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ABSTRACT: A steady two-dimensional laminar natural convective heat transfer from a hot inner circular 

cylinder located in a square cavity filled with air mixed by saturated porous medium has been numerically 

analyzed to investigate the effect of porous media thermal conductivity on the flow and heat transfer 

characteristics. The study has been presented at a constant radius ratio of 3.5. The bottom wall of the enclosure is 

insulated, while the other walls are maintained at constant cold temperature. The governing equations and 

boundary conditions were converted to dimensionless form and solved numerically employing the nodal-based 

spectral-element method. The computational domain was commonly subdivided roughly into a series of 448 

discrete macro-elements. Prandtle number and Darcy number in this study are 0.71 and 0.01, respectively. The 

study has covered three values of Grashof number, which are 5 × 106, 107, 5 × 107 to ensure that the flow is 

laminar and justify the steady-state condition. Also, the material porosity (𝜀) in the present study is 1.0, and the 

values of the solid to the fluid thermal conductivity ratio (𝑘𝑟) are 0.1, 0.5, 1.0, 2.5, 5, 7.5, and 10. No-slip

boundary conditions are held along both the inner and the outer walls. The results are presented by streamlines, 

isotherms, mean Nusselt numbers, velocity development, and temperature development for different parameters 

of the thermal conductivity ratio, and Grashof number. It is found that increasing the thermal conductivity of 

fluid at the expense of thermal conductivity of porous material gives strong convection currents on the top of 

cylinder towards the upper region of cavity and a strong conduction heat transfer at the other regions of 

enclosure. 
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INTRODUCTION 

Natural convection heat transfer inside horizontal enclosures around different geometries of hot body was the 

subject of many theoretical and experimental investigations during the past decades and recent years because of 

great technological importance in many engineering applications. So, there is a growing demand for 

understanding of the physical behavior of this phenomenon in applications, like the design of heat exchanger 

device, nuclear reactor design, cooling of electrical and electronic packaging, passive cooling space heating, the 

aircraft cabin insulation, underground electric transmission cables using pressurized gas and others, heating and 

ventilation control in building design, solar collectors and thermal storage systems, vapor condensers for water 

distillation, and food processes. The natural convection in an enclosure can change substantially owing to the 

enclosure geometry. Many researchers studied the laminar natural convection heat transfer inside a square 

enclosure with different inner, heated geometries at different thermal boundary conditions and test fluids using 

different analytical and numerical methods. Some of the available literature concerning this subject regardless 

the solution method will be presented.  

Each one of them tried to focus on the effect of certain parameters, such as the influences of Rayleigh number 

and Prandtl number, effects of various media used, effects of various outer and inner boundary geometries, 

hydraulic radius ratio, and effect of the inclination angle and eccentricity [1–13], etc. Shu et. al. (2001), [1] 

studied the effect of eccentricity of a circular cylinder inside a square enclosure on the flow and thermal fields at 

different eccentricities and angular position. It was concluded that the feeble global circulation appears in the 

domain for all eccentricities except at a position of the vertical centerline passed through the cavity core. Ding et 

al. (2005), [2] focused on the effect of eccentricity and angular a position of a horizontal heated circular cylinder 

enclosed by square cavity at high Rayleigh number and constant dimensions. It was concluded that the global 

circulation occurs when the eccentric annulus is not symmetric about the vertical centerline of the inner circular 
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cylinder. Ahmed Mezrhab et al. (2006), [3] studied the effect of a single and multiple partitions on the thermal 

fields of air inside a differentially heated inclined square cavity.  

