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The present work studies numerically natural convective flow between a circular adiabatic cylinder located in a 

square porous enclosure using finite element method. Darcy–Forchheimer model is used in solving the 

dimensionless governing equations including; continuity, energy and momentum of the fluid along with 

Bousseinesq approximation. The enclosure is heated from bottom and cooled at isothermal temperature for 

the vertical walls. The top wall and obstacle are assumed adiabatic. The considered parameters are 103 ≤ Ra 

≤ 106, 10-5 ≤ Da ≤ 10-3, obstacle vertical location 0.25 ≤ h ≤ 0.75 and cylinder radius 0.1 ≤ D ≤ 0.9 with Pr = 

0.7. It is obtained that as the Rayleigh and Darcy numbers increase, both streamlines; Nusselt numbers will 

increase leading to increase the rate of heat transfer. The results show that the heat transfer rate is 

significantly dependent on the diameter of the circular cylinder and the location of the cylinder. It is found the 

maximum heat transfer rate obtained at D=0.1 and when the cylinder moves vertically upward at h=0.3 

1. Introduction

Due to its significant concernment in extensive area of applications in engineering, the peculiarity of natural 

convection in porous enclosure had been received a considerable attention. A portion of these applications 

are nuclear reactor, heat exchanger, solar collector. A lot of investigations dealing with the natural convection 

in permeable cavities (Bin Kim 2001; Basak et al., 2006; Sathiyamoorthy et al., 2007; Abdulkadhim et al., 

2018; Raju 2018; Al-Farhany et al., 2018). Then again presence of a body inside permeable enclosure in area 

had been analyzed by numerous specialists and their decisions demonstrated indicated that the enclosure 

thermal boundary conditions, the body presence within its cavity, the cavity shape, and the position of the 

inner body within the cavity effects strongly on the natural convective flow. Regarding the body inside an 

enclosure, numerous researchers investigated that. They examined different inner cylindrical body shapes, 

like as a circular, sphere, square, or triangular and 3D square. (Lee et al., 2005) demonstrated the inner 

square cylinder impact on the characteristics of heat transfer inside an enclosure under different values of 

Rayleigh numbers. They introduced a helpful comparison between results of the natural convection inside an 

enclosure contains inner square cylinder with that for the enclosure does not contain an inner body and their 

main conclusion were its existence influences on fluid flow the strength and the characteristics of the heat 

transfer in the cavity. Many researchers considered different shapes and sizes of inner bodies to decide how 

the inward body influences on the natural convection in an enclosure (Moukalled et al., 1996; Asan 2000; Shu 

et al., 2002; Angeli et al., 2008; Xu et al. 2010; Ali et al., 2018). The enclosure shape impacts on the 

characteristics of the natural convection and the researchers studied this parameter either by changing the 

aspect ratio of enclosure or changing the cross-section. (Warrington et al., 1985) have examined some 

experiments to illustrates the effect of concentrically mounted bodies at low Rayleigh numbers for the shapes 

of the spherical and cubical enclosures. They acquired that the shape of the enclosure impacts profoundly on 

the temperature appropriation and attributes of heat transfer. (De et al., 2006) analyzed the impact of cavity 

aspect ratio and obtained that the thermal layer and the fluid flow is highly dependent on the enclosure aspect 

ratio. Some of researchers examined like (Humaira et al., 2002; Shu et al., 2001; Ding et al., 2005; Kim et al., 
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2008; Hussain et al., 2010; Lee et al., 2010; Park et al., 2013; Karimi et al., 2014; Majdi et al., 2019) 

investigated the effect of the position for the internal body on the heat transfer by the natural convection within 

the enclosure. Two main position of inner body in the enclosure had been taken by the researchers either 

changing the position vertically and horizontally. They have found that the characteristics of the flow of the 

fluid and heat transfer as a function of the inner body position as well as the Rayleigh number. Recently, many 

investigations focused on this problem (Feldman 2018; Cho et al., 2018; Jha and Yusuf, 2018; Selimefendigil 

et al., 2018). 

Most of studies dealt with porous enclosure without obstacle or dealt with enclosure containing obstacle 

located in non-porous enclosure. Also, most of the studies deal with the inner body as a hot body not as an 

insulated body. Thus, the main scope of the present work is to close this leak for natural convective flow in a 

porous enclosure but within a fixed circular cylinder. The considered dimensionless parameters are Ra, Da 

numbers, different vertical wall locations, and obstacle diameter. The dimensionless governing equation will 

be solved numerically using finite element method along with Darcy-Forchheimer model 

 

Figure. 1: Geometry of the circular cylinder inside porous enclosure 

2. Mathematical formulation 

The present article describes, characteristics natural convection fluid flow in a laminar nature under two-

dimensional, between an insulated circular cylinder located inside square enclosure. It has been examined 

numerically utilizing finite element approach heated from the bottom and the two vertical side's walls are kept 

at an isothermal cold temperature. The top wall and the cylinder are considered adiabatic as shown in Fig. 1. 

