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Natural and mixed convection heat transfer from a horizontal cylinder placed in a 
vented square enclosure has been investigated using numerical method with AN-
SYS Fluent 16.1 software for laminar and turbulent flow. Navier-Stokes equations 
and energy equation with standard k-ω transport equation turbulence model have 
been used to simulate both flow and thermal behaviors. The operating conditions 
covered a range of the Rayleigh number from 103 to 106 and the Richardson num-
ber range between 0.1 and 100 at variable sizes of the lower open vent with con-
stant upper opening size. The Nusselt numbers, velocity lines and isotherms are 
presented to display the flow and thermal behaviors. The results displayed that 
the average Nusselt number is affected by Rayleigh number, Richardson number, 
enclosure width, and lower opening size. The Nusselt number is enhanced by con-
trolling the lower opening size. The maximum enhancement range for Nusselt num-
ber is between 20-85% depending on the Rayleigh number, Richardson number, 
enclosure width to cylinder diameter, and lower opening size. The velocity lines 
and isotherms are directly affected by the Rayleigh number, Richardson number, 
enclosure width to cylinder diameter, and lower opening size.
Key words: mixed, heat transfer, Richardson number,  

Rayleigh number, cylinder, enclosure

Introduction

The forced and natural-convection are the main types of the convection heat trans-
fer. The combination of natural and forced convection that developed together is called mixed 
convection heat transfer. The forced heat transfer mode is obtained when Gr/Re2 << 1 and  
Nu = f(Re, Pr). The natural-convection is produced if Gr/Re2 >> 1 and Nu = f(Gr, Pr), and the 
mixed convection is reached when Gr/Re2 ≈ 1, [1, 2]. There are a lot of applications for natu-
ral-convection mode enclosed cylinder such as air conditioning systems, solar energy applica-
tions, and electronic components cooling [3]. However, the enhancement of the natural-convec-
tion heat transfer and its behavior are affected on the applications [4]. Many studies studied the 
natural-convection from a horizontal cylinder and its enhancement using different fluids such as 
air [5], water [6], nanofluid [7], and porous medium [8]. The enhancement of heat transfer are 
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studied by some researchers using different methods such as enclosure dimension change [9, 10], 
magnetic fields [11], or a different medium [12]. Ali et al. [7] numerically studied the enhance-
ment of natural-convection heat transfer performance from a cylinder placed in a square enclosure 
with water-based Cu nanofluid as a transfer medium. The range of the Rayleigh number between 
104 and 106, nanoparticle volume fraction between 0 < ϕ ≤ 0.2, and the width of the enclosure to 
cylinder height ratio, W/H is 2.5. The results revealed that the average Nusselt number increased 
significantly when the Rayleigh number and nanoparticle volume fraction are increased. Kahwaji 
et al. [13] provided an experimental study to determine the Nusselt number in natural-convection 
heat transfer from a square cross-sectional cylinder located in a vented enclosure with the range of 
107 ≤ Ra ≤ 6.6 ⋅ 107, 2 ≤ W/D ≤ 4, 0.25 ≤ O/D ≤ 4. The results displayed Nusselt number increased 
proportionally with the vent size at low enclosure widths and it is inversely proportional with vent 
size for high enclosure widths. Rahmati and Tahery [14] investigated the effect of Rayleigh num-
ber, obstacle dimension, nanofluid volume fraction, cavity dimensions, surface ratio and various 
models for thermal conductivity coefficient and viscosity coefficient on Nusselt number and heat 
transfer around hot obstacles in an enclosure for laminar natural-convection of water-TiO2 nano-
fluid using the lattice Boltzmann method. The results indicated that the average Nusselt number 
increased with the increase in Rayleigh number and volume fraction. The obstacle and cavity 
dimensions have an influence on the flow and thermal behaviors. Mixed convection heat transfer 
has been studied by a number of researchers such as [2, 15-20]. Pourmahmoud et al. [15] inves-
tigated numerically the laminar mixed convection in a cavity employed water-Al2O3, water-Cu 
or water-TiO2 nanofluids as medium work. The top and bottom walls are adiabatic and the ver-
tical walls are isothermal with different temperatures. The range of the parameters are Rayleigh 
number between 103-106 and solid concentration between 0-0.2 at constant Reynolds and Prandtl 
numbers. For all Rayleigh numbers, the average Nusselt number increased as the nanoparticles 
volume fraction is increased and the heat transfer is enhanced as thermal conductivity coefficient 
of nanoparticles is increased. The maximum values are obtained when using Cu nanoparticles. 
Mahmoodi [17] studied the mixed convection heat transfer in a 3-D ventilated cavity numerically 
with finite volume method. The results indicated that the flow intensity and the heat transfer rate 
are enhanced by an optimal choice of the Reynolds and Richardson numbers, relative height of the 
openings and relative width of the openings. Mixed convection heat transfer characteristics from a 
square cylinders at various operating conditions have been studied by [18]. They reported that for 
fixed lateral distance between the cylinders, maximum heat transfer was found to occur at an inci-
dent angle of 45°. Karimi et al. [2] studied numerically the steady-state mixed convection around 
two heated horizontal cylinders at the middle of the square enclosure height. The results indicated 
that the heat transfer rates from the heated cylinders and the dimensionless fluid temperature in the 
enclosure increased with increasing Richardson number and cylinder diameter. The average Nus-
selt number and non-dimensional temperature variation trends were different when the Reynolds 
number increased. The left cylinder was less affected by the inlet flow than right one. A number of 
studies have used CFD to predict the heat transfer and flow behavior around heated cylinder and 
to obtain optimum design. Fourar et al. [21] presented a CFD simulation analyze the heat transfer 
from the horizontal cylinder surrounded by fins. The results displayed that the eccentricity effect 
is appeared with small fin diameter having high thermal conductivity materials and thick fins pro-
duce best heat transfer. Graževičius et al. [22] performed a CFD investigation in two-phase (water 
and air) natural-convection and thermal stratification phenomena with conjugate heat transfer in 
the rectangular enclosure. The authors reported that the natural-convection was formed in the re-
gion above the heater rod (horizontal cylinder) and the water was thermally stratified in the region 
below the heater rod. 
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A number of studies have dealt with the enhancement of the natural and mixed con-
vection heat transfer from a cylinder using different methods. However, in the shrouded cyl-
inder, two symmetrical openings at the lower and upper ends of the enclosure are used for 
previous studies and the effect of the lower opening size on heat transfer enhancement has 
not been studied experimentally or numerically. So, the studies deal with only natural-convec-
tion heat transfer and the effect of mixed convection heat transfer is not included. The present 
work includes the numerical investigation of the natural and mixed convection heat transfer 
from the horizontal cylinder in a symmetrical open square enclosure. The governing equations 
were solved using the finite volume method. Two enclosure widths W/D = 2.5 and 4, Rayn-
olds number range between 103-106 and lower opening size range between O1/W = 0.2 to 1 for  
W/D = 2.5 and 0.125-1 for W/D = 4 at constant O2/W are used. The study includes an inves-
tigation determine the enhancement of heat transfer from the horizontal cylinder in a vented 
enclosure and the behaviors of the velocity distribution and isotherms. The numerical method 
results will be compared with experiments, Ali [4]. 

