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NUMERICAL SOLUTION OF TWO DIMENSIONAL PHASE CHANGE
PROBLEM INVOLVING NATURAL CONVECTION

ABSTRACT

This study mainly focuses on the numerical solution of two different types of
natural convection problems. The first problem indicates the transient heat transfer
process inside a two-dimensional cavity. The numerical model has been created with
a control volume approach by using C plus plus. In order to determine the accuracy
of the numerical code, comparisons are made with the results of the numerical
analyses and experimental velocity measurements from the literature. After that, the
time-dependent variations of local and average Nusselt numbers have been revealed
for various aspect ratios and different thermal boundary conditions of the cavity. The
interaction of temperature and velocity distributions by different boundary conditions
has been examined. The other problem includes the transient heat transfer process of
freezing of water inside a two-dimensional square cavity. Water is used as a phase-
change medium, and the numerical model has been created with control volume
approach by using C plus plus. To be able to accelerate the numerical calculations,
CUT (Consistent Update Technique) algorithm is implemented in the numerical
code. Spanwise variations of the vertical component of the velocity are represented
in comparison with the experimental measurements from the literature at various
vertical positions to examine the accuracy of the numerical scheme. Four different
solidification scenarios are tested by cooling from the side, bottom and top walls.
The influence of natural convection during the process is considered by comparing
the conduction and convection dominated solidification under the same boundary
conditions. The effect of overall heat transfer coefficient is also examined by various
convective heat transfer coefficients of the wall and thermal conductivities of the
wall material. The streamlines and isotherms are also represented to understand the

differences between the conduction and convection driven phase change processes.
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DOGAL TASINIM iCEREN iKi BOYUTLU FAZ DEGiSiM PROBLEMININ
SAYISAL COZUMU

0z

Bu calismada, iki farkli dogal tasinim probleminin sayisal ¢Ozlimii iizerinde
durulmustur. ilk problem, iki boyutlu bir kavite igindeki zamana bagl 1s1 transferi
stirecini gostermektedir. Sayisal model, C plus plus programlama dili kullanilarak
kontrol hacimleri yaklagimi ile olusturulmustur. Gelistirilen kodun dogrulugunu
saptamak ic¢in sayisal analiz sonuglari ve literatiirdeki deneysel hiz olgiimleri
karsilastirilmistir. Ayrica, cesitli en-boy oranlar1 ve farkli 1s1l sinir kosullar altinda
yerel ve ortalama Nusselt sayilarinin zamana bagli degisimleri gosterilmistir.
Sicaklik ve hiz dagilimlarinin farkli sinir kosullar ile etkilesimleri de incelenmistir.
Diger problem ise, iki boyutlu kare kavite igerisinde dondurulan suyun zamana bagl
1s1 transferi siirecini igermektedir. Faz degisim malzemesi olarak su kullanilmistir ve
sayisal model, kontrol hacimleri yaklagimi ile C plus plus kullanilarak
olusturulmustur. Hesaplamalar1 hizlandirmak i¢in sayisal koda CUT (Consistent
Update Technique) algoritmast uygulanmistir. Hizin diisey bileseninde boylu
boyunca olusan dalgalanmalar, literatiirdeki deneysel oOl¢iimlerle karsilastirilarak
sayisal kodun dogrulugu ispatlanmistir. Yanlardan, alttan ve tistten olmak tlizere dort
farkli katilasma senaryosu ile calisilmistir. Ayni simnir kosullart altinda, iletim ve
tasinimin baskin oldugu durumlar karsilastirilarak dogal tasinimin faz degisim
stirecine etkisi incelenmistir. Duvarlarin 1s1l iletkenligi ve 1s1 transfer katsayilari
degistirilerek genel 1s1 transferi katsayisinin siirece etkisi gdzlemlenmistir. Faz
degisimi boyunca iletim ve taginimin baskin oldugu durumlar arasindaki farkin
anlasilmast i¢in ise, belli zamanlardaki akis ¢izgileri ve izoterm egrileri

gosterilmistir.

Anahtar kelimeler: Zamana bagli dogal taginim, yogunluk doniisiimii, faz degisimi,
CuUT
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Natural (or free) convection is a buoyancy-driven heat transfer mechanism that
occurs in fluids and governed by the temperature difference. It is the most widely
used mode of heat transfer due to its low maintenance, low cost and low possibility
of resonance. It is widely encountered in thermal systems such as heating/cooling of
buildings, drying of foods, thermal control of electronic devices, convection in
combustion chambers, safety of reactors, and energy storage involving a phase
change (solid/liquid). The temperature variations inside the fluid cause the density
differences so that natural fluid motion occurs. Boussinesq approximation can be
validly used to investigate the natural convection of the fluids that have linear density
variations with respect to the temperature, such as air (Bergman, Incropera & Lavine,
2011). On the other hand, the density variations of some liquids (i.e. water, gallium,
and tellurium) are not defined linearly by temperature. After a certain temperature,
the density variations become reversely proportional to increasing temperature. As an
instance, the density of water increases with the temperature range of 0°C to 4°C.
After 4°C, its density decreases with increasing temperature. Hence, 4°C is known as
“density inversion” point in the literature (Seki, 1978; Inaba & Fukuda, 1984; Lin &
Nansteel, 1987).

In Figure 1.1, three different cavities are illustrated to discuss the effect of density
variations of water on natural convection. Here, the temperature of the right-hand
side wall is kept as Ty, and the left one is also held as Tc. Under the steady-state
condition, the flow structure inside the cavity is related to density inversion

parameter (R).

R=_m (1.1)




where, Tr, represents the temperature at a maximum density (for water Tr, = 4°C). For
R <0 (Ty > Tc > Tp), the density of the fluid in the cavity is increased from hot wall
to cold wall. Therefore, a counter-clockwise single circulation cell is obtained inside
the cavity (Figure 1a). For R > 0 (T, > Ty > T¢), density is increased from cold wall
to hot wall, so that, a clockwise single circulation cell is obtained inside the cavity
(Figure 1b). On the other hand, for 0 < R <1 (Ty > T, > Tc¢), density is increased
from cold wall to hot wall, and it reaches the maximum value at T, beyond that
point the density decreases. Thus, the flow structure inside the cavity is divided into
two regions on Tn,. While the clockwise rotated circulation cell occurs on the left-
hand side of the point Ty, the counter-clockwise cell is observed at the other part of

the cavity (Figure 1.1c).

T () 0<R<1

Figure 1.1 Effect of density inversion parameter on natural convection

A dynamic flow and a heat transfer of transient natural convection in cavities have
been extensively studied in an effort to develop models to simulate physical
phenomena realistically. It is important to understand heat and species transport
process in order to minimize unwanted convective flow during melting processing

and other applications.



In literature, the studies that have been conducted on the natural convection of
water can be divided into two parts; (i) steady state and (ii) transient. However,
transient natural convection received little attention before the 1980s, and the
transient behavior of flowmotion was rarely documented. The majority of work on
natural convection in enclosures focused on the steady state behavior, for instance,
two vertical walls are maintained at constant but different temperatures or heat flux.
However, in most applications, the thermal boundary conditions cannot be treated as
steady due to the changing ambient environment. Thus, transient or unsteady
convection occurs. The earliest attempt to study the unsteady natural convection is

through step change temperatures on sidewalls.

