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A finite volume numerical simulation of natural convection in a parallelogrammic air-filled cavity having a
heated concentric circular cylinder is performed. The left and right sidewalls of the cavity are maintained
at a uniform cold temperature, while both upper and lower walls of it are considered thermally insulated.
A wide range of significant parameters such as Rayleigh number, inclination angle and cylinder vertical loca-
tions are considered in the present study. Comparison with previously published works is made and found to
be an excellent agreement. The results show that the strength of the flow circulation and the thickness of
thermal boundary layer around the hot circular cylinder are increased dramatically when the Rayleigh num-
ber increases. Also, to increase the flow circulation inside the parallelogrammic cavity, it is recommended to
make the inner cylinder moves downward until it reaches to [δ = −0.2] and the parallelogrammic cavity
sidewalls inclined to [Φ =15°]. Moreover, it is found that for various values of the inclination angle, the av-
erage Nusselt numbers at inner cylinder surface and at both cavity sidewalls, decrease when the cylinder
moves upward, while they increase when the cylinder moves downward.

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Natural convection in cavities has received much interest in recent
years due to its various engineering applications such as energy stor-
age system, furnace engineering, buildings heating and cooling, solar
energy collectors and cooling of electronic equipments [1]. In natural
convection, a fluid (gas or liquid) circulates between a warmwall and
a cold wall due to the density difference. This phenomenon is also
called as a force of gravity circulation. Extensive published research
works are studied this phenomena either numerically or experimen-
tally under different boundary conditions [2–5]. In addition, natural
convection from a circular cylinder embedded in a cavity has many
engineering applications such as industrial heat exchanger, cooling
system of machine parts and electronic packages. Tasnim et al. [6] in-
vestigated numerically the natural convection heat transfer of fluid
surrounded an isothermal circular cylinder in a square cavity. They
concluded that eccentric positions of the cylinder showed higher
heat transfer rate than concentric position. Kumar De and Dalal [7]
investigated numerically the natural convection around a square, hori-
zontal, heated cylinder placed in an enclosure. Itwas found that the over-
all heat transfer was a function of aspect ratio. Jami et al. [8] performed a
numerical investigation of laminar natural convection flows in a differ-
entially heated, square enclosure with a heat-conducting cylinder
at its center by using the lattice Boltzmann method. The results
were presented for Prandtl number (Pr = 0.71), Rayleigh numbers of

(Ra = 103–106) and temperature difference ratio of (ΔT = 0–50).
They concluded that independently of the value of (ΔT), the maximum
temperature in the cavity decreased with increasing Rayleigh number.
Bararnia et al. [9] studied numerically the natural convection around a
horizontal elliptic cylinder inside a square enclosure. The results showed
that streamlines, isotherms and the number, size and formation of the
cells strongly depended on the Rayleigh number and the inner cylinder
position. Xu et al. [10] carried out a numerical study of laminar natural
convection around a horizontal cylinder inside a concentric air-filled tri-
angular enclosure. The enclosure was filled with air, and both the inner
and the outer cylinders were maintained at uniform temperatures.
They concluded that the flow intensity and overall heat transfer were
significantly enhanced with increasing Rayleigh number due to more
contribution from natural convection. Also, as the aspect ratio was en-
larged, the overall heat transfer was enhanced, but the flow intensity
was diminished. Ghasemi et al. [11] investigated numerically using the
control volume finite element method (CVFEM) the natural convection
heat transfer in a cold outer circular enclosure containing a hot inner el-
liptic cylinder. Both of the circular enclosure and the inner cylinder were
maintained at constant temperatureswith air-filled inside the enclosure.
The numerical calculations were performed for various Rayleigh num-
bers, inclination angle of the enclosure and different sizes of inner cylin-
der. The results showed that streamlines, isotherms and the number, size
and formation of cells inside the enclosure were strongly depended on
these parameters, which considerably enhanced the heat transfer rate.
Ekundayo et al. [12] investigated numerically the natural convective
heat transfer from a horizontal cylinder inserted in a rectangular enclo-
sure. Sidik and Abdul Rahman [13] investigated numerically using the
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lattice Boltzmann scheme, the fluid flow behavior and the heat transfer
mechanism from a heated square cylinder located at various heights in-
side an enclosure in the range of 103 ≤ Ra ≤ 106. They concluded that
the heat transfer mechanisms were critically dependent on the location
of the inner heated square cylinder and the value of Rayliegh numbers.
Park et al. [14] investigated numerically using the finite volumemethod,
the natural convection in a square enclosure with hot and cold cylinders,
induced by the temperature difference between a cold enclosure and the
hot and cold circular cylinders contained within it. The existence of local
peaks for Nusselt numbers along surfaces of the cylinders and enclosure
was determined by the gap between the cylinders and the enclosure and
the thermal plume governed by the convection, respectively. Another
useful works can be found in [15–19]. From the other side, real cavities
occurring in practice always have geometries different from classical
square or rectangular cavities such as parallelogrammic cavities. This
complex geometry can be used in many applications such as green-
houses, panels of electronic equipment, sun drying of crops and solar
energy collectors. One of the earliest studies on natural convection in
parallelogrammic cavities was performed by Yüncü and Yamaç [20],
who simulated the laminar natural convection in a parallelogramic

