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A Numerical Study on Natural
Convention Heat Transfer From
a Horizontal Isothermal Cylinder
Located Underneath an Adiabatic
Ceiling
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1School of Mechanical Engineering, University of Tehran, Tehran, Iran
2Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, Florida, USA
3School of Energy, Kermanshah University of Technology, Kermanshah, Iran

A numerical analysis is performed for steady-state and two-dimensional natural convection heat transfer from a horizontal
isothermal cylinder located underneath a horizontal adiabatic ceiling. The finite-volume method based on the SIMPLE
algorithm and a nonorthogonal grid discretization scheme are used to solve the continuity, momentum, and energy equations
for the Rayleigh numbers in the range from 10−1 to 104. The Poisson equations are solved to find the grid points, which
are distributed in a nonuniform manner with higher concentration close to the solid regions. In addition, the HYBRID
differencing scheme is used for the approximation of the convective terms in the curvilinear coordinate. The effects of the
Rayleigh numbers and cylinder spacing from the adiabatic ceiling on both the local and average Nusselt numbers around
the cylinder are investigated. Numerical results are performed for the plate-to-cylinder spacing ranging from 0.1 to 1.4.

INTRODUCTION

Free convection heat transfer from a horizontal isothermal
cylinder located underneath an adiabatic surface has various in-
dustrial applications. Typical examples are cylindrical resistors
or capacitors underneath circuit boards, in which maximum or
minimum heat transfer coefficient, as well as optimum spacing
from the board, is important. Some industrial applications of
this problem are cooling and casing design of electronic equip-
ment, nuclear reactor safety, heat extraction from solar thermal
storage devices, heating/ventilation/air conditioning (HVAC) in-
dustries, and the pipes carrying hot fluid that are often situated
underneath an adiabatic surface.

Free convection heat transfer from a horizontal cylinder in
a quiescent and infinite flow fluid has been extensively investi-

Address correspondence to Sajad Yazdani, School of Energy, Kerman-
shah University of Technology, Kermanshah, 67178-63766, Iran. E-mail:
syazdani85@gmail.com

gated analytically, numerically and experimentally [1–5]. Stud-
ies on free convection around a horizontal cylinder using inter-
ferometry and holography have been performed by [6, 7].

The effect of adiabatic confining walls on the heat transfer
coefficient from a circular cylinder has been discussed by sev-
eral researchers [8–14]. Sparrow and Ansari [15] investigated
all modes of heat transfer from a horizontal cylinder situated
adjacent to adiabatic, partially enclosing walls. Their experi-
ments were performed in air for the Rayleigh numbers ranging
from 2 × 104 to 2 × 105, the cylinder-to-vertical wall situated
to the side of the cylinder (Sh), and the cylinder-to-horizontal
wall beneath the cylinder (SV), ranging from 1/12 to 4/3. When
the cylinder interacts with a single horizontal wall, Sparrow and
Ansari found that, for all the investigated spacing 1/12 ≤ SV ≤
4/3, Q/Q∗ < 1, the results indicate degradation in the cylinder
heat transfer. The quantity Q is the cylinder heat transfer rate
in the presence of wall–cylinder interactions, while Q∗ denotes
the cylinder heat transfer rate in the absence of interactions. The
effect of a relatively narrow aluminum covered Bakelite plate
above a horizontal heated cylinder at Grashof numbers in the
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954 M. ASHJAEE ET AL.

range from 2.1 × 106 to 3.2 × 106 was investigated by Saito
et al. [16]. They found that the average Nusselt number around
the cylinder was about 11% lower than that of a single cylinder
in an infinite medium when it was placed at a distance of L/D
≈ 0.12 below the ceiling.

The free convection heat transfer rate from a heated cylin-
der underneath a wide isothermal ceiling was examined by
Lawrence et al. [17] by using air as working fluid. They utilized a
Mach–Zehnder interferometer and a finite-element-based code
to perform their experiments. It was found that for cylinder-to-
ceiling spacing greater than about one diameter the ceiling has
almost no influence on heat transfer. For very close cylinder-to-
ceiling spacing, the average Nusselt number increased substan-
tially because of conduction effects. However, for 103 ≤ Ra ≤
105 and L/D > 0.25, the effect of the ceiling on the numerically
predicted overall heat transfer rate was less than 10%.

