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ABSTRACT

Keywords: In this study, the effect of different configurations of three plates in

an air-filled container, including vertical, horizontal and tilted, on
coupled radiation and natural convection heat transfer has been
numerically investigated. The cavity's side walls were kept at a
constant temperature, while the upper and lower walls were thermally
insulated. In addition, non-uniform temperature distribution was
applied to each of the plates. Moreover, this research studied the
effect of coupled heat transfer on flow separation and local Nusselt
number. The flow separation on the heated plates due to the thermal
gradients was captured, and the subsequent effects were discussed.
Also, the results reveal two main flow patterns: separation of the
convective flow and stretching of the clockwise vortex, which is
created by combined heat transfer. It was also demonstrated that
these flow patterns are the main ones responsible for variations in
heat transfer. Also, it was demonstrated that the plate configuration
plays a vital role in combined heat transfer as a horizontal placement
of the plates may increase the Nusselt number variation along the
plate up to 60 times compared to the vertical counterpart.

Nomenclature

Nu Nusselt Number Introduction
Cw Clockwise Cooling using air natural convection in a cavity
CCw Counter Clockwise has been of great interest due to its wide
DO discrete ordinate method availability. In previous years, the air natural
Ra Rayleigh Number convection in cavities where a barrier creates more
Re Reynolds Number complicated flow patterns and radiation heat
Pr Prandtl number transfer affects the flow characteristics has won
uyv X-  and Y-direction attention. This area of study has many industrial
velocity components applications, such as solar panels, electronic
devices, skyscrapers, HVAC systems, and power
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plant flares, to name a few. In addition, the real-
life applications associated with this configuration
of plates which represents the interactive heating
of electronic boards, is yet another reason for the
conduction of this investigation. To illustrate, the
configuration of the electronic boards embedded in
the moving components of a device, especially
those exposed to intense temperature gradients
such as the fault detection robots used mainly in
furnaces or deep underground sites, are prone to
high thermal stresses, which may finally lead to
their failure. Having said so, therefore, this study
is aimed at shedding light on the effect of different
configurations on the temperature distribution to
provide the engineer with insight into the design of
such components.

Saravanan and Sivaraj [1] investigated the effect
of the presence of a hot plate in a cavity on
simultaneous natural convection and radiation heat
transfer. In this study, a plate was placed at vertical
and horizontal positions, and the effect of the hot
plate directly on the thermal filed was studied.
Various non-dimensional numbers govern the
flow field subjected to combined radiation and
natural convection. In this regard, Parkash and
Singh [2] investigated the effect of such numbers
on the combined heat transfer in a cavity. It was
demonstrated that the Re number plays the most
important role compared to the other non-
dimensional numbers. In a similar study,
Pordanjani et al. [3] showed that the Nu number
and entropy production increase with the Rayleigh
number. Owing to the importance of this matter,
this has been investigated recently in many other
studies[4]-[9]. Han and Baek [10] investigated the
effect of the number of plates on the flow field in
a cavity. In order to achieve this goal, two plates
were placed at a particular distance from each
other in the center of the cavity. It was reported
that the amount of radiation in the place was
significantly higher compared to that of the
working gas. Yucel and Acarya [11], in a similar
study, investigated the effect of the presence of
two plates in a cavity on the flow pattern created
by simultaneous natural convection and radiation
heat transfer. It should be noted that such studies
are conducted to simulate the cooling process of
electronic devices.

Moutaouakil et al. [12] studied the combined heat
transfer in a cavity filled with a wavy surface. It
was shown that the radius of the wave is more
effective than the number of waves to increase the
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heat transfer. H. Bouali et al. [13] studied the effect
of the angle of a cavity in which a cube had been
placed symmetrically. The angles in this study
were 60, -60 and O degrees concerning the gravity
vector. The results suggest that when the effect of
radiation is disregarded and for an inclination
angle of 60 degrees the main mechanism of heat
transfer was conduction both in vacant and
occupied cavities. More interestingly, at an
inclination angle of 0, the isotherms are horizontal,
indicating the heat transfer mechanism is
conduction, while when the cavity is filled with the
rectangular object, the isotherms are inclined and
convection plays a more decisive role. In the case
of an inclination angle equal to -60, an opposite
phenomenon was observed meaning that when the
cavity is empty, the isotherms are distorted and
when it is partitioned, the isotherms tend to be
perpendicular to the gravity vector. Also, it was
reported that when the inclination angle is reduced,
the main heat transfer mechanism transmutes from
conduction to single-cell convection which is
mostly present at 0. Further, if the inclination angle
is reduced even more to -60 the Benard convection
will be the main responsible for heat transfer. It
was also reported that the Nu number increases
with the increase in the inclination angle.
Furthermore, it was found that an increase in the
temperature difference between the inner body and
the walls leads to an increment in the average Nu
number along the walls. Another finding of this
study which is worthy of mention is that the ratio
between the conductivity of the inner body and the
working fluid can strongly affect the heat transfer
mechanism. It was concluded that the increment of
this ratio causes the natural convection to be
weaker as the main portion of the heat transfer
tends to occur by heat conduction through the
inner body. Vivek et al. [14] conducted a study on
coupled radiation and convection heat transfer in a
tilted cavity. The tilt angle lied in a range varying
from -90 to 90 degrees. It was found that in
positively tilted cavities, the presence of radiation
heat transfer does not affect the final velocity
contours and only the temperature field undergoes
some slight changes, however, in the case of a
positive angle of tilting the radiation results in
profound alterations in both temperature and
velocity fields. It was concluded that the presence
of radiation leads to higher flow circulation. In
addition, the cold wall causes the moving fluid to
lose heat, while the hot wall diffuses thermal
energy to the convective flow. These two
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phenomena are known as pre-cooling and pre-
heating, respectively. It was also reported that in
the case of positive tilt angles the main mechanism
of heat transfer is pre-heating/cooling. However,
when the tilt angle is reduced, or in other words, at
negative tilt angles, the mechanism tends to come
into existence through convective circulation.
Moreover, it was illustrated that the interaction
between radiative and convective heat transfer
exists in the aspect ratio.

