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Abstract: In this study, transient heat transfer process inside a two-dimensional cavity has been numerically investigated. The
numerical model has been created with control volume approach by using C++ programming language. In order to determine the
accuracy of the numerical code, comparisons are made with the results of the numerical analysis 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. In cold storage applications, water temperature decreases below
the density inversion temperature and the natural convection of water becomes more complicated. Nevertheless, the majority of the
models that are developed to simulate the cold storage units in the literature reduce the heat transfer mechanism into conduction
mode to simplify the complexity of the coupled governing equations, so that take advantage of decreasing the computational time.
Neglecting the complex convection currents may lead erroneous predictions. In this regard, the results of the current work will guide
the researchers and the design engineers working on the cold storage applications with water as a storage medium.
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DUSEY DUVARLARI KISMi ISITILAN VE SOGUTULAN DUVARLAR iCERiSINDEKI
SUYUN 4°C CiVARINDAKiI DOGAL TASINIMI

Ozet: Bu galismada, iki boyutlu kavite icerisindeki zamana baglh 1s1 transferi prosesi sayisal olarak incelenmistir. Sayisal
model kontrol hacimleri yaklagimi kullanilarak C++ programlama dilinde olusturulmustur. Sayisal kodun dogrulugunu
belirlemek i¢in, literatiirden alinan sayisal analiz sonuglari ve deneysel hiz dl¢iimleri ile karsilagtirmalar yapilmistir. Bundan
sonra, ¢esitli kavite goriiniim oranlar1 ve farkli 1s1l sinir kosullar i¢in zamana bagli yerel ve ortalama Nusselt sayist degisimleri
ortaya koyulmustur. Farkli sinir kosullari ile sicaklik ve hiz dagilimlari arasindaki etkilesim incelenmistir. Sogu depolama
uygulamalarinda su sicakligi yogunluk doniistim sicakliginin altina diismekte ve suyun dogal tasinimi kompleks hale
gelmektedir. Bununla beraber, literatiirde sogu depolama {initelerinin simiilasyonu igin gelistirilen modellerin biiyiik
cogunlugunda birlesik yonetici denklemlerin karmagikligini basitlestirmek adina 1s1 transferi mekanizmasi iletime
indirgenmekte ve bdylece ¢dziim siiresinde dnemli avantajlar elde edilebilmektir. Karmagik tagimm akimlarinin ihmal
edilmesi hatali tahminlere sebep olabilmektedir. Bu baglamda, bu ¢aligmada elde edilecek sonuglar, depolama ortamu olarak
su kullanilan sogu depolama uygulamalarinda ¢alisan arastirmacilara ve tasarim miihendislerine yol gosterici olacaktir.
Anahtar Kelimeler: Zamana bagli dogal taginim, Yogunluk doniisiim, Kismi 1sitma/sogutma, Goriiniim orani

LIST OF SYMBOLS

A Area [m?] Y dimensionless vertical coordinate [y/H]
c Specific heat [JkgtK1]

g Gravitational acceleration [ms] Greek Letters

H Height of cavity [m] ¢ variable

k Thermal conductivity [WmK] p density [kgm~]

Nu Nusselt number [-] Iz dynamic viscosity [kgms-]

p Pressure [Pa] 0 dimensionless temperature (T -T,)/(T, -T.)
R Density inversion parameter [-] & height of the active wall [m]

t Time [s]

T Temperature [K] Subscripts

u,v Velocity components [ms™*/ mm s] C cold

W width of the cavity [m] H hot

Xy coordinates [m] m maximum density

X dimensionless horizontal coordinate [x/H] ref reference



INTRODUCTION

Natural (or free) convection is a buoyancy—driven heat
transfer mechanism that occurs in fluids and governed by
the temperature difference. It is widely encountered in
thermal systems such as heating/cooling of buildings, drying
of foods, thermal control of electronic devices, and thermal
energy storage applications with or without 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 et al., 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 et al. 1978; Inaba and Fukuda,
1984; Lin and Nansteel, 1987).

In Figure 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 Tw, 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).
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where, T represents the temperature at a maximum
density (for water T, =4°C). For R<0 (Ty > Tc > Tn), the
density of the fluid in the cavity increases from hot wall to
cold wall. Therefore, a counter-clockwise single
circulation cell is obtained inside the cavity (Figure 1a).
For R >0 (Tm > Tw > T¢), density increases from cold wall
to hot wall, so that, a clockwise single circulation cell is
obtained inside the cavity (Figure 1b). On the other hand,
for0 <R <1 (Tw > Tm > Tc), density increases from cold
wall to hot wall, and it reaches the maximum value at Tp,
beyond that point the density decreases. Thus, the flow
structure inside the cavity is divided into two regions on
Tm. While the clockwise rotated circulation cell is occurred
on the left-hand side of the point Tr, the counter-clockwise
cell is observed at the other part of the cavity (Figure 1c).