air-filled cavity bounded by two isothermal and two insulated walls.
Costa [21] studied numerically the double-diffusive natural convection
in parallelogrammic enclosures filled with moist air. The heat and
mass transfer characteristics of the parallelogrammic enclosure were
analyzed using streamlines, heatlines and masslines. He concluded
that the global Nusselt and Sherwood numbers were strongly depen-
dent on the thermal Rayleigh number, aspect ratio and inclination
angle of the enclosure. Baïri [22] investigated the transient free
convection in passive buildings using two-dimensional air-filled
parallelogram-shaped enclosures with discrete isothermal heat sources.
The temporal evolution of the local and averageNusselt numbers at each
band of the hotwall was presented. Saleh et al. [23] investigated numer-
ically the natural convection in a parallelogrammic enclosure filled with
nanofluids. The effect of the base angle of the parallelogrammic enclo-
sure on flow and temperature patterns and the heat transfer rate within
the enclosure were presented. Very recently, Baïri [24] suggested corre-
lations of the type of Nusselt–Rayleigh–Fourier numbers for transient
natural convection in parallelogrammic cavities with isothermal hot
wall. The active vertical walls of these cavities were considered vertical,
maintained isothermal and differentially heated, while the closing chan-
nel was adiabatic. The results were presented for Rayleigh number
(1.84 × 105 ≤ Ra ≤ 1.70 × 109) and different angles of inclination
ranging from (−60° to 60°). His correlations were obtained from nu-
merical results based on the finite volume method and were validated
by measurements. Baïri and Garcia de Maria [25] studied numerically
the transient natural convection heat transfer in air-filled convective
diode (parallelogrammic) cavities. The results were presented in terms
of Nusselt–Rayleigh–Fourier numbers correlations. Their correlations
were valid for the specific configuration of the hot wall that consisted
of three horizontal, isothermal discrete bands separated by two adiabat-
ic ones of the same dimensions. The channel that connected the hot and
cold walls was considered adiabatic and was inclined between −60°
and +60° with respect to the horizontal. However, it can be seen from
the above literature survey and according to the author's knowledge,
that no works up to now were focused on the natural convection from
a concentric circular cylinder inserted in a parallelogrammic cavity.
Therefore, this is the first paper which considered this problem in detail.