It can be observed that at lower Rayleigh number (Ra ≤105), the inclined cavities give higher rates of heat 

transfer in the hot wall than that in vertical ones, while the opposite occurs at larger Ra (Ra = 106). Goutam Saha 

et al. (2007), [4] concluded that there are significant effects of the aspect ratio and the inclination angle of a 

rectangular enclosure on the free convection heat transfer and air flow. The enclosure consisted of adiabatic top 

wall, two vertical walls with low temperatures, a bottom wall at high temperature, and the bottom wall’s non-

heated parts were regarded adiabatic. Elif (2009), [5] took five types of nanoparticles, which are Cu, Ag, CuO, 

Al2O3, and TiO2 to investigate the natural convection heat transfer of water-based nanofluids in an inclined 

square enclosure. The left and right vertical walls were heated and cooled, respectively, and the other sides were 

kept adiabatic. It was shown that the heat transfer process enhances as the particle volume fraction and the 

Rayleigh number increase. Salam and Ahmed (2010), [6] changed only the position of the inner cylinder along 

the vertical centerline passed through the cavity core to study these phenomena at a wide range of Rayleigh 

number. The results showed that the heat transfer process enhances with various downward and upward 

locations of the hot inner cylinder as Rayleigh number increases.  

They concluded in another study that there are significant effects of the Prandtl number and inclination angle of 

a square enclosure on the thermo-fluid characteristics. High and low temperatures of vertical walls and adiabatic 

horizontal walls were considered as thermal boundary conditions in this study [7]. Rana (2011), [8] studied the 

phenomena of the natural convection of air in an inclined square enclosure contained a concentric heated rod and 

a bundle of four triangular heated cylinders located at the enclosure corner. The results indicated that the heat 

transfer rates increase with increasing the distance between the enclosure center and the four heated triangular 

cylinders. Revnic et al. (2011), [9] investigated the effects of magnetic field and heat generation on the unsteady 

free convection within an inclined square cavity filled with a fluid-saturated porous medium. The top and bottom 

horizontal walls of the enclosure are adiabatic, whereas the vertical walls are maintained at different 

temperatures. The results showed that the diffusive heat transfer becomes prominent with increasing the 

Hartmann number even though the Rayleigh number increases. Hojat and Seyed Ali (2012), [10] studied the 

effect of changing the position and geometry for hot inner cylinder (circular and square) inside a cold square 

enclosure on the natural convection.  

The shape, size and number of the vortices vigorously rely upon the inner cylinder position and Rayleigh 

number. It was noticed that at a constant Rayleigh number, the circular cylinder gives higher heat transfer rates 

than the square cylinder. Roslan, et al. (2014), [11] analyzed the conjugate natural convection heat transfer with 

different thermal conductivity ratios around a conductive polygon cylinder enclosed by differentially heated 

square cavity with a hot lift wall, cold right wall, and adiabatic horizontal walls. It was observed that the critical 

size of the solid polygon will exist at low thermal conductivities. Balamurugan and Krishnakanth (2015), [12] 

studied the natural convection heat transfer of air around a hot square and triangle bar with different aspect ratios 

enclosed by square cavity with cold vertical walls and insulated horizontal walls. It was concluded that the 

higher heat transfer rate in square source than triangle source varying enclosures and different aspect ratios. 

Ravnik and Škerget (2015), [13] used the Al2O3, Cu and TiO2 nanofluids flow (volume fraction values were 0.1 

and 0.2) as well as pure water and air for validation purposes to study the natural convection heat transfer around 

a heated circular and elliptical cylinder inside an inclined cooled cubic enclosure. The results showed that the 

highest heat transfer enhancement occurs as the enclosure is tilted against gravity. Ankit Sharma and Saurabh 

Kumar (2017), [14] studied the laminar natural convection in a square cavity filled with air, containing a heated 

semi-circular cylinder placed at various incidences.  

The top and bottom walls of square cavity were adiabatic, whereas the left and right walls of the square cavity 

were kept at constant wall temperature. It was found that the surface heat transfer coefficient increases for all 

incidences of inner cylinder, for 104 Rayleigh number. Krunal and  Manikandan (2017), [15] investigated the 

effect of Grashof number and Prandtl number on the free convective flow and heat transfer characteristics in a 

square enclosure that contains a heated hexagonal block kept either at fixed wall temperature or homogeneous 

heat flux thermal boundary conditions. The outcomes depicted that the Nusselt number is varying linearly with 

Prandtl and Grashof numbers, and the uniform heat flux boundary condition gives a higher heat transfer rate than 

the constant wall boundary condition. To the best of the authors’ knowledge as can be seen from the available 

literature, there are no theoretical works talking about the effect of the thermal conductivity ratio of porous 

material relative to fluid on the hydrodynamic and thermal fields of free convective flow  around a 

circular cylinder inside a square cavity. The present numerical work covers this lack and it 

gives clear insight to the physical behavior of flow and heat transfer. Numerical simulations of the 

problem are done at Gr= 5 x 106, 107, and 5 x 107. Streamlines, isotherms contour, distributions of temperature 
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and velocities along the width of the enclosure at a certain distance (y) above the hot cylinder and finally the 

average Nusselt number at the heated surfaces have been obtained and discussed. 