Shu et al. [15] investigated the thermal interaction
between a cylinder and a cavity surrounding it,
employing the DQ method. It was demonstrated
that this numerical method is efficient enough to
capture the weak flow structure in the domain.
Jami et al. [16] made a numerical investigation to
study combined heat transfer in a cavity whose
central part had been filled with a cylinder. The
fluid flow was simulated using the Lattice-
Boltzmann method and the finite difference
method to calculate the temperature field. It was
reported that the average Nu number on the cold
wall rises linearly as the temperature difference
ratio increases, whereas an opposite trend was
observed for the hot wall. Also, for temperature
difference ratios greater than 40, the convective
flow was mainly caused by the heat generated by
the inner body. Lee et al. [16] studied the effect of
the position of a cylinder in a cavity. In addition,
immersed boundary method (IBM) was employed
to calculate the flow characteristics. It was proven
that the local Nu number along the cylinder surface
and the cavity walls exist in the gap between them.
It was reported that at low Ra numbers, the main
mechanism by which heat transfer exists is
conduction; the finest isotherms form near the
narrower region between the cavity and the
cylinder. Nevertheless, when the Ra number was
increased by one order of magnitude, a
phenomenon called a thermal plume formed on the
top of the cylinder. This was attributed to the
effects of buoyancy and natural convection, which
are typical characteristics of higher Ra numbers. It
was also found that when the cylinder traverses
diagonally towards one corner of the cavity a
vortex is separated, and two new vertices are
formed in the narrower part of the cavity. Garoosi
et al. [17] simulated the combined heat transfer in
a Nano-fluid heat exchanger by a cavity filled with
an array of cylinders. It was illustrated that by
changing the geometry of the cavity from a
rectangle to a triangle, the amount of heat transfer
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per unit of time experiences a downward trend.
Moreover, an optimum amount of Ra number was
calculated at which the heat transfer rate hits its
maximum amount. Yoon et al. [18] studied
convection heat transfer at Ra=10" in a cavity with
a cylinder whose location would be altered
vertically. It was shown that depending on the
position of the cylinder the heat transfer mode
changes from a steady state condition to a transient
one. They also specified an area in which the
object's displacement did not result in the
unsteadiness of the convective flow. It was
demonstrated that when the cylinder is placed at a
distance near the boundaries of the enclosure the
narrow space leads to the unsteadiness of the fluid
flow, and therefore pure Benard convection heat
transfer comes into existence. Another important
finding of this study was that when the distance
between the cylinder and the cavity boundary is
rather high, the natural convection is characterized
by only one single frequency. However, when the
distance increases, multiple frequencies appear.
Zeitoun and Ali [19] investigated natural
convection at different Ra numbers in an enclosure
with sundry cross sections of geometries, which
were rectangular and circular. It should be noted
that the computations were performed by means of
the finite element method (FEM). It was concluded
that flow separation occurs at the top of the cavity
when the aspect ratio increases. Also, it was
reported that when the Ra number was increased,
the thermal boundary layer thickness decreased at
the side and lower walls of the enclosure.
Nonetheless, at the upper surface of the cavity
where the thermal plume is ascending, the
increment of the Ra number has insignificant
effects on the thermal boundary condition
thickness.

Sieres et al. [20] numerically studied heat transfer
in a triangle in the form of a right triangle. The
main objective of this study was to study the effect
of the tip angle alteration, and also, the presence or
absence of radiation was investigated. It was
shown that there is a direct relation between the
average convective Nu number along the hot wall
and the Ryleigh number. However, an opposite
trend was reported for the relation between the
average convective Nu number and the tip angle
variation.

