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ABSTRACT

Results of series of studies, on natural convection heat transfer in decay-heated core melt
pools which form in a reactor lower plenum during the progression of a core melt-down
accident, are described. The emphasis is on the modeling and prediction of turbulent heat
transfer characteristics of natural convection in a liquid pool with an internal energy
source. Methods of computational fluid dynamics (CFD), including direct numerical
simulation, were applied for investigation. Since, the studies performed resulted in papers
published in proceedings of the technical meetings, and in journals, copies of a set of
selected papers are attached to provide details. A summary of the results obtained is
provided for the reader who does not, or cannot, venture into the perusal of the attached
papers.
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1 . INTRODUCTION

This report describes the studies performed at the Division of Nuclear Power Safety on
analysis of natural convection heat transfer in a core melt pool which forms in the reactor
pressure vessel lower head during the progression of a core melt-down accident. These
studies, which started in 1994, are sponsored by US Nuclear Regulatory Commission (US
NRC)in cooperation with the Swedish Nuclear Power Inspectorate (SKI). This report is
submitted to US NRC and SKI as final report for the project.

2 . BACKGROUND

Recently, the concept of arresting the progression of a severe accident in a light water
reactor (LWR) vessel, through external cooling, has gained a substantial following. The
concept has considerable appeal, since the ex-vessel progression of the severe accidents,
and major threats to containment integrity, are eliminated.

The vessel external cooling concept, employed as an accident management measure,
was investigated for the Loviisa pressurized water reactor (PWR) plant in Finland [1]-
[6] and has been approved by the Finnish regulatory authority STUK. In the USA, the
design of the advanced passive reactor AP-600 employs flooding of the complete vessel as
the reference accident management measure [7]-[10] to contain the core melt within the
vessel, and terminate the severe accident. More recently, vessel lower head cooling, as an
accident mitigation measure, has been investigated for the Zion PWR [11]-[13] and for a
BWR [14].

The thermal loading imposed by the melt on the reactor vessel lower head has been
the major focus of the above studies. The objectives were to determine (a) whether the
imposed heat flux exceeds the heat removal capability (critical heat flux) on the vessel
external surface, (b) the potential for melting of the vessel wall under the thermal loading
from the inside surface and (c) the pressure bearing capability of the vessel wall held at
high temperature inside and low temperature outside.

These studies have been supported by experimental programs conducted at various
facilities. The COPO experiments, conducted in Finland, have provided data for heat
fluxes as a function of the azimuthal angle for a half-scale two dimensional slice repre-
sentation of the torospherical lower head of the Loviisa reactor. The UCLA experiments
[7],[8] have employed a three dimensional vessel head at a much smaller scale than the
COPO facility. The French have started a program named BALI [15] using a full scale
slice geometry representation of a the spherical lower head of the French PWRs. These
experimental programs have employed simulant materials to represent the corium melt
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and the vessel wall.

An experimental program using prototypic materials for core melt and vessel, started
in July 1994 at the Kurchatov Institute under the sponsorship of the OECD/CSNI/NEA
and the Russian Ministry of Atomic Energy have recently conducted a ~1/5th-scale ex-
periment. Simultaneously, experimental programs pursued at UCSB in the ULPU facility
[5], and at Sandia National Laboratory in the CYBL facility [16], have investigated the
critical heat flux for the boiling process initiated on the flooded outer surface of the vessel.

The progress in the evaluation of the technical areas and the experimental programs
was last reported at the OECD/CSNI/NEA Workshop on Large Molten Pool Heat Trans-
fer held in Grenoble, France. The lead paper by Okkonen [17] provided an overview of
the issues and the progress made to date in the analysis, and the experimental programs.

The key distinguishing feature of the large self-heated core melt pool, resident in the
lower head of the vessel of a LWR, is natural circulation at very high Rayleigh number
(1014 — 1016). The flow is turbulent and the imposed heat flux on the vessel wall varies
greatly over the azimuthal angle. The COPO data [2], measured at Rayleigh numbers of
1014 — 1015, have shown that the heat flux is very low at the bottom part of the head and
rises to substantial values in the upper elevations of the head; and along the vertical wall
of the vessel. This measured behavior is very fortunate, since the heat removal capability,
due to the boiling process on the outside surface of the head, has also been found to vary
in the same fashion. Thus, the feasibility of in-vessel melt retention becomes possible,
if it can be demonstrated that the heat removal capability is substantially larger than
the thermal loading everywhere along the circumference of the lower head. Prediction of
the heat fluxes, in prototypical situations, have relied on representation of the turbulence
in the high-Rayleigh-number melt pool, through the standard (k — e) models. Analysis
of the COPO and the UCLA experiments, performed with these models, have not been
successful, since the discrepancies between the measured and the calculated results have
been very large. It has been found that advanced turbulence models would be needed to
correctly predict the flow field and the heat transfer characteristics of a high-Rayleigh-
number melt pool. The work [18], which formed the basis of this statement, was reported
in Grenoble.

Natural convection flow and heat transfer in fluids with internal energy sources are
also of interest for geophysical and astrophysical systems. Fluid dynamics and heat trans-
fer in such systems (e.g., earth mantle, stars, and decay-heated nuclear reactor core melt)
are driven by natural convection, induced by the volumetric heat generation. Dimension-
less groups for the description of the natural convection process are the Rayleigh number
(Ra = ^——gP) and Prandtl number (Pr = vja). The Prandtl number is a liquid prop-
erty, however, the Rayleigh number strongly depends on the characteristic size (height)
of the liquid pool (H) and the rate of internal heat generation (qv), as well as the physical
properties of fluid. Thus, the Rayleigh number is high (~ 1016) in a large system, and



in systems with high heat generation density. Since, a significant fraction of the heat
generated in the pool has to be removed through its upper isothermally-cooled boundary,
the flow field consists of countercurrent ascending hot-plumes and falling cooled-blobs.
The flow field is inherently unsteady and unstably-stratified. It may be turbulent, even,
at relatively low Ray lei gh number (~ 106). Analytic description and prediction of the
flow field has been hampered by our knowledge of the character of turbulence in such
flow fields.

Turbulence modeling for such flow fields has been a subject of study at KTH. In a
previous study [18], we showed that the widely-accepted engineering approach, employing
a low-Reynolds-number k — e model, failed to describe both energy splitting (upward vs.
downward heat transfer) and local heat flux distribution for the high-Rayleigh-number
conditions of interest. In order to provide a basis for developing the appropriate descrip-
tion and prediction methods, data on turbulence structure and characteristics are needed.
There is only one measurement of the temperature fluctuations in an internally-heated
fluid layer [19]. No systematic experimental studies to obtain the turbulence data in such
flow fields have been performed.

In order to produce a turbulence data base, direct numerical simulation (DNS) can be
employed. In this method, the full three-dimensional time-dependent conservation equa-
tions of mass, momentum, and energy are solved on grids which resolve the largest and
the smallest scales of turbulence. The calculated time-dependent flow and temperature
fields can, then, be analyzed for the fluctuations induced by turbulence. In general, such
a calculation has to be performed with a very fine grid structure to adequately represent
the small scale turbulence in the flow fields of interest. In the past, DNS has been used
(in FZK, Germany) for analyzing natural convection heat transfer in fluid layers with
internal heat generation with low values of Ra numbers (3-104 4- 4 • 106) [20].

Since, the in-vessel melt retention may become an important safety objective in the
design of the future and, perhaps, in the accident management of current plants, care
has to be taken in studying the various phenomena which are related to the issue res-
olution. The basic objective is to predict the relevant phenomena for the prototypical
accident conditions. Thus, the applicability of the measured data, or the correlations
derived from the measured data, has to be established and the uncertainties determined.
In this context, most uncertainties are introduced by the non-prototypicalities in the
experiments. Examples of those for the melt pool experiments are (i) use of simulant
fluids, (ii) differences in the boundary conditions from those at prototypic conditions,
(iii) differences in the mode of heat generation and/or in heating uniformities. The un-
certainties in the application of the data base, or correlations, can be evaluated, through
detailed calculations which have been validated as much as possible. That is the focus of
the studies, summarized in the following pages, and published recently in proceedings of
various meetings and in the archival literature.



3 . OBJECTIVES

Present studies aim to develop understanding of physics of fluid and heat transfer in liquid
pools with internal energy source. Both experimental and analytical bases, on which
current reactor safety assessments are built, are examined with respect to applicability of
existing knowledge for predicting reactor prototypic processes. In particular, engineering
turbulence models and experimental heat transfer correlations, obtained from simulant
and small-scale experiments, are analyzed. It is crucial to identify and assess effect of
non-prototypic conditions of experiments on heat transfer results of interest. For example,
special emphasis was placed on thr potential effect of Prandtl number of core melt.

Predictive capabilities of k — e models and Reynolds stress turbulence models are
examined. We believe that advanced turbulence models, and reliable numerical schemes,
have to be developed before it becomes possible to obtain good estimates for the imposed
heat flux on the vessel lower head wall in prototypic situations. For this purpose, turbu-
lence "data" have to be obtained, and analyzed, in order to validate specific engineering
turbulence models.

Experimental methods, in particular, the methods for simulating internal heating,
are examined, namely, side-wall heating, direct electric heating and transient cooldown
method.

4 . APPROACH

Methods of computational fluid dynamics are employed for analysis purposes. The
methodology employed in our studies is to extensively validate computational models
against available experimental data, and, then, apply the models as research vehicle for
predictions and comparative analyses.

A commercially available, general-purpose computer code CFX (FL0W3D) [21] is
employed for calculations. Analyses are performed to evaluate grid resolution and time
step requirements for the DNS calculations. The time-average of top wall heat fluxes, the
temperature fields and the Reynolds stresses are determined. Performance of different
assumptions used in k—e, and Reynolds stress, modeling are examined against turbulence
"data" obtained from DNS.
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6 . SUMMARY OF RESEARCH RESULTS

The research work performed at RIT, within US NRC project, can be divided into three
parts, namely, 1) investigation of turbulent natural convection heat transfer characteris-
tics, and examination of the capability of turbulence models, 2) examination of experi-
mental methods and experimental heat transfer data base with respect to their applica-
bility for reactor prototypic conditions, 3) prediction of potential effect of Prandtl number
of core melt.

In the first part, development, validation, and application of numerical methods and
models were performed to analyze turbulent heat transfer characteristics in a liquid pool
with an internal energy source, with particular emphasis on physics of the unstable strat-
ification region.

In the second part current understanding of experimental data base was advanced by
comparative analyses, and by simulations of experiments performed in the past.

In the third part systematic examination of potential effect of core melt Prandtl
number on surface-average and local heat transfer characteristics was performed through
a computational fluid dynamics (CFD) code,

6.1 Turbulence modeling and turbulent heat transfer charac-
teristics

6.1.1 Turbulence modeling (paper No.l)

Natural convection heat transfer in a volumetrically heated liquid pool under high-
Rayleigh-number (up to 1015) conditions is investigated. The available turbulence mod-
eling techniques are first reviewed, with a particular emphasis on selecting models capa-
ble of treating the mechanisms of turbulence relevant to high-Rayleigh-number natural
convection. As a practical exercise, numerical analyses are performed for experiments
simulating a molten corium pool in the lower head of an externally cooled VVER-440
reactor pressure vessel (COPO) and Steinberner-Reineke experiments in a square cavity.
It is shown that standard forms of the low-Reynolds-number k — t model fail to describe
turbulent natural convection heat transfer regimes prevailing in these experiments.

Natural convection in a volumetrically heated corium pool at high Ra numbers is,
then, analyzed with a new low-Reynolds-number k—e model to describe the stratification-
induced non-isotropy of turbulence with the eddy-diffusivity approach. The buoyancy-
induced turbulence anisotropy is modeled by means of the local Richardson number.



Phenomenological corrections are proposed for the turbulent Prandtl number and the
near-wall viscosity, accounting for the effects of density/temperature stratification on
turbulence.

These corrections were employed in the k — e model to produce excellent agreement
with the experimental data obtained in the Finnish COPO experiments [22], [2] and
Steinberner-Reineke tests [23]. Most importantly, local heat fluxes on vertical and curved
pool boundaries are correctly predicted by the model. Nevertheless, we should note that
these modifications of the low-Reynolds-number k — e model are experiment-specific: they
cannot compensate for the fundamental deficiencies of the two-equation turbulence model.
For reactor cases, the proposed corrections should be validated, and this requires greater
experimental data base at high-Rayleigh-number conditions. Local temperature and
velocity measurements, and data on turbulent intensity distribution in different regions of
density/temperature stratification, are essential for development of more general models
to describe the turbulence characteristics.

The analytical estimates of turbulent heat fluxes have shown that the buoyancy-
induced stratification in the vicinity of the upper horizontal cooling surface induces very
complicated effects on turbulence, and creates difficulties in accounting for these mech-
anisms in the k-e framework. By making certain assumptions about relative values of
turbulent stresses and turbulent heat fluxes, in corresponding regions of liquid pools,
theoretical correlations for turbulent Prandtl number and turbulent viscosity can be ob-
tained for the turbulence field. These results can then be employed in a k-e model to
reduce the phenomenological inadequacy and empiricism of this model.

In general, description of turbulent buoyant flows will, eventually, require application
of an advanced Reynolds-stress model. However, there are significant uncertainties in
the formulation of the higher-order models; and difficulties in implementing these models
into a general Navier-Stokes code. The aim of any additional development in turbu-
lence modeling should be is to find the level of modeling, which can provide acceptable
agreement with experimental data, but still remain simple enough to be employed for
the solution of complex three-dimensional flows with irregular boundaries. In fact, most
computer programs developed for reactor applications are based on the two-equation tur-
bulence models. It is believed that the approach developed in this study can contribute
to further development of efficient computational methods for estimating heat transfer
in large volumetrically-heated liquid pools. After further checking and validation, these
methods could be fruitful in analyzing prototypic melt pool behavior, and, in particular,
the sensitivity of heat flux distributions to variations in the geometry of the vessel lower
head and of the properties of the prototypic core melt material.



6.1.2 Direct numerical simulation (Paper No.2)

Direct numerical simulation (DNS) of naturally-convecting flow in internally-heated fluid
layers, with a constant temperature boundary condition on the upper surface and an adi-
abatic boundary condition on the bottom surface, was performed using a finite-difference
method. This approach enabled the determination of the top wall heat fluxes, the mean
temperature fields, the distributions of Reynolds stresses and turbulent heat fluxes. Good
agreement with heat transfer data was achieved for Ra numbers up to 5 • 1012, but reli-
able turbulence data were obtained only for several Rayleigh numbers in the range 5-106-§-
5-108. In particular, the calculated Nusselt number, temperature distributions within the
fluid layer and temperature fluctuations are in good agreement with the experimental
data of Kulacki et al. [19], [24]. Also, the calculated turbulent heat fluxes agree well with
those predicted by the analytical model of Cheung [25].

The turbulence data obtained are important for developing Reynolds-stress type cor-
relations and finding reliable methods for describing turbulent natural convection heat
transfer to the isothermally cooled upper surface in an internally-heated liquid pool.

The calculated turbulent characteristics (Reynolds stresses and turbulent heat fluxes)
indicate significant anisotropy of turbulent transport properties. So, the isotropic eddy
diffusion approach cannot be used to describe turbulent natural convection heat transfer
under unstable- stratification conditions.

Analysis of the thermal-variance-balance showed an important role of diffusive trans-
port of T'2, and remarkable non-equilibrium of thermal-variance ET- Turbulence con-
stants, needed for modeling of turbulent diffusion, and of dissipation of thermal-variance,
are shown to be strong functions of Rayleigh and Prandtl numbers, and are non-uniformly
distributed in the fluid layer. Thus, developing a higher order turbulence model for this
type of flow, is not straightforward.

Fluids with two different Prandtl numbers (Pr = 7 and Pr = 0.6) were investigated.
Similar thermal fields were obtained for different Pr numbers, however, remarkably differ-
ent hydro-field results were calculated. As a consequence, important turbulence param-
eters and constants are shown to be strongly dependent upon the fluid Prandtl number.

Finally, it is worth mentioning that the numerical method and simulation approach,
utilized in the present work, are sufficiently robust and general. The technique can,
therefore, be used for studies of turbulent natural convection flows in complex geometries.



6.2 Applicability of experimental heat transfer data base

6.2.1 Quantification of non-prototypic conditions: a scoping study (Paper
No.3)

As the in-vessel melt retention is becoming an important accident management measure
for some existing plants and for some advanced, medium-power light water reactor de-
signs, some care has to be taken in studying various phenomenological aspects relevant to
issue resolution. The basic objectives of the past, and current, experiments and analyses,
related to large core melt pools in the reactor vessel lower plenum, are (a) obtain in-
sight into the physics of the heat transfer process and (b) determine the thermal loading
imposed on the lower head under prototypical conditions of interest.

Experimental investigations of heat transfer under conditions of interest might be
classified into two main groups: (i) large scale simulant experiments and (ii) small-scale
real material tests. In present study, it was found that that careful scaling and other
design considerations are crucial for planning and analysis of the core melt tests, and to
assure the applicability of data from the simulant experiments to prototypical situations.
In general, one should consider four different experimental scaling and design issues, which
are caused by (1) physical properties of the simulant fluids, (2) geometrical configuration
of melt in the tests, pools, (3) boundary conditions, and (4) heating methods.

The common approach to melt pool simulant material experiments is to express the
measured heat flux data in the form of correlations, Nu — f(Ra). The relatively small-
scale experiments using reactor materials, as a rule, involve problems to demonstrate
their relevance to prototypic conditions e.g., due to applied heating methods, slice geom-
etry of melt pools, low values of the Rayleigh number, and other measurement and test
performance problems. Analytical modeling has not, so far, proved reliable to describe
turbulent natural convection flows and heat transfer at Raleigh numbers of 1016 that
would exist in the large core melt pools in the lower head. Moreover, the set of identified,
important physical phenomena may require separate-effects investigations by experiments
and/or modeling. Certainly, the highest priority has to be given to the phenomena, that
could have the largest effect on heat fluxes imposed on melt pool boundaries.

In the present study, an overview is provided for the scaling and other design-effects of
internally-heated natural convection heat transfer experiments. The most reliable calcu-
lations performed have modeled relatively low-Rayleigh-number regimes (Ra up to 1012).
These are adequate to predict thermal hydraulics in small-scale corium-melt experiments,
and to assess sensitivity of heat fluxes to selected separate effects. However, for Ra > 1012

there are several phenomena whose significance can only be assessed reasonably. We have
performed original computations for liquid pools with internal energy sources to quantify
the general trends of the effects of various parameters.



First, calculations performed for Ra < 1012 in square and semicircular cavities show
that descending boundary flows are able to penetrate into the bottom part of liquid
pools with small fluid Prandtl numbers (Pr = 0.6-1.2), rendering thus conditions for
destabilization of the lower fluid layers and, therefore, enhancing heat transfer to the
lowermost part of cooled pool walls.

Second, it was shown that effects of temperature dependence of physical properties
have to be taken into account when melt superheat over the melt solidus point is low
which could be the case in small-scale corium melt experiments, since corium properties
chang significantly near the solidus temperature for the particular corium mixture.

Third, slice thickness-to-height ratios, Ax/H, should be more than 0.25 for slice
experiments, in order to eliminate wall effects of face and back surfaces.

Fourth, the side-wall heating method would be useful for experiments with prototyp-
ical core melts, should related design effects be accounted for in experiment analysis and
interpretation.

Finally, it was shown that the magnitude of of the Lorentz force are proportional to,
both, the electrical conductivities and their temperature variations. In order to achieve
conditions where influence of electromagnetic forces on natural convection flow and heat
transfer is minor, the height-to-power and oxide-to-metal ratios should be chosen through
test of design calculations. For this purpose, an appropriate analysis method was devel-
oped in this paper.

6.2.2 Three-dimensional effects and side-wall heating (Paper No.4)

Computational modeling has been carried out in order to explore the heat transfer charac-
teristics of naturally convecting volumetrically and side-wall heated melt pools in order
to delineate the differences between the two methods of heating to represent the pro-
totypic conditions. Rather high Ra numbers (~ 1012) were selected for the numerical
analysis. For such Ra numbers, uncertainties in turbulence modeling do not overwhelm
other uncertainties in modeling. Even if the flow field at Ra = 1012 may be quite similar
to that for higher values of Ra number; extrapolation of the summary given below to Ra
numbers higher than 1012 should be made with caution.

3D computations of natural convection flow field provide higher heat transfer rates
to the cooled upper pool surface than the 2D simulations. Therefore, 3D modeling is
recommended for the analysis of slice geometry experiments.

The 3D modeling results confirm the significant effect of fluid Pr number on heat
transfer rate distribution in the lowermost part of the hemispherical pool. It was found
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that the descending boundary flows penetrate the stagnant fluid layer at the bottom part
and increase the heat transfer. This is significant for the convergent geometry of the
spherically bottomed lower head.

The numerical analyses performed, have provided a more solid basis for obtaining
insight into the physics of side-wall heated natural convection flows and heat transfer.
The calculational results indicate significant 3D effects in the side-wall heated melt pools
when slice thicknesses is varied. These effects are quite minor for the internal heating
case. In general, the side-wall heated experiments would not simulate the prototypic
decay-heated melt pool in the lower head. However, for certain slice thickness-to-pool-
depth ratio the heat transfer characteristics at the downward surface are similar in the
side-wall and internal heating cases. The upward heat flux magnitudes are, however,
significantly different.

6.2.3 Transient cooldown technique (Paper No.5)

A recently developed experimental approach to determine natural circulation heat trans-
fer characteristics of a volumetrically-heated liquid pool, namely, transient cooldown [26],
was examined numerically. The finite-difference method was employed to obtain the heat
fluxes in the fluid layers and in a hemispherical cavity under transient cooldown con-
ditions, which were compared to those obtained with the internal heating experimental
method. The pseudosteady-state experimental technique was also examined and the re-
sults obtained were compared with those of transient cooldown and internal heating cases.
The results of analysis may be summarized as follows:

The transient cooldown method provides an excellent representation of the internal
heating in the unstably stratified regions of the pool, since it provides equivalent mixing
level and turbulent motion length scale;

The stably-stratified regions near the pool bottom, whose volume may depend upon
the Ra number, may not be as well represented. The heat flux from those regions to the
pool wall is determined primarily by conduction and not by the boundary layer flows,
as in the unstably stratified regions. The absence of the volumetric heat source in the
transient cooldown case, and the low level of fluid motion may result in storage of cold
fluid on the cooled bottom, resulting in lower heat flux measurements. These remarks are
derived from the results calculated for Ra = 1012 to 1014. It is possible that for Ra = 1016,
prevalent in the prototypic accident conditions, the extent of the stably stratified region
may be smaller than that found in this study, i.e. 0 < <f> < 15°.

The large effect of the Pr number, below Pr — 1, on the calculated heat flux from
the stably-stratified region of the pool, found earlier for the internal-heating simulation,
may not be well represented by the transient cooldown method. However, the pseudo-
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steady-state natural convection calculation agreed much better with the internal heating
calculation.

We believe that the numerical method developed here provides good estimates and
trends for the characteristics of the liquid pool natural convection heat transfer. An
analysis of various experimental options can be performed. The simulations described
here, however, do not extend to the conditions of Ra = 1016, where the turbulence effects
axe large, and whose general representation in the 3D numerical calculation has not been
achieved so far.

We recommend that comparison of the internal heating (IH), transient cooldown
(TCD) and pseudo-steady-state natural convection (PSSNC) methods, e.g. in the COPO
test facility with Ra ~ 1016, be performed. The heat fluxes in the pool bottom region,
where stably-stratified liquid layers may develop and accumulate, should be examined
experimentally, to delineate any difference between the three methods.

6.3 Prandtl number effect (Paper No.6)

The work is devoted to a systematic analysis of the physics of natural convection in
internally-heated fluid pools with different Pr numbers, in isothermally-bounded, two-
dimensional closed square, semicircular and elliptical cavities, three-dimensional semicir-
cular slice and hemispherical enclosures.

The results of the calculations showed that the fluid Pr number has relatively a small
effect on the averaged Nu numbers in the convection-dominated regions. The decrease
of Pr number may cause the decrease of averaged Nu numbers on the top and side
walls of cavities, up to 30% for the Pr number range considered (Pr ~ 0.2 H- 7). In the
conduction-dominated regions (stably-stratified bottom part of enclosures) the influence
of fluid Pr number on heat transfer is more significant and it grows with increasing Ra
number. Fluids with lower Pr number have relatively low viscosity and high thermal
conductivity in comparison to those for fluids with higher Pr number. The low viscosity
(i/-phenomenon) causes weak resistance of the stratified layers to the penetration-attack
of the descending flows from the convection-dominated side wall region; and from falling
thermals from the unstably-stratified top wall region. So some parts of the bottom layers
for low Pr number fluids may cease to be stably-stratified. In such cases, flow convection
may lead to higher Nu numbers. The other effect is from the relatively higher thermal
diffusivity- a-phenomenon in fluids with low Pr number. This leads to the higher heat
conduction rates in the stably-stratified regions. The size of stably-stratified regions, and,
therefore, the extent to which the two v or a phenomena dominate, depend on the cavity
geometry (curvature of the bottom wall) and on the Ra number.
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The Nusselt number around the bottom surface of the square cavity is, thus, affected
by the fluid Pr number. Both the averaged Nu number and its local distribution on
the bottom wall are higher for lower Pr number fluids. The curved downward wall
of the semicircular cavity can be divided into the convection-dominated part and the
stably-stratified part. The Nusselt number is lower in the convection-dominated part
and higher in the conduction-dominated part, as the fluid Pr number decreases. These
effects, however, compensate each other on the average and the overall bottom wall Nu
number is not significantly affected by the fluid Pr number. Similar behavior of the
bottom Nu number was observed in cases with elliptical cavity.

Three-dimensional computations for semicircular and hemispherical cavities confirmed
the fluid Prandtl number effects discovered by two-dimensional computations. The ge-
ometrical 'convergence' of the curved bottom wall in hemispherical enclosures leads to
stronger Pr number effects than those in a semicircular cavity.

We recommend that simulant experiments using low-Prandtl-number fluids and pool
configurations of interest, such as semicircular, elliptical or hemispherical cavities be
performed. The objective will be to validate the local Nu number effects found in this
paper, and to account for them in correlations for the local Nusselt numbers along the
cavity wall. Computational analysis similar to that presented in the paper has yet to be
performed for high Ra numbers (1013 4-1017), since a reliable turbulence model, verified
by an experimental data base has not yet been developed.
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7 . CONCLUDING REMARKS

We believe that the situation with respect to prediction of thermal loadings on the vessel
wall due to the natural circulation heat fluxes can be summarized as follows:

• The decay-heated corium melt natural circulation flow fields for the prototypic
conditions, during the postulated severe accident, are highly turbulent.

• The Rayleigh number (Ra) serves as a reliable correlation and scaling parameter
for the average heat fluxes, imposed on the boundaries, by the melt pool. The
correlations, derived from the data obtained in the scaled experiments with simulant
materials, may, even, be extended to higher values of Ra numbers, and, thus, apply
to the prototypic conditions.

• The experiments, however, are not always perfect, i.e., they may have non- pro-
totypicalities in heating and heating-uniformity, in boundary conditions, use of
simulant fluids instead of corium, etc. The effects of such non- prototypicalities on
the measured thermal loadings can be determined, either through further separate-
effect and integral experiments, or, through detailed calculations,

• It has been demonstrated, through analysis of the many experiments performed
with naturally-circulating pools, that detailed mechanistic CFD calculations can
predict the average and local heat fluxes measured in many of the experiments.
Thus, the CFD calculations can, also, predict the thermal loadings exerted by the
naturally-circulating melt pools.

• The above conclusion about the reliability of CFD predictions, however, applies to
low-turbulence pools, where the laminar flow approximation is sufficiently accurate.
For description of the prototypic highly turbulent melt pools, a general turbulence
model, which would represent the highly unusual turbulence field in the unstably-
stratified flows, found in the prototypic accident situation, has not been developed,
yet.

• Measurements of turbulence flow field parameters have been performed, only, in
small scale, and in simple, natural circulation experiments. Turbulence flow field
characteristics can also be derived from very detailed, and time-consuming, direct
numerical simulation (DNS) calculations, as has been achieved in this report. The
derived characteristics may provide sufficient information to construct an accurate
turbulence model which, could, then, be used to determine thermal loadings for
prototypic conditions reliably.

• The calculations, at present, however, can be used to great advantage for deter-
mining the effects of non-prototypicalities in the experiments, from which the cor-
relations on thermal loadings are derived. This obviates the need for countless
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separate-effect and integral effect experiments to assess the effects of those non-
prototypicalities. The calculations may not be able to obtain "exact" estimates,
since the turbulence flow fields are not "exactly" modeled. However, the impor-
tance of specific non- prototypicalities can be assessed, and good estimates on trends
of their effects on the correlations, derived from the experiments, could be obtained.

• The calculations can also be used to design experiments and to assess the fidelity
and accuracy of measurement techniques. Thus, innovative techniques e.g., using
melt heat capacity, rather than heating, as the source for natural circulation, can
be (and has been in these studies) investigated for generality of application.

• There are very few experiments on natural circulation with prototypical materials
(UO? — ZrC>2 — Zr) melts ( the only large-scale tests are in the RASPLAV facility).
They are also not at prototypic scale (Ra < 1011 — 1012). CFD analyses of these
experiments with the laminar flow approximation is valid and accurate. Thus, any
differences observed between the prototypic and the simulant material experiments,
can be successfully rationalized through CFD analyses.

• The simulant material experiments performed so far have not modeled the presence
of a crust at the boundaries, as it would be in a prototypic corium pool. While,
it appears that the Ra number scaling would apply to a pool enclosed in crusted
boundaries, an experimental confirmation of this has not been obtained so far. Pro-
jected COPO experiments and the salt and corium experiments in the RASPLAV
Project may provide the data base needed.

• The CFD analysis of the various experiments in which crusts are formed will provide
information on the effects of a crust on the thermal loadings. In particular, anal-
ysis may be used, intelligently, to merge the conclusions derived from the high Ra
number watery experiments of COPO and from the salt experiments of RASPLAV
Project, together with those derived from the analysis of the corium experiments
in RASPLAV and of the uncrusted pool experiments in spherical geometry of the
ACOPO facility. In this manner, the results of such diverse experiments could be
applied to the prototypic melt pools that could undergo natural circulation in the
lower head.

From the above summary, it is clear that the analyses efforts described in the report
and in the attached published papers are appropriately focussed and need to be continued.
We have, also, recently performed preliminary analyses on the effects on the effects of
crust on natural convection and on thermal loadings. These are reported in references
[27]-[28].
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ON TURBULENCE MODELING FOR LARGE
VOLUMETRICALLY HEATED LIQUID POOLS
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Brinellvdgen 60, S-10044 Stockholm, Sweden
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Abstract

In this paper, the natural convection heat transfer in a volumetrically heated liquid pool
under high-Rayleigh-number (up to 1015) conditions is investigated. The available turbulence
modeling techniques are first reviewed, with a particular emphasis on selecting models capable
of treating the mechanisms of turbulence relevant to high-Rayleigh-number natural convection.
As a practical exercise, numerical analyses are performed for experiments simulating a molten
corium pool in the lower head of an externally cooled VVER-440 reactor pressure vessel (COPO)
and Steinberner-Reineke experiments in a square cavity. It is shown that standard forms of the
low-Reynolds-number k — e model fail to describe turbulent natural convection heat transfer
regimes of interest. Phenomenological corrections for the near-wall turbulent viscosity and
turbulent Prandtl number, based on the local Richardson number, are proposed to model the
stratification-induced non-isotropy of turbulence in the eddy diffusivity approach. With such
corrections, a reasonable agreement is achieved with the experimental data (averaged and local
heat fluxes) obtained in the Finnish COPO and Steinberner-Reineke experiments, which involve
two-dimensional turbulent convection of water at Rayleigh numbers ranging from 1012 to 1015.
It is, however, considered that reliable computations of the reactor conditions in question require
at least second-order corrections to the two-equation turbulence models. The physical aspects
related to developing such models are also discussed in the present paper.

Keywords: severe reactor accidents, core melt-vessel interactions, natural convection, heat
transfer, turbulence modeling, buoyant flows.
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1 Introduction

The behavior of a large volumetrically
heated melt pool is important to nuclear reac-
tor design and safety aspects related to severe
accidents, in which pools of molten core mate-
rial (corium) might form in the reactor core, in
the lower plenum of the reactor pressure ves-
sel, or in the containment. Quite recently, the
feasibility of external vessel flooding as a se-
vere accident management measure, and the
phenomena affecting the success in retaining
molten core material inside the vessel, have re-
ceived wide attention; see e.g. ref. [1]. As
a particular motivation for the present study,
the evaluation of thermal loads against the ves-
sel lower head during in-vessel melt retention
require fundamental understanding of natural
convection heat transfer from a large decay-
heated corium pool. Such a configuration in-
volves some exceptional characteristics, most
notably the turbulent nature of corium con-
vection due to high Rayleigh (Ra) numbers.

In past, many experimental studies have
been performed for natural convection with vol-
umetric energy sources; see e.g. refs. [2],[3],[4].
However, the former experiments did not reach
high reactor-scale Ra numbers not cover all
specific geometries of interest, and very limited
experimental data on local heat fluxes were
provided in the available reports. The exper-
iments were performed at too little scales (in-
ternal Rayleigh number lower than 1012) and
the lateral boundary layer flow regime may not
have been representative of reactor situations;
the internal Rayleigh number could reach 1016

in reactor scale, and the laminar-to-turbulent
transition in the lateral boundary layer is ex-
pected to occur at 1013 [5]. All these aspects
are of outmost importance for safety assess-
ments on in-vessel melt retention, and, con-
sequently, new experimental efforts have been
initiated; see e.g. refs. [6],[7]. A comprehen-
sive review of the most recent experiments on
natural convection heat transfer in volumet-
rically heated pools may be found in the re-
cent paper by Asfia and Dhir [8], in which ex-
periments with partially filled spherical cavi-
ties and Rayleigh numbers (based on inner ra-

dius) between 1011 and 1014 are also reported.
Kymalainen et al. have performed large scale
natural convection experiments in a test facil-
ity named COPO, which is a two-dimensional
slice of the torospherical lower head of the VVER-
440 reactor vessel in linear scale 1/2 [6],[7]. In
the COPO tests, Joule heating is used to pro-
duce thermal energy into water, and Rayleigh
numbers (based on pool depth) of the order of
1014 - 1015 can be obtained. Steinberner and
Reineke have conducted natural convection ex-
periments in a square two-dimensional cavity,
in which the Ra numbers were of the range 1010

- 3.7-1013 [9].

In this paper, the attention is focused on
modeling of turbulent natural convection. To
determine the rate and mechanism of heat re-
moval from boundary surfaces of heated flu-
ids, the eddy heat transport within the flu-
ids must be investigated. For an internally
heated fluid layer, analytical work has been
performed by many authors; see e.g. refs. [9],
[10], [11], [12], [13], [14], [15]. Some of these
studies were restricted to the low and tran-
sition Rayleigh number flows, so the laminar
and standard low-Reynolds-number turbulent
approaches gave good results. In some stud-
ies, the top and bottom walls of a rectangular
cavity were considered adiabatic and the ver-
tical side walls cooled, and, thus, there were
no significant heat transfer effects of density/
temperature stratification over the whole cross
section. Recently, Kelkar and Patankar have
reported that the low-Reynolds-number k — e
turbulence model can predict the experimen-
tally observed heat transfer characteristics in
an internally heated fluid layer up to high Ra
numbers [15]. They have also performed sys-
tematic examination of models for turbulent
natural convection in a reactor-scale core melt
pool. In ref. [15], natural convection in an
internally heated semicircular cavity is inves-
tigated numerically by means of the standard
Jones and Launder k — e model and its vari-
ation that includes both the buoyancy correc-
tion by means of an eddy viscosity model and
the phenomenological Yap correction [16]. The
transition to turbulence is reported to occur
between Rayleigh numbers 1O10 and 1011, and
the overall Nu numbers to be in good agree-
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ment with the data available from experiments
of Jahn and Reineke for 108 < Ra < 1011 [12].
In ref. [17], this model was applied to de-
scribe natural convection experiments of Stein-
berner and Reineke [9] in an internally heated
square cavity and of Frantz and Dhir [18] in an
internally heated hemispherical cavity. Vari-
ous combinations of the isothermal and adi-
abatic thermal boundary conditions were an-
alyzed. For the square cavity with isother-
mal walls of interest here, the computational
model of ref. [17] underpredicted upwards av-
erage Nu numbers as much as 1.5-2 times for
1012 < Ra < 1014, and, most notably, under-
predicted downwards average Nu numbers (40-
100%) for 106 < Ra < 1014.

