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ABSTRACT
In this work, natural convection in an adiabatic enclosure with openings induced by two isothermal hot cylinders is approached numerically. The
study covers five different configurations of the enclosure as the number and locations of the inlet and outlet ports are varied for Rayleigh number
(Ra) between 104 and 106. Additionally, the study also analyzes the effects of varying the horizontal distance (S) between the cylinders along with
their vertical locations () for dimensionless values of 0.4 to 0.3 and -0.2 to 0.2, respectively, at a constant Ra of 106. The outcomes show that the
locations of the openings have a significant influence on the amount of the heat being transferred. When both  and S are kept unchanged, and at low
Ra, where conduction is the main reason for heat transfer, configurations with two facing inlets illustrate low heat transfer up to Ra = 2.5x105 which
is reversed as Ra increases. However, for changes in S at Ra = 106, when the heat is mainly being dissipated by convection, these configurations are
not only dissipating more heat rates but also show low sensitivity to increase in S. Low sensitivity for changes in  has also been observed for the
configuration with two facing outlets and one inlet. In overall, in all considered configurations, the average Nusselt number varies inversely with
variation in . Similar change is observed for configurations that have one inlet as well with variation in S. The configuration with symmetrically
distributed ports shows distinguished results in heat dissipation characteristics.
Keywords: Cavity with openings, Natural convection, Isothermal cylinders, Numerical analysis.

1.

under variations in many variables such as diameters and locations of
the cylinder, boundary conditions of the cylinder and enclosure as well
as Rayleigh numbers (Ra). In addition, natural convection under
different situations employing partially opened cavities as the main
configuration is also covered in literature. Numerical investigation was
used by Bilgen and Muftuoglu (2008) to address natural convection in
an enclosure that has openings on one side of the wall. A constant heat
flux is imposed on a side-wall while the openings placed in the facing
wall. In a different work, Bilgen and Balkaya (2008) considered the
same geometry but used discrete heaters with constant heat flux on one
wall. In these works, the effects of opening sizes and positions, number
of slots in the wall and Rayleigh number were also analyzed. In a
different direction, Mariani and Silva (2007) numerically examined the
natural convection in a partially opened cavity containing uniform heat
source. The effects of positions of the heat source and enclosure aspect
ratio as well as Rayleigh numbers on the local and average Nusselt
number were investigated. Fontana et al. (2011) studied the natural
convection in a partially open cavity with an internal heat source placed
at the center of bottom wall. The effect of opening mass flow was
analyzed in a cavity for three opening sizes and different values of the
Rayleigh number. The outcomes showed that the position of the
opening has a significant influence on the flow pattern and heat transfer
amount in the cavity. Achieving the same investigation goal,
Abhenav et al. (2013) also studied partial open cavities but with an
internal heat source that has different dimensions. The study involved
the effect of vent locations as well at Rayleigh number from
to
. It was illustrated that Nusselt number and mass flow rate increase
with the increase in the Ra or decrease in the heat source aspect ratio.
When forced convection presents in the cavity along with natural
convection, a mixed convection is produced. Obstacles can also be
placed inside enclosures which affect the flow pattern and the heat

INTRODUCTION

Natural convection is a heat transfer mechanism that occurs as a result
of temperature differences between fluids and surfaces without exciting
the working fluid by an external element. In past decades, efforts were
employed toward investigation of natural conversion in closed cavities.
This can be seen in many engineering fields as heat exchanging
devices, space heating, energy storage systems, solar systems, and
cooling of electronic equipment (Moukalled and Acharya 1996).
In recent years, however, substantial researches have been
conducted considering cavities with full or partial openings due to large
industrial applications. Some interesting examples are open cavity solar
thermal receivers, heat exchanger with extended surfaces, and heat
convection in rooms and thermal design of ventilation of buildings
(Gowda et al. 2019). Fluid motion is motivated by the presence of
heating sources or elements in the enclosure and because of ventilation
openings, the fluid can travel into and from the cavity. This can produce
a complicated flow patterns which affect the heat transfer
characteristics. This phenomenon has received the attention of
researchers where significant experimental and numerical investigations
are proposed. Natural convection is studied intensively as it is a
preferred method in equipment cooling where control systems such as
fans or pumps can be easily avoided providing cost savings in both
initial installation and later in maintenance.
Utilizing mainly numerical approaches, natural convection in
closed cavities with one cylinder has investigated by [Moukalled and
Acharya (1996); Roychowdhury et al. ( 2002); Shu and Zhu (2002);
Hussain and Hussein (2010); Kim et al. (2014); Park et al. (2018)] and
with two cylinders by [Ali (2008); park(2012); Yoon et al. (2012);
Yoon et al. (2014); Karimi et al (2014); Abdi and Rezazada (2016)]
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transfer characteristics may change as a result. For the configurations
that are considered in this work, many researchers have considered
relevant configurations with various obstacles but for mixed
convection. Shuja et al. (2000) investigated mixed convection in vented
enclosure with a heat generation rectangular body using numerical
approach. They studied the effects of aspect ratio of the heat generating
body and exit port locations on the characteristic of heat transfer and
irreversibility generation. Mixed convection with heat conducting
square blocks inside a vented square cavity was addressed by
Rahman et al. (2008a) and Chamkha et al. (2011). The effect of
geometric size, thermal conductivity, location of the block within the
enclosure and location of the ventilation ports, as well as the effect of
Richardson (Ri) and Reynolds (Re) numbers were all examined. In a
related work, Rahman et al. (2008b) and Rahman et al (2013) also
scrutinized mixed convection in vented square cavity but with a solid
circular cylinder instead. They investigated the effect of the cylinder
diameter, solid to fluid thermal conductivity ratio as well as the
Richardson number on heat transfer and flow characteristic. The same
investigations were repeated with a heated hollow cylinder by
Mamun et al. (2010). Boulahia et al. (2018) have also analyzed the
mixed convection in cavities containing circular cooling obstacle where
Cu-water nanofluid is used as the working media. The effects of
Richardson number and outlet location as well as the volume fraction of
the nanoparticles are addressed. In literature, mixed convection was
also approached using two obstacles inside the enclosure.
Karimi et al. (2016) simulated a mixed convection in a square cavity
with two heated cylinders considering the effect of cylinder diameter
and Richardson and Reynolds numbers. Whereas Khanafer et al. (2017)
studied the mixed convection in a lid-driven cavity with two circular
cylinders that positioned symmetrically. In a recent work,
Khanafer et al. (2019) investigated the mixed convection in a
differentially heated cavity with two rotating cylinders as well.
From the above, the following can be stated: Majority of the works
on natural convection in cavities consider either closed cavities with
heated cylinder or ventilated cavities with heat source placed at the
walls. Moreover, open cavities with obstacles are only considered for
mixed convection. To the best knowledge of the authors, the analyses of
natural convection flow and heat transfer in partially opened enclosures
with two isothermal hot circular cylinders have not been investigated.
In this work, a numerical approach is presented for studying the natural
convection heat transfer in a cavity with different opening
configurations and confines two isothermal cylinders. Air is assumed to
be the medium for heat transfer. To determine the best cooling
scenarios, five different cavity configurations have been considered by
changing the locations and sizes of the ventilation ports for Rayleigh
number ranged between
and
. At
, for each
configuration, the flow pattern and heat transfer characteristics are
addressed for various horizontal distances between the cylinders as well
as different vertical locations of the cylinders. As natural heat
convection occurs without any external disturbances as fans or pumps,
the best enclosure configuration under the above considered
circumstances, is the one that can provide a higher heat transfer rate
which is indicated by the average Nusselt number.

