometry and melt 
properties. Insights and data obtained from the CFD simulations are used to modify ECM correlations 
(closures) in order to account for non-uniform spatial distribution of heat flux in a complex geometry of 
the lower head. Thus information about the effect of micro-scale turbulent heat transfer phenomena 
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resolved in the CFD is implemented in the macro-scale ECM model through the modified closures. 
Fortunately the physics of the systems allows us to use pre-calculated closures and no two-ways coupling 
with feedback between micro-scale turbulent fields (resolved by CFD) and macro-scale (resolved by 
ECM) heat transfer characteristics is not necessary. 

To take all the advantages of a commercial CFD code solver and its pre- and post processing tools, 
the ECM is implemented in the Fluent (Fluent, 2006). However, the effective models like ECM/PECM 
can be implemented and used with any other computational engines, including the advanced system codes 
that have 3D meshing and parabolic heat equation solver. 

The ECM enables calculations of complex heat transfer phenomena during long transients thanks to 
its unique combination of computational efficiency and reasonable accuracy. Parametric studies based on 
serial simulations using higher-fidelity methods, such as CFD are not practical due to excessive 
computational costs. Predictive capability of the ECM and PECM has been validated against a large 
number of experimental and CFD generated data (Tran et al., 2010). The validation matrix covers a wide 
spectrum of physical phenomena involved in melt pool heat transfer: transient heat transfer including 
transient cooldown; turbulent natural convection; stratification; boundary layer development; flow 
impingement; phase change and crust formation. A wide range of Rayleigh number including reactor 
prototypic conditions and different fluids (Prandtl number) are considered in the validation including 
corium melt behavior predicted by high resolution, validated CFD method. 

In the present work we address the uncertainty in ECM/PECM prediction of heat transfer 
characteristics in prototypical accident conditions. General approach to the uncertainty/sensitivity analysis 
in nuclear power safety is based on the code scaling, applicability and uncertainty (CSAU) evaluation 
methodology (Boyack et al., 1990; Wilson et al., 1990; Wulff et al., 1990), and the best practice guidelines 
proposed in NEA/CSNI/R(2007)5 report (Mahaffy et al., 2007). Followed the methodology proposed in 
the CSAU, a number of methods for uncertainty quantification have been developed, see IAEA Safety 
Reports Series 52 (D’Auria et al., 2008), among them the GRS (Glaeser, 2008), ENUSA, IPSN (D’Auria, 
2006), CIAU (D’Auria, 2004) methods are widely used for uncertainty analysis of general thermal-
hydraulic system codes (e.g. RELAP/SCDAP, CATHARE). 

Generally, uncertainties can be classified into two types, the aleatory uncertainty which is stochastic 
and epistemic uncertainty which is due to imperfect knowledge. The epistemic uncertainty is quantifiable 
in relation with state-of-knowledge and can be reduced through enhancement of state of relevant 
knowledge (Theofanous, 1996; Yamaguchi et al., 2009). Aleatory uncertainties are of stochastic nature 
and thus cannot be reduced by increasing knowledge about phenomena. Non-reducible aleatory 
uncertainties can be a component of scenario uncertainty or modeling uncertainty, e.g. experimental errors 
in correlations. Quantification of the aleatory uncertainty requires systematic parametric studies and thus 
high computational efficiency of the models. Epistemic uncertainties in ECM/PECM modeling can be 
reduced if higher-fidelity models can be applied to understand better the underlying physical phenomena. 
Thorough comparative analysis of numerous sources of uncertainty in the in-vessel accident progression is 
beyond the scope of the present paper. The present study is concerned with three sources of uncertainty. 
First, the properties of molten core materials which are dependent on the extent and timing of core melting 
and relocation to the reactor lower plenum define heat exchange between the pool and the vessel wall. 
These properties define so called low Prandtl number effect which changes the local heat transfer 
characteristics (Nourgaliev et al., 1997; Tran et al., 2010). Second, amount of melt mass relocated in the 
lower plenum also depends on scenario of core damage and defines the melt pool depth and resulting 
thermal loads on the vessel wall (scaling effects). The third is experimental errors uncertainty which is 
present in the correlations employed in ECM/PECM model. 