At the enclosure centre, the circular cylinder is located with radius R = 0.2 and move vertically downward and 

upward. For solving the governing dimensionless equations of continuity, energy and momentum of the fluid, 

the Darcy-Forchheimer model without the Forchheimer inertia along with Boussenisq approximation is utilized 

which they are becomes (Basak et al., 2006): 
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3. Code validation 

In order to investigate if the results obtained numerically are acceptable, a validation is presented with the 

(Hussain et al., 2010) results in Fig. 2 for streamlines and isotherms for various Rayleigh number.  

 

 

Figure 2: Validation of the present (bottom) work with Hussain and Hussein (Hussain and Hussein 2010) (top) 

of isotherms (left) and streamlines (right) for various Rayleigh numbers 

4. Results and dissuasion 

4.1 Modified Rayleigh number 

The present paragraph illustrates the Rayleigh number impact on the fluid flow strength and isotherms are 

presented in Fig.3 at [Da=10-3, Pr=0.7, R= 0.2]. It is obtained that the higher the Rayleigh number, the higher 

maximum stream function value. For example, stream function at its maximum value will increase from 

ψmax=0.015 to ψmax=14 for the Rayleigh number increases from Ra = 103 to Ra = 106, respectively. Figs 4 and 

5 present the impact of Rayleigh and Darcy numbers on heat transfer rate in terms of local Nusselt number 

along the base wall. It can be seen that the local Nusselt number increments as Rayleigh and Darcy number 

increment for both base and vertical side dividers.  

    

Ra=103   Ra=106   

Figuer 3: Isotherms (left) and streamlines (right) for various Rayleigh numbers at Pr=0.7, Da=10-3, R=2 

                 

Figure 4: Local Nusselt number for various             Figure 5: Local Nusselt number for various Darcy numbers 

Rayleigh numbers 
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4.2 Effect of cylinder diameter  

The impact of cylinder diameter on the heat transfer and fluid flow characteristics are presented in Fig.6 at 

[Ra=106, Da=10-3, Pr=0.7]. It is may be noticed from Fig.6 that as the cylinder diameter increases, the 

maximum stream function decreases. For example, when the cylinder diameter increases from D=0.2 to 

D=0.5, the maximum stream function decreases from ψ𝑚𝑎𝑥 = 14 in ψ𝑚𝑎𝑥 = 10 because when the cylinder 

diameter increases, the conduction mode will be dominated leading to reduce the flow strength. Fig.8 (a) 

illustrates the influence of the diameter of the circular adiabatic cylinder on the rate of heat transfer, which is 

presented in terms of average Nusselt number for different values of Rayleigh numbers. It is obtained that the 

relation between the diameter of circular cylinder and the Nusselt number will be inverse relation the i.e., the 

increasing in the cylinder diameter decreases the average Nusselt number leading to change the heat transfer 

mechanism from the natural convection mode into conduction mode leading to reduce the heat transfer rate. It 

can be noticed that the maximum heat transfer rate is obtained when the cylinder diameter is D=0.1 at Ra=106 

and Da=10-3, hence we will consider this diameter to investigate the effect of vertical wall location on the heat 

transfer rate.  

  
D=0.2                                                               D=0.5 

Figure 6: Isotherms and Streamlines for various cylinder diameter at Ra=106, Da=10-3, Pr=0.7 

 

Figure 7: Isotherms and Streamlines for different vertical location of adiabatic cylinder at Ra=104, Da=10-3 

4.3 Effect of vertical location  

Figs 7 show the isotherms and streamlines for various vertical locations of adiabatic cylinder. It can be seen 

that the vertical cylinder location influences on the fluid flow and isotherms contours and the two inner cells 

formed below the insulated cylinder when it moves upwards vertically. In the other hands, the two inner cells 

formed above the cylinder as it moves downwards vertically for various Rayleigh numbers. Fig. 8(b) illustrates 

the effect of vertical location movements on the heat transfer enhancement, which is presented in terms of 

average Nusselt number under different values of Rayleigh numbers. The obtained results indicate that the 

maximum heat transfer rate is for the insulated cylinder that moves vertically upward at (h=0.3) while the 

minimum heat transfer rate at h=-0.3 (i.e., when the cylinder moves vertically downward). 