2. MODEL CONFIGURATION AND GOVERNING
EQUATIONS
The schematic diagram of the physical system and the boundary
conditions considered in this study along with the coordinate system are
shown in Fig. 1. The considered system is a two-dimensional square
enclosure with sides of length . There are two hot circular cylinders
with diameter (set to
) placed in the enclosure and separated by a
distance . The distance is varied from
to
. The position of
the cylinders ( ) is also assumed to vary along the vertical center line
of the enclosure from
to
. Both cylinders are isothermal and
have surface temperature of . Cartesian coordinate system is utilized
with the origin at the center of the enclosure. The side walls of the
enclosure are kept adiabatic. The inflow openings are positioned at the
bottom of the side walls whereas the out flow openings are located at
the top. There are either a single opening with size of
on one side
wall or two openings each has a size of
on two opposite side walls.
The following assumptions are considered: The incoming fresh air is at
the ambient temperature of , the outgoing flow is extracted naturally
and has zero diffusion flux for all variables, all solid boundaries of the
cylinders and the enclosure are impermeable, and no-slip boundary
conditions imposed on the walls where the velocities are set to zero.
The hot cylinders heat the surrounding air in the cavity where the air
starts moving up due to buoyancy effect toward the upper opening and
leaves the enclosure. This motivates the atmospheric fresh air to enter
the enclosure through the bottom openings. For this reason, the upper
openings are indicated as outlets whereas the bottom ones are
designated as inlets. According to the position and the size of the inlet
and outlet openings, five configurations of the enclosure are considered
as following: Configuration A where the openings are placed on the
same side wall, configuration B where diagonal openings are assumed,
configuration C where one inlet and two outlet openings are dedicated,
configuration D has two inlet openings and one outlet, and finally in
configuration E two inlets and two outlets are utilized. These
configurations are shown in Fig. 2.

Fig. 1: Schematic description of the physical model along with
boundary conditions

Fig. 2: Five configurations used in the study
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Natural convection heat transfer in any enclosure is based on the
conservation equations of continuity, momentum and energy. The fluid
is assumed to be Newtonian and it is also assumed that the flow within
the enclosure is steady and two dimensional laminar flow. In addition,
constant thermophysical fluid properties are assumed and Boussinesq
approximation is adopted for density variation with temperature in the
buoyancy term. The dimensionless form for conservation of mass,
momentum and energy equations can be written as:

integrating the local Nusselt number over the surface of each cylinder.
This can be calculated from:
∫
where

)

( )

(

)

( )

The governing Eqs.(1) through (4) along with the boundary conditions
have been solved using Galerkin weighted residual finite element
method. Triangular elements are used to divide the computational
domain illustrated in Fig. 1 considering all five configurations in Fig. 2.
For the discretization of the pressure in the flow field, linear Lagrange
elements are utilized. Whereas for the velocity, quadratic Lagrange
elements are employed. Quadratic Lagrange elements are used in the
discretization of the temperature in the energy equation as well. The
solutions of the discretized equations are obtained by implementing
damped Newton method. The convergence criteria is based on the
accuracy of the domain variables which is set to
. To account for the
high gradients in the velocities and temperatures, finer elements are
used at the walls of the enclosure as well as at the cylinder surfaces.
To ensure the accuracy of the results, a grid sensitivity study is
performed to obtain suitable grid distribution that can produce accurate
results and minimize computational time. For that, seven different
element numbers starts from around 1090 and ends at around 35500 are
simulated for each configuration undertaken in this work. In all
simulated cases, the following are considered
and
. The values of the averaged Nusselt number on the
cylinder surfaces (
) are computed for Rayleigh numbers of
and
and are shown in Fig. 3. It can be observed that up to around
21900 elements, the
changes with the variation in the elements
numbers where they start settling down at constant values for each
corresponding configuration when the number of the elements increases
beyond 21900 elements. Therefore, element numbers between 22000
and 23000 elements depending on the undertaken configuration are
considered for the rest simulations in this work.
In order to validate the computational procedure used in this work,
three different problems from different references are simulated. The
first problem imitates natural convection in a cold closed enclosure
containing a hot circular cylinder presented in the works of Moukalled
and Acharya (1996) and Shu and Zhu. (2002). The problem is simulated

( )
where
and
are the Prandtl and Rayleigh numbers, respectively,
which are given as:
(

is the angular position along the cylinder surface.