Koizumi and Hosokawa [18] investigated a natural convec-
tion flow around a cylinder located below a wide isothermal
or an adiabatic ceiling. They used flow visualization to delin-
eate the flow regime. Experiments were performed in air for
the Rayleigh number ranging from 4.8 × 104 to 1 × 107. Their
results showed the existence of three types of flow patterns
depending on the Rayleigh number, the distance between the
ceiling and cylinder, and the temperature condition of the ceil-
ing for a variety of flow situations. At the Rayleigh number
of Ra = 6 × 105, a steady two-dimensional flow was found
for all values of the plate-to-cylinder spacing (L/D). At moder-
ate and high Rayleigh numbers, an unsteady three-dimensional
flow was observed for some low values of the plate-to-cylinder
spacing, and the plume was noticed to oscillate laterally at high
values of L/D. Local heat transfer coefficients around the cylin-
der were presented for both types of ceilings at Ra = 1.3 × 106

and L/D = 0.05, 0.2. Correa et al. [19] used a finite-difference
code to delineate free convection temperature field around an
isothermal horizontal cylinder placed under an adiabatic ceil-
ing. Their results demonstrated that the ceiling had no effect on
heat transfer rate for L/D > 2. By reducing cylinder-to-ceiling
spacing less than half of the cylinder diameter, heat transfer rate
decreases by 30% in comparison with a horizontal cylinder in
a quiescent and infinite medium. By using a perfect adiabatic
ceiling, the local Nusselt number around cylinder is different
from those obtained by Koizumi and Hosokawa [18] for small
cylinder-to-ceiling spacing.

Ashjaee et al. [20] presented an experimental and numerical
investigation on two-dimensional free convection heat trans-
fer from an isothermal horizontal cylinder located above an
adiabatic surface. A Mach–Zehnder interferometer was used
for carrying out the experimental section and the finite-volume
method was applied for numerical section. They found that by
increasing the Rayleigh number from 1 to 250, the interaction
ratio decreases from 24.8% to 10.4%, respectively. Also, for the
Rayleigh numbers ranging from 250 to 15000, the maximum in-
teraction ratio is 3.5% for Ra = 4000 and L/D = 1.1. In addition,
their results showed that the bottom wall–cylinder interactions
can be neglected for L/D ≥ 1.1. Ashjaee et al. [21] investigated

free convection heat transfer from a horizontal cylinder beneath
an adiabatic ceiling by using a Mach–Zehnder interferometer
for the values of L/D = 0.1, 0.3, 0.5, 0.7, 1.0, 1.5, and 2.4,
and the Rayleigh number in a range from 1000 to 40,000. Their
experimental results indicated that the adiabatic ceiling has no
influence on free convection heat transfer from the cylinder for
L/D ≥ 1.5. But by reducing this ratio from 1.5 to 0.5, the av-
erage Nusselt number decreases considerably. For L/D < 0.5,
the average Nusselt number increases again due to the vortex
formation at the top of the cylinder.

The objective of the current study is to numerically inves-
tigate the local and average free convection heat transfer coef-
ficients from a horizontal isothermal cylinder located below
a wide adiabatic ceiling at different Rayleigh numbers and
cylinder-to-plate spacing (L/D). To obtain the hydrodynamic
and thermal characteristics of the fluid flow, a numerical code
based on the finite-volume method and nonorthogonal grid dis-
cretization scheme is developed to solve the governing equa-
tions. Numerical results are performed for the ratio of cylinder
spacing to its diameter ranging from 0.1 to 1.4. Although elec-
tronic equipment functions at low Rayleigh numbers (Ra ≤
100), in the literature, there are not any data about the prob-
lem at Ra < 1000. The lack of these necessary results and an
applied investigation to cover the working ranges of electronic
equipments caused us to focus on low Rayleigh numbers.