Other attempts also have been made to pre-
dict the heat transfer from in-vessel corium
pool to the reactor vessel lower head at high
Ra number, yet good comparisons to measured
data have not been obtained so far. It is gen-
erally agreed that modifications of the low-
Reynolds- number two- equation models of tur-
bulence are required to model specific features
of buoyant flows. Applications of the stan-
dard k — e or some lower-order algebraic tur-
bulence models for describing strongly stratified
flows of turbulent natural convection (or buoy-
ant plumes) have proven futile in the past. No
well-validated calculational results, with spe-
cific emphasis on local heat fluxes, of most in-
terest in the problem under consideration, are
given in the literature. In this paper, an at-
tempt is made to take a step further towards
turbulence modeling that can treat, with rea-
sonable calculation times, the details of high-
Ray leigh-number natural convection in volu-
metrically heated pools. In section 2, various
analytical modeling approaches for turbulent
flows are first reviewed to facilitate selection of
those suitable for our interests here. Section 3
describes the technical approach used to per-
form the numerical analyses. In section 4, the
effects of thermal/density stratification on tur-
bulence are analyzed, and, as a result, the con-
cept of buoyancy-affected modifications based
on the Richardson number is chosen. Section
5 presents the results of numerical analyses and
their comparison to the COPO and Steinberner-
Reineke experiments, demonstrating the po-

tential applicability of the phenomenological
corrections, based on the Richardson number.
Finally in section 6, a summary is given.

2 Turbulence modeling

A wide variety of models have been utilized
to describe natural convection heat transfer.
The available models can be divided into the
following categories [16],[19]:
1. Laminar flow model
2. Algebraic model of turbulence
3. One-half equation model of turbulence
4. One-equation model of turbulence
5. Two-equation turbulence models
(a). Standard k — e model using wall functions
(KEM)
(b). Low-Reynolds-number k — e model (LRN
KEM)
(c). Modification of LRN KEM for buoyancy-
driven flows
6. Reynolds stress models (RSM)
(a). Algebraic stress model (ASM)
(b). Partial differential stress model (DSM)
7. Multiple-time-scale models
8. Large-eddy-scale simulation
9. Direct numerical simulation

Application of the laminar flow model of-
ten enables determination of the heat trans-
fer characteristics in internal natural convec-
tion flows. In a previous study, the unsteady
Navier- Stokes equations were solved and the
results (Nu numbers) were averaged over time
intervals [20]. It was confirmed that up to
Ra number ~ 5-1011, the laminar approach
produces very good agreement with measured
data in an internally heated semicircular cav-
ity [12]. On the other hand, if the Ra num-
ber exceeds the critical value, the flow becomes
turbulent. Direct numerical simulation of tur-
bulent flow by solving the unsteady, three- di-
mensional Navier- Stokes equations is beyond
the capability of present-day computers. Con-
sequently, turbulence has to be modeled with
some loss of resolution on the spatial and tem-
poral fluctuations.

Algebraic models and standard k — e mod-
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els (KEM) using wall functions utilize assump-
tions and empirical constants that are strongly
dependent on the geometry and the forced con-
vection flow regimes. Thus they can not de-
scribe the complicated phenomenon of turbu-
lence in an internally heated natural convec-
tion flow regime in a satisfactory manner. In
such models, the boundary layer behavior is
approximated by "universal profiles", the log-
arithmic wall functions. In contrast, the low-
Reynolds-number models (LRN) such as the
models of Jones and Launder [21], Launder
and Sharma [22], Chien [23], and Lam and
Bremhorst [24], employ the so-called damping
functions and allow integration of the set of
turbulence equations into the laminar sublayer
of the flows. One can find a comprehensive re-
view of the LRN turbulence models in ref. [25].
Although these models were originally devel-
oped for forced convection flows, they also have
been used, with success, to predict recirculat-
ing and buoyancy-driven turbulent flows. An
advantage of the LRN models is that they en-
able simulation of the laminar, transition and
turbulent regimes, and determination of the
critical Ra number as a bifurcation point of
the flow equations. Numerical studies of exter-
nal natural convection flow in a square cavity
have shown that the results of the LRN mod-
els of Chien, and Jones and Launder, are in
reasonable agreement with experimental data
[26].

The KEM, perhaps the most widely used
turbulence model, uses the eddy-diffusivity con-
cept to model the Reynolds stresses and tur-
bulent heat fluxes. This concept describes tur-
bulence as a diffusion process characterized by
a locally isotropic turbulent viscosity. A strict
analogy between the Reynolds stresses and tur-
bulent heat fluxes is assumed, as expressed by
the turbulent Prandtl number Prt being con-
stant in the k - e approach. In many cases, the
poor capability of the two-equation turbulence
models in resolving complex turbulent flows
has been attributed to the inability of the tur-
bulence models to account for the anisotropy
of turbulence. Algebraic stress models (ASM)
and differential stress models (DSM), or some
hybrid forms, have been utilized to overcome
such problems but the use of the eddy vis-

cosity model across the sublayer in the KEM,
ASM and DSM * still remains as a significant
drawback. For instance, by using the LRN of
Launder and Sharma with the so-called Yap
correction in the transport equation of e, or
the basic second-moment closure of Gibson and
Launder, only poor agreement with results of
experiments with turbulent jet impinging or-
thogonally onto a large plane surface has been
achieved. The former model has the basic weak-
ness of the eddy viscosity stress-strain rela-
tion and the latter an incorrect response of the
"wall-reflection" process in a stagnating strain
field [27]. Another common inability of the
above-mentioned models is that these turbu-
lence models cannot account for non-equilibrium
turbulence due to the single time scale used
to describe both transport and dissipation of
the turbulent kinetic energy. In that sense, a
multiple-time-scale turbulence model might be
a good option when the relation between the
production and dissipation rates varies strongly
in space. In this case, the turbulent transport
of mass and momentum is described using the
time scales of the energy-containing large ed-
dies, and the dissipation rate follows the time
scales of the fine-scale eddies [28],[29].

Despite the above-described difficulties in
modeling non-isotropic turbulence, some effi-
cient approaches have been developed for tur-
bulent flow under gravitational influence. The
generalized gradient diffusion hypothesis of Daly
and Harlow [30] and WET hypothesis of Laun-
der [16] avoid the necessity of the constant tur-
bulent Prandtl number in tackling with heat
transfer problems. An efficient approach for
two-dimensional parabolic flows has been de-
veloped and used by Gibson and Launder [31],
Ljuboja and Rodi [32] and De Lemos and
Sesonske [33]. In these works, the algebraic
stress and heat-flux equations are simplified to
expressions for "turbulent effective viscosity"
(ut) and turbulent Prandtl number (Prt), both
of which are dependent on the relative genera-
tion and dissipation rates of turbulence energy
(Pfc/e), and in buoyancy-affected flows, on the
local Richardson number (Ri). The presence
of wall is accounted for by adding an extra

aThe development of a low-Reynolds-number
second-moment closure is at an early stage [27],[41].
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term [32], [33], originating from studies of ref.
[34]. Successful employment of KEM and ASM
for natural convection heat transfer on vertical
plates and in cavities is reported by To and
Humphrey in refs. [35] and [36].

The decay phenomenon of a buoyant jet
has been predicted from a differential k — e -
02 turbulence model of Chen and Rodi [37].
In this approach, the turbulent stresses and
heat fluxes are modeled by algebraic expres-
sions while the differential equations are solved
for the kinetic energy of turbulence (k), the
dissipation rate of turbulence kinetic energy
(e), and the fluctuating temperature (92). Fur-
thermore, algebraic flux models also have been
developed for turbulent buoyant jets [38] as
well as natural convection in rectangular en-
closures [39]. The major conclusion in ref. [39]
concerns the modeling of the turbulent heat
flux vector, which was found to strongly influ-
ence the applicability of the model to a broader
class of buoyant flows. Variants of the gra-
dient diffusion model with isotropic and non-
isotropic eddy diffusivity, and corresponding
components of temperature gradients, were
found to produce results of inconsistent quality.
A striking disagreement appears between the
LRN calculations with the wall correction term
of Yap, and measurements concerning profiles
of the vertical heat flux component (u9), which
plays a central role in the dynamics of turbu-
lence kinetic energy in buoyant flows and influ-
ences directly the prediction of boundary heat
transfer characteristics [39].

The turbulent natural-convection boundary
layer for air flowing along a heated vertical
plate, as experimented in ref. [40], was inves-
tigated numerically with an algebraic (ASM)
and fully differential Reynolds- stress model
(DSM) by Peeters and Henkes in ref. [41]. It
was shown that the turbulent Prandtl number
(Prt) is certainly not constant over the whole
flow as also seen in experiments [42]. Prob-
lems of wall modifications and constants, with
respect to sensitivity of the ASM and DSM
applied to natural convection flows, were an-
alyzed and discussed in refs. [33], [39], [41],
[43], [44]. On the one hand, the universality of
a model increases with its complexity, but, on

the other, the more complex are the models,
the greater is the amount of empirical input
needed in form of empirical constants, not to
mention the increase in computing time. As
pointed out in ref. [45], the ASM and DSM (es-
pecially the latter) are computationally much
more expensive than the KEM, and they are
also numerically very unstable which can lead
to serious convergence problems. Moreover,
the wall damping functions for both of these
types of Reynolds- stress models have to be
validated even for simple flows and their turbu-
lence empirical constants are not yet well- es-
tablished. The LRN KEM, on the other hand,
is well-known and well-validated for low Ra
number flows, and it seldom leads to conver-
gence problems.

Most of the current computer programs of
nuclear reactor safety analysis comprising tur-
bulence modeling are based on the two-equation
approach. In this context, the capability of the
selected models has to be balanced against the
available resources and the wide spectrum of
applications in reactor accident analyses. Based
on the discussion above, reflecting the diffi-
culties in reaching a satisfactory calculational
method, we are interested in answering the fol-
lowing questions:

(i) What are the most significant effects
of buoyancy on turbulence in a large molten
decay-heated corium pool?

(ii) Could k — e models be able to handle, to
adequate precision, the phenomena of natural-
convection heat transfer in this case?

(iii) How should one develop the pheno-
menology- based corrections to the low-Reynolds-
number k-€ model and to the simplest higher-
order models?

The next sections of this paper are devoted
to these questions by studying one specific ap-
plication.
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3 Technical approach

In this section, we introduce the applied
calculational scheme. It is also shown that
the standard forms of the low- Reynolds- num-
ber k-e models require further modification un-
der high- Rayleigh- number natural convection
conditions.

3.1 The mean flow equations

The mathematical model of the problem is
based on the set of governing equations for-
mulated in an axisymmetric two-dimensional
form. Conservation of mass, axial and radial
momentum, as well as energy, are shown in
equations (1),(2),(3) and (4), respectively.

d(p) d(PU) ldjrpV)

d(pU) d(pU • U) 1 djrpU • V) _ Nu 10*
dt dz r dr

d ( dU -^\ . 1 d ( dU

is used to calculate time-dependent flow and
temperature fields and boundary heat transfer
characteristics. The results obtained are then
averaged over time intervals to produce quasi-
steady values.

The set of mean flow equations in complex
domains is solved using the technique of two-
dimensional algebraic coordinate transforma-
tion developed earlier [46] and described else-
where [47]. The technique is actually a two-
dimensional extension of the method proposed
by Faghri et al. for domains where one bound-
ary does not lie along a coordinate line [48].
The control volume methodology and the SIM-
PLE solution procedure for pressure-linked eq-
uations [49] are adopted for numerical treat-
ment. The dependent variables are the con-
travariant velocities, pressure and temperature.

10J

-£-«<*>
101

CORRELATION [12]
• EXPERIMENT [12]
• NARAL CALCULATION

• • - - • COMMIX CALCULATION [53]

10'

c)_

dl

d(pV)
dt
dV

d(pV-U) 1 djrpV • V)
dz r or

10'"
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10' 10'

ld dV

dr " 4 0)

d(PCpT-U)
dz

(4)

In case of relatively low Ra numbers (less
than 5-1011), the unsteady laminar approach

Figure 1: Averaged Nu number for Ja/m and
Reineke natural circulation experiments in a
semicircular cavity; (Jk.R experimental corre-
lation: Nuexp = 0.6 • Ra02, [12]).

The resulting computer code has been na-
med NARAL, and it has been subjected to var-
ious validation efforts [20],[50]. The code re-
sults have been compared to natural convection
experiments of heat generating fluid (radioac-
tive tritium) in closed vertical cylinders with
Ra numbers ranging from 103 to 106, as well as
experiments of the volumetrically heated semi-
circular cavity of Jahn and Reineke with Ra
numbers up to 5-1011; the experimental results
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Figure 2: Measured (circles) and computed
(line) Nu number distribution for the semicir-
cular cavity, Ra = 1O10.

bulent fluxes pu^j and putf are assumed to
obey gradient-type relations via turbulent vis-
cosity (fit), turbulent conductivity ( T S ^ ) , and
turbulent Prandtl number (Prt) [21],[45]. As
the flow near the walls is very important here, a
low-Reynolds-number turbulence model, which
can handle the strong viscous effects in the
viscous wall sublayer, is used. The model by
Chien [23] for turbulent kinetic energy (k) and
dissipation rate (e) can be written as shown in
equations (5) and (6), respectively.

k) 1 d(rpV • k)
dz r drdt

d
Prk

}dz

(5)

have been obtained from refs. [52] and [12]. In
ref. [20], the laminar approach, the coordinate
transformation technique and a fine grid have
been employed to produce a very good agree-
ment with the data of ref. [12], which have
been successfully predicted also by the lam-
inar approach of the COMMIX-IAR/P code
[53]. Figure 1 depicts our calculational results,
the experimental data and subsequent corre-
lation (Nu = O.6Ra02) [12], as weU as the
COMMIX code results [53], for the average
Nu number in a semicircular cavity. Figure
2 presents the computed and measured local
Nu numbers. The NARAL model has success-
fully predicted the average Nu numbers to all
isothermal walls of an internally heated square
cavity for Ra numbers up to 1011.

Also, the CFDS-FLOW3D code [54] has
been utilized in confirmatory calculations for
some additional cases of interest.

d(pe) d(pU-e) ld(rpV-e)
dt dz r dr

(6)

The turbulent characteristics are defined be-
low [21]. The turbulent viscosity is

/*t = (7)

where the wall damping function of Chien
[23] for the turbulent viscosity has the form

3.2 The low-Reynolds-number two-
equation model of turbulence

The turbulent natural convection flow in a
large volumetrically heated liquid pool is sim-
ulated numerically in the present work. Main-
taining an analogy with laminar flow, the tur-

= l-ea;p(-O.O115-2/+) (8)

The source terms of k — e equations are

= Pk - pe + D + Gk (9)
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e = [Cu • h

where

4- CstGk) - C2t

•f2-e]e/k + E (10)
Prk =

= 0.09
= 1.8;

1.0;
= 0.9

= 1.35;

= 1.3;
(16)

h
h
y+

Ret

1.0;
1 - 0.22exp[-(Ret/Q)2]

= k2/u€ (11)

The approach proposed by Chien for the
wall damping functions has been chosen also by
Peeters and Henkes for their Reynolds-stress
modeling of turbulent natural convection [41].
The generation of turbulence due to buoyancy
(Gk) also had to be introduced to that model
3

The turbulent generation/destruction due
to shear stress (Pk) and buoyancy (Gk) can be
calculated by formulas (12) and (13), respec-
tively.

* • *

rp p

The wall damping functions of Chien for k
and e are

D = -2fik/y2

E = -^-exp(-0.by+)
y

The turbulent constants are 2

(14)

(15)

The LRN KEM of Launder and Sharma
[22] was employed in FL0W3D calculations.

The model developed above has been ap-
plied to analyze the data received from the
Finnish COPO experiments and Steinberner-
Reineke experiments with very high Ra num-
bers [6],[7],[9]. Under such conditions the ef-
fects of buoyancy on turbulence are most ex-
plicit. By doing this, we try to highlight the
feasibility of using the two-equation models of
turbulence, and, if possible, determine the phe-
nomenological aspects to be investigated and
modeled. The experimental data received from
the COPO facility include both the averaged
heat transfer characteristics and their distribu-
tion along the vertical and curved pool bound-
aries. All this information is analyzed. In or-
der to simulate the freezing of the melt nearby
the cooling surfaces, the first kind (constant
temperature) of boundary conditions is employ-
ed for the top, vertical and curved boundaries
of the rigid pool.

The COPO test facility pool and its param-
eters are depicted in fig.3.2. The body-fiting
two-dimensional grid system is employed for
numerical simulation of processes in the COPO
test facility pool. The nodalization with 61 ra-
dial and 61 axial nodes and very dense grid
at the near-wall regions of the top, side and

3By definition, Gjt = - (up'gr+vp'gz)/p = - /3(u8gT

v6gz) with gT = 0 and gz = - g. In order to simplify
2The model of Chien was originally developed for from the form of eq.(13), one should assume constant

isothermal flow [23]. The PT° = 1.0 was introduced
and validated for natural convection flow in ref. [26].

turbulent Prandtl number Prt or Prp = 1 in the eddy
viscosity/diffusivity correlation.
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Figure 3: The COPO test facility pool.

curved boundaries is used. Table 1 presents
the results of a preliminary study using the
NARAL code. With the mesh 61x61, the cal-
culated results converge with sufficient accu-
racy. From the comparison of the computed
results with the COPO data (Table 1), one can
conclude that deficiency of the physical model
involved was much more significant than that
of the numerical scheme.
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Figure 4: Variation of tie average upwards Nu
numbers with Ra numbers. Calculational re-
sults vs. experimental correlation, NuuPtexp =
0.345 • Ra0233, [9].

Figures 4-6 summarize results of computa-
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Figure 5: Variation of the average Nu numbers
on the vertical pool boundary with Ra num-
bers. Calculational results vs. experimental
correlation, Nusd<exp = 0.85 • Ra019, [9].

tional simulations of natural convection heat
transfer in internally heated liquid pools. Var-
ious physical models have been examined, in-
cluding the laminar model (LM), the LRN k-e
model of Chien (CHM) and LRN k-e model of
Jones and Launder (J&LM) and its variation
with the wall correction term of Yap (J&.LM +
Y), the LRN k-e model of Launder and Sharma
(Lk.SM). In all these cases, the same con-
clusion can be drawn: the upper surface heat
flux is underpredicted (about 70-100%) for Ra
numbers more than 1012. The calculated Dam-
kohler numbers are also much underpredicted;
see fig. 7. Therefore, even though the side-wall
and, in some cases, downwards average Nu
numbers are in a good agreement with experi-
mental correlations, the corresponding heat flu-
xes imposed on these surfaces are overpredicted.
Obviously, the underestimation of upwards heat
fluxes is related to the overestimation of side-
wall and downwards heat fluxes through the
heat balance. It is worth noting that the em-
ployment of the Yap term does not change the
results significantly towards experimental ob-
servations, when modeling COPO experiments.
The disagreement between the computed heat
fluxes and the measured ones has became smal-
ler with decreasing Ra number. Most inter-
estingly, three LRN k-e models examined have
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Figure 6: Variation of the average down-
wards Nu numbers with Ra numbers. Cal-
culationai results vs. experimental correlation,
iVudn,e:cp = 1.389-iia0095, [9].

provided reasonably consistent results. For con-
ditions of Steinberner- Reineke experiments
(Ra ~ 1013), the peaking behavior of the side-
wall Nu number distribution can be predicted
by most of the reviewed models; see fig. 8. In
contrast, a considerable discrepancy between
calculated heat fluxes and measured data is ob-
served at the vertical part of the COPO pool
as shown for Ra = 1.5-1015 in fig. 9; the exper-
imental heat flux is not peaked like the calcula-
tional result (thin line). It is worth noting that
in the COPO experiments there is a significant
increase of heat fluxes from the bottom to the
side wall. Heat flux distribution on the vertical
surface, however, is somehow uniform. Such a
distribution is perhaps due to (i) relative small
length of the vertical part to recognize signif-
icant peaking of heat fluxes; (ii) destabiliza-
tion effects of curvature, intensifying convec-
tive heat transfer in the lower part of the ver-
tical wall; and (iii) high level of turbulent mix-
ing in the top regions under much higher Ra
number conditions (1014 - 1015) in the COPO
experiments, compared to those of Steinberner-
Reineke experiments {Ra numbers up to
3.7-1013).

The above-described numerical analyses ha-
ve clearly demonstrated the very limited feasi-

10J
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Figure 7: Variation of the Da numbers with
Ra numbers. Caicuiationai results vs. experi-
mental correlation, Daexp = 1.93 • Ra0205, [9].

bility of the LRN k — e models for evaluating
heat transfer characteristics of a volumetrically
heated natural convection pool. An improve-
ment in the turbulence model is aimed at in
the next two sections.

4 Analysis

The first kind boundary conditions employed
in the COPO experiments and Steinberner-Re-
ineke experiments create density/temperature
stratification in the vicinity of the upper sur-
face and the bottom part of the curved bound-
ary of the pool. The buoyancy-induced tur-
bulence generation and destruction in natural
convection flows has been widely discussed in
the past, but only a few references in the lit-
erature have been devoted to cases with sharp
temperature gradients at the top and bottom
surface of an enclosure. A turbulence model
accounting for the density/temperature strati-
fication by means of the local Richardson num-
ber has been developed by Gibson and Launder
[31], who defined the flux Richardson number
by relating the rate of turbulent energy removal
by buoyancy forces (-Gk) and the rate of tur-
bulent energy creation by mean shear (Pk)-
The general symbolic form of the Richardson
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Figure 8: Side-wail Nu number distribution Figure 9: Side/bottom wall heat flux distribu-
(Steinberner-Reineke data, Ra = 1013, [9]). tion (COPO experiment with Ra = 1.5xlO15).

number is employed in the present study in-
stead of that derived for horizontal free shear
flows [31].

Ri = -Gk/Pk = -

It is well known that a stable density gra-
dient strongly inhibits turbulent mixing. This
fact can be explained on the basis of the turbu-
lent energy balance. In stably stratified flows
the vertical fluctuating turbulent velocity com-
ponent is damped, while the horizontal com-
ponent is amplified. This is the mechanism
whereby the buoyancy forces destroy the tur-
bulence. The experimental [13] and theoretical
[10] studies of natural convection in a horizon-
tal fluid layer with volumetric energy sources,
and an isothermal upper surface, have shown
that production of thermal variances (P^) is
significant only near the upper wall (unstable
stratification). Temperature fluctuations in this
region indicate a downward release of cooled
fluid blobs from the thermal boundary layer on
the upper surface. Moreover, the occurrence of
peak production of thermal variances approxi-

mately coincides with the location of the max-
imum eddy heat flux [10]. The eddy diffusiv-
ity of heat is found to be a monotonically in-
creasing function of the local Ra number. Mea-
sured data of axial turbulent intensity shown
in fig. 10 for neutral, unstable and stable den-
sity/temperature stratification in the horizon-
tal flat channels, as reproduced from ref. [55],
are consistent with the above-described obser-
vations of ref. [13]. In addition, the very good
mixing observed in the inner core of the COPO
facility confirms that the significant peculiari-
ties of the turbulent intensities, due to stratifi-
cation, are apparently suppressed in the bound-
ary layers of the pool. The violation of the
Reynolds analogy between momentum and heat
transfer in stably stratified flows was discussed
by Turner in ref. [56]. Experimental data on
the turbulent Prandtl number as a function of
the Richardson number were presented in ref.
[57] and are reproduced in fig. 11. One can see
that the turbulent Prandtl number increases
when flows become stably stratified (Richard-
son number is positive and increasing) and that
the turbulent Prandtl number decreases when
flows become unstably stratified (Richardson
number is negative and decreasing).

In recent literature [31], [32], [33], [39], [44],
[45], [58], [59], different kinds of second-order
corrections of the k — (. models have been de-
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Figure 10: Distribution of the vertical turbu-
lent intensity (It = y/v?/U) for unstable (1),
neutral (2) and stable (3) density/temperature
stratification (data for horizontal Sat channels
from ref. [55], with H as the layer thickness).

veloped to account for non-isotropic effects of
buoyancy. However, none of these studies con-
sider internal natural convection flows or flows
with non-adiabatic and/or isothermal horizon-
tal walls, invoking sharp flow temperature gra-
dients. An applicability of turbulent "constants"
and assumptions is uncertain under stratifica-
tion and wall-affected conditions. We are un-
aware of any work, providing second-order cor-
rections of LRN KEM for conditions of strongly
unstable stratified flows. The local equilibrium
assumed for 02 in refs. [31] and [41] is probably
not applicable to this condition. Therefore, the
behavior of thermal variance has to be mod-
eled. Only the ratio between the mechanical
and thermal dissipation time scales (R), used
to determine the dissipation rate (c^) of the
mean squared temperature (02), is evaluated
in ref. [43] for the differential Reynolds stress
model and in ref. [44] for the algebraic stress
model. It was found that for strongly stable
stratified buoyant flows R = 0.25 instead of
the accepted value 0.8. Based on an analysis
of the thermal mixing layer, Elghobashi and
Launder proposed the value of 1.25 for R [60].
The wall effect on the value of R is analyzed in
ref. [33]. In our view, the ratio of time scales
depends, significantly, on the local Richardson

10"

Figure 11: Dependence of Prt on den-
sity/temperature stratification, [57] (1,2,3 -
stable stratification; 4,5 - unstable stratifica-
tion).

number, and the value of R increases for un-
stable stratification conditions. For instance,
this fact can influence the value of the ther-
mal variances (02) at the upper surface of an
internally heated liquid pool through e^.

The most important factor in determining
the local Nu numbers is thus the distribution
of turbulent heat flux of eq.(18) across the sub-
layer or, since a k — e model is used in this
region, the distribution of turbulent thermal
diffusivity (UJO).

t n —a

?, = -Pcpu3e =
(18)

To our knowledge, fundamental expressions
for the turbulent Prandtl number Prt and "tur-
bulent viscosity" ut were derived originally by
Gibson and Launder in ref. [31] for predomi-
nantly horizontal thin shear flows remote from
walls. In such non-equilibrium shear flows (P^ ^
e), the turbulent Prandtl number and turbu-
lent viscosity are shown to be dependent on the
Richardson number and turbulence kinetic en-
ergy production/dissipation rates ratio, Ne =
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e. Simplified forms of functional dependen-
cies Prt = f(Ri, Ne) and C^ = f{Ri, Ne) ap-
plied to a limited range of Ri numbers are pre-
sented below [see eqs. (19-20)].

r, = Pr°
- 4>e)B

1 +
(19)

c - 2 1 - 0.135

3 1 +

where

+
V ^ /

2.4
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Figure 12: Dependence of Pr t on Ri and iVe

under stratification conditions.

k2

(21)

Ci = 1.8; C2 = 0.55;
Cie = 3.4; C2e = 0.5;

R = 0.81; 4> =
-C2

<t>'a =
[de + oMXe-i)}-1;
4>g(l — C2B) (22)

Figure 12 depicts strong dependencies of
the turbulent Prandtl number, Prt, on the Ri
number and turbulence non-equilibrium factor,
Ne. According to eq. (19), the order-of-magni-
tude variations of Prt can eventually be larger
than those of experimental observations (fig.
11), depending on JVe. However, one has to
note the coupled nature of Ne and Ri number
under density/temperature stratification con-
ditions. The stronger are unstable/stable strat-
ification (| Ri |), the larger is the buoyancy-
induced turbulence generation/ destruction,
and therefore, the more is the turbulence non-
equilibrium, Ne — 1.

Further, Gibson has modified the transport
equation for stress and heat flux in turbulent
flow with streamline curvature, accounting for

the presence of a wall by the wall damping
function [34]. A similar scheme was presented
by Ljuboja and Rodi for horizontal and vertical
turbulent buoyant wall jets [32] and developed
by De Lemos and Sesonske for pipe flow [33].
To derive equations applicable to pool natural
convection heat transfer the schemes presented
in refs. [31] and [32] can be used. However, re-
circulation flows and stagnation at upper sur-
face can make this consideration much more
complex. In the COPO geometry, dominating
mechanisms of turbulence transport can differ
between the inner core, upper surface, side wall
and bottom wall regions of the pool. The most
uncertain part is the vertical turbulent heat
flux (by convention, uff) in the unstably strat-
ified flows of the upper isothermal cooling sur-
face. As can be seen from an evaluation of qt,
a positive vertical temperature gradient, ( U
> 0; stable stratification) decreases the verti-
cal turbulent heat flux, and vice versa for the
unstable stratification (|~ < 0). In such strat-
ification conditions of interest here, even sim-
plified forms of Prt and fit are expected to be
functions of the local Richardson number (Ri),
turbulence kinetic energy non-equilibrium (^L

p
- 1), thermal variance non-equilibrium (-£ -

e2

1), wall factors (D, f) and local temperature
and velocity gradients (dT/dzj, dUi/dzj).
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Prt =

diffusivity concept [(eq.(25)] or in the general-
i z e d gradient diffusion approach [eq.(26)] [30].

(25)

In the internally heated natural convection
heat transfer, the non-equilibrium of turbulence
kinetic energy and thermal variance are basi-
cally caused by the density/temperature strat-
ification in the near-wall regions. Thus ( ^ -

1), (-£ - 1) and the time scales ratio, R, can be

expressed in terms of the Richardson number.
Ultimately, one can assume a functional depen-
dency of the turbulent Prandtl number [Prt =
f(Ri)] and turbulent viscosity [fit = f(Ri))] on
the local Richardson number.

5 Numerical evaluation

By admitting violation of the Reynolds
analogy as the dominant factor, and modeling
the turbulent Prandtl number as a direct func-
tion of the local Richardson number Prt=f(Ri),
a nice agreement between the computed and
measured heat fluxes of the COPO experiments
(runs fhl, fli2 and fhS) is achieved (see Ta-
ble 2). More importantly, the computed and
measured distributions of the local heat flux
along the side-wall boundary of the pool show
similar behavior [fig. 9, thick line, CHM +
Prt(Ri, j/+)]. The calculated velocity and tem-
perature fields depict the sharp temperature
stratification in the vicinity of the walls and
good mixing in the core.

However, gravitational forces influence not
only turbulent heat flux, but turbulent stresses.
Therefore, non-isotropic effects on the turbu-
lent heat flux in the vertical direction [see
eq.(2)] might be caused also by incorrect def-
inition of turbulent viscosity (fit) in the eddy

£
- pv,j6 = Ce-

with Cg = 0.3 and

r ^ (26)

pu3ut = -63tpk -
dUt

— + —
(27)

In other words, if one adopts the commonly
made assumptions of the two-equation models,
the turbulent "constant" CM [see eq.(7) for fit ]
must be determined empirically on a case-by-
case basis.

Sini and Dekeyser have developed the buoy-
ancy-extended version of the k — e turbulence
model for numerical prediction of turbulent pla-
ne jets and forced plumes [58]. In the limiting
case of the pure plume, an empirical relation
was introduced by assuming CM to be influ-
enced by buoyancy and given in terms of the
Froude number (Fr). This improved signifi-
cantly the model's ability to describe the mean
flow characteristics requiring no solution of ad-
ditional equations for stresses and heat fluxes.
Note that the physical sense of the Richardson
and internal Froude number for the layer is the
same, and the analysis can equally well written
in terms of Fr or Ri. Dealing with the appli-
cation of the buoyancy-extended k — e model to
the calculation of turbulent natural convection
in a volumetrically heated molten pool, we can
follow the work of ref. [58] in correcting the
formulation of the turbulent viscosity (fit). As
it was mentioned, in our case, stratification is
significant in the vicinity of the walls, giving
the reason to modify the wall damping func-
tion of Chien (/M) by a function of the local
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Richardson number. Based on an analysis of
the COPO experiments data by the LRN KEM
of Chien, the phenomenological corrections for
the turbulent Prandtl number [Prt; eq.(28)],
and the wall damping function of turbulent vis-
cosity [/M; eqs.(29),(30)], are proposed as fol-
lows.

1.5

1.0

Prt = Pr°t • {O.OI + 50 • \tanh (6.7 • (j/+)2

•eip(-0.02y+) • {-Ri) - 2.3) + l] }(28)

{modified = 1-.exp ( -0.0115 • y+ • fb(Rt))

(29)

t 0.5

0.0
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• COPO, RUN 21A
• COPO, RUN 30A (Ra=6.79E+14)
• COPO, RUN 32A (Ra=1.43E+15)
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Figure 13: Distribution of Nu number on the
vertical pool boundary. Calculational results
vs. COPO experimental data.

h{Ri) = 0.5 + 103 • {tank [-6.7 • (y+)2

•exp(-0.Q2y+) • (-Ri) - 4.15] + 1} (30)

An employment of these empirical correla-
tions to the conditions of Steinberner-Reineke
experiments led to a significantly improved pre-
diction of heat transfer characteristics in an in-
ternally heated square cavity. As can be seen
from figs. 4 - 7 [CHM + Prt(Ri, y+) + vt{Ri,
y+)], the upwards Nu number and Damkohler
number, Da, are in a good agreement with cor-
responding experimental data for Ra number
about 1014. It is worth noting that empiri-
cal eqs. (28-30) are correlated with theory-
based eqs. (19-20), even though the former
depend on the Ri number and j / + , whereas the
later ones depend on the Ri number and Ne.
Thus, one can choose such values of y+ and
Ne, that empirical and analytical dependencies
of Prt and C^f^ on the Ri number are quite
similar. In fact, quite reasonable results have
also been obtained from additional calculations
[L&SM + Prt(Ri, Ne)], which were carried out
for Ra numbers 1012 -10 1 3 and have employed
an approximation Prt = f(Ri,Ne) of eq. (19).

For the chosen COPO geometry, functions
(28-30) are significant only in the near-wall re-
gions of the upper boundary and the bottom

part of the lower, curved boundary. It is not
surprising that the developed modifications af-
fect the local heat transfer coefficient, because
this is determined to a large extent by the vari-
ation of the effective diffusivity within the im-
mediate vicinity of the wall [16]. Results of
some COPO experiments are compared to cal-
culational results in figs. 4 - 6 . In general,
a qualitative agreement is obtained both for
the averaged heat transfer characteristics and
their local distribution along the vertical side
wall and the curved lower boundaries of the
pool (see figs. 13-14); the top boundary local
heat flux data are not yet available from the
COPO. We believe that this is the first time
such agreement for very high Ra numbers has
been achieved. These results and the conclu-
sion about the principal limitation of the LRN
KEM given in the foregoing are not contro-
versial. On the contrary, the results obtained
allow us to understand the order-of-magnitude
influence of gravitational forces in the vicinity
of the cooling walls. Nevertheless, the model
and corrections proposed are empirical, and thus
their global feasibility is limited4.