THEORY 

The studied schematic diagram of the physical domain and coordinate systems is illustrated in Figure 1. Constant 

radius ratio was taken (RR =3.5). The side and the upper three cold walls of the outer rectangular cylinder are 

kept at (Tc), and the bottom wall is insulated, while the inner hot circular cylinder is maintained at (Th). 

 

Figure 1. The schematic diagram of the physical domain and coordinate systems. 

The governing equations characterizing the two-dimensional, laminar, incompressible buoyancy-induced flows 

with Boussinesq approximation and constant fluid characteristics with porous material in a dimensionless form 

are given as follows [16-19]: 

∇. 𝑈 = 0                                                                                                                                                                                       (1) 
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𝜆 = 1/𝑘𝑟, and 𝐵 = 1.25[(1 − 𝜀)/𝜀]
10

9  

𝑘𝑟  = 𝑘𝑠/𝑘𝑓   

𝐶𝑓  =inertia coefficient= 
1.75

150𝜀3                                                                                                                               (5) 

The local rate of heat transfer is calculated by the Fourier’s law: 

𝑞𝑓 = −
𝑘𝑓.𝑒𝑓𝑓

𝑘𝑓

𝜕𝑇

𝜕𝑛
                                                                                                                                                                     (6) 

The local Nusselt number is 
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𝑁𝑢𝑓 =
𝑞𝑓𝑑

(𝑇ℎ − 𝑇𝑐)
                                                                                                                                                                     (7) 

The average Nusselt number is calculated by integrating the local Nusselt number along the cylinder as follows: 

𝑁𝑢 =
1

𝑠
∫

𝑘𝑓.𝑒𝑓𝑓

𝑘𝑓

𝜕𝜃𝑓

𝜕𝑛

𝑠

0

𝑑𝑠                                                                                                                                                         (8) 

Rayleigh number is calculated based on the cylinder diameter: 

𝑅𝑎 =
𝑔𝛽𝑑3(𝑇ℎ − 𝑇𝑐)

𝛼𝑓𝜗𝑓

                                                                                                                                                           (9) 

As can be shown from the governing equations above, the parameters govern this problem are the Prandtl, 

Grashof, and Darcy numbers. The tested fluid is the air (Pr = 0.71) and Darcy number Da = 0.01. The Grashof 

number (Gr) values are 5 x 106, 107, and 5 x 107 to ensure that the flow is laminar and justify the steady state-

condition. No-slip boundary conditions are held along both the inner and outer walls. The material porosity (𝜀) 

is 1.0, and the values of porous medium to fluid thermal conductivity ratio (𝑘𝑟) are 0.1, 0.5, 1.0, 2.5, 5, 7.5, and 

10. The behavior is determined by solving the two-dimensional unsteady Navier-Stokes and energy equations 

numerically using the spectral-element method, with buoyancy treated though the Boussinesq approximation. 

COMPUTATIONAL DETAILS 

The governing equations of the present work are solved numerically using Galerkin finite-element approach 

(nodal-based spectral-element), which is documented by Fletcher [20]. The computational domain in this method 

is frequently subdivided coarsely into 448 discrete macro-elements, as revealed in Figure (2-a). Then, according 

to Gauss-Legendre-Lobatto quadrature, the nodes internal to every macro-element are generated within the run 

and distributed. Therefore, the simulation accuracy can be enhanced via increasing the polynomial order, (NxN), 

where (N) is the interior nodes number, of the quadrature.  

Numerical runs have been performed to secure that the numerical outcomes determined are the grid resolution 

independent. Table 1 shows the grid resolution investigation of the computational domain, in which the Nusselt 

number values are converged by (7x7) nodes internal to every macro-element to become totally 9600 micro-

elements with a relative error of less than 0.4%, as shown in Figure (2-b). 