3. SOLUTION METHODOLOGY AND VALIDATION

( )
(

( )

)

The dimensionless variables states in (1) through (4) are defined as:

where
and
are the coordinates along horizontal and vertical
directions, and are velocity components in the directions of and
, respectively, is dimensionless diameter of the cylinders, is the
dimensionless distance between the two cylinders,
is the
dimensionless vertical location of the centerline of the cylinders, is
the dimensionless pressure, and is the dimensionless temperature.
The non-dimensional boundary conditions for the undertaken problem
are:
1- On the solid surfaces of the cylinders as well as the enclosure, the
velocities are:
and the dimensionless temperature on the
surfaces of the heated cylinders,
.
2- On the solid walls (not including the openings) of the enclosure:
on the vertical walls and,
on the horizontal walls. And finally,
3- At the openings Gowda et al. (2019):
at the inlets:
and,
at the outlets:
=0 and
.
To compare between the alternatives in heat exchange processes
stated in section 1, the thermal system in this work is evaluated by the
amount of rates in heat transfer. This is characterized by the local and
average Nusselt number calculated at the surface of the heated
cylinders. For the temperature distribution outcomes in the
computational domain, the local Nusselt number can be computed
from:
( )
where h, k and n are the convection heat transfer coefficient, thermal
conductivity of the fluid and the normal to the cylinder surfaces,
respectively. Whereas the average Nusselt number is obtained by

Fig. 3: Variation of average Nusselt number with number of elements
3

Frontiers in Heat and Mass Transfer (FHMT), 15, 27 (2020)
DOI: 10.5098/hmt.15.27

Global Digital Central
ISSN: 2151-8629

Table 1: Comparison of surface averaged Nusselt number from present code with those presented in previous studies
Ra
104
105
106

Moukalled and Acharya (1996)
2.071
3.825
6.107

3.331
5.080
9.374

5.826
6.212
11.620

Shu and Zhu (2002)
2.082
3.786
6.106

3.245
4.861
8.898

This work
5.395
6.214
12.000

2.069
3.777
6.108

3.225
4.908
8.897

5.371
6.212
11.948

hot and cold cylinders confined in a cold and closed enclosure. The
results of the isotherms and streamline plots are compared for Rayleigh
number of
and presented in Fig. 4. A very close accordance can be
observed between the two results. The final problem, however, mimics
mixed convection in a square cavity that contains two isothermal hot
cylinders with openings considered by Karimi et al. (2014). Once again,
the outcomes, streamline and isotherms that obtained from the current
work for the case of
and
, are compared with
the ones presented by Karimi et al. (2014) Fig. 5 illustrates the
agreement between both results.

Park et al. (2012)

4.

RENAULTS AND DISCUSSION

Recall that this work analyzes natural convections induced by two
horizontal circular cylinders enclosed by square enclosure with
openings. The cylinders are kept at constant hot temperatures while the
enclosure walls are considered to be adiabatic. Five different
configurations are conducted based on changes in the opening sizes and
locations (Fig. 2) at Rayleigh number ranged from
to
where
the cylinders are centered vertically (
) and the dimensionless
distance ( ) between them is set to
. In addition, for a constant
Rayleigh number of
, the influence of different horizontal distances
between the cylinders as well as vertical locations of the cylinders are
also investigated for the considered configurations. The dimensionless
distances between the cylinders are varied from
to
whereas
the dimensionless vertical locations are considered from
to
with increment of 0.1 for both variations. In all above cases, the
dimensionless diameter of the cylinders are set to 0.2 whereas air is
considered as the working fluid with Prantdl number (Pr) of
. The
followings discuss the main outcomes

Fig. 4: Comparison of the streamlines (left) and isotherms (right) from
the present results with that of Park et al. (2012).

4.1 Effect of openings configurations and Rayleigh number
Figs. 6 and 7 illustrate the effects of changing the size of the openings
and their locations represented by configurations A through E as well as
changes in Rayleigh number on the streamlines and temperature
distributions. In Fig. 6, the columns from left to right show the
streamline distribution for Ra of
,
and
, respectively,
whereas the rows represent the considered configurations. Two
observations can be built from the results as Ra increases. The first
observation is the alternating domination of conduction and convection.
While the second observation is the generation and development of
vertices. Starting with Ra =
, the streamlines in all configurations
are smooth and the major flows are from the inlet to outlet openings
with precursor for developing recirculation cells at the corner opposite
to the outlet ports for configurations A, B and D and inlet ports for
configurations A, B and C. This could be because of poor buoyancy
forces at low Rayleigh number which indicates that the heat transfer
mechanism is dominated by conduction. As Rayleigh number increases
to
, the natural convection appears more in the picture and starts to
dominate the heat transfer mechanism which can be indicated by the
distortion of the streamlines. As a result, the eddies in configurations A,
through D become larger and more clear. Also new vortices are
developing at the top of the inlet openings and under the inlet flow
streams for all configurations. This is due to the expansion of the cold
air as it enters the enclosure and its inability to accompanying the wall
of the enclosure. Lastly with enhanced buoyancy when the Rayleigh
number increases to
, the distortion of the streamlines increases

Karimi et al. (2014)

Fig. 5: Comparison of the streamlines (left) and isotherms (right) form
the present results with that of Karimi et al. (2014).
for different diameters of the cylinder that change as D = 0.1, 0.2 and
0.3 and for Rayleigh numbers that ranges from
to
. The
obtained values of the averaged Nusselt number at the cylinder surface
according to the definition presented by Moukalled and Acharya (1996)
are listed in table 1. As can be seen, the results show a close match with
the values given in the study of Moukalled and Acharya (1996) and
Shu and Zhu (2002). The second problem is presented by
Park et al. (2012). The problem deals also with natural convection from
4
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Fig. 7. Isotherms for all
a) Ra=
, b) Ra=

=0,

configurations at S=0.2 and
and c) Ra=

=0,

distortion can be seen in the isotherm contours and the convection
effect becomes more evident in the plots. Consequently, thermal
plumes start to construct around the cylinder upper surfaces directing
toward the outlet in the all configurations. A uniform temperature
distribution can be observed in the spaces between the cylinders and
the vertical walls and between the cylinders as well. Moreover, a
larger temperature gradient is observed around the cylinders
especially in the region that is facing the inlet ports. For the zones
under the cylinders, more cold air is occupying the zones near the
inlets as the hot air is rising due to the increase in the convection
actions. Finally, the convection effect becomes larger when the
Rayleigh number is increased to
. The thermal plums above the
cylinders become stronger and start rising toward the outlet openings.
As a result, the buoyancy effects increase causing further fluid motion
and sharper temperature gradients around the lower surfaces of the
cylinders and hence enhance the heat transfer. For the configurations
that have one outlet port (i.e. A, B and D), the thermal plums over the
cylinders interact with each other and the path of the plumes that are
far from the outlets are obstructed by the flows that are rising from
the space between the cylinders. The rule of the cylinder that is far
from the outlet is weakened in result. On the other hand, for the
configurations with two outlets (i.e. C and E), no interaction between
the plumes is observed and the plumes above each cylinder move
toward the nearest outlet. This fluid behavior and temperature
distribution will reflect the role of each cylinder in the heat transfer

