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ABSTRACT 

The paper numerically studies the enclose with force and free heat convection. Galerkin finite element approach 

was used for the numerical analysis, the investigated enclosure are square geometry with an inlet at the bottom 

and an opposite outlet at the top. The heat was applied to one side of the enclosure while the other walls were set 

as an insulated wall. Reynolds number was changed during the test from 50 to 175 (50, 100, 150, and 175), 

Richardson number was changed during the test from 0 to 30 (0, 5, 10, 15, 20, 25, and 30). The Nusselt number 

was calculated along the heated wall and as an average value, it was found that as the Reynolds and Richardson 

numbers increases, the Nusselt number is also increased. The isothermal lines and the streamlines were illustrated 

for different Reynolds and Richardson numbers. 
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INTRODUCTION 

Convective heat transfer in saturated porous media has received considerable attention during the past several 

decades because of the wide range of applications. These applications involve packed bed reactors, porous 

insulation, beds of fossil fuels, nuclear waste action, usage of porous conical bearings in lubrication technology, 

fiber insulation systems, grain storage, food processing, energy-efficient drying processes, geophysics, and 

energy-related engineering problems. rectangular enclosures with natural convections is a field of several 

investigations due to its varied range of engineering applications, which include the design of nuclear reactor, 

collectors of solar energy, electronic instruments cooling devices, building insulation, etc. the process has been 

studied and researched both experimentally and numerically in the past fifty years [1, 2]. Convective flow inside 

a rectangular and/or square cavity filled with a fluid-saturated porous medium has been studied widely in the past 

due to its applications in many engineering and geophysical systems, including nuclear and electronic equipment 

cooling, post accidental heat removal in nuclear reactors, cooling of radioactive waste containers, solar power 

collectors, for example, a few [3].  

Mustafa, et al. [4] reviews the enhancement techniques on the heat transfer process by forced and mixed 

convection of lid-driven cavity with different shapes at low cost by different techniques. Hayder A., et al. [5] 

investigate the Mixed convection heat transfer in a vertically oriented air-cooled square enclosure is numerically 

simulated by the finite volume method. It is indicated the higher heat dissipation occurs when the cold air is 

injected vertically near the hot wall and exits the enclosure from the opposite or staggered outlet. Laith J., et al. 

[6]work is to study experimentally 3D in free and forced convection heat transfer characteristics in an enclosure 

containing parallel heated plates arranged horizontally and vertically inside the enclosure relative to the direction 
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of the air stream to maximize heat transfer with different velocities and powers. Al-Balushi et al. [7] numerically 

investigated the unsteady flow of natural convection heat transfer across a square enclosure using a non-

homogeneous dynamic model and nano-fluids.  

The perpendicular walls for both sides of the enclosure were thermally insulated while the wall at the base of the 

enclosure was maintained at uniform temperature; the wall at the top of the cavity was considered a cold wall. 

The investigations displayed that the average Nusselt number increases as the nano-particles volume fraction and 

the thermal Rayleigh number intensify. Ali et al. [8] revealed that as value increases of Reynolds number in the 

enclosure the Nusselt number was also increased, the same way as Richardson number increased the Nusselt 

number in the enclosure increased, and it was investigated the streamlines and the isothermal patterns, numerical 

finite element method was used for the investigation. Karimi et al. [9] conducted a numerical analysis of double-

diffusive convection in a square cavity filled with a porous medium for various pertinent controlling parameters. 

Non-Darcian effects were analyzed by investigating the average heat and mass transfer rates. The results of that 

investigation showed that the inertial and boundary effects have a significant effect on the double-diffusive 

convection.  

Venkatadri et al. [10] conducted the numerical and a theoretical study of free convection in 2D of incompressible 

laminar flow in a trapezoidal enclosure in the presence of thermal radiation. The trapezoidal cavity was inclined 

top of the wall, which moreover to the bottom of the wall is kept at a fixed temperature, While the remaining 

(vertical side) walls are adiabatic. The computations indicate that local Nusselt number and velocity are increasing 

functions of the Rayleigh number and radiation parameter. Significant changes in streamlines, temperature 

contours and energy streamlines for high Rayleigh numbers are observed. The energy flux vectors show that a 

large eddy is formed within the enclosure, which migrates towards the cold wall. Greater thermal buoyancy force 

accelerates the primary flow whereas it decelerates the secondary flow. Mustafa A., et al.[11] an enclosure with 

an opposite inlet and outlet was studied numerically. Both natural and forced convection was used with Finite 

elements for the investigation, Nusselt number, the isothermal lines, and streamlines were studied.Groulx et al. 

[12] numerically studied a rectangular enclosure containing phase change material (PCM) melting.  