5. Conclusions 

The main results that obtained from the present work can be summarized as follow: 

The heat transfer mechanism is converted from conduction mode into convection as the Rayleigh and Darcy 

number increases.  
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It was obtained that the cylinder size has a sturdy impact on the fluid flow strength and heat transfer 

characteristics because it shortens the gap for fluid flow between the circular cylinder and the enclosure walls, 

giving rise in the conduction heat mode and reducing the average Nusselt number leading to decrease the 

convection heat transfer rate. 

The diameter of the circular cylinder influence dramatically on the fluid flow strength and the heat transfer rate. 

It is found that as the diameter increases, both stream function and Nusselt number decreases, leading to 

reduce the heat transfer rate.  

It is found that the maximum heat transfer rate is obtained when the cylinder diameter is D=0.1. 

It is recommended for better heat transfer rate; the cylinder should move vertically upward at h=0.3 

  
(a)                                                                                 (b)  

Figure 8: Variation of Average Nusselt number versus (a) Rayleigh numbers, (b) for various vertical locations 

References 

Abdulkadhim, Ammar, Azher Mouhsen Abed, Al-Farhany K., 2018, Computational investigation of conjugate 

heat transfer in cavity filled with saturated porous media, Frontiers in Heat and Mass Transfer, 11, 12. DOI: 

10.5098/hmt.11.12 

Al-Farhany K., and Ammar Abdulkadhim, 2018, Numerical investigation of conjugate natural convection heat 

transfer in a square porous cavity heated partially from left sidewall, International journal of heat and 

technology, 36, 237-244. DOI: 10.18280/ijht.360132 

Ali, F.H., Hamzah, H.K. and Abdulkadhim, A., Numerical study of mixed convection nanofluid in an annulus 

enclosure between outer rotating cylinder and inner corrugation cylinder. Heat Transfer—Asian Research. 

DOI: 10.1002/htj.21387 

Angeli, Diego, Paolo Levoni, Giovanni S., Barozzi. 2008, Numerical predictions for stable buoyant regimes 

within a square cavity containing a heated horizontal cylinder, International journal of heat and mass 

transfer, 51, 553-65. DOI: 10.1016/j.ijheatmasstransfer.2007.05.007 

Asan, H., 2000, Natural convection in an annulus between two isothermal concentric square ducts, 

International communications in heat and mass transfer, 27, 367-76. DOI: 10.1016/s0735-1933(00)00117-

2 

Basak, Tanmay, Roy S., Paul T., Pop I., 2006, Natural convection in a square cavity filled with a porous 

medium: effects of various thermal boundary conditions, International journal of heat and mass transfer, 

49, 1430-41. DOI: 10.1016/j.ijheatmasstransfer.2005.09.018 

Bin Kim, Hyun J.M., Kwak H.S., Gi, 2001, Buoyant convection in a square cavity partially filled with a heat-

generating porous medium, Numerical Heat Transfer: Part A: Applications, 40, 601-18. DOI: 

10.1080/10407780152655388 

Cho, Hyun Woo, Yong Gap Park, Man Yeong Ha. 2018, The natural convection in a square enclosure with 

two hot inner cylinders, Part I: The effect of one elliptical cylinder with various aspect ratios in a vertical 

array, International Journal of Heat and Mass Transfer, 125, 815-27. DOI: 

10.1016/j.ijheatmasstransfer.2017.06.101 

De, Arnab Kumar, Amaresh Dalal. 2006, A numerical study of natural convection around a square, horizontal, 

heated cylinder placed in an enclosure, International journal of heat and mass transfer, 49, 4608-23. DOI: 

10.1016/j.ijheatmasstransfer.2006.04.020 

Ding, H., Shu C., Yeo K.S., Lu Z.L., 2005, Simulation of natural convection in eccentric annuli between a 

square outer cylinder and a circular inner cylinder using local MQ-DQ method, Numerical Heat Transfer, 

Part A: Applications, 47, 291-313. DOI: 10.1080/10407780590889545 

1313



Dong H.K., Man Y.Ha., Hyun S.Y., Choi C.Y., 2013, Bifurcation to unsteady natural convection in square 

enclosure with a circular cylinder at Rayleigh number of 10 7, International journal of heat and mass 

transfer, 64, 926-44. DOI: 10.1016/j.ijheatmasstransfer.2013.05.002 

Feldman, Yuri. 2018, Oscillatory instability of 2D natural convection flow in a square enclosure with a tandem 

of vertically aligned cylinders, Fluid Dynamics Research. 