GOVERNING EQUATION

A horizontal cylinder of circular cross section underneath
an adiabatic ceiling is considered. Free convection heat transfer
occurs between the cylinder surface kept at uniform temperature
Tw and the surrounding undisturbed fluid reservoir assumed at
uniform temperature T∞. The flow field and heat transfer are
considered to be steady and laminar. The fluid is assumed to
be incompressible, with constant physical properties and negli-
gible viscous dissipation. Flow is modeled as “Boussinesq in-
compressible” to take coupling between energy and momentum
equations into account. The nondimensional governing equa-
tions including continuity, momentum, and energy in a general
nonorthogonal curvilinear coordinate framework with (ξ, η) as
the independent variables can be expressed as follows [22, 23]:

Continuity equation:

∂U C

∂ξ
+ ∂V C

∂η
= 0 (1)

ξ-Momentum equation:
∂

∂ξ
(uU C ) + ∂

∂η
(uV C )

= ∂

∂ξ

(
q11

∂u

∂ξ

)
+ ∂

∂η

(
q22

∂u

∂η

)
+ ∂

∂ξ

(
q12

∂u

∂η

)

+ ∂

∂η

(
q12

∂u

∂ξ

)
− ∂

∂ξ
(yη p) + ∂

∂η
(yξ p) (2)

heat transfer engineering vol. 35 no. 10 2014

D
ow

nl
oa

de
d 

by
 [

71
.8

0.
12

5.
13

1]
 a

t 1
6:

04
 2

4 
D

ec
em

be
r 

20
13

 



M. ASHJAEE ET AL. 955

η-Momentum equation:

∂

∂ξ
(vU C ) + ∂

∂η
(vV C )

= ∂

∂ξ

(
q11

∂v

∂ξ

)
+ ∂

∂η

(
q22

∂v

∂η

)
+ ∂

∂ξ

(
q12

∂v

∂η

)

+ ∂

∂η

(
q12

∂v

∂ξ

)
+ ∂

∂ξ
(xη p) − ∂

∂η
(xξ p) + J.Gr.θ (3)

The energy equation is

∂

∂ξ
(U Cθ) + ∂

∂η
(V Cθ)

= ∂

∂ξ

[(q11

Pr

) ∂θ

∂ξ

]
+ ∂

∂η

[(q22

Pr

) ∂θ

∂η

]

+ ∂

∂ξ

[(q12

Pr

) ∂θ

∂η

]
+ ∂

∂η

[(q12

Pr

) ∂θ

∂ξ

]
(4)

where

U C = uyη − vxη, V C = −uyξ + vxξ, J = xξyη − xηyξ,

q11 = 1

J

(
y2
η + x2

η

)
, q12 = −1

J
(xξxη + yξyη),

q11 = 1

J

(
x2

ξ + y2
ξ

)
(5)

and the employed dimensionless variables are defined as
follows:

x = x∗

D
, y = y∗

D
, u = u∗ D

v
, v = v∗ D

v
, p = p∗ D2

ρv2
,

Pr = ν

α
, θ = T − T∞

TW − T∞
, Gr = gβ(TW − T∞)D2

ν2
(6)

where u and v are the fluid velocity, p is the pressure, and T and
T∞ are the fluid temperature and the undisturbed surrounding
fluid temperature, respectively.

To solve the problem, the nonorthogonal grid system is used
to solve the mentioned equations. The grid points are generated
by solving the Poisson equations for the physical domain and are
distributed in a nonuniform manner with higher concentration
close to the lines of AB and AD, as shown in Figure 1. Since the
flow is symmetric about the vertical plane passing through the
axes of the cylinder and adiabatic ceiling, the two-dimensional
(2D) integration domain is assumed to extend from the vertical
symmetry line and the half-cylinder surface up to a rectan-
gular pseudo-boundary line set sufficiently far away from the
cylinder.