Natural convection in cavities has been examined both numerically and
experimentally by various researchers. Earliest work in simulation of the natural
convection of laminar flow in square enclosures is reported by DeVahl & Davis
(1983), and DeVahl, Davis & Jones (1983). They acquired the solutions of the
equations characterizing laminar natural convection in 2D square cavity which has
differentially heated side walls for Ra 10° to 10°. Seki (1978) investigated steady-
state natural convection both numerically and experimentally in rectangular vessels
that have various temperature differences and aspect ratios (H/W = 1 and H/W = 5).
They have stated that unlike common fluids that have linear density-temperature
relationships, for the case of water, the average Nusselt number is a peculiar function
of temperature difference between the side walls. Inaba & Fukuda (1984) analyzed
the flow and temperature distribution of water inside an inclined cavity for different
angles. Lin & Nansteel (1987) developed a numerical model of natural convection
inside the square cavity for different Rayleigh numbers (Ra = 10° to 10°) and density
inversion parameters (R = 0.4, 1/2, 0.55, 2/3, 3/4 and 1). Hossain & Rees (2005)
observed the steady-state natural convection inside a cavity for different aspect ratios
driven by uniform heat generation. Braga & Viskanta (1992) and McDonough &
Faghri (1994) investigated the transient heat transfer of the cavity filled with water
both numerically and experimentally. Helium-neon laser and pH-indicator methods
are used to visualize the flow structures, respectively. The velocity distributions are
presented based on various temperature differences inside the cavity. Wei & Koster



(1994) studied transient natural convection inside cavities with different aspect ratios
and temperature differences. Banaszek, Jaluria, Kowalewski & Rebow (1999)
developed a semi-closed finite element method to investigate phase change problems
including both convection and conduction effects of heat transfer. Transient heat
transfer of water inside a square cavity is observed by using PIV (Particle-Image-
Velocimetry) method to order to validate the accuracy of the numerical model. In
experiments, one side of the cavity is kept at 10°C, and the other side is held at -10°C
(or 0°C) to observe natural convection with (or without) phase change. Moraga &
Vega (2004) generated two and three-dimensional models of the natural convection
problem that has been already studied by Banaszek et al. (1999). They revealed the
difference between those two models. Recently, Kandaswamy, Sivasankaran &
Nithyadevi (2007), and Nithyadevi, Kandaswamy & Lee (2007) investigated
transient natural convection of water in a cavity with partially active vertical walls.
They have developed a numerical code with considering that, except density, the
fluid properties are constant. Time-wise variations of average Nusselt numbers and
velocity/temperature distributions are obtained for various aspect ratios of the cavity.
Lankford & Bejan (1982) carried out some experiments in a vertical enclosure where
a constant heat flux boundary condition was put into practice on the vertical hot wall
while the other wall was cooled down. Yewell, Poulikakos & Bejan (1982) explored
transient natural convection in an enclosure with low-aspect-ratios (H/W = 0.0625
and H/W = 0.112) and high Rayleigh numbers. They chose water as a running fluid
between 15 and 35°C, where the density inversion does not take place. Ho &
Viskanta (1984) noticed the primary solid-liquid interface data during the phase
change process of n-octadecane in a 2D rectangular cavity with vertically conducted
walls. The heating or cooling of the cavity was occurred through the bottom wall.
They accomplished that for solid-liquid phase change heat transfer, short surfaces are
more effective than longer ones. Hale & Viskanta (1984) established the motion
between solid-liquid interface during the freezing and melting processes from top
and down of several different substances (not including water) in a rectangular
cavity. Only a few papers were found in which the freezing of water had been
investigated in the literature. Cheng, Inaba & Gilpin (1988) used water as a running

fluid in order to investigate the effect of natural convection on ice formation around a



cold isothermal horizontal cylinder. The Nusselt number at stagnation point, the local
heat transfer coefficient, and the average Nusselt number behavior at the ice/water
interface were practiced. Flow reversions caused by the existence of the density
extension of water at 4°C affected seriously the heat transfer at the ice/water front
besides the development of this front. Chellaiah & Viskanta (1989) worked on the
transient freezing process of superheated water-porous media in a rectangular
enclosure both experimentally and numerically. They observed the effect of
horizontal temperature difference between two vertical walls of an enclosure that is
initially filled with isothermal and motionless fluid. Sugawara, Inaba & Seki (1988)
also worked with a water-filled porous layer. They achieved a transient experiment
where the top-cold wall was maintained at —20°C while the lower-hot wall was
maintained between 0 and 30°C. It was certainly found on these experiments that the
density inversion of water affects both the convective motion and the solidification
process. Borger and Westwater (1967) had calculated interface velocities and
temperature profiles during the freezing of water and the melting of ice in a
rectangular cavity which made of adiabatic vertical walls and heated or cooled
horizontal walls. At the highest Rayleigh number took place, oscillations in the
interface velocity had been declared. Chu, Churchill & Patterson (1976) performed
some computational analysis about the effect of heater size, heater location, aspect
ratio and boundary condition on 2D rectangular ducts. Turkoglu & Yucel (1995)
explored the effects of the partially heated and cooled side walls on natural
convection heat transfer in Cartesian cavities. They created a numerical model to
conjecture the flow and temperature fields in the cavity. Valencia & Frederick (1989)
had studied numerically the heat transfer in a square enclosure with partly active
vertical walls for Rayleigh numbers 10° and 10 investigating five different locations
of an active source. Zhao, Liu & Tang (2007) performed both theoretical and
numerical analysis about the transient flow of two heated elements under time-
dependent temperature conditions in a square geometry. Deng (2008) improved the
numerical examination on natural convection heat transfer in square enclosure owing
to two and three separated heat source (sink) pairs placed on the vertical side walls.
Cheikh, Beya & Lili (2007) had a numerical work on natural convection heat transfer
in a square cavity with a discrete heat source from below and cooling from above



under several thermal boundary conditions of top and side walls. Zaman, Turja &
Molla (2013) numerically studied the natural convection heat transfer of an airflow
in a Cartesian cavity with two different heat sources from below for Rayleigh
numbers 10% and 10”. Chen & L.Y. Chen (2007) developed a numerical simulation of
natural convection heat transfer in a square cavity with discrete heat sources on the
left and on the bottom walls for Rayleigh numbers 10% and 10’. Sharif & Mohammad
(2005) completed a numerical research on natural convection in geometries with
constant heated flux at the bottom wall and isothermally cooled flux at the side wall.
Wu & Ching (2010) worked an experiment on the natural convection heat transfer in
a square cavity with a horizontal part of two different lengths attached to the heated
vertical wall in two different positions. Muralidhar, Patil & Kashyap (1995) explored
an interferometric study on transient natural convection in an enclosure for three
different Rayleigh numbers. Balaszcuk (2013) had an experimental study about
natural convection heat transfer for different inclination angles and different thermal
conditions of heating surfaces in a converging duct. Shiralkar, Gadgil & Tien (1981)
investigated a natural convection in shallow horizontal cavities which have different
temperatures of adiabatic horizontal walls and isothermal vertical walls for high Ra
numbers (> 10°). They realized that the boundary layers covering both the vertical
and the horizontal walls diverge qualitatively from the flow regime of low Ra
numbers where the horizontal boundary layers were unavailable. They recommended
a new correlation for the Nusselt number in that kind of flow regime. Ravi, Henkes
& Hoogendoom (1994) studied on a 2D natural convective flow in an enclosure with
adiabatic horizontal walls and isothermal vertical walls kept at a certain temperature
difference for Ra numbers varying from 10* to 10%. They observed that, at high Ra
numbers, a recirculating pouch has come in sight near the lower corners of the
vertical walls. The flow is separated and then reattached at the horizontal walls at the
surroundings of this recirculation. They accomplished that the corner flow and the
transition region were not due to the hydraulic jump theory. Fusegi & Hyun (1994)
were reported some studies about naturally convective flows in a cavity with heated
side walls. They emphasized the inconsistencies between the 2D numerical
predictions with idealized boundary conditions and the suitable experimental
measurements. They also discussed about four main affairs (finiteness of thermal



conductance of the solid walls, variable physical properties of the fluid, time-
dependent thermal loading, and the three dimensionalities) that need to be addressed

in the conventional way of simulation to make it more realistic.

