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ABSTRACT: Laminar free convection heat transfer from an isothermal horizontal unbounded cylinder of four 

circular, equilateral triangular, slender and blunt elliptical cross-sections is numerically investigated. The fully 

developed momentum and the standard energy governing equations are transformed into a non-dimensional form 

and the resulting nonlinear systems of partial differential equations are then solved numerically applying the finite 

volume technique. This paper focuses on the effect of using different cross-sections of the cylinder and Rayleigh 

number variation on the local and average free convection heat transfer from the cylinder surface. The results show 

that the heat transfer rate by free convection increases significantly with an increase in Rayleigh number for all 

cylinders. Moreover, the local and average heat transfer from the elliptical cylinder with slender orientation is found 

to be much higher than other cylinders.  
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INTRODUCTION 

The phenomena of free convection from heated horizontal cylinders of different cross-sections occurs in numerous 

engineering applications such as tubular and compact heat exchangers, solar energy collectors, nuclear and chemical 

reactors, cooling of electrical and electronic components, thermal circulation boilers, energy storage systems, and 

other many systems. There are many techniques that have been developed for heat transfer enhancement such as 

body shape optimization. A cylinder of circular cross-section is the only one limiting geometry that has received 

much considerable attention in the previous research. Free convection from a circular cylinder placed in an 

unbounded space has been significantly examined analytically, numerically and experimentally for different thermal 

and flow conditions, and reported by the researchers [1–15].  For instant, Pera and Gebhart studied the phenomenon 

of wake formulation formed over and behind a hot cylinder surface at natural convection, and its influence to the 

heat transfer [2]. While, Kuehn and Goldstein investigated the separation that occurs into the plume flow from the 

cylinder surface, and the parameters that affect the flow and thermal fields departed the boundary layer forms [6]. 

In addition, natural convection flow around a circular cylinder with a confinement has been also numerically and 

experimentally studied [16-27]. In these works, the confinement is performed below, above or entirely around the 

cylinder. They have mainly focused on the effect of adiabatic or conducting confining walls on the behavior of free 

convective flows and the heat transferred from the cylinder surface. Their results have showed that the flow and 

thermal characteristics around the hot cylinder and in the vicinity of confining boundaries are significantly 

influenced by the position of cylinder from these boundaries and by the buoyancy-induced convection for a diverse 

range of Rayleigh numbers. A reported numerical results about free convection induced by a temperature difference 

between a heated inner circular cylinder and a cold outer square enclosure [22,23]. They changed the location of the 

inner cylinder horizontally and vertically along the centerline, or diagonally along the diagonal-line, of the outer 

enclosure. They observed that the number, size, and formation of the convective cells substantially rely on heat 

fluxes imposed on the cylinder, and the position of cylinder within the isothermal enclosure.  
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The interest in investigating natural convection from an elliptic cylinder has received less attention in the literature 

[28-37]. Merkin studied natural convection boundary layer flow over an elliptical cylinder with its major axis in 

both horizontal and vertical directions, and for both isothermal and constant heat flux surface conditions [28]. Badr 

and Shamsher investigated fully developed free convective flows when the elliptical cylinder is isothermally heated 

and placed with its major axis vertical in a quiescent fluid of infinite extent, whereas, Bhattacharyya and Pop tested 

the problem in a micropolar fluid [29,30]. In another hand, Badr examined the time development of the flow and the 

thermal field in the proximity of a horizontal cylinder of elliptic cross-section [31]. In addition study free convection 

heat transfer from an isothermal elliptical cylinder confined between two insulated walls, and they found that there 

is an optimum distance between the adiabatic walls for obtaining a maximum Nusselt number [32]. While, a 

numerical investigation for free convection over an isothermally heated elliptic cylinder placed inside a square 

cavity with cooled boundaries [35]. 