These three sources of uncertainty are considered to demonstrate application of the developed 
approach. We discuss results of CFD simulations which address uncertainties associated with scaling 
effects and corium melt Pr number. Then we present results of PECM sensitivity to experimental errors 
accounted in the correlations and results of simulations with improved models which take into account 
low Pr number effect. The proposed approach is supplementary part to the general approach to numerical 
simulations and analysis of severe accidents in a BWR lower head (Fig. 1). 
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The structure of the paper is as follows. In Section 2, the schematic diagram of the approach to 
uncertainty reduction is described. Section 3 focuses on using of the CFD method for sensitivity analysis 
and model uncertainty quantification, the main results of the CFD study and insights into flow physics are 
presented. Section 4 is concerned with model improvement based on the detailed local heat transfer effects 
obtained by the CFD method. Integral heat transfer effects are quantified with improved PECM 
simulations of melt pool formation and development heat transfer in a BWR lower head. The influence of 
the experimental errors on the integral heat transfer effect is also examined using the PECM. Section 5 
summarizes the key findings and messages of the paper. 

2. SYNERGISTIC USE OF CFD, EXPERIMENTS AND PECM FOR REDUCTION OF 
UNCERTAINTY 

This section describes the approach where the high-fidelity CFD methods and experimental data are 
used to reduce epistemic uncertainty in the ECM/PECM modeling of heat transfer in the BWR lower 
plenum during accident progression. Then it is demonstrated how high computational efficiency of the 
ECM/PECM enables us to address aleatory uncertainty in the accident scenario. 

The CFD methods are indispensable for investigating complex flow physics, can be used to perform 
“numerical experiments” and obtain useful data which could not be acquired experimentally. However, 
high-fidelity CFD simulations are very expensive, thus not directly applicable to simulation of long 
transients in nuclear reactor accidents. Meanwhile the accident analysis models (e.g. correlation-based 
methods) which are more efficient are not capable for revealing local heat transfer effects. 

In this paper, an approach to effective use of the CFD method, experiments and the ECM/PECM is 
developed, aiming at reduction of uncertainty in BWR safety analyses (Fig. 2). The approach is based on 
synergistic leveraging on the inherent advantages of both the CFD methods and the accident analysis 
methods. 

The approach focuses on Step V of the previously proposed method (Fig. 1), namely reduction of 
uncertainty in thermal load prediction using the ECM/PECM. In the first stage, sources of uncertainty are 
identified, divided into modeling uncertainty and scenario uncertainty, and ranked according to their 
significance and cost of reduction (as epistemic uncertainty) or quantification (as aleatory uncertainty). 
Decision on whether to treat particular source of uncertainty as epistemic or aleatory is conditional upon 
the available resources and task at hands. 

For instance, the important parameters which govern melt pool heat transfer (the task at hands) are 
melt properties and melt pool’s scales. Particular scenario of core degradation defines both melt amount 
and composition in deterministic way. Thus uncertainty in core degradation scenario can be considered as 
epistemic, which would imply then significant investment of resources into reduction of such 
phenomenological uncertainties as core melt heatup, oxidation, progression and relocation to the lower 
plenum, boiling heat transfer in porous media, melt chemical interaction, vessel penetrations failure etc. 
However, the influence of melt amount and composition can be quantified at much less cost if these 
parameters are considered as aleatory parameters. Therefore we put detailed analysis of core degradation 
phenomena beyond the scope of the paper and use outcomes of these phenomenological processes (melt 
amount and properties) as uncertain aleatory parameters. 

Another source of modeling uncertainty considered in this work is experimental correlations which 
are used for modeling of natural convection heat transfer in the ECM/PECM. The uncertainty in 
prediction of integral heat transfer effect (i.e. the predicted thermal loads) can be significant if the 
experimental error uncertainty in the correlations is large. It is obviously not feasible to redo all 
experiments trying to reduce uncertainty in the correlations. Instead we use parametric study to assess and 
quantify sensitivity of integral thermal loads to the uncertainties in the correlations. Thus we treat this 
component in ECM/PECM modeling uncertainty as aleatory (quantifiable, but not reducible). 

The local heat transfer effects can be in principle affected by the scenario parameters, namely melt 
property, i.e. the corium melt Pr number, and pool scales (see Fig. 2). In the present work we consider the 
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uncertainty in local heat transfer phenomena as reducible at affordable price and therefore we decide to 
treat it as epistemic uncertainty in modeling. 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Schematic diagram of the uncertainty reduction approach applied in prediction of transient thermal 
loads on BWR lower head vessel wall. 