which clarifies that the convection dominates the heat transfer process
majorly. Moreover, the vortices are stronger and larger in their sizes in
all configurations and new vortices are seen in A and E at the lower left
corner and over the cylinders, respectively. For configurations A, B and
C, as the convection current becomes stronger, the center of the vortices
under the flow streams are trucked in the flow directions toward the
space between the cylinders and the vertical walls. In addition, in
configurations A through D, the vortices nearby the right vertical walls
elongated in the space between the right cylinder and the wall resulting
in more fluid flowing in-between the cylinders. For configuration E,
this happens at both vertical walls due to the symmetrical structure of
the openings. The effect of different openings verse variation in
Rayleigh numbers on the isotherms are presented in Fig. 7. The
isotherm lines are starting from 0.1 with an increment of 0.1 to 1.0
located at the surface of the cylinders. As with Fig. 6, the columns
represent the change in Ra while the rows are the corresponding
configurations. The outcomes can be partition into three main sections:
Between the vertical walls and the cylinders and the zones above and
below the cylinders. At Ra =
, it can be noted from the first column
on the left that all configurations have uniform temperature distribution
in the lower half of the enclosures between the inlet ports and the
cylinders with no plumes over the cylinders except a very weak one in
configuration A. This indicates that the heat transfer is governed by
conduction mode and the flow velocity is too weak to disturb the
temperature distribution. When the Rayleigh number changes to
,
5
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process and can be clearly noted in the distribution of the local Nusselt
number around the cylinders.
Local and average Nusselt numbers associated with changes in
configurations verses Ra numbers are depicted by Figs. 8 and 9,
respectively. In Fig. 8, the polar graphs of the local Nusselt number

distributed along the cylinder surfaces for all configurations are plotted
at Rayleigh numbers of 104, 105, and 106. Table 2 summaries the
minimum and maximum values of the local
along with their
corresponding angular positions. The left cylinder is represented in the
left column while the right column is for right cylinder. At
,
as the conduction is dominating, the distribution of the local Nusselt
numbers for all configurations on the left cylinders are almost similar as
seen in Fig. 8a. However, some differences in the local Nusselt
numbers can be observed in the lower part for the right cylinders where
configuration A has the higher value of the local Nusselt number. In
addition, configurations B and C have close Nusselt numbers that are
higher than those of configurations D and E which also have close
Nusselt numbers. Configurations A, B, and C have a peak value of the
local Nusselt numbers at approximately
while the local
Nusselt number has a peak at around
in configurations D and
E. This is due to the high gradient in temperature distribution at these
locations where configuration A has the largest gradient. This is
obvious in Fig. 7. The variation of the local Nusselt numbers is ranging
between 1.0 and 9.2 for the left cylinders whereas a range of 1.0 to 12.3
is noted for the right cylinders. The minimum value of local Nusselt
number is observed for both cylinders at the location of minimum
temperature gradients where thermal plumes are generated.
When
changes to
, as shown by Fig. 8b, the effect of the
convection heat transfer increases, and this is reflected on the
distribution of the local Nu. For both cylinders, the minimum value of
the local Nusselt number for all configurations appears at the top of the
cylinders where the ascending plume is located at which the
temperature gradient is the smallest. The minimum value is around 4.0
for both cylinders in all configurations except configuration B where
the right cylinder shows a minimum of 2.9. For the left cylinder, the
minimum happens at that ranges between
to
whereas for
the right cylinder this range drops by an average of
as seen in table
2a. The local Nusselt number increases clockwisely along the surface of
the left cylinder, where the temperature gradient increases as well, as
noted in Fig. 7. Keeping with the left cylinder, the maximum value of
the local
does not deviate from 23.32 that much for all
configurations. The angular location of this maximum shows similar
behavior where at configurations A, B and C the peak occurs at around
whereas for D and E, is around
. Once again, these
peak values correspond to the locations that are close to the inlet
openings where temperature gradients are maximum at the cylinder
surfaces. Geometrically, the angular locations of the maximum local
Nusselt numbers can be related to the opening locations. On the left
cylinders in configurations A, B, and C, the inlets are positioned about
. However, for D and E the maximum happens at
which is the mid-way between the two opposite inlets. On the other
hand, for the right cylinders, the values of the maximum Nusselt
numbers are different. Configuration A has the largest value of 28.9
whereas D and E have the lowest value of around 22. All maximums
happen at close angles of around
to
. Lastly, for
, the effect of the convection increases further which
accordingly affects the value of the local Nusselt numbers.
Interestingly, the geometry of
distribution is almost same as with
. This can be seen in Fig. 8c. However, the numerical values
of the minimum and maximum values are significantly different. For
both cylinders, all configurations have almost same minimum of about
6.0. However, left cylinders reveal a maximum of about 46.0 while the
right ones reach a maximum of about 50.0 except for configuration A
where a maximum of 54.6 is observed.
It is important to state the following two points for all considered
. First, the configuration A has the largest local Nusselt number value
at the right cylinder. The reason behind that is the position of the right
cylinder which is located between the inlet and outlet openings. This
makes the movement of the air to be higher around the cylinder and
results in higher convection effects. Second, it can be noted that for
configurations B and C along with A, the cylinder that is closer to the
outlet ports has more domination over heat transfer. This is because the

Fig. 8: Distribution of local Nu along the surface of left cylinder (left
column) and right cylinder (right column) for all configurations
at S=0.2 and =0, (a) Ra=104, (b) Ra=105 and (c) Ra=106

Fig. 9. Average Nusselt number of the cylinders as a function of Ra for
all configurations at S=0.2 and =0
6
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and their angular locations for changes in

at

Minimum value of local
Left cylinder
Right cylinder
Value of
Configuration A
Configuration B
Configuration C
Configuration D
Configuration E