The simulations were performed on a two-dimensional model.  The study showed that the maximum improvement 

in the thermal management of the PV-PCM panel is found when the PCM enclosure is prepared with a full-width 

fin concurrently attached to the back and front plates. Bourdillon et al. [13] implemented an investigation to study 

the phenomena of water freezing in internal geometries using solidification solvers. The cavity of square shape 

was used along with inside a cylindrical enclosure. The results of the used model were compared with results 

found from the numerical models of CFD codes. Ezzaraa et al. [14] numerically studied the interaction between 

laminar mixed convection and thermal radiation in a multiple vented rectangular enclosure, constant heat flux was 

used to keep it uniformly heated. The study showed that the higher thermal performance was achieved by 

increasing the external flow velocity, the wall emissivity, and when the enclosure outlet was placed on the cavity 

top wall in the middle. Akbar et al. [15] numerically studied the transport of particles in the laminar flow of free 

convection of air in the square shape of enclosures utilizing the Eulerian-Lagrangian method.  

The results displayed that for the cases of low Rayleigh number the dispersion of the particles towards the walls, 

whereas the fraction of the particles was restricted in a near steady recirculation region. Furthermore, the results 

proved the important function of Brownian dispersion and thermo-apheresis, in particular for particles at the sub-

micron size. Motlagh et al. [16] considered the free convection simulation of an inclined porous semi-annulus 

enclosure filled with two-phase Nanofluid. They found that the Nusselt number is not the function of the enclosure 

inclination angle and the porosity number at low porous Rayleigh numbers. Additionally, the Nusselt number rises 

by adding the nanoparticles volume fraction. Mahmoud A., et al. [17] studies the heat transfer in porous medium 

experimentally in free convection for three dimensional in a box. it shows the temperature inside the area increase 

with the Rayleigh number increases. Also, the average Nusselt number increases with the Rayleigh number 

increased for three heat flux values, and the empirical correlations were obtained.  

Habeeb, et al.[18]  study the forced and free convection of heat transfer experimentally for 3D laminar steady 

flows in a cubic space made of glass filled with porous medium.They concluded that the average Nusselt number 
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increased with the Reynolds Number increased and decreases with the heat flux increased. Lee et al. [19] discussed 

the effect of placing a three-dimensional obstacle in the middle of a horizontal cavity. Geometry, which was taken 

into account, was a horizontal enclosure with a unit aspect ratio. The enclosure was cooled down from the top 

wall and heated from the base wall.At a small Rayleigh number, a steady invariant solution was illustrated by the 

enclosure thermal behavior. Moreover, the thermal flow field was found by Picturing the 3D vertical structure. 

Cui et al. [20] study the free convection in a section-triangular prismatic enclosure with different aspect ratios that 

were conducted using a three-dimensional numerical modeling approach. The flow structure of transverse rolls 

and longitudinal rolls was described.  

The critical Rayleigh numbers for the transition of the flow from driven by the baroclinic to Rayleigh-Bénard 

instability and from a steady to an unsteady state have been obtained for different aspect ratios. Park et al. [21] 

numerically modeled a square enclosure as a two-dimensional geometry with a vertical arrangement of hot circular 

and elliptical cylinders.They found that the flow stability and thermal performance were affected by the inclination 

angle and position of the vertical cylinders. Qi et al. [22] investigated the heat transfer of Nano-fluids (Fe3O4-

water) natural convection in a rectangular enclosure with an adaptable magnetic field. They reach the result that 

the Nusselt numbers start by increasing and afterward decreasing by increasing the mass fraction of nanoparticles. 

Additionally, they found that the vertical magnetic field improves thermal performance. Zhang et al. [23] studied 

the steady-state of natural convection numerically in a cold outer square enclosure containing a hot inner elliptic 

of a cylinder.  

The study focused and illustrated the results of the enclosure the streamlines and temperature contours were highly 

affected by the outer square enclosure the inner cylinder size, and the Rayleigh number; meanwhile the enclosure 

inclination angle has a low influence on the average Nusselt number. Porous media was studied in enclosed 

cavities along with companies force and natural convection was studied both experimentally and numerically. It 

was concluded that the Rayleigh number, Darcy number, aspect ratio, and porosity considerably influenced 

characteristics of flow and heat transfer mechanisms [24-29]. In this paper, an enclosure with an inlet and outlet 

with a porous medium was studied numerically. The convection used was both natural and forced convection. 

Finite elements were used for the investigation, Nusselt number, the isothermal lines, and streamlines were 

studied. 

NUMERICAL METHOD 

The schematic diagram of the problem shown in Figure (1) illustrations that the enclosure analyzed in this paper 

consist of a square cavity with an inlet opening and outlet, the wall on the near side of the opening is heated 

externally while the other walls are set as insulated walls. Galerkin finite element approach was used for numerical 

analysis, the non-dimensional governing equations are solved by the model are: 

a. Continuity equation. 