However, relatively few works have been published regarding of the problem concerning natural convection from 

horizontal cylinder with triangular cross-section. The behaviors of steady and transient natural convective flows 

developed from a heated triangular cylinder surrounded by a concentric cylindrical enclosure have been numerically 

investigated [37,38]. Their studies focused on the effects of geometric configurations and inclination angles on the 

flow and heat characteristics inside the horizontal annuli. Mohamed and Hany reported results of natural convection 

from cylinders with triangular cross sections in air by considering two different horizontal positions for the vertex of 

triangle (facing-up and facing-down) with five equilateral triangular cross-sections [39]. In the best of our 

knowledge, no studies of temperature-driven, laminar, natural convection around submerged objects have dealt with 

the influence of the shape of the object. Therefore, the current work focuses on the influence of using various cross-

sections of cylinders and Rayleigh number variation on the heat transfer rate by natural convection. 

PROBLEM FORMULATION 

Physical Description 

 

Figure 1. Physical model and coordinate system. 

Figure 1 describes the physical problem under consideration along with the selected coordinate system. As shown, a 

two-dimensional cylinder with different cross-sections, i.e circular, Slender (V-) and blunt (H-) elliptical and 

equilateral triangular, is heated at a uniform constant temperature Tw, and immersed in a Newtonian unconfined 

working fluid (air) at a temperature T∞, where (Tw > T∞). Note that the orientation of elliptical cylinder is blunt when 
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the major axis is horizontal, and the orientation is slender when the major axis is vertical. Due to the temperature 

difference between the cylinder and the ambient air, the density of air will be lower adjacent to the cylinder and it 

will gradually increase away from the cylinder producing a density gradient that sets up a buoyancy induced upward 

flow around the cylinder, thereby leading to heat to be transferred by free or natural convection from the cylinder to 

the surrounding air. This problem will be solved in the global Cartesian coordinate with the origin at the center of 

cylinder and the gravity is set to be along the negative y-direction. 

Mathematical Description 

Some assumptions are made in order to simplify the problem such as air is an incompressible and Newtonian 

working fluid with constant properties except for the density. Also, the viscous dissipation and the radiative heat 

transfer are neglected. The variation of density with temperature is assumed to be linear and approximated here by 

Boussinesq approximation. Groups of dimensionless variables are introduced as: 
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where, S is the characteristic length, U and V are the dimensionless velocity components along the X- and Y-axes, θ 

is the dimensionless temperature field, and P is the pressure field. Under these conditions, the continuity, 

momentum and energy equations in their non-dimensional forms can be defined as: 
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where, the two dimensionless numbers, Rayleigh (Ra) and Prandtl (Pr), that govern the problem are defined, 

respectively, as: 
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  are the density, the kinematic viscosity and the thermal diffusivity, respectively, and

 

 is the 

volumetric expansion coefficient of the fluid at a constant temperature. The following boundary conditions for the 

non-dimensional velocities and temperature are imposed as follows: 

 

U =V = 0 (No slip) and 

 

 =1  at the cylinder surface.  

 

U

n
=

V

n
= 0  (Slip) and 

 

 = 0  away from the cylinder. 

where, n denotes to the normal direction at the cylinder surface. Once the velocity and temperature fields are 

simulated, the local Nusselt number at any point at the cylinder surface and the circumferential-averaged Nusselt 

number over the periphery of the cylinder are calculated by: 
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with t being the tangential direction at the cylinder surface. 

NUMERICAL SOLUTION 

Computational Details 

The governing equations (1-4) subjected to the boundary conditions are solved numerically using the finite volume 

method described in detail [41]. This method is based on the discretization of the computational domain into finite 

number of control volumes and integrates the governing equations over each control volume. Therefore, the 

computation domain is discretized and meshed by dividing it into quadrilateral cells. The effect of the mesh size on 

the accuracy of the results has been investigated and found that the typical mesh size is (200×100). Figure 2 shows 

the typical mesh used around each cylinder. It can be seen that the grid system is unevenly distributed over the 

solution domain and concentrated near the cylinder surface where higher grid density is required. 