1.4
1.3
1.1
1.1
1.0

4.2
4.5
4.3
3.4
4.0

Table 2b: Maximum values of local

6.4
6.7
6.8
6.0
6.4

1.3
1.2
1.1
1.1
1.0

4.3
2.9
3.6
4.2
4.0

8.8
9.2
8.3
8.7
8.4

6.0
5.4
5.9
6.5
6.4

and their angular locations for changes in

23.3
25.1
23.7
22.2
22.3

43.7
47.5
44.8
48.3
50.1

12.3
11.3
11.0
9.1
8.4

28.9
24.6
26.1
22.5
22.3

fluid that is heated by that cylinder can leave faster as it has shorter path
to the outlet. For the other two configurations, however, the two
cylinders approximately have the same influence on the heat transfer as
these configurations have two inlets or two outlets that lead to even
distribution of the fluid among the cylinders.
To decide on the configuration that can produce a better natural
convection, a comparison between the surface-averaged Nusselt
numbers for all configurations at different
numbers is illustrated in
Fig. 9. From this Fig., in general, it can be said that the average Nusselt
number increases with the increase in the Rayleigh number for all
configurations from about 5.0 at
to around five times more at
. The increase in the average Nusselt number is due to the
increase in the convection effects as
changes from
to
. To
simplify the comparison, two regions are assumed based on the
number. In the first region,
is considered to be less than
.
In the second region, where the convention mainly dominates the heat
transfer rate, the
is greater than
. In the first region, it is
observed from Fig. 9 that configuration A gives the higher heat transfer
rate while for the second region, the larger heat transfer rates are
delivered by configuration E in the first place and configuration D in
the second place. This indicates that at higher
number, the effects of
the number of inlets and their relative locations with respect to the
outlets are higher than that at lower
number. The effect of the
location of the inlets and outlets on the heat transfer is limited through
the guidance of the flow direction and path. This affects the role of each
cylinder in the heat transfer mechanism as can be seen from the local
Nusselt number distribution in Fig. 8. Thus, at low , configuration A
gives the higher heat transfer while configuration. E rules the heat
transfer rate for higher .

.

Location of minimum value ( )
Left cylinder
Right cylinder
73.1
88.1
80.6
73.1
91.8

80.6
106.8
95.6
80.6
88.1

at

and

Maximum value of local
Left cylinder
Right cylinder
Value of
Configuration A
Configuration B
Configuration C
Configuration D
Configuration E

and

91.8
114.3
110.6
91.8
106.8

88.1
99.3
95.6
95.6
91.8

65.6
80.6
69.3
76.8
88.1

65.6
69.3
65.6
69.3
73.1

Location of maximum value ( )
Left cylinder
Right cylinder
54.6
49.2
50.7
50.1
50.8

303.7
300.0
296.2
266.2
270.0

333.7
322.5
326.2
273.7
270.0

337.5
326.2
330.0
273.7
262.5

281.2
277.5
281.2
281.2
270.0

277.5
270.0
273.7
281.2
270.0

281.2
273.7
277.5
285.0
277.5

outcomes are shown in Figs. 10 and 11, respectively.
Fig. 10 shows the streamline distributions. In general, it can be
observed from the plots that for small distance between the cylinders
(
), the amount of the fluid that passes through the space
between the vertical walls and the cylinders is larger than the amount
of the fluid that passes in-between the two cylinders. On the other
hand, when the distance increases, more fluid passes between the
cylinders. As a result, the size and number of the circulation eddies
formed inside the enclosure are essentially affected by the distance
for all configurations. For configuration A, the size of the vortices
above and below the left cylinder decreases with the increase in and
the small eddy in the lower left corner increases in size at
and
finally merges with the stream and shifts toward the lower portion of
the left cylinder at
. Most impotently, the center of the upper
vortex is also shifting toward the left vertical wall while the lower
one is moving slightly toward the center line. As stated above, when
the distance increases, the cylinders become closer to the vertical
walls. In a result, the heated fluid by the cylinders rises toward the
upper wall of the enclosure. This motivates more fluid in the stagnant
region at the left upper corner to move and reduces the size of the
vortices. The increase in also narrows down the space between the
right cylinder and the vertical wall which reduces the size of the
corresponding eddy. A smooth air path between the inlet and outlet
openings can be seen clearly for configuration B for all considered .
The lower vortex approximately keeps it size constant through all
despite some changes in its shape. As increases, the passing air
between the cylinders along with the heated air by right cylinder
occupy more space and squeeze down the eddy in the upper right
corner of the enclosure. This causes a reduction in the size of the
vortex as well. For configuration C, similar behaviors can be realized
regarding the vortices under the left cylinder as well as the one
between the right cylinder and the vertical wall. As this configuration
has two outlet ports, the heated fluid by each cylinder moves toward
the nearest outlet. Consequently, the influence of the rising air on the
region enclosed by the two cylinders and the upper wall becomes
weaker as increases. This leads to forming a circulation eddy where
its size becomes larger with the increase in . Interestingly, the
increase in has no effect on the recirculation cell locations in the
lower half of the enclosure in configurations D and E with slight
effects on their sizes. This is related to the inlet structures for these
two configurations. Having two inlets at the lower zone may
distribute and guide the flow uniformly. Same with configuration A,
the size of the vortex in the left upper corner in configuration D

4.2 Effect of variation in the horizontal distances between
the cylinders
To investigate the impact of the horizontal distances between the
cylinders on the characteristic of the natural convection through the
enclosure, a series of simulations are carried out where the
dimensionless distances are varied from
to
. Not to forget that
for
, the simulations are already given in the previous section.
The cylinders are placed at the centerline (
) whereas the
is
kept constant at
. In this series of simulations, the natural
convection dominants the heat transfer rates which means that there is
an energetic convection current that can affect the flow patterns and
heat transfer characteristics mainly. The streamline and isotherm
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decreases with the increase in . As configuration E shares the same
outlet structure with C, in
similar results are obtained as in
configuration C. However, since configuration E has an extra inlet, two
vortices are formed above the cylinders near the upper wall as
increases away from
. Differently from all other configurations, the
flow pattern in configuration E is symmetric due to the symmetry in
inlet and outlet distribution.
The contour of constant temperature lines in the Fig. 11 shows the
effect of the variation in distances between the cylinders on the
temperature filed in the enclosure. For all configurations, it is evident
from the plots that the dimensionless distance significantly affects the
thermal plumes orientation and the temperature distributions around the
cylinders. In addition, at
, it is also observed that the upwelling
plumes from the cylinders are mainly directing toward the exit ports. In
the configurations that have one exit port (A, B and D), increasing in
allows more air to pass between the cylinders which enforces the plume
over the cylinder far from the exit port to rise up then swerve to the exit
port. In configurations with two outlets (C and E), on the other hand,
the plume over each cylinder is directed toward the nearest outlet
regardless of the value of . For all , in configurations A, B and D,
approximately uniform temperature distributions are noted in the region
between the cylinders and the vertical walls opposite to the outlet due to
weak air movement. Also uniform temperature distribution is noted in
the space that conations both inlet and outlet between the cylinder and
the vertical wall for configurations C and E.