     

(a) 448 macro-elements                              (b) 9600 micro-elements 

Figure 2. Physical domain and an illustrative grid network generated. 

Table 1. Grid resolution of the computational domain at two Rayleigh numbers (Ra  = 104  and 107) 

Mesh size (NxN) Ra=104 Ra=107 

 Nu 

(3x3) 1.8898285 4.3125391 

(4x4) 1.8833322 4.3091521 
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(5x5) 1.8775468 4.3034400 

(6x6) 1.8737696 4.2986013 

(7x7) 1.8711568 4.2943479 

(8x8) 1.8696486 4.2928149 

 

CODE VALIDATION 

Due to the lack of published theoretical data dealing with the natural convection heat transfer around a hot 

circular cylinder inside a square cavity filled with porous media at similar thermal boundary conditions to that in 

the current study, a comparison between the present work but with air as fluid medium and the results obtained 

by Hojat and Seyed Ali [10] (RR=2.5 and Ra=105) and Shu et. al. [1] (RR=2.6 and Ra=3 × 105) has been 

utilized for the current code validation for streamlines and isotherms contours, respectively, as shown in Figure 

3. The thermal and hydrodynamic boundary conditions of previous work are the same as that in the present 

study, except the bottom wall of square cavity is kept at constant temperature Tc in these works. The 

computational domain and thermal properties in the current code were identical to those in the benchmarking 

work. As can be shown from Fig. 3, the behavior and trend of temperature field and flow pattern for three works 

are the same only at the upper part of enclosure because of the different thermal boundary conditions at the 

bottom wall of enclosure. The circulation of the flow shows two overall rotating symmetric vortices about the 

vertical centerline of cavity. The vortices intensity seems to be stronger in the present work than that in the 

previous works, because the bottom adiabatic wall prevents the heat transfer through this position, so the 

temperature of this wall will be more heated than other walls. This leads to that the air particles will be warmer 

at the lower part of enclosure.   

 

(a) Hojat and Seyed Ali [10], RR=2.5, Ra=105. 

 

(b) Shu et. al. [1], RR=2.6, Ra=3 × 105. 

 

(c) Present work, RR=3.5, Ra=106. 
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Figure 3. Code validation. 

RESULTS AND DISCUSSION 

Streamline Maps 

The variations of the streamlines contour at Gr=5 × 106, 107, and 5 × 107 and different values of thermal 

conductivity ratios in the porous medium field around the inner circular heated cylinder placed inside square 

enclosure are shown in Figures 4-6, respectively. Generally, there are no minor vortices appearing in the 

enclosure for all studied cases because the higher values of Grashof number give high convection effects that 

prevent growing of secondary eddies and global circulation. As a result, the flow field is symmetric in the 

physical domain around the vertical line passed through the vertical centerline of cavity. Concentricity and 

eccentricity of the inner cylinder inside the outer square cylinder indicates if the balance of the buoyant forces in 

the left and right sides of the vertical centerline is existent or not, so the formation of global circulation is 

disappeared in the present work. The great space is available in the present work for circulation to occur. It is 

noticed that, there are two symmetric rotating vortices covered filling the enclosure. These figures show the 

explicitly that the hot air near to the hot inner cylinder surface moves upward until it hits the cold surface of the 

square enclosure. Then, it changes its direction downward producing rotating symmetrical vortices. The 

convection intensity increases importantly by increasing the values of Grashof number. Because of the prevailing 

flow is developed at the enclosure upper half, the center of vortices lies at the upper half of enclosure and moves 

down towards the horizontal axis passed through the center of the cylinder at Gr= 𝟓× 𝟏𝟎𝟔 as the thermal 

conductivity ratio increases, as shown in Figure 4. It moves upward as Grashof number increases for all values 

of thermal conductivity ratios. There are slight changes in the behavior of stream lines as Gr increases to 𝟏𝟎𝟕 for 

all given thermal conductivity ratios, as shown in Figure 5. Gradually, the two centers of two symmetric vortices 

move closer to each other as thermal conductivity ratio (𝒌𝒔 𝒌𝒇⁄ ) decreases, where Grashof number increases to 

𝟓 × 𝟏𝟎𝟕 because of increasing the natural convection currents at this region resulted from the high value of Gr 

and increasing of thermal conductivity of fluid relative to porous material, as shown in Figure 6 -a. It is explicitly 

shown in this figure that the centers of vortices will diverge to each other towards the vertical center line of half 

upper part enclosure as thermal conductivity ratio increases. The stratification affects at the lower zone of the 

enclosure, because of the weak flow in this region in comparison with that at the top and middle zones. 