2. Mathematical formulation

2.1. Geometrical configuration and governing equations

A concentric heated circular cylinder of radius (R) located inside
an air-filled parallelogrammic cavity of height (H) and width (W)
where [H = W] is shown in Fig. 1. Natural convection phenomena oc-
curs between the cylinder surface, which is maintained at a uniform
hot temperature (Th), and the cavity left and right sidewalls, which
are maintained at a uniform cold temperature (Tc). The upper and
the lower walls of the cavity are considered thermally insulated.
The flow field and heat transfer are assumed to be two-dimensional
laminar and steady. No-slip boundary conditions are assumed at
solid boundaries (i.e., U = V = 0). The Boussinesq approximation is
invoked to relate density changes to temperature changes while the
other properties of the fluid are considered constant. The study pa-
rameters are Rayleigh number (Ra) varying from 103 to 107 inclina-
tion angle (Φ) varying as (0°,15° and 30°), while the cylinder radius
and the Prandtl number are considered constant at (R = 0.2) and
(Pr = 0.71), respectively. The cylinder moves upward and downward
along the vertical centerline of the cavity at different vertical locations
varying as [δ = 0, ±0.1 and±0.2]. The dimensionless governing equa-
tions (continuity, momentum and energy equations) for the present
work can be written in the following form:

Ux þ VY ¼ 0 ð1Þ

UUX þ VUY ¼ −PX þ Pr UXX þ UYYð Þ ð2Þ

Nomenclature

Symbol Description, unit
g Gravitational acceleration, m/s2

H Height of the parallelogrammic cavity, m
Nu Local Nusselt number
Nu Average Nusselt number
n Normal direction with respect to the cavity left

sidewall
P Dimensionless pressure
p Pressure, N/m2

Pr Prandtl number
R Cylinder radius, m
Ra Rayleigh number
T Temperature, K
U Horizontal dimensionless velocity component
u Horizontal velocity component, m/s
V Vertical dimensionless velocity component
v Vertical velocity component, m/s
W Width of the parallelogrammic cavity, m
X Dimensionless coordinate in horizontal direction
x Cartesian coordinate in horizontal direction, m
Y Dimensionless coordinate in vertical direction
y Cartesian coordinate in vertical direction, m

Greek Symbols
α Thermal diffusivity, m2/s
θ Dimensionless temperature
Φ Cavity sidewalls inclination angle, degree
δ Vertical location of the cylinder
ρ Density, kg/m3

ψ Dimensionless stream function

Subscripts
c Cold
h Hot
s Surface
x First derivative with respect to x-axis
xx Second derivative with respect to x-axis
Y First derivative with respect to Y-axis
YY Second derivative with respect to Y-axis
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UVX þ VVY ¼ −PY þ Pr VXX þ VYY½ � þ Ra Pr θ ð3Þ

UθX þ VθY ¼ θXX þ θYYð Þ ð4Þ

Eqs. (1–4) are obtained by using the following dimensionless pa-
rameters as follows:

X ¼ x
W

; Y ¼ y
W

;U ¼ uW
α

;V ¼ vW
α

;

P ¼ pW2

ρα2 ; θ ¼ T−Tc

Th−Tc
ð5Þ

The dimensionless boundary conditions are given as follows:

1 The upper and the lower walls of the parallelogrammic cavity are
considered thermally insulated, i.e.,

at Y = 0 and Y = 1 θY = 0

2 The left and the right sidewalls of the parallelogrammic cavity are
maintained at uniform cold temperature (Tc), i.e.,

0≤ X ≤ sin Φð Þ and 1≤ X ≤ 1þ sin Φð Þ; θ ¼ 0

The average Nusselt number (Nu) is represented as follows:

Nu ¼ 1
H
∫H
0

∂θ
∂n

� �
s
dn ð6Þ

3. Computational details, grid independence test and
results validation

The mass, momentum and energy equations (Eqs. (1)–(4)) are a
mixture set of elliptic-parabolic partial differential equations, which
are solved by using the finite volume method with a collocated grid
system. The finite volume method is a powerful tool for solving
partial differential equations. The Tri-Diagonal Matrix Algorithm
(TDMA) solver is used in the computation process. For full details
about the solution technique by using this method, see Hoffmann
[26]. To check the iterative solution convergence, the summation of
the absolute differences of the solution variables between two succes-
sive iterations has been calculated. When this summation becomes
below the convergence criterion which is selected as 10−7, the itera-
tion process will be terminated. Fine grids are used in regions with
steep temperature and velocity gradients. To get a grid test for the