4 It is perhaps instructive to note that specific fea-
tures of the LRN KEM of Chien are not favourable for
modeling recirculating buoyant flows of interest here.
Moreover, the use of y+ in that model renders difficul-
ties in interpreting empirical correlations proposed. In
this sense, the LRN KEM of Launder and Sharma is
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namic boundary layers, due to the thicker ther-
mal boundary layer, and, the resulting smaller
temperature gradients and less significant strat-
ification effects. Secondly, in near-wall regions
the values of the melt viscosity can change two
or three orders of magnitude due to the sharp
decrease of the melt temperature approaching
the solidus point. This phenomenon causes
an additional laminarization, makes the effect
of unstable stratification less important, and
thus affects the heat flux distribution. Thirdly,
also the effects of a non-Newtonian fluid behav-
ior have to be considered. For nuclear reactor
safety issues related to in-vessel melt retention,
the significance of these phenomena should be
determined.

Figure 14: Distribution of Nu number on the
lower, curved pool boundary. Calcul&tional re-
sults vs. COPO experimental data. 6 rummary

One way of accounting for buoyancy in this
model is to develop appropriate expressions for
the turbulent Prandtl number [eq.(23)] and tur-
bulent viscosity [eq.(24)]. The set of Reynolds
stresses and turbulent heat fluxes have to be
used to obtain algebraic expressions for Prt

and fif In fact, both multi-dimensional and
wall effects have to be taken into account. It
is important for the condition under consid-
eration that no turbulence equilibrium has to
be presumed when deriving eqs.(23-24). Ad-
ditional assumptions for transport of thermal
variance (02) and its dissipation rate (c^r) have
to be made, describing specific upper-wall ef-
fects (unstable stratification) on the thermal
variance. It is our view that theory-based cor-
relations [eqs. (23),(24)] are crucial for further
development of the k — e approach in modeling
the turbulence in volumetrically-heated high-
Ray leigh-number melt pools.

To conclude this numerical evaluation, let
us briefly highlight some aspects that can have
significant effects on natural convection heat
transfer in a large molten pool in a real re-
actor situation. Firstly, the Prandtl number
of the core melt is much lower than that of
water. This necessitates a separate reactor-
specific consideration of the thermal and dy-

eventually more preferable in further development.

Natural convection in a volumetrically heat-
ed corium pool at high Ra numbers is treated
numerically by introducing a new low-Reynolds-
number k — e model. The buoyancy-induced
anisotropy of turbulence is modeled by means
of the local Richardson number. Phenomeno-
logical corrections are proposed for the turbu-
lent Prandtl number and the near-wall viscos-
ity, accounting for the effects of density/tem-
perature stratification on turbulence.

These corrections were employed in the k-e
model to produce very good agreement with
the experimental data received from the Finnish
COPO experiments [6], [7] and Steinberner-
Reineke [9] tests. Most importantly, local heat
fluxes on vertical and curved pool boundaries
were correctly predicted by the model. Nev-
ertheless, we should note that these modifica-
tions of the low-Reynolds-number k — e model
are experiment-specific: they cannot substitute
for the fundamental deficiencies of the two-
equation turbulence model. For reactor cases,
the proposed corrections should be refined, and
this requires greater experimental data base
under high-Rayleigh-number conditions. Local
temperature and velocity measurements, and
data on turbulent intensity distribution in dif-
ferent regions of density/temperature stratifi-
cation, are essential for the model development.
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The analytical estimates of turbulent heat
fluxes have shown that the buoyancy-induced
stratification in the vicinity of horizontal cool-
ing surfaces induces very complicated effects on
turbulence and creates difficulties in account-
ing for these mechanisms in the k-e framework.
By making certain assumptions about relative
values of turbulent stresses and turbulent heat
fluxes in corresponding regions of liquid pools,
theoretical correlations for turbulent Prandtl
number and turbulent viscosity can be obtained
for conditions in question. These results can
then be employed in a k-e model to reduce its
phenomenological inadequacy and empiricism.

In general, reliable computations of the spe-
cific features of turbulent buoyant flows will
eventually require application of an advanced
Reynolds stress model. However, there exist
uncertainties in higher-order models and dif-
ficulties in implementing these models into a
general Navier-Stokes code. The aim of the fur-
ther work is to find the level of modeling which
can give acceptable agreement with experimen-
tal data for the problem under consideration,
but still remain simple enough to be employed
for the solution of complex three-dimensional
flows with irregular boundaries. In fact, most
computer programs developed for reactor ap-
plications are based on the two-equation tur-
bulence models. It is believed that the ap-
proach developed in this study can contribute
to further development of efficient computa-
tional methods for estimating heat transfer in
large volumetrically-heated liquid pools. After
further checking and validation, these methods
could be fruitful in analyzing prototypic melt
pool behavior, and, in particular, the sensitiv-
ity of heat flux distributions to variations in the
geometry of the vessel lower head and proper-
ties of the prototypic core melt material.
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Table 1: Influence of the grid parameters on
the NARAL code results.
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Table 2: Preliminary analyses with the modi-
fied LRN k — e model (turbulent Prandtl num-
ber as a function of the Richardson number)
and related COPO data.
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Nomenclature

Latin letters

Cp specific heat (J/kg-K)
Cit,C2e,C3C coefficients in e-equation (-)
Cfi coefficients in /jf-equation (-)
C\, C2 coefficients in Reynolds stress expressions (-)
C\t,Cit coefficients in turbulent heat flux expressions (-)
D low-Reynolds-number source term in /t-equation
Da Damkohler number, Da = qvH

2/XATmax (-)
E low-Reynolds-number source term in e-equation
fi,h,ffi low-Reynolds-number corrections for C\c,C2e and C^, respectively (-)
Gk rate of turbulence generation due to buoyancy (m2/s3)
g gravitational acceleration (m/s2)
H height of the liquid pool (m)
k turbulent kinetic energy (m2/s2)
Nu Nusselt number, Nu = qH/XAT (-)
Ne turbulence non-equilibrium factor, Ne = Pk/e
P pressure (Pa)
Pk rate of turbulence generation due to shear stress (m2/s3)
Pj5 rate of thermal variance production (K2/s)
Pr Prandtl number, Pr = (iCp/X (-)
q heat flux (W/m2)
qv volumetric heat generation rate (W/m3)
R time-scales ratio
Ra Rayleigh number, Ra = gqv(3H5/av\ (-)
Rac Rayleigh number based on the height of the curved part of the pool (-)
Ri Richardson number, see eq.(17) (-)
r radial coordinate (m)
S source term
T temperature (K)
t time (s)
U, V mean velocity in the z and r-directions, respectively (m/s)
u, v turbulent fluctuation velocity in the z and r-directions, respectively (m/s)
y distance to the closest fixed wall (m)
y+ dimensionless coordinate (-)
z vertical coordinate (m)

Greek letters

a the rmal diffusivity ( m 2 / s )
(3 coefficient of thermal expansion ( K - 1 )
6ji Kroeneckers delta
e dissipation rate of turbulent kinetic energy (m2/s3)
ep- dissipation rate of thermal variance (K2/s)
6 turbulent fluctuating temperature (K)
A thermal conductivity (W/m-K)
fi dynamic viscosity (Pas)
v kinematic viscosity (m2/s)
p density (kg/m3)

Subscripts
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c,dn
dn

hi
k

q
sd
t
up

¥

downwards to a curved surface
downwards
i and j directions
turbulent kinetic energy
heat generation
side-wall
turbulent
upwards
dissipation rate of turbulent kinetic energy
thermal variance

List of abbreviations

CHM Chien model
CHM + PrT(Ri, Y+) Modified Chien model, using Prt(Ri,y+)
CHM + PrT(Ri, Y+) + VIST(Ri, Y+) Modified Chien model, using Prt{Ri, y+)

and i/t(Ri,y+)
CHM + Y Chien model, including Yap term
Jk-LM + Y Jones and Launder model, including Yap term
Jk,R Jahn and Reineke
LM Laminar model
L&cSM Launder and Sharma model
LkSM + PrT(Ri, Ne) Launder and Sharma model, using Prt(Ri, Ne)
SLR Steinberner and Reineke

38



References

[1] In-Vessel Core Debris Cooling Through Exter-
nal Flooding of the Reactor Pressure Vessel. Sit-
uation Report by a Group of Experts. (T. Okko-
nen et al.) OECD/NEA/CSNI. February 1994.
NEA/CSNI/R(94)6.

[2] F. Mayinger et al., Examination of Thermal Hy-
draulic Processes and Heat Transfer in a Core
Melt. BMFT RS 48/1. 1976. (in German)

[3] B.D. Turland and J. Morgan (ed) et al. Com-
pendium of Post Accident Heat Removal Mod-
els for Liquid Metal Cooled Fast Breeder Reac-
tors. European Applied Research Reports - Nu-
clear Science and Technology. Vol.6. N.5 (1985),
pp.1003-1418.

[4] M. Sonnenkalb, Summary of Previous Ger-
man Activities and Status of GRS Pro-
gram on In-Vessel Molten Pool Behavior
and Ex-Vessel Coolability, Proceedings of the
OECD/CSNI/NEA Workshop on Large Molten
Pool Heat Transfer, Grenoble, France, March 9-
11, 1994.

[5] J.M. Bonnel, S. Rouge and J.M. Seiler, Large
Scale Experiments for Core Melt Retention, Pro-
ceedings of the OECD/CSNI/NEA Workshop
on Large Molten Pool Heat Transfer, Grenoble,
France, March 9-11, 1994.

[6] O. Kymalainen, O. Hongisto, J. Antman, H.
Tuomisto and T.G. Theofanous, COPO: Exper-
iments for Heat Flux Distribution from a Vol-
umetrically Heated Corium Pool, Proceedings
of the 20-th Water Reactor Safety Information
Meeting, Bethesda, Maryland, October 21-23,
1992

[7] O. Kymalainen, H. Tuomisto, O. Hongisto
and T.G. Theofanous, Heat Flux Distribution
from a Volumetrically Heated Pool with High
Rayleigh Number, Proceedings of the 6th Int.
Topical Meeting on Nuclear Reactor Thermal
Hydraulics, NURETH-6, Grenoble, France, Oc-
tober 1993, pp.47-53.

[8] F.J. Asfia and V.K. Dhir, Natural Convection
Heat Transfer in Volumetrically Heated Spheri-
cal Pools, Proceedings of the OECD/CSNI/NEA
Workshop on Large Molten Pool Heat Transfer,
Grenoble, France, March 9-11, 1994.

[9] U. Steinberner and H.H. Reineke, Turbulent
Buoyancy Convection Heat Transfer with In-
ternal Heat Sources, Proceedings of the 6th
Int. Heat Transfer Conference, Toronto, Canada
(1978), Vol.2, pp.305-310.

[10] F.B. Cheung, Natural Convection in a Volu-
metrically Heated Fluid Layer at High Rayleigh

Numbers, Int.J.Heat Mass Transfer (1977),
Vol.20, pp.499-506.

[11] B. Farouk, Turbulent Thermal Convection in
an Enclosure with Internal Heat Generation,
Transactions of the ASME, J. Heat Transfer
(1988), Vol.110, pp.126-132.

[12] M. Jahn and H.H. Reineke, Free Convection
Heat Transfer with Internal Heat Sources: Cal-
culations and Measurements, Proceedings of the
5th Int. Heat Transfer Conference, Tokyo, Japan
(1974), Vol.3, paper NC-2.8.

[13] F.A. Kulacki and M.Z. Nagle, Natural Convec-
tion in a Horizontal Fluid Layer with Volumetric
Energy Sources, Transactions of the ASME, J.
Heat transfer (1975), Vol.97, pp.204-211.

[14] F.A. Kulacki and A.A.Emara, Steady and
Transient Thermal Convection in a Fluid Layer
with Uniform Volumetric Energy Sources, J.
Fluid Mech. (1977), Vol.83, part 2, pp.375-395.

[15] K.M. Kelkar and S.V. Patankar, Turbulent
Natural Convection in Reactor Core Melt. Final
Report, Phase I SBIR, U.S. Nuclear Regulatory
Commission, March 1993.

[16] B.E. Launder, On the Computation of Convec-
tive Heat Transfer in Complex Turbulent Flows,
Transactions of the ASME, J. Heat Transfer
(1988), Vol.110, pp.1112-1128.

[17] K.M. Kelkar, K.K.Khankari,
and S.V. Patankar, Computational Modelling of
Turbulent Natural Convection in Flows Simulat-
ing Reactor Core Melt, Final Report Submitted
to Sandia National Laboratories, Albuquerque,
NM, December 1993.

[18] B. Frantz and V.K. Dhir, Experimental Inves-
tigation of Natural Convection in Spherical Seg-
ments of Volumetrically Heated Pools. ASME
Proc. 1992 National Heat Transfer Conference.
San Diego, CA, August 9-12,1992. HTD Vol 192,
pp.69-76.

[19] R.H. Pletcher, Progress in Turbulent Forced
Convection. Transactions of the ASME, J. Heat
Transfer (1988), Vol.110, pp.1129-1144.

[20] R.R. Nourgaliev, A.A. Popov A.A. and T.N.
Dinh, Numerical Modeling of Free Convection
with Internal Heat Sources in the Closed Verti-
cal Cylindrical and Semicircular Cavity. Verifica-
tion of the NARAL code report. EREC Preprint.
Lll/07, Moscow (1993).

[21] W.P. Jones and B.E. Launder, The Prediction
of Laminarization with a Two-Equation Model
of Turbulence, Int.J. Heat Mass Transfer (1972),
Vol.15, pp.301-314.

39



[22] B.E. Launder and B.I. Sharma, Application of
the Energy-Dissipation Model of Turbulence to
the Calculation of Flow Near a Spinning Disc,
Letters in Heat Mass Transfer (1974), Vol.1,
pp.131-138.

[23] K.-Y. Chien, Predictions of Channel and
Boundary Layer Flows with a Low-Reynolds-
Number Two-Equation Model of Turbulence,
AIAA J. (1982), Vol.20, pp.33-38.

[24] C.K.G. Lam and K. Bremhorst, A Modified
Form of the k — e Model for Predicting Wall
Turbulence, Transactions of the ASME, J. Heat
Transfer (1981), Vol.103, pp.456-460.

[25] V.C. Patel, W. Rodi and G. Scheuerer, Tur-
bulence Models for Near-Wall and Low Reynolds
Number Flows: A Review, AIAA Journal (1985),
Vol.23, pp.1308-1319.

[26] R.A.W.M. Henkes, F.F. Van Der Vlugt and
C.J. Hoogendoorn, Natural Convection Flow in
a Square Cavity Calculated with Low-Reynolds-
Number Turbulence Models, Int.J. Heat Mass
Transfer (1991), Vol.34, pp.377-388.

[27] T.J. Craft, L.J.W. Graham and B.E. Laun-
der, Impinging Jet Studies for Turbulence Model
Assessment - II. An Examination of the Perfor-
mance of Four Turbulence Models, Int.J. Heat
Mass Transfer (1993), Vol.36, pp.2685-2697.

[28] K. Hanjalic, B.E. Launder and R. Schiestel,
Multiple-time-scale Concepts in Turbulent Shear
Flows, In "Turbulent Shear Flows" (Edited
by L.J.S. Bradbury, F. Drust, B.E. Launder,
F.W Schmidt and J.H. Whitelaw) (1980), Vol.2,
pp.36-49. Springer, New York.

[29] S.-W. Kim and T.J. Benson, Calculation of a
Circular Jet in Crossfiow with a Multiple-Time-
Scale Turbulence Model, Int.J. Heat Mass Trans-
fer (1992), Vol.35, pp.2357-2365.

[30] B.J. Daly and F.H. Harlow, Transport Equa-
tions in Turbulence, Physics Fluids (1970),
Vol.13, pp.2634-2649.

[31] M.M. Gibson and B.E. Launder, On the Cal-
culation of Horizontal Turbulent Shear Flows un-
der Gravitational Influence, Transactions of the
ASME, J. Heat Transfer (1976) Vol.98, pp.81-87.

[32] M. Ljuboja and W. Rodi, Prediction of Hori-
zontal and Vertical Turbulent Buoyant Wall Jets,
Transactions of the ASME, J. Heat Transfer
(1981), Vol.103, pp.343-349.

[33] M.J.S. De Lemos and A. Sesonske, Turbulence
Modeling in Combined Convection in Mercury
Pipe Flow, Int.J. Heat Mass Transfer (1985),
Vol.28, pp.1067-1088.

[34] M.M. Gibson, An Algebraic Stress and Heat
Flux Model for Turbulent Shear Flow With
Streamline Curvature, Int.J. Heat Mass Trans-
fer (1978), Vol.21, pp.1609-1617.

[35] W.M. To and J.A.C. Humphrey, Numerical
Simulation of Buoyant Turbulent Flow - I. Free
Convection Along Heated, Vertical Flat Plate,
Int.J. Heat Mass Transfer (1986), Vol.29, pp.573-
592.

[36] J.A.C. Humphrey and W.M. To, Numerical
Simulation of Buoyant Turbulent Flow - II. Free
and Mixed Convection in a Heated Cavity, Int.J.
Heat Mass Transfer (1986), Vol.29, pp.593-610.

[37] C.J. Chen and C.H. Chen. On Prediction and
Unified Correlation for Decay of Vertical Buoy-
ant Jets, Transactions of the ASME, J. Heat
Transfer (1979), Vol.101, pp.532-537

[38] M.S. Hossain and W. Rodi, A Turbulence
Model for Buoyant Flows and its Application
to Vertical Buoyant Jets. In "Turbulent Buoyant
Jets and Plumes" (Edited by W. Rodi) (1982),
pp.121-178. Pergamon Press, Oxford.

[39] K. Hanjalic and S. Vasic, Computation of Tur-
bulent Natural Convection in Rectangular Enclo-
sures with an Algebraic Flux Model, Int.J. Heat
Mass Transfer (1993), Vol.36, pp.3603-3624.

[40] T. Tsuji and Y. Nagano, Characteristics of a
Turbulent Natural Convection Boundary Layer
Along a Heated Vertical Flat Plate, Int.J. Heat
Mass Transfer (1988), Vol.31, pp.1723-1734.

[41] T.W.J. Peeters and R.A.W.M. Henkes, The
Reynolds-stress Model of Turbulence Applied to
the Natural Convection Boundary Layer Along a
Heated Vertical Plate, Int.J. Heat Mass Transfer
(1992), Vol.35, pp.403-420.

[42] T. Tsuji and Y. Nagano, Turbulence Measure-
ments in a Natural Convection Boundary Layer
Along a Vertical Flat Plate, Int.J. Heat Mass
Transfer (1988), Vol.31, pp.2101-2111.

[43] M.R. Malin and B.A. Younis, Calculation
of Turbulent Buoyant Plumes with a Reynolds
Stress and Heat Flux Transport Closure, Int.J.
Heat Mass Transfer (1990), Vol.33, pp.2247-
2264.

[44] A. Shabbir and D.B. Taulbee, Evaluation
of Turbulence Models for Predicting Buoyant
Flows, Transactions of the ASME, J. Heat Trans-
fer (1990), Vol.112, pp.945-951.

[45] L. Davidson, Second-order Corrections of the
k — e Model to Account for Non-isotropic Ef-
fects due to Buoyancy, Int.J. Heat Mass Transfer
(1990), Vol.33, pp.2599-2608.

40



[46] T.N. Dinh et al. , Multi-Dimensional Multi-
Field Mathematical Modeling of Melt Thermal
Hydraulics, Proceedings of the 2nd CORVIS
Task Force Meeting, PSI, Switzerland, July 8-9,
1993.

[47] T.N. Dinh and A.A. Popov, Molten Corium
- Reactor Vessel Interaction: Scaling and Other
Aspects, ASME 1993 Winter Annual Meeting.
New Orleans, Louisiana, USA. December 1993.
Section 14C: Advanced Nuclear Power Plants.
ASME paper 93-WA/HT-81.

[48] M. Faghri, E.M. Sparrow and A.T. Prata, Fi-
nite Difference Solutions of Convection-Diffusion
Problems in Irregular Domains, Using a
Nonorthogonal Coordinate Transformation, J.
Numerical Heat Transfer (1984), Vol.7, pp.183-
209.

[49] S.V. Patankar, Numerical Heat Transfer and
Fluid Flow, Hemisphere Publ.Corp., New York,
1980.

[50] R.R. Nourgaliev and T.N. Dinh, Numerical
Modeling of Free Convection with Internal Heat
Sources under High Rayleigh Number Condi-
tion (Turbulent Natural Convection). Verifica-
tion of the NARAL code report. EREC Preprint.
LI 1/08, Moscow, 1994.

[51] T.N. Dinh and R.R. Nourgaliev, Numerical
Analysis of Two-dimensional Natural Convection
under High Rayleigh Number Condition in Vol-
umetrically Heated Corium Pool, Proceedings
of the OECD/CSNI/NEA Workshop on Large
Molten Pool Heat Transfer, Grenoble, France,
March 9-11, 1994.

[52] R.J. Kee, C.S. Landram and J.C. Miles, Nat-
ural Convection of a Heat-Generating Fluid
Within Closed Vertical Cylinders and Spheres,
Transactions of the ASME, J. Heat Transfer
(1975), Vol.97, pp.55-61.

[53] C.P. Tzanos and D.H. Cho, Numerical Pre-
dictions of Natural Convection in a Uniformly
Heated Pool, Transaction of ANS (1993), Vol.68,
Part A, p.504.

[54] CFDS-FLOW3D Release 3.3 User Manual,
June 1994.

[55] B.S. Petukhov, A.F. Polyakov and Yu.V. Tsy-
pulev, Peculiarities of Non-isothermal Turbu-
lent Flow in Horizontal Flat Channel at Low
Reynolds Number and under Significant Influ-
ence of Buoyancy Forces. In "Turbulent Shear
Flows-2" (1980), pp.158-167. Springer-Verlag,
Berlin.

[56] J.S. Turner, Buoyancy Effects in Fluids, Cam-
bridge Univ. Press, London 1973.

[57] A.Ph. Polyakov, Single Phase Mixed Convec-
tion, In "Convective Heat Transfer", Moklus
Pub.Cor., Vilnius. 1989. (in Russian)

[58] J.F. Sini and I. Dekeyser, Numerical Predic-
tion of Turbulent Plane Jets and Forced Plumes
by Use of the k — e Model of Turbulence, Int.J.
Heat Mass Transfer (1987), Vol.30, pp.1787-
1801.

[59] M.K. Chung and H.J. Sung, Four-equation
Turbulence Model for Prediction of the Turbu-
lent Boundary Layer Affected by Buoyancy Force
over a Flat Plate, Int.J. Heat Mass Transfer
(1984), Vol.27, pp.2387-2395.

[60] S.E. Elghobashi and B.E. Launder, Turbulent
Time Scales and the Dissipation Rate of Tem-
perature Variance in the Thermal Mixing Layer,
Physics Fluids (1983), Vol.26, pp.2415-2419.

41



Paper 2:

An Investigation of Turbulence Characteristics in Internally
Heated Unstably-Stratified Fluid Layers

42



THE INVESTIGATION OF TURBULENCE CHARACTERISTICS
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Abstract

Turbulence characteristics of the hydro- and ther-
mal fields in an internally-heated horizontal fluid
layer are numerically investigated for Rayleigh
numbers up to 5 • 108 using a finite-difference
code for direct numerical simulations. Calcu-
lated results indicate significant anisotropic tur-
bulent behaviour and non-equilibrium of turbu-
lent kinetic energy and thermal variance under
unstable-stratification conditions. It was found
that important turbulence constants are remark-
ably non-uniformly distributed across the layer
and strongly dependent upon Rayleigh and fluid
Prandtl numbers. These factors pose the princi-
pal difficulty in developing a generic higher order
turbulence model for these type of buoyant flows.

Keywords: natural convection, heat trans-
fer, fluid layer, internal energy source, unstable-
stratification, turbulent characteristics, direct nu-
merical simulation.

1 INTRODUCTION

Natural convection flow and heat transfer in a
fluid layer with a volumetric energy source are of
interest in certain geophysical, astrophysical, and
technological problems. For example, turbulent
heat transport in a decay-heated molten corium
pool is the driving force for processes which occur
in the lower plenum of nuclear reactor pressure

vessel during the course of a postulated core
meltdown accident. The most important dimen-
sionless grouping governing this problem is the
Rayleigh number (Ra = ^^r<7/#), w n i c n c a n at-
tain values as high as 1016 in the reactor case.
A significant fraction of the heat generated in
the pool has to be removed through its upper
isothermally cooled surface. It is also known that
the flow in the upper pool portion is inherently
unsteady, with countercurrent flow of ascending
plumes and falling cooled blobs.

As a result, flow and heat transfer in the un-
stably stratified region becomes turbulent even at
rather low Rayleigh numbers. Despite the im-
portance of this phenomena for various applica-
tions, the understanding of turbulent transport
features as well as their predictability are lim-
ited. As was shown in a previous study [1], the
widely accepted engineering approach employing
low-Reynolds-number k — e models failed to de-
scribe both energy splitting (upward vs. down-
ward transfer) and local heat flux distribution
under the high-Rayleigh-number conditions of in-
terest. In order to improve the current knowl-
edge of turbulent flow and heat transfer under
unstable- stratification conditions, and to provide
a basis for developing the appropriate descrip-
tion and prediction methods, data on turbulence
structure and characteristics are needed. How-
ever, there exists no known systematic experimen-
tal study, related to the turbulence data of inter-
est here. Only in reference [2], measurements of
temperature fluctuations in an internally-heated
fluid layer were reported, while the local distribu-
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tions of eddy heat flux and production of thermal
variance were deduced from interferometric mean
temperature data in reference [3].

In order to produce a turbulence data base,
direct numerical simulation (DNS) can be used.
This means that the full three-dimensional time-
dependent conservation equations of mass, mo-
mentum, and energy are solved on grids which
resolve the largest and smallest scales of turbu-
lence. DNS has already been established as an
important tool in studying the physics of turbu-
lence; see e.g. [4]. DNS was also employed for an-
alyzing natural convection heat transfer in fluid
layers with internal heat generation for Ra num-
bers in the range 3-104 to 4 • 106 [5]. Calculations
were performed for fluid layers cooled from both
top and bottom, using a finite-difference code.
Problems of spatial resolution were numerically
investigated. The predicted eddy conductivity
was shown to be positive near the lower and up-
per walls, but negative between the plane of zero
turbulent heat flux and of maximum temperature.
It was concluded in [5] that the eddy conductiv-
ity was not a proper model for natural convection
flows at moderate Rayleigh numbers, because it
cannot account for the counter gradient heat flux.
Turbulence data presented in [5] were limited to
the vertical distribution of the kinetic turbulent
energy and terms of equation for its conservation,
and energy spectra for the velocity fluctuations.
Ref. [5] clearly shows that turbulent natural con-
vection flow and heat transfer in fluid layers with
an internal energy source can be numerically sim-
ulated by a finite-difference scheme, without the
use of an empirical model.

In this study, the DNS method is applied to
establish turbulence characteristics in internally-
heated liquid pools. Since the physics of unstable-
stratification is of primary interest, the analy-
sis focuses upon turbulence characteristics in the
internally-heated horizontal fluid layer, with an
isothermally cooled upper surface and adiabatic
bottom surface. Such a configuration is chosen
for several reasons. First, the availability of heat
transfer and (limited) turbulence data provides
the opportunity to validate the numerical ap-

proach used. Second, the problem is well defined
to demonstrate turbulence characteristics under
unstable-stratification conditions, without distor-
tions caused by side-wall flow or stably-stratified
bottom layers (in case of cooled lower surface).
Therefore, for this case, the turbulence data may
be correlated in a simple manner and a better
understanding of the physical picture may be
achieved. Also, simplicity of the geometry is of
importance for such a numerical exercise, at least
at the current stage. Furthermore, the Rayleigh
number range is limited to 1012, and the chosen
fluid Prandtl numbers are Pr ~ 7 and Pr ~ 0.6,
which correspond to physical properties of wa-
ter and corium, respectively. Formulation of the
numerical problem is given in the next section,
which is followed by the validation against the
available experimental data and comparison to
other theoretical results. Next, calculated turbu-
lence statistical features of the hydro- and thermal
fields are presented and analyzed. Finally, the
major findings from the present numerical study
are summarized.

2 NUMERICAL MODEL

2.1 FORMULATION OF THE PROB-
LEM

The fluid layer, with height H and internal heat
generation rate qv, is bounded by the upper
isothermal surface (TZ-H = Tw) and bottom adi-
abatic surface (qz=o = 0); as shown in fig.l. In or-
der to simulate flows and heat transfer within the
fluid layer, the complete three-dimensional time-
dependent governing equations of mass (eq.l),
momentum (eq.2) and energy (eq.3) conservation
are solved:

dpV
dt

(1)

(2)

= ^ + qv (3)
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where h is the total enthalpy, P is pressure, and U
= [U, V, W] is the velocity vector. The Boussinesq
approximation is assumed. It can be shown that
the only dimensionless groups of interest are the
Rayleigh (Ra) and Prandtl (Pr) numbers.

z(w)
ISOTHERMAL WALL

PERIODIC B.C.

Figure 1: Coordinate system and computational
domain.

Boundary conditions - No-slip boundary condi-
tions are applied to all velocity components at the
upper and lower surfaces. Constant wall tempera-
ture and adiabatic conditions are specified for the
upper and lower surfaces, respectively. In addi-
tion, periodic boundaries are imposed in two hor-
izontal directions (x,y), and it is assumed that
both hydro- and thermo-fields have the same pe-
riodic length in the horizontal direction. Peri-
odicity lengths, D, and simulation time periods
must be selected in such a way, that large scale
vortex systems can be captured. In particular,
the periodicity lengths decrease with increasing
Rayleigh numbers [6]. However, comprehensive
data on the maximum wavelengths observed are
not known, so the validity of the selected peri-
odicity lengths must be determined from analysis
of calculational results. It is believed, however,
that this shortcoming can be accounted for by us-
ing large averaging time periods (as much as 3000
time steps), so the turbulence statistical result is
not influenced by the periodicity length. In the
present work, D is chosen equal to H and 2 • H
(depending on the Ra number).

Initial conditions - The quiescent state (U = 0

and T = Tw) is used as the initial conditions for
the time integration, which corresponds to pre-
vious experimental work. Furthermore, it can be
expected that the statistically-steady state results
are insensitive to the initial conditions in the fluid
due to the chaotic nature of the analyzed natu-
ral convection flow and the heat transfer transient
periods, that are much longer than the character-
istic time of blobs.

2.2 NUMERICAL METHODS AND
PROCEDURE

Spectral and finite-difference methods are gen-
erally used to integrate nonlinear partial equa-
tions for DNS studies. The main advantages of
finite difference methods, in comparison to spec-
tral methods, are their simplicity and flexibil-
ity with respect to boundary conditions. Re-
cently, it was found that spectral schemes and
finite-difference schemes are of similar accuracy
and roughly equivalent computational expense
[7]. If finite-difference methods can be used for
DNS studies, turbulent flows in complex geome-
tries can also be investigated. Applications of
finite-difference methods for DNS studies of tur-
bulent natural convection flow and heat trans-
fer have been reported, for example, in ref. [5]
for internally-heated fluid layers and in ref.[8] for
Rayleigh-Benard convection. However, it should
be noted that the validity of numerical schemes
used for DNS studies must be empirically deter-
mined, since there exists no comprehensive in-
formation and generalization about the accuracy
of various finite-difference methods for specific
types of flows. The particular reasons for this
are the high costs associated with DNS studies
and, therefore, their limited use, experience and
systematic examination.

In the present study, the numerical calcula-
tions were performed using the AEA code CFDS
FL0W-3D release 3.3. [9]. The basis of the code
is a conservative finite-difference method with all
variables defined at the centre of control volumes,
which fill the physical domain being considered.
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In order to compute the pressure and velocity
fields, the SIMPLEC pressure-velocity coupling
algorithm is utilized. The linearized momentum
and energy equations are solved using Stone's
method; while the pressure correction equation
is solved using the preconditioned conjugate gra-
dients method.

Discretization schemes - For spatial integration
by means of finite-difference methods it is abso-
lutely necessary to use schemes of at least second
order accuracy to suppress or to minimize numer-
ical diffusion [5]. Therefore, in the present investi-
gation all terms, apart from the advection terms,
in all the equations are discretized in space with
second-order centered differencing.

For the advection terms, there exist several
schemes, including those of second-order and
third-order accuracy. To avoid chequerboard os-
cillations in pressure and velocity, the improved
Rhie-Chow interpolation method is used when
determining the convection coefficients. Cen-
tral differencing (formally second-order accurate)
has been used in some DNS studies because it
gives relatively low numerical diffusion. How-
ever, this scheme is not robust, and often requires
very small under-relaxation factors or gives non-
physical overshoots [9]. The applicability of the
second-order upwind differencing HUW, and the
third-order accurate CCCT upwinded schemes for
DNS studies was examined in this study. The
HUW scheme is made second-order accurate by
extrapolating to the face from the two upwind
points. The CCCT scheme is a modification of
the QUICK scheme which is bounded to elimi-
nate possible non-physical overshoots. Compari-
son of calculational results obtained with the two
schemes indicates that the results (kinetic turbu-
lence energy and its budget, thermal variance and
its budget) are roughly the same, although more
dissipation (up to 10%) was observed in the HUW
result. The third-order accurate CCCT upwinded
scheme is, therefore, chosen for all calculations
presented here.

With respect to time advancement, explicit
Euler-Leapfrog or semi-explicit Crank-Nicholson

methods have been used in other DNS studies.
In such cases, the so-called Courant-Friedrichs-
Levy (CFL) condition (At < {***v**)1>3) m u s t

\ Umax )

be satisfied to ensure stability. However,
the spatial resolution required is very small
[min(Ax,Ay, Az) < 10"3 • H] to resolve all tur-
bulence scales. It should be noted here that the
time-averaged flow velocity may tend to zero, but
the instantaneous velocity of a blob can range up
to U = y/figATH (typically 10~3 to 10~2 m/s).
In such a case, the time step becomes too small
for the physical process simulated here. There-
fore, a fully implicit backward Euler differencing
scheme is chosen in the present investigation. It is
assumed that the second-order amplitude damp-
ing, associated with the 1st order accuracy of
the chosen time discretization scheme, is negligi-
ble. As shown in the next section, the method
is capable of providing sufficiently accurate re-
sults, which agree well with existing experimen-
tal data on both turbulence level (temperature
fluctuations) and heat transfer (Nusselt number,
temperature profile).

Computational grids - All three-dimensional
calculations were performed using a 35 X 35 x 74
grid (or 90650 nodes). The mesh was uniform in
the horizontal directions (x, y). In order to obtain
a sufficiently accurate prediction of the flow and
heat transfer characteristics, a very dense grid
is required in the vertical direction, z, near the
layer's upper and bottom surfaces. Hence, a fac-
tor of geometrical progression (1.01 to 1.18) was
utilized when generating the z-grid. Thus, sub-
grid scale terms are neglected as the grids are
shown to record all relevant structures.

Procedure - During calculations, the overall en-
ergy balance in the fluid layer is checked. From
the energy balance point of view, computations
led to steady state solution for relatively low Ra
numbers (Ra < 106), while for higher Ra num-
bers the resulting upward heat flux qup, and, con-
sequently, the overall energy balance and temper-
ature difference within the layer, exhibit an oscil-
latory behavior. The local upper-most wall heat
flux was evaluated using a Taylor's series expan-
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sion of the temperature at the three upper nodes
of the computational domain.