 

     
(a) ks /kf =0.1                             (b) ks /kf =0.5                             (c) ks /kf =1 

        
(d) ks /kf =5          (e) ks /kf =7.5                                    (f) ks /kf =10   



Effect of thermal conductivity of porous media on thermo-fluid fields of free convective flow around a circular cylinder inside a square 

cavity 

 

 

446 

 

Figure 4.  Streamline patterns for free convective flow around a cylinder in a porous medium for 

solid/fluid thermal conductivity ratio  (a) ks /kf =0.1  (b) 0.5 (c) 1.0 (d) 5  and (e) 7.5, and (f) 10, at 

Gr=5×106 . 

       

(a) ks /kf =0.1                             (b) ks /kf =0.5                               (c) ks /kf =1 

      
                     (d) ks /kf =5                                    (e) ks /kf =7.5                                    (f) ks /kf =10   

Figure 5. Streamline patterns for free convective flow around a cylinder in a porous medium for 

solid/fluid thermal conductivity ratio (a) ks /kf =0.1 (b) 0.5 (c) 1.0 (d) 5 and (e) 7.5, and (f) 10, at 

Gr=107. 

     
(a) ks /kf =0.1                               (b) ks /kf =1.0                               (c) ks /kf =2.5 
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  (d) ks /kf =5                               (e) ks /kf =7.5                           (f) ks /kf =10   

Figure 6.  Streamline patterns for free convective flow around a cylinder in a porous medium for 

solid/fluid thermal conductivity ratio (a) ks /kf =0.1 (b) 0.5 (c) 1.0 (d) 5 and (e) 7.5, and (f) 10, at 

𝐺𝑟 = 5× 107. 

Isotherms Map 

The variations of thermal fields distribution (isotherms) at Gr = 5 × 106, 107, and 5 × 107 and different values of 

thermal conductivity ratios in the porous medium field around the inner circular heated cylinder placed inside the 

square enclosure are shown in Figures 7-9, respectively. It is clear from figures that the thermal field is 

symmetric about the vertical line of enclosure center. A big plume presents in the larger upper gap on the inner 

cylinder, which produces a thinner thermal boundary layer on top of the square cylinder. At Grashof number 

equals 5× 106 corresponding to Figure 7, the convection effect in heat transfer is highly important at 𝑘𝑟 ≤ 1, 

and the thermal boundary layer upon the circular cylinder top surface is thinner. As a result, a large plume begins 

to emerge in the larger gap above the inner hot cylinder. In the same figure, for the higher thermal conductivity 

of porous medium 𝑘𝑟 ≥ 5, the thermal fields (isotherms) are almost parallel, and conduction is the prevailing 

factor in the heat transfer process. As Grashof number increases (as shown in Figure 8 and Figure 9), the flow 

vigorously strikes the top wall of the cold cavity, which results producing a thin thermal boundary layer in such 

region. As the rotating eddies shape increases, the isotherms move towards upward, and the heat transfer mode 

here is convection.  