Approximately, for all configurations similar thermal behaviors
are observed when changes to
and
with differences being in
the values. The only exception is that for configuration A at
some differences in temperature distribution behavior are noticed from
that when
. This is because the inlet and outlet ports are located
on same side of the vertical wall. At larger distance between the
cylinders, more air passes between the cylinders toward the outlet
which restricts the flow coming from the space between the left
cylinder and the vertical wall as it can also be noted from Fig. 10. When
the value of is
, the space between the cylinders is narrow where
the air difficulty penetrates in between. This also causes the temperature
lines to get closer with each other, and therefore, the temperature
gradient increases. Another result for this is that more air moves
through the zone between the cylinders and the vertical walls toward
the outlets causing more heat to be dissipated. This justifies the longer
path for the high temperatures gradient around the cylinders in compare
with the cases when is 0.2 or 0.3 which produces high rate in heat
transfer as can be seen in Fig. 12.
Local Nusselt numbers around the cylinders for variation in are
illustrated in Fig. 12. The solid line in the Fig. represents the baseline
case where
and
. The general observation from the Fig. is
that the local Nusselt number distribution around the left cylinder in
configurations A, B and C is higher at
and decreases as
increases. In addition, for configurations D and E, the distribution of the
local Nu does not change that much on the left cylinder for all . As

Fig. 10: Streamlines for all configurations for different value of the
distance between the cylinders at =0 and Ra=106, (a) S=0.1
(b) S=0.2 and (c) S=0.3

Fig. 11: Isotherms for all configurations for different value of the
distance between the cylinders at =0 and Ra=106, (a) S=0.1
(b) S=0.2 and (c) S=0.3
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to 280o clockwise. This is due to higher temperature gradient in this
angular range as it is noted in the isotherms plot in Fig. 11. The
distribution of the local
around the left cylinder for configurations B
and C roughly displays the same trends with slight deference in the
positions of the minimum and maximum values. The Nusselt number
increases gradually as moving down with clockwise direction until
reaches the maximum values. The interesting point here is that the local
Nusselt number distribution is higher for higher in the range of
between
and
for B and between
and the position of
minimum value for C. Outside this range, exactly the opposite status is
noticed which is consistent with temperature gradient in Fig. 11. This is
because the left cylinder obstructs the flow stream that is moving
diagonally from the inlet to the outlet as increases, more fluid is
passing between the cylinders and upper right quarter of the left
cylinder. Thus, more heat transfers at this location between the hot
cylinder surface and the cold fluid. The effect of increasing from
to
on the local Nusselt number distribution around the right cylinder
is trivial in configuration B and shares the same trajectories with
except that the locations of their minimum values are shifted
anticlockwisly. Approximately same distribution of local
can be
noticed with configuration C. The only difference is that at
and
in the range from the minimum to 280o clockwise the values of local
are higher than those at
and
. This is due to the dense
distribution of temperature in this location. On the right cylinder in
configuration D, the minimum value of the local Nusselt number
occures in a narrow window for the angular position about
for
and
. Changing the from 0.2 to 0.3 has no effect on the
local Nusselt number distribution. However, a complete different
distribution is seen clearly for
. Lastly in configuration E, the
local Nusselt number distributions are symmetric around the cylinders.
This configuration has two inlets and two outlets which cause the flow
stream to be distributed consistently among the cylinders. Hence, each
cylinder participates evenly in the heat transfer process. For
and
, the local Nusselt number distributions are the same while for
the whole distribution is shifted about 40o clockwise on the left
cylinder and counter clockwise on the right one.
Fig. 13 depicts the plot of the average Nusselt values which from
the overall impact of varying the distance between the cylinders on the
heat transfer behavior can be concluded. It is found that the heat
transfer rate decreases sharply with the increase in the
for
configurations A, B, and C. However, the rate in the heat transfer nearly
stays constant for configurations D and E especially after
. The
maximum value of the average Nusselt number is observed for
configuration A at
. While a minimum value is indicated for
configuration B. A complete different result can be seen for
.
Configurations D and E have higher heat transfer rates with higher
value recorded for configuration E where the rates are almost constant
at values of 25.2 and 26.0, respectively. While for the other
configurations, the heat transfer decreases at least 10% in best scenario
in compare with configuration E at
. As it was reported in
Fig. 12, because of the two inlet ports in configurations D and E, both
cylinders attain the same role in dominating the heat transfer for all
values in compare to other configurations where one of the cylinders
plays this role. Thus, the variation in has a small effect on heat
transfer rates in D and E for
whereas in D the average Nu
barley changes despite the changes in with about 3% less heat rate in
compare with E.

these two configurations have two inlets, the temperature distribution
around the lower half of the left cylinder is mainly affected by the
inflow stream that is guided by the inlet and outlet ports. Table 3 details
the values and angular locations for the minimum and maximum of the
local Nusselt numbers as changes. For configuration A on the left
cylinder, approximately a minimum value around 6.5 for the local
Nusselt number is observed for all considered whereas the maximum
local Nusselt number is different. Around the right cylinder, the trend of
the local
distribution shows insignificant changes with variation of
from 0.2 to 0.3. But at
a higher local Nusselt number is
observed than other values of in the angular position ranged from 60o

4.3 Effect of variation in cylinder vertical locations
Behaviors of thermal and flow characteristics are also studied under the
variation in the vertical locations ( ) of the cylinders where these
locations are varied from
to 0.2 and both Ra and are kept
constant at 106 and
, respectively. First and third columns from the
left in Figs. 14 and 15 illustrate some of the outcomes for
and
, respectively. The case where the cylinders are positioned at the
center of the enclosure
is shown by the middle column.