Additionally, it was found that the presence of
radiation leads to higher convection velocity and
as a result, higher value of the average Nu number.
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Moreover, the effect of radiation was reported to
be more significant at higher Ra numbers.
Sheikholeslami et al. [21] investigated the
combined heat transfer of a “Ferrofluid” in a ring-
shaped cavity in the presence of a magnetic source.
In order to perform the calculations, control
volume-based FEM was employed. The results
revealed that the Nu number rises with the increase
in the Ra number. However, it was reported that
there was an inversed relation between the Nu and
Hartmann number. Bahlaouli et al. [22] studied the
combined heat transfer in a cavity where an object
was placed on the heated wall. The effect of
several parameters, such as emissivity, the Re
number and the object's location was investigated.
The parameters were found to be effective in terms
of increasing the heat transfer rate. It was also
demonstrated that the presence of radiation leads
to a more uniform temperature distribution.
Moreover, it was reported that the radiation
presence leads to a less convective Nu number.

Basak et al. [23] studied the effect of the thermal
boundary condition of enclosure walls on natural
convective flow by means of penalty FEM. They
conclude that the non-uniform temperature
distribution on the lower wall of the cavity leads to
a higher heat transfer rate at the lower wall's
central part than that of the uniformly heated wall.
Also, the range of Ra numbers below which heat
conduction was the main heat transfer mechanism
was achieved. Corcione [24] studied the effect of
thermal boundary conduction at the side walls of
an enclosure on natural convection heat transfer.
Aspect ratio and Ra numbers were other
parameters whose effects were taken into
consideration. It was also reported that the role of
the unevenly heated lower wall rises into
importance when the adiabatic side walls are
replaced with temperature-constant ones.

Furthermore, it was found that over a particular
amount of Ra number, the heat transfer from the
side walls was independent of their boundary
condition. Cianfrini et al. [25] conducted a study
on natural convection in a tilted cavity. The effects
of tilting angle Ra number were investigated in this
study. It was concluded that for the sufficiently
high value of the tilting angle, the heat transfer rate
would be higher than that of the horizontal case. It
should be noted that the range of tilting angle at
which the heat transfer rate exceeds that of the
horizontal one is highly dependent on the Ra
number. Ayachi et al. [26] investigated combined
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natural convection and radiation heat transfer in a
cavity whose left wall experienced sinusoidal
temperature variation throughout history. The
effects of the constructing parameters of the
sinusoidal temperature variation along with
emissivity, Ra and Pr number were investigated.
The results suggested that heat transfer increases
considerably compared to the case in which the
constant temperature distribution had been applied
to the left wall. It was also reported that the
phenomenon was observed in the case of radiation
presence of resonance. Ridouane et al. [27]
undertook an investigation on mixed heat transfer
in the cavity with the lower heated lower wall. The
results revealed that the emissivity decreases the
range of the Ra number in which the problem can
be considered steady. Kim et al. [28] studied
natural convection in a cavity filled with a
cylinder. The influence of the temperature
distribution of the lower wall of the cavity on the
thermal and flow field was investigated at different
Ra numbers. It was found that there was a direct
relation between the Ra number and non-
uniformity of the isotherms and streamlines. In
other words, more convection cells were observed
in the cavity when the Ra number was increased.

Having considered the previous studies, one can
come to the conclusion that the simultaneous
interaction of different plates and the tilting angle
has remained intact. In fact, the presence of other
plates in a cavity affects the combined heat
transfer. To illustrate, the restricted area between
the plates leads to a change in Re number and
inevitably in convective heat transfer rate. On the
other hand, the amount of radiation heat transfer is
unquestionably affected by the other radiative heat
sources. In addition, in industrial applications of
this phenomenon i.e. combined convective and
radiation heat transfer in a cavity, more than one
plate exists, and their direction with respect to the
cavity walls is not always horizontal or vertical. As
a result, in this study, the effect of the presence of
a higher number of plates and their inclination will
be investigated to simulate this phenomenon more
precisely.

Problem description

The schematic figure of the geometry for different
cases has been presented in Fig.1. As illustrated,
three cases will be studied. In the first case, the
plates are placed in a horizontal configuration. In
the second case, the plates are vertical, and in the
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third one, they have been tilted around their center
of gravity. Furthermore, as demonstrated in Fig.1,
the side walls were kept at a constant temperature
equal to 293.15K and the upper and the lower walls
were assumed to be adiabatic.
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Fig.1- Three Plates configurations (a) horizontal case
(b) vertical case (c) tilted case.

The non-uniform temperature distribution was
assumed to be a linear function of the position
along the plate. The temperature distribution is
calculated according to the following equation.

T(s)
~ (B T

Lengt% Thot1 — Thot2 (1)
(T 2

hplate 2

2s )
Length )

Where s is the location of the point at which the
non-uniform temperature is calculated. It is worthy
of mention that in some cases, the slope of linear
temperature distribution in Eqg.1 was set to be zero.
As a result, the plate temperature was uniform and
equal to 308.15k.