This research study was motivated by understanding the development of a flow
structure and a capacity of thermal energy storage of water under different boundary
conditions during solidification. A numerical code is developed in which temperature
dependent thermo-physical properties of water are taken into account. The validity of
the code is proved by reproducing a natural convection problem from the literature.
Calculations were executed in a two-dimensional square cavity to work the transient
flow in a fluid (which is initially isothermal and motionless) due to a bit decrease in
temperature on a specified wall. In analyzes, water has been chosen as the phase-
change medium where the cold wall temperature was fixed below the freezing
temperature of water. Heat gain was defined through the insulated walls under
certain ambient temperature and convective heat transfer coefficient. Water was
maintained at 4°C (density extremum temperature). The growing of ice and the
transient flow in the cavity were monitored by the numerical method to examine the
effect of the cold wall that has different positions, and overall heat transfer
coefficients. It was found that the overall heat transfer coefficient of water strongly
effects the growing of ice and convective flow in the liquid region of the cavity.
Time-wise and space-wise variations of local and average Nusselt numbers are also
investigated for different aspect ratios of the cavity and several thermal boundary

conditions.



CHAPTER TWO
SOLUTION METHODS

2.1 Definition of Solution Methods

2.1.1 Generation of Mesh

In order to analyze fluid flows, flow domains must be divided by smaller
subdomains. The governing equations are then discretized and solved inside each of
the subdomains. Typically, there are three methods to solve the approximate version
of the system of equations: finite volumes, finite elements, or finite differences.
Serious attention must be taken to provide a proper continuity of solution across the
common interfaces between two subdomains so that the approximate solutions inside
various portions can be put together to give a complete picture of fluid flow in the
entire domain. The subdomains are often called elements or cells, and the collection
of all elements or cells is called a mesh or grid. Figure 2.1 represents a two-

dimensional analysis domain and its mesh.

Figure 2.1 Generation of mesh inside a cavity



2.1.2 Finite Volume Method

Finite volume method (FVM) is a discretization technique for partial differential
equations in the form of algebraic equations. Values are calculated at separate parts
on a meshed geometry. Finite volume refers to the small volume surrounding each
node point on a mesh. In this method, volume integrals in a partial differential
equation that contain a divergence term are converted to surface integrals by using
the divergence theorem. These terms are then evaluated as fluxes at the surfaces of
each finite volume. Because the flux entering a specified volume is identical to that
leaving the adjacent volume, these methods are conservative. Another advantage of
the finite volume method is that it is formulated to allow for unstructured meshes

easily (Versteeg & Malalasekara, 1995).

General form of two-dimensional convection-diffusion equation is given below

o, . a, &,

where Jy and J, are the total (convection plus diffusion) fluxes defined by

J, Epu¢—f‘% (2.2)

— o¢ (2.3)
J = -
PVP

where u and v denote the velocity components in the x and y-directions. The
integration of Equation 2.1 over the control volume shown in Figure 2.2 would give

(pP¢P - ,08¢§ ) AXAy
At

+3,-3,+3, -3, =(Sc +Spth ) AXAY (2.4)
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where the source term has been linearized in the usual manner and, for the unsteady

term, p, and ¢, are assumed to prevail over the whole control volume. The old

values (the values at the beginning of the time step) are denoted by p2 and ¢ .

X

Figure 2.2 Control volume for two-dimensional situation (Patankar, 1980)

In conformity with the fully implicit practice, all other values (those without a

superscript) are to be regarded as new values. Je, Jw, Jn, and Js are the integrated total

fluxes over the control volume faces (Je refers _[ J.dy over the interface e, and so

on).

In a similar manner, two-dimensional form of continuity equation which is

integrated over control volume is given as

(pp —Pg )AXAy
At

+F-F,+F —-F =0 (2.9)

where Fe, Fy, Fn, and Fs are the mass flow rates through the faces of the control

volume. If pu at point e is taken to prevail over the whole interface e,

11



F, =(pu), Ay (2.6)

F,=(pu), Ay 2.7)
F, =(pu), A (2.8)
F, =(pu), Ax 2.9)

Then,

(6~ 80) 222+ (0. R )= (3~ Fuh) + (3, Fuh )~ (3, ~Fuh ) -

(Sc +Spép ) AxAy (2.10)
J.-Fd=a. (4 —¢:) (2.11)
Jo—Fute =2, (4 —¢5) (2.12)
where,
a. = D,A(R|)+ § F,,0” (2.13)
ay = D,A(R)+ &,.0" (2.14)

Here De and D, like their counterparts F. and F,, contain the area Ay of the

faces e and w. Similar expressions for J, —F.¢, and J, —F.¢, can be written.

12



The final discretization equation now can be written as
anP: aEfE+ a’\NfW+ aNfN+ anS+ b
a. = D,A(R|)+ § F.,0”

aW = DWA(|PW|)+ §:w’0"

a, = D,A(P[)+ § F,.0"

a; = DA(R[)+ §..0

riDxDy
Dt

0 —
al =

b= S.DxDy+ ajf

a,=a.+a,+a,+a+a- S,.DxDy

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

Here ¢7 and pJ refer to the known values at a time t, while all other values ate

the unknown values at a time t + At . The corresponding conductances are defined by

' Ay
D — e
" (6x)
r',Ay
D — W
(%),
' Ay
D — n
" (%),
I' Ay
D = S
- (%),

13
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(2.24)

(2.25)

(2.26)



Peclet numbers by

p - %ee 2.27)
p - [F)—vvvv (2.28)
P = [F> (2.29)
[ % (2.30)

Power Law scheme is selected in this study. Because it is more efficient and is

preferred by Patankar, 1980. So, the function A(|P|) is defined as

A(P)=%0.0- 0P, (231)

2.1.3 Harmonic Mean Interpolation

When the diffusion coefficients of the control volume centroids (I';, I'g, T,
I'y, I's) are known, the diffusion coefficients of the control volume faces (I',, T',,,

I',, I'y) are to be calculated by using harmonic mean interpolation rather than the

arithmetic mean interpolation.
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2T, I, (2.32)

T, =
I's +Tg
2r, I

, =W (2.33)
r,+I,

r o 2lely (2.34)

" TL+T

r - -2els (2.35)
I's+I

The harmonic mean interpolation has an important advantage, especially for
multi-dimensional problems. With this type of interpolation, nothing special need to
be done when treating conjugate interfaces. Solid and fluid cells are simply treated as
part of the same domain with different diffusion coefficients stored at the cell
centroids. By calculating the face diffusivity as the harmonic-mean of the values at
the centroids sharing the face, the diffusion flux at the conjugate interface is correctly
computed (Patankar, 1980).

2.1.4 Staggered Grid

On a staggered grid, the scalar variables (pressure, density, total enthalpy, etc.) are
stored in the cell centers of the control volumes, whereas the velocity or momentum
variables are located at the cell faces. A staggered storage is mainly used
on structured grids for compressible or incompressible flow simulations. Figure 2.3

shows a standard grid used to solve staggered applications.
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Figure 2.3 Schematic illustration of a staggered grid

The east, west, north and south notations are used to symbolize the vector fields.

The u component of velocity is stored in the e and w directions, and the v component

in the n and s directions. These are basically vector control volumes different from

the scalar pressure control volumes and different from each other. The pressure

nodes coincide with the cell faces of the u-control volume. The pressure gradient is

given by

16



oP P,-P, (2.36)

x OX,
P _B-K (2.37)
oy 9y,

where o0, is the width of the u-control volume, and JY, is the width of the v-control

volume.

Using a staggered grid is a simple way to avoid odd-even decoupling between the
pressure and velocity. Odd-even decoupling is a discretization error that can occur on
collocated grids and which leads to checkerboard patterns in the solutions.