Mathematical formulation  
and numerical method

Theoretical formulation

Figure 1 presents the schematic view of 
the experimental rig for the horizontal cylinder 
placed inside a square enclosure. The assump-
tions of the present study are 2-D, steady-state 
and constant properties for laminar and turbulent 
flows. The cylinder diameter is 5 cm using two 
different enclosure widths 12.5 cm and 20 cm. 
The cylinder is placed in the middle of the enclo-
sure. The upper opening size is constant (2.5 cm) 
while the lower opening size between 2.5 cm to 
full opening size for both enclosure widths. 

Governing equations

The mathematical model based upon the 
flow is incompressible, steady, turbulent and 
2-D. The Navier-Stokes and the energy equations have been employed to describe and predict 
the hydrodynamic and heat fields [20, 23]. The gravitational acceleration has been acted in the 
negative direction of the flow. The standard k-ω transport equation turbulence model is used to 
predict the eddy viscosity [2]:
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Figure 1. Configuration of cylinder  
and enclosure
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The energy equation can be solved for the heat transfer [24]:
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The Richardson number is a dimensionless ratio between the buoyant production and 
shear production. It can be used to indicate the formation of turbulent and dynamic stability 
[25]. The Richardson number can be estimated [2]:
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where the Gr is Grashof number, Re – the Reynolds number, ui – the flow velocity, β – the vol-
ume expansion coefficient, g – the gravitational acceleration, Tw and T are the cylinder surface 
and internal fluid temperature:

 

( ) 3

2

g   
G Rr e,w iT T D u D

v
∞β ρ

µ
−

= =

The standard k-ω turbulence model is used for two transport equations, one for the 
turbulent kinetic energy, k, and one for the turbulent specific dissipation, ω. The model is cho-
sen because it is numerically very stable, as it tends to produce converged solutions more rap-
idly than the k-ε models [26]. The stress tensor is computed from the eddy-viscosity concept  
k-equation:
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The constants for the previous equation are represented by β ' = 0.09, α = 5/9, β = 0.075, 
σk = 2, and σω = 2.