At the second stage (Fig. 2), the CFD method is employed to perform sensitivity analysis with the 
melt property parameter and melt pool depth ranges of interest. Thus the reliable CFD method is used for 
quantification of epistemic uncertainty in local heat transfer modeling. The model bounds are identified 
and quantified. The gained insights are used for improvement of the ECM. 

In the next stage, the modified ECM/PECM tools are used for quantification of the influence of (i) 
experimental error uncertainty on the integral heat transfer effects, and (ii) local heat transfer effect 
uncertainty (due to the Pr number effect and scale effect). The ECM and PECM are the tools which allow 
us to study the influence of local heat transfer effect on the resulting integral thermal loading due to melt 
pool heat transfer. 

Finally, the last block of the diagram presents application of the improved ECM/PECM, the 
uncertainty in thermal load prediction for BWR lower head is quantified. The proposed approach presents 
a synergetic use of the CFD method, in combination with the other tools to offer an effective way to 
reduce uncertainty in severe accident analysis. 

3. SENSITIVITY ANALYSIS USING CFD METHOD 

In the present work, the selected CFD method is the implicit large eddy simulation (ILES) 
(Margolin et al., 2006). The ILES method employs high resolution grids especially in the near wall 
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regions to effectively provide large eddy simulations without sub-grid scale (SGS) models. The ILES 
method was validated against various experiments (Tran et al., 2010). 

Considering a melt pool in the BWR lower plenum in the presence of CRGT cooling, it is seen that 
the BWR lower plenum can be divided into unit volumes. A unit volume is a rectangular cavity filled with 
corium melt, containing a CRGT and cooled at the top and bottom boundaries and on the CRGT surfaces 
(Fig. 3). It is assumed that the flow pattern and heat transfer in the unit volume are representative for the 
whole lower plenum. The boundary conditions applied for a unit volume are as follows. The top, bottom 
and CRGT walls are isothermal (corium melt liquidus temperature of 2770K is applied). On the vertical 
side surfaces of the unit volume symmetric adiabatic conditions are applied. Simulation start with uniform 
distribution of initial temperature which is liquidus temperature of the corium melt. All obtained ILES 
solutions are grid-dependent with about a million of computational cells. 

The CFD ILES simulations in unit volumes revealed the local heat transfer effect which is 
attributed for corium melt (Tran et al., 2010), and is called low Prandtl number effect (Nourgaliev et al, 
1997). That is, the downward heat flux from a melt pool to the vessel wall is locally enhanced, in the 
vicinity of CRGT which is cooled by water flow from the inside. The enhanced heat flux is significant, 
about 5-7 times higher than that of the peripheral areas where the heat flux is consistent with semi-
empirical (analytical) model (Fig. 4). The analytical model is based on the heat transfer coefficients along 
the cooled boundaries (Steinberner-Reineke correlations) and the unit volume geometry (Tran and Dinh, 
2009a). This effect is related to boundary layer flow development along the cooled CRGT and flow 
impingement on the bottom wall. 
 

 

Fig. 3: Unit volume geometry and grid resolution along the cooled boundaries. 

During the process of melt pool formation, the depth of melt pool can be increased as it depends on 
the mass of the relocated melt. Furthermore, in a debris bed, melt pools are formed gradually, further 
development of melt pools results in increasing of melt pool depth. It is therefore important to quantify the 
low Pr number effect on the downward heat flux for different pool’s depths. CFD simulations performed 
for three different values of the pool depth (0.3 m; 0.4 m and 0.6 m) show that the enhancement of the 
downward heat flux is less sensitive to the pool depth, and consequently to internal Rayleigh number (Fig. 
5). Therefore, this scaling effect will not be taken into account in the local downward heat transfer 
coefficient model for improvement of the ECM/PECM. 
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Fig. 4: Downward heat flux profiles predicted for three different fluid Pr numbers (Tran et al., 2010). 
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Fig. 5: CFD predicted downward heat flux profiles for different melt pool depths (different internal 
Rayleigh numbers). 

