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PREFACE

In case of a severe reactor accident, leading to full or partial degradation of the fuel
assemblies, molten core material will be collected in the lower head of the Reactor
Pressure Vessel (RPV). This heat generating, naturally circulating fluid will thermally
attack the pressure vessel wall that is the last barrier against the release of the
radioactivity to the containment. In this case, most crucial action is to arrest the accident
scenario and ensure the pressure vessel integrity. Propagation of the accident could only
be stopped with the help of detailed knowledge of the possible events, which could
occur afterwards. Thermal hydraulic analysis could develop this essential understanding
of the events. In this study, a detailed analysis of the buoyant flow in RPV lower head,
heat transfer from the corium to RPV wall and pool surface radiation towards the upper
non-wetted wall has been carried out. Whole the analysis was accomplished with
software, in FORTRAN-90, developed for this purpose which is based upon Finite
Volume Method.

I want to thank my supervisor, Assoc. Prof. Dr. A. Cihat Baytag for a generous and
timely help during all the study period. He was always available for any sort of help, for
which I stay obliged to him.

During this long period of my-stay here in the university, my wife and son suffered a lot
due to my absence for which I am very much obliged to them.

_ A

January 2001 Liaqat Ali
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BIR BASINCLI SU REAKTORUNUN ALT REAKTOR KABINDA ERGIMIS KALP
MALZEMESININ TERMO HIDROLIK ANALIZ1

OZET

Bu ¢aligmanin 6nemi, reaktor kalbinin kismén veya tamamen erimesi ile sonuglanan bir
siddetli reaktor kazasinin kontrol altina alinmasindan kaynaklanmaktadir. Boyle bir
durumda ergimis malzeme basing kabimnin alt tarafinda, bir seri ergime ve katilagma
hallerinden gectikten sonra toplanacaktir. Reaktordeki radyoaktivitenin agiga ¢ikmasina
karst son engel olan reaktér basing kabi koryum tarafindan isil olarak etkilenir.
Uranyuma dayanan reaktor yakiti ve yanmig yakittan gelen fisyon driinleri koryumda
mevcuttur. Yan Omiirlerine gore fisyon triinlerinin bozunumu, ergimis kiitle iginde az
veya ¢ok homojen olan bir i¢ 1st kaynag: olusturur. Seramik yakit bilesenlerinin yiiksek
ergime noktasi ve fisyon triinlerinden kaynaklanan radyoaktivite nedeni ile sistem
deneysel olarak yapilamaz hale gelir. Bu nedenle reaktor basing kabinda olusan koryum
havuzunun igindeki 1s1l hidrolik olay1 incelemek i¢in sadece sayisal benzesim tek yol
olarak kalir.

. Problemle ilgili akis ve 1s1 transferi karakteristiklerinin anlagilmasi kazay1 kontrol etmek
ve boylece radyoaktivitenin kaptan yayilmast ve atmosfere ¢ikmasi tehlikesini azaltmak -
mumkiin olabilir. '

Bu c¢aligma duguk Rayleigh sayilarinda yandan 1sitmali bir kare kapta dogal tasinimin -
incelenmesi ile baslamigtir. Bu problem hesaplamali akigkanlar dinamiginde bir
benchmark problemi olmast sebebi ile secilmistir. Sonuglar daha oOnce yapilan
caligmalar ile karsilastirildiginda ¢ok iyi bir uyum elde edilmistir.

Ikinci olarak diisiik Rayleigh sayilar igin yazilan program igten 1sitilmig bir kare kapta
dogal tasgtmim igin analiz edilmigtir. Sonuglar yaymlanmig diger sonuglarla
karsilagtinnldiginda ¢ok iyi bir uyum igindedir. Daha 6nce yaymlanmis ¢aligmalarda
iginde 1s1 tiretimi olan ve yiiksek Rayleigh sayilar igin 6lgekleme mevcut degildir,
boylece bu hal igin bir 6lgekleme gergeklestirilmig ve sonuglar yayinlanmustir.

Reaktor basing kabi bir konjugate problem olugturan kalin paslanmaz gelik bir duvara
sahiptir. Konjugate problemin analizi i¢in hayali noktalar yerlestirme yontemi
kullanilmigtir. Bu konuda elde edilen sonuglar da yayinlanmustir,

Koryum diigik Pr sayili bir akisa sahiptir, boylece koryumdaki dogal akisin analizi,
kalin duvarda bir kare kapta yapilmigtir ve sonuglar bir uluslararasi: konferans bildirisi
olarak sunulmustur.

Yar silindirik kapta kalin duvarin etkisini anlamak igin analiz i¢ten 1sitmali bir yarn
silindirik kap i¢in yapilmistir. Bu sonuglar, duvarlari sabit sicaklikta olan bir yan
silindirik kap ile karsilagtirilmig ve fark incelenmistir.



Yan kiiresel basing kabinin 6zel durumu nedeni ile kabin sadece yarisi incelenmistir.
Ortalama Nusselt sayist igin sonuglar karsilastirilabilir olmasina ragmen, akisin aslinda
simetrik olmamas: sebebi ile, nihai inceleme igin yar silindirik kap secilmistir.

Son incelenen geometri mumkin oldugu kadar gergek duruma yakin secilmistir.
Koryum havuzundaki sicaklik 3500 °K ulagabilir, bu nedenle havuz ylzeyinden 1sinimla
151 transferi bu analize dahil edilmigtir. Ug 1s1 transferi mekanizmasi, iletim, taginim ve
151nim bu analizde mevcuttur.

Sonuglar gostermistir ki, havuzdaki sicakliklar havuzun alt tarafinda iyi bir tabakalasma
gOstermis ve st tarafinda tagimmin hakim oldugu kigiik bir bolge olugmustur. Havuz
ylzeyinin negretme oram ve AT/T,, parametresi de ayrintih olarak incelenmistir. Ra
sayist 3.2x107 den 3.2x10" e kadar ¢alisilmustir, son deger tiirbiilansh akigin baglama
smirtdir.  Aymt  zamanda sonuglar gosteriyorki, reaktér basing kabmin hasara
ugramasinin miimkin oldugu nokta, basing kabinin duvari ile serbest yiizeyin iist temas
noktasina yakindir. Kabin alt bolgesi koryumun 1sil etkisinden hi¢ bir zaman zarar
gormeyecektir.

Boylece sunulan problemin ayrintili bir incelemesi yapilmigtir. Bu analizin, s6z konusu
problemle ilgili 1s11 hidrolik olaymn anlagimasmma oénemli 6lgiide katki saglayacagm
umulmaktadir.

Asagidaki boliimlerde, bu doktora galigmast sirasinda olusturulan sayisal ¢alismanin
ayrintilart anlattlmigtir. Bolum 2 de, farkli haller igin denklemler boyutlu ve boyutsuz
olarak smunulmustur. Yiiksek Rayleigh sayilart igin 6lgekleme analizi de bu bolimde
anlatilmistir. '

Bolim 3, bu caliymada kullamlan izgara yapisint ve basing ve basing diizeltme
denklemlerinin tiiretilmesini igermektedir. B6lim 4 de sayisal algoritmalar ve bilgisayar
programinin diizenlenmesi tanitilmigtir. Bu bolimde ayn1 zamanda bilgisayar programi
ile ilgili bir akig diyagrami verilmistir. Iki ana par¢adan olusan bolim 5 de; ilk kisimda
onceki sonuglarla kargilagtirmalar sunulmustur, ikinci kissmda ise sonuglar ve
tartigmalar verilmigtir.
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THERMAL HYDRAULIC ANALYSIS OF MOLTEN CORE MATERIAL
CONTAINED WITHIN LOWER HEAD OF PWR PRESSURE VESSEL

SUMMARY

The importance of the present analysis stems from the interest to arrest a severe reactor
accident, resulting in partial or full degradation/melting of the core assembly. In such a
case the molten material will relocate in to the lower head of the pressure vessel, after
passing through a series of molten and refrozen states. Reactor Pressure Vessel (RPV),
which is the last barrier against the release of the radioactivity to the containment, is
thermally attacked by the corium. Uranium based reactor fuel and fission products from
the burned fuel are present in the corium. Fission products’ decay with their respective
half lives, introduces an internal heat source, which is more or less uniform within the
molten mass. Due to high melting point of the ceramic fuel constituents and the
radioactivity associated with fission products, the system becomes unmanageable
experimentally. Thus leaving numerical simulation only viable tool to look for thermal
hydraulic phenomenon occurring inside the corium pool formed in the RPV lower head.

The understanding of the flow and heat transfer characteristics associated with the
problem can possibly lead to accident management scheme, thus reducing the risk of
release of radioactivity to the containment and eventually to the atmosphere.

Present analysis was started with the study of buoyant flow in a discretely heated square
cavity for low Rayleigh numbers. This problem was selected due to its importance in
the Computational Fluid Dynamics literature as a benchmark solution. A very good
agreement was obtained between the results from present software and those from the
open literature.

Secondly natural convection flow in an internally heated square cavity was analysed
using the present software for low Ra numbers. Results were compared with published
results of other researchers. Both results showed a very good agreement.

As scaling for high Ra number with internal heat generation was not available in the
open literature, so a scaling was developed for such a case. These scaling and obtained
results were published.

Reactor pressure vessel has a thick stainless steel wall, thus introducing a conjugate
problem. For the analysis of the conjugate problem ghost nodes induction method was
adopted. Then the results obtained for an internally heated square cavity having thick
conducting walls were presented in a paper.

Corium is a low Pr number fluid, so the analysis of the buoyant flow in corium
contained in a thick walled square cavity was performed and results were presented as a
conference paper.



To understand the effect of thick conducting wall enclosing a semi-circular cavity from
bottom, analysis was carried out for an internally heated semi-circular cavity. These
results were compared with a semi-circular cavity with isothermal walls and the
difference was analysed.

Due to the peculiar layout of the hemi-spherical RPV lower head, only half of the cavity
was analysed. The results indicated that although average Nusselt number was
comparable but the non-symmetric nature of the flow could not be obtained. Therefore,
the semi-circular cavity was selected for final analysis. '

Final analysis geometry was selected to represent actual situation as closely as possible.
As temperature in the corium pool will reach 3500 °K, so radiation heat transfer from
the pool surface was included in the analysis. The three heat transfer mechanisms,
conduction, convection and radiation, are present in the analysis. Only radiative heat
transfer from the pool surface and associated radiating surfaces was included.

Results show that the temperatures in the pool are well stratified with convection
dominated region confined to upper part of the pool. Effect of pool surface emissivity
and parameter AT/Ty has also been analysed in detail. Ra number range of 3.2x107 to
3.2x10" has been studied with last value at the margin of initiation of turbulent flow.
Results also indicate that most probable point of failure of the RPV wall is close to the
point of contact of the free surface with RPV wall. Also the stagnation point will never
be in danger from thermal attack of the contained corium.

Thus a detail analysis of the present problem has been performed. It is hoped that this
analysis will greatly increase the understanding of the thermal hydraulic phenomenon
associated with the present problem.

In the following chapters details of the computational work performed during present
doctoral dissertation has been presented. In chapter 2, governing equations for different
cases analysed are presented in full dimensional form together with dimensionless
equivalents. Also, scale analysis for high Rayleigh number buoyant flow has been
outlined. Chapter 3 includes the summary of grid layout employed for the analysis and
derivation of pressure and pressure correction equations. Organisation of software and
numerical methodology adopted for the present analysis has been listed in chapter 4. A
flow diagram of the algorithm is also included in chapter 4. Chapter 5 has two main
parts, in first part benchmark results are presented while in second part results and
conclusions concerning the present analysis are given.
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1. INTRODUCTION
1.1 The Problem

Nuclear reactors have the highest core power production density, as compared with
other power generation systems. To transport such high quantities of heat out of the
reactor core, coolant (water for Light Water Reactors or LWRs) having flow rate of
millions of kilograms per hour is circulated through the core “Table 1.1”. This water
circulation is accomplished by using 2 to 4 coolant loops “Table 1.1, depending

upon the total heat output of the system.

Table 1.1

Typical Thermal Hydraulic Characteristics of a PWR (Todreas and Kazimi, 1989)

Net electrical power = 1148 Mwe
Primary coolant flow rate 10" kg /h
‘ Primary water inlet temperature 286 °C

Primary water outlet temperature 324 °C
Number of primary coolant loops 4

Core power density (core average) 105kW /L

Partial or full blockage or leakage in any one of the coolant loops will result in
reduction of water flow through the core, leading to the condition known as Loss of
Coolant Accident or LOCA. In the LWRs systems the Emergency Core Cooling
Systems (ECCSs) are designed to provide core cooling for different postulated
accidents up to and including the design basis loss-of-coolant accident. If, however,
it is assumed that the ECCS does not function properly, the core would be
inadequately cooled. Due to huge total heat output of the reactor core, water
available within the RPV would not be able to fulfil the cooling requirements. Within
a few minutes of the start of LOCA, core assembly will start to dry up beginning

from the top of the core. Temperature of the fuel rods will increase to a point where



oxidation of the cladding metal. This metal-steam reaction is highly exothermic
(Henrie, 1989), thus fuel temperatures will rise at an increasing rate. Thus in a

recursive way fuel temperature will shoot up to dangerous levels.

If water can not be inserted in the pressure vessel, this ever-increasing temperature
will result in the partial or full degradation/melting of the core assembly (Thinnes
and Moore, 1989). The exact process in which core debris would form, is dependent
upon accident sequence and reactor design. After passing through a series of refrozen
and melting scenarios (Nourgaliev et al., 1997a) the final configuration may contain

two main parts of the core debris.

(a) Part of the core debris could resolidify in the lower part of the core assembly.
(b) Second portion of the core debris may settle in the lower plenum of the reactor
pressure vessel as a mixture of various materials constituting the reactor core.

This heat generating molten mass is known as corium.

Theoretically, if no water is added into the core during the accident propagation
stage, most of the core debris eventually may locate in the lower plenum (Dosanjh,
1989). This core debris relocated in the lower plenum will be transformed into a
molten core material pool due to the fission product decay heat. This relocated and
melted corium pool will have the configuration as shown in “Figure 1.1” and will

have four main parts (Theofanous et. al., 1994).

(a) Lower crust
(b) Upper crust
(¢) Molten corium pool

(d) Molten steel layer

As a result of the fission product decay in the corium, this molten mass will be
heated to a temperature where natural convection flow will begin within the pool
body with flow moving upward. At the surface this naturally circulating fluid will
erode away the top crust (Park and Dhir, 1992) and thus will attack the lower crust

on its way along the curved pressure vessel wall.
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Upper
Crust

Molten Steel Laver

Reactor Pressure
Vessel

Lower Crust

Figure 1.1 Different parts of the corium after its relocation into the lower head of
RPV -

Under the severe accident scenario, as discussed above, the most crucial action for
the recovery from the accident-state is to cool the core debris/corium and prevent its
attack on the remaining fission préducts barriers. One way of preventing attack on
the containment structures is to retain the core debris within the pressure vessel. In
present time containment designs, substantial amount of water is available or could
be made available around the lower parts of the reactor pressure vessel and hot or
cold legs. This water could help in removing large amount of heat from the molten

pool, but if pressure vessel retains its integrity.