 

Figure 2. Typical mesh used around the circular and triangular cylinders 

 

Figure 3. Typical mesh used around the V – and H-elliptical cylinders 

Code Validation 

The numerical solution methodology employed in our private code has been validated by comparing its results of the 

surface averaged Nusselt number with analytical results reported in the literature for the problem of natural 
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convection around a unbounded circular cylinder at different Rayleigh numbers [42]. This comparison is illustrated 

in figure 4.  It can be observed that, the numerical model is in a good agreement with the correlation for 

 

Ra 104
, 

after that, small deviation (less than 0.5%) is observed between our code’ predictions and the analytical results. 

 

Figure 4. Comparison of average Nusselt number over a circular cylinder surface predicted by the present code and 

the numerical results of Wang et al. [42]. 

RESULTS AND DISCUSIONS 

The main purpose of the present study is to investigate the effect of shape of horizontal cylinders, e.g. circular, 

equilateral triangular, slender (V-) and blunt (H-) elliptical, on the convective heat transfer to the air as being chosen 

to be the working fluid with Pr=0.71, and more generally the thermal and flow fields around them. Thus, the 

numerical investigation is accomplished for four different shapes of cylinder as the pertinent parameter in the 

current study at a wide range of Rayleigh number 

 

Ra =102 −105
. 
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Figure 5. Streamlines around the circular cylinder for four different Rayleigh number of (a) 102, (b) 103, (c) 104 and 

(d) 105. 

 

Figure 6. Temperature distributions around the circular cylinder for four different Rayleigh number of (a) 102, (b) 

103, (c) 104 and (d) 105. 

 

Figure 7. Streamlines around the triangular cylinder for four different Rayleigh number of (a) 102, (b) 103, (c) 104 

and (d) 105. 
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Figure 8. Temperature distribution around the triangular cylinder for four different Rayleigh number of (a) 102, (b) 

103, (c) 104 and (d) 105. 

 

Figure 9. Streamlines around the V-elliptical cylinder for four different Rayleigh number of (a) 102, (b) 103, (c) 104 

and (d) 105. 
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Figure 10. Temperature distribution around the V-elliptic cylinder for four different Rayleigh number of (a) 102, (b) 

103, (c) 104 and (d) 105. 

 

Figure 11. Streamlines around the H-elliptical cylinder for four different Rayleigh number of (a) 102, (b) 103, (c) 104 

and (d) 105. 
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Figure 12. Temperature distribution around the H-elliptical cylinder for four different Rayleigh number of (a) 102, 

(b) 103, (c) 104 and (d) 105. 

Figures (5-12) show the effect of changing the cylinder shape on the flow and thermal fields around them in terms of 

steam-lines and isotherms, respectively, for the selected range of Ra aforementioned. As happens in the steady-state 

natural convection system included unbounded heated objects, it can be clearly seen that the working fluid starts 

moving horizontally from the middle area of the cylinder’s lower heated surface and along it in both positive (+ 

sing) and negative (- sign) directions before turning horizontally over the cylinder’s heated upper surface with anti-

clockwise (+ sing) and clockwise (- sign) rotation, respectively, towards the middle of the upper surface. Therefore, 

the intersection of these two hot flows is on the middle top region of the cylinder, and then the mixing hot fluid rises 

to the central top region above and away from the cylinder because of buoyancy forces. The figures obviously 

demonstrate that flow patterns and behaviors are generally similar around and in the top region above the four 

various cylinders, and clearly illustrate that the free convective flow intensity increases significantly as Ra increases. 

The intensity of the flow inside the flow’s core above the cylinders is considerably shown to be much stronger than 

that in other regions at all Ra. 
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Figure 13. Distribution of local Nusselt number along the surface of the circular cylinder for   for four different 

Rayleigh number of (a) 102, (b) 103, (c) 104 and (d) 105. 

 

Figure 14. Distribution of local Nusselt number along the surface of the half triangular cylinder for four different 

Rayleigh number of (a) 102, (b) 103, (c) 104 and (d) 105. 