Humaira Tasnim, Syeda, Shohel Mahmud, Prodip Kumar Das, 2002, Effect of aspect ratio and eccentricity on 

heat transfer from a cylinder in a cavity, International Journal of Numerical Methods for Heat & Fluid Flow, 

12, 855-69, DOI: 10.1108/09615530210443061 

Hussain, Salam Hadi, Ahmed Kadhim Hussein. 2010, Numerical investigation of natural convection 

phenomena in a uniformly heated circular cylinder immersed in square enclosure filled with air at different 

vertical locations, International Communications in Heat and Mass Transfer, 37, 1115-26, DOI: 

10.1016/j.icheatmasstransfer.2010.05.016 

Jha B.K., Yusuf T.S., 2018, Transient pressure driven flow in an annulus partially filled with porous material: 

Azimuthal pressure gradient, Mathematical Modelling of Engineering Problems, 5(3), 260-267, DOI: 

10.18280/mmep.050320 

Karimi, Fariborz, Xu H.T., Wang Z.Y., Yang M., Zhang Y.W., 2014, Numerical simulation of unsteady natural 

convection from heated horizontal circular cylinders in a square enclosure, Numerical Heat Transfer, Part 

A: Applications, 65, 715-31. DOI: 10.1080/10407782.2013.846607 

Kim B.S., Lee D.S., Ha M.Y., Yoon H.S., 2008, A numerical study of natural convection in a square enclosure 

with a circular cylinder at different vertical locations, International journal of heat and mass transfer, 51, 

1888-906. DOI: 10.1016/j.ijheatmasstransfer.2007.06.033 

Lee, J.R., Ha M.Y., 2005, Numerical simulation of natural convection in horizontal enclosure with heat-

generating conducting body, Transactions of the Korean Society of Mechanical Engineers B, 29: 441-52. 

Lee J.M., Ha M.Y., Yoon H.S., 2010, Natural convection in a square enclosure with a circular cylinder at 

different horizontal and diagonal locations, International journal of heat and mass transfer, 53, 5905-19. 

DOI: 10.1016/j.ijheatmasstransfer.2010.07.043 

Majdi, Hasan Sh., Abdulkadhim, Ammar, Abed, Azher M., Numerical investigation of natural convection heat 

transfer in a parallelogramic enclosure having an inner circular cylinder using liquid nanofluid, Frontiers in 

Heat and Mass Transfer, 2019. DOI: 10.5098/hmt.12.2 

Moukalled, F, Acharya S., 1996, Natural convection in the annulus between concentric horizontal circular and 

square cylinders, Journal of Thermophysics and Heat Transfer, 10, 524-31. DOI: 10.2514/3.820 

Park Y.G., Ha M.Y., Yoon H.S., 2013, Study on natural convection in a cold square enclosure with a pair of 

hot horizontal cylinders positioned at different vertical locations', International journal of heat and mass 

transfer, 65, 696-712. DOI: 10.1016/j.ijheatmasstransfer.2013.06.059 

Raju, K., 2018. Effect of temperature dependent viscosity on ferrothermohaline convection saturating an 

anisotropic porous medium with Soret effect using the Galerkin technique. International journal of heat and 

technology, 36(2), 439-446, DOI: 10.18280/ijht.360208 

Sathiyamoorthy M., Tanmay Basak, Roy S., Pop I., 2007, Steady natural convection flow in a square cavity 

filled with a porous medium for linearly heated side wall (s), International journal of heat and mass transfer, 

50, 1892-901. DOI: 10.1016/j.ijheatmasstransfer.2006.10.010 

Selimefendigil, Fatih, Hakan F., Öztop. 2018, Mixed convection of nanofluids in a three-dimensional cavity 

with two adiabatic inner rotating cylinders, International Journal of Heat and Mass Transfer, 117, 331-43. 
DOI: 10.1166/jctn.2015.3987 

Shu C., Xue H., Zhu Y.D., 2001, Numerical study of natural convection in an eccentric annulus between a 

square outer cylinder and a circular inner cylinder using DQ method, International journal of heat and mass 

transfer, 44, 3321-33, DOI: 10.1016/s0017-9310(00)00357-4 

Shu, C, Zhu Y.D., 2002, Efficient computation of natural convection in a concentric annulus between an outer 

square cylinder and an inner circular cylinder, International journal for numerical methods in fluids, 38, 

429-45. DOI: 10.1002/fld.226 

Warrington R.O., Powe R.E., 1985, The transfer of heat by natural convection between bodies and their 

enclosures, International journal of heat and mass transfer, 28: 319-30. DOI: 10.1016/0017-

9310(85)90065-1 

Xu X., Yu Z.T., Hu Y.C., Fan L.W., Cen K.F., 2010, A numerical study of laminar natural convective heat 

transfer around a horizontal cylinder inside a concentric air-filled triangular enclosure, International journal 

of heat and mass transfer, 53, 345-55. DOI: 10.1016/j.ijheatmasstransfer.2009.09.023 

1314