present work, a grid independent solution is performed. The results
are represented in terms of average Nusselt number along the hot
inner circular cylinder surface with grid refinement as shown in
Fig. 2. The test is carried out at Ra =107, δ = −0.2 and Φ = 15°
and 30°. The results show that a number of (10,000) control volumes
satisfies the requirements of the grid independence study where no
significant variation can be found in the average Nusselt number for
both Φ = 15° and 30°. In order to validate the numerical results of
the present work both problems of natural convection in a square en-
closure with a circular cylinder inside it (Kim et al. [27]) and the nat-
ural convection in the annulus between concentric horizontal circular
and square cylinders (Moukalled and Acharya [28]) are solved nu-
merically using the developed computer program of the present
work. The computed results are compared with the results of Kim et
al. [27] and Moukalled and Acharya [28], as shown in Table 1. Good
agreements are seen between the results computed by the present
computer program with those of Kim et al. [27] and Moukalled and
Acharya [28], respectively.

4. Results and discussion

4.1. Flow and thermal fields

The effects of the Rayleigh number (Ra), cavity sidewalls inclina-
tion angle (Φ) and vertical locations of circular cylinder (δ) on the
flow and thermal fields by using streamlines (on the left) and iso-
therms (on the right) are shown in Figs. 3 and 4. When the Rayleigh
number is low (Ra = 104), the circulation vortices are weak as
shown in Fig. 3. In this case, the effect of the natural convection is
slight. In general, the flow field inside the parallelogrammic cavity is
characterized by a twomajor rotating vortices around the inner circu-
lar cylinder. The natural convection currents are generated due to the
temperature difference between the hot circular cylinder and the cold
sidewalls of the parallelogrammic cavity. The isotherms are generally
undistorted, and they are like horizontal lines and in this case the heat
conduction is dominant. Moreover, the thermal boundary layer thick-
ness around the hot circular cylinder is very slight for different values
of inclination angle and vertical locations of circular cylinder. The maxi-
mum stream functionwhen the Rayleigh number is low (Ra = 104) can
be seen at [Φ = 0° and δ = −0.2], which is [ψ = 2.07524]. As the

Φ

δ=0

W

gTc Tc

δ=0.2

δ=-0.2
Th

R
H

x

y

Fig. 1. Schematical configuration of considered model with boundary conditions.
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Fig. 2. Grid independent test of average Nusselt number along the hot inner circular
cylinder surface with grid refinement at Ra = 107, δ = −0.2, Φ = 15° and 30°.
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Rayleigh number jumps to (Ra = 107), both streamlines and isotherms
are convert completely from uniform shape to non-uniform one as
shown in Fig. 4. This conversion indicating a remarkable strong circula-
tion occurs in this case and the natural convection effect becomes very
strong. Thus, isotherms are clustered adjacent the hot circular cylinder
inside the cavity. Also, the thickness of the thermal boundary layer in-
creases significantly especially around the circular cylinder. The maxi-
mum stream function when the Rayleigh number is high (Ra = 107)
can be seen at [Φ =15° and δ = −0.2], which is [ψ = 38.027]. There-
fore, from the above discussion, it can be concluded that the Rayleigh
number plays a remarkable role to control the shape of both the circula-
tion vortices and the isotherms. Also, it is a control key to indicate the