This scenario raises the question about the margin of safety against pressure vessel
rupture (Thinnes and Moore, 1989). Natural convection heat transfer in internally
heated liquid pools has been studied, recently, to understand the heat transfer and
fluid flow phenomenon within the pool and the extent of thermal attack on the
pressure vessel wall. This understanding could be used to determine the
consequences of severe (meltdown) accidents in light water reactors and to devise

accident management schemes (Nourgaliev et al., 1997). To assess the potential for



in-vessel retention of the corium, one should know the heat transfer characteristics

from the melt pool to the reactor pressure vessel.

In present study, this hemispherical pool containing molten core material has been
numerically analysed to obtain the fluid flow and heat transfer parameters for 2-D
polar (r-8) Co-ordinate system. Due to exceptional thick pressure vessel wall “Table

1.2” a conjugate analysis has been envisaged as essential.

Table 1.2
Dimensions of RPV for a Typical PWR (Todreas and Kazimi, 1989)
Inside diameter 483 m
Height 13.4m
Wall thickness 224 mm
Material Carbon steel

Temperature of the corium inside the pool will reach upto 3500 °K “Table 1.3”. At
such high temperature radiation heat transfer becomes an important factor. Thus
radiation heat transfer from the pool surface has been included in the present study.
A complete management of the geometry and the heat flow paths considered are
shown in “Figure 1.2”. Material properties of the corium “Table 1.3” are considered
to be temperature independent and flow is assumed to be laminar. To obtain

Radiative Transfer Equations (RTE) enclosure theory has been utilised.

Thus present problem in complete form consists of four main parts.

(a) Natural convection inside the corium pool initiated by internal heating.

(b) Conjugate analysis of heat transfer from pool body to lower plenum wall.

(c) Radiation from the corium pool surface.

(d) Interaction of radiation and conduction for upper walls of the reactor pressure

vessel,



Table 1.3
Material Properties of Corium and RPV shell (Park and Dhir, 1992)

Material Properties
Corium UQ;+Zircalloy-4+SS etc
pr= 8200 kg / m®
Cor=4701/kgK
Ke=36W/mK
ar=9.3x 107 m*/s
ve=4x 107 m?/s
Br=14x10*K"!
Melting temperature = 3153 °K
(U0y)

RPV shell SS clad Carbon steel
ps= 8000 kg / m’

Cpe =600 J / kg K
ks=S0W/mK
@;=1.04x10"m*/s

Melting teinperature =1811°K

According to best knowledge of the author, in the open literature an analysis of this
much detail is not available. The methodology adopted for present analysis consists
of three basic steps. First, in order to understand basic techniques, system was
analysed using Cartesian coordinates. Secondly, the main results were presented as
papers in various international journals and conferences, using Cartesian and polar
Co-ordinates. At the end these methods were used to numerically analyse the actual
system. It is hoped that the results from present analysis will greatly increase the
basic understanding of the cooling of molten core material inside the LWRs pressure
vessel lower head and will be helpful for devising severe accident management

scenario. -



Radiative Heat Transfer
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Figure 1.2 Simplified problem as simulated in the present study

1.2 Literature Survey - )

After TMI-2 accident, which resulted in partial degradation of the core assembly,
researchers has tried to understand the sequence, effects and remedial measures for
such severe reactor accidents. Some of them tried to understand the heat transfer
phenomenon in the heat generating pool while others tried to analyse the accident

sequence of TMI-2, based upon the instrumentation data.

Baker et al. (1976) studied the existing heat transfer correlations obtained from the
experimental data. These equations were cast into a form suitable for analysis of
post-accident heat removal in fast reactors. They observed that downward heat
transfer rate can be accounted for by conduction alone, while the upward heat
transfer rate is largely controlled by convection. They developed a new correlation to
predict upward and downward heat fluxes from internally heated fluid layer with

unequal boundary conditions.

In an effort to investigate the post-accident heat removal phenomenon Faw and

Baker (1976) used microwave heating for the simulation of their experiment. Thus
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they analysed heat transfer from a horizontal fluid layer of internally heated liquid to
a melting solid. Experiments were designed to simulate heat transfer and melt-
through process of importance in the analysis of post-accident heat removal
capabilities of nuclear reactors. Results indicated that the melting and displacement

process had no effect on the heat transfer process.

To describe the behaviour of the molten core, data on the properties of such core
. melts are required. These properties are dependent on the composition and structure
of the melts. Available experimental evidence was used by Nazare et al. (1977) to
define four types of melts that would occur in case of severe reactor accident.
Theoretical and experimental results were reviewed to estimate the material

properties of these four types of melts.

Thermal convection of a heat generating fluid in a rectangular enclosure, cooled at
the side walls, was investigated by Bergholz (1980). He performed investigations for
the boundary layer regime at large internal Ra numbers. A boundary layer analysis
was employed to derive a system of equations valid near the vertical walls and a
corresponding system valid in the core of the enclosure. It was shown that most of
the heat generated within the fluid is removed through upper half of the vertical

walls.

Post dryout melt propagation in a particle bed formed by the collapse of the fuel rods
in a severe reactor accident was investigated by Dosanjh (1989). They used a 2-D
model that incorporated the presence of oxidic (UO,;, ZrO,;) as well as metallic
constituents (eg., Zirconium). He showed that the corium pool grows more rapidly if
Zirconium is present in the particle bed, because Zirconium dissolves both UO; and
ZrO,.

Epstein and Fauske (1989) used the data obtained from the TMI-2 reactor
instrumentation to calculate the core relocation scenario in to the lower head of the
pressure vessel. This analysis gives a very good insight in to the possible core debris

meltdown and relocation scenario.

Henrie (1989) used forensic engineering approach to evaluate recorded data and
damaged as well as survived components after the TMI-2 accident. Analysis results
reported showed that the timing of the TMI-2 accident could be derived by forensic

engineering method. Beginning of the fuel cladding rupture i.e. zirconium-water



reaction, could be derived from the recorded data. Total hydrogen produced during
the accident and relocation of the molten core material in to the lower head of the

pressure vessel was also shown to be evident from the available data.

Hobbins et al. (1989) provided details of the core debris locations inside the
pressure vessel after TMI-2 severe accident. Chemical composition of core melts,
approximate amounts and locations has been provided, in order to understand the
behaviour of the core debris during that accident. From chemistry of the core melts it
was evident that the attack of the core melt on pressure vessel wall was thermal in
nature. They concluded that understanding and modelling of the core melt
progression phenomena observed in TMI-2 accident are essential elements in the

analysis of the consequences of severe accidents.

A two-dimensional finite element model was developed by Moore et al. (1989) to
simulate the TMI-2 core heatup and subsequent cooling of the consolidated core
region after the relocation of the core material to the lower plenum of the reactor.
They used their 2-D model to calculate the heatup and subsequent failure of the
corium pool formed in lower part of the core assembly. The cooldown calculations
indicated that as long as the core remained covered with coolant, the core

_configuration would remain thermally stable.

The structural finite element creep rupture analysis was carried out by Thinnes and
Moore (1989) to investigate the response of the reactor pressure wall towards a
prescribed thermal attack. They used the temperature transient, which was judged to
be a challenge to the structural capacity of the reactor pressure vessel of TMI-2
reactor. Their analysis provided an insight in to the possible creep rupture
mechanisms of the pressure vessel and a method to evaluate margin to failure once
maximum wall temperatures are known. It was concluded that failure of the pressure
vessel lower head resulting from large temperature gradients across the vessel wall is

not probable.

Park and Dhir (1992) analysed the effect of outside cooling by water on the
behaviour of the PWR pressure vessel lower head. They considered two cases with
different heat transfer coefficients taken from open literature, adding a radiation heat
transfer from the surface of the pool. Due to the difference in heat transfer

coefficients both cases could not coincide in the final conclusions.



Henry et al. (1993) reported experimental observations about the heat flux at the
outer surface of the reactor pressure vessel wall and demonstrated that these fluxes
are typical of nucleate boiling heat transfer. Thus they concluded that heat flux is,

therefore, limited by thermal conduction through the carbon steel vessel wall.

An experimental program dedicated to the analysis of chemical interactions between
core materials, that may occur with increasing temperature up to complete melting
has been reported by Hofmann et al. (1994). They studied high temperature material
behaviour of PWR, BWR and other reactors’ fuel elements in large scale integrated
experiments. In many cases reaction products was reported to be liquid. This resulted
in relocation of the liquefied components far below their melting positions.
Separation of control rod material from fuel materials and a significant relocation of

UO; dissolved in molten unoxidized zircalloy were reported.

Two region integral approach was developed by Kune and Robert (1994) to analyse
the debris behaviour in the lower plenum under severe reactor accident conditions.
Their analysis included molten corium pool, lower crust and pressure vessel wall.
The influence of the external cooling of the RPV wall was modelled as nucleate
boiling off the outer surface when the lower head is submerged. Data available from
open literature was used for input purposes. It was concluded that RPV wall will fail
if no outside cooling is present. Deficiency of the input data was especially

mentioned.

Kymalainen et al. (1994) reported experimental results on the heat flux distribution
at the boundaries of volumetrically heated pools at high Rayleigh numbers to be
directly relevant to the problem of retention of a molten corium pool inside the lower
head of a pressure vessel. They found that downward flux strongly depends upon the
position along the curved wall and that the flux along the lower curved wall seems to

be independent of the presence and extent of the liquid pool portion above the wall.

Park et al. (1994) analysed the effect of outside cooling by water on the reactor
pressure vessel lower head of Boiling Water Reactor (BWR). They considered two
cases with different heat transfer coefficients taken from open literature, adding a
radiation heat transfer from the surface of the pool. Due to the difference in heat
transfer coefficients both cases were too much apart in their conclusions. For certain

cases outside cooling of the pressure vessel was found to be effective in cooling the



inside corium pool while for other cases it was stipulated that pressure vessel will
fail.

Rempe et al. (1994) analysed the behaviour of the RPV and penetrations during
severe reactor accident conditions. They used thermal attack parameters from open
literature as input to analyse the RPV lower head behaviour. Their results illustrated
the importance of the vessel and tube geometrical parameters and material properties
for predicting the RPV failure mode. Same type of mechanical analysis was also
performed by Chavez and Rempe (1994) using Finite Element approach. They
emphasised the importance of the RPV penetraﬁons in order to understand the

response towards thermal attack by core debris.

A series of experiments are reported by Theofanous et al. (1994) aimed to calculate
the coolability limits of the reactor pressure vessel lower head. They used a
configuration more appropriate for the practical interest in case of severe reactor
accidents and similarly, heat flux shapes representative of the core melt contained in
the lower head. Critical heat fluxes as a function of angular position on the lower

head are reported and related to the observed two-phase flow regimes.

Tuomisto and Theofanous (71994) has outlined the Severe Accident Management
approach (SAM) adopted at Loviisa nuclear power plant (in Finland) that is mainly
based upon the idea to retain the core debris inside the RPV vessel. This is assumed
to be achieved by cooling RPV from outside by water made available through
different means. Also steps has been described to make the water RPV contact as
easy as possible. This has been done through reducing the thermal insulation and

neutron shield assembly.

The SCDAP/RELAP/COUPLE code has been employed by Invernali et al. (1995)
to simulate the evaluation of an accident implying core damage, fuel overheating,
and molten material slumping into the vessel lower head of reactor pressure vessel.
The temperature distribution in the molten material and vessel metal as well as the
upward and downward heat rejection paths have been investigated. Heat rejection
limitation imposed by the vessel wall is found to result in increase in molten corium
pool temperature in order to reject the decay heat Also they noted that if no water is

present in the vessel, lower corium superheat is expected.
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Spindler et al. (1995) used TOLBIAC code for the simulation of the behaviour of a
molten core within a structure (pressure vessel or core catcher), taking into account
the relative position of the core components, the wall ablation and the crust

formation. They simulated some experimental results from the open literature.

Heat generation in a corium pool may be time dependent. To study the effect of time
varying heat source on the heat transfer and fluid flow properties, Baytas (1996)
analysed the effect of periodic sources on the buoyancy driven flow and heat transfer

characteristics.

Pool boiling from downward facing curved surfaces was studied experimentally by
El-Genk and Cheng (1996). A semi-scale model was used for the experiments that
were designed to provide data on extent of cooling possible by flooding of LWR
reactor cavity. Effect of the radius of curvature and edge angle was studied in detail.
High edge angles were reported to enhance coolability while cooling was not much

sensitive to total cooling area.

An integral predictive physico-numerical model was developed by Kune and
Robert (1996) to understand and interpret debris interactions in the reactor vessel
plenum such as those which took place in the TMI-2 accident. The model represents
the extent of debris jet disintegration by a jet-water entrainment model that can result
in two types of the debris configurations ie. particulate debris and melted debris.
Both the parts were treated as separate regions and different governing principles
were developed for their behaviour. As a result they obtained the RPV failure

mechanisms and locations for most possible failure.

The integral physico-numerical model for the reactor vessel lower head response has
been exercised for the TMI-2 accident and possible severe accident scenarios in
PWR and BWR designs (Suh and Henry, 1996a). Final cooling of the TMI-2 core
debris has been postulated due to vessel wall creep and subsequent water ingression.
This phenomenon clearly demonstrated the potential for the in-vessel cooling of the
reactor vessel without a need to externally submerge the lower head should such a

severe accident occur as core melting and relocation.

Kim et al. (1997) used APRIL computer code to model the core melting and in-
vessel corium relocation in the severe reactor accident scenario. Such studies could

help to understand the extent of core damage possible during severe reactor accident

11



and could be translated into RPV thermal attack parameters. This study can also help

to analyse the time behaviour of the accident.

Severe reactor accident will produce a fluid with much smaller Prandtl number (Pr).
This Pr number effect upon the wall Nusselt number (Nu) was investigated by
Nourgaliev et al. (1997). They concluded that in case of small Pr number fluids
lower parts of the pool will not be well stratified owing to the deep penetration of the
descending boundary layer flow. Also the wall Nu number behaviour at the bottom
of the pool is different both for high and low Pr number fluids. Their results
indicated a strong effect of the geometry upon the flow and wall Nu number

variation.

A subscale boundary-layer boiling test facility was developed (Cheung et al., 1999)
with the help of scaling analysis to simulate the phenomenon of pool boiling and
Critical Heat Flux (CHF) on the external bottom surface of a heated hemispheric
Veséel. Saturated and subcooled experiments were performed in the facility to
measure the spatial variation of CHF and observe the underlying mechanisms,
including vapour dynamics and resulting buoyancy driven two phase boundary layer

flow along the downward facing hemispheric heating surface.

To investigate the heat transfer mechanism from the outer surface of the pressure
vessel EI-Genk and Cheng (1999) performed some experiments with downward
facing subscale hemispheres of Steel and Aluminium. They found remarkable
difference between the behaviour of the two materials, thus indicating the material

auspects of the scenario.