Moreover, the appropriate boundary conditions have to
be specified at each of the boundary lines that enclose

Figure 1 A schematic of the geometry, coordinate systems and grid generation.

the two-dimensional integration domain defined in the
preceding.

The following boundary conditions are applied:

(a) The line AD is the left symmetry line, and therefore

u = ∂v

∂x
= ∂θ

∂x
= 0 (7)

(b) At the half-cylinder surface, the constant temperature
boundary condition is applied:

θw = 1 uw = vw = 0 (8)

(c) At the upper boundary condition (the line AB) the adiabatic
boundary condition is applied:

∂θ

∂y
= 0 u = v = 0 (9)

(d) In the line BC, hydrodynamically and thermally fully de-
veloped boundary conditions are applied:

∂u

∂x
= ∂v

∂x
= 0

u ≥ 0 if
∂θ

∂x
= 0 or u < 0 if θ = 0 (10)

(e) Again at the line CD, fully developed boundary condition
is applied:

∂u

∂y
= ∂v

∂y
= 0

v < 0 if
∂θ

∂y
= 0 or v ≥ 0 if θ = 0 (11)
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956 M. ASHJAEE ET AL.

SOLUTION PROCEDURES

The finite-volume method (FVM) based on the SIMPLE al-
gorithm [24] is applied to solve the coupled nonlinear elliptic
transport equations for u, v, p, and T in a “fully staggered” grid.
In this type of grid, scalar variables such as the pressure and
temperature at ordinary points are evaluated but the velocity
components are calculated around the cell faces. Also, three
different control volumes for u, v, and the scalar variables are
used. A tri-diagonal matrix algorithm (TDMA) scheme is used
to solve the discrete algebraic equations. In addition, the HY-
BRID differencing scheme [25] is used for approximation of
the convective terms. The governing equations are solved by a
successive overrelaxation method, and an underrelaxation tech-
nique is employed for convergence. One convergence criterion
is a mass flux residual less than 10−8 for each control volume.
Another criterion is (|ϕi+1 – ϕi|)/|ϕi+1|<10−10 where ϕ repre-
sents any dependent variable, namely, u, v, and T , and i is the
number of the iteration.

GRID DEPENDENCY

To ensure that the results of the numerical study are indepen-
dent of the computational grid and the extent of the integration
domain, two sensitivity analyses are carried out, namely, the grid
sensitivity analysis and the integration domain size sensitivity
analysis.

Generally, the accuracy of the solution and the time required
for the solution are dependent on mesh refinement. In this work,
the optimum grid is searched to have the appropriate run-time
and enough accuracy. For instance, for the case of Ra = 100
and L/D = 0.2, three mesh sizes, 550 × 850, 600 × 900,
and 650 × 950, are chosen and their effects on numerical re-
sults are studied. As shown in Figure 2a, for Ra = 100 and
L/D = 0.2, a 600 × 900 grid seems to be optimum in accuracy
and run time. Grid dependence studies have been completed
with similar results for each numerical solution presented in the
results section. However, throughout this study the results are
only presented for the optimum grid.

Another investigation is performed to study the integration
domain extent effect on the numerical results. For instance,
for the case of Ra = 100 and L/D = 0.2, this study is de-
picted in Figure 2b. Three integration domain sizes, 6D × 6D,
8D × 8D, and 10D × 10D, are chosen and their effects on
numerical results are studied. As shown, increasing the inte-
gration domain from 8D × 8D to 10D × 10D does not sig-
nificantly change the local Nusselt number. Therefore, for this
case, the 8D × 8D domain size for the integration domain is
chosen. Furthermore, a similar type of integration domain ex-
tent study is carried out for the other Rayleigh numbers, not
reported here, and the optimum domain size is chosen for each
case.

Figure 2 (a) Values of surface Nusselt numbers corresponding to three differ-
ent computational grids. (b) Values of surface Nusselt numbers corresponding
to three different integration domain extents.