In order to study the effect of the non-uniform
temperature distribution on the plates, four cases
were studied for each plate configuration. At first,
no temperature distribution was applied to the
plates to investigate no-temperature gradient
effects. Following this, a temperature gradient was
applied to each plate. In order to be able to recall
the cases easier, in Table.l a name has been
attributed to each one.
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Tablel- case names

Plate with unevenly
. . temperature Name
Configuration distribution
None H-1
Horizontal Lo_wer H-2
Middle H-3
Upper H-4
none V-1
Vertical middle V-2
side wall V-3
None T-1
. Lower T-2
Tilted Middle T3
Upper T-4

Numerical approach

As mentioned before, the air was regarded as a
working fluid whose properties were assumed to
be constant except for density and viscosity due to
the buoyancy effect. Also, the opaque grey
boundary condition was applied to the walls and
the plates. Furthermore, it was assumed that the
flow is laminar and therefore the governing
equations i.e. momentum and energy equations,
will be as follows:

6u+6v_0 5
ox  dy @)

du 4 Ju 4 du
ot “ax T Vay
10P (3a)

_ lop (3b)
pdy
+vV2v + gB(T
—To)
oT N oT N oT
ot Yax T Vay .
B 0°T N 0°T ()
B a(f)zx azy)
In order to include the effect of radiation, Eq.5
which represents the radiative transfer equation
must be taken into account. In order to solve Eq.5,
the DO method was employed.
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V.(I(r,s)s) + (a +
a.)I(r,s) = an? GTT‘t —

BI(r,s) +
% 47Tl(r, s)P(s,s))dn’

4170

(®)

Where a, o, r and s are the absorption coefficient,
Stefan-Boltzmann constant, distance from the
radiative heat source and the direction of the
radiation propagation. As a matter of fact, the main
difficulty regarding the resolution of the radiative
transfer equation is the third term on the RHS
including an angular integral. In order for this term
to be discretized, the discrete ordinate (DO)
method was employed. In this method, the solid
angle is divided into some discrete angles. As a
result, the integral part can be discretized over the
spatial angle and the governing equation changes
as follows:

4n
f I(r,s)®(s,s")d’
0

n (6)
= z w;l(r, s;)P(sj, s1)
j=1

Where o; is the weighting coefficient, generally,
non-grey DO model calculates the RTE for
different radiation spectra. However, as the
radiative transfer equation is solved only for black
body emission, the number of bands was set to
zero.

In order to assess the results a Nu number of the
plates was calculated. It should be noted that in the
grid independency study, the average Nu number
was used. The local Nu number was calculated on
each plate to better understand the combined heat
transfer phenomenon on a plate. The equations by
which local and average Nu number was
calculated has been presented in the following
respectively:

_ hyx
1

1 l
Nugye = Tf Nu, dx (8
0

In order to observe the flow pattern caused by
combined heat transfer, stream function needs to
be plotted. In fact, in the following sections
dimensionless stream function has been plotted
according to the equation presented below.

U_atp
)%

Nu, (7

(92)
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In the following, to perform a grid independency

study, three different meshes containing 120000,
240000, and 435000 cells were generated and the
Nu number of each mesh was plotted in Fig.2. It
should be noted that the simulations were
performed in Ansys Student Fluent v.19. In this
regard, a two-dimensional laminar solver was
opted due to the low Re number associated with
the natural convection in this study. In addition, a
semi-implicit  method  for  pressure-linked
equations (SIMPLE) and a second-order
discretization scheme for the convection term was
employed. Moreover, the density of the gas was
calculated according to ideal gas relations to
account for the compressibility of the convective
flow. As it is evident in Fig.2 the Nu number of all
of the three meshes yield almost the same results.

Plate | 120000 | 240000 435000

Lower | 25.40675 | 25.433798 | 25.44160
Middle | 20.17412 | 20.194474 | 20.20347
Upper | 31.05761 | 31.305669 | 31.31726

Fig.2- Grid independency study.

In addition to the grid independence study, an
angular division independence investigation needs
to be carried out due to the employment of the DO
method. As seen in Fig.3, the DO technic was
implemented based on 2,3,4,6 and 8 divisions both
in 0 and ¢ direction. The result reveals that the
average Nu number for all of the cases is almost
equal. As shown in Fig.3 when the spatial angle
division number exceeds six, the maximum
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amount of average Nu number will be less than 7
percent. As a result, ¢ division was set to be 6.

=]
——

—A— lower plate
—a— Madeplate
—— Upperplate

3
——

Average Nu number

0

bl b b b b b

45 6
division nurber of ¢

Fig.3- Spatial angle independency study

Results and discussion

The computations regarding fluid flow and heat
transfer equations were performed for a Ra number
equal to 107. The temperature contour created by
pure natural convection around a single plate has
been presented in Fig.4. It is evident the results
show good agreement with that of [1]. In addition,
in Table 2 the Nu number on the cavity wall has
been reported. As seen in table 2 a very good
agreement between the results can be observed.

(b)

Fig.4- Temperature Contour in the Cavity under the influence of pure convection (a) Current Simulation (b)
Sarvanan and Sivaraj [1].
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Table 2- Verification of the numerical approach by
comparing of Average Nu number on the left wall.