Loctionov et al. (1999) numerically analysed reactor pressure vessel behaviour
under severe accident conditions taking into account the combined processes of the
vessel creep and the molten pool natural convection. They considered different types
of molten pools (homogeneous, conventionally homogeneous, conventionally
stratified and stratified) to cover the bounding scenario during a hypothetical severe
accident. Numerical results in this paper illustrate that the large creep deformations
of the vessel lower head can lead to an appearance of the gaps between the vessel
surface and the molten pool crust. This phenomenon can result in a significant

change in the heat transfer to the vessel wall.
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Nakamura et al. (1999) utilised high frame rate neutron radiography to observe the
behaviour of a high temperature molten Pb-Bi alloy dropped into a vessel both when
empty and when filled with water. They concluded that this method could be reliably
used for such investigations and has provided very useful insight in to the actual

phenomenon.

An experimental study was performed by Park et al. (1999) on natural convection
heat transfer with and without crust formation in a molten metal pool. They observed
that when natural convection flow is developed in the pool, the overlying coolant
conditions do not effect the crust formation. On the other hand when the natural
convection flow is not developed, the coolant conditions effect the crust formation
Heat transfer rate was lower with crust as compared to the cases with no crust

formation. Thus they concluded that the crust formation acts as thermal barrier.

During present doctorate studies some papers were published from the important

results obtained, as described below.

In order to verify the high Ra number scaling, developed during the course of this
study, flow within an internally heated square cavity was analysed. (Liaqat and

Baytas, 2000).

Wall thickness of the RPV is large as compared to the systems encountered in
normal conditions. In present time analysis conduction through the walls is usually
ignored by taking isothermal highly conducting bounding walls. To analyse the
effect of the thick walls on natural convection inside the cavity, square cavity with

finite conducting walls was analysed (Liagat and Baytas, 2000a).

Conjugate natural convection flow inside heat generating square corium pool was

presented in Liaqat and Baytas (2000b).

Conjugate natural convection flow inside heat generating semi-circular corium pool

was presented in Liaqat and Baytas (2000c).

Due to 2-D constraint on the flow, only half of the hemi-spherical geometry could be

analysed and results were presented in Liaqat and Baytas (2000d).

Finally the most complicated problem was handled which has all three heat transfer
modes (Conduction, Convection and Radiation) included in it. Final results from this

analysis have been presented in Liaqat and Baytas (2000e).
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In the following chapters details of the computational work performed during present
doctoral dissertation has been presented. Governing equations for different cases
analysed are presented in chapter 2 in full dimensional form together with
dimensionless equivalents. In section 2.2, scale analysis for high Rayleigh number
buoyant flow has been outlined. Chapter 3 includes the summary of grid layout
employed for the analysis and derivation of pressure and pressure correction
equations. Organisation of software and numerical methodology adopted for the
present analysis has been listed in chapter 4. A flow diagram of the algorithm is also
included in chapter 4. Chapter 5 has two main parts, in first part benchmark results
are presented while in second part results and conclusions concerning the present

analysis are given.
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2. MATHEMATICAL MODEL

2.1  Governing Equations

General governing equations are a set of differential equations describing
conservation/balance of specific properties of the fluid or dependent variables. These
properties are usually expressed on unit mass basis that is why these are called
specific properties. Complete governing differential equation is a collection of
different statements for processes affecting the balance of a given dependent variable
within a unit volume. Thus these equations may contain a large number of

influences, affecting the balance of certain specific property.

2.1.1 Conservation of Mass Equation

General conservation of mass equation in tensor form could be given as:

D ou;
P +p—1=0 2.1)

Dt 0x; ,

Where p is the fluid density, x; denotes particular Co-ordinate directions, u; is the

fluid velocity and t is the time. In present case, fluid is assumed to be incompressible

thus “Equation 2.1” reduces to following form:

ou;
ox;

1

0 (2.2)

This equation is generally given by using divergence operator as:

divu; =0 (2.3)

2.1.2 Balance of Momentum Equations

General Navier-Stokes equations express the balance of momentum for a given

control volume in the flow domain and could be written in a variety of ways
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depending upon the assumptions used to formulate the problem and flow domain Co-

ordinates. The form appropriate for present analysis could be given as:

ou; ou; 18p 8 |ou; Ou P;
ot ]axj p Ox; 8xj ax]. 0x; ye

(24)

In this equation all material properties are taken to be constant. For most problems of
natural convection the density variations are mainly caused by thermal expansion of

the fluid and can be expressed as:
Pi =pi1—ﬁ(T—'Tref)} (2.5)

Where (3 is the volume expansion coefficient at constant pressure, positive for most

of fluids, and given by the equation below:

T
-2 o

Furthermore, for most of the fluids, value of B ranges from 107 to 10™ °C™" (Arpaci
and Larson, 1984) and for small variations in temperature the variations in density
are at the most 1%. Thus the density could be considered as constant in all governing
natural convection equations, except density in buoyancy term which is famous
Boussinesq approximation (Bejan, 1995). Thus last term ie buoyancy component can
be formulated by using Boussinessq approximation that describes the relation
between temperature of the fluid and its density. After substituting “Equations 2.5

and 2.6” in “Equation 2.4” final momentum equation can be written as:

ou; Ou; _lap'+ o |du; Ou

i i i
+u = v + + .(1— (T—T )) 2.7
or J 0x; pox; 0x; 8xj dx; gil=# ref 7

Where T is the reference temperature, held constant for the present analysis.

Furthermore, pressure variation in natural convection flow could be given as below:

P'=py+p+pg-x; (2.8)
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Where py is the applied constant pressure, p is dynamic pressure and the term pgex;
gives the static fluid pressure. After substituting “Equation 2.8” in “Equation 2.7”

following form of momentum equation could be obtained:

ou; ou; ou, Ou,
Lvu  —* __1or +v 9 Ly +g-ﬁ(T—Tref) (2.9)
ot J axj p Ox; 8xj 6x]. ox; !

2.1.3 Balance of Energy Equation

General energy equation is a statement of the energy balance for an infinitesimal

control volume and its form appropriate for the present analysis could be given as:

pcp(aT+ or J— 4 (k aTj+q”’+y(D (2.10)

o1 ox, | ox | ox,

Where g" is the volumetric rate of internal heat generation, a constant for the present

case, @ is the viscous dissipation function and all other variables are defined in the

nomenclature.

2.1.4 Initial and Boundary Conditions

In order to obtain a numerical solution of the differential equations, a set of initial
and boundary conditions is needed to describe the behaviour of the various variables
at the boundary points. These boundary conditions must describe the variation of all
flow variables at all the boundary points. In present method mass conservation
equation is embedded within the momentum and energy equations so no separate

boundary condition is needed for mass conservation equation.

2.1.4.1 Initial and Boundary Conditions for Momentum Equations

Initial and boundary conditions for all velocity components are needed for the
momentum equations for whole the domain under consideration. For present analysis
non-slip boundary condition was thought to be more appropriate because no mass
flux has been considered across the solid boundaries. These boundary conditions

could be summarised as given below:
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Initial Condition:

Fort=0: u; =0 for the whole domain (2.11)
Boundary condition:

Fort>0: ui=0 at all the boundaries

2.1.4.2 Initial and Boundary Conditions for Energy Equation

Energy equation requires initial and boundary conditions to be imposed upon the
temperature variation at the boundary points. For the present analysis boundary
temperature was kept fixed for whole of the interval, so Drichlet boundary condition

was applied for the temperature at the boundaries as given below:

Initial Condition:

Fort<O: T = Tyt for whole domain 7 (2.12)
Boundary condition:

Fort>0: T = Tre at all the boundaries

2.1.5 Governing Equations in Cartesian and Polar Co-ordinates

Equations for Square Cavity with Internal Heat Source

Square cavity was considered during present numerical analysis to demonstrate the
basic methodology adopted. This geometry was chosen due to its benefits of
generality and its easiness to implement in any numerical scheme. Also, most of the
analysis available in the present day published literature is for Cartesian Co-ordinate

system that was necessary to perform a benchmark comparison.
Conservation of Mass Equation

Conservation of mass equation or continuity equation, as it is generally known, could
be given for a square cavity by expanding divergence operator from “Equation 2.3

for 2-D Cartesian Co-ordinate system.

du, ov_

+9% o 2.13
ox 0y @13)
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Momentum Equations

x-momentum equation

2 2
gli+ugl—l+v%=—~l—ap+u 2 u+6 - (2.14)
ot  dx dy pdx |\ox? 9y?

y-momentum equation

2 2
ov 6v+v8V_ lap+u 9 v+6 v —gﬁ(T—Tref) (2.15)
o0t 0O0x Jdy pody ox? 8y2

Energy Balance Equation

(2.16)

8T 8T aT (azT BZT] q"
‘U—+V—=a + +

ot  9x Oy x> ay? pC,

Equations for Circular Cavity with Internal Heat Source

A 2-D cylindrical (r-¢) Co-ordinate system was used for the analysis of circular
cavity. It‘ was only possible with this geometry to analyse the non-symmetric
behaviour of the flow using 2-D geometry. A schematic view of the coordinate
system and vectorial components used for the circular cavity could be shown as in

“Figure 2.1,
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Figure 2.1 Co-ordinate system used for semi-circular cavity

Mass Conservation Equation

ou u 10v
or r rog¢ 7 .
The N-S Equations in Cylindrical Coordinates (r, ¢)

r-momentum equation

ar ué? rog r p or
_gI-IB(T-Tref)]Sin¢

ou du vou v:  10p (6211 10u u 1 3% 28v)
+ +u +

(2.18)

¢-momentum equation

ov. 0Ov vov uv 110p %v 10v v 1 0% 2 du
+u—+ = +0| —+— -t S5t 5o
or® ror r- r°9¢” r- 09

‘8[ﬂ(T“Tref)]°°5¢

(2.19)
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Energy Balance Equation

(2.20)

oT oT vorT |[d*T 10T 18%T)| ¢q”
=+ Sl B +
ot or rog¢

ar? ror 2942 | pC,
Equations for Spherical Segment with Internal Heat Source

A 2-D spherical (r-¢) Co-ordinate system was used for the analysis of spherical
segment cavity. A schematic view of the Co-ordinate system and vectorial

components used for the spherical cavity is shown in “Figure 2.2”.

Mass Conservation Equation

ror

19 (.2 9
=3 (r u) g a¢(vsm¢) 0 (2.21)

Balance of Momentum Equations

r-momentum equation

2
ou,, du vou v :_iizw(_l_i(rz éﬁ]+_1___a_[sm¢§zj

ot Or rog r p or »2 or or r25m¢ o¢ o0¢
2u 2 0v 2vcotd

_— T -1, )lsin
rz rz 8¢ 2 J g[ﬂ( "ef)] ¢

(2.22)

¢-momentum equation

ov. 0v vov uv 1 lap 1 0 f »0v 1 of( . ,0v
—+tU—F——F——=————+p ro—t-——_|sing—
ot Or rog r prog P2orll or) 2 sing 09 ¢
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(2.23)
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Balance of Energy Equation

8T 8T voT 1 o( ,0T 1 o(. ,oT q"
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Corium pool
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Figure 2.2 Schematic diagram and Co-ordinate system for spherical segment
geometry

2.1.6 Conjugate Equations

Numerical investigations are usually carried out for isothermal containing walls for
all types of enclosures. By taking isothermal bounding walls the temperature gradient
through the walls is neglected by assuming negligible wall thickness and very high
wall conductivities. This assumption holds well where wall thickness is small and
solid to fluid conductivity ratio is high. But, reactor pressure vessel have
exceptionally thick stainless steel wall while wall conductivities are not much higher
than the enclosed molten core material. This scenario necessitated the analysis of

interaction of convection flow within the pool body with that of conduction through



the RPV wall, giving rise to a situation that is technically known as conjugate
problem. Conjugate situation was handled, for the present analysis, by insertion of
the ghost nodes at the solid-fluid interface. These nodes are called ghost nodes
because they do not arise during normal grid layout but are introduced artificially to
handle the solid to fluid interface boundary conditions. Details of the method are
given by WanLai et al. (1997) and investigation is given for natural convection by
Liaqat and Baytas (2000a). Location of these ghost nodes is shown schematically in

figure given below.

] ____*___
L A
N

MHITIN o

B Main nodes O  Ghost nodes
Figure 2.3 Schematic layout of main and ghost nodes
Effectiveness of the ghost nodes is realised when whole the domain is solved as one
region for x or y sweeps. This method decreases the effort to analyse the both regions

separately. General governing equations are valid for the fluid domain while

conduction equation is solved for the solid region given below:

oT o’T T
Bl ars o
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At solid-liquid interface the temperature and heat flux must be continuous. First
condition is fulfilled by taking a common node point at the solid-liquid interface. The

latter condition could be expressed as:

o) o) o
0N ) nia On ) il

and Tawia= Twan at solid-fluid interface

Where, n stands for the direction normal to the wall surface. By calculating the ghost
node temperatures by “Equation 2.26” in numerical scheme, continuity of flux at the
interface is ensured. As is clear from the above equation, ghost node temperature
(solid-liquid interface temperature) is a function of conductivities of fluid and wall

material and specific grid layout adopted for the analysis.

2.1.7 Radiative Heat Transfer Equations

After the slumping of the molten core materials in the lower plenum of the reactor
pressure vessel, molten mass will be super heated by the heat generated through the -
decay of fission products. Due to high melting point of all oxide constituents of the
corium, temperature of super heated fluid will exceed 3500 °K. At such a high
temperature radiative heat transfer from the pool surface could not be ignored. Thus,
calculations including radiative heat transfer may put more light upon the actual heat
transfer and fluid flow phenomenon in the corium pool. So, it was decided to include
radiation heat transfer from the pool surface in present investigation. In order to
calculate the radiative heat transfer rate from the pool surface enclosure formulation
of radiative heat transfer (Modest, 1993) was utilised. The basic derivation of the

enclosure theory could be summarised as given below.

Net radiative flux leaving a black enclosure could be described as:
9r =9out ~in | (2.27)
or

qr = (qgmission + q;eﬂection) - qg’rradiation =(Er + P Hr )—HrzEr +(1_pr)Hr
(2.28)
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This equation for black body could be modified for gray diffuse surface as given

below

4, (=€ (N Ey(r)~a, (N H,(r) (2.29)

“Equation 2.29” could be modified if it is considered that a.(r) =(1-p«(r))

4, (r)=< (") Ey () ~(1=p, (M) H , (1) | (230)
or
qr(f')=€(F)Eb(l”)—Hr(i‘)+,0r(l‘)Hr(}‘) (2.31)

Which could be modified by utilising total flux leaving a gray diffuse surface (J(r))

as total flux is the sum of reflected and emitted parts.