The computations were continued and "mea-
surements" of turbulent correlations were started
after the statistically steady state energy balance
and statistically-unchanged horizontally-averaged
temperature profile were achieved. During a
given time interval (Atmeas) of simulation, verti-
cal distributions (Nz grid points) of instant ve-
locity (u, v, w), pressure and temperature were
measured, at every time step, at chosen loca-
tions ([xk, Vk]i k = 1, JVjfc). Local second-order
one-point momentums were then calculated as
<fr[(f)'2 = (j>\4>2 — <t>\ • 4>2 ( h e r e t h e o v e r l i n e in-
dicates averaging over the measurement time
Atmeas)- About 80 parameters are needed at
Nk • Nz mesh points for the statistical analy-
sis of the kinetic turbulence energy budget and
the budget of thermal variance. These include
ujJ^.,mu-,^9^^,M.^^ etc. In order

to optimize the number of time steps (Nt =
AfA°") a nd the number of vertical measurements,
Nk, needed to provide sufficiently accurate sta-
tistical analysis, different cases, with Nt ranging
from 300 to 3000, and Nk ranging from 100 to
1225, were examined. The result indicates that
these two parameters (Nt and Nk) compensate
each other for the chosen ranges. However, due
to small values of D/H, extended simulation time
periods (3000 time steps) are preferable.

3 VALIDATION

3.1 HEAT TRANSFER DATA

Kulacki and Emara [10] combined their exper-
imental data with those of Kulacki and Nagle
[2] and summarized the measurements of Nusselt
number in internally-heated fluid layers, cooled

from above, with an empirical correlation (4) 1.

Nu = 0.389 • Ra0-228 ± 15% (4)

The correlation is valid for the Rayleigh number
range 2 • 103 < Ra < 2.2 • 1012. It is worth men-
tioning that the Nusselt number must be defined
with the time and horizontally-averaged tempera-
ture difference within the fluid layer (over bottom
surface A) as it was in the measurements made by
Kulacki et al. [2],[10], i.e. Nu = ̂ f- = 3^-,
with

AT = Tup - — I f Tdn dA dt

(5)
Calculations were first performed in two-
dimensional formulation, with a 100 x 100 grid. It
was known from the systematic numerical study
of three-dimensional effects in various geome-
tries, and under different boundary conditions,
[12], that three-dimensional computations pro-
vide higher heat transfer rates to the cooled up-
per pool surface than two-dimensional computa-
tions. This is related to the fact that the third
spatial direction provides additional freedom of
movement to the naturally-convecting flows. In
fact, the present 2D computations indicate that
a two-dimensional approach provides reasonably
accurate prediction of the Nusselt number for
relatively low Rayleigh numbers (< 107), while
for higher Ra numbers two-dimensional compu-
tations lead to an underestimation of the Nus-
selt number. Moreover, two-dimensional numer-
ical solutions have extremely unsteady (oscilla-
tory) behaviour. Oscillations in energy balance
are about 35% at Ra = 5 • 1O10. Serious prob-
lems in achieving the convergence of numerical
schemes were observed in two-dimensional com-
putations for higher Ra numbers. Instead, three-
dimensional computations (with grid 35 x 35 x
74) are much more stable for Ra numbers up to
5 • 1012. For Ra = b- 1012 the calculated Nusselt
number (as well as heat balance) oscillated with
r.m.s deviation of 12% around the averaged val-
ues. In fig.2, one can see good agreement between

'The Rayleigh number defined in the present paper has
the form Ra = ffivH which is consistent with the defi-
nitions used in the experimental papers of Kulacki et al.
[2],[10] and the theoretical study by Cheung [11],
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calculated and measured values of Nusselt num-
bers (±15%) in the complete range of Ra number
investigated.

101

— K&E, experimental correlation (eq.4)
• PRESENT WORK, 2D formulation
• PRESENT WORK, DNS

10"

Figure 2: Prediction of Nusselt number.

Fig.3 depicts the calculated dimensionless tem-
perature profile across the fluid layer for Ra =
9.3 • 107. The deviations of the present results
from the measured data [2], and the empirical
correlation [10], are within the measurement un-
certainties [2] (±20%, shown in a gray color).
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Figure 3: Prediction of temperature profile.

3.2 TURBULENCE DATA

As mentioned, heat transfer to the cooled upper
surface is governed by unstable-stratification con-
vective flows, with cooled blobs falling down to

the mixing region of the internally-heated fluid
layer. In such a case, convective heat transfer
can be characterized by a time scale of tbiob ~
j , H—, which is much smaller than the conduc-
ublob,max

tion time scale tconci ~ ^ - . In order to properly
describe transport phenomena in the upper layer
region, the calculations! time step must be much
smaller than tbiob, so that all blobs are resolved in
time. In other words, AFo = ^^ < Fobiob =
j**"^ This condition is actually satisfied for all
lcond

computed cases, as shown in fig.4. In the fig-
ure, characteristic times of blob movement were
defined from calculational results of Ubiob,max-

If*

10"5

10"

10' 10' 10* 10' 10" 10" 10" 10"
Ra

Figure 4: Time scales and time step.

Similarly, blob resolution in space requires hor-
izontal mesh size which is less than blob size
dbiob and vertical mesh size which is much less
than the thermal boundary layer thickness 6T,
i.e. Ax = Ay < dbiob and Az < 6j. In the
present work, the characteristic blob size is de-
termined from the computational result as length
scales of areas with local heat flux larger than the
average one, see fig.5. One can see that the con-
dition Ax = Ay < dbiob is satisfied for the cases
given in Table 1. In addition, observations from
the present DNS study indicate that the thickness
of the thermal boundary layer, 6x, has the same
scale as the blob size, i.e. dbiob — <5y. Hence, the
spatial resolution in the vertical direction near the
upper wall is quite sufficient to describe the steep
temperature gradients in the thermal boundary
layer; see Table 1.
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Figure 5: Example of calculated instantaneous temperature field. Ra = 9.3 • 107, Pr = 7.

Table 1: Blob length scale <4/o& and grid sizes
Ax, Ay.

Ra
Ax Ay
FT ' H

H

5-1O6

0.029
0.00096
0.03
0.136

9.3-10'
0.029

0.00096
0.03
0.061

5 1 0 8

0.029
0.00096
0.03
0.034

In order to simulate turbulent transport, the
smallest scales of turbulence, namely the Kol-
mogorov length scale, 77 = (z/3/efc)x/4, and the
thermal scale, rjt = (a^/efc)1'4, must be resolved.
Theoretically, the maximum wave number to be
recorded by the grid is kmax = %, where A =
(AxAyAz)1?3 is the mean grid width [5]. The
wave number must be greater than I/77 and l/jfc.
Although all estimates here are approximate, this

results in the restriction on mean grid width A <
min(w-T),Tr-T}t). Fig.6 shows that such spatial res-
olution requirements are fulfilled for Ra = 5 • 106

and Ra = 9.3 • 107. Again, length scales were
defined from calculational results of ffc.

The validity of simulation results is demon-
strated in fig.7 by comparing measured and calcu-
lated temperature fluctuations. Even though the
data shown are for maximum fluctuations [2] and
the calculated data represent root-mean-square
temperature fluctuations, they exhibit quite sim-
ilar behavior. In both cases, the maximum oscil-
lations were observed close to the upper cooled
surface. Thus, it is believed that the important
turbulence structures can be captured, with rea-
sonable resolution, in the present numerical inves-
tigation.
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Figure 6: Turbulence scales and mean grid width.
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Figure 7: Temperature fluctuations.

4 TURBULENCE STATISTI-
CAL DATA PREDICTION
AND ANALYSIS

In order to provide systematic turbulence data
for analysis, Reynolds stresses and turbulent heat
fluxes are presented in the following section. How-
ever, for the buoyancy-driven flows considered
here, separate considerations of the hydro- and
thermal fields results are very much conditional.

4.1 TURBULENCE STATISTICS OF
THE HYDRO-FIELD

Analyzing turbulence statistics of the hydro-field,
one must keep in mind that the flow velocities
should be zero as they are averaged over long
time periods. Fig.8 shows the calculated vertical
distribution of Reynolds stresses across the fluid
layer with Ra = 9.3 • 107. All the values are di-
mensionless with respect to (jj) (where jj is a
characteristic velocity). It can be seen that the
turbulent shear stresses (u^u1-, i ^ j) are negligi-
bly small in comparison to the normal Reynolds
stresses (v'v',u'u',w'w'). This result can be ex-
plained by the following algebraic formula of the
turbulent shear stress

k
u'w' ~ 4>—Pgu'T'

As will be shown, the horizontal turbulent heat
flux, u'T', tends to zero. At the same time, the
squared vertical fluctuating velocity

and the squared horizontal fluctuating velocity

V V —

are almost linearly dependent upon the vertical
turbulent heat flux w'T', which is the major heat
transfer mechanism in unstably stratified layers
with internal heat generation. More strictly, pa-
rameters CJ,C| and CJ" depend also on turbu-
lence non-equilibrium and wall effect.

In addition, one can see from fig.8 that the
vertical stress, w'w', overshadows the horizontal
stresses (u'u',v'v') in the turbulent core region,
and, hence, k ~ ^ - . The turbulent kinetic energy
is, however, dominated by the horizontal normal
stresses in the near-wall regions, i.e. k ~ " ^v .
This is due to the damping effect of the horizontal
walls on the vertical fluctuating velocity, trans-
ferring thus the kinetic turbulence energy to the
horizontal fluctuating velocity.
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Figure 8: Distribution of Reynolds stresses.
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Figure 9: Budget of kinetic turbulence energy.

Fig.9 presents the budget of kinetic turbulence
energy in dimensionless form, with respect to the
viscous dissipation scale TY?-. One can see that the
shear-induced turbulence generation is negligibly
small in comparison to buoyancy-induced turbu-
lence generation, i.e. Pk = -«i u j f^ <• Gk —

—Pgu[T'. The result indicates the absence of lo-
cal turbulence equilibrium (Pk + Gk — «fc) in the
fluid layer and the significance of diffusive trans-
port of kinetic turbulence energy, k.

4.2 TURBULENCE STATISTICS OF
THE THERMAL FIELD

Fig. 10 shows the vertical distribution of turbu-
lent heat fluxes across the fluid layer with Ra =
9.3 • 107. All the variables are in dimensionless
form, with respect to a( r-^- r«') . The vertical
turbulent heat flux w'T' is the dominant compo-
nent of the total turbulent heat flux, Hu'/T' =
VT + v/f1 + w'T', in the entire fluid layer. It is
worth noting that since the energy source is uni-
formly distributed in the fluid layer, the local heat
flux must be a linearly increasing function of dis-
tance from the lower wall. Combining fig.3 and
fig.10, one can see that the region of highly turbu-
lent mixing (nearly constant temperature distri-
bution) corresponds closely to the region of linear
turbulent heat transport. This indicates that tur-
bulence is the predominant mode of heat transfer
in those regions. The DNS-measured vertical tur-
bulent heat flux, w'T', is in a good agreement with
the analytical model by Cheung [11], in which
similarity between the upper stagnant fluid sub-
layer and the conduction sublayer was assumed.

(U>T>)« (PRESENT WORK)
Q • (W'TT (PRESENT WORK)

(W'T')« (CHEUNG)
0- - -O (Ui'T1)' (PRESENT WORK)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
z/H

Figure 10: Distribution of turbulent heat fluxes.

An algebraic formula for the vertical turbulent
heat flux has the form [14]

w'T' = -<f>e-\ w'w' - (1 - C3e)PgT'2 \
)

(7)
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with can write
- i

Using eqs.(6,7) we have

w'T' =-6B —

(8)
In eq.(8), the squared temperature fluctuations,
(thermal variance) T'2, are the major compo-
nent, which determines the vertical turbulent
heat flux. Therefore, the success of a Reynolds-
stress description of turbulent heat fluxes under
unstable- stratification conditions would depend
significantly upon how the thermal variance T'2

is modelled. Also, as can be seen from eq.(7),
the parameter 6$ depends on non-equilibrium of
kinetic turbulence energy {Ek = ^ - 1), non-
equilibrium of thermal variance (ET = 7? — 1),

0

and the ratio between the thermal and mechan-
ical dissipation time scales, R. Thus, if the
non-equilibria Ek, Ej prevail, knowledge about
Ek, ET, R is needed for determining the vertical
turbulent heat flux.

4.3 BALAN£E OF THERMAL VARI-
ANCE T'2

The experimental [2] and theoretical [11] studies
of natural convection in a horizontal fluid layer
with volumetric energy sources and an isother-
mal upper surface, have shown that the produc-
tion of thermal variance {Pg) is significant only
near the upper wall. Temperature fluctuations in
this region indicate a downward release of cooled
fluid blobs from the thermal boundary layer at the
upper surface. Moreover, the occurrence of peak
production of thermal variance approximately co-
incides with the location of the maximum eddy
heat flux [11]. Since mean velocities averaged over
long times are zero, no convective transport ex-
ist in the transport equation of thermal variance.
Since there is no contribution from (x,y) direc-
tions in the generation of thermal variance, one

Pg = -W'T' (9)

Having the dissipation rate of thermal variance in
the following form

(dT' dT' dT'\2

e° ~ a\~dx~+ ~dy~+ ~d~T)

the balance equation for T'2 becomes

(10)

(11)

with the diffusion term Tj consisting of the molec-

ular diffusion (a dJ ) and turbulent diffusion

( QZ ' ) 01 thermal variance.

From fig.11 one can see that temperature fluc-
tuations are generated in the region of 0.90 <
jj < 0.99. This is also in accordance with the be-
haviour of temperature fluctuations given by fig.7.
Fig. 11 also presents other components of the the
budget of thermal variance in dimensionless form
(with respect to "ffi*1) for Ra = 9.3 • 107. In ad-
dition, the comparison with the generation term
calculated with Cheung's model [11] is given.

A- - A MOLECULAR DIFFUSION (PRESENT WORK)
9 - - ^TURBULENT DIFFUSION (PRESENT WORK)

-10

-15
0.80

Figure 11: Budget of mean temperature variance
in the upper region.

The present DNS result indicates that the local
equilibrium assumption (Pg = e^), used in most
previous studies to model T'2, is not valid for the
flow field under consideration here. Thus, non-
equilibrium of thermal variance must be modelled
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Figure 12: Budget of mean temperature variance
in the mixing core region.

in the unstably stratified region, where diffusive
transport of thermal variance plays an important
role.

Due to large gradients of thermal variance near
the upper wall region (fig.7) and the wall effect on
the turbulent diffusion, the molecular diffusion is
able to provide more than 50% of the diffusive
transport of thermal variance in the top sublayer
(fig. 11). However, one can see from fig. 12 that
the molecular diffusion term is very small in com-
parison to the turbulent diffusion in the turbu-
lent mixing core region. Negligibly small (and
even negative on the very bottom) thermal vari-
ance generation rate in the mixing region is due to
the small (and positive) temperature gradient | j j
in that region; see eq.(9) and fig.3. Thus, under
moderate Rayleigh number conditions, the turbu-
lent diffusion is the only mechanism, which trans-
fers the thermal variance to the lower region of
the fluid layer.

EFFECT OF FLUID
PRANDTL NUMBER

The above presented computations were made
for electrically heated water layers, which have
Prandtl numbers in the range 6 to 7. However,

the application motivating the present investiga-
tion is turbulent natural convection heat transfer
in corium melt pools. In such a case, the work-
ing fluid has Prandtl numbers in the range 0.4 to
1.2. Moreover, major relevant experiments were
conducted by employing simulant liquids (water,
freon) with fluid Prandtl numbers in the range 3
to 15, so the data base may not be directly ex-
trapolatable to reactor situations [13]. Further,
there exist significant technical challenges in ob-
taining heat transfer and turbulence data for pro-
totypical melts, with temperature levels of 3000K.
In the present study, direct numerical simulations
are used to distinguish the difference in the tur-
bulence characteristics with Pr = 0.6 from those
with Pr = 7.

5.1 THE THERMAL FIELD DATA

Heat transfer results obtained from computations
for Pr = 0.6 indicate that the thermal field results
are roughly the same as for the case with Pr = 7.
For Ra = 9.3 • 107 the Nusselt numbers are ~ 25
and ~ 29 for Pr = 0.6 and 7, respectively. Hence,
the dimensionless bulk temperature is about 12-
15% higher and dimensionless turbulent heat flux
is about 12-15% lower when Pr — 0.6. However,
it is worth mentioning that the components of the
thermal variance budget have similar behaviour
for Pr = 0.6 and Pr = 7. More importantly, the
non-equilibria of thermal variance ET are nearly
the same for two different Prandtl numbers, as de-
picted in fig.13. Similar results are also obtained
for Ra = 5 • 106.

Temperature fluctuations in dimensionless form
(with respect to the driving temperature differ-

ence across the fluid layer), ^ y , are presented
in fig. 14 for different values of Ra and Pr num-
bers. For Ra = 9.3 • 107, in the turbulent mix-
ing core region the temperature fluctuations are
in the range of 4-7%, and vary up to 20% in the
near upper wall region. It can be seen that the
fluctuations behave similarly in both cases, even
though relatively higher temperature fluctuations
were predicted for Pr = 0.6. This can be ex-
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Figure 13: Non-equilibria of thermal variance and
kinetic turbulence energy; Ra = 9.3 • 107.

plained by the fact that the fluid with Pr = 0.6
has relatively higher thermal diffusivity, so the ef-
fect of temperature fluctuations in the upper wall
region are transferred deeper into the turbulent
core mixing region. In fact, the molecular diffu-
sion of thermal variance in the near upper wall
region of the fluid layer with Pr = 0.6 is about
30% higher than that for Pr = 7. Even for lower
Ra number the dimensionless temperature fluc-
tuations in fluid with Pr = 0.6 are higher (see
[Ra = 5-106;Pr = 0.6] vs. [Ra = 9.3-107;Pr = 7]
in fig. 14).

• Pr=0.6; Ra=9JE+07
o Pr=7.0; Ra=9JE+07
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> Pr=7.0: Ra=5.0E+06
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Figure 14: Dimensionless temperature fluctua-
tions.

5.2 THE HYDRO-FIELD DATA AND
REYNOLDS ANALOGY

It is interesting to note that smaller time steps
were necessary for solving the governing equations
in case of Pr = 0.6. It was found from calcula-
tions that fluid velocities are as much as one or-
der of magnitude larger than those for the case of
Pr = 7. Therefore, the time scale of blob move-
ment becomes significantly smaller. This also re-
sulted in significantly higher values of Reynolds
stresses,'buoyancy-induced turbulence generation
Gk, and kinetic turbulence energy k for Pr = 0.6
(fig.15), compared to Pr = 7 (fig.8). Also, con-
tributions from the horizontal fluctuating veloc-
ities in the kinetic turbulence energy are larger
for Pr = 0.6. This means that the anisotropy is
relatively less in this case.
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Figure 15: Distribution of Reynolds stresses for
Ra = 9.3 • 107, Pr = 0.6.

The numerical results indicate that even
though the Rayleigh number is the dominant di-
mensionless group for the thermal field data, the
hydro-field data are very much determined by
the fluid Prandtl number. Since the process is
fully buoyancy-driven, velocity fluctuations are
caused by, and Reynolds stresses are determined
by, the temperature fluctuations. In this sense,
the fluid Prandtl number Pr = ^ is an indicator,
showing the similarity in temperature fluctuation
field and velocity fluctuation field (Reynolds anal-
ogy). Since relatively lower viscosity is present
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for smaller Pr numbers, the relatively lower dis-
sipation rate (^-) and the higher non-equilibria
of kinetic turbulence energy Ek can be predicted
(fig.13).

Considering boundary layers in the upper wall
region of the fluid layer, one can see that the
fluid Prandtl number may affect the relative lo-
cation of stagnant (hydrodynamic) sublayer and
conduction (thermal) sublayer. For Pr >> 1, the
thickness of the conduction sublayer 6a is smaller
than that of the stagnant sublayer <$„. Therefore,
the turbulent mixing core region is not overlap-
ing the conduction sublayer, which has large tem-
perature gradients. The situation is, however,
changed for Pr < 1, when mixing mechanisms
in the core region are able to disturb the conduc-
tion sublayer and intensify the blob release. As a
result, the characteristic time of the blob was re-
duced and higher temperature fluctuations were
observed (fig. 14).

Effects of fluid Prandtl number can also be seen
from an analysis of the turbulence model con-
stants in the next section. It must be noted
that the capability of different modelling ap-
proaches for describing natural convection tur-
bulent flow and heat transfer are very much
determined by insensitivity of major turbulence
constants (micro-parameters or model level) to
(i) local field conditions (field-parameters), like
^J (Z) ,K , etc., and (ii) governing dimensionless
groups (macro-parameters or problem level) such
as Ra and Pr.

PARAMETERS OF TUR-
BULENCE MODELLING

6.1 PARAMETERS OF k - t MOD-
ELLING

Based on an eddy diffusion formulation, one may
define turbulent thermal diffusivities of the flows
as aj,i = ;=' —. However, the time-averaged

temperature field of the turbulent mixing core re-
gion is almost uniform, so temperature gradients
tend to zero (see fig.3). Due to the sign change of
the temperature gradient §£, the thermal diffu-
sivity is negative in the lower region and positive
in the upper region. Discontinuity takes place at
the location of ̂  = 0 Dimensionless thermal dif-
fusivities ^f- are presented in fig. 16. Peculiarities
can be observed also, when calculating the turbu-
lent thermal diffusivities in the horizontal direc-
tions GIT,xi or,y For sufficiently long time periods,
both the time-averaged horizontal turbulent heat
fluxes and horizontal temperature gradients tend
to zero. Nevertheless, it can be shown that OLT,X
and ax,y —• 0. Thus, turbulent thermal diffusiv-
ities are strongly anisotropic in the space. It is
interesting to note that similar approach (in de-
termining ax,i) cannot be used for determining
the directional turbulent viscosities, because all
time-averaged velocity components are zero over
the computational domain. In this sense, the tur-
bulent viscosities VT,% are undefined.
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Figure 16: Verticai turbulent thermal diffusivi-
ties, Ra = 9.3 • 107.

In order to investigate qualitative behaviour of
turbulence in unstably stratified layers, an at-
tempt was made to define the eddy transport
properties. By using ut = C^kxl2Lm = C^k2/e*
(Op = 0.09), one obtains the conventional kine-
matic eddy viscosity, which is rather small [^ ~
(1 -h 2) for Ra = 9.3 • 107, as depicted in fig.17].
The isotropic eddy diffusivity for heat transfer is
defined by using a mixed time scale as follows
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at = Cxky/(k/6k) • (T'yej), with Cx = 0.11. If
a. k — e model is utilized, turbulent Prandtl num-
ber, Prt = %-, is the most important turbulence
constant for calculating turbulent heat flux. The
turbulent Prt number is in the range 0.6 to 0.8
in the turbulent core region for Ra = 5 • 106, and
drastically decreases in the nearwall regions; see
fig.18). Also, the turbulent Prandtl number de-
creases with increasing Rayleigh number; Prt a
0.48 for Ra = 9.3-107in the turbulent mixing core
region. These results confirmed the conclusion of
the previous study [1], which is based on k — e
modelling and analysis of specific experiments in
internally-heated liquid pools, with water as the
working fluid. For considerably higher Ra num-
bers (say 1014 to 1015), Prt may even decrease
well below unity (Prt < 1).
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Figure 17: Turbulent transport properties; Ra
9.3 • 107, Pr = 7.

The method described was used to determine
Prt in fluid layers with Pr = 0.6. The Prt was
found to range between 1 and 1.5 in the turbu-
lent mixing core region and to be insensitive to Ra
number over the range (5 • 106 4 9.3 • 107). This
result indicates a limited applicability of turbu-
lence models, based on the eddy diffusion concept.
Even if such a model is validated against data for
one Pr number, it may not work for another.
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Figure 18: Turbulent Prandtl number for variable
values of Ra and Pr.

6.2 REYNOLDS STRESS AND TUR-
BULENT HEAT FLUX MOD-
ELLING

In this section, we examine the applicability of
various formulae related to turbulent heat fluxes.
Fig.19 presents the ratio between calculated [by
eq.(7)] turbulent heat fluxes w'T'tr and DNS-

It can be seen that an order-
u-^£ ~ 1) is achieved

over the turbulent mixing core region. How-
ever, there exist strong wall effects from the up-
per and lower surfaces. The validity of eq.(7)
is maintained only in a limited part of the core
region for Pr = 0.6. As a consequence, turbu-
lence "constant" C^e is not constant, as proposed
(~ 0.4 4- 0.5) in previous studies of buoyant flows
[14] [15] [16]. The "constant" C3e varies in the
range [0.4-=- 1] for Pr = 0.6 and [-0.64- 1] for Pr
= 7 .

The simplest way to model T'2 is to use the
truncation of the T/2-equation [16].

measured w'T'.
of-magnitude agreement

1 — —L'flS W 1 ——

ejt oz
(12)

where ^ 2 = 2 ( ^ - 1 - ^ ) . The invalidity
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Figure 19: On applicability of the truncated alge-
braic form of the vertical turbulent heat flux.

of eq.(12) can be seen from fig.20, which depicts
the ratio between calculated [by eq.(12)] T'2tr and
DNS-measured T'2. Negative and small values of
T'2tr are related to positive and zero-tending tem-
perature gradient ^ —» 0 in the turbulent mixing
core region, while turbulent heat flux w'T', and
k,ek are positive over the entire fluid layer.
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Figure 20: On applicability of the truncated alge-
braic form of the thermal variance.

In order to solve eq.(l l) , the turbulent diffusion
and dissipation of thermal variance must be mod-
elled. Using the gradient-type approximation for
the triple correlation w'T'2, one can express the
turbulent diffusion in terms of

k2 av2

ek dz
(13)

Calculated values of C^ are presented in fi.g.21.
The "constant" is very much non-uniform over
the fluid layers. The effect of the lower and up-
per walls penetrates further into the core region
for higher Pr numbers. The recommended value
Cl62 = 0.3 (see e.g.[8]) occurs only for one case of
Pr = 0.6 and Ra = 9.3 • 107.
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Figure 21: Turbulence "constant"

The ratio between the thermal and mechani-
T*2 lit—

~p- — k>* 6 )
i

T 2 lit—
cal dissipation time scales (R — ~p- — k>* 6) has
been widely used to determine the dissipation rate
(ej) in the differential Reynolds stress model and
in the algebraic stress model. The common range
for R is 0.4 to 0.8, though R = 0.25 and 1.25 were
used in some studies to match experimental data.
It has been proposed in the study [1] that the ratio
of time scales depends, significantly, on the local
Richardson number, Ri = -p" - , and the value
of R increases for unstable-stratification condi-
tions. The wall effect (wall-reflection of buoyant
plumes against the cooling upper wall) has also to
be taken into consideration. Fig.22 depicts distri-
bution of R across fluid layers for different values
of Ra and Pr numbers. In fact, R drastically in-
creases in the upper wall region, where the tem-
perature gradient | J < 0. The effect of the lower
wall on R also results in a similar increase. It can
be seen from fig.22 that R is a function of both Ra
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and Pr numbers. Dependence of R on Pr num-
ber and turbulence level was also observed from
a DNS study of Rayleigh-Bernard convection of
air and sodium [8]. In the present work, the de-
pendence of R on Pr number is remarkable for a
ten-fold change of Pr. In order to establish qual-
itative dependence R ~ Pr, additional data are
necessary. From fig.22 one can observe a notice-
able dependence of R on Ra for Pr — 7, while
that one is weak for Pr = 0.6 in the investigated
range of Ra numbers.

Dependence of R on Pr numbers shows the ef-
fect of transport properties on dissipation time
scales of fluctuating temperature and velocity
fields. The larger the Pr number, relatively larger
is the viscosity, which provides faster damping of
fluctuating velocity and a shorter dissipation time
scale TU. This leads to the increase of the thermal-
to-mechanical dissipation time scale ratio R.
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Figure 22: Dissipation time scale ratio R.

The above analysis of the major assump-
tions, employed in Reynolds stress-type turbu-
lence models, indicates the failure of the algebraic
turbulent heat flux model, of the truncated model
of thermal variance and of the simplified approach
to model the triple correlation w'Tn and the sink
term [ê ; eq.(10)]. Strong dependencies on Ra
and Pr numbers of turbulence constants as well
as their non-uniform distributions across the fluid
layer were observed. These features pose the prin-
cipal difficulties if developing a generic higher or-
der turbulence model for an unstably-stratified

layer with a volumetric energy source.

7 CONCLUSIONS

1. Direct numerical simulation of naturally con-
vecting flow in internally-heated fluid lay-
ers, with a constant temperature boundary
condition on the upper surface and an adia-
batic boundary condition on the bottom sur-
face, was performed using a finite-difference
method. This approach enabled the deter-
mination of the top wall heat fluxes, the
mean temperature fields, the distributions of
Reynolds stresses and turbulent heat fluxes.
A good agreement of heat transfer data was
achieved for Ra numbers up to 5-1012, but re-
liable turbulence data were obtained for sev-
eral Rayleigh numbers in the range 5-106-j-
5-108. In particular, the calculated Nus-
selt number, temperature distribution within
the fluid layer and temperature fluctuations
are in good agreement with the experimental
data of Kulacki et al. [2], [10]. Also, the cal-
culated turbulent heat fluxes agree well with
those predicted by the analytical model of
Cheung [11].

2. The turbulence data obtained are important
for developing Reynolds stress-type correla-
tions and finding reliable methods for de-
scribing turbulent natural convection heat
transfer to the isothermally cooled upper sur-
face in an internally-heated liquid pool.

The calculated turbulent characteristics
(Reynolds stresses and turbulent heat fluxes)
indicate significant anisotropy of turbulent
transport properties. So, the isotropic eddy
diffusion approach cannot be used to describe
turbulent natural convection heat transfer
under unstable- stratification conditions.

Analysis of the thermal variance balance
showed an important role of diffusive trans-
port of T'2 and remarkable non-equilibrium
of thermal variance ET- Turbulence con-
stants, needed for modelling of turbulent dif-
fusion and dissipation of thermal variance,
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are shown to be strong functions of Rayleigh
and Prandtl numbers, and are non-uniformly
distributed in the fluid layer. Thus, develop-
ing a higher order turbulence model for this
type of flow, is not straightforward.

Two fluid Prandtl numbers (Pr = 7 and
Pr = 0.6) were investigated. Similar thermal
fields were obtained for different Pr numbers,
however, remarkably different hydro-field re-
sults were calculated. As a consequence, im-
portant turbulence parameters and constants
are shown to be strongly dependent upon the
fluid Prandtl number.

Finally, it is worth mentioning that the numer-
ical method and simulation approach, utilized in
the present work, are sufficiently robust and gen-
eral. The technique can, therefore, be used for
studies of turbulent natural convection flows with
complex geometries.

NOMENCLATURE

T'

Arabic letters

dblob

D

Fo

g
H
k

Nu

P-e
Pr

qup

R

Ra
t
T

Turbulence constants
Turbulence parameters
Turbulence parameters
Blob size, m
Periodicity length, m
Non-equilibria of n and T'2

Fourier number, Fo = jj%
Gravitational acceleration, m/s2

Fluid height, m
Kinetic turbulence energy, m 2 / s 2

Mixing length, m
Nusselt number, Nu = K(X"F-T )
Generation of T'\ K2 /s
Prandtl number, Pr = vja
Volumetrical heat source, W/m 3

Upward heat flux, W/m 2

Thermal-to-mechanical dissipation
time scale ratio
Rayleigh number, Ra =
time, s
Temperature, K

Dimensionless T,T* — —• -H

Diffusive transport of thermal
variance, K2 /s

yv2

U,V, w
x,y,z
Greek letters
a

P
6
6TJa

V
K

fl

V

P
AT
Ax,Ay,Az

Thermal variance, K2

Velocity components, m/s
Coordinates, m

Thermal diffusivity, m 2 /s
Coeff. of ther. expansion, 1/K
Kroenecker delta
Ther. boundary layer thickness, m
Dissipation rate of k, m 2 / s 3

Dissipation rate of thermal
variance, K2 /s
Kolmogorov lengh scale, m
Heat conductivity, W/m-K
Dynamic viscosity, Pa-s
Kinematic viscosity, m2 /s
Density, kg/m3

Temperature difference, eq.(5)
Spatial steps, m

Superscripts
Fluctuating component
Time-averaged parameter
Dimensionless value

Subscripts
ave
dn
cond
meas
rms
t,T
tr
up
w
List of
B.C.
DNS
GtL
KkE

Averaged
Down
Conduction
Measurement
Root-mean-square
Turbulent or Thermal
Truncated form
Upper
Wall

abbreviations
Boundary conditions
Direct Num. Simulation
Gibson and Launder
Kulacki and Emara
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Abstract

The paper presents results of analytical studies of natural convection heat transfer in
scaled and/or simulant melt pool experiments related to the PWR in-vessel melt retention
issue. Specific reactor-scale effects of a large decay-heated core melt pool in the reactor
pressure vessel lower plenum are first reviewed, and then the current analytical capability
of describing physical processes under prototypical situations is examined. Experiments
and experimental approaches are analysed by focusing on their ability to represent proto-
typical situations. Calculations are carried out in order to assess the significance of some
selected effects, including variations in melt properties, pool geometry and heating condi-
tions. Rayleigh numbers in the present analysis are limited to 1012, where uncertainties
in turbulence modeling are not overriding other uncertainties. The effects of fluid Prandtl
number on heat transfer to the lowermost part of cooled pool walls are examined for square
and semicircular cavities. Calculations are performed also to explore limitations of using
side-wall heating and direct electrical heating in reproducing the physical picture of interest.
Needs for further experimental and analytical efforts are discussed as well.

PHENOMENA AND MODELING

A large melt pool might form in the reactor core, in the lower plenum of the reactor pressure
vessel, or in the containment, during a severe light water reactor accident. Most notably at the
moment, the feasibility of external vessel flooding as a severe accident management measure,
and the phenomena affecting the success in retaining molten core material inside the vessel,
are under active study. For this case, the assessment of the potential for a vessel-coolant heat
transfer crisis and a subsequent vessel failure requires knowledge of heat transfer from the melt
pool to the vessel lower head wall. The local heat fluxes are of specific importance. Despite the
fact that some experimental studies have been performed, it is not possible to experiment with
the real situation involving large scales x, different three-dimensional geometries of the reactor
lower head and melt pool and real core melt properties (small Prandtl number, temperature-
dependent properties, non-Newtonian fluid). In order to confirm the reactor applicability of the
experimental results obtained with simulant materials in various lower head models, there is a
clear need for confirmatory experimental and analytical studies.

The phenomenology of the issue involves a wide spectrum of physical processes. A com-
prehensive overview of reactor-specific features and related phenomena can be found in Ref.[l].
Large uncertainties are associated with in-vessel accident progression and phenomena (volume
and composition of core melt pools, stratification of melt, physico-chemistry of core melt-vessel
interaction, late in-vessel water supply above the pools). The safety margins available, and

'The most important scaling criterion are the Rayleigh numbers (Ra), which are proportional to length scale
(H) in power of 5, Ra oc Hb.
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thereby also the acceptable uncertainty level, depend strongly on the reactor design under con-
sideration. A systematic approach to problem resolution by the ROAAM was presented in
Ref.[2], analysing the effects of a metallic top layer, core melt natural convection heat transfer,
thermal and mechanical behavior of vessel lower head, and ex-vessel boiling heat transfer.