The Pk is the turbulence production due to viscous forces, and is modeled using:
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Boundary conditions

The boundary conditions to predict the flow and thermal behavior for the convection 
mode were applied. The boundary conditions can be summarized in the non-dimensional form:
 – The T = 1, U, V = 0 at the cylinder’s surface.
 –  The T = 0, U, V = 0 at the enclosure’s walls. 
 –  The T = Tamb, U = 0, V = constant at lower opening. 

Convective boundary condition at upper opening, pressure = 0.
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Nusselt number

The average Nusselt number of the cylinder surface is calculated from the integration:
2

ave
ave

0

1Nu  
2

h D
k n

θ
π

∂
= = −

π ∂∫ (8)

where have presents the average convection heat transfer from the cylinder and k – the thermal 
conductivity of the air.

Numerical method

The governing equations are solved numerically using ANSYS, FLUENT 16.1 soft-
ware. The Boussinesq approximation is assumed during the solution of the momentum equa-
tion. The properties of the fluid in the medium are based on the average temperature of the 
cylinder surface and the ambient air. The pressure velocity coupling, SIMPLE algorithm has 
been used with second order upwind scheme for the discretization of momentum, energy and 
turbulence model equations. A convergence criterion of 10–6 is used as residuals of the continu-
ity, momentum energy and k-ω equations. 

Grid independence study

The mesh was generated for the geome-
try using ANSYS meshing method with hexa-
hedral cell type and assessed to select the best 
mesh size and number for the simulations,  
fig. 2. Four different mesh numbers were used: 8309, 
14663, 39749, and 151120 for Ra = 5 ⋅ 104 with ge-
ometry W/D = 4, O1/W = 0.5, and O2/W = 0.125. The 
Nusselt number values were obtained for each mesh 
Case 10.61, 10.43, 10.38, and 10.3, respectively. 
The value of the Nusselt number from the numerical 
method was compared with the experimental value 
that was obtained from the previous study. The com-
parison showed that there was no significant change 
between the numerical and the experimental results. 
The mesh number 14663 is selected because the percentage error is low as compared with 
experimental results. The employment of large amount of mesh at high Rayleigh number, the 
solution become divergent. 

Code validation

The validation of the present CFD code is checked by comparing the present CFD 
results with previous experimental results. The validated problem is the natural-convection 
induced using two enclosure widths. The obtained numerical solution for a single cylinder 
embedded in an enclosure W/D = 2.5 and 4 and symmetrical opening sizes equal to 2.5 cm has 
been compared with experimental result that presented by Ali [4]. The comparison has been ob-
tained under the same geometry, boundary conditions and other parameters of the experimental 
test. The comparisons for two cases are presented in terms of the average Nusselt number as 
shown in fig. 3. The results show that the Nusselt number has been increased when the Rayleigh 
number is increased. The comparisons in fig. 3 show very good agreement between the present 

Figure 2. Typical grid distributions  
in the computational domain
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numerical and previous experimental results, where the maximum percentage error between 
both results is about 3.5%.

Figure 3. Comparisons between the CFD and previous experimental work;  
(a) W/D = 4, O1/W = O2/W = 0.125 and (b) W/D = 2.5 cm, O1/W= O2/W = 0.2

Results and discussion

The results of the present numerical work involve the natural and mixed convec-
tion heat transfer from heated cylinder induced in a cold square enclosure with constant upper 
opening size and variable lower opening sizes will be presenting in this section. Air has been 
employed as a working fluid inside the enclosure which surrounded the cylinder. According on 
the dimensionless variables, the studied parameters are ranged:
 – Dimensionless of enclosure width length (W/D): 2.5, 4 
 – Dimensionless of lower opening size (O1/W): 0.125-1.
 – Dimensionless of upper opening size (O2/W): 0.2 for W/D = 2.5 and 0.125 for W/D = 4.
 – Rayleigh number: 103-106.
 – Richardson number: 0.1-100.