2.1.5 Governing Equations

For incompressible and Newtonian fluids, the time-dependent conservation

equations for laminar flow are as follows

Mass:
)2 (p0) 2 (i) =0 239)
X-momentum:
S0 Zpm)s S (on) 2o L )| S S )| 2o
y-momentum:
§<pu>+§<puv>+g<pw>:—%g[gw)}g{g(w)}g<p—pmf) (2:40)
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Energy:

%(CT)+§(CUT)+%(CVT)=£{£(kT)}L%{%(kT)}—Q(S) (2.41)

OX| OX ot

Equation 2.41 is defined according to the temperature transforming method of
Cao & Faghri (1990). This method assumes that phase change occurs between the
solidus, Tsoiigus (=Tm — 6Tm), and the liquidus, Tiiquidus (FTm + 07m) temperatures. C (=

pc) and S terms are temperature dependent properties and can be formulated as

(pc)S T<T,-0oT,
h
C(T)= LT ST <T<T +6T 2.42
(T) (PC)m+25Tm n =0T, n Ot (2.42)
(pc)I T>T -6T,
(pc), (6T, ~T,) T<T, -6T,
h, h
S(T)= ST T )4———L T T —6T, <T<T, +0T, (2.43)
( ) (pc)m( m m)+ 2 25Tm m m m m+ m
(pc)sﬁTm—(pC)le+th T>T —6T,
~(pe), +(pc), (2.44)
(pe), ="

Except for the specific heat of water (c), thermal conductivity (k) and viscosity (u)
are defined depending on the temperature. Thermo-physical properties of water in

solid and liquid phases are given in Table 2.1.
2.1.6 SIS Algorithm

Strongly implicit solver, (Lee, 1989), is used for solving the discretization forms
of energy equations. The advantage of using this solver is that the CPU time is
reduced a great amount for a single iteration and this solver requires less storage than
the other solvers (Ezan, 2006).
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Table 2.1 Thermo-physical properties of water and ice (Moraga & Vega, 2004)

Property Function or Value

¢ (J/kgK) 4204

Cs (J/kgK) 2040

ki (W/mK) —0.63262 +7.1959x10°T —1.144x10°T? + 4.2365x10°T*
ks (W/mK) 2.2

o1 (kg/m?) 456.49 + 3.925T —0.007085T 2

ps (kg/m®) 918

u (Ns/m?) 0.038208/ (T -252.33)

19



CHAPTER THREE
NATURAL CONVECTION NEAR DENSITY INVERSION

In this research, two types of transient natural convection problems are
investigated numerically inside a two-dimensional cavity. One includes a heat
transfer of water without phase change (Chapter 3), the other one includes the heat

transfer of freezing water (Chapter 4).

3.1 Definition of Problem

The first problem deals with the numerical investigation of transient natural
convection of water in a two-dimensional cavity. Water initially remains stagnant (u
=v =0), and it has uniform temperature distribution (T(x, y, 0) = T¢). It is assumed

that top and bottom sides of the cavity are insulated (dT/dy =0), and lateral sides
are kept at constant temperature fully or partially (¢ = H/2). Figure 3.1 illustrates the

case that the lateral surfaces are partially held at T¢ and Ty. For all cases, the cold
wall assumed to be at T¢c = 0°C. All parameters that have been used in this problem

are given in Table 3.1.

Figure 3.1 Mathematical model
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Table 3.1 Numerical Parameters

Case No AT H/W &
1 0.5
2 4 1.0 H
3 2.0
4 0.5
5 8 1.0 H
6 2.0
7 0.5
8 16 1.0 H
9 2.0
i
10 8 0.5 AT L
[ K9
)
T ¢
kN
11 8 0.5 %FJH
f
K
12 8 1 - f
Tc‘ ;'
13 8 1 i
¢
3.2 Validation

The numerical code is generated with control volume approach by using C++
programming language. Power Law scheme (Patankar, 1980) is applied to discretize
the convection terms of the governing equations, and SIMPLE algorithm (Patankar,
1980) is implemented to solve the pressure-velocity coupling. Algebraic systems of
discretized equations are numerically resolved by using Strongly Implicit Solver of
Lee (Lee, 1990). Control volumes are stretched from the walls at a rate of 5% to
capture the viscous and thermal boundary layers near the walls of the cavity. Time
step size is set as At = 0.1 s to be able to catch the time-dependent solutions, and the

convergence criteria is defined for each time step as

¢k _ ¢k—1

k

<10 (3.11)

A transient natural convection problem that has been studied earlier by
experimentally (Banaszek et al., 1999) and numerically (Moraga & Vega, 2004) is
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reproduced to prove the accuracy of the current numerical code. In this problem,
water is initially stagnant and at 10°C in a square cavity (H = W = 0.038 m). One
side of the vertical wall is suddenly dropped to 0°C, and the buoyancy-driven
convection occurs. Time-dependent flow distribution inside the cavity was obtained
experimentally (Banaszek et al., 1999) and numerically (Moraga & Vega, 2004).
Figure 3.2 (a, b and c) presents the variations of y-component of velocity (v) along
the width of the cavity on several vertical positions in comparison with the reference
paper (Banaszek et al., 1999). In Figure 3.2(d, e, and f), on the other hand, the
variations of x-component of velocity (u) through the height of cavity on several
horizontal positions are compared with the reference paper (Moraga & Vega, 2004).
Consequently, it seems that the velocity distributions that are obtained in the current
study are compatible with the experimental data that are measured by Banaszek et al.
(1999). On the other hand, Figure 3.2(d, e, and f) reveals that the current predictions
have reasonable consistency with the results of the two-dimensional results of
Moraga & Vega (2004). However, owing to the influence of three-dimensional flow
field and side wall effects, the predicted velocity profiles at x/H = 0.50 and x/H =
0.75 differ from the results of reference paper for 3D case. The influence of the
number of control volumes on the results is also examined. Comparing the
predictions for 80x80, 100x100, and 120x120 of control volumes, it seems that
100x100 is an optimum choice. As a result, comparative results suggest that the

current code accurately captures the transient natural convection of water in a cavity.
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Figure 3.2 Variation of the y and x-components of velocity on position for different planes, t = 2400 s

Figures 3.3 and 3.4 show the isotherms and velocity vectors that are obtained at t
=50 s, 500 s and 1900 s in comparison with the numerical results that are given by
Moraga & Vega (2004). Temperature distributions evaluated by this numerical code
are similar to the outcome of the reference paper for 2D case. Also, comparison of
current velocity vectors and the ones on the reference work show that the size of the

secondary circulation cell on the cold wall coincides for t = 500 s and 1900 s.
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Figure 3.3 Transient temperature distributions inside the cavity (a) t=50s, (b) t=500s, (c) t=1900 s

24



=
ra
=
o
-

y
¥
¥
'
i
[}
[l
(]

Current

:
y
v
4
4
d
4
‘
i
A
.
4
:
d
1
%

ST LR b ——

@

UL
IR
ey
LIHLTRY
FHHHG
HHIN S
PEHEHIRE
L L
EHEHH
thita v
TN
ity L
LILEILLL Y
[T{ATLUTOR
PHIW &
MRANA %
LTI

ARAANRAN, %
%m

T
T

L ]

FF L

Ed

rrFr

[ R N I A e ']

W r P F F F r m r ar  r ar ar ar a w RN
L R A B R N e Y

WY # F 2 o # e s e e s e o m e w e -
Lo . P

NN E P P s F

e #

il

#

L

N
L A N N 4
— . e R, N

LI |
LI R S T e Y

t
A1

t ot
LI |
L A
e m w e a a a m w m

-

r/

it ¢
e s p )

L

ARA LU

+ HHHH
IRILIT ]
LRI
4l
LR THIE )
1 Wik HH
1 VMG
LRI
1 I
LRI
1 H
1 bR
4 HHHHY
§
+ il

= f i
- -]

Moraga & Vega (2004)

L
TNy e

F 7 2 maan oy

£ anann iy aaeert
”

oy u woed
o S SN e
ARRRRRRRERT
IRERRRREL .