Present study Results of Ref.[1]
9.65 8.76

Horizontal plates

Following this, the effect of the presence of three
plates in the horizontal configuration in the cavity
will be investigated. The stream function and
temperature distribution contours of different
cases have been presented in Fig.5. As shown in
Fig.5a, when all of the plates possess uniform
temperature distribution along their length, the
stream function and temperature distribution
contour is also uniform. Additionally, a CW
massive vortex is seen on the right-hand side of the
cavity while another CCW one with the same size
and magnitude is rotating on the left part of the
domain indicating that unlike the case with only
one plate in which natural convection occurred
only on the top of the plate, the natural convection
is in progress in the whole domain but separately
on the sides of the cavity and somehow between
the plates. The pair of side vertices also indicates
that the plate's edges and the radiation emitting
from spaces between them act like a hot wall
bringing about natural convection. This
observation is also attributed to the fact that the
mechanical resistance of the plates prevents the
formation of a vortex covering the whole cavity.
Nevertheless, as it is discernable in Fig.5b when a
non-uniform thermal boundary condition is
applied to the lowest plate the uniformity of the
contours undergoes disruption in the vicinity of the
lowest and highest plates. However, the total trend
of stream function distribution in areas far from the
plate with linear temperature distribution remains
approximately symmetrical.

Another point which is worthy of mention is that
when a non-uniform boundary condition is applied
to one of the plates the CW vortex is stretched
towards the plate with non-uniform, while the
CCW vortex extends its domain to the furthest
plate. This is due to the fact that as the left side of
the plate possesses the highest temperature in the
cavity, the natural convection between the plates
begins at this point. On the other hand, the
temperature of the plate decreases along the
positive direction of the horizontal abscissa. As a
result, the vortex formed by natural convection
tends to move from the left to the right side of the
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cavity. More importantly, as the vortex moves
from left to right it experiences a temperature drop.
Therefore, the vortex tends to be detached from the
plate surface and reaches an area with higher
temperature which, according to the temperature
contour in Fig.4b, has been located on the left and
upper part of the plate. Consequently, the CW
vortex is stretched into the space between the plate
with non-uniform temperature distribution and the
plate above. Moreover, in Fig.5b a stretched vortex
is observed on the top of the upper plate. This is
attributable to the position of CW and CCW
vertices intersection at the bottom of the lowest
plate. Because in the case of non-uniform
temperature distribution on the lowest plate, the
amount of maximum temperature shifts towards
the end of the plate with the highest amount of
temperature. This peak of temperature on the
lowest wall of the cavity is responsible for the
natural convection and therefore vortex
generation. Moreover, the vortex generated on
each side of the cavity is able to cover a particular
distance more or less equal to the case in which
uniform temperature distribution had been applied
to the plates. As a result, the CCW vortex can
cover the whole area above the upper plate as it has
been formed near the left side of the cavity. It is
quite evident that when the temperature is non-
uniformly distributed on the lowest plate the
temperature peak on the lowest wall of the cavity
is inclined towards the maximum temperature of
the lowest plate. One may put down this
observation to the fact that in case of the uniform
temperature distribution the middle part of the
lowest cavity wall receives the most amount of
irradiance, while when the temperature
distribution is not uniform the area near the hottest
part of the plate receives more energy compared to
other parts of the plate. Thus, at this point, the
natural convection vertices begin to grow. As seen
in Fig.5b to 5c the uniformity of the stream
function distribution is completely lost when all of
the plates experience non-uniform temperature
distribution. Another point which is worth
mentioning is that natural convection is mostly
present on the upper plate as this mechanism
occurs due to the difference in the density.
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Fig.5- Temperature and stream function contour of the horizontal plates.

The local Nu number of the plates has been
presented in Fig.6. It is clear that when vortex
stretching occurs the local Nu drops sharply.
Moreover, in the cases in which non-uniform
temperature distribution has been applied to,
steeper curves can be observed. Furthermore,
except for the plate with uneven temperature
distribution, other plates demonstrate a similar

trend in terms of the local Nu number growth. It is
observed that in all of the cases with non-uniform
heated plates, the Nu number undergoes a change
in heat transfer direction which is due to the
separation. However, the sharpest drop in Nu
number occurs in the H-3 case. The reason of this
observation can be understood by considering the
stream function contour of this case. As seen the
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strongest separated vortex forms in the H-3 case.
This is due to the fact that the separated convective
flow reattaches to the massive convective vortex
located at the two sides of the cavity leading to
strengthening the separated vortex. In addition, on
the lower side of the middle plate a vortex, which
is stretched to almost halfway of the middle plate,
is observed. The outcome of these two vertices will
be a dramatic increase in the local Nu number. In
the H-4 case, an isolated separated CW vortex can
be observed on the top of the upper plate. As it can
be witnessed, this vortex is disconnected from the
side convective vortex. As a result, reinforcement
of this vortex cannot come into existence due to
being isolated. Therefore, the H-4 case
experiences the lowest amount of Nu number
compared to all other cases. H-2 case a very similar
trend to that of the H-3 case can be observed.
However, the Nu number of the H-3 case is far
more than that of the H-2 case. This observation
can be explained by regarding the fact that in the
H-3 case, both the upper and the lower vertices are
confined in an area whose cross-section is smaller
than that of the H-2 case. Nevertheless, the affinity
of all of the cases in horizontal configuration is that
when a non-uniform temperature distribution
boundary condition is applied to one of the plates
the local Nu number undergoes a sharp drop, while
other plates which are evenly heated follow a
similar trend.