The influence of a wide range of Rayleigh numbers, Richardson numbers, lower open-
ing size and enclosure width on the temperature and velocity distributions have been investi-
gated and discussed to demonstrate the behaviors of the thermal and hydrodynamic flow fields. 
Also, the impact of these parameters on the average Nusselt numbers behaviors have been 
illustrated in the results and discussions section.

The mass-flowrate entering the opening size was increased with the increase of the 
O1/W size because the inlet velocity was constant for each Rayleigh numbers. The flow strength 
enhanced and the Reynolds number increased with the increase of the opening size that leads 
to a decrease in the Richardson number, and the mixed convection mode is obtained. The Rich-
ardson number values are changed with the change of different enclosure widths W/D, lower 
opening size O1/W and Rayleigh number at constant upper opening size O2/W. It is noted that 
the Richardson number have been large values for O1/W = 0.125 and 0.2 at W/D = 2.5 and 4, 
respectively, for different Rayleigh number, which ensures the mode of heat transfer is natu-
ral-convection. The Richardson number values are between 0.1 and 6 for O1/W > 0.5, therefore, 
the mode of heat transfer is mixed convection for these cases. The flow become turbulent at 
high Rayleigh numbervalues with low Richardson number.
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Effects of pertinent parameters  
on Nusselt number

The variations of the average Nusselt 
numbers for various relevant parameters are 
presented in figs. 4-8. 

Figure 4 illustrates the variations of aver-
age Nusselt number as a function of Rayleigh 
number for two W/D sizes at low O1/W. The 
average Nusselt number has been increased 
with increasing in Rayleigh number for all cas-
es. The average Nusselt number in a vented 
enclosure increases as compared with those of 
the free cylinder. The average Nusselt number 
enhancement for W/D = 4 is larger than those 
for W/D = 2.5 at low and medium Rayleigh 
number, but the enhancements have same val-
ues at high Rayleigh number. The Richardson 
number values for this case have been record-
ed as very large which indicate that the heat 
transfer mode was natural-convection. The 
enhancement percentage of average Nusselt 
number have been ranged between 20-40% as 
compared with those of free cylinder. 

Figure 5 presents the variation of the av-
erage Nusselt with the Rayleigh number when 
O1/W = 0.5 at W/D = 2.5 and O1/W = 0.25 at 
W/D = 4. The figure shows the average Nus-
selt number increased as Rayleigh number is 
increased. The Nusselt number enhancement 
for Ra < 105 at W/D = 4 is larger than Nusselt 
number enhancement at W/D = 2.5, while, the 
Nusselt number have similar values at high 
Rayleigh number. It is indicted that the dom-
inant convection mode is mixed convection 
at low Rayleigh number because the Richard-
son number value was less than 10. The con-
vection mode become natural-convection at  
Ra > 2000. The maximum increasing percent-
age was achieved for Nusselt number was 50% 
at W/D = 4 and about 20% as compared with 
those of free cylinder.

Figure 6 shows the variation of aver-
age Nusselt number with Rayleigh number at  
O1/W = 1 for two W/D. The average Nusselt  
number is increased with the increase of 
Rayleigh number at both W/D. The Nusselt 
number increase for all Rayleigh number at 

Figure 4. Enhancement of the Nusselt number 
for different Rayleigh number due to enclosure 
width variation for O1/W = O2/W = 0.2 at  
W/D = 2.5 and O1/W = O2/W = 0.125 at W/D = 4

Figure 5. Enhancement of the Nusselt  
number for different Rayleigh number  
due to enclosure width variation for  
O1/W = 0.5, O2/W = 0.2 at W/D = 2.5 and  
O1/W = 0.25, O2/W = 0.125 at W/D =4

Figure 6. Enhancement of the Nusselt  
number for different Rayleigh numbers  
due to enclosure width variation for  
complete lower opening size
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W/D = 4 is greater than those at W/D = 2.5 as compared with Nusselt number at free cylinder. The 
enhancement percentage depends on the Rayleigh number and W/D, it is varied between 40% at 
W/D = 2.5% to 80% at W/D = 4 at Ra < 104. The increase percentage range in the Nusselt number 
between 30-35% at W/D = 2.5 and 104 ≤ Ra ≤ 105, while the percentage increase in the Nusselt 
number between 45-55% at 104 ≤ Ra ≤105 and 30-40% at Ra > 105 for W/D = 4 as compared with 
those of free cylinder. The O2/W size have not influence on the Nusselt number enhancement at 
W/D = 4 as displayed in figure. The Richardson number values are ranged between 0.1 and 3.5 
depending on the Rayleigh number and W/D due to an increase in the fluid velocity and Reyn-
olds number which indicated that the heat transfer mode is the mixed convection.