In the literature, the studies that have been conducted on
the natural convection of water can be divided into two
parts; (i) steady state and (ii) time dependent. Seki et al.
(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 5). They have stated that unlike the common
fluids that have linear density—temperature relationships,
for the case of water, the average Nusselt number has a
peculiar function of temperature difference between the
side walls. Inaba and Fukudo (1984) analyzed the flow and
temperature distribution of water inside an inclined cavity

for different angles. Lin and Nansteel (1987) developed a
numerical model of natural convection inside the square
cavity for different Rayleigh numbers (Ra = 10° — 10°) and
density inversion parameters (R = 0.4, 1/2, 0.55, 2/3, 3/4
and 1). Hossain and Rees (2005) observed the steady—state
natural convection inside a cavity for different aspect ratios
driven by uniform heat generation. Braga and Viskanta
(1992) and McDonough and Faghri (1994) investigated
the transient heat transfer inside a cavity that was filled
with water both numerically and experimentally. In the
experimental measurements of the above mentioned
works, helium—neon laser and pH—indicator methods were
used to visualize the flow structures, respectively. The
velocity distributions were presented based on various
temperature differences inside the cavity. Wei and Koster
(1994) studied transient natural convection inside cavities
with different aspect ratios and temperature differences.
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Figure 1. Effect of density inversion parameter on natural
convection

Banaszek et al. (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 was observed by using PIV (Particle — Image —
Velocimetry) method to validate the accuracy of the
numerical model. In experiments, one side of the cavity
was kept at 10°C, and the other end was held at —10°C (or
0°C) to observe natural convection with (or without) phase
change. Moraga and Vega (2004) generated two and three-
dimensional models of the natural convection problem that
has been already studied by Banaszek et al. (1999). They
discussed the differences between those two models. Ogiit
(2010) applied the polynomial differential quadrature
(PDQ) method to resolve the natural convection of water
based nano-fluids inside an inclined square cavity.
Isotherms, streamlines and the dimensionless Nusselt
number variations on the vertical walls were represented
by varying the Rayleigh number, inclination angle, the
fraction of nano-particle within the water. Oztuna and
Kahveci (2013) developed a numerical code to solve the
steady state natural convection within a partially divided
square cavity. The code was based on the stream
function/vorticity approach in which the thermos-physical



properties of water based nano-fluids were assumed to be
independent of temperature. Rahimi et al. (2012)
compared the local Nusselt number variations for the
steady-state natural convection of pure water and nano-
fluids within a square cavity. It is stated that increasing the
volume fraction of the nano-particles within the base fluid,
water, the local Nusselt number enhances. They also
compared the usage of Boussinesq (linear) and non-
Boussinesq (non-linear) approaches to simulate the
temperature dependent density variations. It is interesting
to note that the difference between the linear and non-
linear density approaches is nearly 60%, regarding the
average Nusselt number on the cold wall.

The reviewed studies so far were considered that the hot or
cold walls were uniformly heated or cooled. However, in
some particular conditions partitioned thermal boundary
conditions may be subjected on the active walls. Such
special cases may arise due to the shading, poor insulation
or consciously located heating/cooling equipment, such as
electronic components. Turkoglu and Yiicel (1994)
developed in—house CFD code to determine the influence
of heater/cooler positions on the steady—state natural
convection of air within a square enclosure. They varied
the heated and cooled partitions on the side walls from
bottom to top walls. It is stated that when the hot plate was
located slightly above the bottom wall and the cooler was
placed slightly below the top wall; the highest average
Nusselt number was obtained. Nardini and Paroncini
(2012) experimentally and numerically observed the
effects of size and position of the heating and cooling
elements in the vertical side walls on the natural
convection of air. Tekkalmaz (2015), on the other hand,
investigated the steady-state heat transfer within an air
filled square enclosure for partially heated side wall. A
combined numerical model was developed in a
commercial CFD solver, ANSYS-FLUENT, with
considering the natural convection and radiative heat
transfer. Parametric analyses have been carried out by
varying Rayleigh number (10° < Ra < 107) and surface
emissivity (0 < ¢ < 1). Consequently, Nusselt correlations
were proposed regarding the non-dimensional parameters.