% wow

.- -

T ol R B R
—— -
-y, A A e
Ay W
LN o B B S

n

Current

(b)

Moraga & Vega (2004)

At 1 uweaw’fﬂup:\aiﬁf_.;
Pl SRR RN
Hitinet 4 1 \\Jrffi!flf;r‘.!\\;
HUHIE 4 4 \iifirf:.r.rffli
o LR R R SR
Hikiea 444ty 7SR UUVRL v
IR AN
R R R RN R NN
SN Y AR
RO BTN
MAMHME ¢ 4 4 44} kY Vi
1:221:._“““"2"”“%
A AAARTERERE R
YN YA R AR
YRR R R R AR L e
M \vaeas” ..“
e e S -

Current Velocity Vectors

©

t velocity distributions inside the cavity (a) t =50s, (b) t =500, (c) t =1900 s
25

1en

Moraga & Vega (2004)
4 Transi

3

igure

F



3.3 Results and Discussion

In this section, time-wise Nusselt number variations based on the geometrical and
thermal parameters are given at first. After that time-dependent velocity and
temperature, distributions are discussed, and local Nusselt variations along the hot

wall are obtained.

3.3.1 Average Nusselt Number

Variation of heat transfer rate can be identified regarding the dimensionless
Nusselt number. Local Nusselt number over the cold (X = 0) or hot (X = 1) wall is

defined by using dimensionless parameters as,

Nu =22 (3.2)
aX X=0,1

where, 6 (=(T-T.)/(T,-T.)) is the dimensionless temperature and X (=x/H)

represents the dimensionless position. To obtain the area-weighted average Nusselt

number on a surface, following definition is used,

— 1 cA|00
Nu=—| |— dy 3.3
AJ.0 oX (33)

X=0,1

where, Y (= y/H) corresponds to the dimensionless vertical position.

Figure 3.5(a) shows the time-wise variation of the average Nusselt number on the
cold wall. For R = 1.0 (Case 1, 2, and 3), Nusselt number exponentially increases
independently from the aspect ratio. It seems that Nusselt numbers do not
significantly change after t = 1500 s, which means that the problems approach the
steady-state. On the other hand, for R = 0.5 (Case 4, 5, and 6), step-like changes are
observed in the time-wise variations of Nusselt numbers. After a certain flow-time, a
secondary circulation cell forms on the hot wall, and that may cause those alterations.
For all three cases, it takes 4500 s to let the liquid reaches a steady-state condition.
For R = 0.25 (Case 7, 8, and 9) sudden increments are obtained on the time-wise
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variation of Nusselt number after t = 300 s. Since the temperature difference is
higher, secondary circulation cells forms on the hot wall in the early stages and
grows up through the cold wall rapidly. It seems that it takes 2500 s to reach a
steady-state condition. For partially active heating/cooling walls, (Case 10 to 13), it
is clear that the aspect ratio slightly affects the Nusselt number. For Case 11 and 13,
in which the heating part is placed on the upper half of the wall, a significant
difference between the Nusselt numbers is observed at the initial periods. Nusselt
numbers approach to each other with increasing time and become identical when the
flow is reached a steady-state condition. For Case 10 and 12, the heating part is
placed in the lower half of the wall. It seems that there is no significant difference
between the surface Nusselt numbers. Figure 3.5(b) shows the variation of the
average Nusselt number as a function of density inversion parameter (R) and aspect
ratio (H/W) at the steady-state condition. For R = 0.25, the temperature difference
between side walls are maximum (T, = 16°C), so the Nusselt numbers have also
higher values. For R = 0.5, although the hot wall temperature is Ty = 8°C, the Nusselt
number is lower than the one that is obtained at R = 1.0 (T, = 4°C). Basically, for R =
0.5, two separate circulation cells occur inside the cavity, and the increasing friction
loss inversely affects the convective heat transfer.

14
Nusselt
12

10

12

1

(a)
Figure 3.5 Nusselt number variations (a) Time-wise variation, (b) steady-state

Figure 3.5 continues
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3.3.2 Velocity and Temperature Fields

In Figure 3.6, isotherms and streamlines are given for the aspect ratio of (H/W) =
1.0 and R = 0.5. At t = 300 s, a secondary circulation cell appears near the bottom
side of the hot wall. There are two circulation zones in the cavity that are separated
by the density inversion temperature of water (T, = 4°C). For T > Ty, density
decreases with increasing the temperature, so that, there is a counter-clockwise
circulation zone near the hot wall. On the other hand, a clockwise circulation cell is
dominant for the region that is below the T. At t = 900 s, the secondary circulation
cell grows in the vertical direction and covers the hot wall. t = 7200 s, on the other
hand, represents the steady-state condition. According to the previous findings in the
literature (Lin & Nansteel, 1987; Wei & Koster, 1994), for the case of R = 0.5, under
the steady-state condition and with constant thermo-physical properties, the density
inversion temperature (Ty,) divides the cavity by two equal parts. Current predictions,
on the other hand, reveals that the circulation cell on the right-hand side of the cavity
is bigger than the cold one, and the symmetry of the isotherms (or streamlines)
deteriorate. Unlike from the common approach in literature (Lin & Nansteel, 1987,
Wei & Koster, 1994), this study takes into account temperature dependent viscosity

and thermal conductivity of water. It is a well-known fact that the viscosity of water
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decreases with increasing the temperature. So, that, the circulation cell on the right-
hand side of the cavity may grow more easily owing to the lower viscosity values.
For R = 0.5, the effect of friction reduces the buoyancy forces on the density
inversion plane, thus the rate of heat transfer also decreases. Even though the
temperature difference of R = 0.5 (AT = 8°C) is bigger than R = 1.0 (AT = 4°C),

friction losses decrease the heat transfer rate or the surface Nusselt number.

(b)

Figure 3.6 Isotherms (left) and streamlines (right) for Case 5 (H/W) =1.0,R=0.5(a) t=300s, (b) t =
900s, (c)t=7200s
Figure 3.6 continues
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Figure 3.7 shows the isotherms and streamlines at t = 300 s, 900 s and 7200 s for
(H/W) = 2.0 and R = 0.5. Since the cavity height is taller than the one in Case 5, the
buoyancy forces become more efficient in this geometry. At t = 300 s, the secondary
circulation cell almost covers the hot wall and influential over the half of the cavity
width. In the advancing time, counter-clockwise circulation cell grows through the
cold wall and suppresses the clock-wise cell at the steady-state condition. Results
reveal in the tall cavities that, unlike the square case, there is no symmetry between

circulation cells for R =0.5.

0.25 0.5 0 0.25 0.5
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(b)

(©)

Figure 3.7 Isotherms (left) and streamlines (right) for Case 6 (H/W) =2.0,R=0.5(a)t=300s, (b) t=
900s, (c)t=7200s

Figure 3.8 indicates the natural convection characteristics in a cavity with an
aspect ratio of (H/W) = 0.5 and R = 0.5. In the current geometry, the generation of
secondary circulation cell near the hot wall resembles the one in the square cavity
(Case 5). At t = 300 s, counter-clockwise circulation cell appears at the bottom side
of the hot wall and grows along the vertical direction on the later on. At the steady-
state condition, there are two asymmetric circulation cells and the counter-clockwise
circulation cell shifts the other one to the cold wall and dominates almost 60% of the

cavity width.
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Figure 3.8 Isotherms (top) and streamlines (bottom) for Case 4, (H/W) = 0.5, R=0.5 (a) t =300 s, (b)
t=900s, (c)t=7200s

Figure 3.8 continues
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In the remaining part of the problem, short (H/W = 0.5) and square (H/W = 1.0)
cavities are reconsidered with partially active walls. As given in Table 3.1, partially
active hot and cold walls are simulated for each geometry. Figure 3.9 represents the
generation of natural convection for Case 10. While the upper half of the right wall is
hot, the lower half of the left wall is cold. In comparison with the full active wall
cases, the formation of secondary circulation zone is delayed. A small counter-
clockwise cell is observed at t = 900 s on the top-right corner of the cavity. The cell
grows diagonally and at the steady-state condition, it can only be effective near a
small place close to the active hot wall. Figure 3.9 gives the variation of the local

Nusselt number at different flow times. The arrow that seems in this figure represents
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the increasing time. At the beginning of the process, the temperature gradients on the
hot wall are higher, so that Nusselt number has maximum values at initial times. In
ascending time, temperature gradients decrease at the top of the cavity so that local
Nusselt number is also reduced. Since the temperature gradients are higher at the
leading edge of the hot wall after t = 900 s, the sudden increment on the Nusselt

number along the vertical direction becomes more remarkable in Figure 3.10.