Figure 7 illustrates the variation of av-
erage Nusselt number with Rayleigh number 
at different O1/W and W/D = 2.5. The average 
Nusselt number increases with Rayleigh num-
ber for all O1/W. The average Nusselt number 
increases with the increase of O1/W for all 
Rayleigh number values. The average enhance-
ment of the Nusselt number was recorded be-
tween 15% and 30% when the lower opening 
vent was fully opened. The maximum increase 
percentage was 38% at Ra = 103 and fully O1/W 
and it decreases to 30-35% at Rayleigh number 
between 104 and 105 and O1/W = 1 as compared 
with those of free cylinder. The natural-convec-
tion heat transfer is the dominant mode for low 
O1/W due to high Richardson number, while the 
mixed convection heat transfer is the governed 
mode for high O1/W because the Richardson 
range between 1-9 that obtained from high fluid 
velocity around the cylinder.

Figure 8 represents variation of average 
Nusselt number with Rayleigh number at dif-
ferent O1/W and W/D = 4. The average Nus-
selt number enhances as Rayleigh number is 
increased for all O1/W. The average Nusselt 
number increases with the increase in Rayleigh 
number for all O1/W. The enhancement percent-
age of the average Nusselt number is ranged be-
tween 18% at O1/W = 0.125% and 85% at O1/W 
= 1. The natural-convection heat transfer is the 
dominant mode at low O1/W, while the forced 

convection was observed at high O1/W due to the increase in flow velocity and Reynolds number, 
which lead to a decrease in Richardson number values.

Effects of pertinent parameters on isotherms and streamlines

The influence of lower opening size on the velocity and temperature distributions 
have been illustrated for a range of opening vent values O1/W between 0.2-1 for W/D = 2.5 and 
0.125-1 for W/D = 4 with various Rayleigh number values as shown in figs. 9-12. The velocity 

Figure 7. Enhancement of the Nusselt number 
for different Rayleigh numbers due to lower 
opening sizes for W/D =2.5

Figure 8. Enhancement of Nusselt number 
for different Rayleigh numbers due to lower 
opening sizes for W/D = 4
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and isotherms are symmetrical around the centerline of y-axis of the enclosure for all O1/W and 
Rayleigh number values. The Richardson number values are obtained due to the variation of 
Reynolds number and Rayleigh number for each case. Figure 9 presents the stream velocity 
distribution for the case W/D = 2.5, the flow velocity is increased with the increase of Rayleigh 
number and O1/W. For O1/W = 0.2, the flow velocity is relatively low and the hydrodynamic 
boundary-layer is thick at Ra = 103. When the Rayleigh number is increased to 105 and 106, the 
vortices are appeared at the upper surfaces of the enclosure, the flow velocity and Reynolds 
number values are increased, which lead to a decrease in Richardson number values, but the 
values remain more than 20 and ensures that the mode of heat transfer is natural-convection. 
For O1/W = 0.6, the mass-flowrate is increased due to the increase in lower opening area, the 
flow velocity become more for all Rayleigh number and the Reynolds number values are in-
creased which led to a decrease in Richardson number values between 2-9. The mode of heat 
transfer become mixed but the contribution of natural-convection heat transfer remains high as 
compared with those of forced convection heat transfer. As O1/W is increased to 1 (full opening 
size), the mass-flow rate is increased more and the Richardson number values are reduced to a 
range between 1 at low Rayleigh number and 5 at high Rayleigh number.