4, (r)=J(r)=H,,(r) (232

But the heat transfer rate leaving a segmental area dA’ and intercepted by another

segmental area dA is given by equation:
J(r')dA' dFdAI_dA (233)

By integrating “Equation 2.33” for total area of the surface we can get total

irradiation as given below:

H, (1= [J("dF44_qy (234)
A

After substituting “Equation 2.34” into “Equation 2.32” following equation could be

obtained:
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4, ()= (N Ey(r)-a, <r){ | J(r')dFdA_dA} (235)
A

Combining “Equations 2.31 and 2.32”, which could be written:
J(r) =€ (NE; (M) + p, (N H, (1) (2.36)

Substituting equation “Equation 2.34” in “Equation 2.36” result is:
J(r)=e (r) Ey(r)+p, (r)| [J(F)dF44_qa (237

Multiplying “Equation 2.34” with &, (7)and then subtracting from “Equation 2.29”

and after minor modifications following equation is obtained.

1-e(r)
e(r)

J(r)=E,(r)- q,(r) (2.38)

By substituting € (7) =, (r) (from definition of gray diffuse surface), “Equation

2.35” could be modified as;

L D=ry- { J J(r')dFM_dA} 239)

Combining “Equation 2.38” and “Equation 2.39” result is as below:

Qr(r)_l:‘[( 1 —qu,(r’)dFdA_dAl=Eb(P)—IEb(r')dFM—M’ (2.40)
A

e(r) I\E (r")

Breaking the surfaces A; and A:, into NR sub-surfaces, then “Equation 2.40” could

be written as:

MR l-€, NR
4 4
k3 . ’)Fk_jq,j=2(aTk ~oT;")  fork=1,NR (2.41)
=1 S j=1
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The view factors for each zone were calculated by utilising Hottel’s crossed-string
method (Hottel and Sarofin, 1967). In this method view factor between two
surfaces is obtained by using the lengths of both diagonals, sides and sizes of the

surfaces.
2.2 Scale Analysis

The object of scale analysis is to use the basic heat transfer principles to obtain the
order-of-magnitude estimates for the variables of interest present in the general
governing equations. These estimates are then used to derive the reference
magnitudes for developing the dimensionless variables. Non-dimensional governing
equations are obtained by using dimensionless variables which are solved
numerically. The significance of dimensional analysis could be judged from the fact
that- final results could be absolutely useless if dimensionless variables are not
appropriate.

2.2.1 Low Rayleigh Number Scaling

~ Scaling laws deﬁning low Rayleigh number natural convection flow within a cavity
or pool containing heat generating fluid were available in open literature as given by
May (1991). Definitions for different dimensionless variables for this scaling are

given in “Table 2.1”.

2.2.2 High Rayleigh Number Scale Analysis

Scale analysis available in open literature was not applicable for high Rayleigh
number flow dealt with in present project. This necessitated to develop new scaling
to deal with fluctuating flow encountered in high Rayleigh number flows. A scaling
for this purpose was proposed for high Ra number and essential results were
published in Liaqat and Baytas (2000).

The governing equations of mass, momentum and energy for the square cavity, in
Cartesian Co-ordinates, were given in section 2.1.

Immediately after t = 0, all fluid will be motionless, so “Equation 2.16” can be

written as:
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Table 2.1

Definitions of dimensionless variables

Variables Reference Reference Low Rayleigh High Rayleigh
magnitude for | magnitude for number scaling | number scaling
low Ra number | High Ra number
[9A% a a 2 u,v u,v
’ f / % : :
— ——(RaPr) (—‘)
H H ar/H ﬁ(RaPr)%
H
X, Y H H X,y X,y
H H
2 2 2/5
T H i Hzf ta r(RaPr)?
“r a; (RaPp)’> ( oy ) H?
T AT AT T-T, T-T,
AT AT
P 2 2 2
P Lo 4 P pH
2f —Zf(RaPr)A 2 /H2 2 (RaPr)/5
H H (;05 f ) po 7 (RaPr)
AT qm H3 qm H2 -----------------
8k, k(RaPr)’s
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AT AT - 2
TNafgf - S=(ast) (2.42)

Then cooled fluid layer along the wall will tend to descend. Velocity scale of this
downward motion can be derived by eliminating the pressure term from momentum
equations ie by differentiating “Equation 2.14” with respect to y and “Equation 2.15”

with respect to x. The main terms are summarised as below:

Inertia Viscous/Friction Buoyancy
8%y &3y oT
v— gp—
Ox Ot a3 Ox

Taking x-scale as boundary layer thickness (&) along the side walls from the above

terms:
v y AT

Using “Equation 2.42” above terms yield:

| 2
10 L 8PAT 5
Pr ' vy

By the balance of inertia and buoyancy:

2 2
Lo _gPATS, | _sPATSE

2.43
Pr vy v ( )

The reference temperature scale (AT) can be defined by Fourier’s conduction law as:

7=k 5 g~ kiL
o 5,
Thus:
IIIH5
AT =4 : b (2.44)
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If we take the balance of heat provided to the wall by convection and heat conduction

through the wall for steady state, we get from energy “Equation 2.16™:

H
. o 45
v a - v afd% (2.45)

Substituting “Equations 2.44 and 2.45” in “Equation 2.43” vyields scaling for

boundary layer thickness as:

H

op X ———r
b (RaPr)l/5

(2.46)

Where Ra number and Pr number are defined in the nomenclature.

“Equations 2.45 and 2.46” give the scaling for the AT as:

quZ

1/5

AT ———
k(RaPr)

(2.47)

From “Equations 2.43, 2.46 and 2.47” scaling for velocity can be obtained as:
o
v~ L (Rapr)?/® (2.48)
H
Scaling for time (t) can be obtained from “Equations 2.42 and 2.46™:
H2

1~ (2.49)
o s (RaPr)?/’

Pressure scaling can be obtained using dynamic pressure equation as given below:
p=pv

Using “Equation 2.48” in the above equation scaling for pressure can be obtained as:

2
ar 4/5
p=p—(RaPr)” (2.50)
HZ
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2.3  Dimensionless Governing Equations for the Present Analysis

Present problem in complete form consists of four main parts.

(a) Natural convection inside the corium pool initiated by internal heating.

(b) Conjugate analysis of heat transfer from pool body to lower plenum wall.

(c) Radiation from the corium pool surface.

(d) Interaction of radiation and conduction for upper walls of the reactor pressure

vessel.

Due to peculiar layout of the spherical geometry, only half of the hemi-spherical pool
was analysed. But in this way the inherent non—symmétric character of the actual
flow has to be compromised. This non-symmetric flow could only be analysed in 2-
D cylindrical geometry. Thus corium pool has been assumed to be a long semi-
circular geometry having thick bottom containing wall thus avoiding the three
dimensional problem encountered if spherical geometry is used. This was necessary
to keep the analysis manageable using Pentium class personal computer system.
Thus upper part of the pressure vessel wall has to be modelled as a long Cartesian
geometry covering the pool top. These assumptions made it possible to treat the

present problem in two dimensions only.

31



8T /3y = 0~ 0T /3y =0
A A T. |
Upper :
03D structure | Side wall

Upper crust

Tw

Vessel wall .
Corium pool

o=n/2

Figure 2.4 Schematic diagram of the corium inside RPV lower head and Co-ordinate
system

2.3.1 Dimensionless Equation for Upper Cartesian Part of the Reactor

Pressure Vessel Wall

As upper walls of the pressure vessel were modelled as Cartesian geometry,
dimensionless conduction equation could be developed using non-dimensional
variables given in “Table 2.1”. The two-dimensional temperature distribution in the

walls is governed by the heat conduction equation, given in the dimensionless form

below:
6 _as __1_[2%6 o%6 2.51)
ot af (Rapn?’|ox? or?
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2.3.2 Dimensionless Equations for Cylindrical Part of the Corium Pool

Dimensionless equations for the cylindrical pool could be given as below:

Mass conservation equation

ou U 1orv_, (2.52)
R R RO¢

Momentum equations

2
oU U vou v:_ e [,
or OR ROp R  OR

§K+U§K+K8—V+%:—l£+c V23U - d + 2 U ~8 , cosg
6r oR R3dp R RO R2 p2ag) /S
(2.54)

Energy equation for fluid domain
06 06 06 1 ,

N it WA N— i (Vzéf)+(RaPr)_§ (2.55)
Energy equation for solid wall
00, ay 1 (%6, 1080, 1 3%0
as____ s - 2S+;€a};+ 5 2S (2.56)

* % (Rapr)s \OR R" o4

Pr

Where C = —————
(RaPr)?’3

and

a’~+13 1 82

V2= ——+
dR? ROR R? 542

Where all dimensionless variables has been defined in “Table 2.1”.



Radiation Heat Transfer Equation (RTE)

Non-dimensional equivalent of “Equation 2.41”, after some re-arrangements, can be

written as given by equation below (Dehghan and Behnia, 1996):

MR &, €, NR
Z(;——Fk T2 —)Q; = 2.(6) — F- J)o(~—~) fork=1,NR  (2.57)
j j j=1 w
Where Q; = 4 is the dimensionless net radiative heat flux from jth surface
oT,

(total NR sub-divisions shown in “Figure 2.5”) and dy; is the Kronecker delta.

D
< 3|
’I
L(NR
' Upper structures — N1
. | NR-2
0.33 D| §- Side Side | Nr-3
= wall wall
Yy Poolsurface , y,
Pool body R

Figure 2.5 Schematic diagram showing the grid layout for radiative heat transfer
Initial and Boundary Conditions

“Equations 2.52-2.55” are subjected to following boundary conditions

Fort=<0: U=V=0=0,=0 for whole domain

For >0 U=V=0 for R=R; and ¢=%,3% and in solid

domain

b
= =R +— =7 3z
6=0 for R=Rj+ and ¢ A to A
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86
0,=0,, /g 9% at R=R, (2.58)
8R AR

6=0 for X=0 and X=2b+D  forupper wall

186, ~ b 2/ 3
1za¢—o at R=Rl o Rl+—  for ¢_/§{§é

At the solid-fluid interface the temperature and the heat flux must be continuous. The

latter condition could be expressed as:

(69) ks (66’) (2.59)
OR) fuid k£ \OR Jyany

All the symbols appearing in the above equations have been defined in the
nomenclature. Net radiative heat flux from each sub-division, for radiative exchange,
could be balanced against conduction through the boundary condition equations

given below:

(= g}i) =Npew O, | : For the side walls (2.60)
(%%g) j=Nrep ) For top surface of the pool
(2.61)
Where:
DoT,*
Nrcw =ﬁ (2.62)
DoT,*
Npcp =ﬁ (2.63)
P

are the radiation conduction interaction parameters for the wall and the pool surface,

respectively.



The view factors for each zone were calculated by utilising Hottel’s crossed-string
method (Hottel and Sarofin, 1967). In this method view factor between two
surfaces is obtained by using the lengths of both diagonals, sides and sizes of the

surfaces.

Heat Transfer

In order to evaluate the local and average heat transfer rates, the local Nusselt

numbers have been defined as:

_-loryjrog) 1200,

Nu for R= 0 to R; at upper wall (2.64
-7, /0 7%
Nu,, . = ( s/ r) =~ L at R =R, for bottom solid-fluid interface (2.65)
AT /D JR 7

The average Nusselt number for the top and bottom walls is thus obtained by

integrating “Equations 2.64 and 2.65”, respectively, as given below:

Rl

— 1
Nittop === | Nuy,,, dR (2.66)
Lo

7

Nttsorom = — j Nu,,,,, d¢ (2.66)

i
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3. COMPUTATIONAL METHOD

It is clear from the above given governing equations that numerical solution to the
problem is the only viable choice due to complexity and non-linearity of these

equations.

3.1 Grid Layout

Grid layout is a crucial part of any numerical method. It dictates the interaction
between various parts of the domain under consideration. Grid description depends
upon the numerical methodology adopted for the solution. Present analysis is based
upon SIMPLER algorithm with a staggered grid arrangement shown schematically in
“Figure 3.1”. Control volume method (Patankar, 1980) was adopted for the present

analysis.

Q
2
©
®

5 4 &>
hd 4 g
® L s @ R
ey e e
A —y T St

® Node for velocity component in x direction
O Node for velocity component in y direction

® Node for scalar variables (i)ressure, temperature)

Figure 3.1 Schematic diagram of staggered grid
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In staggered grid approach, variables are distinguished between vectors and scalars.
Both type of variables occupy different nodes in the grid layout. Cell centred grid
layout was used for scalar variables such as pressure and temperature. However, cell
vertex arrangement was utilised for vectors ie for velocity components. For staggered
grid arrangement grid layout for both velocity components was displaced through
half of the control volume in their respective directions. Thus each velocity node
occupies a position at respective face of the cell centred scalar control volume as

shown “Figure 3.2” schematically.

YA

O velocity component in X direction

@  velocity component in y direction

® Scalar Variables

Figure 3.2 Relative positions of the scalar and vector variables in
cell centred staggered grid

38



3.2 Discretization for Control Volume Method

Algebraic equations, which give the unknown variables at grid points described in
the grid layout, are called discretization equations. These equations are obtained from
differential equations governing the given situation and the process of their
derivation is called discretization. Thus through this discretization process governing
differential equations are replaced with simple algebraic equations. The
discretization method preferred for the present investigation is called Finite Volume
Method (FVM). After the introduction to governing equations, scale analysis and
grid layout, second step is to discretize these equations using the control volume
approach. General governing equations discussed above will be reduced to their
dimensionless counterparts for respective Co-ordinate systefn. Those non-
dimensional equations will be discretized using control volume approach. Each
control volume and its adjacent control nodes will be labelled as east, west, north and
south as shown in “Figure 3.3” for Cartesian and in “Figure 3.4” for Cylindrical and

spherical Co-ordinate systems.

®=<
‘2
®

®

®s

Figure 3.3 Control volume nodes nomenclature for Cartesian Co-ordinate system
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Control volume cell faces are denoted by small letters as e, w, n and s while their
respective positions are shown in “Figure 3.3”. Adjacent control volume cell

centroids will be designated by capital letters as E, W, N and S.

Figure 3.4 control volume nodes nomenclature for cylindrical and spherical Co-
ordinate systems

All discretization process will be demonstrated with a general momentum
conservation equation in Cartesian Co-ordinate system. “Equation 2.14” could be

written in compact form as:
ov .
—é7+dtv(uv—FVv)=—— Vp+S (.1

By integrating “Equation 3.1 over control volume area (AxXAy) and time step

interval (At).
{II j(g—‘ti+div{uv—rv1z})dzaydx=mj(—vP+S)dde (3.2)
AV At AV At

The left hand side of “Equation 3.2” can be simplified by utilising Gauss’s theorem

to convert volume integral into surface integral. Gauss’s theorem can be given as:
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[[[(v.F;)av = [[(F;.7)ds (3.3)

By utilising “Equation 3.3”, left hand side of “Equation 3.2” could be modified as

given below:

=(vp —vpo)%+”(uv——FVv)ﬁds (3.4

By expansion of the dot product, in second term of “Equation 3.4”, following form

can be written.

v, _VPO)%+ ﬂ(uv_r%)e A ﬂ(uv_r%) i

w

. H(W.—r%nm_ g[uv_rﬂldA 69

y

After integrating above equation and keeping the sign convention in mind, following

equation can be obtained for 2-D analysis being considered here.

v, —vp(’)% +[(uv)e —M}Ae y [(uv)w —LV‘;}@}AW

ox

Jom, Tl i, Tbamnl,

y oy

_ Hj(———gg+dev 69)

Where A indicates control volume face areas located at the position indicated by the
subscripts. In writing “Equation 3.6” a linear piecewise profile of v between the
point, P, and its appropriate neighbour has been assumed. This point will be treated
separately later on. Let diffusion flux and convection flux be defined by the

following equations:
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and
C=u,v

by using these definitions of diffusion and convective fluxes “Equation 3.6” can be

modified as.