VALIDATION

In order to validate the numerical code and nonorthogonal
grid discretization scheme used in the present study, the aver-
age Nusselt numbers obtained at different Rayleigh numbers for
a single cylinder set in free air are compared with the bench-
mark numerical data by Saitoh et al. [4], Cianfrini et al. [26],
and other results available in the literature [1, 2, 4, 5, 27–30], as
shown in Table 1, respectively. An excellent agreement between
the present data and published results is noticed. As mentioned
in the Introduction section, one of the closely related studies

heat transfer engineering vol. 35 no. 10 2014

D
ow

nl
oa

de
d 

by
 [

71
.8

0.
12

5.
13

1]
 a

t 1
6:

04
 2

4 
D

ec
em

be
r 

20
13

 



M. ASHJAEE ET AL. 957

Table 1 Comparison of the present results with experimental and numerical
results and correlating equations found in the literatures

Ra Present [24] [1] [2] [4] [5] [25] [26] [27] [28]

101 1.415 1.421 1.31 1.057 — 1.4 1.49 1.49 — —
102 1.891 1.961 2.02 1.599 — 2.05 2.1 2.11 — 2.07
103 3.166 3.023 3.11 2.563 3.024 3.09 3.14 3.14 3.06 3.04
104 4.804 4.819 4.8 4.278 4.826 4.94 4.97 4.92 4.86 4.85

belongs to Ashjaee et al. [21]. The numerical results of the
current work and experimental results of reference [21] are val-
idated for Ra = 104 and the plate-to-cylinder spacing ranging
from 0.1 to 1.4 in Table 2. An overall good agreement between
the present data and experimental results is noticed. The major
difference between the numerical results of the present work
and the experimental data returns to the uncertainty of the ex-
perimental data. The experimental data of reference [21] are
obtained from the correlation that is presented in their paper
with standard deviation of about ±4.7% and with maximum
and minimum error of 9.31% and 2.61%, respectively.

RESULTS AND DISCUSSION

Effects of the Rayleigh number and cylinder spacing from
the adiabatic ceiling on the local and average Nusselt num-
bers around the cylinder are investigated. Numerical results are
presented for the Rayleigh numbers ranging from 10−1 to 104.
Because of the symmetrical geometry, in this work, only one
half of domain is numerically solved. Therefore, the time of
computation work reduces considerably. Also, the numerical
simulations are performed for Pr = 0.71, which corresponds to
the air.

It is favorable to describe the main phenomenological
aspects of the problem. For this reason, for the case of Ra =
104 and L/D = 0.3, the isothermal lines, the streamlines, and
the local heat transfer coefficient are depicted in Figure 3. At
first, close to the bottom of the heated cylinder, fresh fluid is
heated. The fluid is inclined to move upward when it is heated.
Therefore, the fluid moves upward to form a thermal boundary
layer at sufficiently high Rayleigh numbers. Afterward, as the
air plume follows the cylinder surface, it keeps gaining heat
and the thickness of the thermal boundary layer increases.
Thus, the local heat transfer coefficient decreases. The presence
of the ceiling causes the fluid velocity to decrease. In other
words, the ceiling magnifies the decrease in the local heat

Figure 3 The isothermal lines, the streamlines, and the local heat transfer
coefficient for the case of Ra = 104 and L/D = 0.3.

transfer coefficient by decreasing the air plume velocity. An in-
teresting phenomenon is observed in the cases of L/D = 0.1–0.3.
In these cases, as shown in the streamlines, the formation of
vortices at the top of the cylinder and their enhancement effect
on heat transfer overcome the damping effects of the ceiling and
the boundary-layer thickness on the heat transfer coefficient.
Therefore, the local heat transfer coefficient increases.