Figure 9. Velocity distribution around the cylinder at W/D = 2.5, O2/W = 0.2  
and different lower opening sizes; (a) Ra = 103, (b) Ra = 105, and (c) Ra = 106
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Figure 10 represents the temperature distribution for case W/D = 2.5 with different 
Rayleigh number and O1/W sizes. For O1/W = 0.2, the isotherms shape displayed that the conduction 
heat transfer is the dominant mode at Ra = 103, then the strength of convection heat transfer become 
more as Rayleigh number is increased and the thermal boundary-layer thickness around the cylinder 
is decreased. A thermal plume appears at Ra = 103 around the cylinder and covers most of the space 
between the cylinder and the enclosure. Three thermal plumes are appeared at upper and sides of the 
cylinder at Ra = 105. The sided thermal plumes are disappeared at Ra = 106 and the thermal plume 
above the cylinder directs toward the upper opening size due to the strength of the convection heat 
transfer. The shapes of the isotherms are changed when the O1/W is increased to 0.6. At Ra = 103, 
the thickness of the thermal plume around the cylinder is reduced and the thermal boundary-layer 
around the cylinder become thinner as compared with those for low O1/W. As Rayleigh number is 
increased to 105, the convection heat transfer becomes the governed mode due to the shape of the 
isotherms and the thermal boundary-layer around the cylinder become thinner. As Ra = 106, the ther-
mal boundary-layer thickness and thermal plume width above the cylinder are decreased. For full 
opening size, the thermal boundary-layer thickness around the cylinder is decreased more and the 
influence of the convection heat transfer is increased as displayed from the temperature distribution. 
Small changes are appeared at Ra = 105 and 106 as compared with those of O1/W = 0.6. The width of 
the thermal plume and thermal boundary-layer thickness around the cylinder become more.

 
Figure 10. Temperature distribution around the cylinder at W/D = 2.5,  
O2/W = 0.2 and different lower opening sizes; (a) Ra = 103, (b) Ra = 105, and (c) Ra = 106
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Figure 11 shows the velocity distributions for W/D = 4 case with different sizes of 
O1/W and a wide range of Rayleigh number. For O1/W =0.125, the value of the velocity around 
the cylinder is relatively low at Ra = 103 and it is enhanced when the Rayleigh number is in-
creased. The velocity value is increased as compared with those for the case W/D = 2.5. The 
velocity lines are appeared as thin layer introduces from the lower vent and exited from the 
upper vent and passes around the cylinder. Two small vortices are appeared at the sides of the 
enclosure far from the cylinder. As Rayleigh number is increased, the vortices are appeared 
beneath the upper surfaces of the enclosure and the strength of these vortices become more as  
Ra = 106. The Richardson number values between around 10 at low Rayleigh number and 
around 100 at medium and high Rayleigh number, therefore, the heat transfer mode is mixed at 
low Rayleigh number and natural-convection heat transfer at medium and high Rayleigh num-
ber. As O1/W is increased, the vortices are disappeared and the flow velocity is increased around 
and above the circular cylinder. For O1/W = 0.6, the mass-flow rate is increased and the flow 
velocity is increased, then the Reynolds number is increased, therefore, the Richardson number 
values are decreased to about 1-2 at low and medium Rayleigh number and 4-5 at high Rayleigh 
number. The effect of natural and forced convection are equal at low and medium Rayleigh 
number, while the influence of the natural-convection is enhanced at high Rayleigh number. 
As O1/W = 1, the flow velocity is increased more due to high mass-flow rate from the lower 

Figure 11. Velocity distribution around the cylinder at W/D = 4, O2/W = 0.125  
and different lower opening sizes; (a) Ra = 103, (b) Ra = 105, and (c) Ra = 106
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opening, the Reynolds number values are increased and the Ricardson values are decreased. 
The range of Richardson number between 0.1 at low and high Rayleigh number values and 1 at 
high Rayleigh number values, which ensure the dominant mode for low and medium Rayleigh 
number is the forced convection heat transfer and equal influence of natural and forced for high 
Rayleigh number. 

Figure 12 represents the temperature distributions for the W/D = 4 with different range 
of Rayleigh number and O1/W. The conduction heat transfer is a dominant mode when the 
Rayleigh number equals 103 and O1/W = 0.125. The strength of the conduction heat transfer is 
reduced and the convection heat transfer mode become more as Rayleigh number is increased. 
Thermal plumes appear at sides and above the circular cylinder. As Rayleigh number is in-
creased to 105, two thermal plumes appear under the upper surfaces and the thickness of thermal 
boundary-layer around the cylinder is decreased due to high values of flow velocity, therefore, 
the convection heat transfer is the governed mode. For O1/W = 0.5, the contribution of the con-
vection heat transfer is increased at Ra = 103. The thickness of the thermal boundary-layer de-
creases as compared with those of W/D = 2.5. The thermal boundary-layer thickness around the 
cylinder decreases and the width of thermal plume decreases as Rayleigh number is increased. 
For full opening size, the isotherms shapes remain unchanged as those for O1/W = 0.6 but the 
effect of forced convection become more as discussed previously. 