Numerical studies of natural convection heat transfer in large self-heated liquid pools have
been limited to the two-dimensional formulation [3],[4],[5],[6]. In addition, natural convection
flows in internally heated cavities distinguish from external natural convection flows by con-
sisting of unsteady multi-vortex flow fields in the region near the top wall and stably stratified
layers near the bottom wall; see observations by the holographic interferometry in Refs.[3],[4].
Consequently, the fluid flow problems in question require the use of fine computational grids and
mesh organization in such a way that locally significant flow variations are properly modeled.
The physics and modeling aspects of turbulent convection in large volumetrically heated liquid
pools are discussed in detail in Ref.[7]. Only a summary of computational modeling can be given
here. Fig. 1 presents results of calculations performed by using different low-Reynolds-number
(LRN) k — e turbulence models for the upper surface of internally heated liquid pools with
isothermal surfaces: a square slice in experiments of Steinberner and Reineke [4] and torospher-
ical slices in the COPO experiments [8]. It can be seen that the laminar model is able to predict
(with errors less than 25%) heat transfer rates up to the transition-to-turbulence region, i.e.
Ra ~ 1012 in square cavities. In addition, most of the well-known LRN k - e turbulence models
applied are capable of predicting heat fluxes to the pool's side walls due to the convection-
dominated nature of descending flows along cooled vertical surfaces. However, these models
fail in describing heat fluxes to the top and, also, to the bottom surface of the liquid pool.
It was shown that the turbulent Prandtl number, Prt, and turbulent viscosity, i/t, have to be
re-formulated to take into account specific effects of turbulence generation in buoyancy-induced,
strongly stably and unstably stratified flows in the lower and upper regions of the liquid pool,
respectively [7]. Although some empirical correlations for Prt and vt (as functions of the local
Richardson number) have been proposed to describe data of specific experiments, there exist
no reliable methods to predict related reactor-scale processes. The resolution of the in-vessel
melt retention issue, up to now, depends on experimental observations, data and correlations,
and whether those are relevant to prototypical situations.

In the present paper, we consider natural convection heat transfer regimes, whose Rayleigh
numbers are below 1012. Experimental and analytical works have been indicating that inter-
nally heated liquid pools behave, in integral sense, in a quite similar way both at high Ra
numbers and at low Ra numbers. In fact, the dimensionless heat transfer laws (JVu, = f(Ra))
obtained at lower Rayleigh number were, with success, extended to higher Rayleigh numbers in
square cavities and hemi- and torospherical pools [4], [8],[9],[10]. The differences are within the
uncertainties. Thus, the trends observed at low Ra numbers may hold at higher Ra numbers
also. That is why it is not irrelevant to establish the integral picture for Ra = 1012, where the
uncertainties of the turbulence model are not overriding other uncertainties. Also, since the
real material tests have been and probably will continue to be performed at small scales with
Rayleigh numbers limited to 1012, it is crucial to assess their scaling and design effects (e.g.,
Lorentz force, side-wall heating, melt properties). Similar analyses have to be performed for
higher Rayleigh number conditions (1014 - 1016), after a reliable turbulence model has been
developed and validated against the existing data base. In thix context, one can utilize the
computational approach that has been found suitable for low Rayleigh numbers.
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Figure 1: Calculational results vs. experiments for internally heated water pools.

2 POTENTIAL EFFECTS OF NON-PROTOTYPICAL CONDITIONS

Experimental investigations of heat transfer under conditions of interest might be classified into
two main groups: (i) simulant experiments and (ii) small-scale real material tests.

In the past, simulant experiments of the first group were conducted at low Rayleigh numbers,
except for the Steinberner and Reineke experiments in square cavities [4], where Ra numbers
were up to 3 • 1013. Related natural convection heat transfer experiments were carried out
in internally heated fluid layers, square and semicircular cavities with isothermal walls (see
e.g. Refs.[l],[9],[10], for relevant reviews). Even though several three-dimensional experimental
studies have been performed, uniformity of volumetric heat generation rate and/or conditions
of isothermally cooled top, side and bottom surfaces were not achieved in such experiments.
From the heat transfer point of view, most experiments were two-dimensional, with adiabatic
face and back surfaces. Since the previous simulant experiments are not necessarily - in every
detail - representative of a molten corium in the pressure vessel bottom head, new simulant
experiments have recently been pursued. Heat transfer data were obtained for high Rayleigh
number conditions (1014 < Ra < 1016) in the two-dimensional torospherical slices of the COPO
experiments [8] and in the three-dimensional hemispherical pool of the UCLA experiments [10].
Such simulant experiments employ water (Pr = 2.7-7.2) or Freon R-113 (Pr = 5.2-13) as working
fluids. Some other simulants (salts, glass-type oxidic melts) have also been considered, yet such
experiments have not been carried out so far. Also, there exist other uncertainties related to
physical properties of core melts such as multi-component and non-Newtonial fluid behavior,
and temperature dependence of core melt properties. Perhaps in future, when related core melt
data and observations will become available, such effects could be accounted for in experimental
modeling by selection of appropriate simulants. In general, simulant material experiments have
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many advantages as they are inexpensive, easy in performance and can provide quantitative
heat transfer data. In addition, the convection conditions can be made free of several potential
distortions (Rayleigh numbers, geometry, heating methods), compared to reactor situations.

The second group is formed by small-scale experiments, employing various oxidic/metallic
compositions of the prototypical core melt as the working fluid. Such experiments have a
confirmatory character rather than providing data needed for natural convection heat transfer
[1]. Earlier small-scale experiments using joule-heating of molten UO2 at Argonne National
Laboratory (ANL) had found higher downward heat fluxes than what had been predicted on the
basis of correlations developed using low temperature simulant liquids [11], [12]. Explanations
of such discrepancies were given to radiation properties of pure molten UO2, Lorentz forces
and heat generation in the lower crust. In contrast, enhanced upward heat flux was observed
in in-core small-scale experiments with 5 kg molten UO2 at Cadarache (France) [13]. Several
mechanisms have been proposed to explain the data [13],[14]. Core melt experiments, as a
rule, are small-scale and comprise significant distortions due to pool geometry and heating
methods applied, not to mention the fact that such experiments can suffer from uncertainties
in measurement and data reduction, definition of the real geometry of crust-surrounded melt
pools, and knowledge of the high-temperature melt properties. Also, there are possibilities
of gas gap formation between the top crust (anchored to the vessel wall) and free surface of
small-scale melt pools. Concerning also other aspects than natural convection flows and heat
transfer, there exist uncertainties in predicting the behavior of multi-component melt under
high Ra number and low Ra number conditions [14]. While changing the physico-chemistry of
core melt-vessel interaction by possible precipitation of the denser phase near cold boundaries,
the low-Rayleigh-number natural convection would also promote component stratification and
affect strength characteristics of the core melt crust.

Despite the potential problems, one has to acknowledge the importance of experiments with
prototypical core melt, providing more confidence in the current understanding of the general
physical picture. Even though there are no exist straight-forward methods to control impor-
tant phenomena (such as non-Newtonian fluid behavior and temperature dependent properties,
etc.) in experiments with prototypic core melts, their results are crucial to validate the simulant
experiments. For example, sould the results from the real material experiments verify natu-
ral convection heat transfer correlations obtained in simulant, Newtonian fluid-experiments,
one could conclude insignificance of such specific effects (non-Newtonian fluid, temperature-
dependent properties) in reactor-scale melt pools, where Rayleigh numbers are higher and,
therefore, turbulence dominates the flow behavior. In particular, such real material tests are
to be performed in the RASPLAV program under the OECD/NEA sponsorship [15]. Oxi-
dic/metallic core melts will be employed as working fluids in the small-scale natural convection
heat transfer experiments (Ra numbers are limited to 1010). The direct electrical heating and
side-wall heating are being considered as methods for simulating decay power generation in core
melts. Both a semicircular slice and a hemispherical pool are included as test sections. Sev-
eral aspects determining the relevance and usefulness of such natural convection heat transfer
experiments may be foreseen: the uniformity of power generation rate, the absence of gas gap
formation and melt-vessel physico-chemical interaction during flow development and heating
transients, the sufficiency of melt superheat over freezing point (to avoid mushy regime), the
influence of secondary effects on natural convection flows and heat transfer (Lorentz force or
side-wall heating, two-dimensionality of test sections).

It is clear from the above considerations that careful scaling and other design considerations
are crucial for planning and analysis of the core melt tests, and to assess the applicability of
simulant experiments to prototypical situations. In general, one has to consider three classes of
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experimental scaling and design effects, caused by (1) physical properties of working fluids, (2)
geometrical peculiarities of liquid pools, and (3) boundary, heating and transient conditions.

3 QUANTIFICATION OF SELECTED PHENOMENA

In this section, we discuss in more detail some selected experimental vs. reactor processes.
Calculations have been performed to examine the effects of using simulant materials and small
scales. However, since no well validated turbulence model for natural convection with high
Rayleigh number is available, numerical studies are limited so far to the range of Ra < 1012. The
NARAL-2D program has been employed to produce most of the results presented in the paper.
In the NARAL code, the set of mean flow equations in complex domains is solved by using
the technique of two-dimensional algebraic coordinate transformation developed earlier and
described elsewhere [16]. The control volume methodology and the SIMPLE solution procedure
for pressure-linked equations [17] are adopted for numerical treatment. The dependent variables
are the contravariant velocities, pressure and temperature. The NARAL code results have been
compared to natural convection experiments of heat generating fluid (radioactive tritium) in
closed vertical cylinders with Ra numbers ranging from 103 to 106, as well as experiments of the
volumetrically heated semicircular cavity of Jahn and Reineke with Ra numbers up to 5-1011

[3]. The NARAL model has successfully predicted the average Nu numbers on all isothermal
walls of an internally heated square cavity for Ra numbers up to 1011. Further, the calculated
local heat fluxes are in good agreement with available experimental data [7]. A picture of the
computational errors can be obtained from Figures 2,3 and 4, which present the calculational
results of the average top, side and bottom Nusselt numbers in square cavities (water, aspect
ratio 1:1). One can see that, for Rayleigh numbers up to 1012, the discrepancies between the
calculated results (water line, Pr = 7) and the experimental correlations are not larger than
25% for Nuup or 12% for Nusd and Nudn. The general CFD program CFDS-FL0W3D [18]
also has been used to calculate 3D flows when such computations are required. The laminar
model of FL0W3D in semicircular cavities has been subjected to extended validation efforts [7].
Transient simulations are used in the computational modeling, and aspects of flow development
and stabilization are taken into account as well.

3.1 Physical properties of working fluids

In a real reactor situation, some aspects of the melt properties might have a unique effect on
natural convection heat transfer in a large melt pool. Firstly, the Prandtl number of the core
melt can be much lower than that of simulant material used in experiments, which will lead,
in the reactor case, to a thicker thermal boundary layer, smaller temperature gradients and
less significant stratification effects. A separate reactor-specific consideration of the thermal
and dynamic boundary layers is thus needed. Secondly, in near-wall (crust) regions the melt
viscosity can change two or three orders of magnitude due to the melt temperature approaching
the solidus point. This phenomenon causes an additional laminarization, makes the effect of
unstable stratification less important and affects the heat flux distribution.
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3.1.1 Fluid Prandtl number

In order to examine the effects of the fluid Prandtl number, we have carried out computations
for natural convection heat transfer in square cavities. General tendencies were obtained by
systematic examinations for Pr = 0.08, 0.8, 1.2, 2 and 7. The benchmark problem is the water
(Pr = 7) experiments and experimental correlations (validated up to Ra = 1014 and presented
in the paper of Steinberner and Reineke [4]) in the range of the Rayleigh number from 106

to 1012. In the same range of the Rayleigh number, computations were carried out for core
melt pools, employing oxidic core melt (Corium-A, Pr = 0.8) and oxidic/metallic core melt
(Corium-B, Corium-C, Pr = 0.08) as the working fluids. From the figures, one can see a good
agreement of the calculated Nusselt numbers with experimental correlations obtained from water
experiments. Also, for the range of applications, the experimental correlations, Nuup = f(Ra)
and Nusd = f(Ra), derived from the above-mentioned water experiments, are suitable for
presenting calculated data for fluids with much lower Prandtl numbers 2. Underpredictions
(see Figs. 2,3) of corium curves compared to water curve are not more than 25%. More
importantly, the curves do not diverge with increasing Rayleigh numbers. In contrast to this,
significant effects of the fluid Prandtl number were observed for the bottom surface, Fig. 4.
Higher Nusselt numbers to the bottom surface (as much as two times for Ra — 1012) are related
to both the physics of stably stratified layers in the lower region of the melt pool and to the
decrease of heat fluxes to the top and side surfaces, which can affect the heat flux to the bottom
surface through the energy balance. Since heat conduction is the dominant mechanism of heat
transfer from strongly stably stratified layers to the bottom surface, a relative increase in heat
conductivity due to decrease of the Prandtl number is able to intensify heat transfer rates to
the bottom surface. This effect of stable stratification is defined here as the a-phenomenon.
Another significant effect, named as the v-phenomenon, was observed at peripheral regions,
where boundary descending flows penetrate into the stably stratified layers. The lower are the
viscosities v of the fluid layers (i.e. fluid Prandtl numbers), the easier it is for descending flows
to destabilize such layers, and the more heat is transferred to the bottom cooled wall. This
physical picture can be seen in Fig. 5, depicting local Nusselt numbers for different Prandtl
numbers. The higher are the Rayleigh numbers (due to higher coefficient of thermal expansion,
for example), the stronger is the effect of stable stratification (Ri), and, therefore, the effect of
the fluid Prandtl number. Most notably, the relationship between the Prandtl number and its
effect (for the considered range of Pr 0.08-7) is not linear. A more or less sudden change is
observed between Pr = 0.5-1.

Calculations have been performed also for semicircular cavities with Rayleigh numbers up
to 1012. Similarly, a and v-phenomena were observed at the lowermost part of the semicircular
cavity and at regions of interaction between descending flows and stably stratified layers (angle
6 < 30°), respectively (see Figs. 6-7). Areas where a-phenomenon dominates are decreased
with increasing Rayleigh number. For the bottom part of semicircular cavities (6 < 30°),
the ratio between local Nusselt numbers calculated for Pr = 7 and Pr = 0.6 increases with
increasing Rayleigh number in the examined range of Ra = 109-1012. Penetration of descending
flows into the stably stratified layers in a melt pool with Pr = 0.6 can be seen from Fig.
8, depicting temperature field results calculated for Ra = 1O10. Calculations performed for
the torospherical slice cavity have also confirmed the above observations for square and
semicircular cavities. As can be foreseen, the a-phenomenon areas in torospherical cavity were
larger than those of semicircular cavities. Also, the f-phenomenon effects on the curved surface
of the torospherical cavity are qualitatively similar to those of the semicircular cavity.

2For Corium-B and Corium-C, the fluid Prandtl numbers are the same, but corresponding values of kinematic
viscosity, v, and thermal diffusivity, a, of the fluids differ as much as three times. However, the Nusselt numbers
are unchanged, indicating universality of the fluid Prandtl number for problems considered (see Figs. 2,3 and 4).
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It can be concluded for the examined range of Rayleigh numbers that the relative effects of
a-phenomenon on heat transfer characteristics are less than those of ^-phenomenon. Because
no experimental data are available for low-Prandtl-number fluids typical for core melt, there
are clear needs for well-defined core melt experiments and/or simulant experiments employing
low-Prandtl-number fluids.

3.1.2 Temperature dependence of melt viscosity

In order to estimate the effects of temperature dependence of fluid viscosity, additional compu-
tations have been performed for a core melt, whose viscosity is considered to change drastically
in the mushy region, ATmushy, near the temperature, Tmpj, of the freezing boundary of melt
pools. This phenomenon is represented by the second term of correlation (1). Thus, the vis-
cosity of Corium-D is changed to about 100 times higher in the temperature range of about
10K near the solidus point, Tmpj = 2850K. The first term of correlation (1) is based on similar
correlations that have been widely used in reactor safety studies; see e.g. [19].

KT) = + Hmushy = 1-675 • 10"4 • exp ( ^ T H + 4.23 • 1O"1 • exp(TmpJ -T) (1)

Table 1 presents the Nusselt numbers, Damkohler numbers and temperature range, ATmax,
of melt pools for both constant and variant viscosities, /x. The Damkohler numbers as well as
inverse temperature difference, -^—> represent level of mixing in liquid pools. Some decrease
of the Nusselt numbers (~ 20%) can be seen for the case with lower melt superheats (larger
height and lower heat generation rates for the same Ra number, Ra = 1012). For small-scale,
core melt experiments, the calculational results indicate that low power generation rates, qv, in
cavities of height 0.2-0.4m (low-Rayleigh-number tests) lead to limited melt superheat above
the solidus point, ATmax, creating large uncertainties in defining bulk viscosity and including
significant effects of temperature dependence of melt properties. For prototypical situations, we
feel that the effects of the temperature dependence of melt viscosity on thermal characteristics
(Nu, Da) might have to be considered, should the temperature difference between the solidus
and liquidus points (150-200K) be comparable to the temperature range of melt pools, ATmax

(50-250K). Under high Rayleigh number conditions, very good mixing also could occur in the
central region of internally heated liquid pools. Therefore, the effects of fluid viscosity are
perhaps suppressed in boundary layers. Furthermore, decrease in heat transfer coefficient could
be compensated by a corresponding increase in the driving pool temperature difference, leading
to only minor viscosity-induced changes to heat flux distribution.

Table 1: Effects of temperature dependence of melt viscosity on the cavity walls Nusselt num-
bers.

NZ
1

2

3

4

Fluid

Corium-A

Corium-D

Corium-A

Corium-D

Pr

0.8

0.9

0.8

0.9

H, m

0.2

0.2

0.4

0.4

KT)
const

Eq.(l)
const

Eq.(l)

Ra

101*

10 la

10 la

10 la

Nuup

150

135

145

120

Nusli

138

128

140

117

Nudn

36

34

34

30

Da

330

322

310

275

ATmax, R

136

140

17

20
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Certainly, similar analyses have to be carried out for reactor-scale Rayleigh-number regimes,
as soon as a reliable method of computational modeling is available. Moreover, experiments
are needed to examine effects of non-Newtonian fluids and to provide valuable data on natural
convection heat transfer of fluids with temperature-dependent viscosity.

3.2 Geometrical effects

Figs. 2,3 and 4 present results of computations performed for Corium-A melt cavities with
varying sizes and aspect ratios. For processes in square cavities of the same Rayleigh numbers,
the Nusselt and Damkohler numbers remain unchanged for varying heights of cavity (H = 0.2,
0.4, 0.8m), implying that the Rayleigh number is the only representative dimensionless group
of natural convection heat transfer, at least, for the fluids with constant physical properties.
Small influence (20%) of the aspect ratio were found, when calculating processes in cavities
with aspect (height-to-width) ratios 1:1, 2:3 and 1:2. The effects of the lower head geometry
(forms, sizes) in molten corium-vessel interaction were estimated elsewhere by using the 2D
transformation technique of the NARAL code developed for fluid flow and heat transfer in
complex domains [16]. Putting together calculation results, recent experimental data from [8]
and [10], and previous experiments in semicircular and square cavities, e.g. [3] and [4], one could
imagine that the physics of natural convection heat transfer in internally heated liquid pools
is not sensitive to the geometrical factors. In such a case, the relevant data base supporting
modeling efforts is wider. However, experiments in liquid pools with representative geometry
of reactor lower head are preferred to provide data on local heat flux distributions for reactor
applications.

We want to point out that most of the experiments (except for [10]) and analyses performed
so far are two-dimensional. Fig. 9 presents results of computations by the FL0W3D code
[18] performed both two and three-dimensional formulation to investigate influence of three-
dimensional slice cavities on heat transfer characteristics. The 3D results (NU^D) are compared
to results of 2D calculations, which assume no flow effects of the adiabatic face and back walls
of the slice cavity. For the case of Ra = 107 calculated, one can see a significant decrease in
the Nusselt number to the cooled top and side-wall surfaces, when the slice thickness-to-height
ratios of the slice cavities are decreased. It is due to the flow diminishing effects of the face
and back walls. An analysis of calculated 3D flow fields for a number of processes up to Ra
= 1010 shows that there may exist also other physical mechanisms affecting flow fields of a
multi-vortex structure. When narrowing the slice width, the buoyancy-induced vortexes could
start interacting, which eventually intensifies the heat transfer rates. It is worth noting here
that most slice experiments (low and high Rayleigh number) belong to the affected range of the
slice thickness-to-height ratios, Ax/H < 0.25). The two-dimensional computational modeling
is the other extra reason for unsatisfactory comparison between calculated results and data
obtained from slice geometry experiments, causing thus additional difficulties in understanding
the physics of the processes. However, calculated results, for the range of Rayleigh number
up to 1012, create a feeling that the effect of two-dimensionality is limited to 25%. Further
3D numerical studies are planned to assess the effects of two-dimensionality in higher Rayleigh
number experiments. Also, three-dimensional experiments can be strongly recommended.
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3.3 Boundary, transient and heating conditions

Up to now, no studies have been performed to provide a firm basis for designing experiments with
prototypical core melts. Uncertainties and possible distortions may be caused by the boundary,
transient and heating conditions of core melt pools. For example, the boundary temperature
of a naturally convecting melt pool with freezing is yet to be quantified. An appearance of
a gas gap due to anchored top crust in small-scale melt pools, and, therefore, reduced heat
transfer rates from the free surface of the melt pool, has to be avoided. It is also known that
the smaller is the Rayleigh number, the longer is the time period required for heating transients
(Fo ~ Ra~02) [20]. In this sense, one has to consider competing thermal-hydraulic and physico-
chemical processes when planning small-scale core melt experiments. Such considerations are
important to understand, interprete and analyse the experimental heat transfer data. In the
present paper, we focus attention on effects of heating methods, which, in our opinion, are the
dominant factors in designing small-scale core melt experiments.

3.3.1 Flow distortions by heating elements

A number of (electrical, microwave, etc.) methods have been proposed to simulate volumetric
power generation in liquid (melt) pool. For high-temperature core melt experiments, the direct
electrical heating by alternate currents, inductive heating, or using external and internal heaters,
are considered as the most potential technical approaches.

Calculations have been performed for small-scale core melt experiments in slice geometry
facilities, using side-wall heating elements. The idea is to examine distortions of flow fields (and
heat transfer) due to power supply from the side (face and back) walls by comparing to the
equivalent-in-power, Q = qv • V = 2qs • S, process with internal energy sources. Flow fields in
the central planes of slices are shown in Fig. 10 for internal heating and in Fig. 11 for side-wall
heating. It can be seen that flows are descending in the lower core region in case of side-wall
heating, and rising in case of internal heating. Temperature fields are also different for two
cases (Fig. 12 and Fig. 13). It is clear that the side-wall heating involves two-loop structures
with convection-dominated heat transfer to the top and side cooled surfaces. When the slice is
deep enough, the Nusselt number to the cooled bottom and side surfaces are similar to those of
internal heating. For Ra = 1010 and a slice thickness-to-height ratio is 1/4, the Nusselt number
to the top surface of the side-wall heated cavity is as much as two times higher than that of an
internally heated cavity.

Naturally, the use of an internally installed heating plate could also affect flow fields in the
regions near the bottom surface by destroying the stably stratified layers. In this sense, the
method of using heating rods has some advantages. Other effects on crust behavior due to its
internal heating and heat fluxes from side walls were out of the current modeling efforts. In
general, no straight-forward conclusion can be made about the capability of external heating
methods or internal heating elements in physical simulation of natural convection heat transfer
in self-heated core melt pools. The side-wall heating method can be employed in separate effects
studies such as examination of downward heat fluxes. For instance, the ̂ -phenomenon of fluid
Prandtl number effect might also be explored in the melt pool with side-wall heating. However,
as it can be seen from Figs. 12-13, a-phenomenon would not be reproduced properly in the
side wall-heated melt pool, which involves less stratification in lower regions of the pool. One
has to keep in mind the above analysed physical picture in two cases with internal heating and
side-wall heating, when interpreting data obtained from the latter one.

72



-u^.,„ „„
,itn\ ///ft,

,1111 \ 1 I / fin,

,itit i i t i nil,

itl\\ \ i I / //111

M i l "I i

Figure 10: Flow fields in an internally heated Figure 12: Temperature fields in an internally
core melt pool Ra = 1010 (plane y = W/2). heated core melt pool Ra = 1O10 (plane y =

W/2).

' I I I I I '

, 1

\ \ . , ,

: i

• • '

in

Figure 11: Flow fields in core melt pool with Figure 13: Temperature fields in core melt pool
side-wall heating, equivalent to #a = 1010

 w i t h side-wall heating, equivalent to Ra = 1010

(plane y = W/2). ( p l a n e y = Wj2).

73



3.3.2 Flow distortions by electromagnetic forces

Direct electrical heating is a very useful method to provide internal power generation. At
the same time, the electromagnetic field introduces additional body forces. Most notably, the
ponderomotive force arises from current crossing magnetic field lines as

F = J x B (2)

where F is the force (N/m3), J is the current density (A/m2), and B is the magnetic field
density (Tesla). The magnetic flux density, B, is calculated as follows

In this section, we limit our considerations to a case of a slice-geometry pool with side {face
and back) walls serving as electrodes. An algorithm for calculating the space distribution of
the electromagnetic force including those caused by the secondary currents has been developed.
Effects of three-dimensionality of the magnetic field induced are assumed negligibly small in
this scoping analysis. Then, the program calculates the magnetic flux density in arbitrary 2D
domains [Eq.(3)], including square and semicircular cavities. It can be shown that analytical
solutions (4) obtained for infinite cylinder can be used to describe the magnetic flux density in
the infinite square slab with errors less than 12% for the important components.

By = -l*m^Z; Bz = Hm-^V (4)

where Az, Ay are distances from the symmetry point (origin) of the magnetic field, B.
When experimenting with water or its salt solutions, the electromagnetic forces are negligibly
small due to their electrical conductivities (a ~ 2 • 10~4 ri~1m~1 for distilled water and 10~2

Q~1m~1 for water salt solutions). Instead, electrical conductivity for representative core melts
can range from 103 to 105 n"1m~1 for oxidic (UO2 - ZrO?) core melt and metal-rich (UO2 —
ZrO2 — Zr — SS) core melts, respectively. This necessitates an accurate analysis of the effects
of the electromagnetic (Lorentz) force on natural convection flows and heat transfer. We are
not aware of any previous work reporting modeling efforts under these conditions. From present
analysis several notes can be made: (a) the Lorentz force is generated mostly by the externally
applied electrical current; (b) the Lorentz force has maximum values at the boundary layers of
liquid pools; (c) the total Lorentz force is always centrifugal, even though the electrical current
is alternate. Assuming a joule-heating rate determined as qv = J2/cr(T), from Eqs.(2,4) we
have

Further, we introduce the coefficient of thermal variation of electrical conductivity, /3ff, as
follows
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Performing appropriate algebraic operations for pressure (P) and body forces in the Navier-
Stokes equations by including the heat transfer solution-independent part of the electromagnetic
body force into the static pressure, we have

Ft = Fmtl + pgt - ~ = taS^L[a0 - f3aa0{T - To)\ + 9l[p0 - 0po{T - T0)\ - ^

fimqvAzj dP nmqvAzi
= 2 P°ao{T ~ 1o) ~ 9iPPo{T - To) - [— a0 - pogi\ (7)

Thus, real contributions of the electromagnetic forces on natural convection depend on non-
uniformity of temperature field in melt pool and thermal variation of electrical conductivity.
Eqs.(8-9) present the approximate formulas of electromagnetic forces acting on natural convec-
tion flows in square cavity.

(8)

*V,m ~ ^ ^< TV- / ~ lo) (9)

As can be seen, the effects of the electromagnetic force depend on both electrical conductivity
and its temperature variation. It is worth noting that there are large uncertainties in assessing
j3a iov high-temperature core melts. However, we recognize the fact that (3O is negative for
oxidic melts and positive for metallic liquids. Therefore, the electromagnetic forces of interest
are centripetal for oxidic core melt and centrifugal for metal-rich oxidic core melt. Probably,
there are oxidic/metallic compositions with /3ff —> 0, which would, of course, be favourable for
experiments considered. Order-of-magnitude analytical assessments of the electromagnetic force
on natural convection flow fields and heat transfer performed show that (a) the electromagnetic
force could become comparable with the inertia and buoyancy forces for metal-rich core melts;
(b) the ratio between the magnetic Rayleigh number, Ram, and the buoyancy Rayleigh number,
Ra, is linearly proportional to the power generation rate, qv, and, therefore, increases with the
Rayleigh number. For small size (H = 0.4m) core melt pools, the magnetic Rayleigh number can
even be of the same order as the buoyancy Rayleigh number for qv = 1 MW/m3 for metal-rich
corium. In order to demonstrate phenomenological tendencies of the electromagnetic influence
on natural convection flows and heat transfer, we have performed computational modeling for
extreme, hypothetical cases with the negative magnetic Rayleigh number (Fig. 15, Ram —
-1011) and the positive magnetic Rayleigh number (Fig. 16, Ram = 1011), when the buoyancy
Rayleigh number is 1010. Comparing to flow field results for the case without influence of the
electromagnetics (Fig. 14, Ra = 1010), the centrifugal force of electromagnetics destroys the
stable stratification in the lower region (Fig. 15), and by doing that intensifies heat fluxes.
Inversely, the centripetal force stabilizes flows in the upper and side-wall regions and, therefore,
significantly reduces heat transfer rates; see Table 2. Also, electromagnetic forces affect mixing
levels in core melt pools. It can be seen by comparing temperature differences, ATmax, and
Damkohler numbers for the three cases under consideration.
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Table 2: The electromagnetic influence on heat
transfer characteristics

Ram

Ra
Nuup

Nusd

Nudn

Da
A T m a x , K

0
1O10

60
53
17

130
3.2

- 1 0 1 1

1010

72
58

44.5
185
2.2

10 n
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48.8
13.6
6.1
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17

0.1

. . . ' ! i ! l !

\\\\\\\Wx ;

Figure 16: Temperature field in core melt pool
with the positive magnetic Rayleigh number,
ATmax = 17K.
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In the above considered case, the ratio between the magnetic Rayleigh number and buoyancy
Rayleigh number was Ram/Ra = 10. Such ratios can be experienced at high (buoyancy)
Rayleigh numbers, when large electrical currents are required and the corium is metal-rich.
Nevertheless, our assessments allow us to conclude that from the electromagnetics point of view,
there exist possibilities of having negligible effects of the electromagnetics for low-Rayleigh-
number experiments. In such a case, the ratio Ram/Ra can even be less than 0.1 for oxidic
core melt. As already mentioned, there exist large uncertainties in melt viscosity (i>) near the
solidus point. In order to quantify the test regime, i.e. the Rayleigh number (~ £), one has
to operate the core melt experiments with sufficient melt superheat (ATmax > 30K), providing
representativity of experimental melt pools (compared to prototypical core melt pool with higher
superheat). The melt superheats, ATmax, however, depend on the Rayleigh number (ATmax ~
qv-Ra~02 ~ Ra08). Due to such complications, the selection of test conditions and performance
(based on extensive analysis of the results of 2D-3D computational modeling of convection
in gravitational and electromagnetic fields) as well as improved data on thermo-physical and
electrical properties of core melt, are required. For example, the quality of test facility design
calculations and subsequent experiments would largely depend on whether uncertainties related
to a and /3a for high temperature core melts can be reduced. Limiting values of buoyancy-
induced Rayleigh numbers have to be determined by optimising height-to-power ratios.

CONCLUSION

As the in-vessel melt retention is becoming an important safety measure for some existing plants
and for some advanced, medium-power light water reactor designs, care has to be taken when
studying various phenomenological aspects relevant to issue resolution. The basic objective
of the past and current experiments and analyses, related to the large core melt pools in the
reactor vessel lower plenum, is to obtain insight into the physics of the heat transfer process
under prototypical conditions of interest. The common approach is to conduct simulant material
experiments and to generalize experimental data in the form of correlations, Nu = f(Ra). In
addition, small-scale core-melt experiments, as a rule, involve problems to demonstrate their
relevance to reactor processes, due to applied heating methods, slice geometry of melt pools,
low values of the Rayleigh number, and other measurement and test performance problems.
Analytical and computational modeling has not, so far, been proved to be the reliable method
to describe turbulent natural convection flows and heat transfer in large volumetrically heated
liquid pools. Moreover, the set of identified, important physical phenomena and effects involved
in melt pool thermal hydraulics requires separate effects analyses by experiments and/or mod-
eling. Certainly, the highest priority has to be given to the phenomena, that could have the
largest effect on heat fluxes imposed on melt pool boundaries.

In the paper, an overview was given of the scaling and other design effects of internally
heated natural convection heat transfer experiments. The most reliable calculations performed
have modeled relatively low-Rayleigh-number regimes (Ra up to 1012). These are sufficient to
predict thermal hydraulics in small-scale core melt experiments, and to assess sensitivity of heat
fluxes to selected separate effects. However, for Ra > 1012 there are several phenomena whose
significance can only be judged. We have performed original computations for liquid pools with
internal energy sources to quantify the general tendencies of the effects of various parameters.
First, calculations performed for Ra < 1012 in square and semicircular cavities indicated that
descending boundary flows are able to penetrate into the bottom part of liquid pools with small
fluid Prandtl numbers (Pr = 0.6-1.2), rendering thus conditions for destabilization of the lower
fluid layers and, therefore, enhancing heat transfer to the lowermost part of cooled pool walls.
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Further experimental and computational studies are needed to quantify this effect. Second, it
was shown that effects of temperature dependence of physical properties have to be taken into
account only when melt superheat over the melt solidus point is small which could be the case in
small-scale core melt experiments. Thirdly, slice thickness-to-height ratios, Ax/H, more than
0.25 can be recommended for slice experiments in order to eliminate wall effects of face and
back surfaces. Fourthly, the side-wall heating method would be useful for separate effects studies
with prototypical core melts, should related design effects be accounted for in data processing
and interpretation. Finally, it was shown that uncertainties in assessing effects of the Lorentz
force are related to both electrical conductivities and their temperature variations. In order to
achieve conditions where electromagnetic influence on natural convection flow and heat transfer
is minor, the height-to-power and oxide-to-metal ratios have to be chosen by means of design
calculations. For this purpose, an appropriate analysis method was developed in the paper.
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NOMENCLATURE

Arabic letters
A Aspect (heigh-to-width) ratio, A — H/W

Da Damkohler number, Da = -%&•—
Fo Fourier number, Fo = g0-
g Gravitational acceleration, m/s2

H Height of pools or cavities, m
Nu Nusselt number, Nu = %'J?
Pr Prandtl number, Pr = u/a
qv Volumetrical heat generation rate, W/m3

r Distance, m; Eq.(3)

Ra Rayleigh number, Ra = ^—gfi

Ram Magnetic Rayleigh number, Ram = ^
T Temperature, K
y, z Horizontal and vertical coordinates, m
W Width of pools or cavities, m

Greek letters
j3 Thermal expansion coefficient , 1/K
K Heat conductivity , W/m-K
// Dynamic viscosity, Pa-s
/ i m Magnetic permeability, ~ 47rxlO~7 V-s2/C-m
v Kinematic viscosity, m2/s
p Density, kg/m3

Subscripts
dn Bottom surface
i i-direction
o Referred value
sd Side wall surface
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up Upper surface

List of abbreviations
CHM Chien model
CHM+PrT,VIST Modified Chien model, using Prt(Ri,y+) and vt(Ri,y+) [7]
CHM+Y Chien model, including Yap term
COPO Conditions of COPO experiments
FL0W3D Calculations by using FL0W3D program
J&LM+Y Jones and Launder model, including Yap term
J&R Jahn and Reineke
LM Laminar model
L&SM Launder and Sharma model
L&SM+PrT(Ri,Ne) Launder and Sharma model, using modified formula for Prt [7]
NARAL The present work
S&R Steinberner and Reineke
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Abstract

The paper presents calculational results of three-dimensional analysis of flows and heat
transfer in internally and side-wall heated naturally convecting melt pools. Both slice-type
semicircular cavities and hemispherical pools are considered. Physical aspects of simulation
of internal energy sources by sidewall heating are discussed. In case of internal heating it is
shown that heat transfer rates to the cooled upper pool surface in the 3D simulations are
higher than those obtained from 2D computational modeling. Also, the result indicates some
differences in local heat flux distribution on the cooled bottom pool surfaces of 2D semicircular
cavities, 3D semicircular cavities with different slice thicknesses, and 3D hemispherical pools.
All examined cases (Ra ~ 1012) experience convection induced effects of low fluid Prandtl
numbers.
Keywords: natural convection, heat transfer, internal energy source, side-wall heating, effects
of fluid Prandtl number, stable and unstable stratification, three-dimensional effects.