(vp —vpo)M+[Ceve —Dfe(ve —vp)]Ae —-[vaw —wa(vp —vw)]Aw

At

+|_Cnv,, -—Dﬁ,(vn —vp)JAn —leVs —Dfs(vp —vs)JAs

=m'[—-%§+S]dv | (3.7)

In order to calculate the dependent variables at the control volume faces, some
assumption for the variation of these dependent variables between the nodes is
reqﬁired. By using any assumption for this variation, the resultant expression will
contain the values of the variable for the control volume under consideration and
other for the adjacent control volume with which it shares the face. The assumption
used for the calculation of these face values from the given values of neighbouring
control volumes is conventionally called the differencing scheme. Hence a
differencing scheme is substituted in “Equation 3.7”, the resultant expression
(“Equation 3.8”) gives the variable values for the control volume under
consideration, P, in terms of the variable values at the neighbouring control volumes.
A differencing scheme thus provides the link between “Equations 3.7 and 3.8” and is

written as an expression for ag, aw etc in terms of diffusion and convection fluxes.

apVp+ag vg +ay vy +ayvy +asvs =b, ~ (3.8)

Where:
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AV
bp z(pw_pe)Ap +VPO_Z1_+SAV (39)
and
apszi—I:+aE+aW+aN+aS (310)

“Equation 3.8”, when written for each grid point, gives a system of equations that

can be solved simultaneously to obtain values of the field variable at each grid point.

3.2.1 Differencing Scheme

Differencing scheme utilised throughout present calculations is termed as Power Law
differencing scheme. The main criterion for the selection of a differencing scheme is
relative strength of the convective and diffusion fluxes. This relative importance of

the two fluxes is measured in terms of Peclet number given by equation below.

_qu
T

Pe (3.1

Because the main focus of the present analysis is the high Rayleigh number natural
convection flow, at this range of Rayleigh number convective flux is usually
dominant over the diffusion flux that is why Power Law differencing scheme was
chosen for present calculations (Patankar, 1980). Power Law Scheme is more
accurate approximation to the one-dimensional exact solution and produces better
results as compared to Hybrid or other schemes. In this scheme diffusion is set to
zero when cell Pe exceeds 10. If 0 < Pe < 10 the flux is evaluated by using a
polynomial expression. Power Law differencing scheme is more accurate for one
dimensional problems since it attempts to represent the exact solution more
precisely. The expressions for aw, ag, an and ag calculated by Power law scheme can

be written as given by Versteeg and Malalsekera (1996).

ay =D, max{ 0, (1—0. 1}Pew[)5}+max[Fw,o] (3.12)
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ag =Dfemax{O,(l—O.llPeeDS}+max[—Fe,O] (3.13)

ay =Dy, max{o, (1=0.1{Pe,|f’ }+max[- F, 0] (3.14)

ag =Dy max{o,(l—o.l\Pesl)s}+max[Fs,o] | (3.15)

3.2.2 Source Term Linearization

The attempt is to develop linear simultaneous equations for the present analysis the
source term in “Equation 3.9” must be linearized even if it is non-linear. Source

could be linearized as given by the following equation:
S=8,+8S. (3.16)

Where S, represent the constant part of the source term while S, gives the linear
term. When “Equation 3.16” is substituted in “Equation 3.8” following general linear

algebraic equation results.
apyp=3,d,3 v, 4 +bl (3.17)

Where nb is used to designate the neighbouring grid nodes, and a, is given by the

following equation:

AV
ap=Y.a b+——5 (3.18)
and
AV
p1=(p,, —pe)Ap +EVpO+Su (3.19)

3.2.3 The Pressure Equation

One of the source terms (“Equation 3.19”) is the very important pressure term. There
is no pressure equation included in momentum conservation equations so this term

could not be calculated before hand. During present analysis pressure equation
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described by Patankar (1980) has been used. By the method of Patankar pressure
equation is obtained by utilizing the continuity equation and momentum equations.

The pressure equation can be derived as given below.

General momentum “Equation 3.18” can be modified by taking out pressure term

from bl as:

Vn = Zanb:nb & +d,(pp—py) (3.20)

Where:

d = A, (3.21)
Ay

bzg%vpo +S, (3.22)

“Equation 3.20” can be modified by defining pseudovelocity as given by equation

below:

Dy VY +D2
v, =

ay

(3.23)

Substituting “Equation 3.21” in “Equation 3.20” following equation is obtained:

vn=\7n+dn(pp—pN) (3.24)

Similar equation can be written for other velocity component (u) as given below:

U = ﬁe + de(pP - pE) (3.25)



Now discretised continuity (discretization grid in “Figure 3.5”) equation can be

written from “Equation 2.12” as:

(, —u,)Ay+ (v, —v,)Ax =0 (3.26)

Figure 3.5 Grid layout for discretization of continuity equation

Substituting all velocity components in “Equation 3.26” from “Equations 3.24 and

3.25”, following equation for pressure can be obtained:

ApPp =ApPg + Ay Py +ay Py +asPs +bp (3.27)
Where;

bP = (izw - ize )Ay + (ﬁs - ‘711 )Ax (3.28)
ap =d, Ay (3.29)
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ay =d, Ax (3.31)
Px
pw P Pg
Ps

Figure 3.6 Grid layout for Pressure equation

3.2.4 The Pressure Correction Equation

The momentum equations can be solved only when the pressure field is given or is
somehow estimated. Unless the correct pressure field is employed, the resulting
velocity field will not satisfy the continuity equation. Such an imperfect velocity
field based on a guessed pressure field p will be denoted by u* and v*. This
“starred” velocity field will result from the solution of the following discretization

equations, written as “Equation 3.20”.
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e ”z =2y, u:b +h2+ Ae(pP B pE) G.33)
anu::Zanbuzb+b2+An(pP—pN) (3.34)

Aim is to obtain correct pressure field from guessed pressure field, p . If correct

pressure field 1s denoted by p and the correction introduced in guessed pressure field

is denoted as p’. Then following equation could be written.
* '
p=p tp (3.35)
Similarly correct velocity components can be introduced by the following equations.
u=u +u' (3.36)
* ’
V=v +Vv (3.37)

The general discretized momentum equation for u velocity component written as

“Equation 3.20”.

.y =Zanbunb+b2+Ae(Pp"pE) (3.38)

If “Equation 3.33” is subtracted from “Equation 3.38” following velocity correction

equation is obtained:

aeu'e =Zanbu’nb+b2+Ae(p'P—p’E) (3.39)

Now omitting first term on right hand side of “Equation 3.39” ( a detailed discussion

at this point has been given by Patankar (1980)), following equation is obtained:

' ___d(p’ - ’) (3.40)
u e e P p E .
Combining “Equation 3.40” and “Equation 3.36” result is the following equation:

u, =“: +de(p’P—p’E) | (3.41)

48



If the above last few steps are repeated for v velocity component then the following

equation is the result.

v =V: +d"(p,P"p,N) (3.42)

Where d, has been defined in “Equation 3.21” and d. is defined similarly. “Equations
3.41 and 3.42” are called velocity correction equations because these equations are
used to calculate correct velocity field from guessed velocity field using pressure
correction. Now substituting “Equations 3.41 and 3.42” in discretized continuity
equation (“Equation 3.26”), after rearrangements pressure correction equation can be

written as given below:

apPp =apPp + dy Py + Ay Py + as Py +bp | (3.43)
bp = (u*w ~u )Ay + (v*s - v*n)Ax (3.44)
ag =d, Ay : , " (3.45)
ay =d, Ay ’ (3.46)
ay=d, A& (3.47)
ag =d Ax (3.48)
a,=ag +ay +ay +ag (3.49)
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3.2.5 Initial and Boundary Conditions for Pressure and Pressure Correction

Equation

SIMPLER algorithm was adopted for present analysis that includes separate pressure
and pressure correction equations. Initial and boundary conditions are same for both
of the equations. Pressure is used only to correct the velocity field developed during
the iterative SIMPLER algorithm. However, velocities at the boundary points are
taken to be known or constant for the present numerical analyéis so that no boundary
condition is needed for the pressure. In other words, boundary pressure does not arise

during the calculations as shown in the following figures.

<
o
-s—.—».—-—-().PU
o

V2 P2

B e e g e e

R At

Figure 3.7 Layout for I;ressure boundary condition

For staggered grid arrangement adopted for the present analysis grid layout is shown
in “Figure 3.7” Boundary velocity (V1) is always known as a given boundary
condition while velocity V2 is corrected during each iteration. This correction needs
pressure values at the left (P1) and at the right (P2) so that pressure at the boundary
point does not arise in any of the equations. That is why no pressure boundary

condition is necessary. Same discussion is valid for all other velocity components.

Initial pressure condition

For t=0: P=0 for whole domain (3.50)

For t>0: no boundary condition is necessary



4. SOLUTION PROCEDURE
4.1 The SIMPLER Algorithm

Various linearized equations described in previous sections are solved in a definite
sequence to calculate various field variables describing the heat transfer and fluid
flow within the solution domain. The specific sequence in which different governing
equations are solved to calculate various field variables is called the solution scheme.
For present analysis SIMPLER solution scheme (Patankar, 1980) was preferred due
to its rigidity against fluctuations in temperature and velocity fields, observed during
present simulations. A detailed step by step procedure SIMPLER algorithm is

presented below.

1. Main program is started with guessed velocity field.

2. After calculating the coefficients for the momentum equations, # and y
velocities are obtained from equations such as “Equation 3.23” by substituting
the values of the neighbouring grid velocities ug.

3. Coefficients for the pressure equation “Equations 3.29-3.32” are calculated, and
pressure equation is solved to obtain the pressure field.

4. Treating this pressure field as p, u and v are obtained from discrtized
momentum equations.

5. Mass source b2 (“Equation 3.22”) is calculated which is used to solve the

pressure correction equation for p’.

6. Correct velocity field is calculated by utilising “Equations 3.41 and 3.42”.
7. Discretized temperature equation is solved to obtain the temperature field.

8. Returned to step 2 and repeated until convergence.

4.2 Tterative Methods

SIMPLER algorithm does not attempt to solve all the linearized algebraic equations

simultaneously instead it solves each variable separately in a sequence, which has
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been designed to promote convergence. During solution of one of the variables many
of the other unknown field variables exist in the discretized equations which are
linearized by using their values from previous iteration. This is especially true for the
momentum equations, which are essentially non-linear in nature but are linearized by
using their values, in calculating coefficients, from previous iteration. Because of this
non-linearity an iterative procedure is required. This has been done excellently in
SIMPLER algorithm. The coefficients are calculated based on the current knowledge
of the velocity and temperature fields. These linearized equations are then solved to
give updated velocity and temperature fields. At end of the calculations ie
convergence of the temperature field there is no change in the newly calculated field

variables when compared to those in previous iteration.

4.2.1 Relaxation

The pressure equation “Equation 3.27” is susceptible to divergence unless some
under-relaxation is used during the iterative process. Following equation was used to

under-relax the pressure field.

* ’
pP=p tapp 4.1
Where a, is the pressure under-relaxation factor, always less than 1.

The velocities are also under-relaxed by using following equations.

u" =g u+(1-a,)u" 4.2

VI =g v+ (1—a, " (4.3)

Where @, and @y are the u and v velocities’ under-relaxation factors, both having
values between 0 and 1. Also u, v are correct velocity fields without under-relaxation

and u™" and v"*"' represent their values obtained in the previous iteration.

4.2.2 Convergence Criterion

Convergence monitoring of temperature field was thought to be sufficient due to free

convection nature of the flow that has temperature as a source term for the velocity
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field. If temperature field converges, it essentially means a convergence of the
velocity field. Convergence was monitored by calculating the fractional aggregate
change in temperature field for each iteration using temperature fields from present
iteration and previous one. Iterations are carried out again and again until this factor
is driven to an acceptably low value. The convergence of computations is established

by utilising the following relation for the temperature distribution:

1_
iZJ’Tn+ Jl/ max = | (4.4)

Here Tmax is the maximum temperature in the cavity for each iteration, e is the
prescribed acceptable error and superscripts, nt+1l and n, denote the present and
previous iteration, respectively.

Pressure and pressure correction equations were solved using point successive over-
relaxation procedure (PSOR). This technique has gone a long way in stabilising the
fluctuating flow during present analysis. The convergence criteria adopted for
pressure and pressure correction equations is to check the total absolute change in the
pressure field during present iteration from that of previous one. This criterion could

be written in equation form as given below:

y P”Jr1 p! t<e 4.5)
i, j! )

4.2.3 Linear Equations Solver

In the previous sections method of discretization of the governing equations has been
outlined. This process results in a system of linear algebraic equations, which need to
be solved during iterative solution scheme described in section 4.1. The size of linear
equations developed through the iterative solution procedure depends upon the grid
size utilised for the analysis. The main constraint for the solution of a set of
linearized algebraic equations comes from computer resources and computing time is
directly dependent upon the size of the equations set. In present analysis a transient
problem was tackled and due to the fact that accuracy is an inverse function of the
time step, puts further pressure upon the available computer resources. Direct

methods for solution of linearized algebraic equations were not a choice due to large
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computer time required. As is available in open literature number of operations
required for the solution of a set of N linear equations is N°. Thus number of
operations required for solution of linear equation system by direct method becomes

troublesome with increasing grid size.

Thomas algorithm is a technique for the rapidly solving tri-diagonal systems that is
now called Tri-Diagonal Matrix Algorithm (TDMA) described in detail by Versteeg
and Malalsekera (1996). Actually TDMA is a direct method for one-dimensional
situations, but it can be applied iteratively, in a line by line fashion, to solve multi-
dimensional problems. The s‘pecial advantage of TDMA is minimum storage
requirement and is computationally inexpensive. Due to these relative benefits
TDMS was utilised during present analysis to solve linear equation developed during

solution of temperature and velocity fields.

Further, pressure term appears as a main source term in momentum equations. The
accuracy of the final velocity field depends mainly upon the accuracy of the input
pressure field. That is why Point Successive over-relaxation (PSOR) procedure was
chosen to solve the pressure equation, inspite of its expensiveness. The expensivity
of the PSOR procedure was somewhat compensated by relatively large time step -

allowable with a combination of the TDMA and PSOR.