Prandtl number is the control parameter in the heat flux enhancement phenomenon. Clearly, 
dependent on the accident scenario, the homogeneous corium melt may have different fraction of metallic 
components. As a consequence, the corium Pr number is changed, largely is due to different thermal 
conductivities of the metallic components and oxidic melt. Thermal conductivity of the corium melt can 
be calculated as follows: 
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Where k cm is the homogeneous corium melt conductivity; f i
ox and k i

ox are the mass fraction and 
conductivity of oxidic i-component; f j

ml and k j
ml are the mass fraction and conductivity of metallic j-

component. The value of the corium Pr number depends on fraction of metallic components. The 
calculation based on data of a reference ABB-Atom BWR design shows that the corium Pr number may 
vary from the lowest value of 0.1 to the highest value of 0.6. To quantify the low Pr number effect with 
different Pr values, CFD simulations are performed for three different Pr number in the range of interest 
(Pr = 0.12; 0.28 and 0.56). Respective values of melt viscosity and thermal conductivity are: for Pr = 
0.56, µ=0.0046 [Pa·s] and k=3.95 [W·K−1·m−1]; for Pr = 0.12, µ=0.003 [Pa·s] and k=12 [W·K−1·m−1]. 

Three profiles of the downward heat flux obtained from CFD simulations for a unit volume of 0.4m 
height are presented in Fig. 6. It can be seen, the local peaked heat flux is lower for the lower bounding 
value of Prandtl number, however the area where heat flux enhancement is observed continues to grow 
when Pr decreases (Fig. 4, Fig. 6). In the vicinity of the CRGT, the peaked heat flux is about 7 times 
higher than that in the peripheral area for Pr = 0.56, while for Pr = 0.12, the peaked heat flux is about 5 
times higher than that in the peripheral area. Note that the heat flux value in the peripheral area (about 13 
KW/m2) remains unchanged and consistent with that of the analytical model. 
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Fig. 6: Downward heat flux profiles for different melt property (different fluid Prandtl numbers). 

Apparently the phenomenon of non-monotone influence of Pr number on the peaking value of 
downward heat flux (Fig. 4; Fig. 6) is a result of non-linear interplay between different factors. On the one 
hand, when Pr number is decreasing due to increasing melt thermal conductivity and decreasing viscosity 
a thicker and higher velocity boundary layer of gravity driven descending flow is formed along the CRGT 
(Fig. 7a). The thickness of thermal boundary layer grows by 50% when Pr decreases from 0.56 to 0.12 
(Fig. 7b) suggesting that contributions of turbulence and thermal conduction to the total heat transfer are 
comparable. The descending flow of cold melt also entrains hot liquid from the ambient pool (Fig. 7a, b). 
When the descending flow impinges on the bottom wall, it leads to intensification of the convective heat 
transfer in the vicinity of the vertical surface of cooled CRGT (see Fig. 8). Higher inertia of the downward 
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flow in case of Pr=0.12 leads to increase of the area where intensification of the convective heat flux is 
observed. On the other hand, in the stably stratified bottom layer, temperature of the entrained (bulk) 
liquid is reduced mostly because of the conduction, which is known as “alpha phenomenon” (Nourgaliev 
et al., 1997), melt superheat and thus difference between ambient and wall temperature decreases (Fig. 7a, 
b; Fig. 9) when Pr decreases. More detailed study of local flow and heat transfer conditions in the vicinity 
of flow impingement on the bottom wall is necessary to reach better understanding of these nonlinear 
phenomena. 
 

a)  

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

Distance from Cooled Surface, m

V
er

tic
al

 D
ire

ct
io

n 
V

el
oc

ity
, m

/s

Boundary Layer Velocity Profile 

Pr = 0.56

Pr = 0.12

 

b)  

0 0.02 0.04 0.06 0.08 0.1 0.12
0

10

20

30

40

50

60

70

Distance from Cooled Surface, m

T
em

pe
ra

tu
re

 (
 T

 -
 T

 W
A

LL
 )

, o  C

CRGT-Wall Normal Temperature Profiles 

 

 

Plane at 0.3m (Pr = 0.12)

Plane at 0.3m (Pr = 0.56)

Plane at 0.2m (Pr = 0.12)

Plane at 0.2m (Pr = 0.56)

 

Fig. 7: CFD simulation, profiles: a) Velocity magnitude at the middle horizontal plane of unit volume 
(vertical component of velocity); b) CRGT-wall normal temperature profiles at different elevations. TWALL 

is wall temperature. 
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Fig. 8: CFD simulation: Fluid velocity magnitude radial distribution above the bottom surface (average 
values at elevations of 1mm and 2 mm above the bottom wall). 
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Fig. 9: CFD simulation: Bulk fluid temperature distribution along vertical direction (Pr = 0.56 and Pr = 
0.12). 