1 Introduction and problem formulation

Natural convection is the major mechanism of heat transfer in a liquid (melt) pool with internal
energy sources. There are in existence various technical and geophysical processes that experience
volumetrically heated natural convection. For instance, hypothetical severe (meltdown) accidents
in nuclear reactors might lead to a formation of core melt pools with nuclear decay heat generation.
This is also the application motivating the present CFD analysis (for relevant review see [1]). A
hemispherical geometry is the most probable configuration of melt pools in reactor situations of
interest. Since solidification of core melt occurs at a pool-crust interface, isothermal boundary
conditions are used for both the upper and downward (curved) surfaces of the melt pool. Due to
their technological advantages, semicircular slice-type cavities have been proposed for use as test
sections in experimental investigations of thermal-hydraulic and physico-chemical phenomena. In
order to fully represent major physical mechanisms of interest, appropriate slice thicknesses must
be selected. The role of the slice thickness has been addressed in the recent work of Dinh et al.
[2], in which three-dimensional computations were performed for square slice-type cavities. These
computations had been limited to rather low Rayleigh numbers (Ra oc 107 — 1010).

Physical similarity to prototypical conditions requires providing the isothermal conditions at
the upper and downward surfaces of the semicircular cavity. Furthermore, the nuclear decay
heat generation must be simulated. Direct electrical heating (DEH) and side-wall heating (SWH)
have been considered as the major candidates for energy supply in high-temperature experiments
(2400-3000K). In the first case (DEH), the face and back surfaces of the slice cavity must be
thermally isolated. The second case (SWH) employs the face and back surfaces of the cavity for
heat supply with heat fluxes defined as qfaCe,back = 1v • Az/2, where Az is the cavity thickness.
Thus, cases of the internal heating (IH) and side-wall heating (SWH) are equivalent in terms
of energy input. The Rayleigh (Ra) number in the side-wall heating case is defined by means
of the equivalent volumetric heat generation rate qv. Non-prototypical conditions in simulant
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and real melt pool experiments (including those due to methods of simulating of nuclear energy
sources) have recently been disscused by Dinh et al. [2]. In order to support the design of
experimental facilities using side-wall heating, natural convection in side-wall heated melt pools
must be analysed. Previously, it has been shown that, for Ra < 1010, Nusselt (Nu) numbers at
the vertical and bottom walls of square cavities are similar to the cases of side-wall heating and
internal heating [2]. The Nu numbers at the upper surface in side-wall heating cases are, however,
as much as two times larger than those of the internal heating cases. In the present work, we focus
our analysis on more complex flows in semicircular cavities and under higher Rayleigh number
conditions.

Dinh et al. have provided 2D analyses of fluid-Prandtl-number effects on the local heat flux
distribution [2]. From computational results it was found that the fluid Pr number has small
effect on the averaged Nu numbers in the convection dominated regions. The decrease of the
Pr number causes a decrease of Nu numbers on the top and side walls of cavities up to 30%
in the considered Pr number range (Pr oc 0.2 -r 7). In the conduction dominated regions two
phenomena, namely v— and a —phenomena were identified (see fig.l). Higher heat transfer rates
were predicted for lower Pr numbers. These effects depend on the cavity geometry (curvature)
and the Ra numbers. Essentially, the question is whether the Pr number effects, predicted by 2D
modeling in semicircular cavities and found to be significant for Ra = 1012, exist in 3D case and
in hemispherical cavity.

Summarizing, the objectives of the paper are (1) to assess effects of geometry and three-
dimensionality in semicircular and hemispherical pools; 1 (2) to provide the detailed computa-
tional comparative analysis of natural convection flows and heat transfer in internally heated and
side-wall heated three-dimensional liquid pools; and, (3) to investigate Pr number effects in 3D
semicircular and hemispherical internally heated pools.

2 Features of CFD-analysis

The mathematical model of the problem at hand is based on the set of the 3D governing equations
for mass, momentum, and energy conservation. The continuity equation:

= 0 (1)

The momentum equation:

^ + V • (pV ® U) = B + V • [-P6 + Ms (VU)] (2)

where B is a body force (gravitational force pg is the only body force in the present study). The
energy equation:

^ + V • (pVh) - V • [Xeff (VT)] = ^ + qv (3)

Since the Ra number of interest (1012) indicates that the natural convection flows in question
might be turbulent, turbulence modeling must be considered. In eqs.(2,3) fxe/f = /z + fit and
Xejf = X + Xt are the effective viscosity and conductivity, respectively. Here jj,t and Xt represent
turbulence transport properties. Accurate description of such complex flows seems to require at
least the second-moment closure level with low-Reynolds-number corrections in order to ensure

]Up to date, no systematic studies of effects of geometry and three-dimensionality in semicircular and hemi-
spherical pools with internal energy sources have been reported.
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predictions of non-standard behaviour pertinent to the flow of interest (see Dinh and Nourgaliev,
[1]). Therefore, in the present work the low-Reynolds-number n - e turbulence model of Launder
and Sharma [3] is employed.

In the present work the general-purpose CFDS-FL0W3D code [4] has been employed to solve
the governing equations. Body-fitted coordinates are included in CFDS-FL0W3D to allow the
treatment of arbitrary complex geometries. Coordinate transformation is given numerically. The
basis of the code is a conservative finite-difference method with all variables defined at the centre
of control volumes which fill the physical domain being considered. To avoid the chequerboard
oscillations in pressure and velocity the improved Rhie-Chow interpolation method is used. The
third-order accurate CCCT differencing scheme for advection term treatment, fully implicit back-
ward difference time stepping procedure and SIMPLEC velocity-pressure coupling algorithm, have
been utilized. The multi-block approach is used to design a computational mesh with about 105

nodes. An unsteady approach is used to obtain the time-dependent flow and temperature fields
and heat transfer characteristics. The results are then averaged over time intervals to produce
the quasi-steady values of heat transfer characteristics.

Experience in 3D computations of similar unsteady-state problems shows that numerical solu-
tions can be obtained on modern workstations with reasonable computer times, if discretization
nodes are of order 105. In general, both single-block and multi-block approaches can be used
to design the computational mesh. However, the single-block grid is hardly an optimal one in
describing the physics of fluids in liquid pools with curved downward walls. In fact, in order to
be capable of modeling heat transfer to the isothermally cooled walls, very dense grids must be
used in near-wall layers. Also, it is known that natural convection flows, in an internally heated
liquid pool, involve stably stratified layers at the lower region of the pool and mixing region in
its upper part. Complex three-dimensional flows take place in the mixing region, necessitating
refined nodalization in order to properly describe momentum and heat transfer in buoyant plumes
and thermals generated by the upper cooled pool surface. Furthermore, we are interested in the
local heat flux distribution on the curved downward surface of core melt pool. In particular, heat
fluxes at the lowermost part of the hemispherical pools are of paramount importance for the ap-
plication (reactor safety) motivating this work. Description of such effects would require refined
grids along the curved wall at the bottom region of the semicircular pools. Computational errors
and loss of important information (local heat fluxes at the very bottom) may be caused by using
single-block mesh generation, assuming node numbers are limited to 105. In the present work,
we employ the computational mesh design method which is based on multi-block methodology,
implemented in the CFDS-FL0W3D computer code. The grid system used in three-dimensional
computations of natural convection flows and heat transfer in semicircular cavities is presented
in fig.2.

In order to assess the quality of the computational meshes used to solve the governing equa-
tions, grid analyses have been performed. For semicircular geometry, five grids have been used
for the [x, y]-plane. Both the numbers of blocks and nodes have been varied. Results of 2D the
computations employing these computational meshes are presented in Table 1. It can be seen that
the G-4/3975 and G-12/3988 grids can be used to describe natural convection flows on the [z,?/]-
plane. These grids are utilized in further 3D computations of semicircular slices in the present
work.

A 3D computational mesh has been generated for a hemispherical pool, comprised of 14
blocks and about 0.8-105 grid points. Fig.3 depicts the computational mesh in a plane through
the symmetry line of the hemispherical pool. Even though there exist differences in design of
the computational meshes, nodalization in both the near-wall layer and the core region of the
hemispherical pool has been made in the same manner as that of the semicircular cavities. In
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particular, because of the importance in describing recirculation and stagnation regions of de-
scending boundary flows, a very fine grid has been utilized for the lower poo] portion.

3 Results and discussion

3.1 3D effects in internally heated semicircular cavities

Apparently, detailization of computational meshes depends much on the specific features of the
transport processes under consideration. In particular, the nodalization on the [rr,^]-plane of the
upper surface is of paramount importance, since heat transfer to the upper surface is governed by
the interaction between that surface and ascending plumes and by the generation and departure of
cooled (denser) blobs from the isothermal wall. There are no experimental observations available
to quantify whether large tongues or small blobs dominate heat transfer to the cooled upper
wall. At least there exist a lot of blobs which potentially can fall down to the mixing region.
Based on the direct numerical simulation (DNS) of free convection in a fluid layer cooled from the
top and heated within, Nourgaliev and Dinh [5] formulated requirements for grid nodalization in
horizontal direction as (Az,Ax) oc H • Ra~0-272. This scale becomes sub-mm for core melt pools
of H = 0.4m and Ra = 1012. Such a requirement is out of capability of modern workstations.
Quantification of subgrid phenomena is yet to be addressed in future parallel computations. It is
assumed here, however, that the heat removed by subgrid blobs is relatively small.

In this paper, time and surface-average Nu numbers are the most important heat transfer
characteristics. Unfortunately, no heat transfer data is available for internally heated semicircular
cavities and hemispherical pools with Ra = 1012. Table 2 summarizes some of the prediction
results. It can be seen that 3D computations resulted in higher (about 30%) 2 Nusselt numbers
on the upper pool surface Nuup, and therefore, lower temperature differences driving the pool
convection. It is perhaps instructive to note that 2D computations of internally heated pools
were the only option available in the past due to computing time and memory requirements of 3D
modeling. In many cases the 2D problem formulation looks acceptable, since heat is generated
uniformly inside the liquid pool. However, an assumption of zero ^-velocity might reduce the
freedom of naturally convecting flows. Most notably, interaction between cooled blobs falling
down (thermals) and ascending buoyant plumes is a three-dimensional phenomenon. In this sense,
the 2D numerical treatment of the flow in question is able to suppress transport and exchange
processes in the mixing region and, therefore, reduce heat removal rates to the upper cooled pool
surface.

Similarly to [2], the Nuup numbers in cases with Pr = 7 are about 15-20% higher than
those obtained for Pr = 0.6. Temperature and velocity fields obtained in the 3D computational
modeling of natural convection flows in semicircular cavities are qualitatively similar to those of
2D ones. Figs.l and 4 present temperature fields in the semicircular cavity for 2D computation
and 3D slice with thickness-to-height ratio 1 : 25. The mixing region in the upper pool portion is
larger and the ̂ -phenomenon is less notable in the 3D cavity. Probably, the better mixing in the
upper region is related to enhanced heat transfer to the upper surface. Consequently, the stratified
layers are more suppressed, reducing the driving temperature differences for descending boundary
flows along the cooled curved walls. Nevertheless, the local Nu numbers in the downward surface
of the 2D and 3D semicircular pools behave in a similar way. Most notably, there exists a
convection-induced local increase of Nudn in the lowermost part of the 3D semicircular cavities

2 Such a percentage must be considered as a trend rather than a strict numerical conclusion concerning the effect
of three-dimensionality, until effects of sub-grid phenomena can be quantified.
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with Pr = 0.6 (see fig.5).

Qualitatively similar flow and temperature patterns were also obtained for the relatively thin
slices with slice thickness-to-height ratio in the range 1:40 - 1:15. The surface-averaged Nudn
changed only slightly with slice thickness. A very thin slice might suppress the free convection
in the upper pool portion. One can see differences in the velocity field of the slice with slice
thickness-to-height ratio 1:25 and that of the 1:40 slice (fig.6). A symmetric pattern of large
ocsillating vortices is found in the thicker slice, whereas an asymmetrically fixed vortex structure
is presented in the thinner slice due to a reduced degree of freedom. In addition, there might be
less significant Pr-number effect on Nudn in a very thin slice (see curve Nudn = /(</>) in fig.5 for
the 1:40 slice. Perhaps in the cases of small slice thickness, the side walls are capable of damping
recirculation flows of the v-phenomenon.

It must be noted here that most experiments in the past have employed relatively thin slices
as test sections when studying natural convection heat transfer in internally heated fluid layers,
square and semicircular cavities, [2]. Slice thickness-to-height ratios were typically in the range
0.04-0.15, allowing holographic observations of flow structure and temperature pattern. Even
though the face and back surfaces of the slices were thermally isolated, wall effects (primarily on
flow structure) might be present, affecting, ultimately, heat transfer on the isothermally cooled
surfaces of the slice cavity. Most of the previous computational work analysing natural convection
flows in square and semicircular cavities have also been performed in a 2D formulation, presuming
no flow effects of the adiabatic slice surfaces and, more importantly, zero W-velocity in the in-
direction, [2]. Most of the 2D computations underpredict the Nu number on the upper cooled pool
surface for intermediate (say, 1012) and higher Ra numbers ([1]). This fact has been related mainly
to the underprediction of turbulence generation in the upper pool portion by the turbulence models
employed. The results of the above analysis indicate, however, that validating computational
models on data from slice experiments, one must take into consideration the 3D and wall effects
of slice test section.

3.2 Hemispherical cavity

3D computations for hemispherical pools have also been performed in the present work. Analysis
of the calculational results indicate qualitative similarity of the flow and heat transfer behavior in
semicircular and hemispherical geometries. Time and surface average Nu numbers on the upper
and curved downward walls of the hemispherical pools are nearly identical to those of semicircular
slices with slice thickness-to-height ratios higher than 1:15 (see Table 2). The computations
performed for Pr = 0.6 indicate that the î -phenomenon is more notable in the hemispherical
geometry (fig.7). It can be seen that the mixing area in the hemispherical pool is larger (in
height) than that of the slice-type semicircular cavities. This fact, of course, agrees well with
the essence of the ^-phenomenon. A major feature of the hemispherical geometry is that the
cooled curved pool wall converges at its bottom, enabling the possibility for interaction between
descending boundary flows at the lowest spherical segment. Since cross areas decrease towards
the pool bottom, heights of stably stratified layers affected by penetration flows are larger at the
lowermost part of the pool. Consequently, relative enhancements of the heat transfer rate must
be the largest at the pool bottom. This can be seen in fig.8 which presents local Nu numbers
Nudn = f(<f>) for two selected fluid Pr numbers. Also, the ratios ^n\p^w of the hemispherical
pool are larger than those of the semicircular slices for angles <f> < 30°. In this sense, the present
3D computational modeling indicates that the heat transfer effect of fluid Prandtl number is even
more significant in the hemispherical cavity than in the semicircular ones.
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3.3 Side-wall heating vs. internal heat generation: comparative analysis

Table 3 presents the geometry and heating conditions for a comparative analysis of internal and
side-wall heating. The calculated integral heat transfer characteristics in the internally heated
and side-wall heated melt pools are presented in Table 4. It can be seen that Nu numbers on
the downward surface, Nudn, in the internally heated and side-wall heated melt pools are quite
similar. Nu numbers on the upper surface Nuup in the side-wall heated melt pools are as much as
~ 1.5 times larger than those of the internally heated pools. Correspondingly, the volume-averaged
driving temperature differences ATav in the internally heated pools are larger than those of the
side-wall heated ones.

Enhanced heat transfer to the upper isothermal surfaces in the side-wall heating cases is related
to their flowfields. In such cases, flows ascend along the heated side walls and transfer the heat
to the upper isothermal surfaces. Then the cooled fluids descend down in both the center upper
pool portion and along the cooled curved walls. In the SC-S-0.1 case, the temperature field in the
upper-half pool portion is very uniform. In addition, the flowfields in the examined cases of the
side-wall heating (SC-S-0.1; SC-S-0.4) are transient and of complex structure. This is in contrast
to flowfields calculated previously for Ra = 1010 (see ref.[2]), where the flow patterns were of
two-loop structure. In this sense, the flow structure in the side-wall-heated melt pools become
similar to those of the internally heated melt pools, in which the mixing region in the upper pool
portion is caused by the ascending plumes and falling down blobs. Fig.9 also indicates nearly
identical local distributions of the heat transfer characteristics at the bottom part (<f> < 45°) of
the curved surfaces in cases SC-I-0.1 & SC-S-0.1. Even though the general pictures are almost
the same in these two cases, one can note, from calculated temperature fields, differences in the
temperature gradients in stably stratified layers in the internally heated melt pool and side-wall
heated melt pool.

The above agreement of heat transfer in cases SC-I-0.1 and SC-S-0.1, cannot be viewed as
a general law applicable to all side-wall and internal heating cases with equivalent power input
and slice thickness. From fig.9 one can see that the slicewise and depthwise distributions of the
heat transfer characteristics on the downward curved surface of the 0.4m thick internally heated
pool coincide with that of 0.1m thick one. Temperature and velocity fields obtained for the
semicircular cavity with Az — 0.4m are quite similar to those of the semicircular cavity with
Az= 0.1m, indicating no significant effects of the side walls and of the slice thickness in internally
heated natural convection flows. This feature is the major difference in the thermal hydraulics
of internally heated and side-wall heated melt pools. When increasing the slice thickness, the
heat transfer rate to the bottom part of the curved surface decreases significantly in side-wall
heating cases. Even though the averaged Nu numbers (see Table 4) are quite similar for the
side-wall heated melt pools with Az = 0.1m and Az = 0.4m, the differences of the local Nusselt
numbers Nudn = f(4>) might reach 200-250% for <j> < 30°; see fig.9. Although the volume
averaged temperatures are nearly the same (11.6K for Az = 0.4m and 11.7K for Az = 0.1m),
the maximum temperature difference in the 0.4m-thick pool is much higher. From the isotherm
pattern of the 0.4m thick side-wall heated semicircular cavity, one can see that the temperature
gradients in the vertical direction (^£) in the stably stratified layers are much smaller than that of
the internally heated or 0.1m thick side-wall heated pools. Moreover, calculational results indicate
no velocities in the middle part in the bottom half of the 0.4m thick side-wall heated pool. This
observation is important because heat conduction is the major heat transfer mechanism in the
stable stratification region. Thus, the larger the slice thickness (Az), the smaller the thermal
conduction to the middle section of the melt pools. Therefore, heat transfer from the heated walls
to the middle section is limited. Furthermore, in the side-wall heating case there is remarkable
peaking of the heat transfer in the heated wall regions. The uniformly distributed internal energy
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sources allow for better conditions for heat removal to the bottom wall, whereas heat supplied
from the side walls is directed mainly upwards through the ascending boundary flows. That is
why the physical dissimilarity becomes significant for the side-wall heated pools with a larger slice
thickness (Az).

4 Summary

Computational modeling has been carried out in order to explore the geometrical and 3D effects
on very complex flows and heat transfer characteristics in naturally convecting volumetrically and
side-wall heated melt pools. Rather high Ra numbers (oc. 1012) were selected for the numerical
analysis. Under such Ra number conditions, uncertainties in turbulence modeling did not override
other uncertainties of interest. On the other hand, it is believed that the flow situations modelled
are quite representative of the physics of fluids in an internally heated melt pool in a wide range
of Ra numbers. Nevertheless, extrapolation of the summary given below to Ra numbers higher
than 1012 must be made with caution.
1. 3D computations of naturally convecting flows are capable of providing higher heat transfer
rates to the cooled upper pool surface than 2D simulations. Therefore, 3D computational modeling
is recommended for the analysis of a limited number of existing experiments.
2. The 3D modeling results confirm the presence of fluid Pr number related convection phenomena
and the significance of such effects on heat transfer characteristics on the curved surface of major
interest for the reactor safety application motivating this CFD analysis. The most significant
effect of fluid Pr number on heat transfer rate distribution in the lowermost part of the curved
wall is observed in the hemispherical pool. This is related to the simultaneous actualization of
penetration phenomena of descending boundary flows and influence of convergent geometry of the
spherically bottomed cavity.
3. The numerical analyses performed, have provided a more solid basis for obtaining insight into
the physics of side-wall heated natural convection flows and heat transfer. They have also resolved
the question whether side-wall heating is a good method of simulating of volume heat generation.
4. The calculational results indicate significant 3D effects in the side-wall heated melt pools when
varying slice thicknesses. Minor effects of the slice thickness variations are found for the internal
heating case.
5. Heat transfer data in experimental facilities using side-wall heating are irrelevant to heat
transfer characteristics and their local distributions in decay-heated core melt pools of reactor
safety applications.
6. If the purpose of related experiments is not to obtain safety relevant natural convection heat
transfer data but to investigate physico-chemical behavior of core melt and melt-vessel interaction,
one could use side-wall heating to simulate internal energy sources, since the flow and temperature
fields in the side-wall heated melt pools involve similar flow field structure. Furthermore, it is
possible to select such slice thicknesses that the heat transfer characteristics at the downward
surface are similar in the side-wall and internal heating cases.
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Nomenclat ure

Arabic letters
h

H
Nu
Pr

Total enthalpy, (J/kg)

Height of semicircular cavity, (m)
Nusselt number, Nu = q.H

Greek letters

Prandtl number, Pr = vja, (-)
Volumetric heat generation rate, (W/m3)

Thermal diffusivity, (m2/s)
Coefficient of thermal expansion, (1/K)
Heat conductivity, (W/m-K)

it Radius of semicircular cavity, (m)

Ra Rayleigh number, Ra = ^^-g?, (-)
T Temperature, (K)
U Velocity, U = (U, V, W), (m/s)
x,y,z Co-ordinates, (m)

H, v Dynamic, kinematic viscosity, (Pa-s, m2/s)
p Density, (kg/m3)
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Figure 1: Temperature fieids in the semicircu- Figure 4: Temperature fields in the semicircu-
lar cavity (Prandtl number effect), 2D compu- lar cavity, slice thickness-to-height ratio: 1:25,
tation, Ra = 1012, [2]. Ra = 1012, Pr = 0.6.
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Figure 2: Computational meshes in [y,x]-plane Figure 5: Slicewise distribution of the depth-
(2500 nodes ~ 50 x 50) and in [y,z]-plane (50 x wisely averaged Nusselt number on the curved
22) of the 3D slice-type semicircular cavity. surface of the semicircular cavity, Ra = 1012.

Figure 3: Computational grid in a piane Figure 6: Effect of slice thickness on the velocity
through the symmetry line of the hemispheri- field in the semicircular cavity, Ra = 1012, Pr =
cal pool. 0.6, Az/H =1:25 and 1:40.
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Figure 7: Temperature Reids in the hemisperical
pool with all isothermally cooled walls, Ra =
1012, Pr = 0.6 and 7.
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Figure 8: Local Nusselt numbers on the low-
ermost part of the hemispherical pool surface,
Ra = 1012.
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Figure 9: Slicewise distribution of the depth-
wisely averaged Nusselt number on the curved
surface of the semicircular cavity.

Table 1: Integral heat transfer characteristics:
results of2D-grid analysis, ita=1012, Pr=0.6.

Grid
G-4/3975
G-4/7200
G-4/21000
G-12/2485
G-12/3988

# blocks
4
4
4
12
12

# nodes
3975
7200
21000
2485
3988

Nuup

116
112
112
120
116

Nudn

96
97
97
96
98

Table 2: Some 3D results for semicircular and
hemispherical pools, iJa=1012.

Cases
Semicircular slice
Semicircular slice

Hemispherical pool
Hemispherical pool

2D semicircular cavity
2D semicircular cavity

Pr
0.6
7

0.6
7.

0.6
7

Nuup
142-148

164
135
153

112
136

Nudn
95-92

94
104
110

97
100

Table 3: Geometry and heating conditions for
side-wall vs. internal heating analysis.

Cases
SC-I-0.1
SC-S-0.1
SC-I-0.4
SC-S-0.4

Heating
Internal
Side wall
Internal
Side wall

Az, m
0.1
0.1
0.4
0.4

H, m
0.4
0.4
0.4
0.4

Ra

10"
1 0 "
1 0 "
1 0 "

Table 4: Integral heat transfer characteristics.

Case

SC-I-0.1
SC-I-0.4

SC-S-0.1
SC-S-0.4

Nuup
160
146

248
248

Nudn

97
97

89
91

ATmax, K

19.1
23.6

21.4
35.

AT™, K

14.8
15.2

11.7
11.6
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Paper 5:

Simulation and Analysis of Transient Cooldown Natural
Convection Experiments
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SIMULATION AND ANALYSIS OF TRANSIENT

COOLDOWN NATURAL CONVECTION EXPERIMENTS

R.R. Nourgaliev, T.N. Dinh and B.R.Sehgal
Royal Institute of Technology

Division of Nuclear Power Safety
Brinellvagen 60, 10044 STOCKHOLM, SWEDEN
Fax + (46)(8) 790-76-78, e-mail: robert@ne.kth.se

Abstract 1 INTRODUCTION

The characteristics of natural convection heat
transfer during transient cooldown in three-
dimensional fluid layers and hemispherical cav-
ity have been investigated by means of a finite-
difference numerical method. It was found that
the turbulent structure and heat transfer char-
acteristics of the unstably-stratified upper wall
region are similar for internal heating (IH) case
and transient cooldown (TCD) case, except near
the cooled bottom wall of fluid layer, and for
a small region (<f> < 15°) near the bottom of
the hemispherical cavity. For most of the sur-
face area of the spherical cavity, there is excel-
lent agreement between the heat fluxes calcu-
lated for the IH and the TCD cases. Calculations
showed that pseudosteady-state natural convec-
tion (PSSNC) is a better model for simulation of
volumetric energy sources. Finally, the compu-
tations, performed for a fluid with low Prandtl
number (Pr = 0.6), indicate that the storage of
cold fluid in the lowermost portion of the hemi-
spherical pool, and the associated lower level of
heat removal in the TCD case, reduce the earlier
found effect of the Prandtl number on the wall
heat flux distribution.

Keywords: natural convection, heat trans-
fer, internal heating, transient cooldown, Prandtl
number effect, pseudosteady-state, numerical
simulation.

This study is motivated by an interest in arrest-
ing the progression of a hypothetical severe acci-
dent in a nuclear power plant (NPP) by flooding
the reactor cavity [1]. In such a case, a decay-
heated corium pool is postulated to be reside in
the reactor pressure vessel lower head, which may
have either hemispherical or torospherical geom-
etry forms. In order to assess the success of
in-vessel melt retention strategy, the characteris-
tics of heat transfer from internally-heated liquid
pools must be determined.

Even though natural convection heat transfer
in volumetrically heated liquid pools has been the
study subject in geophysics, astrophysics and en-
gineering, the data base, until recently, was in-
sufficient to support the reactor safety analysis
in question; see e.g., [2]. In particular, data for
the hemispherical geometry in the high Rayleigh
number range, typical for reactor accident con-
ditions (Ra up to 1016), has started to accumu-
late only recently [1]. In order to obtain the
necessary heat transfer data, a new experimen-
tal program, named ACOPO, has been initiated
by Theofanous et al. [1]. The basic concept is
to make use of the data, obtained from transient
cooldown (TCD) experiments, in which the sen-
sible heat (Qsh = Pcp^) simulates the internal
source of heat, rejected at the pool boundaries.
The cooldown transient is assumed to be slow
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enough to allow the process to pass through a se-
ries of quasi-steady states, that approximate cor-
responding steady-states, with heating rates equal
to the instantaneous cooling rates in the exper-
iment [1]. Chow and Akins [3] have also em-
ployed a similar approach named pseudosteady-
state natural convection (PSSNC) for sphere ge-
ometry, which was later analyzed numerically for
cylindrical geometry by Lin and Akins [4]. The
main difference of the PSSNC approach from that
of TCD is that the driving temperature difference
inside liquid pool, AT = Tmax — Tw, is main-
tained unchanged during the course of PSSNC
experiment. This avoids the low cooling rate re-
quirement, associated with TCD. However, there
may exist technical difficulties in keeping constant
temperature difference during a PSSNC experi-
mental run. Moreover, only a single data point in
the {Ra; Nu} number space can be obtained dur-
ing one PSSNC experimental run, whereas one
TCD experimental run is capable of producing a
"curve" Nu = f(Ra) over a range of Rayleigh
numbers.

To provide the validity of transient cooldown
approach, Theofanous et al. have performed mini-
ACOPO experiments [1] and compared the data
with existing experimental and theoretical corre-
lations, and with the data from the UCLA mi-
crowave heating experiments of Asfia and Dhir
[5]. Data of mini-ACOPO Nusselt number on the
downward curved surface were generalized as

Nudn = 0.0038 • Rd0.35
(1)

which shows somewhat higher dependence on Ra
number than that of the calculational correlation
of Mayinger [6]

Nudn = 0.55 • Ra0.2
(2)

However, the estimates provided by eqs.(l) and
(2) are very close to each other. The data of Nus-
selt number on the upper flat surface are found
to be in good agreement with the Steinberner and
Reineke correlation [7]

Nuup = 0.345 • Ra0233
(3)

The results of the mini-ACOPO experiments
(correlations 1 and 3) were used by Theofanous
et al. to evaluate the thermal margins for the in-
vessel melt retention strategy [1]. Understanding
the physics of the transient cooldown will com-
plement the experimental studies made by Theo-
fanous [1].

So far, no detailed theoretical and numerical
analyses have been performed to support the tran-
sient cooldown concept, except for the scoping
analysis by Schmidt [8]. Manipulating with en-
ergy and momentum equations, he showed that
the transient cooldown and internal heating cases
are equivalent, if 1) the heat loss from the system
is approximately constant over the time range,
when the data are taken; and 2) the rate of
change of the temperature difference AT(t) =
Tw — Tb(t) is small relative to the time scale ta

over which the thermal hydraulics of the system
can respond. Applied to the mini-ACOPO con-
ditions, Schmidt's estimates indicated that the
first condition is approximately satisfied near the
end of experiment ("self-similar stage of transient
cooldown").

The present study aims to explore physical
similarities and differences between the transient
cooldown and internal heating processes. Since a
fluid layer is the simplest geometrical configura-
tion of the problem at hand, and there exist a re-
liable computational and experimental data base
for internally- heated fluid layers, the similarity of
the transient cooldown and internal heating pro-
cesses is first examined in a fluid layer. Thereby,
we expect to obtain insight into the physics of the
TCD processes by analyzing the simulation re-
sults in fluid layers. Next, the features of the TCD
method are investigated for hemispherical geome-
try by direct comparison of computational results
obtained for TCD and IH cases. In the present
work, direct numerical simulation (DNS) was em-
ployed to obtain heat transfer, flow and temper-
ature field data. The description and validity of
the chosen numerical method are presented in sec-
tion 2. The results of the analysis are discussed in
sections 3-5. Specifically, the capability of TCD
experiments to reproduce the Prandtl number ef-
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Table 1: Matrix of numerical experiments, performed in this work.

Run#

FL-A(l)

FL-A(2)

FL-B(l)

FL-B(2)
HC(1)
HC(2)
HC(3)
HC(4)

Approach

TCD

TCD

IH

TCD

TCD
TCD
TCD

PSSNC

Geometry

FL

FL

FL

FL
HC
HC
HC
HC

B.C.
T$> = const

qdn = 0
7,7 = const

qdn = 0
T^P = const
T*n = const
T£p - const
T*n = const
Tw = const
Tw = const
Tw = const
Tw = F(t)

Pr

- 7

~ 7

i-f

~ 7

~ 8
- 0 . 6
~0.6
~0.6

Ra{

~101 2

- 1.5 109

~ 4 • 106

~ 5 • 108

- 5 1 0 1 4

~ 2 ' 1 0 1 4

~ l - 1 0 i a

Purpose
Similarity of IH and TCD cases

in unstably-stratified regions
Similarity of IH and TCD cases

in unstably-stratified regions
DNS (for comparison

and method validation)
Similarity of IH and TCD cases

in stably stratified regions
Geometry effect

Pr number effect
Geometry and Pr number effects
Similarity of IH and PSSNC cases

fects is investigated in section 5. Additionally,
in section 6, the pseudosteady-state natural con-
vection experimental approach is examined for a
hemispherical cavity and the results are compared
with both TCD and IH numerical simulation re-
sults. Finally, a summary is provided.

The program of numerical analysis, performed
in the present study, is summarized in Table 1.
Two configurations of fluid layers were selected:
FL-A - with cooling from top surface, and FL-B
- with cooling from both horizontal surfaces. The
computations of natural convection in internally-
heated fluid layers and hemispherical pools, whose
results are used for comparison in the present
analyses, were performed in the related studies
[9] and [10].

2 TECHNICAL APPROACH

2.1 GOVERNING EQUATIONS

The system under consideration consists of a fluid
body, enclosed between horizontal surfaces (FL
case, fig.l) or in a hemispherical cavity (HC case,
fig.2). The fluid is assumed to be viscous and in-
compressible. In order to obtain time-dependent
flow and heat transfer characteristics, complete

H

g

/

/

y.v

/ / \ /

l^^J Tw= const,/

Tb(t),Ra(t),Qv=Qfem/H ^ _.

z,W/ VQt,(t),
Tw= const

Figure 1: Problem formulation for fluid layer.

three-dimensional governing equations of energy
and motion were solved:

dp\J
dt
dph

(4)

-r-V-(pUxU) = Pg + S7-(-P6 + /xVU) (5)

= ^ + s (6)

where h is the total enthalpy, P is pressure, U
= [U, V, W] is the velocity vector, and S is the
source term for energy equation (5 = qv in IH
case, and S = 0 in TCD and PSSNC cases). Ex-
cept for the density variation with temperature,
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y.v

x,U

z,W Q«m(t,<t>),
T w = const

Tb(t) - T ™SNC(t) = const

Figure 2: Problem formulation for hemispherical
cavity.

the fluid properties were constant. The Boussi-
nesq approximation was assumed for the buoy-
ancy force.

Boundary and initial conditions - No-slip bo-
undary conditions were applied to all velocity
components at the walls of hemispherical cavity
and fluid layer. In case of fluid layers, periodic
boundary conditions were imposed in two hori-
zontal directions (x,z), and it was assumed that
both hydro- and thermo-fields have the same pe-
riodicity length in the horizontal directions. Pool
walls were kept at uniform temperature. The bot-
tom wall of fluid layer in FL-A case was adia-
batic. Initially, the system was motionless and at
a uniform temperature. Suddenly, the tempera-
ture of walls underwent a step change, AT,. Af-
ter that a transient period started, during which
the wall temperature was maintained unchanged,
Tw = const, and pool bulk temperature, Tb,
slowly decreased. In PSSNC case, driving tem-
perature difference in the pool was kept constant,
ATP = Tb(t) - Tw(t) = const.

During the whole course of pool cooling, the in-
stantaneous local heat flux on the walls, temper-
ature and sensible heat distributions at the cen-
terlines, averaged heat fluxes on the walls, and
averaged blob length scale were registered. The
characteristic blob size was determined from com-

putational results as a length scale of "spots" on
the upper wall of fluid layer with local heat flux
larger than the surface-average one.

2.2 NUMERICAL METHOD
COMPUTATIONAL GRID

AND

Code - Numerical integration of governing equa-
tions (eqs.4-6) was performed using the general-
purpose CFDS FL0W3D code (release 3.3) [11].
The basis of the code is a conservative finite-
difference method, with all variables defined at
the centre of control volumes, which fill the phys-
ical domain being considered. Body-fitted coor-
dinates are included in CFDS FL0W3D to allow
the treatment of arbitrarily complex geometries.
Coordinate transformation is given numerically.
The SIMPLEC pressure-velocity coupling algo-
rithm is used for the determination of pressure
and velocity fields. The linearized momentum and
energy equations are solved using Stone's method
and the liner solver; while the pressure correction
equation is solved using the preconditioned con-
jugate gradients method.