4.3  The Analysis Software

The numerical procedure and solution method described in previous sections was
implemented in a FORTRAN-90 code ANVAR (Analysis of Natural convection
during severe Accident of nuclear Reactors). Code was a new effort and no benefit
was taken from any of the similar or dissimilar softwares. Thus a short explanation of

its organisation, features and some other details are presented here.

4.3.1 Code Organisation

The main organisation of the ANVAR code is given in the form of a flow chart in
“Figure 4.1”. The software generally follows the main steps of SIMPLER algorithm

given in section 4.1.

At first step program begins with reading as input the velocity, temperature and

pressure fields. The input parameters, which are not to be altered during the program
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execution (constants), are read by calling in a subroutine named INANVAR. After
reading the input constants and initialising all the variables, program calls on the grid
generation subroutine, GRIDANVAR. This subroutine generates the grid using input
data from the main program. It also checks if the stretched or un-stretched grid is
needed and returns the appropriate coordinates for the generated staggered grid and
control volume dimensions for the flow domain. This subroutine also writes an
output of the generated grid in input Co-ordinate system and another in Cartesian
coordinates. These outputs can be checked for accuracy by drawing the particular

~ grid using a grid drawing software.

After taking the grid layout from the GRIDANVR, main program calls in another
subroutine, VIEWFAC, to calculate the view factors for each grid interval to be used
to calculate the radiative heat transfer. For these calculations the data supplied by
INANVAR and GRIDANVAR is used.

Now the executive program begins the main iteration loop. First of all linearized
coefficients for the energy equation are calculated using known velocity field. Then
temperature field is calculated using TDMA procedure first in radial direction and
then in ¢ direction. During these calculations Three DiagonalrMatfix Algorithm
(TDMA) is called in to solve the linear sét of algebraic equations for each direction

with embedded appropriate boundary conditions.

In next step radiative heat transfer analysis is carried out. First the matrix consisting
of coefficients of the radiation equations is calculated. This matrix is solved by using
two subroutines naming XLUDCMP and XLUBKSB. These subroutines solve the

input matrix by direct method.

At this point the previously known pressure and velocity fields are renamed as
guessed pressure and velocity fields for present iteration (u, v and p’). Then
coefficients for radial direction velocity component (u) are calculated, Using these
coefficients new pseudovelocity (#) field for radial direction is calculated utilising
TDMA subroutine. Similarly in next step Pseudovelocity field in ¢ direction is
calculated by using coefficients calculated for this direction. It is worth mentioning
here that both radial and ¢ direction velocity components have different coefficients

due to staggered grid arrangement used for present analysis.
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Next the pressure equation is solved to calculate “starred” pressure field using
pseudovelocities as input and coefficients calculated using velocities from the
previous iteration velocities. The pressure equation is solved by using PSOR
procedure. Once new pressure field is known “starred” velocity (', v) field is
determined using “Equations 3.33 and 3.34”. For these calculations coefficients

calculated during pseudovelocities calculations are utilised.

Using “starred” velocities, correct pressure field is calculated by solving pressure
correction equation “Equation 3.43”. Pressure correction equation is also solved by
PSOR procedure and coefficients developed for “starred” pressure calculations. Only

difference is in the source term, which is calculated by using “starred” velocities.

At this point “Equations 3.41 and 3.42” are used to correct the velocity field by using
correct pressure field developed in previous step. Last step of present iteration is to
check for convergence as given by “Equation 4.4”. Then control is transferred to next
iteration for temperature field calculations if temperature field is still not converged.
When required convergence criterion for the temperature field is achieved control
passes to an output subroutine, which writes all output data for velocity, pressure and

temperature fields in out put files. Thus the iteration process ends with this output.
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START

Initialize all variables
u*,v*,p*,T*

Calli brouti Subroutine INANVAR
all input subroutine |31 Read all constants from
input file, Ra, Pr, Art,etc

Subroutine GRIDANVAR
Call subroutine < > Calculate staggered grid layout
GRIDANV AR and nodes coefficients
Call subrouti —| Subroutine VIEWFAC
VinE \?&X’gﬂne ——————3| (alculate view factors for
radiative heat transfer
Calculate coefficient for
energy equation
Calculate temperature Subroutine TDMA
field using TDMA <« CUoroutine
procedure
Y

Figure 4.1 Flow diagram of the analysis software (continued)
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Solve RTE equation
using Subroutines

i

Claculate pseudovelocities
using TDMA procedure

XLUDCMP

XLUBKSB

Subroutine TDMA

Put p*: p’
u*=y, v¥*=vy

l

Solve pressure equation
Using PSOR procdure to
calculate p

Solve discretized
momentum equations
using TDMA procedure to
calculate u*, v*

Solve pressure correction
equation using PSOR

procedure to calculate p'
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Correct velocity field using
velocity correction equations
Thus obtain u, v

Convergence check

Write output data

Figure 4.1 Flow diagram of the analysis software (ANVAR)




S.

RESULTS AND DISCUSSION

Actual accident scenario, considered here, is very complicated both in geometry and

materials properties variations due to high temperatures. Therefore, few simplifying

assumptions were necessary to make the problem handleable numerically. These

assumptions are listed below.

9.

® N R LN

Phase change of Corium is not considered.

Fluid is Newtonian.

Material properties are independent of temperature.

Bousinessq approximation is valid for fluid density.

Flow is two dimensional (2-D).

Flow inside the cavity is laminar.

Internal heating source is distributed uniformly within the body of the fluid.

For radiation heat transfer, all participating surfaces are assumed to be gray and
diffuse.

Heat generated in the RPV wall due to gamma rays is neglected.

For 2-D problems, it is a usual practice to cancel out the pressure term from

momentum equations by cross differentiation, thus employing stream function and

vorticity formulation. Thus analysis is well simplified due to disappearance of the

pressure term. In present analysis methodology ‘SIMPLER’ based algorithm was

developed using primitive variables i.e. velocity and pressure. Thus it became

essential to verify the accuracy of the present method by comparing with results from

the open literature. First of all a low Ra number benchmark solution for discretely

heated cavity was prepared. Then high Ra number results were compared with the

results from published results of other researchers. A short summary of the

benchmark results is given below.
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5.1 Low Rayleigh Number Benchmark Solution

5.1.1 Square Cavity with Discrete Heating

In heat transfer literature the most established benchmark problem is that of a

discretely heated square cavity. In this problem horizontal walls of the cavity are

adiabatic while right and left vertical walls are kept at constant dimensionless

temperature of —0.5 and 0.5, respectively.

The governing equations are unsteady Navier-Stokes equations for laminar free

convection (“Equations 2.13-2.16”). These equations are non-dimensionalised by

using the scaling laws defined in “Table 2.1” for low Ra number and corresponding

non-dimensional governing equations are given below:

Continuity Equation
oU oV
—+—=0
0X oY

X momentum equation

oU 8U .U  oP >
Y g yoU_ P oy
or Vax oy~ ax TPV Y

Y momentum equation

oV oV oV oP 2
— — ) = - A% RaP
az-+U6X+ o7 ay+Pr V + RaPrd

Energy equation

o6 26 06
‘5;+U5);;+V5;:—V0

The corresponding initial and boundary conditions are:

For 1< 0: 6=U=V=0 for whole space

For ©>0: U=V=90 at all walls

0=0.5 at X=20
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6=-0.5 at X=10

a0 _
oY

0 atY=0and Y=1.0

The average Nusselt number is defined as follows:

1
Nu:_fzg

0

dx
X

Where X is taken at O and 1.

(5.6)

Ra number range from 10° to 10° was analysed for the benchmark purpose but result

presented here are for Ra = 10’ in order to be brief. A comparison of the present

numerical results with results from Vahl Davis (1983) is given in “Table 5.1”. The

good agreement shown in “Table 5.1” validate the present numerical procedure.

Isotherms, streamlines and pressure distribution, within the square cavity, are shown

in “Figure 5.1”. V“Figure 5.1(a)” clearly indicates the upward motion of the fluid

along the hot wall and descending flow along cold wall. Unicellular structure of the

flow is evident in “Figure 5.1(b)”, while pressure distribution in the cavity is shown

in “Figure 5.1(c)”.

Table 5.1

Average Nusselt benchmark results for discretely heated square cavity for Pr=7.

Present Results From
Ra Numerical Vahl Davis
Results (1983)
1.0x10° 1.102 1.116
1.0x10* 2.252 2.242
1.0x10° 4.616 4564 -
1.0x10° 9.439 9,270
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(a) isotherms, (b) streamlines, (c) pressure distribution

Figure 5.1 Steady state results for Ra = 10’ and Pr=7.0
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5.1.2 Square Cavity with Internal Heating Sources

May (1991) and Baytas (1996) presented their results for internally heated square
cavity with all walls held at constant temperature. These results were compared with
the present results to check the presently developed software and methodology. The
problem when subjected to related assumptions given in section 5.1, could be

described by the non-dimensional governing equations as given below:
Continuity Equation

oU o _,

A 5.7
oX 0Y G

X momentum equation

oU oU oU oP 2
-——_— 4P 58
67+U6X+V6Y 6X+ VU (5.8)

Y momentum equation

VgV —%} PrV2V +8.0RaPré _ (5.9)

dr aX oY

Energy equation

90 99 y99 _y29.30 (5.10)
ot oX oY

The corresponding initial and boundary conditions are:
For t<0: 0 =U =V =0 for whole space

For 1>0: U=V=0=0 atall walls (5.11)

The average Nusselt number is defined as follows:

1
Nu=1122

dx (5.12)

x|y

Where X is taken at 0 and 1.0,
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“Table 5.2” shows at a glance the best comparison achieved through the
methodology adopted for the analysis of the situation considered here. Ra number
range from 10° to 10° was studied but results presented here are only for Ra = 10° in
order to be brief. “Figure 5.2(a)” shows the stratified and symmetric isotherms for Ra
=10°. Multi-cellular flow structure is evident from streamlines distribution presented

in “Figure 5.2(b)”. Pressure distribution has been presented in “Figure 5.2(c)”, here

pressure increases from top to bottom, as is for free convection.

Table 5.2

Benchmark results for internally heated cavity for Omayx

Present Results Results from Results
Ra Numerical | from May Baytas from Lee et
Results (1991) (1996) al. (1988)
1.0x10% 0.374 0.382 0.378 0.386
5.0x10* 0.269 0.270 0.280 0.293
1.0x10° | 0.2220 0.235 0.255 0.256
1.0x10° 0144 |  ceeme- 0153 | -
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Figure 5.2 Steady state results for Ra = 10> and Pr = 7.0

(a) isotherms, (b) streamlines, (c) pressure distribution
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5.2 High Rayleigh Number Benchmark Solution

5.2.1 Square Cavity with Discrete Heating

High Ra number buoyant flow or the boundary layer flow analysis was carried out
for the square cavity with left wall at higher temperature as compared to right wall,
while keeping horizontal walls adiabatic. This problem is governed by the following
non-dimensional equations.

Continuity equation

ou ov
——+—=0 (5.13)
0X 0Y
X momentum equation
£+U8—U+V8—U:—§£+-—E—V2U (5.14)
Y momentum equation
§Z+U6—V+-V8—V:—Q€+-LV2V+9 (5.15)
ot oX oY oY (RaPr)2/5
Energy equation
The corresponding initial and boundary conditions are:
For 1<0: 0 = U=V =0 for whole space
For 1 >0: U=V=0 atall walls (5.17)

0=05atX=0

6=-05atX=10
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%'—‘0 atY=0and Y=1.0
oY

The average Nusselt number is defined as follows:

56

Nu={—2 dx (5.18)
Iaxl,

Where X is taken at 0 and 1.0.

For benchmarking, present numerical results for average Nusselt number has been
presented with the reference results from Lage and Bejan (1991) in “Table 5.3”. Ra
number range from 10° to 10° has been scrutinised. Both results show a very good
agreement as is clear from “Table 5.3”except for Ra =10° which is possibly due to
oscillations in the temperature field at such a high Ra number. Steady state isotherms
for Ra = 10’ are drawn in “Figure 5.3(a)”. A strong boundary layer flow along the
hot and cold walls can be seen easily. This boundary layer flow pattern is also visible
in “Figure 5.3(b)”. “Figure 5.3(c)” shows the clean horizontal contours of the

pressure distribution.

Table 5.3

Average Nusselt number benchmark results for discretely heated square cavity for
high Ra number

Results From
Ra Present Numerical Lage and Bejan
Results (1991)
1.0x10° 8.973 9.20
1.0x107 17.05 17.90
1.0x10® 32.81 31.80
1.0x10° 68.38 62.70
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Figure 5.3 Steady state results for Ra = 10°, Pr=7.0
(a) isotherms, (b) streamlines, (c) pressure distribution
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5.2.2 Square Cavity with Internal Heating Sources

Internally heated square cavity with all walls being cooled, was analysed for high Ra
number buoyant flow. In this study, a new scaling for high Ra number fluctuating
flow has been proposed. The non-dimensional time dependent conservation
equations of mass and momentum are the same as given in “Equations 5.13-5.15”

while energy equation can be written as given below:

Energy equation

9€—+U—62+VQ€:———-——1
or X O (papp?/S

v20 + (RaPr)”" Y3 (5.19)
The non-dimensional variables used in above equations are defined in the

Nomenclature.

The corresponding initial and boundary conditions are:
For 1< 0: 0=U=V=0 for whole space
For t>0: 06=U=V=0 atall the walls ] (5.20)

The average Nusselt number is as defined in “Equation 5.18”.

Present numerical results have been compared with experimental results from
Nourgaliev et al. (1997) in “Figure 5.4”. A good agreement is clearly evident.
Stratified, strong boundary layer flow is clearly visible in isotherms presented in
“Figure 5.5(a)” for Ra = 10° and Pr = 7. Flow in upper part of the cavity is
fluctuating with cold lobe moving to the right. Streamlines in “Figure 5.5(b)” show
the multicellular structure of the flow. Standard pressure distribution for buoyant
flow can be seen in “Figure 5.5(c)” where pressure increases from top to bottom in

horizontal contours.

™ The results presented here were also published as Liagat and Baytas (2000)
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Figure 5.4 Comparison of present numerical results
with experimental results from Nougaliev et al. (1997)

71



(a)

=10°,Pr=7.0

0.01
(a) 1sotherms, (b) streamlines, (c) pressure distribution

0.06 -
-0.03 ~
-0.12
-0.17

(b)
0.01
0.03
-0.08—-0.08-
-0.12
-0.17
(©

72

—0.06

—

Figure 5.5 Steady state results for Ra



5.3  High Rayleigh number Benchmark Solution for Spherical Segment
Geometry

“Figure 2.2” shows the details of the physical situation analysed in the present study.
A 2-D hemispherical cavity with all walls at constant temperature or isothermal ie
rigid conducting walls and all velocities are zero at the walls (non-slip boundary

condition). Problem was formulated using assumptions described in section 5.1.