Figure 8 represents the thermal fields at Gr=107 which shows that the plume starts to grow at 𝑘𝑟 = 7.5 and 

increase gradually to reach maximum length at 𝑘𝑟 = 0.1 at which the isotherms line is horizontal under the hot 

cylinder, and this region becomes more cold because of the dominant conduction heat transfer. The isotherm 

lines around the hot cylinder are concentric circles at 𝑘𝑟 = 10, and these circles are fission and diverge as they 

go away from the bottom of the hot cylinder toward the adiabatic bottom wall of the cavity to be nearly parallel 

vertical lines near the left and the right walls of cavity. These lines converge to each other towards the vertical 

centerline of enclosure, and the plum begins to appear at the top of the cylinder as 𝑘𝑟 decreases until they begin 

to merge with identical lines on the other side of cavity to be horizontal lines near the bottom of the hot cylinder 

due to conduction heat transfer, while the plum grows further on the top of the cylinder due to highly convection 

heat transfer at 𝑘𝑟 = 0.1. It is noticed from Figure 8, which represents the isotherms contours at 𝐺𝑟 = 5 × 107, 

that the plum appears on the top of cylinder at 𝑘𝑟 = 10 and begins to grow further as 𝑘𝑟 decreases until it hits 

the top cavity at 𝑘𝑟 = 0.1.  The isotherms line around the cylinder will be convergent concentric circles except at 

the region of the top of the cylinder. While, the region beyond that towards left, right and bottom walls of cavity 

will be more colder and at thermal balance with cold side walls. Increasing the fluid thermal conductivity at the 

expense of thermal conductivity of porous material gives strong convection currents on the top of the cylinder 

towards the top of the cavity and a strong conduction heat transfer at other regions of enclosure. This behavior is 

the same as that at 𝑘𝑟 = 1.0 but with lesser effect. 
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(a) ks /kf =0.1                              (b) ks /kf =0.5                             (c) ks /kf =1 

 

(d) ks /kf =5                           (e) ks /kf =7.5                                   (f) ks /kf =10 

Figure 7. Isotherm patterns for free convective flow around a cylinder in a porous medium for d i ffe rent  

solid/fluid thermal conductivity ratios. 

 

(a) ks /kf =0.1                       (b) ks /kf =0.5                           (c) ks /kf =1 

 

                      (d) ks /kf =5                                      (e) ks /kf =7.5                                  (f) ks /kf =10   
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Figure 8.  Isotherms patterns’ for free convective flow around a cylinder in a porous medium for 

d i ffe rent  solid/fluid thermal conductivity ratios. 

 

 

(a) ks /kf =0.1                         (b) ks /kf =1.0                                       (c) ks /kf =2.5. 

 

                  (d) ks /kf =5                                     (e) ks /kf =7.5                             (f) ks /kf =10   

Figure 9.  Isotherm patterns for free convective flow around a cylinder in a porous medium for 

solid/fluid thermal conductivity ratio (a) ks /kf =0.1 (b) 0.5 (c) 1.0 (d) 5 and (e) 7.5, and (f) 10, at 

𝐺𝑟 = 5× 107. 

AVERAGE NUSSELT NUMBER 

Variation of the average Nusselt number versus Grashof number for inner hot circular cylinder enclosed by a 

square cavity filled with different fibrous porous materials is shown in Figure 10. It noticed that there is no effect 

to increase Gr number from 103 to 5×106 on the heat transfer process at a constant thermal conductivity ratio, 

because there is no contribution of natural convection to the overall heat transfer in this regime, and the heat 

conduction is dominant. This behavior will be changed for Grashof number more than 5×106, and the average 

Nusselt numbers increase significantly, i.e. a significant enhancement of the overall heat transfer by natural 

convection. At Gr number 105 the deviation of Nusselt number is visible but at Gr number 107 the thermal 

conductivity ratios is not showing much deviation, this can be seen clearly from the behavior of isotherms 

patterns in Figures. 7, 8, and 9 discussed above. Generally, the average Nusselt values increase as thermal 

conductivity ratio increases at a certain value of Grashof number. That is ascribed to the higher velocities close 

the heated surface which increase with increasing the thermal conductivity of porous medium, and thus the 

reduction in thickness of the developing boundary layer on that boundary. 