Turbulence modeling - Direct numerical inte-
gration is used in the present work. This means
that the turbulence is simulated directly, with-
out any empirical models. Such an approach
necessitates specific requirements for nodaliza-
tion. All relevant flow and temperature struc-
tures must be adequately resolved by the cho-
sen space and time grids. Moreover, in order to
minimize numerical diffusion, it is absolutely nec-
essary to use space discretization schemes of at
least second order accuracy. Therefore, in the
present investigation all terms, apart from the
advection terms, in all equations are discretized
in space using second-order centered differencing.
The upwind difference CCCT scheme for convec-
tion term treatment, which is a modification of
the QUICK scheme; with specific adjustments to
eliminate possible non-physical overshoots, is em-
ployed in the present study. The fully implicit
backward Euler differencing scheme is chosen for
time advancement. Time step At during the "self-
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similar" stage of TCD simulation is adjusted as
At = JTWT, where SBL and ||U|| are the character-
istic blob size and maximum velocity in the pool,
respectively.

Computational grids - All calculations for fluid
layers were performed using a 35 x 35 x 74 (90650
nodes) rectangular grid. The mesh was uniform
in the horizontal directions (x,z). A factor of
geometrical progression (from 1.01 to 1.25) was
utilized for the j/-mesh generation, because a very
dense grid is required in the vertical direction,
y, near the layer's upper and bottom surfaces.
Periodicity length, D, was equal to H for FL-A
case, and 2H for FL-B case.

10'

™ KAE, correlation range
• ™ » KAE, experimental correlation
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TCD-
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Figure 3: Variation of Nusselt number
Rayleigh number for fluid layer FL-A.

with

A three-dimensional body-fitted computational
mesh was generated for hemispherical cavity,
comprised of 14 blocks and about 8 • 104 nodes.
The grid was chosen to be more dense near the
walls, where the strong temperature gradients oc-
cur. The chosen grid and method have been suc-
cessfully applied to internally-heated hemispheri-
cal pools with Ra number up to 1012 [12]. In the
present study, they were used for simulation of
transient cooldown processes with "starting" Ra
numbers up to 5 • 1014. In such a case, the chosen
grid in horizontal plane in the turbulent-mixing-
core region of the pool may not be able to resolve
the smallest turbulence scale. We believe, how-
ever, that such a loss in subgrid information does

not significantly affect the heat transfer results.

The chosen numerical method and the com-
putational meshes have been employed for DNS
studies in internally-heated fluid layers and hemi-
spherical pools. The validity of the approach has
been demonstrated by comparison against avail-
able experimental heat transfer and turbulence
data in fluid layers [9]. Thus, we assume that the
above described method is capable of modeling
and capturing major features of TCD processes
in fluid layers and hemispherical pools.

0.0001 0.0002 0.0003 0.0004

Fo
0.0005 0.0006

Figure 4: Development of "self-similar" stage of
TCD for fluid layer FL-A: a) time evolution of
Rayleigh number; b) variation of Nusselt number
with Rayleigh number.

TRANSIENT COOLDOWN
IN FLUID LAYERS

3.1 FLUID LAYER WITH AN ADI-
ABATIC BOTTOM AND AN
ISOTHERMAL TOP SURFACE

Since fluid layers cooled from above can fully rep-
resent flow situation in the upper portion of a
more complex geometry pool with volumetric en-
ergy sources, the comparative analysis of TCD
and IH was performed for the fluid layer of con-
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figuration FL-A. Due to its good mixing prop-
erties, unstable stratification is expected to pro-
vide the physical similarity between the IH and
TCD cases. Fig.3 presents results of the DNS
study, performed for internally-heated fluid lay-
ers cooled from above [9]. The computed Nus-
selt numbers are in an excellent agreement with
experimental correlation by Kulacki and Emara
[13]1. Results of computations, performed for two
TCD cases, are also presented on fig.3. The dif-
ference between the Kulacki & Emara correlation
and the variations of Nu with Ra, obtained dur-
ing the course of the TCD simulations, is within
5% range.

It is of interest to follow the transient behaviour
of Rayleigh number in TCD case. Assuming that
all sensible heat is removed through the cooled
surface, the Rayleigh number can be determined
in terms of heat, extracted from the top wall of
fluid layer. Therefore, in this case, the Ra num-
ber is explicitly dependent on instantaneous heat
removal rate, Ra ~ Qrem- Fig.4a shows the time
evolution of Ra number. Under ideal conditions
of TCD, the highest heat removal rate is observed
at the first instant, when the hot fluid of uniform
temperature is suddenly bounded by the cooled
isothermal surface. A steep change of Ra num-
ber, seen in the first stage, may be related to the
penetration of the thermal front into fluid layer
and, hence, establishment of a thermal bound-
ary layer. Due to the buoyancy effect, flow field
within the fluid layer starts to develop during the
second stage. The "self-similar" stage of tran-
sient cooldown begins after the first cooled blobs
reach the lower parts of the fluid layer, and, sub-
sequently, are replaced in the upper region by the
hot fluid. Due to the transient nature of turbu-
lent natural convection in the unstably-stratified
region, the surface-average heat flux on the up-
per wall of fluid layer oscillates in time. This
explains the oscillating behaviour of the Nusselt
number in the {Ra; Nu} number space; as seen in
fig.4b. Thus, the present work quantifies a three-

JThe original correlation, Nv = 0.389 • Ra° ™ ± 15%,
employed the Rayleigh number Ra,, defined as Ra, =

stage development of TCD, namely (i) formation
of thermal boundary layer, (ii) establishment of
flow structure, and (Hi) the "self-similar" stage.

0.07

0.02

0.01 <-
10" 10"

Ra

Ra
2

Figure 5: Fluid layer FL-A: a) variation of aver-
aged blob length scale with Rayleigh number; b)
instantaneous Nusselt number distribution on the
top surface.

Structure of local heat transfer on the top
wall of fluid layer and related blob forma-
tion/departure mechanisms can be seen in fig.5.
Blob size, oscillating in time within 20% range,
does not change with Ra number during the
course of TCD simulation. Even though the com-
puted blob size in TCD case correlates reasonably
well with that of IH case, the TCD process seems
to conserve its flow structure. This behaviour
may be partly due to the relatively small value
of periodicity length (D = H), which restricts
any significant re-organization of flow structure
within the fluid layer. The other probable cause
for the observed independence of blob size on Ra
number is associated with the transient nature of
cooldown processes, which tends to keep a mem-
ory of flow structure, initially developed in fluid
layer. In order to clarify this point, effects of pe-
riodicity length and longer time of TCD simu-
lation must be additionally examined. Interest-
ingly, the mixing properties (Nusselt number) in
TCD and IH cases are unaffected, or, at least,
not determined by the above mentioned blob size
behaviour.
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Summarizing, the results of computations, per-
formed for fluid layers with isothermal upper
wall, demonstrated that the transient cooldown
approach is an excellent method to investigate
heat transfer in internally-heated and unstably-
stratified layers.

3.2 FLUID LAYER WITH ISOTHER-
MALLY COOLED TOP AND
BOTTOM SURFACES

In this section, the results of computations, per-
formed for a fluid layer, cooled from both horizon-
tal surfaces, are analyzed in order to explore the
effect of stable stratification on physical similarity
between IH and TCD cases.

-•-•-•----> K&G, correlation range
— IH. K*C, eip. correlation, top
— IH, K*G, exp. correlation, bottom f-

• IH. DNS, Grotzbach, lop —rf""
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OW, DNS, Present work, lop r"
QIH, DNS, Present work, bottom

- - - TCD, DNS, Present work, lop
- — TCD, DNS, Present work, bottom
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Figure 6: a) Variation of Nusselt numbers with
Rayleigh number; and b) fraction of downward
heat removal. Fluid layer FL-B.

In the present study, DNS was performed for a
IH case with Ra = 4-106, Pr ~ 6. The results are
in good agreement with Kulacki and Goldstein
experimental correlations [14] 2, and the results
of DNS, performed by Grotzbach under similar
physical conditions [16]; see fig.6a.

Correlations Nttup = O.Z29-Ra° 236 and Nudn = 1-428-
Ra009* were obtained in electrically heated water layers
for Ra number range from 3.7 • 104 to 2.4 • 107. Similar
correlations, Nuup = 0.345 • Ra° 233 and Nudn = 1-388 •
Ra009i were obtained by Jahn and Reineke [15], also in
water layers, for Ra number range from 105 to 108.

Analysis of TCD simulation results shows that
the upper wall Nusselt number in fluid layer,
cooled from both surfaces, Nuup, is quite simi-
lar to that of IH case. The lower wall Nusselt
number, Nudn, is, however, much less than that
of IH case. Consequently, energy split is different
for IH and TCD case. Fraction of downward heat
removal, rj, in TCD case is much less than that of
IH case; see fig.6b.

TRANSIENT COOLDOWN DA TA:

Ra=e.2E*07

Ra=4.1E+07

Ram2.tE*07
INTERNAL HEATING DATA: Ra=1.7E+07

DNS. Ra=4.E*0S '
• • KSQ EXPERIMENTAL DATA

ACCUMULATION OF COOL FLUID

0.0 0.1 0.1 0.3 0.4 0.5 O.B 0.7 0.8 0.9 1.0

Figure 7: Vertical distribution of the horizontally
averaged temperature in fluid layer FL-B.

In order to pinpoint the reasons, leading to the
difference in heat removal rate on the bottom of
fluid layer for IH and TCD cases, a detailed anal-
ysis of temperature profile (fig.7) and flow struc-
ture (fig.8) was conducted. It was found that
cool fluid had accumulated in the lowermost re-
gion (0.01% of fluid height) on the bottom wall.
Converse to IH case, there is no volumetric en-
ergy source in the fluid in TCD case. Therefore,
the lowermost layer of liquid has no heat addi-
tion, and consequent ascending flow movement.
A zoomed picture of temperature distribution is
shown in fig.7. The cooled layer of fluid, hav-
ing almost wall temperature, serves as a thermal
shield in TCD case, reducing thus the fraction
of heat, removed downwards. While the temper-
ature gradient within this cooled layer is nearly
zero, the surface average heat transfer rate is still
slightly higher than the conduction one (Nuh.c =
4); see. fig.6a. Fig.8 indicates that there exist re-
gions, where the major part of heat, transported
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Figure 8: Temperature and velocity fields in a
vertical cross-section, and heat flux contours on
the bottom surface of fluid layer FL-B. Transient
cooldown, Ra = 2.4 • 107.

to the bottom surface, is transferred through.
These regions can be seen from the picture of heat
flux contours (fig.8), and associated with areas,
where the large cooled blobs (thermals) are im-
pinging upon the stably stratified layer. Within
the blob impinging areas (BIA), the cooled layer
is attacked by hot impinging fluid and, conse-
quently, transfers the heat to the cooled surface.

Fig.9a presents the blob size variation with Ra
number. As in FL-A case, the heat transfer struc-
ture on the top wall remains unchanged during an
initial period of the "self-similar" stage of tran-
sient cooldown process, Ra = 108 —• 2 • 107.
A tendency of slight increase of blob size is ob-
served at the end of FL-B TCD simulation, which
had relatively wide Ra number range in the "self-
similar" stage, Ra = 108 -> 6 • 106. It is worth
noting, however, that although the periodicity
length was chosen as D = 2H for FL-B case, the
Rayleigh number range in this case was also much
lower than that of FL-A case. Therefore, a direct
comparison of blob size behaviour between cases
is difficult to make. In general, the heat flux pat-
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Figure 9: Fluid layer FL-B: a) variation of aver-
aged blob length scale with Rayleigh number; b)
instantaneous Nusseit number distribution on the
top surface, Ra = 2.4 • 107.

tern on the top wall is found to be more structured
in FL-B case (fig.9b), and the actual blob size is
also larger (jj ~ 0.1 for FL-B and ~ 0.05 for FL-A
cases) under lower Ra number conditions.

Summarizing the analysis of fluid layers, cooled
from both top and bottom surfaces, one may con-
clude that the stable stratification region in TCD
case may experience the storage of cool fluid on
the bottom surface. This phenomenon, together
with the absence of volumetric energy source,
causes the change of energy split (lower rate of
heat transfer to the bottom surface in case of
TCD).

HEMISPHERICAL
CAVITY

In this section, transient cooldown approach is ex-
amined for hemispherical geometry. Three TCD
simulations were performed in hemispherical cav-
ity. Among them, only run HC(1) simulated con-
ditions of the mini-ACOPO A3 experiment [1],
with initial Rayleigh number ita,- = 5 • 1014, and
Freon as working fluid (Pr — 8). Under such high
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Figure 11: Variation of downward Nusselt number
with Rayleigh number. Hemispherical cavity.

Ra number conditions, the computational grid
employed may be too coarse to capture all sub-
grid turbulence in the mixing-core region. Simi-
lar problem were experienced in fluid layers with
Ra > 1O10. It was found, however, that if suf-
ficiently dense grids are generated for near-wall
regions, the heat transfer results can be well pre-
dicted (fig.3).

Figs.10 and 11 show that the differences be-
tween the calculated TCD results for the surface-
averaged Nuup(Ra) and Nudn{Ra) are within the
uncertainties of the measured data in the Mini-
ACOPO tests experiments. They are also within
the uncertainties of the experimental correlations
of Steinberner and Reineke for Nuup(Ra), of
Mayinger for Nudn(Ra) and of the UCLA data
for both Nuup(Ra) and Nudn(Ra)- In addition,
the calculated TCD results are in good agreement
with the calculated IH results. Thus, we confirm
the validity of the transient cooldown experimen-
tal method to investigate the energy splits and the
surface-averaged heat transfer data in a decay-
heated corium pool.

Figs.10 and 11 also indicate that the TCD
simulations in the hemispherical cavity experi-
ence the same three-stage development as in fluid
layers: effect of the formation of the thermal
boundary layer can be noticed for both Nuup and

In our numerical simulations, we have also
noted that a.) the sudden establishment of the
isothermally-cooled wall temperatures would lead
to a larger effect of the formation of the ther-
mal boundary layer on the Nusselt number than
would occur in the experiments, and b.) the "self-
similar" stage of the pool convection may not de-
velop for about 10 minutes in a TCD experiment.

The dimensionless centerline temperature pro-
files, calculated for several cases, are compared in
fig.12 to measurements obtained in Mini-ACOPO
and the UCLA experiments. It is seen that the
agreement between the results of the calculations
performed with Pr = 7 and 8 and the measure-
ments (also for Pr ~ 8) is excellent, within the
uncertainties of the measurements.

Comparing the temperature distributions in
fig.12 for the case DNS, IH, Pr = 7, Ra = 1012

and HC(1), it appears that near the bottom part
of the vessel ( V < 0.1), the TCD distributions
may be much more flat than the IH distribution.
This implies an accumulation of cold water near
the pool bottom, as was found for the TCD case
in a fluid layer. Perhaps, the absence of internal
heating in the TCD method may reinforce and in-
crease the height of the stably-stratified cold fluid
layers at the pool bottom. This may result in rel-
atively lower measurements for the Nv.dn((f>) in
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profile. Hemispherical cavity. Self-similar stage.
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Figure 13: The heat flux distribution on the low-
ermost bottom of the hemispherical cavity.

the range 0 < <f> < 15° for the TCD experimental
method, in comparison with that for the IH exper-
imental method. This is seen in fig.13, where the
data reported for the Mini-ACOPO [1] and the
UCLA experimental correlation are shown, along
with the calculated distributions for the IH and
TCD cases, in the angle range 0 < 4> < 30°. We
believe, that such differences could be expected.
We recommend, however, that numerical simula-
tions should be performed for the actual experi-
mental scale and conditions, and the differences
between the two experimental methods, near the
pool bottom (0 < 4> < 15°), quantified.

EFFECTS OF FLUID
PRANDTL NUMBER

Effects of fluid Pr number on the heat trans-
fer characteristics in the internally-heated liquid
pools of different geometry were numerically in-
vestigated in [2] and [10]. It was found that
Prandtl number has a negligibly small effect on
the surface-average heat removal rates. However,
analysis of the temperature fields in the hemi-
spherical pool with varying Pr number revealed
a difference in the stratification pattern in the
lower pool portion; see fig. 14. As a result, the

heat flux distribution in the region of <j) < 20° for
Pr = 0.6 case was calculated to be 200% greater
than that of Pr - 7 [10]. The so-called a - and
v— phenomena, associated with Pr = % num-
ber, were identified. The a—phenomenon is due
to the fact that the fluid with lower Pr number
has relatively higher thermal diffusivity, a, and,
consequently, provides higher heat removal rate
in the stably stratified, conduction-dominated re-
gions. The v—phenomenon is well described by
fig.14: fluid with lower Pr number (Pr = 0.6)
has relatively lower kinematic viscosity and, con-
sequently, the stably stratified regions can be dis-
turbed more easily, rendering, thus, higher heat
removal rates in a convection-dominated regime.
In order to answer the question whether the Pr
number effects on the local heat transfer charac-
teristics in the hemispherical cavity can be repro-
duced within the transient cooldown experimental
approach, runs HC(2) and HC(3), with corium as
working fluid, Pr = 0.6, were performed.

Analysis of the computational results shows
that, similar to IH cases, no effect of fluid Prandtl
number on the averaged heat transfer character-
istics, Nuup and Niidn, is observed in TCD cases
(figs.10,11). However, unlike the IH case, the ef-
fect of the Pr number on the local heat flux dis-
tribution near the bottom part of the vessel was
found to be quite small, fig.13.
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Figure 14: Temperature field in the hemispherical
pool. Internal heating. Ra = 1012, Pr = 0.6 and
7.
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Figure 15: Temperature and velocity fields in
the hemispherical pool. Transient cooldown "self-
similar" stage, Pr — 0.6 and 8.

PSEUDOSTEADY-STATE
NATURAL CONVECTION
EXPERIMENT

The flow distributions calculated for Pr = 8
and Pr = 0.6 for the "self-similar" stage of the
TCD method are shown in fig.15, to compare
with those shown for the IH cases in fig. 14. It
is seen, that there is a much larger volumetric re-
gion disturbed by the descending flows for the IH
Pr = 0.6 case than it is for the TCD Pr = 0.6
case. Perhaps, much denser cold fluid, accumu-
lated at the vessel bottom, tends to effectively re-
sist the penetration of the descending flows, and
the Pr number effect, seen in the IH case, may not
be reproduced. We must note, that the magni-
tude of the Pr number effect must depend on the
Ra number of the pool. Thus, estimates of this
effect for both IH and TCD experimental meth-
ods should be made for the actual experimental
scale and conditions.

As discussed in the section 1, the pseudosteady-
state natural convection (PSSNC) approach at-
tempts to maintain a constant AT = Tmax — Tw

during the experiment. This experimental ap-
proach was modeled in the run HC(4) to deter-
mine, if keeping AT constant provides different
heat transfer rates at the hemispherical bound-
ary, compared to the TCD approach, in which
the temperature at the hemispherical wall is kept
constant during the experiment.

The case calculated was for Ra = 1012 and
Pr = 0.6, and the averaged values of Nuup and
Nu,in obtained are shown in figs.10 and 11, where
they are compared to those obtained for the TCD
and IH representations. It is seen that the PSSNC
aproach provides essentially the same results.

The calculated local heat flux distributions for
the PSSNC, Ra = 1012 Pr = 0.6, are compared
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with those for the TCD and IH representations
in fig. 13, where we see that the PSSNC approach
provides much closer distribution to the IH case,
than the TCD case. The low Pr number effect
appears to be represented more realistically in the
PSSNC experimental method, see figs. 13 and 16.
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Figure 16: Temperature and velocity fields in the
hemispherical pool. Pseudosteady-state natural
convection. Ra = 1012, Pr = 0.6.

7 SUMMARY

A recently developed experimental approach to
determine natural circulation heat transfer char-
acteristics of a volumetrically heated liquid pool,
namely, transient cooldown, was examined nu-
merically. The finite-difference method was em-
ployed to obtain the heat fluxes in the fluid lay-
ers and in a hemispherical cavity under tran-
sient cooldown conditions, which were compared
to those obtained with internal heating experi-
mental method. The pseudosteady-state experi-
mental technique was also examined and the re-
sults obtained were compared with those of tran-
sient cooldown and internal heating cases. The
results of analysis can be summarized as follows:

1. The transient cooldown method provides an
excellent representation of the internal heat-
ing in the unstably stratified regions of the
pool, since it provides equivalent mixing level
and turbulent motion length scale;

2. The stably stratified regions near the pool
bottom, whose volume may depend upon the
Ra number, may not be as well represented.
The heat flux from those regions to the pool
wall is determined primarily by conduction
and not by the boundary layer flows, as in the
unstably stratified regions. The absence of
the volumetric heat source in the TCD case,
and the low level of fluid motion there, may
result in storage of cold fluid on the cooled
bottom, resulting in lower heat flux measure-
ments. These remarks are derived from the
results calculated for Ra = 1012 to 1014. It
is possible that for Ra = 1016, prevalent in
the prototypic accident conditions, the ex-
tent of the stably stratified region may be
smaller than that found in this study, i.e.
0 < <t>< 15°.

3. The large effect of the Pr number, below
Pr = 1, on the calculated heat flux from
the stably stratified region of the pool, found
earner for the internal heating simulation,
may not be represented well by the TCD
method. However, the PSSNC calculation
agreed much better with the IH calculation.

4. We believe that the numerical method devel-
oped here provides good estimates and trends
for the characteristics of the liquid pool nat-
ural convection heat transfer. An analy-
sis of various experimental options can be
performed. The simulations described here,
however, do not extend to the conditions of
Ra = 1016, where the turbulence effects are
large [18], and whose general representation
in the 3D numerical calculation has not been
achieved so far.

5. We recommend that an experimental com-
parison of the IH, TCD and PSSNC meth-
ods, e.g. in the COPO test facility with
Ra ~ 1016, be performed. The heat fluxes in
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the vessel wall region, where stably-stratified
liquid layers may develop and accumulate,
should be examined experimentally.

NOMENCLATURE

Arabic
cp

D
Fo
9
H
Nu
Pr
q
Qsh
Qv

R
Ra

Specific heat, J/kg-A'
Periodicity length for FL, m
Fourier number, Fo = ^
Gravitational acceleration, m/s2

Characteristic length scale for pool, m
Nusselt number, Nu = K(T_J \
Prandtl number, Pr = vja
Heat flux, W/m2

Sensible heat, /^pff, W/m3

Volumetric heat source, W/m3

Radius of hemispherical cavity, m
Rayleigh number,

FL, and

t
ta

T*
V*

Time, s
Time scale of system response, s
Dimensionless temperature, T* = T ~ Ĵ
Fractional pool volume below the pool
elevation in question,—^
Coordinates, m

Thermal diffusivity, m2/s
Coefficient of thermal expansion, 1/K
Kroenecker's delta
Length scale of blobs
Top-bottom energy
spliting for FL-B, ^

K Heat conductivity, W/m-K
fi Dynamic viscosity, Pa-s
v Kinematic viscosity, m2/s
p Density, kg/m3

<f> Angular coordinate,0

Subscripts /Superscripts
b bulk
dn down
exp experimental
h.c. heat conduction
i initial
m bulk for HC and

maximum for FL-B
p pool
rem removal
sh sensible heat
up upper
w wall
— averaged over surface
* dimensionless value
List of abbreviations
BIA Blob impinging area
DNS Direct numerical simulation
FL Fluid layer
HC Hemispherical cavity
IH Internal heating
K&E Kulacki and Emara
KhG Kulacki and Goldstein
PSSNC Pseudosteady-state

natural convection
S&R Steinberner and Reineke
TCD Transient cooldown
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Abstract

This paper presents an analysis of effects of fluid Prandtl number on natural convection heat transfer in volumetrically heated
liquid pools. Experimental and computational studies performed in the past are reviewed, with a particular emphasis on the
analysis of PT number effects. As a practical exercise, numerical analysis is performed for two-dimensional square, semicircular
and elliptical enclosures and for three-dimensional semicircular and hemispherical cavities to investigate the physics of the effect
of Pr number on heat transfer in internally-heated liquid pools with Rayleigh numbers up to 1012. It was found that the fluid
Prandtl number had a small influence on heat transfer in the convection dominated regions (near to the top surface and to
side walls) of the enclosures. The decrease of Pr number leads to the decrease of top and side wall Nusselt numbers. Effects
of Pr number on the Nu number at the bottom surface of the enclosures are found to be significant and they become larger
with the increasing Rayleigh numbers. Two physical mechanisms, namely a and v— phenomena have been proposed to explain
fluid Prandtl number effects. Calculational results have been used to quantify the significance and the area of influence for each
mechanism. Also, strong dependence on the geometry (curvilinearness) of the downward cooled pool surface has been found.

Keywords: naturai convection, heat transfer, internal energy source, stable and unstable stratification, fluid Prandtl
number, two-dimensional, three-dimensional computations.

1 Introduction

Natural convection heat transfer in liquid pools with
internal energy source has been the subject of a con-
siderable number of fundamental and applied research
programs. This process occurs and determines the
thermal and fluid dynamic behaviour of many natu-
ral and man-made systems, e.g. earth's mantle, weld-
ing pools, electrically-heated melt pools in metallurgy
and material processing, etc. Recently, the natural
convection heat transfer in internally-heated liquid
pools has been studied to determine the consequences
of severe (meltdown) accidents in light water reactors
and to device accident management schemes.

Progression of a postulated severe accident in a
PWR assumes that core meltdown and core reloca-
tion occur and a large molten corium pool with freez-
ing/melting boundaries may form in the lower head of
the reactor pressure vessel. In order to assess the po-
tential for in-vessel melt retention, one should know
the characteristics of heat transfer from the melt pool
to the reactor pressure vessel walls. The local heat
fluxes are of particular importance. Comprehensive
overviews of reactor specific features and related phe-
nomena have been presented by Okkonen [23] and
Turland [30].

In the past, a considerable number of experimen-
tal and analysis efforts were focused on obtaining the
heat transfer correlations for natural convection of
internally-heated fluids in many geometries, e.g. fluid
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layer, rectangular, semicircular and elliptical 'slice-
type' cavities, cylindrical and hemispherical pools.
Although an exhaustive review will not be presented
here, Tables A-l, A-2 and A-3 (see appendix) provide
a representative sampling of correlations, which have
been developed experimentally and computationally
or theoretically, to determine the averaged Nu num-
bers on the cooled surface. One can see that the de-
pendencies Nuup(Ra) for upper surface are quite sim-
ilar for different geometries (fluid layer, rectangular,
semicircular and elliptical cavities). Although only
a limited number of three-dimensional experiments
have been performed, they seem to indicate that two-
dimensionality of the cavities does not play a domi-
nant role in determining the surface-averaged down-
ward heat transfer characteristics 1. More interest-
ingly, the heat transfer correlations JVu, = f(Ra), at
all cooled surfaces, are applicable in the entire range
of Ra numbers (106 ~-1016). This leads us to assume
that there is a similarity in the physical mechanisms
governing natural convection flows and heat transfer
in internally-heated liquid pools in the laminar and
turbulent regimes.

The fluids mostly used in simulant experiments are
water and freon. The Pr number range for these sim-
ulant fluids (Pr ~ 2.5 -§- 7 for water and Pr ~ 8 -j-11
for freon) is one order of magnitude greater than the
prototypic Pr number for reactor accidents ( for in-
stance, Pr ~ 0.1 for metallic and Pr ~ 0.6 for oxidic
core melts). So the question arises, whether the heat
transfer correlations obtained in simulant material ex-
periments are applicable to nuclear reactor prediction.

Mayinger et al. [21] and Emara and Kulacki
[8] have conducted a computational analysis of heat
transfer in fluid layers with isothermal upper surface
and adiabatic bottom and side walls. The results
of calculations showed a small effect of Pr number
on Nuup. The Pr-number-dependencies Nuup(Pr)
are Nuup ~ pro.O85 -m Mayinger's correlation and
Nuup ~ Pr0 0 4 1 in Emara and Kulacki's correlation.

1 Potential effects of non-prototypical conditions (such as
physical properties of working fluids, geometrical effects, bound-
ary, transient and heating conditions) of existing relevant exper-
imental methods were discussed in the work of Dinh et al. [7].

They lead to a 37% variation in the Nuup for Pr num-
ber range (0.04 -f 10) in the Mayinger calculation and
a 22% variation for Pr number range (0.054-20) in the
Emara and Kulacki's calculation. Kulacki and Emara
[16] measured heat flux on the upper surface of the
fluid layer and generalized the data with the correla-
tion Nuup ~ Pr0 2 3 3 which implies a significant fluid
Pr-number-effect. If this correlation were applied to
corium (Pr ~ 0.6), it would lead to 100% decrease
in Nuup, in comparison to that for water (Pr ~ 7).
However, Kulacki and Emara [16] have noted that
most of the data were obtained with Pr ~ 6.5, and
they recognized that the data-base was insufficient to
support such a strong dependence.

Returning to the in-vessel melt retention issue, we
should note that the fluid layer data may not be rele-
vant to the geometry of the reactor vessel (hemispher-
ical or torospherical pools, with aspect ratio ~ 1/2)
and the boundary conditions of isothermal downward
curved surface. In this connection, new experimen-
tal programs have also been pursued to obtain neces-
sary data, and support extrapolation of existing cor-
relations to the prototypical conditions. In particu-
lar, Theofanous et al. [29] concluded that fluid Pr
number has negligibly small effects on high-Ray leigh-
number natural convection heat transfer. They based
their analysis on heat transfer data from transient
cooldown experiments (ACOPO), in which heat ca-
pacity was used to simulate internal energy sources.
More notably, Pr numbers were varied in a four-fold
range (Pr ~ 2.5 4-11).

So far, only a limited number of small-scale exper-
iments employing oxidic core melt (UO2) as working
fluid have been performed. The Pr number was in
the range 0.36 -j-1.53. Such experiments have a con-
firmatory character, rather than providing data in the
Ra number range, needed for natural convection heat
transfer (see Okkonen [23]). Earlier small-scale ex-
periments using joule- heating of molten UO2 at Ar-
gonne National Laboratory (ANL) had found higher
downward heat fluxes than had been predicted on the
basis of correlations developed using low temperature
simulant liquids (see Baker et al. [2] and Stein et
al. [27]). These discrepancies have been ascribed
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to (1) radiation properties of pure molten UO?, (2)
the Lorentz force and (3) the heat generation in the
lower crust. We believe, that the low Pr number of
core melt could be an additional reason for excessive
heat transfer in the downward region. In contrast, en-
hanced upward heat flux was observed in the in-core
small-scale experiments with 5 kg of molten UO2 at
Cadarache (France) ([15]). Several mechanisms have
been proposed to explain the data ([15], [30]).

Kelkar et al. [12] have performed numerical analysis
of laminar natural convection in internally-heated flu-
ids in a hemispherical cavity. The calculations covered
Ra numbers, up to 108, for fluids with Pr numbers
of 0.1, 1 and 10. The calculations did not show a sig-
nificant change in the average heat transfer with Pr
number changing from of 0.1 to 10. However, it could
be seen from the local heat flux distributions that the
heat flux over the curved surface of the cavity, in the
angle range <j> < 70°, for Pr = 0.1, is higher than that
for Pr = 10; the reverse is true for the 70° < <f> < 90°.
In addition, a 10% increase in the upward Nu num-
ber was found by variation of fluid Pr number in the
range 1 -H 10. The last agrees with the results of the
calculations made by Mayinger et al. [21] and Emara
and Kulacki [8] for fluid layers.

Two-dimensional formulation was employed by
O'Brien and Hawkes [24] to calculate natural con-
vection of core melt in the hemispherical cavity.
The standard high-Reynolds-number n — e turbulence
model, with so-called wall functions, was used. Since
such turbulence models can not describe the fluid
flows under consideration ([6]), the calculated stream-
lines appeared to indicate the presence of a single
large convection cell of turbulent natural convection,
with upflow near the centerline and downflow along
the hemispherical boundary. This result conflicts with
experimental observations, which have indicated mul-
tiple convection cells. Turbulent natural convection
heat transfer in hemispherical and semicircular cavi-
ties has also been investigated by Kelkar et al. [14]
and Chai et al. [3] for Pr = 1; 1.4 and 5. They con-
clude that the dependence of the heat transfer char-
acteristics on the Prandtl number is quite weak.

Summarizing, the relevant experimental and com-
putational studies did not systematically examined
the effects of the fluid Pr number, on the averaged
and local heat transfer characteristics. The purpose
of this paper is to provide a detailed computational
analysis of the Pr number effects on the heat transfer
characteristics in internally-heated fluid natural con-
vection. Five melt pool geometries are considered:
(1) 2D square; (2) 2D semicircular, (3) 3D semi-
circular, (4) 2D elliptical and (5) 3D hemispherical;
with top, side and bottom isothermally-cooled walls.
The first configuration (2D square cavities) is chosen
due to its large relevant data base, and to separate
the effects of the fluid Prandtl number, from those
caused by the curvature of the downward cold sur-
face. The second to fifth configurations of liquid pools
are chosen to represent existing light water reactors,
which have, either a hemispherical, or a torospheri-
cal lower head. Also, we consider natural convection
heat transfer for Ra numbers up to 1012. Experiments
and analyses works have indicated that internally-
heated liquid pools behave quite similarly, at high
and low Ra numbers. In fact, the dimensionless heat
transfer laws (Nui = f(Ra)), measured at lower Ra
numbers, have been successfully reproduced in exper-
iments with higher Ra numbers in square and in the
hemi- and torospherical cavities. The differences are
within the range of uncertainties. Thus, the trends
observed at low Ra numbers may also hold at higher
Ra numbers. That is why, it is not irrelevant to es-
tablish these for Ra = 1012. In this a case a compu-
tational approach, based on the laminar flow model,
is quite suitable for analysis. Certainly, these results
would have to be verified for higher Ra number con-
ditions (1013 —1017), after a reliable turbulence model
is developed, and validated, against the relevant data
base.

The technical approach is briefly described in sec-
tion 2. Section 3 discusses results of the numerical
analysis for 2D square, 2D and 3D semicircular, 2D
elliptical and 3D hemispherical cavities. Finally, in
section 4, a summary is provided.
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2 Technical approach

2.1 Governing equations

The mathematical model is based on the set of govern-
ing conservation equations. These are, the continuity
equation

^ + V • (PV) = 0 (1)

the momentum equation

dpV
dt

+ V • (PV ® U) = B +

(2)

and the energy equation

^ v-(Kvr) = ~ + «fc, (3)

where h is the total enthalpy and B is a body force
(in this case it is the gravity force pg).

2.2 Solution procedure

In the present study, the general-purpose CFDS-
FL0W3D code [4], has been employed to solve equa-
tions (l)-(3). Body-fitted coordinates are included
in CFDS- FL0W3D to allow the treatment of arbi-
trary complex geometries. Coordinate transformation
is given numerically. The basis of the code is a con-
servative finite-difference, or finite-volume, method,
with all variables defined at the centre of control vol-
umes, which fill the physical domain being considered.
To avoid chequerboard oscillations in pressure and ve-
locity, the improved Rhie-Chow interpolation method
is used. The hybrid differencing scheme for advec-
tion term treatment, the fully-implicit backward dif-
ference time stepping procedure, and the SIMPLEC
velocity-pressure coupling algorithm have been uti-
lized. Assessments of computational errors are given
in section 2.4, where the sufficiency of nodalization is
discussed, and in section 3, where the numerical re-
sults are validated against existing experimental data
on heat transfer, obtained in the relevant simulant
tests.