Figure 4 illustrates the streamline contours close to the cylin-
der for Ra = 1000 and 10,000 and L/D ratios of 0.3 and 0.7.
For Ra = 1000 and 10,000 at L/D = 0.3, Figures 4a and 4c
indicate the formation of a vortex flow, which affects the lo-
cal Nusselt number at the top of the cylinder. To see whether
the flow remains truly steady and the pressure field does not
cause the vortices to move around, some numerical experiments
have been conducted by solving the governing equations for the
whole domain rather than the vertical symmetry condition. The
new runs indicate that the results did not noticeably change and
the pressure field did not cause the vortices to move around or
tend to interact with each other. On the other hand, for Ra =
1000 and 10,000 at L/D = 0.7, it can be seen from Figures 4b
and 4d that there is not any vortex flow around the cylinder.
This means that when the plate-to-cylinder spacing increases,
the strength of the vortices decreases.

Table 2 Comparison of the present results with experimental results of reference [21]

L/D 0.1 0.2 0.3 0.5 0.7 0.9 1.1 1.4

Present 3.655173 3.873563 4.080696 4.287829 4.506219 4.676179 4.778179 4.7907
Reference [21] 4.1914 3.8232 3.7073 3.7898 4.0504 4.3209 4.531 4.7167
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958 M. ASHJAEE ET AL.

Figure 4 A diagram of the streamlines for (a) Ra = 1000, L/D = 0.3 (b) Ra = 1000, L/D = 0.7, (c) Ra = 10,000, L/D = 0.3, and (d) Ra = 10,000, L/D = 0.7.

Figures 5 and 6 display the isotherm lines around the cylin-
der for the Rayleigh numbers of 101 and 104, respectively. In
all diagrams, the cylinder surface indicates the nondimensional
temperature corresponding to unity. All of the diagrams indicate
that the air plume from the heated cylinder will rise around the
angle of θ = 180◦ and hit the adiabatic ceiling. As the cylinder-
to-ceiling spacing decreases, the air plume gets suppressed from
rising vertically due to the damping effect of the ceiling. This
causes the air plume to flow toward the left and right sides.

The variation of the local Nusselt numbers versus L/D is
shown in Figure 7 for the Rayleigh numbers of Ra = 1, 102, and
104. It can be noticed that the local Nusselt number decreases
as the value of θ increases. The physical reason is that by in-
creasing the value of θ, the thickness of thermal boundary layer
around the cylinder increases and consequently it intensifies the
thermal resistant effect. Furthermore, these figures demonstrate
that as the cylinder-to-ceiling spacing increases, the local Nus-

selt number increases for each Ra number at a specified angle.
This increase in the Nusslet number is mainly due to a decrease
in the ceiling damping effect.

For the case of Ra = 1, it is found that the damping effect of
the ceiling is more sensible for θ ≥ 110◦. However, the ceiling
damping effect can be seen for all angles as the Ra number
increases. Also, as expected, at L/D = 1.1 and 1.4 the trend
of the local Nusselt number becomes more similar to that of a
horizontal isothermal cylinder in quiescent and infinite air. In
addition, the figures illustrate an increase in the local Nusselt
number for L/D = 0.1, 0.2, and 0.3 at approximately θ ≥ 160◦.
This increase in the local heat transfer coefficient is due to the
formation of the vortex flow at the top of the cylinder.

Figure 8 shows the variations of the average Nusselt numbers
in terms of L/D and Rayleigh numbers. It can be seen that
for each Ra number, as the plate-to-cylinder spacing increases,
the average Nusselt number increases toward its value as the

heat transfer engineering vol. 35 no. 10 2014
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M. ASHJAEE ET AL. 959

Figure 5 The isotherm lines around the cylinder for Ra = 10 and (a) L/D = 0.1, (b) L/D = 0.2, (c) L/D = 0.3, and (d) L/D = 0.5.

cylinder is in the free air. In fact, the effect of the upper surface
on the flow and thermal patterns in the region between the top
of the cylinder and the adiabatic surface decreases as the value
of L/D increases. In addition, for any assigned geometry, the
average Nusselt number increases with increasing the Rayleigh
number, owing to the increase in buoyancy force.

As mentioned, for L/D = 0.1, 0.2 and 0.3, the formation
of the vortex flow at the upper side of the cylinder, approx-
imately at θ ≥ 160◦, caused an increase in the local Nusselt

number. However, from Figure 8 it can be found that this vor-
tex flow cannot considerably influence the overall amount of
Nusselt number due to its low strength and narrow affected
location.