The governing dimensionless equations of mass, momentum and energy for the

hemispherical cavity could be given as below:

Momentum equations

DU V2 _ P Pr [Vgu_zu_ 2 8V 2Vcotg

—_——— ]—Raesin¢
R2 R2 o¢ R2

(5.21)

P__\{_I_EJ_\L_‘ 1 0P | Pr V2V 2 oU \

. e e —Rabcos¢ (5.22)
RZ 0¢ RZsin2 ¢]

Energy equation

D6 1 1 0 ({,200 1 o . ,00 1

= 5 R + 5 — | sing — +—02
Dz RapPn?4|RZORU OR) RZ5ing 9\~ 9¢)] (RaPr)®
where:

7 1 98 ( 2 9 J 1 8 ( . aj
V© = R + —| sing—
R2 R oR ) R2gn 4 09 EY,

Initial and boundary conditions for the dimensionless “Equations 5.21-5.23” can be

summarised as following:

" This section is based upon the results presented in Liagat and Baytas (2000d)
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Forr=<=0:U=V=6=0 for the whole domain

For > 0: V=U=0 at R=R1 and ¢=%, (5.24)
aa—l;= at o=n
V=0 at b=
6=0 at R=R1 and ¢=5‘—2—,
%=O at o=nu
o

In order to evaluate the local and average heat transfer rates, the local Nusselt
number referred to the pure conduction situation through the fluid that fills the cavity

at each point of the wall could be listed as:

Nu=- o0 for bottom wall (5.25)
JR

Nu=- 1 [a—a—j for top wall

The average Nusselt number for the enclosing upper and bottom boundaries is thus

obtained by integrating “Equation 5.25”, as given below:

2
Nu=— | Nudg For bottom wall (5.26)
V4

S e b

R
— 1 }
Nu=— INu dR For top wall 5.27
Ry 5 :
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Total of 6 simulations for Ra number 107 to 10'? were performed for the present
analysis. Every simulation was carried out for a Pr number of 7.0 and time step
varying from 107 to 10°, for different Ra numbers. Average and local Nusselt

numbers, flow fields and isotherms were obtained for each simulation.

Isotherms for Ra number values of 107, 10", and 10'? are shown in “Figure 5.6”.
Temperatures are well stratified in lower part of the cavity, while upper part of the
hemi-spherical cavity is dominated by time dependent oscillations in temperature and
flow parameters. Also, higher temperatures are located in upper half of the cavity, as
is natural for buoyant flows. Temperature boundary layer thickness along the
enclosing walls decreases, indicating higher temperature gradient along the walls as
Ra number increases from 107 to 10'2. As heat is removed from the upper wall, a
tongue of fluid descends downward as is clearly visible in “Figure 5.6”. This
phenomenon paves way for the oscillations of flow and heat transfer parameters in
this\investigation. Penetration depth of the fluid descending along the walls increases

as Ra number is increased.

The streamlines for Ra numbers of 107, 10'® and 10'? are drawn in “Figure 5.7”. For
Ra of 107, the flow shows a bi-cellular structure. For Ra numbers of 10*° and 10'%,
the flow shows multicellular structure while two main cells dominate. The position
of flow cells in “Figure 5.7(b) and 5.7(¢c)” changes with time and the cells gradually
become stronger with the increase in Ra number. “Figure 5.8” shows Nu for upper
and bottom walls as a function of dimensionless time for Ra number 10'°, Both walls
show a non-periodic variation in average Nusselt number. Amplitude of these
oscillations increases gradually with Ra number. Local wall Nusselt number
variation along the curved wall is graphed in “Figure 5.9” for Ra = 10’. Local
Nusselt number value at the lower stagnation point remains almost the same for all
Ra numbers. Local Nusselt number increases along with the distance from the
stagnation point for a maximum at somewhat lower point than the top most point of

the cavity.

Variation of Nu for top wall with Ra number is shown in “Figure 5.10” on

logarithmic scale. As expected Nu value increases with Ra number. In “Figure 5.10”

experimental results for top wall average Nusselt number, taken from Asfia and
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Dhir (1996) are also shown, present results agree very well with those experimental

observations.

High Ra number laminar buoyant flow in a hemi-spherical cavity with uniform
internal heat sources has been analysed numerically. This analysis shows that the
numerical predictions of natural convection in internally heated pools, by present
method, are in good agreement with the previously published experimental results.
The system shows non-periodic time dependant oscillations for all Ra numbers

considered for the present study.
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5.4  High Rayleigh Number Benchmark Solution for Semi-Circular
~Geometry

The domain under consideration is a two-dimensional semi-circular cavity with all
isothermal walls, as shown in “Figure 2.1”. The problem is described by the
following non-dimensional equations obtained from “Equations 2.17-2.20” by

utilising the non-dimensional variables from “Table 2.1”.

Continuity Equation
U U 19V _ (5.28)
0R R RO¢
Momentum equations

, : i
oUu _oU VoU V= OP Pr 2 u 2901V S
3 +U Y +—— . + 5 \Y U—T—_Z_ —@sing

(5.29)
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ov oV VoV Ur 10P Pr
—+U

LR V2 VAL A RPN
6t OR Rop R  RO¢ % R2 R20
(RaPr)

(5.30)

Energy equation for fluid domain

J+(RaPr) ’ (531)

—+U —+——= +—
oR? ROR g2 542

00 06 voo_ 1 [(d%9 180 123%0
or OR RO¢ (RaPr)2/5

Where all dimensionless variables has been defined in the nomenclature.

Vz_az+ia+1 0*

“Equations 5.28-5.31” are subjected to the following initial and boundary conditions.
Initial conditions

Fort=<0: U =V =6 =0 for the whole domain

Boundary conditions

Fort>0: U=V=0 for R=R1 and ¢=Z[2—,37”
T 3z
6=0 for ¢p=—,— and atR=R;
22

While all the symbols appearing in above equations has been defined in the

nomenclature.

In order to evaluate the local and average heat transfer rates, the local Nusselt

numbers has been defined as:

126 -
Nuy,, = Eﬁ_qﬁ for R= 0 to R, at upper wall (5.34)
%4
Nuyostom = }—% at R =R, for bottom solid-fluid interface (5.35)
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The average Nusselt number for the top and bottom walls are thus obtained by

integrating “Equation 5.34 and 5.35”, respectively, as given below:

R

. 1
Nettop = — [ Nuy,,, dR (5.36)
Rl 0
- 1 7
VNll bottom = — _[Nubottom d¢ ‘ (537)
Vs

0

“Figure 5.11(a)” shows the isotherms for Ra = 10" and Pr = 7.0. Lower part of the
semi-circular cavity is stratified while upper part shows a fluctuating behaviour. Two
low temperature descending lobes visible in “Figure 5.11(a)” are the basic source of
fluctuations in the flow field. Flow regime is multicellular in nature as is evident
from “Figure 5.11(b)”, while there are very low velocities in the lower half of the

cavity.

Benchmark solution prepared for the semi-circular cavity has been shown in “Figure
5.12”. A very good agreement is observed for top and bottom enclosing wall’s

average Nusselt numbers.
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5.5  Analysis of Square Cavity with Thick Walls", a Conjugate Problem

A VY
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Tw 1 = q/// Tw
, g
< H >|
0 Tw

Figure 5.13 Schematic diagram of the conjugate problem

“Figure 5.13” shows the details of the physical situation to be analysed. Cavity is
_square and all walls are thick having constant outside temperature ie rigid walls with
finite conductivities and all velocities are zero at the walls (non-slip boundary
condition). The governing non-dimensional equations for the fluid region are same as

“Equations 5.13-5.16”, while that of solid region is given below.

The two-dimensional temperature distribution in the walls is governed by the heat

conduction equation, which in the dimensionless form is given below:

_@ﬁ_aw 1

v2g (5.38)
0t af (Rapr)?’

The equation has been non-dimensionalised by using non-dimensional variables as
listed in “Table 2.17.

The corresponding initial and boundary conditions are:
For t<0: 0=U=V=0 for whole space

For t1>0:. U=V=0 at all walls and in solid region (5.39)

™ The results presented here were also published as Liagat and Baytas (2000a)
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For 1> 0: 0=0 atX=0,1.1andY=0,1.1

At the interface the temperature and the heat flux must be continuous. The latter

condition could be expressed as:

(?ﬁ) :&(iﬁ) (5.40)
n) fuid  kr\on)yail

where nis in X or Y direction (normal to the interface).

Local Nusselt number has been defined by the following expression:

Nu =20 (5.41)
onj,,

The average Nusselt number has been defined as followsz
1.05

Nu= | 99 4 (5.42)
0051 by

where n denotes the X or Y direction (normal to the surface) and ds is differential

segment along the surface.

The complete conjugate problem is governed by five dimensionless variable
parameters. These are the Rayleigh number Ra, the Prandtl number Pr, the
dimensionless wall thickness b/D, the conductivity ratio K and thermal diffusivity
ratio A. For the present analysis Pr number was taken fixed as 7.0 while Ra number
was varied from 107 to 10'2. Dimensionless thickness ratio was kept constant as 0.05.
For the present analysis three separate cases were studied depending upon the values
of conductivity ratio and thermal diffusivity ratio. “Table 5.4” summarises these
cases and respective variable values. Case 2 was considered to represent the stainless
steel (SS-304) wall material and water as inside fluid. Properties for these materials

were taken to be constant at 20° C.
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Table 5.4

Summary of different cases analysed for the conjugate Problem

K A Max. Ra No. Comments
considered
Case 1 1.0 1.0 1.0x10° Fluid and solid
are same
Case 2 21.0 24.0 1.0x10" Solid = Stainless
steel
Fluid = Water
Case 3 o0 --- 1.0x10" Non-conjugate
Problem

i)uring present analysis of the conjugate problem different cases and fespective
maximum Ra number considered are summarised in “Table 5.4”. Benchmark
solution of present software results for a 'cavity having a single thick, finite
conducting wall at its right are compared with the results from Kaminski and

Prakash (1986) in “Table 5.5”. Both results show a very good agreement.

For Ra = 107 isotherms and streamlines obtained for the three cases are shown in
“Figure 5.14”. A low temperature dip near the upper left corner is visible in “Figure
5.14(a)”; this dip varies in position and magnitude with time creating oscillations in
the flow and temperature fields. At Ra = 10, most developed flow pattern is
obtained for case 3 as is shown in “Figures 5.14(c)”. Maximum dimensionless
temperature inside the enclosure is obtained for case 1 (“Figure 5.14(a)”), advocating
poor heat transfer from the containing walls. Whereas the lowest value of €.y is
obtained for case 2 (“Figure 5.14(b)”), indicating the efficient heat conduction from
the solid walls. Streamlines in “Figure 5.14” also declare the same flow and heat

transfer behaviour as discussed above.
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“Figure 5.15” shows the isotherms and streamlines at Ra = 5.0x10' for the case 2
and case 3. Temperatures in “Figures 5.15(a) and 5.15(b)” are stratified in lower half
of the enclosure. The flow is mainly located in the upper half of the enclosure in
“Figure 5.15(b)”. Thus maintaining the temperature stratification in the lower half of
the “Figure 5.15(b)”.

In “Figure 5.16”, temperature distribution across the enclosure at Y = 0.55 for Ra =
10® has been illustrated. Much higher temperatures are obtained for case 1, while
lowest temperatures are obtained for case 3. This indicates the difference of the heat
transfer across the solid walls for the two cases. There is a large temperature
difference across the wall for case 1, which reduces the heat flow through the wall.
Temperature variation at interface is smooth for case 1 while it shows a significant
change for case 2 and 3. This is due to the difference of conductivity ratios for these

Cascs.

For case 1, interface temperature distribution along the four walls for Ra = 10® have
been shown in “Figure 5.17”. Maximum temperature is obtained along the top wall
while lowest temperature is obtained along the bottom wall. For side walls the
temperature varies from that of bottom wall at lower end up to that of the top wall at
the upper end. A dip in the top interface temperature indicates the position of the

descending cold lobe of the fluid.

Vertical velocity profiles at Y = 0.55 are shown in “Figure 5.18” for all three cases,
for Ra = 10®. Velocity distributions clearly show the descending boundary layers
along the side walls. Maximum descending velocities along the side walls are
obtained for case 2. Thus indicating the efficiency of the heat extracted by the solid

walls from the descending fluid.

Local top wall Nusselt numbers at Ra = 10® for the 3 cases considered are shown in

“Figure 5.19”. Maximum Nu is obtained for case 2, indicating sharp wall
temperature gradient for this case. Nu values for the simulations performed during
present analysis are summarised in “Table 5.6”. As expected, Ny increases as Ra

number is increased for all cases.

Transient conjugate free convection analysis for a square enclosure having thick
walls has been performed. Results indicate a strong effect of the wall conduction for

thick walled enclosure. It has been shown that a higher value of diffusivity ratio
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Table 5.5

Benchmark solution for conjugate Problem

Gr - K Kaminski et al. (1986) Present
Nu Nu
1x10° 1.0 0.87 0.877
o 1.06 1.066
1x10° 1.0 2.08 2.082
o 4.08 4.122
1x10° 1.0 287 2.843
0o 7.99 8.066

plays a significant role in cooling the fluid contained in the enclosure along with the
conductivity ratio. Realisﬁc values of conductivity ratio and thermal diffusivity ratio
resulted in much lower fluid temperatures even when compared with very high
conductivity ratio (co) (cases 2 and 3, respectively). Flow patterns and isotherms for
conjugate analysis show a great difference from that of conventional non-conjugate

solutions reported in the open literature.

The main conclusion reached in the present study is about the importance of the
conjugate analysis of the thick walled problems as it may give qualitatively different

results from non-conjugate analysis.
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Table 5.6

Summary of final results for conjugate analysis

Ra K
Top Sides Bottom
1.0x10’ 1.0 1237 1043 5.67
21.0 12.53  10.70  4.87
o0 13.53 1029 480
1.0x108 1.0 21.08 1847 9.28
21.0 2231  18.06  6.02
oo 23.14 1756 5.87
1.0x10° 1.0 3592 3572 23.89
21.0 4257 3305  7.43
00 33.61 4030 747
1.0x10"° 21.0 76.61 61.84 12.43
o0 76.73 63.08 12.49
5.0x10" 21.0 10342  95.03 30.32
oo 10876  97.12  33.68
1.0x10" 21.0 123.99  108.55  46.06
oo 123.82 11393  54.66
1.0x10" 00 187.48  183.80  146.62
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5.6 Comparison of Conjugate and Non-conjugate Analysis for Semi-circular

Geometry

In almost all of the studies available in the open literature, walls enclosing the pool
are assumed to be isothermal, thus neglecting the conduction through the walls. In
actual situation pressure vessel wall is exceptionally thick and the effect of the
conduction on the natural convection flow inside the pool should be analysed. Aim
of present study is to investigate the effect of conduction through the thick bottom
wall of the pressure vessel on the natural convection flow in a semicircular cavity. Pr
number has been taken 7.0 for benchmarking in this study since previous
experimental and numerical studies are available in open literature for this Pr

number. The schematic diagram of the problem has been shown in “Figures 2.1 and

b D >l b
q=04 ¥ q=0

&o=3n/2 o =n/2

Vessel wall Corium pool

o=n

5.20” with coordinate layout.