 

VELOCITY DISTRIBUTION 

The horizontal and vertical velocity distributions along the x-axis (u and v) above the heated cylinder surface at 

y=1.25, for different Grashof numbers Gr=5 x 106, 107, and 5 x 107 and different fibrous porous materials (𝑘𝑟 = 

0.1, 0.5, 1.0, 2.5, 5, 7.5, and 10) are shown in Figure 11 and Figure 12, respectively. Generally, the behavior of 

horizontal velocity seems to be as a sinusoidal wave which its center at x=0. The buoyancy force tries to impede 

the fluid close the heated boundary and accelerate it towards centerline of the right half cavity. In this state, the 
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peak horizontal velocity profile distortion takes place if the profile slop at the heat transfer boundary attains its 

lowest value (at x=0) for all thermal conductivity ratios. So, in such state, the reversal of flow in the horizontal 

velocity occurs close the heated wall at the left half of cavity, as shown in Figure 11. At Gr= 5× 106 (Figure 3-

a), the maximum horizontal velocity increases as 𝑘𝑟 increases. It will be distorted, especially at 𝑘𝑟 = 0.1, 0.5, 1.0 

and begins to increase rapidly as Gr increases from 107 to 5 × 107 (Figures 3 b & c). With increasing Gr, the 

fluid flow in free space gradually enhances and the natural convection heat transfer in the higher thermal 

conductivity of porous media becomes stronger.  

The maximum vertical velocity occurs at the cavity middle (x=0) and this value increases rapidly as Gr increases 

at a constant value of 𝑘𝑟 and decreases as 𝑘𝑟 increases at a constant value of Gr, as shown in Figure 12. While, 

the reverse flow occurs at nearly −2 < 𝑥 < −1.2 and1.2 < 𝑥 < 2. The flow is stopped at 𝑥 = ∓2  (vertical 

cavity walls) and  ∓1.2. The higher maximum vertical velocity occurs at Gr=5× 107𝑎𝑛𝑑 𝑘𝑟=0.1 and 0.5 

(Figure 12-c) with a steep vertical velocity gradient near the heated cylinder surface because of the stronger 

motivation of free convection and vortex intensity. Generally, the rates of vertical velocity are higher than the 

horizontal velocity, especially at higher Grashof numbers because of the nature of the natural convection 

direction towards upward due to the density difference in this direction. 

 

Figure 10. Variation of average Nusselt number versus Grashof number fo r  different fibrous porous 

materials 

 

(a) G r = 5 ×106                                          (b) Gr=107 
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(c) G r = 5 ×107 

Figure 11. Horizontal velocity distribution along x in the middle of the cavity above the cylinder at 

y=1.25, at Grashof  number equals to  (a) 5 ×106 , (b) 107 , and (c) 5 ×107 

 

(a) G r = 5 ×106                                         (b) Gr=107 

 

 (c) G r = 5 ×107  
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Figure 12. Vertical velocity distribution along x-axis in the middle of the cavity above the cylinder at 

y=1.25, at Grashof  number equals to (a) 5 ×106 , (b) 107 , and (c) 5 ×107 

TEMPERATURE DISTRIBUTION 

The developing temperature profile along the x-axis in the middle of t h e  cavity above the cylinder at 

y=1.25 and Grashof number values of  5 × 106, 107, and 5 × 107 and different values of thermal 

conductivity ratios is shown in Figure 13. It is noticed from Figure (13-a) that the temperature 

development values decrease as the thermal conductivity of porous medium increases due to the 

decreasing of wall-cup temperature difference that leads to improve the heat transfer process. The 

behavior begins to change at Gr=107 and reverse at Gr=5 × 107 in which the higher maximum temperature 

will be will be equated at 𝑘𝑟=1, 5, and 7.5, while the lower maximum temperature occurs at 𝑘𝑟=0.1 and then 0.5 

with a steep temperature gradient near vertical centerline of cavity, as shown in Figure 13 b & c. Generally, the 

maximum temperature occurs at x=0, so the steep temperature gradient occurs for all cases close the heated 

wall of the cylinder towards the walls of the vertical cavity owing to the natural convection effects and no 

appreciable temperature variations in the region bounded near the cavity wall due to poverty of natural 

convection in this region. It is noticed also that the thickness of the thermal boundary layer gradually increases as 

the thermal conductivity ratio decreases.  