Fig. 8 shows the fluid velocity magnitude above the cooled bottom surface. It can be seen that in the 
case of Pr = 0.12, the fluid is moving faster, over a broader area on the bottom surface, due to higher flow 
rate and inertia of the downward impinging flow. Therefore, the lower peaked value and broader area of 
the enhanced downward heat flux in the case of Pr = 0.12 is a result of a less amount, and a larger 
spreading area of the entrained hot liquid accumulated in the unit volume lower region. 
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To demonstrate the synergy of methods presented in the approach, in the next section, the PECM 
tool is employed to examine the influence of the local heat transfer effects revealed by CFD method, on 
the integral heat transfer effect, i.e. the transient thermal loads on the vessel wall. 

Two bounding profiles of the downward heat fluxes obtained by the CFD (Fig. 6) are implemented 
in the ECM/PECM for the downward Nusselt number model (Fig. 10). The lower bounding profile is for 
Pr = 0.1, the upper bounding profile is for Pr = 0.6. For the lower bounding profile, the peaking value of 
the downward Nusselt in the vicinity of the CRGT (Nu max) is 5 times higher than peripheral Nusselt 
number which is calculated by the downward Steinberner-Reineke correlation (Nu min). For the upper 
bounding profile, Nu max is 7 times higher than Nu min. The area where Nu is enhanced for the upper 
bounding case is narrower than that of the lower bounding case, according to the obtained with CFD data. 
The linear profile is applied for the Nusselt in the area where it changes from Nu max to Nu min. 
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Fig. 10: Different models of the downward Nusselt number implemented in the ECM. 

4. PECM SIMULATION TRANSIENT THERMAL LOADS ON THE BWR LOWER 
HEAD VESSEL WALL 

In this section, the PECM is applied for heat transfer simulations of melt pool formation in the 
BWR lower plenum. Thermal loads on the lower head vessel wall and subsequent transient vessel wall 
temperature are calculated. 3D slice geometry of the ABB-Atom BWR lower plenum is used for PECM 
simulations (Fig. 11). The slice is a segment of lower plenum, full of corium, containing 6 cooled CRGTs. 
Simulations with 3D geometry ensure that the local heat transfer effects are preserved. The corium inside 
the slice is connected below with the vessel wall which is 182 mm thick. 

We assume that a debris bed of 0.7m thick (about 25 tons of melt) is formed in the lower plenum. 
Due to inadequate cooling, the debris bed is heated up and remelted. Melt pools are forming in the midst 
of cooled CRGTs inside the debris bed, developing and merging together to form a common melt pool 
which is assumed to be homogeneous. It is assumed that water is spilled out of CRGTs and is available on 
top of the debris bed. Therefore, the boundary conditions applied to the slice are as follows. The debris 
bed top, CRGT surfaces are isothermal with boiling temperature at 3 bars. The vessel external surface is 
insulated, therefore, a small heat flux is allowed (about 20 W/m2). Other boundaries are either adiabatic or 
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symmetric. Simulations are performed with the assumption that instrumentation guide tubes are intact 
during the accident progression, do not influence melt pool heat transfer. 
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Fig. 11: 3D slice geometry of the ABB-Atom BWR lower plenum (H = 0.7 m). 

Table 1 shows the PECM simulation matrix which includes sensitivity analysis to the experimental 
errors (15%) and uncertainty analysis with improved models based on the insights gained from the CFD 
sensitivity analysis data. Different downward heat transfer coefficient models defined for PECM 
calculations are as follows. In the base case, namely the correlation-based model, the downward heat 
transfer coefficient is calculated using the original downward Steinberner-Reineke correlation. In the other 
cases, the downward heat transfer coefficient is modified according to the models described in the table. 