Kandaswamy et al. (2007), Nithyadevi et al. (2007a) and
Nithyadevi et al. (2007b) 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 were
obtained for various aspect ratios of the cavity. Nithyadevi
et al. (2007b) stated that the transient natural convection of
water in a rectangular cavity with differentially heated side
walls is mostly encountered in engineering and
geophysical applications. Jmai et al. (2013) analyzed a
total of six different heated wall configurations for a square
cavity that was filled with nano-fluid. Steady state
isotherms and stream functions were represented for
locating the heated walls as Top-Top (TT), Top—Middle
(TM), Top—Down (TD), Middle-Middle (MM), Middle—
Down (MD), and Down-Down (DD). Rashidi et al.
(2014) considered Al,Os filled the square cavity with

bottom wall subjected to a non—uniform heat flux. Top and
left wall were assumed to be adiabatic, and the right wall
was isothermal. Nine different heterogeneous heating
scenarios have been analyzed. They also investigated the
influences of Rayleigh number, nanoparticle volume
fraction and aspect ratio of the cavity on the isotherms,
streamlines and the Nusselt number under steady—state
condition. In a recent work, Mahapatra et al. (2015)
emphasized that there are many studies related to the
square or rectangular cavities with different aspect ratios
or partial heating/cooling boundary conditions in
literature. However, they also stressed that the most of the
studies in the literature are focused on representation of the
heat transfer and flow pattern regarding Nusselt number
and stream-function, rather than dealing with the
temperature uniformity or thermal mixing.

Different research groups have analyzed the partial
heating/cooling scenarios for the case of the air filled
cavity. Nevertheless, there is a limited work in the
literature in which the transient natural convection of water
is investigated. In cold energy storage applications for
near—zero temperatures, one of the best storage media is
water (Heier et al. 2015). Either sensible or latent heat
thermal storage systems, the temperature of the storage
medium is mostly close to the density inversion
temperature of water, especially for air conditioning
applications (Li et al. 2012). The mathematical models of
sensible and latent heat storage units should include the
natural convection phenomena to design the thermal
energy storage system properly. Since the computational
cost of such coupled physics is quite expensive, recently
some researchers suggest interpreting the influence of
natural convection as an artificial effective (or enhanced)
thermal conductivity. Ismail et al. (2005) and Ezan et al.
(2014) proved that the effective thermal conductivity
definition provides a better accuracy and lower
computational times to simulate phase change problems
inside spherical capsules. Investigating the transient nature
of buoyancy driven heat transfer of water near the density
maxima inside Cartesian coordinates, under various design
and working conditions, can help the researchers in the
field to simulate the coupled problems more accurately.

In this study, it is intended to develop a numerical code to
simulate transient natural convection of water near its
density maxima. Unlike the previous studies, in the current
work the thermos-physical properties of the water are
defined as a function of temperature. The validity of the
code is proved with reproducing a natural convection
problem from the literature. After the validation process,
time-wise and space-wise variations of local and average
Nusselt numbers are investigated for different aspect ratios
of the cavity, and several thermal boundary conditions.
Transient temperature and velocity distributions inside the
cavity with partially active vertical walls are also
discussed. The Nusselt number variations that are obtained
in the current work could be implemented into the transient
mathematical models to evaluate the effective thermal
conductivity of water, so that, reduce the computational
time and also increase the accuracy.



MATERIAL AND METHOD
Definition of problem

Current work 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) = Tc). A number
of early works in literature considered varying the heater and
cooler positions on the vertical walls (Tiirkoglu and Yiicel
1994; Kandaswamy et al., 2007; Nithyadevi et al., 20073;
Nithyadevi et al., 2007b; Jmai et al., 2013). 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 2 illustrates the case that the lateral
surfaces are partially held at T and Tw. For all cases, the cold
wall assumed to be at Tc = 0°C, whereas the temperature of
the hot wall is varied to be Ty =4, 8 and 16°C. The effect of
geometry on heat transfer is also observed by changing the
aspect ratio (H/W) as 0.5, 1 and 2. All parameters that have
been used during this work are given in Table 1.
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Figure 2. Mathematical model

Table 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
f
Ty
10 8 0.5 T i
T ¢
i
T %
11 8 0.5 + T
T
]
f
12 8 1.0
AN
|
T i
13 8 1.0

Numerical Method and Validation

For incompressible and Newtonian fluids, the time-dependent
conservation equations for laminar flow are as follows;

Mass:

0 0 0
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Except the specific heat of water (c), thermal

conductivity (k) and viscosity () are defined depending
on the temperature. Thermo-physical properties of water
are given in Table 2.

Table 2. Thermo-physical properties of water (Moraga and
Vega, 2004)

Property Function or Value
Specific Heat
(I/kgK) 4204
Thermal —-0.63262 +7.1959x10°T —1.144x10°T?
Conductivity 14 .2365x10°T*
(W/mK)
Density )
(kg/m?) 456.49 +3.925T —0.007085T
Viscosity 0.038208/(T —252.33
(NS/mZ) . /( ' )

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
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Figure 3. Variation of the y- and x- components of velocity with respect to position for different planes - t = 2400 s
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A transient natural convection problem that has been studied
earlier by experimentally (Banaszek et al., 1999) and
numerically (Moraga and Vega, 2004) is 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 and Vega, 2004). Figure 3(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(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 and 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(d, e
and f) reveals that the current predictions have reasonable
consistency with the results of the two-dimensional results of
Moraga and 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 4 Transient temperature and velocity distributions
inside the cavity

Figure 4 shows 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 and
Vega (2004). Temperature distributions evaluated by our
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.