2.3 Fluid properties and boundary condi-
tions

Properties of water are used for the high-Pr-number
fluid calculations, while for low-Pr-number fluid,
properties of core melts are employed. Melt phase
properties (density, conductivity, viscosity, specific
heat and coefficient of thermal expansion) of the
UO2/ZrO2 compound are calculated as recommended
in [25]. To obtain intermediate Pr numbers, viscos-
ity and conductivity are varied. In order to exam-
ine the validity of the Rayleigh and Prandtl num-
bers to represent similarity behaviour, we have per-
formed several comparative calculations, in which
the fluid Prandtl numbers are the same, but corre-
sponding values of kinematic viscosity, v, and ther-
mal diffusivity, a, of the fluids differ as much as
three times. For the same range of Rayleigh num-
bers, the computed results indicate that the Nusselt
numbers are unchanged [7]. It was also shown in
ref.[7] that the heat transfer correlation Nu{ = f(Ra)
does not depend on power-to-height ratios in the heat-
generating fluids, whose physical properties can be
assumed temperature-independent. Such results were
found, primarily, in the laminar natural convection
heat transfer regime. In the present paper, dimen-
sionless groups (Ra and Pr), rather than separate
properties, are, therefore, the main subject of numer-
ical investigation. Isothermal (Tw = 293 K for wa-
ter pool and Tjreezing = 2830 -j- 2850 K for corium
pool) and no-slip boundary conditions are employed.
Unsteady equations are solved to obtain the time-
dependent flow and temperature fields and the heat
transfer characteristics. The results are then averaged
over time intervals to produce the quasi-steady values.

By introducing dimensionless temperature (9), time
(Fo), pressure (P), velocity (U) and co-ordinates (af,
y, ~z) the conservation equations can be rewritten in
the following dimensionless form:

V-(U) =

dFo Pr
+V • [-P6 + VTJ)

(4)

(5)
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Figure 1: Coordinate system and computational do-
main for square cavity.

Figure 2: Coordinate system and computational do-
main in [x,y]-plane of semicircular cavity.

Boundary conditions can be expressed in the following
form

U
all wails

= 0

hop, bottom, side walls

36
dz

= 0

= 0
face, back walls

(7)

(8)

(9)

From the above equations, it is clear that only the
Rayleigh (Ra) and the Prandtl (Pr) numbers govern
the similarity of the flow field.

2.4 Grid system and related physical as-
pects

The grid systems used in the computations of the
natural convection flows, and the heat transfer, for
2D square, 2D elliptical, 2D semicircular, 3D semicir-
cular and 3D hemispherical cavities are presented on
figs. 1-6. The 2D grid sizes are 70 x 70 for square, 3200
nodes for elliptical and 3988 nodes for the semicircu-
lar cavities. The multi-block approach for grid design,

implemented in the CFDS-FLOW3D code, showed re-
markable flexibility in modelling complex two- and
three-dimensional flows. As can be seen from fig.4,
we constructed a 2D elliptical domain by 'glueing' 7
mesh domains. For the semicircular cavity we built
12- and 4-block meshes, while hemispherical compu-
tational mesh consists of 14 blocks 'glued' together.
In order to model heat transfer to the isothermally
cooled walls, very dense grids were used in the near-
wall layers. Also, it is known, that natural convec-
tion flows in an internally-heated liquid pool involve
stably-stratified layers at the lower region of the pool,
and a mixing region in its upper part. Complex flows
taking place in the mixing region, also, require fine
nodalization to properly describe the momentum and
heat transfer in buoyant thermals and plumes near
the upper cooled surface. Further, we are interested
in the local heat flux distribution on the curved sur-
face of the pool. In particular, heat fluxes at the very
bottom of the hemi- or torospherical pools are impor-
tant, since heat removed at the vessel outer wall may
be least efficient there. Description of the local heat
flux distribution on the curved surface requires fine
grids along the curved wall, and at the bottom region,
of the hemispherical/elliptical/semicircular pools.
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Figure 3: Coordinate system and computational do-
main in [y,z]-plane of semicircular cavity.

A grid independence study was carried out for the
square and the semicircular two- dimensional cavities.
The calculated heat transfer characteristics obtained
with 50 X 50 and 100 X 100 grids for square, and
four grids, (see Table 1), for semicircular cavities were
compared. Differences between the computed Nus-
selt numbers at the square cavity walls for the chosen
grids were within 5%. The results of grid analysis
for semicircular enclosure are presented in the Table
1 and on fig.7, where the wall averaged Nusselt num-
bers, and their local distributions for four different
grid systems are compared. The differences between
the computed Nusselt numbers for grids G-12/2485
(2485 nodes) and G-4/7200 (7200 nodes) are within
7%. We have employed grid G-12/3988 with 3988
nodes for the investigation here.

For the three-dimensional semicircular pool calcu-
lations we used a grid with 3975 nodes (G-4/3975)
in the [x,y]-plane and 22 nodes along the z—axis.
For the three-dimensional hemispherical cavity we
designed a grid with 70464 nodes by 'glueing' 14
blocks. Three-dimensional computations were per-
formed to confirm Pr number effects, discovered by
two-dimensional calculations, but we did not conduct
grid sensitivity analyses.

Figure 4: Coordinate system and computational do-
main for elliptical cavity.

3 Results and discussion

3.1 2D square cavities

The calculated averaged Nu numbers for a square cav-
ity of heat generating fluids, with different Pr num-
bers, along with the Steinberner's and Reineke's [28],
Jahn's (quoted from [28]) and Jahn's and Reineke's
[11] experimental correlations are presented in figs.8-
10. From the figures, one can see a reasonable agree-
ment of the calculated lines of Nu numbers for Pr = 7
with the experimental correlations (for Pr = 6 -r 7) in
the range of Ra numbers up to 1011. Small discrepan-
cies might be related to experimental errors, includ-
ing uncertainties due to wall effects of the face and
back surfaces of 'slice-type' cavities (see [7]). With
increasing Ra number (Ra > 1011) turbulence mod-
elling becomes necessary. The results of computations
with the standard low Reynolds number K — e tur-
bulence model of Launder and Sharma showed that
the laminar-to-turbulence transition occurs between
Ra = 5 • 1011 and Ra = 1013 for square cavity (see
[6]). The laminar approach for Ra = 1012 may lead
to underprediction of the upward and downward Nu
numbers by ~ 30%, and of side wall Nu number by
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Table 1: Mesh sensitivity analysis for 2D semicircular cavity (Ra — 1012, Pr = 0.6J.

Grid

G-4/3975
G-4/7200
G-12/2485
G-12/3988

#
blocks

4
4
12
12

#
nodes

3975
7200
2485
3988

Nuup

116
112
120
116

Nudn

96
97
96
98

Da

365
356
356
369

Figure 5: Coordinate system and computational do-
main in [x,y]-plane of hemispherical cavity.

Figure 6: Coordinate system and computational do-
main in [z,x]-plane of hemispherical cavity.

~ 20%. These assessments of the differences between
the computational results and the measurements are
an adequate basis for employing the model and the
computer code to provide the estimates of fluid Pr
number effects in the range of Ra numbers up to 1012.

The calculated flow field (see fig. 11) illustrates
the key aspects of the natural convection flows
in heat-generating pools. These include: (i) in-
verted thermals descending from the upper bound-
ary, creating a relatively well-mixed upper pool
region (unstably-stratified convection-dominated re-
gion); (ii) a thin/steep boundary layer descending

down along the vertical (or curved) walls (descending
flow convection-dominated region), and (Hi) a strat-
ified lower pool portion (stably-stratified conduction-
dominated region).

As can be seen from figs.8-9, the decreasing fluid
Pr number leads to a decrease in the averaged Nu
numbers on the top and side walls by up to 30%,
for the range of Pr number 0.6 -j- 7. This tendency
is in accordance with the measurements of Kulacki
and Emara [16], and the computations of Mayinger
et al. [21] and of Emara and Kulacki [8] for upper
wall. The increasing Pr numbers leads to a thinner
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Figure 7: Mesh sensitivity analysis: local distribution
of the Nusselt number around the bottom of the 2D
semicircular cavity (Ra = 1012; Pr = 0.6).

thermal boundary layer in the convection-dominated
region and this should enhance the heat transfer. Sim-
ilar to the computed results of Emara and Kulacki [8]
for the fluid layer, our calculations, also, showed that
the formation and release of thermals at the upper
boundary are delayed for higher Pr numbers.

The effect of fluid Pr number on the averaged Nu
number on the bottom wall is more significant. The
calculated deviations of Nu numbers increase with de-
creasing fluid Pr number (see fig.10). Moreover, the
deviations become larger with increasing Ra number.
The calculated higher Nusselt numbers to the bottom
surface (as much as two times for Ra = 1012) are re-
lated to both the physics of stably-stratified layers in
the lower region of the melt pool and to the decrease
of heat fluxes to the top and side surfaces, which can
increase the heat flux to the bottom surface (accord-
ing to the energy balance). If working fluids have low
Prandtl number (Pr = %), they have (a) relatively
low viscosity, and (b) relatively high thermal diffu-
sivity (and, therefore, conductivity). Since heat con-
duction is the dominant mechanism of heat transfer
in the strongly stably-stratified layers at the bottom
surface, a relative increase in heat conductivity, due to

a.
Z

10'

— J&R (FL, rap. correlation, Pr=7)
—— S&R (SqC, exp. correlation, Pr=6)

• PRESENT WORK (SqC, Pr=7)
• PRESENT WORK (SqC, Pr=2)
• PRESENT WORK (SqC, Pr=l.2)
T PRESENT WORK (SqC, Pr=0.8)

-•PRESENT WORK (SqC, Pr=0.45)
^PRESENT WORK (SqC, Pi=0.2)

107 10' 10' 1010 10"
Ra

10'

Figure 8: Variation of the averaged Nu number over
the top wall of the square cavity with Ra number.

decrease of the Prandtl number, should enhance heat
transfer rates to the bottom surface. This conduc-
tion effect of the stable-stratification is defined here
as a-phenomenon. On the other hand, lower viscosity
of stably-stratified layers provides weaker resistance
to penetration forces of both the descending flows on
the cooled side walls, and of the thermals released
from the cooled upper surface. This effect, named
v-phenomenon, can be seen from the calculated tem-
perature fields, presented for differents fluids on fig.ll.
The lower the fluid Pr number, the deeper the de-
scending flows penetrate, at the peripheral regions,
into the stably-stratified layers. Thus, the lower the
viscosities v (i.e. Prandtl numbers) of the fluid layers,
the easier it is for descending flows to destabilize such
layers, and, therefore, larger heat transfer occurs at
the bottom cooled wall. However, it is worth noting
here, that, there is not a linear relationship between
the Prandtl number and its effect on heat transfer for
the considered range of Pr number (Pr — 0.2 ~ 7).

Physical effects of separate mechanisms can also
be seen from fig. 12, depicting local Nusselt numbers
for fluids with different Prandtl numbers. The higher
plateau of the local Nusselt number Nudn is related
to a-phenomenon of fluid with lower Prandtl number.
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Figure 9: Variation of the averaged Nu number over
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Figure 10: Variation of the averaged Nu number over
the bottom wall of the square cavity with Ra number.

The higher peakes of Nudn at periphery are related to
the ^-phenomenon of fluid with lower Prandtl num-
ber. Thus, the results of numerical analysis provide
a fairly plausible basis to explain the physical mech-
anisms which increase heat transfer to the lower wall
as the fluid Prandtl number decreases.

3.2 2D semicircular cavity
formulation.

Although data obtained for square cavity with
isothermal walls are important and useful to provide
insight into the physics, most of the geometries of
practical relevance are more complex. For instance,
most of the existing PWR-type reactors have a hemi-
spherical lower head, whereas VVER-type reactors
employ an elliptic bottom in the torospherical lower
head. The majority of reliable experiments account-
ing for reactor-specific geometry have been performed
in semicircular slice-type cavities (Sonnenkalb, [26]).
Two-dimensional semicircular cavity appears to be a
good thermal hydraulic representation of the hemi-
spherical pools ([29], [1], [26]). The effects of fluid
Prandtl numbers for hemispherical pools could, there-
fore, be explored in a semicircular two-dimensional

Figs.13-14 present the calculated averaged Nu
numbers on curved and flat walls for different flu-
ids (Pr=0.6; 1.2; 1.4 and 7.0) together with the ex-
perimental correlations of Jahn and Reineke [11] and
of Mayinger [21], and the computational results of
Kelkar et al. [14]. The calculation results for Pr — 1
agree well with the experimental correlations up to
Ra = 1011. Beginning from Ra = 1010 the calcu-
lated upper wall Nu number deviates from experi-
mental correlations. But the discrepancy does not
exceed 30% for Ra = 1012. The calculated local dis-
tribution of Nu number on curved bottom surface for
Ra = 1010 is compared to Jahn and Reineke's [11]
experimental data in fig.15. Again, the computed re-
sults are in good agreement with experimental data.
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Figure 11: Effect of Pr number on the isotherm pat-
terns in the square cavity (Ra = 1010, Pr = 7.0 and
Pr = 1.2;.

The calculated averaged upward Nuup number
(fig. 14) slightly increases with increasing fluid Pr
number (about 10% in the Pr number range 0.6 to
7), while the averaged downward Nu number is not
affected by Pr number (fig.13). However, we observe
significant effects of fluid Pr number on local distri-
bution of Nudn- While the Nu number in the upper
part of curved bottom (convection-dominated regions,
(ii)) is higher for higher Pr number, the Nu num-
ber on the very bottom part of cavity (conduction-

SqC,Pr=1.2,U'
0 OSqC,Pr=U,tr

SqC,Pr=7,U"
x---xSqC,Pr=7,t2"

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x/W

Figure 12: Effect ofPr numbers on the local heat flux
distribution over the bottom wall of the square cavity
for Ra = 1010, Pr = 1.2 and Pr = 7.0.

dominated region, (in)) is lower for the higher Pr
numbers (fig.15). These dual effects compensate each
other in determining the independence of the averaged
Nudn on the Pr number. Again, one can observe v—
and a — phenomenon. Fig. 16 shows the calculated
temperature fields for Ra = 1010 and Pr = 7.0; 1.2
and 0.6. Fig. 17 presents the calculated temperature
fields for Ra = 1012 and Pr = 7.0 and 0.6. It can
be seen that regions of stably-stratified layers (Hi)
are diminished, in size, with decreasing Pr number.
Fig.18 presents the calculated Nu number distribu-
tion around the bottom for Ra = 1012. There is a
related to the a — •phenomenon peak in the Nu num-
ber distribution in the pole of cavity ( -5° < <f> < 5°)
for Pr = 0.6. The increase of Nu number in the re-
gions 5° < <j> < 45° and -45° < <f) < - 5 ° is the result
of the v — phenomenon. The two overt hollows in the
regions 5° < <f> < 15° and -15° < <f> < - 5 ° may be
related to flow stagnation. The effects of Pr number
on heat flux distribution increase with increasing Ra
number. While for Ra = 1O10 the v — phenomenon
causes the variations of Nudn numbers up to 70% and
the a-phenomenon changes Nudn up to 30% (fig.15),
for Ra = 1012 the local variation of Nusselt number

dn can reach 200% due to change in Pr numbers
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in the range (0.6 -r 7); cf. fig.18. In contrast, heat
transfer at the upper part of the curved surface (ii)
is governed by convection. There, the lower Prandtl
numbers lead to thicker thermal boundary layers, de-
creasing, therefore, the corresponding Nusselt num-
ber.

3.3 2D elliptical cavity

Natural convection flows and heat transfer in el-
liptical cavities are quantatively similar to those in
semicircular cavities. However, the elliptical cav-
ity has a larger horizontal portion of the down-
ward curved surface than that of hemispherical or
semicircular cavities and, as result, it has larger
conduction-dominated region (Hi), and relatively
smaller convection-dominated part (ii). It is, there-
fore, expected that separate effects of a— and v —
phenomena in elliptical cavities are modified in com-
parison to those in semicircular cavities.

The COPO experiments, using water (Pr = 2.5—7)
as the working fluid in elliptical slice-type cavities

were performed for the range of Ra numbers of
1014-hl015 in Finland [20]. We attempt to validate the
calculated natural convection heat transfer results in
elliptic cavities by comparing them to the Steinberner
and Reineke correlations (see fig. 19). The computed
top and side wall Nu numbers are in good agree-
ment with the Steinberner and Reineke correlations
(±30%). However, the side wall Nu number depen-
dence on Ra number is sharper than that of the top
wall. This is explained by underestimation of upward
heat flux by laminar approach for -Ra = 1012. The
calculated, averaged, bottom wall Nu number is lower
than that predicted by the Steinberner and Reineke's
correlation, because of the difference in length scale
of the bottom parts of elliptical and square cavities.
Although, the Ra number range for the present calcu-
lations is two orders of magnitude lower than that of
COPO experiments, the calculated local distributions
of Nu numbers on the vertical and bottom walls are
in agreement with the COPO data (figs.20-21). The
absence of a peak close to the top wall, and the more
flat distribution on the vertical walls for the COPO
data may be explained by the higher Ra number (and
higher mixing in the upper region) achieved in the
COPO tests. In addition, a peak in the sidewards
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Figure 15: Effect of Pr number on the dimensionless
local heat flux distribution over the curved wall of the
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heat flux near the top surface may not be determined
from the COPO measurements, in which nine cooling
units were used for the vertical part.

Effects of Pr number on the local Nu number dis-
tribution are similar to those of the semicircular cav-
ity. However, because the stably-stratified region (tit)
for the elliptical cavity is larger than that for the
semicircular cavity, there is also an effect on the av-
eraged bottom wall Nudn number (increase up to
10% with change of Pr number from 7 to 0.6 for
Ra — 1012). With decreasing Pr number the in-
crease of Nu number in the conduction dominated
part (in) surpasses the decrease of that in the con-
vection dominated part (ii). Fig.22 presents the tem-
perature field for Ra = 1012. Local distributions of
Nusselt numbers on the curved bottom of the ellipti-
cal cavity are depicted in fig.23 for Rayleigh numbers
1010 and 1012. The time variations of the averaged
Nu numbers on cavity walls are presented in fig.24.
Because of the relatively higher viscosity for fluid with
Pr = 7, the thermals on the top wall appear more of-
ten (unsteady-state flow configurations in the upper
part of the cavity change more frequently) than for
fluid with Pr = 0.6. This leads to smaller time pe-

riod of Nuup oscillations for Pr = 7. The same effect
is observed for Nusd variations. Probably, the higher
viscosity of the stratified bottom wall region acceler-
ates its response to the penetration attack of the de-
scending flows on vertical walls. Therefore, the time
periods of the Nusd oscillations for Pr = 7 are smaller
than that of for Pr = 0.6 (see fig.24). On the other
hand, the amplitude of Nusd variations for Pr = 0.6
is larger than that for Pr = 7. This might be related
to the less 'stiff' character of stratified fluid layers
with lower Pr number (lower viscosity) and higher
heat conductivity. More noticeable oscillations of the
local Nu numbers in fluid with lower Pr number can
be seen from figs.12, 15, 18 and 23, where t\ and <2
represent the extreme instants, when the overall heat
balance in the cavity is maximum or minimum.

3.4 Three- dimensional semicircular and
hemispherical cavities

In order to confirm the Pr number effects discovered
by two-dimensional computations, three-dimensional
calculations for semicircular and hemispherical en-
closures were performed. The effects of three-
dimensionality on natural convection heat transfer,
and on the Pr number effects, are discussed in detail
in ref. [22]. Here, for sake of completeness, we provide
a summary of the main results.

The temperature plots in the middle z—cross-
section of 3D semicircular cavity with slice thickness
of dz* = 0.25, Ra = 1012 and fluid Pr numbers 7 and
0.6 are presented in fig.25, while the Nu number local
distributions around the very bottom are depicted in
fig. 18. The freedom of movement in the z—direction
in 3D case results in smearing of the a—phenomenon
related peak observed prominently from 2D compu-
tations. Nevertheless, the f—phenomenon for 3D cal-
culations has the same strong effect on local heat flux
distribution as that of 2D calculations.

From the temperature field in the z—cross-section
of hemispherical cavity (fig.26) and from the around
the bottom local Nusselt number distribution (fig.27),
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one can observe that the Pr number effects are very
strong for hemispherical pool. A major feature of
the hemispherical geometry is that the cooled curved
pool wall converges at its bottom, enabling the pos-
sibility for interaction between descending boundary
flows at the lowest spherical segment. Since cross
areas decrease towards the pool bottom, heights of
stably-stratified layers affected by penetration flows
are larger at the lowermost part of the pool. Con-
sequently, relative enhancements of the heat trans-
fer rate should be largest at the pool bottom. This
can be seen in fig.27. Also, the ratios N ^ ° ^
of the hemispherical pool are larger than those of the
semicircular slices for angles <j> < 30°. In this sense,
the present 3D computational modeling indicates that
the fluid Prandtl number effect on the heat transfer is
even more significant in the hemispherical cavity than
in the semicircular ones.

4 Conclusion

The aim of this paper was to analyse of the physics
of natural convection in internally-heated fluid pools
with different Pr numbers, in isothermally bounded,
two-dimensional closed square, semicircular and ellip-
tical cavities and three-dimensional semicircular and
hemispherical enclosures.

From computational results it was found that the
fluid Pr number has small effects on the averaged
Nu numbers in the convection dominated regions.
The decrease of Pr number may cause the decrease
of Nu numbers on the top and side walls of cavi-
ties up to 30% for the Pr number range considered
(Pr ~ 0.2 -j- 7). In the conduction-dominated regions
(stably-stratified bottom part of enclosures) the in-
fluence of fluid Pr number on heat transfer is more
significant and it grows with increasing Ra number.
Fluids with lower Pr number have relatively low vis-
cosity and high thermal conductivity in comparison
to those for fluids with higher Pr number. The low
viscosity (u-phenomenon) leads to the weak resistance
of the stratified layers to the penetration-attack of the
descending flows from the convection-dominated side

wall region and falling thermals from the unstably-
stratified top wall region. So some parts of the bot-
tom layer for low Pr number fluids may not be stably-
stratified. In such cases, flow convection may become
the dominant heat transfer mechanism, leading to
higher Nu numbers. The other effect is from the rel-
atively higher thermal diffusivity- a-phenomenon in
fluids with low Pr number. This leads to the higher
heat conduction rates in the stably-stratified regions.
The size of stably-stratified regions, and, therefore,
the extent to which separate phenomena dominate,
are very much dependent on the cavity geometry (cur-
vature of the bottom wall) and the Ra number.

The Nusselt number around the bottom surface of
the square cavity is, thus, affected by the fluid Pr
number. Both the averaged Nu number and its local
distribution on the bottom wall are higher for lower
Pr number fluids. The curved downward wall of the
semicircular cavity can be divided into the convection-
dominated part and the stably-stratified part. The
Nusselt number is lower in the convection-dominated
part and higher in the conduction-dominated part, as
the fluid Pr number decreases. These effects, how-
ever, cancel each other on the average and the overall
bottom wall Nu number is not significantly affected
by the fluid Pr number. Similar behaviour of the bot-
tom Nu number was observed in cases with elliptical
cavity.

Three-dimensional computations for semicircular
and hemispherical cavities confirmed the fluid Prandtl
number effects discovered by two-dimensional compu-
tations. The geometrical 'convergence' of the curved
bottom wall in hemispherical enclosures leads to
stronger Pr number effects than those in a semicircu-
lar cavity.

We recomend that simulant experiments using low-
Prandtl-number fluids and pool configurations of in-
terest, such as semicircular, elliptical or hemispheri-
cal cavities be performed. The objective will be to
validate the local Nu number effects found in this pa-
per, and to account for them in correlations for the
averaged Nu numbers and their local distributions.
Computational analysis similar to that presented in
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the paper has yet to be performed for high Ra num-
bers (1013 -r 1017), when a reliable turbulence model,
verified by an experimental data base, will be avail-
able.

Acknowledgments: The authors would like to thank Mr.
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Nomenclature

Arabic letters
A
Da

dz
dz*

Fo
g
h
H
He

Nu

Nu*

P
P
Pr
Is

R
Re

Ra
Rac

t
T
W
U

u

Y*

Aspect ratio, H/W
Dammkohler number,

Da- Ki^T.,e)
Slice thickness, m
Dimensionless slice thickness,
dz* = %
Fourier number, Fo = at/H2

Gravitational acceleration, m/s2

Total enthalpy, J/kg
Height of cavity, m
Height of the curved part of the
elliptical cavities, m

Nu = ,/rr^'^r
Averaged Nusselt number at cavity walls,
Nuup> Nu,d, Nudn

Relative Nusselt number,
Nu* = Nu/Nui
Pressure, Pa
Dimensionless pressure, P = ^—-
Prandtl number, Pr = vja
Heat flux, W/m2

Volumetric heat generation rate, W/m3

Radius of cavity, m
Equivalent radius of curvature for
elliptical cavity (see [20]), m
Rayleigh number, Ra = ^K| | g/3
Rayleigh number, Rac = ̂ J-gP
Time, s
Temperature, K
Width of cavity, m
Velocity, m/s
Dimensionless velocity, U = v

H

Co-ordinates, m
Dimensionless co-ordinates,

Dimensionless vertical co-ordinate,
Y* = y/{H - He)

Greek
a
0

6
9

K

V

P
4>

letters
Thermal diffusivity, m2/s
Coefficient of thermal
expansion, 1/K
Kroenecker's delta
Dimensionless temperature,
a _ (T-T^)K

~ q, H3

Heat conductivity, W/mK
Dynamic viscosity, Pa-s
Kinematic viscosity, m2/s
Density, kg/m3

Angle position on the SC, EC
or HC curved wall, °

Subscipts
ave
c
dn
i
sd
w
up

averaged
curved
bottom surface
either down, side or upper surface
side wall surface
wall
upper surface

List of
COPO

EC
FL
HC
J
J&M
J&R
K&P
SC
SqC
S&R

abbreviations
Conditions of COPO
experiments
Elliptical cavity
Fluid layer
Hemispherical cavity
Jahn
Jahn and Mayinger
Jahn and Reineke
Kelkar and Patankar
Semicircular cavity
Square cavity
Steinberner and Reineke
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Figure 16: Effect of Pr number on the isotherm pat-
terns in the semicircular cavity (Ra = 1010, Pr = 7.0,
Pr = 1.2 and Pr = 0.6).
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terns in the semicircular cavity (Ra = 1012, Pr = 7.0,
0.6;.
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Figure 19: Variation of the averaged Nu numbers over
the top, side and bottom curved walls of the elliptical
cavity with Ra number.
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• COPO exp. data (EC, Ra=6.79E+14, Pr=3)
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Figure 20: Comparison of calculated Nu number local
distribution on side wall of the elliptical cavity with
COPO experimental data.
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Figure 22: Effect of Pr number on the isotherm pat-
terns in the elliptical cavity (Ra = 1012, Pr = 7.0 and
Pr = 0.6).

Figure 21: Comparison of calculated Nu number local
distribution on downward curved wall of the elliptical
cavity with COPO experimental data.
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Figure 23: Effect of Pr number on the local heat flux
distribution over the curved wall of the elliptical cav-
ity for Ra = 1010 and Ra = 1012.
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Figure 25: Effect of Pr number on the isotherm pat-
terns in the middle z— cross-section of the three-
dimensional semicircular cavity (Ra = 1012, Pr = 7.0
and Pr = 0.6, dz* = 0.25).

Figure 24: Time dependent heat transfer characteris-
tics in the elliptical cavity (Ra = 1012, Pr = 7.0 and
Pr = 0.6).
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Figure 26: Effect of Pr number on the isotherm pat-
terns in the middle z— cross-section of the three-
dimensional hemispherical cavity (Ra = 1012, Pr =
7.0 and Pr = 0.6).
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Figure 27: Effect of Pr number on the variation of lo-
cal heat flux over the curved wall of the hemispherical
cavity for Ra = 1012 and Pr = 0.6; 7.0.
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APPENDIX: SUMMARY OF EXPERIMENTAL AND CALCULA-
TIONAL (THEORETICAL) CORRELATIONS

Table A-l: Summary of previous computational &; theoretical studies.

Reference Nu Ra Pr | Notes |

Fluid layer

1

2

3

4

Mayinger et al.
(1976)

[21]
Cheung
(1980)

[5]
Emara& Kulacki

(1980) [8]
Emara&Kulacki

(1980) [8]

Nu u p = 0.399 •Ro u ' i J

ATudn = 1.163-Ho0107

Nuup = 0.34 • fla023 • Pr°°si

Nuup ~ Raa'"'
Nuup ~ Ha 0 2 4 5

Nuup ~ Ra° 25°
Nuup = 0.385-Ha""
Nudn = 1.131 Ra 0 1 1 9

Nuup = 0.477 • Ra"21 • Pru u 4 1

105 H- 10*

105H- 1011

1012 4- 1022

> 1023

10s -j- 10*
5 • 10J -r 5 - 10"

6.5
6.5

0.04-^ 10

~ 6.5
0.05 -H 20

cooled top
and bottom walls

Theor. investigation
cooled top wall

adiabatic bottom wall
cooled top

and bottom walls
cooled top wall

adiabatic bottom wall

Vertical cylinder
1

2

Kulacki et al.
(1978), cited from

Kelkar et al. (1992)
[12]

Kulacki et al.
(1978), cited
from Kelkar

et al. (1992), [12]

Nuup = 0.414 • fin""5

Nudn = 1.406 Ra009

Nuup = 0.523 • Raumj

NuuP = 0.808 -Ha 0 1 7 6

Nu,d = 0.311 -Ra0217

Nudn = 1.204-Ha0081

6 • 10* -r 10*

5 • 10* -=- 5 • 10b

5 -106 -r 108

6 • 10* -r 108

6 10* 4-108

~ 7

~ 7

horizontal walls
are cooled;

adiabatic vertical walls
H/R= 1
all walls

are cooled;
H/R- 1

Semicircular segments
1 Tzanos et al.

(1993) [31]
7Vudn = 0.455 • flau-' < 1 0 " ~ 6 all walls are cooled

Spherical segments
1

2

Mayinger et al. (1976)
[21]

Kelkar et al.
(1994) [14]

Nuup = 0.4 • Rau'
Nudn = 0.55 • .Ra0-2

^ u u p = 0 . 1 8 - R a 0 " '
Nudn = 0.1 • Ra02b

7 • 106 -H 5 • 1015

10« 4- 10J«

0.5

1

all walls
are cooled
all walls

are cooled
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Table A-2: Summary of previous experimental studies.

I I " - Reference Nu Ro Pr Notes ||

Fluid layer

1

2

3

4

6

7

8

Fiedler&Wille (1971),
cited from

Kulacki&Emara
(1977) [17]

Kulacki&Goldstein
(1972) [18]

Jahn&Reineke
(1974) [11]

Mayinger et al.
(1976) [21]

Kulacki& Nangle
(1975) [19]

Kulacki&Emara
(1975) [16]

Kulacki&Emara
(1977) [17]

Nuup = 0.526 • Ha0 2 2 8

Nuup = 0.436 • Ra.""*
Nudn = 1.503-Ra0095

JVuup =O.78.fio"- i

Nudn = 2.14-Ra01

Nuup - 0.405 • Rau-'JM

Nudn = 1.484 -Ha0 0 9 5

Nuup = 0.305 • Ho0 2 3 9

Nuup = 0.34 • Raa ••""
Nuup = 0.223 • Ra 0 2 2 3 • Pr0-239

Nuup = 0.389 • RaP 22S

2 • 105-=-6 • 10s

4 10* -^•10''

1 • 105 -i- 1 • 10"

8- 104 -f 1 • 10aa

1.5- 105 -H2.5- 109

< 2 • lO1-'

2 • 103 -r 2 • 1012

6 T 7

5.76 -H 6.09

~ 7

~ 7

6.21 -^ 6.67

2.75 -f- 6.85

6-H7

0.29 < A < 1.65
cooled top wall

adiabatic bottom wall

cooled top
and bottom walls

cooled top
and bottom walls

cooled top
and bottom walls
0.05 < A < 0.25
cooled top wall

adiabatic bottom wall
cooled top wall

adiabatic bottom wall
0.025 < A < 0.5
cooled top wall

adiabatic bottom wall
Rectangular cavity

1

2

3

Jahn (1975), cited from
Steinberner&Reineke

(1978) [28]
Steinberner&Reineke

(1978)
[28]

Steinberner&Reineke
(1978)

[28]

Nuup = 0.345 • Ra02J3

Nu,d = 0.6 -Ra 0 1 9

^ u d n = 1.389-Ho0095

TVuup = 0.345 • Ra°•'•>*
Nusd = 0.85 • Ra0-19

Nudn - 1.389 Ra 0 0 9 5

W«,<i = 0.85 -Ra 0 1 9

~ 5 - 1 0 1 0

5 1O12 -H3- 1013

5 101 2H-3 1013

~ 7

. 7

~ 7

all walls
are cooled

A = 1
all walls are cooled

A = 1; adiabatic
horizontal walls;

cooled vertical walls
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Table A-2: Summsuy of previous experimental studies (continued).

| NZ Reference Nu Ro Pr Notes |
Semicircular segments

1

2

3

Jahn&Reineke
(1974) [11]

Mayinger et al. (1976)
[21]

Jahn (1975),
cited from

Sonnenkalb (1994) [26]

Nudn = 0.6 • Ra"-1

Nuup = 0.36 • RauiJ

Nudn = 0.54 • Ra° 18

ATUdn = 0.54.fia°1 8-(£)U 'b

107 ^- 1011

10' -H 5 • 10JU

107 H- 5-10 1 0

~ 7

~ 7

~ 7

all walls are cooled

all walls
are cooled

0.3 < H/R < 1
all walls

are cooled
Spherical segments

1

2

3

4

5

Gabor et al.
(1980) [10]

Frantz&Dhir
(1992) [9]

Asfia&Dhir
(1994) [1]

Asfia&Dhir
(1994) [1]

Theofanous et al.
(1994)

[29]

NUdn = 0.55-f ia 0 1 5-(f) 1 1

Nudn ~ 0.55 Rau i !

Nudn = 0.54-Ra°* •(%)"'*

Nudn = 0.54- Ro°2 • ( £ ) " "
+5 -j- 10%

Nuup ~ 0.345 - Rau -™3 ± 10%
Nudn = 0.02 • Ra° 3

Nudn = 0.048 Ro 0 2 7

Nu2^ = 0.0038 • Ra 0 3 5

2 1010 - r 2 - 1 0 n

1 0 ^ -j- 1 0 "

1011 ^-101 4

10 n H-10 1 4

1 0 " H-10J5

101 2H-101 5

1012 4- 1 0 "
1013 -r 1015

~ 3

~ 8

~ 8

~ 8

2.5-H 11

Free surface

free top surface;
cooled curved wall

free surface

adiabatic top wall;
all walls are cooled

transient
cooldown

experiment

Elliptical cavity
1 Kymalainen et al.

(1993)
[20]

Nuup ~ 0.345 • Ro° •"•* ± 30%
Nu,d = 0.85-Ra019

ArUdn^0.54.Ra2-«.(£)°26

1011 -r 1015 all walls are
cooled

Vertical cylinder bounded from below by a segment oj sphere

1
Kulacki et al. (1978),

cited from
Kelkar et al.
(1992) [12]

Afuup~ 2.278-Ra0127

Nuup =; 2.53 • Ra° 125

N u u p ~ 1.225 Ro 0 1 6 6

Nuup~ 0.328 Ra0 2 2 7

5 107 T 6 - 1 0 9

2 • 108 -=-2 • 1 0 n

2 1010H-7 1012

3- 1011 -7-8- 1013

2.1 -H 5.9
2.7-H 7

2.3-H 6.8
1.9-r 5.8

0.2 < ^ < 1.4
cooled top wall;

adiabatic side and
bottom walls
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