0 002 004 L 006 008 01

a) Local Nusselt number variation of the lower plate in
the horizontal cases

Journal of Aerospace Science and Technology / 13 5
Vol. 16/ No. 1/ Winter - Spirng 2023

7\\\1\\\1\\\1\\1\\
002 0.04L 006" 008

b) Local Nusselt number variation of the middle plat
in the horizontal cases

D
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Fig.6- Local Nu number of the horizontal case.
In order to have a broader view of the physics
behind this phenomenon, the average Nu number
of the plates in each case has been presented in
Fig.8. It is evident in the figure below that in the
case of evenly heated plates, the amount of average
Nu numbers for all of the plates are of the same
order lying in the vicinity of a Nu number equal to
20. Nevertheless, the average Nu number of the
upper plate is slightly more than that of the others.
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On the other hand, when a plate undergoes non-
uniform temperature distribution, the average Nu
number of that plate will exceed that of the other
ones however staying in the same order as other
plates except for the middle plate. As seen in Fig.8,
when a non-uniform temperature boundary
condition is applied to the middle plate, the
average Nu number rises to a maximum amount
which is 5 orders of magnitude more than that of
the other plates. This observation implies that the
vortex stretching as a result of thermal separation
affects the middle plate more than other plates.
This observation can be attributed to the fact in the
case of horizontal configuration, the separated
flow will be reattached to another vortex resulting
in strengthening the vortex. As the separated
vortex is bounded between the two upper and
lower plates the velocity of the vortex increases
and therefore the heat transfer rate increases
significantly.

150
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Case number

Average Nu number

# lower plate B middle plate 1l upper plate

Fig.7- Average Nu number of the cases H1 to H-4.

Vertical plates

In this case, phenomena which are similar to that
of the previous case are observed. To illustrate, as
seen in Fig.8a, when there is a uniform
temperature distribution on all of the plates the
flow stream distribution is also uniform in the
whole domain. However, when a non-uniform
thermal boundary condition is applied to the plates
the symmetry of the temperature is destroyed.
Furthermore, similar to the horizontal case a CW
and a CCW vortex are present at the two sides of
the cavity. These two vertices are the result of the
hot plates at the sides of the domain creating
vertices which are typical of convective flows. In
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addition, between the plates still, some effects of
natural convection are observed. However, unlike
the horizontal case, the vertices at the sides of the
cavity are not stretched to the bottom of the lower
plate but the vortex generation where the
temperature of the lower wall is maximum is
observed. Nevertheless, when the non-uniform
thermal boundary condition is applied to one of the
side walls, as seen in Fig.8b, the boundary layer of
the rising convective undergoes separation which
is in total agreement with that of the [1]. This is
attributed to the fact that as the convective flow
rises, it undergoes a temperature drop. Therefore,
the flow tends to detach and reattach where the
temperature is higher. More importantly, as
illustrated further, this phenomenon causes the Nu
number to drop sharply at the point of separation.
It should be noted that due to symmetry the result
of the numerical simulation related to the left wall
non-uniform temperature distribution has not been
presented. It is also worthy of mention that the
separated vortex is stretched towards the space
between the right and the middle plate. This
phenomenon occurs owing to the formation of the
separated vortex and therefore reducing the area of
the CW vortex propagation. The reduction in the
cross-section area of the CW vortex movement
leads to an increase in its momentum and as a
result, the vortex covers a larger area. In Fig.8c,
the temperature and stream function contours of
the case in which the non-uniform thermal
condition has been applied to the middle plate are
presented. It is evident that the convective flow
separation happens on both sides of the middle
plate because of the reason mentioned earlier.
However, as the separated vortex is large enough
to block the whole area between the plates the
vortex stretching phenomenon is not observed in
this case. Since the separation happens at both
sides of the middle plate, the Nu number, as shown
further, will be the lowest compared to other cases.
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Fig.8- Temperature and stream function contour of the vertical plates.