Table 1: PECM simulation matrix with different models of downward Nusselt number 

Type of analysis Downward heat transfer coefficient model 

Sensitivity analysis with 
experimental errors (±15%) 

85% of downward Steinberner-Reineke correlation 

100% of downward Steinberner-Reineke correlation 

115% of downward Steinberner-Reineke correlation 

Uncertainty analysis with 
improved models (based on the 
insights gained from CFD study) 

Lower bounding Nu profile (Pr = 0.1) 

Correlation-based model (no modification of Nu) 

Upper bounding Nu profile (Pr = 0.6) 

 
Results of the PECM simulations according to the simulation matrix show that integral energy 

splitting in the formed melt pool is insensitive to different models of the downward heat transfer 
coefficient. The transient upward heat flux from the debris bed (and melt pool later on) to the top cooled 
surface where water is available is nearly identical to the sensitivity analysis (with experimental errors of 
15%). Even with different Nu profile models the transient heat flux is merely changed, about 1.6% (Fig. 
12). PECM simulations for different Nu profile models show that the transient surface-averaged heat 
fluxes to the cooled CRGTs for 12.5 hours are not significantly changed (Fig. 13). The difference between 
the base case (correlation-based Nu) and upper bounding profile case is not larger than 10%. 
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Fig. 12: Transient surface-averaged heat flux to the top cooled surface for different models of downward 
Nusselt number. 
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Fig. 13: Transient surface-averaged heat flux to CRGTs for different models of downward Nusselt 
number. 

There is significant influence of different Nu profile models on the transient downward heat flux to 
the vessel wall (Fig. 14). It can be seen that there is very small influence of possible 15% experimental 
error implemented in the PECM correlations on the transient downward heat flux, i.e. the thermal loads to 
the vessel wall. However, different models of the downward heat transfer coefficient profile implemented 
in the PECM result in a significant change of the transient downward heat flux. The upper bounding 
profile model (Pr = 0.6) increases the heat flux to the vessel wall about 30% compared with the base case 
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(correlation-based model). The lower bounding profile model (Pr = 0.1) also results in 20% increase of 
the downward heat flux in the later time period. 
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Fig. 14: Transient surface-averaged heat fluxes to the vessel wall for different models of downward 
Nusselt number (thermal loads to the vessel wall). 

Apparently, the integral heat flux imposed on the vessel wall from the melt pool through the crust 
surrounding the melt pool is sensitive to the local distribution of downward heat flux and sideward heat 
flux (due to inclination of the vessel wall). The crust thickness distribution (Fig. 15) depends on the 
distribution of heat fluxes imposed on the crust boundary. Thus different models of the downward heat 
transfer coefficients implemented in the ECM/PECM result in different dynamics of the local crust 
thickness. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15: Melt pool and its surrounding crust in the BWR lower head. 
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Explanation of the difference in predicted thermal loads in the lower and upper bounding cases 
compared with the base case (Fig. 14) is as follows. First of all, it can be seen in Fig. 10 that localized 
enhancement of the heat transfer in the vicinity of the CRGT surface leads to increase of the average 
Nusselt for the upper and lower bounding profiles in comparison with that of the base case. Second, due to 
the peaked value of the Nusselt, the thinning of the crust in the vicinity of cooled CRGT wall is faster in 
the upper and lower bounding cases than in the base case. Crust thinning causes slight redistribution in the 
energy splitting between vertical and horizontal directions. Larger amount of heat is transferred to the 
bottom vessel wall. Consequently the vessel wall is heated to higher temperature as shown in Fig. 14. 

Note that two different models of Nu (i.e. upper and lower models) also result in different transient 
heat flux, although the difference between them is about 10%. The difference between the cases calculated 
with experimental errors (±15%) and with base case is only about 1.5%. 

For the preliminary evaluation of vessel wall creep failure (failure mode and timing), the PECM 
calculated vessel wall temperature profiles along polar angle are plotted in Fig. 16. 
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Fig. 16: PECM predicted vessel wall temperature profiles along the lower plenum polar angle for different 
models of the downward Nu at 12.5 hours. 

As it is shown in Fig. 16, the influence of experimental error uncertainty is negligible for the vessel 
wall temperature. However, different models of the downward Nu profiles significantly affect the vessel 
wall temperature. The temperature obtained with the upper and lower bounding Nu profile models are 80-
150oC higher than that of the base case. According to Rempe et al. (1993) thermal creep in the vessel steel 
may take place at temperature of about 1100oC. In the cases predicted with the models for enhanced 
downward heat flux, vessel temperature exceeds the creep limit, suggesting vessel failure in about 8 hours 
since the start of the debris bed heating up in the lower plenum (Fig. 17). Further study on the vessel wall 
creep and failure using the PECM predicted transient thermal loads is necessary to determine the vessel 
failure mode and timing. 

Plots of the maximum vessel wall temperature predicted with different models show that the vessel 
wall temperature exceeds the creep limit at much earlier time, at about 8 hours after the start of debris bed 
heatup if the upper and lower bounding Nu profiles models are used, while for the base case vessel wall 
temperature is lower than creep limit after 12 hours. 