Figure 3.9 Isotherms (left) and streamlines (right) for Case 10, (H/W) =0.5,R=0.5(a) t=300s, (b) t
=900s, (c)t=7200s

Figure 3.9 continues
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Figure 3.10 Time-wise variation of local Nusselt number on hot wall for Case 10, (H/W) = 0.5, R =
0.5

Figure 3.11 reveals the formation of natural convection for Case 11. The lower
half of the right wall is hot, and the upper half of the left wall is cold. The growing
rate of secondary circulation cell is higher than the one in Case 10. At steady-state
condition, counter-clockwise circulation cell dominates the whole domain, but the
clockwise circulation cell becomes active only near the cold wall at the top-left
corner of the cavity. As seen in Figure 3.12, because of the higher heat transfer rates
on the hot wall, Nusselt number has greater values, especially at the initial periods
with respect to Case 10. The thermal plume that is obtained at the initial periods (t =
300 s and 900 s) induces the higher gradients on top of the hot wall so that the

Nusselt number values become enormous.
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(b)

Figure 3.11 Isotherms (left) and streamlines (right) for Case 11, (H/W) =0.5,R=0.5 (a) t =300 s, (b)
t=900s, (c)t=7200s

37



Figure 3.11 continues
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Figure 3.12 Time-wise variation of local Nusselt number on hot wall for Case 11, (H/W) =0.5,R = 0.5

Figure 3.13 indicates the time-wise variation of natural convection for the
partially heated/cooled square cavity for Case 12. The upper half of the right wall is
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hot, and the lower half of the left wall is cold. Single clockwise circulation is
dominant for this problem. The center of circulation cell moves from the hot wall
through the middle of the cavity and extends. A weak counter-clockwise cell is
observed at the steady-state condition. The variation of the local Nusselt number at
selected flow times are given in Figure 3.14. The space-wise variations have the
similar tendencies, but the magnitudes decrease in time. After t = 600 s, variations of
Nusselt number are altered owing to the formation of the secondary circulation near
the hot wall. Relatively higher values are also observed close to the lower half of the

hot wall.

@

Figure 3.13 Isotherms (left) and streamlines (right) for Case 12, (H/W) =1.0,R=0.5a)t=300s, b) t
=900s,¢c)t=7200s
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Figure 3.13 continues
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Figure 3.14 Time-wise variation of local Nusselt number on hot wall for Case 12, (H/W) = 1.0, R =
0.5

In Figure 3.15 and 3.16, isotherms, streamlines, and local Nusselt number
variations are represented for Case 13. While the lower half of the right wall is hot,
the upper half of the left wall is cold. Similar to the Case 11, a thermal plume is
observed near the partially active hot wall at the initial periods. A secondary anti-
clockwise circulation cell can be seen at t = 300 s. In time, the secondary circulation
grows and dominates into the cavity. The steady state streamlines and isotherms look
similar to the ones that are obtained in Case 12. It should be kept in mind that the
circulation is the clockwise rotation for Case 12, on the other hand, the circulation is
the counter-clockwise rotation for Case 13. Local Nusselt number variations also
look alike with the Case 12. It is obvious that Case 12 reaches the steady-state

condition faster than Case 13.

41



Figure 3.15 Isotherms (left) and streamlines (right) for Case 13, (H/W) =1.0,R=0.5 (a) t = 300 s, (b)
t=900s, (c)t=7200s
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Figure 3.15 continues
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Figure 3.16 Time-wise variation of local Nusselt number on hot wall for Case 13, (H/W) = 1.0, R =
0.5
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CHAPTER FOUR
NATURAL CONVECTION DRIVEN PHASE CHANGE NEAR DENSITY
INVERSION

4.1 Definition of Problem

This problem involves the numerical investigation of transient natural convection
of freezing water in a two-dimensional square cavity (H = W = 0.038 m). Water
initially remains stagnant (u = v = 0), and it has uniform temperature distribution (Ti,
(X, y, t =0) = T,). It is assumed that the walls are made of Plexiglas with 5 mm
thickness. There is a heat gain from the surrounding fluid flow through the system
from the selected three walls. The external fluid is at T, with a convective heat
transfer coefficient of h. The remaining wall, which is made of Plexiglas (k = 0.2
W/mK) with the same thickness as others, is maintained at a predefined temperature
that is below the freezing temperature of water. As seen in Figure 4.1, three different
cold wall positions are considered to examine the effect of the direction of the
solidification on the heat transfer. In order to visualize the effect of convection and
conduction during solidification of water, heat transfer coefficient (hyai), and the
thermal conductivity of the wall (kwai) are varied, respectively. Overall heat transfer
coefficient of the cold wall (Uyay) is also defined to combine the effects of
convection and conduction terms in one parameter. Figure 4.1 illustrates the
boundary conditions and the cooling scenarios that are considered in this problem.

Whole parameters that have been used in this problem are also given in Table 4.1.
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Figure 4.1 Schematic illustrations of the situations

Table 4.1 Numerical parameters

Tin 10°C
To 10°C
h 20 W/m*K
k 0.2 W/mK
T, -10°C
Nwall 10 ~ 1000 W/m*K
Kuvall 0.5 ~ 100 W/mK
H/W 1
4.2 VValidation

The numerical code is generated with control volume approach in C++
programming language. Power Law scheme (Patankar, 1980) is applied to discretize
the convection terms of the governing equations, and CUT (Consistent Update
Technique) algorithm (Jin, Tao, He, & Li, 2008) is implemented to solve the
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pressure-velocity coupling. This algorithm converges faster than SIMPLE family of
algorithms, and it reduces CPU time by at least 15-63% with much better robustness
when solving melting/freezing problems (Wang, Faghri, & Bergman, 2010).
Algebraic systems of discretized equations are numerically resolved by using
Strongly Implicit Solver of Lee (1989). Control volumes are stretched from the walls
at a rate of 5% to capture the viscous and thermal boundary layers near the walls of
the cavity. Time step-size is set as At = 0.1 s to be able to catch the time-dependent
solutions, and the convergence criteria is defined for each time step as in the
Equation (3.1).

A transient natural convection of freezing of water, which has already been
studied experimentally by Banaszek et al. (1999), is reproduced to prove the
accuracy of our numerical code. In this problem, water is initially stagnant and is at
10°C in a square cavity (H = W = 0.038 m). The sudden change of temperature of the
lateral cold wall from 10°C to —10°C causes an ice formation on this cold wall and
shifts two competing vortices toward the hot lateral wall. Experimental results of the
conjugate heat transfer problem (combination of the heat transfer in both in
insulation and water) inside the cavity gives the flow structure that is similar to our
numerical results. Figures 4.2 and 4.3 represent the variations of y-component of
velocity (v) along the width of the cavity on several vertical positions at t = 500 s and
t = 3000 s, respectively, in comparison with the reference paper (Banaszek et al.,
1999).