mechanism of the heat transfer inside the parallelogrammic cavity.
With respect to the effect of the cavity sidewalls inclination angle (Φ)
and vertical locations of circular cylinder (δ) on the flow and thermal
fields inside the parallelogrammic cavity, it can be observed that when
the inclination angle (Φ) is zero [i.e., square cavity case], the flow field
are approximately symmetrical around the circular cylinder. But as the
inclination angle increases to [Φ = 15°] and [Φ = 30°], respectively,
various shapes of vortices can be observed depending on the vertical lo-
cations of circular cylinder (δ).When [Ra = 104] and [δ = 0], or in other
words the cylinder located at the center of the parallelogrammic cavity,
the strength of the flow circulation increases from [ψ = 1.14408] to
[ψ = 1.19088] as the inclination angle increases, respectively, from
[Φ = 0°] to [Φ = 30°] as shown in Fig. 3. In this case, the twomajor vor-
tices around the cylinder begin to enlarge along the diagonal of the
parallelogrammic cavity as the inclination angle increases. While at
[Ra = 107] and [δ = 0], the strength of the flow circulation decreases
from [ψ = 27.275] to [ψ = 25.9024] as the inclination angle increases,
respectively, from [Φ = 0°] to [Φ = 30°] as shown in Fig. 4. In this
case, the uniform shape of vortices around the cylinder destroys due to
the strong effect of convection. Now, when [Ra = 104] and the cylinder
moves vertically upward [i.e., when δ = +0.1 and δ = +0.2], the vorti-
ces size begin to increase in the region below the inner cylinder. This is
because the space between the cylinder surface and the upper horizontal

Table 1
Comparison of present surface-average Nusselt number with those of previous numer-
ical studies.

Ra Average Nusselt Number at the hot wall Error (%)

Present study Kim et al. [27] Moukalled and Acharya [28]

103 3.4047 3.414 3.331 −2.2125
104 5.12893 5.1385 5.08 −1.96318
105 9.38875 9.3900 9.374 −0.1573
106 15.6995 15.665 15.79 0.57314
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Fig. 3. Distribution of streamlines (on the left) within values of |ψ|max and isotherms (on the right) for different vertical locations of circular cylinder (δ) and sidewall inclination
angles (Φ) at Ra = 104.
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wall decreases as the cylinder moves vertically upward leading to push
the vortices to extend below the inner cylinder. When [Φ = 0°] and as
the vertical locations of circular cylinder (δ) increases from [δ = +0.1]
to [δ = +0.2], the strength of the flow circulation increases from
[ψ = 1.13297] to [ψ = 1.19819]. A reverse behavior can be noticed
when the inclination angle increases to [Φ = 15°] and [Φ = 30°]. The
maximum strength of the flow circulation can be found at [Φ = 0°]
and [δ = +0.2], which is [ψ = 1.19819], while the minimum strength
of the flow circulation can be found at [Φ = 30°] and [δ = +0.2],
which is [ψ = 1.13087]. At [Ra = 107], the strength of the flow circula-
tion decreases for all inclination angles [i.e., at Φ = 0°, 15° and 30°]
when the cylinder moves vertically upward from [δ = +0.1] to
[δ = +0.2]. In this case, the maximum strength of the flow circulation
can be found at [Φ = 0°] and [δ = +0.1], which is [ψ = 22.271],
while the minimum strength of the flow circulation can be found at
[Φ = 15°] and [δ = +0.2], which is [ψ = 19.2186]. Furthermore, a
symmetrical shape of vortices can be seen when [Φ = 0°], while as
the inclination angle increases to [Φ = 15°] and [Φ = 30°], the symme-
try property between the two vortices are diminished gradually.
From the other side, when the cylinder moves vertically downward
[i.e., when δ = −0.1 and δ = −0.2], the vortices size begin to increase
in the region up the inner cylinder. This is because the region between
the cylinder surface and the lower horizontal wall decreases as the