Fig. 12: Distribution of local Nu along the surface of left cylinder
(left column) and right cylinder (right column) for all
configurations at =0 and Ra=106 for different values of S.
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Table 3a: Minimum values of local

Value of
Configuration A
Configuration B
Configuration C
Configuration D
Configuration E

0.1
6.5
5.7
6.4
5.7
6.1

0.1
54.8
54.1
54.7
49.7
50.1

and their angular locations as the distance between cylinders ( ) changes (

Minimum value of local
Left cylinder
Right cylinder
0.2
0.3
0.1
0.2
0.3
6.4
7.0
6.3
6.0
6.1
6.7
7.1
4.7
5.4
5.4
6.8
7.2
5.7
5.9
6.0
6.0
6.1
6.2
6.5
6.5
6.4
6.4
6.1
6.4
6.4

Table 3b: Maximum values of local

Value of
Configuration A
Configuration B
Configuration C
Configuration D
Configuration E

Global Digital Central
ISSN: 2151-8629

0.1
65.6
95.6
76.8
65.6
76.8

Location of minimum value ( )
Left cylinder
Right cylinder
0.2
0.3
0.1
0.2
0.3
91.8
103.0
80.6
65.6
69.3
114.3
118.1
99.3
69.3
69.3
110.6
114.3
95.6
65.6
66.5
91.8
91.8
84.3
69.3
73.1
106.8
103.1
103.1
73.1
76.8

and their angular locations as the distance between cylinders ( ) changes (

Maximum value of local
Left cylinder
Right cylinder
0.2
0.3
0.1
0.2
0.3
43.7
26.5
58.4
54.6
56.7
47.5
38.6
47.7
49.2
51.3
44.8
35.4
52.8
50.7
52.2
48.3
48.6
46.0
50.1
49.4
50.1
51.1
50.0
50.8
51.3

0.1
330.0
318.7
326.2
270.0
255.0

).

).

Location of maximum value ( )
Left cylinder
Right cylinder
0.2
0.3
0.1
0.2
0.3
337.5
7.5
296.2
281.2
277.5
326.2
341.2
277.5
273.7
270.0
330.0
345.0
285.0
277.5
273.7
273.7
281.2
303.7
285.0
277.5
262.5
270.0
285.0
277.5
270.0

By moving the cylinders to
, in configuration A and
because the inlet and outlet openings are on the same side wall, the
heated air by the right cylinder obstructs the flow that tries to leave the
enclosure. This enforces more air to retard and diffuse under the left
cylinder which disturbs the flow stream. As a result, the two vortices
under the left cylinder vanish. The size of vortices under the cylinders
in configurations B through E increases, while the ones confined
between the inlets in D and E get smaller as the vortices under the
cylinders occupy more space. For the vortices above the cylinders, the
cylinder locations do not affect their sizes that much in configurations
A and D. For configuration B, however, as more fluid moves under the
left cylinder toward the exit port, the circulation eddies in the upper
right corner expand. Lastly in configuration E, the vortices shrink in
size due to space constraint.
As illustrated by the isotherms in Fig. 15 column (a), when the
cylinders are at
, they become closer to the inlets which
consequently shorten the path for the fresh air to hit the hot cylinders.
In addition, the large space over the cylinders gives the rising plumes
the chance to move easily toward the outlets. Accordingly, the
temperature gradients around the cylinders are denser in compare with
other locations as can be seen by their effects on the local Nusselt
numbers in Fig. 16. The temperature distributions for the cases
and
are close in their patterns but with different numerical values.
When the cylinders are located at
(column c in Fig. 15), the
plumes have a smaller zone above the cylinders which causes them to
collide with the top wall and limits their sizes. This forces the plumes to
incline toward the outlets of the enclosure and weakens the flow
especially in the zone between the cylinders. And as a result, the
temperature distributions between the cylinders become more uniform
with smaller gradient which affects the heat transfer rate. All above
outcomes are applied for all considered configurations.
The local Nusselt number distribution for changes in the vertical
position of the cylinders is shown by Fig. 16. Table 4 shows the
minimum and maximum local Nu values and the corresponding angular
positions. The solid lines represent the baseline case where
.
Except with the right cylinder in configuration A, the values of the local
Nusselt numbers for both cylinders at
are larger than that of
those when
and
. For all configurations, as can be seen
from table 4a, the minimum values of the local Nu vary slightly
between 4.2 to 6.8. The corresponding angular locations for the
minimums on the left cylinders occur at the angular zone
. Whereas on the right cylinders they occur at
. This can be interpreted as these zones represent the zones of
low temperature gradients which correspond to the thermal plumes'

Fig. 13: Average Nusselt number of the cylinders as a function of (S)
for all configurations at =0 and Ra=106
From the streamlines and isotherms shown by Figs. 14 and 15, it
is clear that the vertical cylinder locations have significant effects on
the velocity and temperature fields in the enclosure. Obviously,
moving the cylinders up or down the cavity’s horizontal center line
will create more space in the opposite zone. Consequently, the
cylinders reveal less obstruction to the flow for the case when
and the fluid flows more freely where the inlet and outlet
ports configuration. the flow paths mainly. On the other hand, when
, the cylinders involve more in the fluid paths as they are
closer to the outlet ports. For the followings, all explanations are in
compare to the case where
. In Fig. 14, when the vertical
location is at
, the size of the vortices in the upper half of
the enclosure in configurations A and E is larger. Whereas in
configuration B the vortex in the right corner disappears and in C the
vortex over the cylinders merges with the flow coming from the space
between the cylinders. In configuration D, the vortex in the upper left
corner decreases in size while the one over the cylinders increases. It
is also evident that in all configurations, the size of circulation eddies
under the cylinders reduces considerably due to space limitation.
10
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Fig. 14: Streamlines for all configurations for different value of the
vertical location of the cylinders at S=0.2 and Ra=106,
(a)
(b)
and (c)
.

Fig. 15: Isotherms for all configurations for different value of the
vertical location of the cylinders at S=0.2 and Ra=106,
(a)
(b)
and (c)
.

locations and their directions toward the outlets. On the other hand, the
maximum values depend mainly on the value of as illustrated by table
4b. The difference between the maximums is large and the peak values
decrease as increases from
on all cylinders except the right
cylinder in configuration A. Besides depending on , the corresponding
angular positions of the maximums are determined mainly by the
locations of the inlets. The more the cylinders are moved toward the
bottom of the enclosure, the more the angular positions direct toward
the inlets. The reason for this phenomenon is that the entered fresh air
faces the hot cylinders quicker as
decreases. This causes a high
difference in temperature which in result increases the convection heat
transfer rate. This is shown in Fig. 16 where for configurations A, B,
and C, as decreases, the angular positions of the maximum values on
the left cylinders are settling down at about
which is facing the
inlets. Same behavior can be witnessed for the right cylinders where the
maximums turn counter clockwise towards
. Similar
observation can be drawn in configurations D and E where on the left
cylinders the maximums approach the angle
in clockwise and
in counter clock wise for the right cylinders. This is because
these configurations have two inlets on the opposite sides of the
enclosure.
The following can be observed from the average Nusselt number
shown by Fig. 17. In all configurations, the average Nu decreases as the
cylinders move up from
. This is because the temperature
gradient around the cylinders decreases with the increase in
as
demonstrated by the distribution of local Nusselt numbers in Fig. 16.