In figures, the solid circles, filled with red color, are the experimental data of
the reference work. The dashed lines with rectangular (Case 1) and triangular (Case
2) symbols represent the numerical results of the reference paper without and with
heat gain from the remaining walls, respectively. It is clear that the predictions for
Case 2, in which heat gain from the top, bottom and sidewall is considered, has better
consistency with the experimental data. The dashed (blue) and straight (red) lines,
on the other hand, are the current predictions for the cases without and with heat
gain, respectively. It seems that the velocity distributions that are obtained in our

study, especially for the case in which heat gain is taken into account, are compatible
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with the experimental data of Banaszek et al. (1999). As a result, comparative results

suggest that current code accurately captures the transient natural convection of

freezing of water in a square cavity.
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Figure 4.2 continues
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Figure 4.3 continues
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4.3 Results and Discussion

4.3.1 Side Cooling

Time-wise variations of side wall temperature as a function of overall heat
transfer coefficient (U) are given in Figures 4.4 and 4.5. Convective heat transfer
coefficient on the side wall is changed from 10 to 5000 W/m?K, and thermal
conductivity of the side wall material is defined in the range of 0.5 and 100 W/mK.
Overall heat transfer coefficient is given in figures to compare the combined effects
of convective and conductive resistances. Increasing the overall heat transfer
coefficient of the cold wall enhances the cooling rate of water. For U > 83.3 W/m?K,
the side wall temperature drops below 0°C within 360 s. Besides, for U < 20 W/m?K,
the cooling rate considerably reduces. The effect of density inversion of water (4°C)
becomes clear at lower cooling rates. When the side wall temperature goes down
below 4°C, the wall temperature suddenly decreases and then tends to increase. The
formation of clockwise circulation cell near the cold wall may cause this abnormal
variation. It is also clear that the difference between conduction and convection
dominated phase change processes becomes significant at lower U values, which
corresponds lower cooling rates. Figure 4b and 5b reveal that the difference between
conduction and convection becomes remarkable when the side wall temperature is

higher than the phase change temperature of water (0°C).
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It is interesting to note that the lowest wall temperatures are observed for the
conduction dominated heat transfer condition. To explain this phenomenon,
temperature contours are compared in Figure 4.6 at U = 833.33 W/m?K. As seen in
Figure 4.6(a), isotherms are almost vertical for conduction dominated case. Lines
distort near the walls owing to the heat gain from the warmer surroundings. On the
contrary, isotherms are being disordered for convection dominated case, as given in
Figure 4.6(b). Domain is separated into two parts around the density inversion line of
water (4°C), the clockwise and counter-clockwise circulation cells are generated on
the right and left-hand side of the density inversion line, respectively. Anti-clockwise
circulation cell brings hot water through the cold side. That is, the temperature
gradients become larger on the upper-left of the domain. The higher temperature
gradients mean that the convective heat transfer on the ice is more effective near the
top wall. The high heat transfer rate on the upper-left restrain the ice growth, and the
shape of the ice is distorted. Ice grows through the diagonal direction. From bottom
to top the thickness of the ice reduces almost by half. It should be noted that the
average temperature of water reduces quite faster for the convection dominated phase
change. Circulation cells let the cold water penetrates into the domain more easily.
Since the hot current blocks the ice growth on the cold wall for the convection
dominated phase change, the average temperature of the cold wall decreases quite

faster in the conduction dominated case.
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Figure 4.6 Temperature contours for a) Conduction and b) Convection dominated phase change, Side
Cooling, U = 833.33 W/m*K

In Figures 4.7 and 4.8, the thermal energy storage capability of the conduction and
convection dominated cases are compared using dimensionless effectiveness. This is
defined as a ratio of the change in enthalpy to the maximum possible enthalpy
change,

e(t)= (4.2)
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It can be seen that the influence of convection becomes significant for the initial
period of this process (0 <t < 0.5 h). Owing to the formation of natural convection
during phase change process, the ability of energy storage, effectiveness, is slightly
higher for convection dominated case, especially t < 0.5 h. The effectiveness is
nearly 10% greater than the one in conduction dominated case for U = 833.3 W/m?K.
Results also reveal that the effect of overall heat transfer coefficient on the
effectiveness is more remarkable for relatively lower U values. The impact of overall
heat transfer coefficient diminishes with increasing the U values. For instance,
increasing U from 9.90 to 90.91 W/m?K, the effectiveness increases nearly 5.5 times.
On the other hand, the difference between U = 333.33 and 833.33 is nearly 10%

regarding the effectiveness.
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Figure 4.7 a) Effect of convective heat transfer coefficient on effectiveness, Side Cooling Without

(blue) and with (black) natural convection b) closer look

55



Figure 4.7 continues
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Figure 4.8 a) Effect of thermal conductivity on effectiveness, Side Cooling Without (blue) and with
(black) natural convection b) closer look
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Figure 4.8 continues
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4.3.2 Bottom Cooling

Time-wise variations of bottom wall temperature are given in Figures 4.9 and
4.10, depending on the convective heat transfer coefficient of the outer surface and
the thermal conductivity of the wall material, respectively. Analyses have been
conducted for the same parameters as in the side cooling case, so the trends are look
alike. The variation of bottom wall temperature differs from the previous case only
for the lower U values. It looks like the variations of temperatures are almost
identical through 0.5 h for U values less than 20 W/m?K. Beyond this, the curves
differentiate. For U = 9.8 W/m?K, the temperature variation inverses at Tyay = 2.0°C.
On the other hand, for U = 9.8 W/m?K, it looks like the temperature fluctuates
around 2.0°C for almost one hour and then gradually decreases from 2.0°C to

approximate the curve that corresponds to the conduction dominated case.
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Figure 4.10 a) Effect of thermal conductivity on wall temperature, Bottom Cooling Without (blue) and
with (black) natural convection b) closer look
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Unexpected variation of the cold wall temperature for bottom cooling can be
explained by analyzing the isotherms and streamlines. In conduction dominated case,
Figure 4.11(a), isotherms are nearly horizontal. The heat gain through the walls
slightly distorts the horizontal lines near the walls. In Figure 4.11(b), there is no
significant change in convection dominated case until 600 s. Beyond that time,
convection takes place and dominates the heat transfer inside the cavity. As seen in
Figure 4.11(b), the domain is divided into two equal parts along the mid-width. In
each part, there are two pairs of circulation cells around the density inversion line.
The cold water moves from the interface through the upwards and forms four
separate cells. The right-most cell rotates clockwise direction, and the cell close to it
rotates in an anti-clockwise direction. In contrast, the left-most cell is in the anti-
clockwise direction, and the cell near it rotates in clockwise direction. The
convection currents bring hot water from the upper part of the cavity through the
interface so that the bottom wall temperature could not drop through as quickly as in

conduction dominated case.
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Figure 4.11 Temperature contours for a) Conduction and b) Convection dominated phase change,
Bottom Cooling U = 833.33 W/m’K

Figures 4.12 and 4.13 represent the influences of convective and conductive
resistances on effectiveness. For lower U-values (< 20 W/m’K), conduction
dominated case is more effective than the convection dominated case. The
effectiveness becomes identical for higher U-values. No significant difference is
reported between the conduction and convection dominated cases for U values
greater than 142.9 W/m?K. The effectiveness increases almost ten times with
increasing the U value from 9.9 to 90.91 W/m?K. For higher U-values, on the other
hand, the increments become marginal. By increasing the overall heat transfer
coefficient from 400 W/m’K to 833.33 W/m?K, the increment regarding the
effectiveness is only 7%. Results reveal that moderate heat transfer coefficients can
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be used to achieve higher effectiveness with fewer convection coefficients or

nominal thermal conductivities.