The local Nu number of the plates and the walls
have been presented in Fig.9. It is evident that at
points where separation of the convective flow
occurs the local Nu number drops sharply to a
negative number. This is due to the fact that at this
point, the heat transfer occurs in the area between
the plates where separation does not exist or is less
intense. As a result, the flow experiences a reverse
heat transfer leading to a large negative amount of
local Nu number. Similar to the horizontal
configuration of the plates, the main convective
vertices are located at the two sides of the cavity.
On the other hand, because of the geometrical
constraints of this case, reattachment of the
separated vertices is not as feasible as it is in the
vertical configuration case. Hence, the vortex
strengthening is not as intense as it is in the
horizontal configuration and the peak of the local
Nu number curve is much lower compared to that
of the horizontal case. Unlike the horizontal
configuration case, when a non-uniform
temperature distribution is applied to the middle
plate, the side plate also sees a drop in the Nu
number. This stems from the pair of separated
vertices on the top of the middle plate. The vertices
are large enough to block the major part of the
convective flow and therefore, the heat transfer
rate decreases. Another point which is worthy of
mention is that in the V-3 case, a secondary peak
can be observed after it plummets to its minimum
amount. This is attributed to the vortex stretching

of the side convective towards the area confined by
the middle and the side plate. As a result, the local
Nu number increases to a secondary peak.

Nu

SN

a) Local Nusselt number variation of the middle plate
in the vertical cases
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b) Local Nusselt number variation of the side plate in
the vertical cases
Fig.9- Local Nu number of the vertical case.

In Fig.10 the average Nu number of the plates in
vertical configuration has been presented. As
illustrated, overall, the introduction of non-
uniform temperature distribution to the plates does
not cause the average Nu number to change
significantly as what was observed in the
horizontal configuration especially, for the middle
in the H-3 case. As mentioned before this is due to
the fact that in the horizontal case, the separated
flow reaches a vortex front placed at one side of
the plate leading to vortex strengthening and
therefore higher heat transfer. Nonetheless, in the
vertical case, the reattachment of the separated
flow to the mainstream of the convective flow
vertices is more difficult due to the geometrical
constraints. On the other hand, the affinity between
the vertical and the horizontal configuration is that
when a non-uniform temperature distribution is
applied to one of the plates, its average Nu number
exceeds that of the other ones. As illustrated
before, this is because of the separation associated
with uneven temperature distribution.
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Tilted plates

In Fig.11 the temperature and the stream function
contours of the tilted plates have been presented.
Similar to the previous cases, when a uniform
temperature distribution exists on the plates the
stream function contour seems to be symmetrical.
In addition, in this case, there are two CCW and
CW on the upper and the lower plates respectively,
referring to the existence of the natural convection
caused by the plates. In addition, the temperature
contour of the uniform case, similar to the previous
ones, is characterized by the increment of the
temperature amount in the positive direction of the
Y axis. This is due to the fact that in natural
convection, the warmer front tends to be placed on
the upper part of the colder part due to the
dependency of density on temperature. In Fig.11b
the contours of the case with a non-uniform
temperature distribution on the lower plate have
been presented. When an uneven temperature
distribution is applied to the lower plate, an
interstitial mode, which is a phenomenon between
the vertical and the horizontal case, comes to
existence. In other words, in this case, the two
main observations of the previous cases i.e. vortex
stretching towards the plate with non-uniform
temperature distribution and separation of the
convective flow typical of the horizontal and the
vertical respectively case is observed. This is
attributed to the fact that when the convective flow
is propagating along the lower plate the presence
of the temperature difference between the plate
and the cavity walls is felt and as a result, the
convective flow tends to be separated towards the
wall with higher temperature. On the other hand,
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due to the temperature difference between the
plates the CCW vortex is separated and joins the
warmer front. Detailed explanations of these
phenomena have been presented in the previous
cases. As a result of the interstitial mode of the
convective flow, the flow characteristics will be in
an intermediate amount between the vertical and
the horizontal case. Hence, the separation is not
that intense and the stretching phenomenon is not
that extensive. This leads to a lower amount of the
local Nu number drop as it is evident in Fig.11. In
Fig.11c the contours of the case in which the
uneven temperature distribution is applied to the
middle plate have been presented. It is evident that
there are two symmetrical vertices on the upper of
the middle which is attributable to the fact that the
convective flow between the middle and the other
plates experiences a temperature drop and it tends
to join the warmer front. However, the CCW
vortex which has been located on the lower part of
the middle plate is somehow stronger than the
upper one. Moreover, the stretching of the upper
CCW vortex in the domain between the middle
and the lower plate is more intense compared to
what happens between the upper and the middle
plate. This is due to the fact that between the lower
and the middle plate, the lower one is responsible
for natural convection, while between the lower
and the upper plate, natural convection is caused
by the middle plate. Therefore, as seen in Fig.11c,
the convective forms later in the space between the
middle and the lower plate as the temperature at
the left tip of the middle is higher than that of the
lower one and obviously convective flow cannot
be induced in the direction of the gravity vector.
Thus, convective flow is generated where lower
possesses a higher temperature which is further
compared to that of the space between the middle
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and the upper plate. This delay in the convective
flow formation leads to more stretching of the
upper vortex due to the lack of resisting vertices at
that region. Also, the reason behind the stronger
vertices between the middle and the lower plate is
attributed to the fact that the separated flow in this
region is confined between the separated
convective flow in the area between the middle
and the upper plate and also the lower CW vortex
in the cavity. The confinement leads to a lower
cross-section in which the lower separated
convective can propagate and as a result, it leads
to a higher velocity of this vortex. In Fig.11d the
temperature and the stream function contour of the
case in which the upper plate possesses non-
uniform temperature distribution have been
presented. It is observed vividly that the main part
of the convection heat transfer happens in the area
between the upper and the middle plates. As the
temperature drops alongside the upper plate, the
convection heat transfer occurs mainly by the
middle plate. The separation of the convective
flow between the plates is also discernable. In fact,
one may expect to observe similar trends in both
T-2 and T-4 cases due to the symmetry of the
system. However, an opposite trend is seen. In the
T-2 case, there is a rather small CW vortex below
the lower plate while in T-4 no convective flow
above the upper plate is observed. This is because
the radiation heat transfer at the hotter tip of the
plates leads to a temperature increment of the
cavity walls near the hottest end of the plates. In
both cases, this increment leads to hotter cavity
walls. However, due to the fact that natural
convection happens only to the opposite side of the
gravity vector, convective flow is present only
around the lower plate.
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Fig.11- Temperature and stream function contour of the tilted plates.