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.

Average Nusselt Number

Variation of heat transfer rate can be identified in terms
of the dimensionless Nusselt number. Local Nusselt
number over the cold (X =0) or hot (X=1) wall is defined
by using dimensionless parameters as,

BED

Nu =|—
oX

()

X=0,1

where, 9 [=(T-T.)/(Ty -Tc)] is the dimensionless

temperature and X [=x/H] represents the dimensionless
position. In order to obtain the “area-weighted average
Nusselt number” on a surface, following definition is used,
N 1 A

u=-—
Ao

20

X dy (8)

X=0,1

where, Y [= y/H] corresponds to the dimensionless
vertical position.

Figure 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
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 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 becomes
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
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 (Ty
=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 for R
= 1.0 (Th = 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.
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Figure 5. Nusselt number variations

Velocity and Temperature Fields

In Figure 6, isotherms and streamlines are given for the
aspect ratio of (H/W) =1.0and R =05. Att=300s, 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 (Tm = 4°C). For T > Tp, 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 Tr. 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 literature
(Linand Nansteel, 1987; Wei and Koster, 1994), for the case
of R = 0.5, under the steady-state condition and with
constant thermo-physical properties, the density inversion

temperature (Tm) 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 and Nansteel, 1987; Wei and Koster,
1994), this study takes into account temperature dependent
viscosity and thermal conductivity of water. It is well-
known fact that the viscosity of water 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.

0.2 0.4 0.8 0.8

(©)t=7200s
Figure 6. Isotherms (left) and streamlines (right) for Case #5
(HW)=1.0,R=0.5

Figure 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. Att=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.

Figure 8 indicates the natural convection characteristics
in a cavity with an aspect ratio of (H/W) =0.5and 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 7. Isotherms (left) and streamlines (right) for Case #6
(H/W)=2.0,R=05

In the remaining part of the paper, short (H/W = 0.5) and
square (H/W = 1.0) cavities are reconsidered with
partially active walls. As given in Table 1, partially active
hot and cold walls are simulated for each geometry.
Figure 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.

(c)t=7200s
Figure 8. Isotherms and streamlines for Case #4, (H/W) = 0.5,
R=05



Figure 10 gives the variation of the local Nusselt number
at different flow-times. The arrow that seems in the
Figure represents 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 10.
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Figure 9. Isotherms (left) and streamlines (right) for Case #10,
(H/W)=05,R=05
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Figure 10. Time-wise variation of local Nusselt number on hot wall
— Case #10, (H/W) =0.5,R=0.5
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Figure 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 grow 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 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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Figure 12. Time-wise variation of local Nusselt number on hot

wall — Case #11, (H/W) =0.5,R=0.5
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Figure 13 indicates the time-wise variation of natural
convection for partially heated/cooled the square cavity for
Case #12. The upper half of the right wall is 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 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.

In Figure 15 and 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.
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Figure 13. Isotherms (left) and streamlines (right) for Case #12,
(H/W)=1.0,R=05
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CONCLUSIONS

This study investigates the transient natural convection
of water near its density inversion in a Cartesian
geometry with different aspect ratios and also thermal
boundary conditions. The main outcomes of the
numerical analyzes are as follows,

e Considering a square cavity with side walls of T; =
0°C and Ty = 8°C, two identical circulation cells, with
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 the transient



(c)t=7200s
Figure 15. Isotherms (left) and streamlines (right) for Case #13,
(H/W)=1.0,R=05
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Figure 16. Time-wise variation of local Nusselt number on hot
wall — Case #13, (H/W) =1.0,R=0.5

heat transfer near the cold and hot wall do not proceed
symmetrically. As a result, unlike the literature,
asymmetric circulation cells are observed for R = 0.5.

e For H/W> 1 the counter-clockwise circulation cell
dominates the domain. On the other hand, for H/W<1,
the flow field approaches to the symmetry, however, the
counter-clockwise circulation cell shifts the density
inversion line from the mid-line through the cold wall.

e For partial cooling/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
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not an efficient way. Secondary circulation cell could
not grow through the cold wall. This can only be
effective in a small area close to the hot wall. In contrast,
heating from the lower part of the wall enhances the heat
transfer. The counter-clockwise circulation grows
rapidly and become dominant for the entire domain at
the steady state condition.
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