Figure 12. Temperature distribution around the cylinder at W/D = 4, O2/W = 0.125  
and different lower opening sizes: (a) Ra = 103, (b) Ra = 105, and (c) Ra = 106
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Conclusions 

The present numerical work involves natural and mixed convection induced by hor-
izontal heated cylinder placed inside a cold square enclosure with two openings at lower and 
upper surfaces of the enclosure. The mathematical model consisting of Navier-Stokes, energy 
equation and standard k-ω transport equation model which have used to present the behaviors of 
fluid-flow and heat transfer fields. The flow has been assumed steady, incompressible, constant 
thermophysical properties except the density and laminar or turbulent flow depended on the 
studied parameters. A CFD software package ANSYS FLUENT 16.1, based on finite volume 
method, has been used to solve the governing equations. The studied parameters have covered 
a wide range of lower opening size (𝑂1/W), Rayleigh number and Richardson number ranging 
from 0.125 (partial opening) to 1 (full opening), from 103-106, from 0.1-100, respectively. Two 
enclosure width to cylinder diameter ratio has been used at W/D = 2.5 and 4. The numerical 
results have been validated against previous experimental results and they indicated very good 
agreement between them. The results have been presented in terms of velocity, temperature 
contour lines, local and average Nusselt number. The results of present work may be concluded. 

 y The findings display that the lower opening size has a considerable influence on the behav-
ior of velocity distributions and appearance of vortices inside the enclosure. For 𝑂1/W = 0.2 
and 0.125 (partial opening case), the shape of vortices above the cylinder in the flow field 
has been varied with the increase in Rayleigh number due to the impact of upper surface of 
the enclosure, where this effect is released with the case of full opening size.

 y The lower opening size, enclosure width and Rayleigh number have significant effect on the 
temperature distribution above the heated cylinder. The conduction heat transfer is the dom-
inant mode for low Rayleigh number at O1/W = 0.2 and W/D = 2.5. The effect of convection 
heat transfer become more as O1/W and W/D are increased.

 y The lower opening size has a considerable effect on the mixed convection heat transfer. The 
Richardson number for low O1/W is high and it is increased as O1/W is increased due to high 
mass-flowrate.

 y The enclosure width has a significant effect on the mixed convection heat transfer. The Rich-
ardson number for low O1/W is high which ensure that the natural-convection heat transfer 
is the dominant mode, while, it is increased as O1/W is increased due to high mass-flow rate 
which the forced convection is the effective mode.

 y As Rayleigh number is increased, the thickness of thermal boundary-layer has been de-
creased depending on the Richardson number value. The values of Richardson number de-
pended on the lower opening size and enclosure width.

 y The results display that the average Nusselt number from the cylinder surfaces has been 
gradually increased with increasing in Rayleigh number, Richardson number, O1/W, and 
W/D. The heat transfer enhancement percentage between 20% and 85% as compared with 
those for free cylinder. The increase in Nusselt number due to the variation of O1/W at W/D 
= 4 is larger than those of W/D = 2.5.

 y The effect of the upper opening size on the Nusselt results is very low.
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Nomenclature
D – cylinder diameter, [m]
Gr  – Grashof number
g – gravitational acceleration, [ms–2]
H – convection heat transfer  

coefficient, [Wm–2K–1]
k – thermal conductivity coefficient for air, 

[Wm–1K–1]
Nu – Nusselt number, [–]
O1 – lower opening size, [m]
O2 – upper opening size, [m]
P – dimensionless pressure, [–]
Pr – Prandtl number, [–]
Ra – Rayleigh number, [–]
Re – Reynolds number, [–]
Ri – Richardson number, [–]
T – temperature, [°C]
u – dimensional velocity, [ms–1]

V – dimensional velocity, [ms–1]
W – enclosure width [m]
x – dimensional co-ordinate, [m]
y – dimensional co-ordinate, [m]

Greek symbols

α – thermal diffusivity, [m²s–1]
β – volumetric thermal expansion  

coefficient, [K–1]
θ – non-dimensional temperature, [–]
µ – dynamic viscosity, [kgm–1s–1]
ρ – density, [kgm–1]

Subscripts

ave – average
e – external
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