The decay in configurations A and C is about 8% which is 3.29 times
less than in configurations B and E where the reduction is about 26.3%.
Configuration E exhibits around 15.6% reduction in heat transfer rate.
The influence of changing the vertical location of the cylinders on
average Nu is limited in configurations C in the first place and A in the
second place. While configurations B and D are sensitive to the changes
in . With holding all other variables constant, configuration C shows
less sensitivity in changes in average Nu as is varied.

5 CONCLUSIONS
The current work addresses the behavior of natural convection in
enclosures that have different openings and are excited by hot cylinders.
The convection heat transfer is investigated for different changes
through the cavity boundary. This includes different numbers of inlets
and outlets with different sizes which form the five configurations A
through E. These configurations are simulated for Rayleigh numbers
( ) ranged from
to
. In addition, variations in the horizontal
distance between the cylinders as well as their vertical positions are
considered too where the Rayleigh number is held constant at
.
From the simulation of above scenarios, the following are concluded:
 At different
values, the location of the openings has an obvious
impact on the heat transfer rates. At low
values, when the heat
transfer mechanism is dominated by conduction, configurations with
non-facing inlets or outlets have more heat transfer rates the opposite
11
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Fig. 17: Average Nu of the cylinders as a function of ( ) for all
configurations at S=0.2 and Ra=106
 Also, the distribution of the openings affects the heat transfer rate
from the hot cylinders as their in-between distances ( ) change.
Heat transfer in configurations with facing inlets on the side walls
is almost not affected by the changes in the distances between the
cylinders. This can be seen clearly with configurations D and E
where the average Nusselt number ( ) nearly stays constant at
about 25.3 and 26, respectively. Changes in , however, cause
configurations A through C to sharply decrease in the rate of heat
being transferred. The average
drops by about 16% as
increases from
to
in configurations A and C and it does not
get better in configuration B.
 Once again, for variations in the vertical position of the cylinders,
the inlet and outlet locations influence the heat transfer rates
mainly. As the vertical positions of the cylinders ( ) vary, the heat
transfer rate in configuration C barley changes where it drops only
5% as
changes from
to
. Configuration A shows a
similar behavior except it further drops in the average
by about
11.3%. The heat transfer rate in configuration B illustrates akin
changes in A and C up to
. However, the average
drops by
26.6% at
. This is the effect of the inlet and outlet
architecture as configuration C combines the properties of both A
and B where it has two openings at the same side-wall in addition
to two diagonal openings. Configurations D and E conduct constant
negative slope in the average
as increases. Yet, they dissipate
more heat than other configurations with the leading of E up to
. This is due to the location of the two inlets in D and E and
since E has two opposite outlets as with configuration C, it can
produce more rate in heat transfer in compare with other
configurations up to
.

Fig. 16: Distribution of local Nu along the surface of left cylinder (left
column) and right cylinder (right column) for all configurations
at S=0.2 and Ra=106 for different value of ( ).
is true for high
values where the heat is mainly transferred by
natural convection. Configurations with facing opening ports illustrate
higher transfer rates. When
, configuration A which has
openings on same side-wall, shows the highest heat transfer rate.
Followed by configurations B, C, D, and E. Configuration E, with
lowest heat transfer rate, has two inlets and two outlets on opposite
walls. In compare with E, configuration A dissipates
more heat.
For
, on the other hand, configuration E conducts the highest
heat transfer rate where the order of heat rate dissipation is completely
reversed. The increase of heat rate in E is about 7% in compare with
configuration A which gives the lowest heat rate.

 A general observation: The average
for all configurations is
inversely proportional to the changes in . Same is true for
configurations with one inlets with respect to changes in .
 In overall, at high
when natural convection is completely
dominating the heat transfer rate, configuration E illustrates better
performance in dissipating heat despite the variations in and In
addition, configurations D and C show insensitivity to changes in
and , respectively.
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Table 4a: Minimum values of local
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and their angular locations as the cylinder vertical location ( ) changes (

Minimum value of local
Left cylinder
Right cylinder
Value of
Configuration A
Configuration B
Configuration C
Configuration D
Configuration E

-0.2
6.5
6.7
6.5
6.1
6.3

0.0
6.4
6.7
6.8
6.0
6.4

Table 4b: Maximum values of local

0.2
4.5
4.8
6.2
4.5
5.4

-0.2
5.5
5.5
5.6
6.3
6.3

0.0
6.0
5.4
5.9
6.5
6.4

Location of minimum value ( )
Left cylinder
Right cylinder
0.2
6.6
4.2
6.1
4.8
5.4

-0.2
84.3
95.6
95.6
99.3
103.1

-0.2
53.0
57.7
52.2
56.6
55.5

0.0
43.7
47.5
44.8
48.3
50.1

0.2
22.2
38.8
40.2
31.8
38.0

-0.2
61.8
61.8
58.1
56.3
55.1

0.0
54.6
49.2
50.7
50.1
50.8

NOMENCLATURE
d
D
g
h
H
k
L
n
Nu
p
P
Pr
Ra
s
S
T
u,v
U, V
x, y
X, Y

0.2
91.8
114.3
114.3
75.9
106.8

-0.2
91.8
84.3
80.6
76.8
76.8

0.0
65.6
69.3
65.6
69.3
73.1

0.2
50.6
103.1
58.1
65.6
73.2

).

Location of maximum value ( )
Left cylinder
Right cylinder
0.2
74.2
30.1
47.2
33.2
38.5

-0.2
337.5
333.7
333.7
240.0
240.0

0.0
337.5
326.2
330.0
273.7
262.5

0.2
7.5
300.0
326.2
303.7
281.2

-0.2
315.0
315.0
315.0
303.7
303.7

0.0
281.2
273.7
277.5
285.0
277.5

0.2
296.3
236.2
262.5
270.0
255.0
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