Figure 5.20 Schematic diagram of the thick walled semi-circular cavity
and Co-ordinate system

Temperature distribution within the solid wall and fluid body has been obtained for
Ra number from 3.2x107 to 3.2x10". In the Nf'ollowing section, isotherms,
streamlines, local and average Nusselt numbers for different Ra numbers will be
discussed. Isotherms and streamlines for Ra = 3.2x10° are presented in “Figures 5.21

and 5.22”. Both conjugate, for K= 5, A = 5, and non-conjugate systems show
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balanced temperature and velocity fields while temperatures are stratified in lower
half of the cavity with strong boundary layers along the top and bottom walls. But
fluid temperatures for the conjugate case are higher as compared to the non-
conjugate isotherms (“Figure, 5.22(a)”). These higher temperatures, in case of
conjugate analysis, are translated into higher velocities as could be observed in
“Figures. 5.21(b) and 5.22(b)”. Thus the thick solid wall acts as a barrier against heat
transfer due to low temperature gradients across it. The phenomenon discussed above
is also evident from “Figures 5.23 and 5.24” prepared for Ra = 3.2x10" for a quasi-
steady state. Here the resistance of the bottom wall to heat conduction is much more
prominent. Again the cavity temperatures and the velocities are higher for conjugate
case. Isotherms in “Figure 5.23(a)”, for the non-conjugate case, are stratified in lower
half of the cavity but this temperature stratification has been reduced in “Figure
5.24(a)”, for the conjugate case. Thus temperature distribution inside the cavity is
much more uniform for the conjugate case as compared to the cavity with isothermal
walls. This is achieved through the significant mixing effect of the velocity field as is

clear from the streamlines in “Figure 5.23(b)” and “Figure 5.24(b)”.

(b)
Figure 5.21 Isotherms and streamlines Figure 5.22 Isotherms and for
streamlines for non-conjugate conjugate analysis for
analysis for Ra = 3.2x10® Ra=3.2x10%, A=5K=5
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Local Nusselt number distribution along the bottom wall for Ra =3.2x10' has been
shown in “Figure 5.25” both for conjugate and non-conjugate cavities. Maximum
Local Nusselt number is about 36% lower for the conjugate case while minimum
value is almost same for both cases in “Figure 5.25”. Average Nusselt numbers (time
averaged over quasi-steady state flow for Ra > 107 )for top and bottom walls is
shown graphically in “Figure 5.26”, both for conjugate and non-conjugate cases. Top
wall average Nusselt number for conjugate analysis, shows an increase of about 23%
from that of non-conjugate cavity (“Figure 5.26(a)”). On the other hand bottom wall
average Nusselt number decreases by 11% for the conjugate case and this effect is

more prominent at higher Ra numbers as could be observed in “Figure 5.26(b)”.

Time Averaged Nu numbers for the top and bottom wall for a conjugate analysis
with K = 23, A = 23 has also been drawn in “Figure 5.26”. It is clear from the
“Figure 5.26” that at such higher value of K and A bottom wall behaves much
similar to conventional isothermal wall.

Effect of thick bottom enclosing wall on the heat and fluid flow parameters in a
semicircular cavity has been analysed numerically. Average fluid temperatures in
case of conjugate cavity are observed to be 11% higher as compared to non- _
conjugate cavity with a similar increase in fluid velocities. Average top wall Nusselt
number is 23% higher while average bottom Nusselt number is 11% lower for the
conjugate analysis. Thus due to thick finite conducting wall enclosing the cavity
from the bottom heat flow is redirected towards the top wall. This effect is more

prominent for lower solid to fluid conductivity ratios.
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(b)

Figure 5.23 (a) Isotherms and (b) streamlines for non-conjugate analysis for
Ra=3.2x10"

(b)

Figure.5.24 (a) Isotherms and (b) streamlines for conjugate analysis for
Ra=32x10"", A=5K=5
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5.7 Analysis of Corium Contained in the Lower Plenum "-a Composite Study

Present study is a composite solution including all three heat transfer processes of
conduction, convection and radiation. Dimensionless equations governing the flow
and heat transfer for the present case have been listed in section 2.3, in detail.
“Figures 2.4 and 2.5” show all the details of the cavity with containing walls,
surfaces participating in the radiative heat transfer and Co-ordinate system. Main
focus of present study is to analyse the effect of corium pool surface radiation upon
the conjugate free convection flow within the pool body. The parameters included in
the analysis and their ranges considered here, are as follows: g, and &, were kept
constant as 0.5 and g, was varied from 0.2 to 0.8. Nrc and 6, were 5.0x107 and 0.3,
respectively. AT/Ty is varied from 1.0 to 7.0. Material properties for corium and
RPYV shell were taken from Park and Dhir (1992). Fluid Pr number was 0.43 while
solid to fluid conductivity was 13.90. The effect of various parameters has been

discussed below.

5.7.1 Rayleigh Number

Representative isotherms and streamlines, of the fluctuating flow, for Ra = 3.2x10°,
3.2x10" and 3.2x10"* are shown in “Figure 5.27”. The flow development with
increasing Ra number is clearly visible in “Figure 5.27(a)”, “Figure 5.27(b)” and
“Figure 5.27(c)”, ’respectively, with non-periodic changes in flow field. For Ra =
3.2x10% in “Figure 5.27(a)”, the convective flow is spread all over the pool body
with boundary layer along the solid wall. The pool and side wall temperatures
increase with Ra number. Convective flow becomes much stronger along top surface
of the corium pool as compared to interior of the pool, as Ra number is increased.
This effect gives rise to a well-stratified temperature profile within the pool as could
be observed in “Figure 5.27”. The bottom of the pool in “Figure 5.27(c)” shows a
pure conduction region due to the negligible flow there. This effect is only visible for
Ra=3.2x10" -

™ The results presented here were also published as Liagat and Baytas (2000¢)
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5.7.2 Local Nusselt Number

Local Nusselt number distribution at the solid-fluid interface for various Ra numbers
is given in “Figure 5.28”. There is a drastic increase in local Nusselt number near the
top edge angles while its values remain almost constant near the stagnation point.
Thus ratio of maximum Nu to its minimum value increases with increase in Ra
number. Local Nusselt number variation for Ra = 3.2x10", clearly indicates the

convection dominated region of the pool ie. ¢ =0 to 10 and ¢ = 170 to 180.
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Figure 5.28 variation of local Nusselt number at the solid-fluid interface with ¢ for

Ngc = 5x10%, e = 0.5, AT/Tw = 4.0 and 6, = 0.3 (a) Ra = 3.2x10°,
(b) Ra=3.2x10".(c) Ra=3.2x10"
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5.7.3 Effect of AT/Ty,

The range of AT/T,, from 1.0 to 7.0 was analysed. Isotherms and streamlines for
AT/Ty = 1.0, 4.0 and 7.0 have been presented in “Figure 5.29” for Ra = 3.2x10'.
Radiative heat transfer from the pool surface increases with AT/T,, which results in
increased side wall temperatures. This increased cooling from the top increases the
convective flow along the top surface as could be seen in streamlines given in
“Figure 5.29”. Evidently, maximum pool temperature decreases as AT/T,, increased

in “Figure 5.29”.

5.7.4 Effect of Pool Surface Emissivity

The effect of cooling from the pool surface depends upon its emissivity. This effect
of variation in pool surface emissivity was studied by taking all other parameters as
constant. “Figure 5.30” shows the decrease in the maximum pool temperature with
increase in g, Also solid-fluid interface average Nusselt number deceases with

increase in pool emissivity as shown in “Figure 5.31”. Both 6.y and time averaged

Nutbottom show a sharp decrease if the value of g, is increased from 0.2 to0 0.5.

5.7.5 Average Nusselt Number

Finally, “Figure 5.32” illustrates the variation of the time averaged Nitbottom Versus

Ra number from 10° to 10", As expected, Nusselt number increases as Ra number is

increased.
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(b)

Figure 5.29 Development of isotherms and streamlines with increase in AT/Tyw
for Pr = 0.43, Nrc = 5x10%, &g = 0.5, 6, = 0.3 and Ra = 3.2x10"° (a) AT/Tw = 1.0,
(b) AT/Tw =4.0.(c) AT/Tw = 7.0.
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Figure 5.30 Variation of maximum pool temperature with increase in pool surface
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Figure 5.31 Solid-fluid interface average Nusselt number versus pool surface
emissivity for Nrc = 5x107%, AT/Ty, = 4.0, 6, = 0.3 and Ra = 3.2x10"
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6. CONCLUSIONS

In present doctoral study the thermal hydraulic analysis of the corium contained
inside lower head of the PWR pressure vessel lower head was carried out. In the
course, it became essential to analyse the buoyant flow of heat generating fluid in
square, hemi-spherical and semi-circular Co-ordinates. As a first step, the numerical
methodology adopted here was cross-checked using previously published results
from open literature in Cartesian and polar Co-ordinates both for discrete heating and
with internal sources. Main conclusions reached during this study can be summarised

as given below.

Natural convection flow inside discretely heated square cavity was analysed to
compare the numerical results obtained by using the software developed presently.
This geometry was chosen due to the fact that this problem is standard benchmark
problem for buoyant flow and has been tackled 7by many well-known researchers in
this field. Present results compare very well with the published results, thus verifying

the accuracy of the present methodology.

Flow field results for the internally heated square cavity were also compared with
previously published results. It was obtained that both results for flow field and heat

transfer compared very well.

Lower head of RPV has a hemi-spherical shape. 2-D assumption for the flow field
only allowed half of the hemi-spherical bowl to be analysed due to symmetric
geometry. Thus the flow field was subjected to an additional undue constraint.
Although final results for the average Nusselt number were comparable to
experimental data from open literature but the flow field obtained could not exhibit

the non-symmetric behaviour anticipated for the actual situation.

Only option to look at the non-symmetric behaviour of the fluctuating flow was
offered by the 2-D semi-circular geometry as used by many researchers in the past.

Semi-circular geometry with isothermal walls was used for benchmarking purpose.
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Final results for the average Nusselt number, streamlines and pressure distribution
were in very good agreement with the results obtained from open literature.

Conjugate free convection analysis for a square cavity, having thick enclosing walls
with finite conductivities, was performed. It was shown that higher value of
diffusivity ratio plays a significant role in cooling the fluid contained in the enclosure
along with conductivity ratio. Flow patterns and isotherms for conjugate analysis
showed a great difference from that of conventional non-conjugate solutions reported
in open literature. Main conclusion reached in this study was about the importance of
the conjugate analysis of the thick walled problems as it may give qualitatively

different results from non-conjugate analysis.

Effect of thick bottom enclosing wall on the heat and fluid flow parameters in a
semi-circular cavity was analysed. Average fluid temperature in case of conjugate
cavity are observed to be higher as compared to non-conjugate cavity with a similar
increase in fluid velocities inside the cavity. Average top wall Nu number was higher
while average bottom Nu number was lower for the conjugate analysis. Thus it was
concluded that due to thick finite conducting wall, enclosing from the bottom, heat
flow is redirected towards the top wall. This effect is more prominent for lower solid

to fluid conductivity ratio. } i

A transient analysis of a semi-circular pool, enclosed by a thick conducting wall at
the bottom, containing molten core material was carried out for Ra number range of
3.2x107 to 3.2x10'?. System reached steady state for Ra = 3.2x10”. However
isotherms and streamlines for all higher Ra number showed a non-periodic
behaviour. Solid-fluid interface average Nusselt number was always less than the top

wall average Nusselt number.

Main aim of the present study was to analyse the hemi-spherical pool, containing
molten core material numerically, to obtain the fluid flow and heat transfer
parameters for 2-D cylindrical (r-¢) Co-ordinate system. Due to exceptional thick
pressure vessel wall a conjugate analysis has been envisaged as essential. -
Temperature of the corium inside the pool will reach to such a high value that
radiation heat transfer becomes an important factor. Thus radiation heat transfer from
the pool surface has been included in the present study. This author could not find a

study in open literature that has dealt with convection, radiation and conjugate heat
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transfer, simultaneously, to be encountered in actual situation. The nearest study to
the present simulation, was reported by Park et al. (1992). They investigated the
effect of outside cooling on the thermal behaviour of the pressurised water reactor
vessel’s lower head. Their study included the radiation heat transfer from the pool
surface but they did not solve the flow equations within the pool body. Thus,
interaction of the surface radiation with free convection flow inside the pool remains
to be investigated. A detailed analysis of interaction of surface radiation and wall
conduction with natural convection inside the semi-circular cavity has been
performed. Special emphasis has been upon the parameters, which govern the
radiative heat transfer from the pool surface. The following is a brief summary of the

main findings of this study.

(1) For high Ra number, temperatures in most of the pool are well stratified with

convection dominated region confined to upper most of the pool.

(2) Because of temperature stratification in the lower part of the cavity, the
highest Nu for solid-fluid interface occurs just below the corners of the semi-

cylindrical cavity.

(3) Radiative héat transfer from the pdol surface increases with increase in AT/Ty,
with corresponding decrease in the maximum pool temperature. If AT/Tyw is
larger than 6, radiation heat transfer from the pool surface is more efficient as
compared to convection towards the bottom wall. That is why the side walls
are heated to higher temperature as compared to bottom circular wall. This

effect is also evident from the decrease in Nupotom for higher values of AT/T,.

(4) The increase in pool surface emissivity (gp) is translated into decrease in the
maximum pool temperature and Nupotom.

(5) Stagnation point (at ¢ = 180) and the points close to it will never be in danger
from thermal attack of the melted core material, as these points have the

lowest temperatures in the whole geometry.

(6) If rupture of the RPV wall occurs in any circumstances it will occur from the
points just below the point of contact of the free surface of the pool and the

RPV wall, as this section has the highest temperatures in whole of the wall.
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For higher Ra numbers, the attack on the RPV wall increases simultaneously
within 15 degrees angle from the point of contact of the free surface and the
RPV wall.

The distinguished finding of the present analysis is the appearance of
conduction only region close to stagnation point for Ra number higher than

3.2x10'%

The non-periodic fluctuating, convection dominated regime is confined to

upper 10% of the cavity.

For low Ra number the flow is symmetric along the symmetry line but this

symmetry 1s lost for higher Ra numbers.

Depth of the convection dominated region increases with increase in the
parameter AT/Ty. Thus radiative cooling effect from the pool surface increases
with AT/Ty,.

Ratio of the maximum local Nu number along the solid-fluid interface to its

minimum value increases with increase in Ra number,

Solid-fluid interface local Nusselt number at and close to the stagnation point

remains almost same for any Ra number.

Thus a detail analysis of buoyant flow within a corium contained in RPV lower head

has been completed with a special emphasis upon the parameters which control the

radiative heat transfer from the pool surface. It is hoped that this study will greatly

increase the understanding of the thermal hydraulic phenomenon occurring within

the corium pool.
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