𝜕𝑈

𝜕𝑋
+  

𝜕𝑉

𝜕𝑌
=  0                                                                                                                                                                         (1) 

b. X-Momentum equation. 
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c. Y-Momentum equation. 
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d. Energy equation. 
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10
9  

where, (V), (U) is the dimensionless velocity in the vertical and horizontal components along (X) and (Y) 

directions, the (P) and (𝜃) are the dimensionless pressure and temperature. Also, (kf) and (ks) are the thermal 

conductivities of the fluid and the porous medium, and (CF) is the coefficient friction of the porous medium, which 

can be defined as follows:  

𝐶𝐹 =
1.75

√150 ∈3
 

The main governing parameters are: Reynolds (Re), Grashof (Gr), and Prandtl numbers (Pr), and are defined as:  

Re =
V° L

vf
 ,                                                                                                                                                               (5) 
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𝑔𝛽𝑓  𝐿

3(𝑇𝑤−𝑇°)

𝑉𝑓
2   ,                                                                                                                                                (6) 

Pr =
vf 

αf
                                                                                                                                                                     (7) 

Where: 𝜌𝑓, 𝑣𝑓 and 𝛼𝑓 represent the fluid density, kinematic viscosity, and thermal diffusivity, respectively, with 

𝛽𝑓 and g is the volumetric expansion coefficient and the gravitational acceleration, respectively. In this study the 

Prandtl number (Pr) for air set as 0.71, the ratios between Inlet opening port size to the length of the enclosure 

S/L = 0.1, 0.2, 0.3 respectively. 

COMPUTATIONAL DETAILS 

The governing equations are solved numerically using the Galerkin finite-element approach, which is documented 

by Fletcher. In such an approach, the computational domain in this method is normally subdivided into about 448 

separate macro elements, as manifested in Figure (2). Then, the interior nodes to each macro-element can be 

generated within the run and spread by the Gauss-Legendre-Lobatto quadrature. So, the simulation accuracy can 

be enhanced via increasing the polynomial order, (N×N), where (N) is the interior nodes number of the quadrature 

in the current case equal to 22. Numerical runs were performed to secure that the numerical outcomes determined 

are the grid resolution-independent. The study of grid resolution of the computational domain reveals that the 

Nusselt number is converged by (7x7) nodes internal to every macro-element to become a total of 9600 micro-

elements with a relative error of less than 0.41%, as evinced.  
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Figure 1. The physical problem. 

 

Figure 2. The computational mesh employed. 

VALIDATION 

The numerical model used to simulate the enclosure in this paper was validated using Angirasa [30] research. 

Angirasa examined in the detail the interaction between the force and the buoyancy. Both negative and positive 

temperature potentials were considered. Angirasa observed Anomalous heat transfer behavior where the 

interaction becomes quite complex. At higher values of  Grashof number. Figure (3) shows a comparison between 

local Nusselt number along the hot wall for Angirasa results and the current results aimed at the case of Opposing 

flow. A good approximation was found between Angirasa results and the results of the current work ranged 

between 0 % and 12%. The vorticity-transport and discretized energy equations are concomitantly solved by the 

alternating direction implicit scheme (ADI), and the stream function equation is solved with the successive over-

relaxation method (SOR). The validation took place at the following parameters, Grashof number =106, Prandtl 

number =0.71, Richardson number = 10. 
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This means Reynolds number = 316.22776 

2Re

Gr
Ri                                                                                                                                                                 (8) 

 

Figure 3. Verification. 

RESULTS AND DISCUSSION 

Figures (4, 5, 6,  and 7) show the relation between Nusselt number and Richardson numbers ( )2ReGr  inside 

the cavity with Reynolds number ranging between (50 - 175), three values of cavity opening  (S/L) were tested 

(0.3, 0.2, 0.1). As the Richardson number, increased inside the cavity the Nusselt number is also increased. 

Increasing the Richardson number leads to an increase in the turbulence within the cavity, therefore, increases the 

heat transfer. Figure (4, 5, 6, and 7) indicate that increasing the value of Reynolds number at the same value of 

Richardson number increases the Nusselt number within the cavity, due to the increased in the temperature which 

increases the heat transfer and thereby increase the Nusselt number in the cavity. The opening of the cavity 

between 0.2 S/L and 0.3 S/L gives slightly similar results as 0.1 S/L openings. Once the opening of the cavity 

increases the value of the Nusselt number increases for the same Richardson number, more fluids flow inside the 

cavity means more circulating and therefore more heat to be transferred. 