For the case of Ra ≤ 10, Figure 8 also indicates that the aver-
age Nusselt number is less than unity. This means the main heat
transfer mechanism occurs by conduction heat transfer. There-
fore, the major part of the heat is transferred by the conductive
heat transfer rather than the convective heat transfer.

Figure 6 The isotherm lines around the cylinder for Ra = 10,000 and (a) L/D = 0.3, (b) L/D = 0.5, (c) L/D = 0.7, and (d) L/D = 0.9.
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960 M. ASHJAEE ET AL.

Figure 7 Local Nusselt numbers versus θ (a) Ra = 1, (b) Ra = 100, and (c)
Ra = 10,000.

Figure 8 Average Nusselt numbers versus L/D.

Also, for Ra = 10,000, a comparison between the results of
the current work in the case of L/D = 0.1 and reference [1] in the
case of L/D =∞ illustrates a maximum decrease of 24.4% in the
average heat transfer coefficient. Furthermore, this comparison
shows that the damping effect of the adiabatic ceiling can be
neglected for the case of Ra = 10,000 and L/D = 1.4.

CONCLUSIONS

The effects of the aspect ratio and Rayleigh number on natu-
ral convection heat transfer from an isothermal horizontal cylin-
der located underneath an adiabatic ceiling have been numer-
ically investigated. Governing equations including continuity,
momentum, and energy are discretized using the finite-volume
method and solved by the SIMPLE algorithm in nonorthogonal
curvilinear coordinate framework at Rayleigh numbers ranging
from 10−1 to 104. The main results obtained can be summarized
as follows:

1. At each Ra number, the local heat transfer coefficient de-
creases by both increase in the value of θ and decrease in the
cylinder-to-ceiling spacing.

2. For L/D = 0.1, 0.2, and 0.3 the numerical results indicate the
formation of a vortex flow, which increases the local Nusselt
number at the top of the cylinder.

3. For each Ra number, the average Nusselt number increases
as the plate-to-cylinder spacing increases.

4. For each L/D, the average Nusselt number increases with
increasing the Rayleigh number.

5. For Ra = 10,000, a maximum decrease of 24.4% in the
average heat transfer coefficient from the cylinder under the
adiabatic ceiling in the case of L/D = 0.1 is revealed in
comparison with a single cylinder in the free air.
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6. For Ra ≤ 10, the results show that the major part of the heat
transfer occurred by the conductive heat transfer mechanism
rather than by convective heat transfer.

NOMENCLATURE

D cylinder diameter (m)
g gravitational acceleration (m/s2)
Gr Grashof number ( gβ(Tw−T∞)D3

ν2 )
J Jacobian of the coordinate transformation
k thermal conductivity of air (W/m-K)
L cylinder -to- adiabatic surface distance (m)
p pressure (Pa)
Pr Prandtl number (Pr = ν/α)
Q cylinder heat transfer rate in the presence of wall–cylinder

interactions
Q∗ cylinder heat transfer rate in the absence of wall–cylinder

interactions
q11 parameter defined in Eq. (5)
q12 parameter defined in Eq. (5)
q22 parameter defined in Eq. (5)
Ra Rayleigh number (gβ (Tw − T∞) L3/αν)
T temperature (K)
U velocity component in ξ direction (m/s)
u dimensionless horizontal velocity component
V velocity component in η direction (m/s)
v dimensionless vertical velocity component
x dimensionless horizontal coordinate
y dimensionless vertical coordinate

Greek Symbols

α thermal diffusivity (m2/s)
β volumetric expansion coefficient (1/K)
ρ density of fluid (kg/m3)
η curvilinear vertical coordinate
θ angle from stagnation point (degree)
ν kinematic viscosity (m2/s)
ξ curvilinear horizontal coordinate

Subscripts

∞ ambient condition
w cylinder surface

Superscripts

C contravariant velocities
∗ refers to dimensional parameters
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