Comparison of transient temperature profiles in two cases at different time moments (Fig. 18) 
shows that the maximum temperature of the vessel wall predicted with the upper bounding Nu profile 
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model reaches at 7.8h the same level as predicted in the base case model at 12.5h (see Fig. 17). The 
difference in time is about 5 hours. This implies that additional severe accident management (SAM) 
measures (e.g. external cooling for the BWR lower plenum) have to be activated at much earlier time to be 
most effective. 
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Fig. 17: Transient maximum vessel wall temperature for different models of downward Nusselt number. 
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Fig. 18: Transient vessel wall temperature profiles for different models of downward Nusselt number. 

5. CONCLUDING REMARKS 

The present work proposes an approach to uncertainty reduction in boiling water reactor (BWR) 
severe accident analysis by synergistic use of computational fluid dynamics (CFD) methods, experiments, 
and the effective convectivity model (ECM) (Tran and Dinh, 2009a, 2009b). The present study is a next 
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step in development of the previously proposed approach to numerical simulations and analysis of molten 
corium coolability during a severe accident in a BWR (Tran et al., 2010). In the framework of this 
approach the effective convectivity model (ECM) makes use of experimental heat transfer correlations to 
capture the effect of turbulent natural convection in a volumetrically heated liquid pool, while retaining 
the pool three-dimensional energy splitting and employing insights from CFD modeling to represent 3D 
local heat transfer effects. 

Three sources of uncertainty in prediction of melt pool heat transfer and thermal loads on the vessel 
wall are considered in present work: (i) uncertainty in melt properties (Pr number) and melt pool scales; 
(ii) modeling uncertainty due to the experimental error in correlations used in the ECM/PECM; (iii) 
uncertainty in local heat transfer effects due to melt properties (Pr number) and pool scales. First two 
sources are treated as aleatory (non-reducible) uncertainties. Parametric studies are used to quantify the 
influence of these two sources of uncertainties. The uncertainty in modeling local heat transfer is 
considered as epistemic (reducible). Detailed CFD modeling is used to perform “numerical experiments” 
and reduce the uncertainty by developing more accurate models which take into account melt material 
properties. CFD study revealed that the modeling uncertainty due to scale of a formed melt pool is 
negligible while the influence of corium melt Prandtl number is significant. 

The improved models are implemented in the phase-change ECM (PECM) to examine the effects of 
the modeling uncertainty on the transient thermal loads imposed on the BWR lower head vessel wall. The 
sensitivity analysis on the experimental errors is performed with the PECM tool. Results of the sensitivity 
study for the thermal loads on the vessel wall show that the uncertainty in the ECM correlations due to 
experimental errors plays a minor role in comparison with the uncertainty due to modeling of the local 
heat transfer effects. Calculations with the improved models of the downward Nu show that vessel wall 
temperature increases faster which can cause earlier failure of the vessel. Additional SAM measure such 
as external vessel wall cooling is required to increase the probability of in-vessel retention for Swedish 
BWRs. 

The reliable CFD methods are indispensable tools for examining and better understanding of flow 
physics. Data produced by CFD is used for improvement of “effective” models to reduce epistemic 
uncertainty in the accident analysis of BWR lower head heat transfer. The proposed approach provides 
guidance towards an effective strategy for uncertainty reduction and quantification with optimal use of 
available resources. 
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NOMENCLATURE 

 Arabic  Greek 

f Fraction 

 

α Thermal diffusivity, m2/s, 
pC

k

.ρ
α =  

g Gravitational acceleration, m/s2 β Thermal expansion coefficient, 1/K 

H Height of a volume or fluid layer, depth of a 
melt pool, m 

∆T Temperature difference, K 

k Thermal conductivity, W/(m.K) ν Kinematics viscosity, m2/s 

Nu Nusselt number, 
Tk

qH
Nu

∆
=   

 

Subscripts and superscripts 

Pr Prandtl number, αν /Pr =  pool Pool 

q Heat flux, W/m2 
max, 
min 

Maximum, Minimum 

Qv Volumetric heat source, W/m3 cm Corium melt 

Ra’ Internal Rayleigh number, 
να

β
k

HQg
Ra poolv

5

' =  ox Oxide 

T Temperature, K ml Metal 
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