The local Nusselt numbers distribution through the heated wall of the cavity at different variables is shown in 

figures (8, 9, and 10). When the opening of the cavity gets wider the Nusselt number across the heated wall 

increased, as indicated by the figures from (8, 9, and 10) at different values of Reynolds number and values of 

cavity opening (S/L). Though farther in the wall the heat transfer starts to decrease which reduces the value of the 

Nusselt number. That's because the square cavity has the greatest cavity volume. The volume of the cavity 

increases with the aspect ratio decreases while the power of the heater was maintained fixed. Figure (8, 9, and 10) 

shows that the cavity opening has a small effect on the local Nusselt number compared to Reynolds numbers; 

increasing Reynolds numbers increase significantly the local Nusselt number value. In figure 10, the figure indeed 

shows an increase in local Nusselt number along with the vertical distance after (y=0.7) at Ri= 0, 1, and S/L=0.3; 

however, this phenomenon vanishes as S/L increases i.e. S/L=0.2 and 0.3.  

The physical reason is when the inlet and outlet openings are wide (S/L=0.3), the fluid flow is not compressed 

with the left heated wall for (y ≥ 0.7), so the thermal boundary layer in this portion of the wall is relatively wider 

than that at lower openings ratio (S/L= 0.2 or 0.1). Thus, as S/L decreases the flow compresses the fluid with the 

heated wall in this part (y ≥ 0.7), thus, the decreasing of the wall thermal boundary layer, then increasing of the 

temperature behavior on the wall thereby increasing the NuL, for the case of Re=100, Ri=0,1 and S/L=0.3, 0.2 and 

0.1 an in Figure 9.from Figure (11) shows the Streamline patterns for mixed convective flow in porous cavity S/L 
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at Richardson number= (0-30), at Reynolds number=50. As the opening of the cavity increases, the vortices start 

to shift from the opening side to the other side due to the flowing fluid. Figure (12) displayed the isothermal 

pattern for mixed convective flow in the porous cavity at Richardson number = (0-30), it shows less heat to be 

transferred as the opening of the cavity grows. The center temperature gradient is a change sign or close to zero 

since the temperature distribution in the cavity is affected by viscous boundary layers convection Heat transfer. 

Thus encouraging negative vortices, because of that second vortices are developed in the core of the cavity.  

 

Figure 4. Variation of average Nusselt number with Reynolds number for different Richard- son numbers 

 

Figure 5. Distributions of Local Nusselt number over the heated wall at Ri=0 and different Reynolds numbers. 
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Figure 6. Distributions of Local Nusselt number over the heated wall at Ri=1.0 and different Reynolds 

numbers. 

 

Figure 7. Distributions of Local Nusselt number over the heated wall at Ri=2.5 and different Reynolds 

numbers. 
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Figure 8: Local Nusselt number distributions along the heated wall at S/L=0.1, 0.2, 0.3, at Re=50, for different 

Richardson numbers. 

 

 

Figure 9. Local Nusselt number distributions along the heated wall at S/L=0.1, 0.2, 0.3, at=100, for different 

Richardson numbers. 
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Figure 10. Local Nusselt number distributions along the heated wall at S/L=0.1, 0.2, 0.3, at Re=150, for 

different Richardson numbers. 

(a) S/L=0.1 

 

(b) S/L=0.2 

 

(c) S/L=0.3 
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Ri=0                        Ri=1.0                   Ri=5.0                  Ri=10                  Ri=30 

Figure 11. Streamline patterns for mixed convective flow in porous cavity at different Richardson number Ri= 

(0-30), at S/L= (a) 0.1, (b) 0.2 and (c) 0.3, and at Re=50. 

(a) S/L=0.1 

 

(b) S/L=0.2 

 

(c) S/L=0.3 

 

 

Figure 12. Isotherms patterns for mixed convective flow in porous cavity at different Richardson number Ri= 

(0-30), at S/L= (a) 0.1, (b) 0.2 and (c) 0.3, and at Re=50. 

CONCLUSION 

The square cavity with base and the upper opening was studied numerically using Galerkin finite element. Three 

different (S/L) in the cavity was used (0.1, 0.2, and 0.3), with diverse Reynolds and Richardson number to 

demonstrate the effect of velocity and the cavity shape on the convection heat transfer. The conclusions from this 

investigation are as follows: 

1- As the Richardson number increases inside the cavity the Nusselt number is also increased. 

2- Increasing the value of cavity opening at the same value of Richardson's number increases the Nusselt 

number within the Reynolds number. 
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3- The heat transfer from the hot to the cold wall decreases with the increase of Reynolds number. 

4- Increasing the opening cavity ratio is directly proportional to the increase Nusselt number across the 

heated wall. 

5- The streamlines of the enclosure changed with the amount of heat applied to the hot wall. 

6- Vortices inside the enclosure increased when the Richardson number increased. 
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