cylinder moves vertically downward leading to push the vortices to ex-
tend up the inner cylinder. Also, it can be noticed that when the inclina-
tion angle increases to [Φ = 15°] and [Φ = 30°], the two vortices inside
the parallelogrammic cavity convert from symmetrical pattern, which is
found at [Φ = 0°] to unsymmetrical one. When [Ra = 104] and the
cylinder moves vertically downward [i.e., when δ = −0.1 and
δ = −0.2], it can be seen that the strength of the flow circulation
at [Φ = 0°] increases from [ψ = 1.57933] to [ψ = 2.07524] when
the vertical locations of circular cylinder (δ) decreases from
[δ = −0.1] to [δ = −0.2], respectively. The same observation
can be found at [Φ = 15°] and [Φ = 30°]. The maximum strength
of the flow circulation can be found at [Φ = 0°] and [δ = −0.2],
which is [ψ = 2.07524], while the minimum strength of the flow
circulation can be found at [Φ = 30°] and [δ = −0.1], which is
[ψ = 1.26269]. At [Ra = 107], the strength of the flow circulation
increases for all inclination angles [i.e., at Φ = 0°, 15° and 30°]
when the cylinder moves vertically downward from [δ = −0.1]
to [δ = −0.2]. In this case, themaximumstrength of theflow circulation
can be found at [Φ = 15°] and [δ = −0.2],which is [ψ = 38.027],while
theminimum strength of the flow circulation can be found at [Φ = 30°]
and [δ = −0.1], which is [ψ = 31.6003]. With respect to isotherms, it
can be noticed from the results of Figs. 3 and4 that the effect of the cavity
sidewalls inclination angle (Φ) and vertical locations of circular cylinder
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(δ) on theflowand thermalfields are slight and less than the effect of the
Rayleigh number.

4.2. Local Nusselt number results

Fig. 5 demonstrates the variation of the local Nusselt number along
the semicircle cylinder surface at different vertical locations of circular
cylinder and Rayleigh number for (Φ = 0°) first row, (Φ = 15°) second
row and (Φ = 30°) third row, respectively. When the inclination angle
(Φ) is zero [i.e., square cavity case] and (Ra = 103 and Ra = 104), the
local Nusselt number increases for various values of (δ) until the
mid-semicircle arc length and then begins to decrease gradually. Gener-
ally, it can be seen that when the cylinder moves vertically downward,
the local Nusselt numbers are greater than the corresponding values
when the cylindermoves vertically upward. This is because the flow cir-
culation increases when the cylinder moves vertically downward as
explained above. At [Ra = 105,106 and 107], the local Nusselt numbers
increase gradually for various values of (δ) until the Rayleigh number
reaches to [Ra = 107]. The exception case from this behavior is only
when [δ = +0.1], where a reverse behavior can be observed. This
is due to the sudden drop in the temperature gradient at the semicircle
cylinder surface which leads to decrease the local Nusselt number.
Moreover, the local Nusselt numbers increase as Rayleigh number
increases. When the inclination angle increases to [Φ = 15°] and
[Φ = 30°], respectively, the local Nusselt numbers increase as the cylin-
der moves vertically downward and then begin to decrease as the semi-
circle arc length increases. The decreasing in the local Nusselt number
curves becomes slight as the Rayleigh number increases. Also, it can be
concluded from Fig. 5, that the local Nusselt numbers increase, as the in-
clination angle increases especially when the Rayleigh number is low
[i.e., Ra = 103 and Ra = 104].

4.3. Average Nusselt number results

The variation of average Nusselt numbers at inner cylinder surface
[case (a)], cavity right sidewall [case (b)] and cavity left sidewall
[case (c)] is shown in Fig. 6 for various values of Rayleigh number
(Ra), cavity sidewalls inclination angle (Φ) and vertical locations of
circular cylinder (δ). As can be seen from the figure, average Nusselt
numbers are increased with the Rayleigh number because the flow
circulation is increased when the Rayleigh number increases. This
conclusion is found for various values of inclination angle (Φ) and
vertical locations of circular cylinder (δ). Also, it can be observed
that the average Nusselt numbers at the inner cylinder surface are
greater than the corresponding values at the cavity left and right side-
walls. This is an expected result, since the temperature gradient at the
hot surface of the cylinder is more than the temperature gradient at
the cavity left and right sidewalls. This result is noticed for all values
of the inclination angle (Φ). With respect to the effect of vertical loca-
tions of circular cylinder (δ) on the average Nusselt numbers, it is
seen from Fig. 6 that when [Φ = 0°], the average Nusselt numbers
at inner cylinder surface and at both cavity sidewalls decrease when
the cylinder moves upward from [δ = + 0.1] to [δ = +0.2], while
it increases when the cylinder moves downward from [δ = −0.1]
to [δ = −0.2]. This is because the strength of the flow circulation at
[Φ = 0°] decreases when the cylinder moves upward from [δ = +0.1]
to [δ = +0.2]. In contrast, it increases when the cylinder moves down-
ward from [δ = −0.1] to [δ = −0.2]. The same phenomena can be ob-
servedwhen the inclination angle increases to [Φ = 15°] and [Φ = 30°],
respectively. Moreover, it is found from Fig. 6 that the average Nusselt
numbers grow very slowly when the Rayleigh number is low [i.e.,
Ra = 103 and Ra = 104], giving values similar to the case of conduction.
In contrast to the previous situation, the average Nusselt numbers in-
crease markedly when the Rayleigh number is high (i.e., Ra = 107).
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This behavior is due to the increase in the temperature gradient as the
Rayleigh number increases.