1.0 —
&
0.8 |
06 |
04 |
02 | /
78
/e
rd
0.0 S h (Wim?K) U (Wim?K)
00 10 20 30 40 e vrae
Time (h) '
----- 1000 500.0
(a) —=-500 333.33
- 100 90.91
04 T T T T T T T T H —10 9.90
&

Figure 4.12 a) Effect of convective heat transfer coefficient on effectiveness, Bottom Cooling Without
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4.3.3 Top Cooling

As a final case, cooling on top wall is investigated. Variations of the cold wall
temperature are represented in Figures 4.14 and 4.15 for various convective heat
transfer coefficients and thermal conductivities of the wall, respectively. Unlike the
side and bottom wall cases, the transient behavior of the wall temperature looks more
complex, especially for lower U values, in convection dominated case. The
temperatures fluctuate at the initial periods, and the variations become smooth when
the temperature drops below zero values. On the other hand, temperature variations
look almost identical with the top cooling case when the convection effects are
neglected. The buoyancy effects inside the cavity slow down the temperature
variation of the cold wall. Even though there is a sharp difference between the
conduction and convection dominated cases, the curves matches when the ice forms

on the cold wall.
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Figure 4.14 a) Effect of convective heat transfer coefficient on wall temperature, Top Cooling Without

(blue) and with (black) natural convection b) closer look
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Figure 4.14 continues
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Figure 4.15 continues
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In Figure 4.16, the isotherms and streamlines are represented at t = 50 s and 1000
s for U = 833.33 W/m?K. In conduction dominated case (Figure 16a), isotherms are
almost horizontal, and the process has a harmony. Quite complicated isotherms are
observed for natural convection driven phase change at t = 50 s. It appears four
separate circulation cells at the upper-most of the cavity. While the hot water moves
upward from the mid-line, cold water with higher density drops down and generates
two thermal-plumes. Intense temperature gradients designate that the heat transfer
rate is greater in the middle of the cavity. It is clear that the effect of buoyancy force
increases the cooling rate of water. Nevertheless, at t = 1000 s, the ice thickness
looks alike for conduction and convection dominated situations. The main difference
between conduction and natural convection driven cases is that the average water

temperature is nearly half for the case in which the buoyancy effect is included.
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Figure 4.16 Temperature contours for (a) Conduction and (b) Convection dominated phase change
Top Cooling, U = 833.33 W/m*K

Figures 4.17 and 4.18 represent the effect of convective heat transfer and thermal
conductivity on effectiveness. For relatively lower U values (< 20 W/m?K), the
convection dominated case looks more effective than the conduction dominated case.
Unlike the previous cases, the effect of buoyancy force increases the effectiveness
even for higher U-values in top cooling case. The difference between the conduction
and convection dominated ones is remarkable during the initial periods. One can
notice that the natural convection driven case is more effective than the conduction
driven case for t < 0.5 h. The difference between the conduction and convection
dominated ones becomes large for higher U-values. Increasing the overall heat
transfer coefficient from 9.8 to 83.3 W/m?K, the effectiveness enhances by five
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times. Results also indicate that the effectiveness does not change significantly for U

values greater than 333.33 W/m’K.
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Figure 4.17 a) Effect of convective heat transfer coefficient on effectiveness — Top Cooling Without

(blue) and with (black) natural convection b) closer look
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Figure 4.18 a) Effect of thermal conductivity on effectiveness, Top Cooling Without (blue) and with
(black) natural convection b) closer look
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CHAPTER FIVE
CONCLUSIONS

In this work, two types of transient natural convection problems in Cartesian

coordinates are investigated numerically under different thermal boundary conditions

and different aspect ratios. The results of the numerical analyses have also been

validated with the experimental measurements from the literature.

The first problem of this study investigates the transient natural convection of

water near its density inversion in a Cartesian geometry under different thermal

boundary conditions and aspect ratios. The main outcomes of the numerical analyses

are as follows;

Considering a square cavity with side walls of T, = 0°C and Ty = 8°C, two
identical circulation cells by opposite directions are reported in the literature. In
the current model, thermo-physical properties of water (i.e. density, viscosity,
and thermal conductivity) are defined as a function of temperature. So that, the
transient heat transfer near the cold and hot wall do not proceed symmetrically.
Because of that, unlike the literature, asymmetric circulation cells are observed
forR=0.5.

For H/W > 1, the counter-clockwise circulation cell dominates the domain.
Besides, for H/W < 1, the flow field approaches to the symmetry, as the counter-
clockwise circulation cell shifts the density inversion line from the mid-line

through the cold wall.

For partial cooling and heating conditions, similar behaviors are observed
disregarding the aspect ratio of the cavity. It is clear that heating from the upper
half of the wall is not an efficient way. Secondary circulation cell would not grow
through the cold wall. This can only be effective in a small area which is close to

the hot wall. On the other hand, heating from the lower part of the wall enhances
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the heat transfer. The counter-clockwise circulation grows rapidly and become

dominant for the entire domain at the steady state condition.

The last problem of this study considers the transient heat transfer process of
freezing of water near its density inversion in a Cartesian geometry under different
thermal boundary conditions. Solidification from the side, bottom, and top walls are
compared with respect to the time-wise variation of the cold wall, isotherms,
streamlines and energetic effectiveness, respectively. Analyses have been carried out
for two major physics: conduction and natural convection. Comparative results made
it possible to state that the influence of natural convection during phase change. The

main consequences of the numerical analyses are listed as;

e Natural convection is significant during the initial periods of the phase change.
Circulation cells have their own specific forms on the side, bottom, and top
cooling cases.

e In early stages, the interface positions are different by both conduction and
convection dominated cases. In advancing time, the interface positions are almost

matched.

e Natural convection in the cavity increases the cooling rate of water. The average
temperature of the water drops down quickly where the case that buoyancy forces

are taken into account.

o Effectiveness is strongly affected by the overall heat transfer coefficient of the
wall. The U values are more effective over 333.33 W/m?K. The difference
between the convection and conduction dominated processes becomes significant
for top and side cooling cases.

e Near the density inversion temperature (4°C), natural convection strongly
governs the solidification of water. Heat transfer may cause erroneous predictions
especially considering the early stages of the process when the problem is

reduced into conduction.
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APPENDICES

Nomenclature

A Area, m?

c Specific heat, Jkg*K™*

C Heat capacity, Jm™

g Gravitational acceleration, ms™

h Convective heat transfer coefficient, Wm?K™

H Height of cavity, m, enthalpy, Jkg™

k Thermal conductivity, Wm™ K™

Nu Nusselt number

p Pressure, Pa

R Density inversion parameter

t Time, s

T Temperature, °C, K

u, v Velocity components, ms™*, mms™

U Overall heat transfer coefficient, Wm?2K™

W Width of the cavity, m

X,y Coordinates, m
Dimensionless horizontal coordinate, x/H

Y Dimensionless vertical coordinate, y/H
Source term, Jm™

Greek Symbols

€ Effectiveness

oT Mushy range temperature, °C

) Variable

0 Dimensionless temperature, (T -T.)/(T,, —T.)

é Height of the active wall, m

p Density, kgm®
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u Dynamic viscosity, kgm™s™

Subscripts
c Cold
in Initial
I Liquid
m Maximum density, melting, mushy
ref Reference
S Solid
sf Solid-liquid
o0 Ambient
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SIMPLE Algorithm

Hmom Coefficientsi);

|SIS(U, AP UI, 80U, AN U, A8 U, AE U, AW U, N, M);l
Ymom Coefficients();

lszaiv, ap v, av, AN v, A3 Vv, AE ¥, AW V, N, M); |
Pressure Correction Coefficients();

|sx=(p1, ap P, 8P, AN P, A3 P, AE P, AW P, N, M)}
Pressure Velocity Correction();

Faghri();

Energy Coefficients();

ISIS(T, AP T, ST, AN T, AS T, AE T, AW T, N, M);l
Convergence_check();

CUT Algorithm

Imom_Coefficients();

Ymom_Coefficients();

Explicit velocity();

Pressure Correction Coefficients();

[sT=(p1, 2P P, 3P, AN P, 25 B, AE B, AW B, N, M);|
Pressure Velocity Correction();

Faghri();

Energy Coefficients();

|SIS(T, AP T, 3T, AN T, A3 T, AE T, AW T, N, M);
Convergence Check () ;

80