In Fig.12 the local Nu number of the plates has
been presented. It is evident that when a non-
uniform temperature distribution is applied to one
of the plates at a certain position local Nu number
decreases sharply. However, an important
observation is that the amount of drop of the lower
plate is less significant compared to that of the

horizontal and vertical case. In addition, when a
non-uniform temperature distribution is applied to
one of the plates the local Nu number first rises to
a primary maximum amount and then hits its
negative peaks. This observation can be
understood better by considering the isotherms. As
shown, in all of the cases a local temperature
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gradient is observed on the non-uniformly heated
plate.

a) Local Nusselt number variation of the lower plate in
the tilted cases.

T T T

%

b) Local Nusselt number variation of the middle plate
in the tilted cases
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¢) Local Nusselt number variation of the upper plate in
the tilted cases

Fig.12- Local Nu number of the tilted case.

In Fig.13 the average Nu number of the tilted case
has been presented. As it is observed, in the T-1
case, the upper plate followed by the lower plate
experienced the highest amount of average Nu
number. Unlike the previous cases, in this case, the
introduction of uneven temperature distribution
does not necessarily lead to average Nu growth.
For instance, in the T-2 case the average Nu
number lower plate plummets to its lowest value,
while the Nu number of the upper plate rises to its
highest amount. The same trend is observed for the
upper plate as in the T-4 case average Nu number
hits its lowest amount, whereas the Nu number of
the lower plate sees an increase.

_ 60
o
o]
€ 40
=) / . - r
S 20 ﬁ s / :5
2 al Al 7
g o 4 7 7 Z
©
o T1 T-2 T3 T4
< Case number

# lower plate B middle plate Ilupper plate

Fig.13- Average Nu number of the cases T-1to T-4.
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Conclusion

In conclusion, considering the three cases, all cases
are separated due to the temperature difference.
The main separation mechanism in the horizontal
cases is vortex stretching which is mainly present
in the area between the plates and results in the
most intense local Nu drop. On the other hand, in
the vertical convective flow, separation occurs out
of the area among the plates. However, both
mechanisms are active but not intense in the tilted
case. As a result, the local Nu drop is not as sharp
as the horizontal case. Therefore, Nu number
variation is an intermediate value between the two
other cases. This intermediate variation in the local
Nu number of tilted plates can be regarded as the
main characteristic of this case. Moreover, in the
T-4 case, the main part of the convective flow is
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present in the area between the middle and the
upper plate. Furthermore, another characteristic of
the tilted case is the primary positive peak. In
Table 2, a comparison among the cases has been
drawn. As seen, the least amount of variation,
equal to 1.18, is associated with the vertical case
because of the geometrical constraint impeding the
vortex stretching phenomenon. Moreover, it was
found that the highest amount of variation in Nu
number occurs in the horizontal case hitting a peak
of 60.24 as the position of the plates allows an easy
permeation of the convective flow between the
plates. This clearly indicates the importance of
plate configuration in a cavity for the
aforementioned applications, as the variation in the
Nu number may differ up to 60 times for a single
plate leading to a sharp thermal stress gradient.

Table 2- comparison of the average Nu number.

case Plates

Horizontal | lower middle upper variation
H-1 25.433798 20.194474 | 31.305669 | 5.661022
H-2 34.316959 11.129707 | 15.100656 | 14.13452
H-3 24.800565 113.95058 | 22.378275 | 60.24078
H-4 26.546095 18.730707 | 25.64913 | 2.904118
Vertical middle right variation

V-1 27.702332 25.337337 | 1.1824972

V-2 25.771371 17.264467 | 4.2534521

V-3 22.648078 27.507332 | 2.4296269

Tilted lower middle upper variation
T-1 33.231752 20.836199 | 45.106262 | 12.04819
T-2 27.099059 19.224949 | 50.759027 | 18.39801
T-3 31.575584 25.531656 | 44.739363 | 10.7905
T-4 33.535956 27.096038 | 32.99084 | 2.328345
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