5. Conclusions

The following conclusions can be drawn from the results of the
present work:

1 The strength of the flow circulation and the thickness of thermal
boundary layer around the hot circular cylinder increase dramat-
ically when the Rayleigh number increases.

2 The heat transfer mechanism is converted from conduction to
convection when the Rayleigh number increases.

3 The isotherms are undistorted and like a horizontal lines when
the Rayleigh number is low [Ra = 104]. But at [Ra = 107], they

become completely non-uniform and their shape changes from
horizontal lines to semi-curved one.

4 The flow field are approximately symmetrical around the circular
cylinder when [Φ = 0°]. But when [Φ = 15°] and [Φ = 30°] var-
ious shapes of vortices are seen depending on the vertical loca-
tions of circular cylinder (δ).

5 To increase the flow circulation inside the parallelogrammic cavi-
ty, it is recommended to make the inner cylinder moves down-
ward until it reaches to [δ = −0.2] and the parallelogrammic
cavity sidewalls inclined to [Φ = 15°].

6 When [Ra =104] and [δ = 0], the strength of the flow circulation
increases as the inclination angle increases to [Φ = 30°]. While at
[Ra = 107] and [δ = 0] the strength of the flow circulation de-
creases as the inclination angle increases to [Φ = 30°].

7 At [Ra = 104] and the cylinder moves vertically upward [i.e., when
δ = +0.1 and δ = +0.2], the flow circulation strength increases
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at [Φ = 0°], while it decreases when the inclination angle increases
to [Φ = 15°] and [Φ = 30°]. The maximum flow circulation
strength is found at [Φ = 0°] and [δ = +0.2]. At [Ra = 107], the
flow circulation strength decreases for all inclination angles.
The maximum flow circulation strength is found at [Φ = 0°] and
[δ = + 0.1].

8 At [Ra = 104] and the cylinder moves vertically downward
[i.e., when δ = −0.1 and δ = −0.2], the flow circulation strength
increases at [Φ = 0°, 15° and 30°]. The maximum flow circulation
strength is found at [Φ = 0°] and [δ = −0.2]. The same increas-
ing are found at [Ra = 107] where the maximum flow circulation
strength is found at [Φ = 15°] and [δ = −0.2].

9 The local Nusselt numbers increase as the Rayleigh number
increases.

10 The local Nusselt numbers when the cylinder moves vertically
downward are greater than the corresponding values when the
cylinder moves vertically upward.

11 When the inclination angle increases, the local Nusselt numbers in-
crease, especially when the Rayleigh number is low [i.e., Ra = 103

and Ra = 104].
12 It is found that for various values of inclination angle (Φ) and ver-

tical locations of circular cylinder (δ), the average Nusselt num-
bers are increased continuously when the Rayleigh number
increases.

13 For different values of the inclination angle (Φ), the average
Nusselt numbers at the inner cylinder surface are more than the
corresponding values at the cavity left and right sidewalls.

14 For various values of the inclination angle (Φ), the average
Nusselt numbers at inner cylinder surface and at both cavity side-
walls, decrease when the cylinder moves upward while it in-
creases when the cylinder moves downward.
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