  

 

(a) G r = 5 ×106                                           (b) Gr=107 

 

(c) G r = 5 ×107 
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Figure 13. Temperature distribution along  x  in  the  middle  of the cavity  above  the cylinder at 

y=1.25,  at the Grashof  number  of (a) 5 ×106 , (b) 107 , and (c) 5 ×107 

CONCLUSION  

The present work comprises a numerical study of steady laminar natural convection heat transfer around a hot 

circular cylinder inside a square cavity. Based on the preceding discussion, some concluding remarks can be 

drawn as follows:  

1. The flow reversal in the horizontal velocity occurs close the heated wall at the left half of cavity, since the 

maximum horizontal velocity profile distortion takes place if the profile slop at the heat transfer boundary 

attains its lowest value at the vertical centerline of the inner cylinder for all thermal conductivity ratios. 

2. Generally, the rates of vertical velocity are higher than the horizontal velocity, especially at higher Grashof 

numbers because of the nature of the natural convection direction towards upward due to the density 

difference in this direction.  

3. The weak flow at the lower region of the enclosure results stratification effects compared with that at the 

middle and top regions. 

4. The temperature development values decrease as the thermal conductivity of porous medium 

increases. 

5. There is no effect for increasing the Gr number from 103 to 5×106 on the heat transfer process at constant 

thermal conductivity ratio. 

6. The average Nusselt values increase as thermal conductivity ratio increases at a certain value of Grashof 

number. 

7. Increasing the thermal conductivity of fluid at the expense of thermal conductivity of porous material gives 

strong convection currents on the top of cylinder towards the upper region of cavity and a strong conduction 

heat transfer at the other regions of enclosure. 

8. A big plume emerges in the larger gap upon the inner hot cylinder as thermal conductivity ratio decreases and 

Grashof number increases. 
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NOMENCLATURE  

𝐶𝑓                        Inertia coefficient = 
1.75

150𝜀3 

𝑐𝑝                        Specific heat capacity 

d                          Cylinder diameter (m)  

Da                       Darcy number 

g                          Gravity acceleration (m/s2)  

Gr                       Grashof number = 
𝑔𝛽𝑑3(𝑇ℎ−𝑇𝑐)

𝜗2  

h                          Heat transfer coefficient (W/m2.℃) 

𝑘𝑓                        Fluid thermal conductivity (W/m.℃) 

𝑘𝑓.𝑒𝑓𝑓                  Effective conductivity of fluid (W/m.℃) 

𝑘𝑠                        Porous medium thermal conductivity (W/m.℃) 

L                         Square cavity length, m 
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Nu                       Nusselt number 

P                          Dimensionless pressure field = 
𝑝𝑓𝑑2

𝜌𝑓𝛼𝑓
2 

𝑝𝑓                        Pressure (Pa) 

Pr                        Prandtl number = 𝜇𝑐𝑝 𝑘⁄   

Ra                       Rayleigh number=Gr.Pr 

RR                      Hydraulic radius ratio 

T                         Temperature (℃) 

∆T                       Temperature difference (℃) 

Th                        Hot cylinder temperature (℃) 

Tc                        Cold cavity wall temperature (℃) 

U                        Velocity vector field 

u                         Dimensionless horizontal velocity = 𝑢′𝑑 𝛼𝑓⁄  

𝑢′                        Velocity in x-axis, 𝑚 𝑠⁄  

v                          Dimensionless vertical velocity = 𝑣′𝑑 𝛼𝑓⁄   

𝑣′                        Velocity in y-axis, 𝑚 𝑠⁄  

x                         Horizontal axis 

X                        Dimensionless horizontal axis = 𝑥 𝑑⁄  

y                         Vertical axis 

X                        Dimensionless vertical axis = 𝑦 𝑑⁄  

Greek symbols 

𝜃                         Dimensionless temperature field (𝑇 − 𝑇𝑐 𝑇ℎ − 𝑇𝑐⁄ ) 

α                         Thermal diffusivity (m2/s) 

β                         Volume coefficient of expansion (k-1) 

υ                          Kinematical viscosity (m2/s) 

μ                          Dynamic viscosity (Pa.s) 

ρ                          Density (kg/m3) 

𝜅                         Thermal conductivity (W/m2.oC) 

𝜀                          Material porosity 

Subscript 

𝑒𝑓𝑓                     Effective 

𝑓                         Fluid 

𝑠                         Porous material 

𝑟                         Ratio 

 

 