 

Figure 15. Distribution of local Nusselt number along the surface of the V-elliptical cylinder for   for four different 

Rayleigh number of (a) 102, (b) 103, (c) 104 and (d) 105. 

 

Figure 16. Distribution of local Nusselt number along the surface of the H-elliptical cylinder for   for four different 

Rayleigh number of (a) 102, (b) 103, (c) 104 and (d) 105. 
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Figures (13-16) display the circumferential variations of local Nusselt number along the symmetric half cylinder’s 

periphery, from the rear stagnation point

 

 = 0o
, and clockwise the flow direction, for the four cylinders, e.g., 

circular, triangular, H-elliptical and V-elliptical, respectively, for different 

 

Ra =102 −105
. The figures show 

almost similar circumferential variations of Nusselt number on the most locations of the cylinder’s surface at all Ra, 

except for the triangular cylinder owing to the sudden change in the periphery. In addition, these distributions reveal 

that the maxima of Nusselt numbers are observed to occur in the regions around the rear stagnation point 

 

 = 0o
. 

 

Figure 17. Zooming for the thermal contours about the cylinders showing the compressed thermal boundary layer 

around the rear stagnation point, and the significant thermal expansion around the top stagnation point. 

This is generally expected in these regions as they have the highest temperature gradients, where the fluid is heating 

and compressing with the rear solid cylinder’ surface by the buoyancy forces. In addition, the values of these peaks 

are demonstrated to increase with increasing Ra. While, the minima of Nusselt numbers are shown to occur at the 

top stagnation point due to the significant expansion of the fluid thermal boundary layer in-front the cylinder 

forming the thermal plume as shown in a zoomed thermal contours around the cylinders in figure 17. It can be seen 

that the influence of Ra on the heat transfer becomes significant for higher values of Ra, i.e., 

 

Ra 103
. The 

figures show that the higher local heat transfer occurs on all locations of surface of the V-elliptical cylinder for all 

Ra. 

 

Figure 18. Distribution of surface-average Nusselt number with Rayleigh numbers ranging (102 - 105) for all V-

elliptical, H-elliptical, circular and triangular cylinders. 
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The distributions of surface average Nusselt number with Ra ranging

 

(102 −105), for all cylinders, are shown in 

figure 18. Once again, it is obvious that the V-elliptical cylinder transfers much heat than other cylinders, and this is 

seen to be considerable for higher Ra. The H-elliptical and the circular cylinders (with small discrepancy between 

them) can be used for better rate of heat transfer than the triangular one due to its two-sharp side-corners.  

 

CONCLUSION 

 A numerical study has been performed to investigate laminar natural convection heat transfer characteristics around 

a horizontal heated cylinder with four different cross-sectional shapes, e.g., circular, equilateral triangular, V-

elliptical and H- elliptical, without confinement. The study was made using a two-dimensional computational model 

developed using the finite volume formulation. The in-house code is validated and verified with the results available 

in the literature. The effect of cylinder shape on free convective flow and heat transfer has been studied for a wide 

range of Rayleigh number 

 

(Ra =102 −105). The results show that the free convective heat transfer significantly 

increases by increasing Ra. Thus, the increase in Ra increases the intensity of convective flow and decreases the 

thickness of thermal boundary layer around the cylinder, and then causes a high thermal gradient on the cylinder’s 

surface and enhancing the convection heat transfer. It is also shown that using different cross-sectional shape of the 

cylinder does not significantly change the general flow and thermal patterns. However, the shape of the thermal 

boundary layer formed on the cylinder’s periphery is strongly affected by the cross-sectional cylinder’s shape used. 

Thereby, it is found that the higher free convective heat transfer can be achieved using the V-elliptical shape. Also, 

the amount of heat transferred from both the circular and the H-elliptical cylinders are found to be almost the same 

with small priority for the elliptical one. Lower rate of heat transfer is obtained to be on the triangular cylinder’s 

surface. 
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