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ABSTRACT: Numerical investigation was performed to investigate the convection heat transfer in a square 

cavity that have been vented vertically. Different values of Reynolds number used (50, 100, 200, and 250) with 

three different opening to side length ratio (S/L) in the cavity (0.1, 0.2, and 0.3). Richardson number varied 

between (1, 5, and 10). Galerkin finite element utilized for the numerical simulations, the numerical model was 

validated and the result obtained was acceptable. The results showed that as Reynolds number increase inside 

the cavity, the Nusselt number is also increased. From the inlet opening of the cavity to the exit, Nusselt number 

seamed to decrease. Increasing the value of Richardson number at the same value of Reynolds number increases 

the Nusselt number within the cavity. Streamlines patterns and isothermal patterns were also shown for the 

mixed convection flow inside the cavity. 
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INTRODUCTION 

Natural convection is an important branch of convective flow. In this process, the heat transfer mode is 

completely passive without the need for noisy mechanical components and/or extra energy [1]. Heat transfer 

through mixed convection in channels with heated boundaries and open cavities has been studied widely 

because of its wide range engineering applications such as electronic cooling systems, heat exchangers, 

furnaces, systems of thermal storage, cooling of nuclear reactor, solar collectors, and buildings thermal 

insulation. Particularly, the existence of cavities in electronic systems for instance boards of integrated 

electronic circuit with increased heat flux and high package density are a common occurrence. As such, various 

numerical and experimental investigations meant to ensure durability and reliability and to increase dissipation 

of power for these systems [2]. Getachew et al. [3] studied theoretically and numerically the heat transfer and 

the natural convection in a steady state fluid flow, in a porous cavity that was rectangular and bounded by 

resistant surfaces and filled with a non-Newtonian fluid. The obtained results numerically verified for the 

scaling arguments. The agreement between the numerical model and the scaling arguments results was 

acceptable. Yiiceil and Dollingt [4] used infrared camera to measure the Surface temperatures on a hemisphere-

cylinder body, the hemisphere-cylinder body have a nose cavity and airflow of 4.9 Mach. the cavity base 

fluctuated surface pressures have also been measured. for very deep and shallow cavities, the Change in the 

shape of the cavity base from spherical to flat have small influence on the temperature history, while for 

cavities with intermediate depth the influence were more significant. Al-Jabair and Habeeb [5] studied the 

natural convection by simulating a concentric annulus between circular heated cylinder inlet and inclined cold 

square enclosure outlet, for steady state two-dimensional. In order model the driven influence of the buoyancy, 

The Boussinesq approximation was utilized and the time marching approach was utilized to solve the governing 

equations. It is establish that both the Rayleigh number and the aspect ratio are critical to thermal fields and the 

patterns of flow.  Roy et al. [6] investigated the surface of rotor disk heat flux and temperature distribution. Both 

secondary airflow and mainstream flow were provided. Fluent CFD commercial code calculations was 

compared with the measurements. An empirical correlation was suggested for the rotor disk surface local 

Nusselt number for the core region. BARAKOS et al. [7] simulated the problem of benchmark for a square 

cavity with natural convection flow. The conservation equations for turbulent and laminar flow were solved 

using the control volume method. acceptable agreement was found with former numerical solutions. The 

standard k-E model limitation was demonstrated clearly experimental data Comparisons for heat transfer 

(Nusselt number), which provides substantial over predictions. Murthy et al. [8] experimentally investigated 

heat-flux calibration  in cavity. Monte Carlo simulations was used to corroborated The distribution of radiance 
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measured alongside the cavity axis. The results showed cavity techniques feasibility for heat-flux meters 

calibrate at high levels of irradiance, limited mostly by the operating temperature of blackbody. Obsthuizen and 

Fault [9] investigated natural convective flow in a rectangular cavity, the cavity have cooled top wall and 

partially heated sidewall. The other walls are assumed adiabatic. The cavity was vertically inclined to an angle. 

Two-dimensional and laminar flow study had been assumed. Constant Fluid properties had been assumed 

excluding the density, the Boussinesq approximation was used in the investigation. The governing parameters 

influence on the rate of heat transfer had been studied through the results. These influences had been related to 

the prompted flow pattern changes within the cavity. Powell and Bons [10] investigated computationally and 

experimentally a cavity. The cavity has similar geometrically to a one was considered to be used in ramjet 

engine with supersonic combustion. Calculations of Stanton number was compared with the obtained results. 

The cavity Stanton number had a similar trend to the displayed computational results. Ataei-Dadavi et al. [11] 

experimentally investigated the heat transfer and the flow in a cubic cavity with differentially heated side, the 

cavity was filled with somewhat solid large spheres creating a coarse porous medium. Nusselt numbers were 

measured for diverse Rayleigh numbers. The results showed that in the reduction of heat transfer the spheres 

layers next to the hot or cold walls play a high role, thus altering the stratified distribution of temperature to a 

tilted one, which gives overall low heat transfer. Gowda et al. [12] studied numerically under a control volume a 

trapezoidal cavity. The cavity has shaped by bottom horizontal walls that were insulated and left inclined wall 

that was heated. The results from different cases as the vertical wall close or with diverse opening as function of, 

average and local heat transfer rates, isothermal, and stream functions, were compared. The average Nusselt 

number decreases with orientation angle increase but increases with Rayleigh number increase. Bao et al. [13] 

experimentally studied the Natural convective in a cavity filled with Nano fluid consisted of Al2O3 nanoparticles 

and transformer oil under a non-uniform high intensity electric field. The chief objective was finding a method 

to enhance the coupling by using electric field and Nano fluid. It was found that when the gravity influence was 

ignored, an electric convection was induced from applying the forces of the electric field on the working fluids, 

which prompt significant enhancement in the heat transfer. The study results provided practical application for 

the technical support used, and reveled an improved mechanism for natural convection heat transfer. Hamid et 

al. [14] investigated the natural convection flow mechanism in a trapezoidal cavity that was partially heated, 

non-Newtonian Casson fluid was contained in the cavity. The partly heated lower wall was used to manage the 

enclosure inside thermal control. It was observed that y-direction and x-direction velocities display the strongest 

behavior as Casson fluid parameter decreases. Lamarti et al. [15] used the Method of Lattice Boltzmann to 

simulate a heat transfer with mixing convection for a two-dimensional square cavity with Newtonian fluid. A 

high variable temperature was maintained at the top wall. The results show that energy transport process 

influenced by the Grashof and Reynolds numbers variation, and the velocity cycle conduct effect the behavior of 

the drag force depending. Moreover, convective structures transfer rate effected by period of the heated portion 

and the Rayleigh number variation. In this work, the natural heat transfer was investigated numerically using 

finite element method, the model used for the investigation was a square cavity with an inlet and outlet opening 

and one heated side. 

NUMERICAL MODEL AND METHOD 

The physical domain of the model displayed in figure (1). The model consist of a rectangular cavity with an 

opening at the bottom edge and the upper edge, the flow enter the cavity from the bottom and leave the cavity 

from the top. The sidewall near the cavity opening are heated by Th were as the other three walls were adiabatic 

walls. 

The dimensional governing equations are: 

The continuity equation 

0
u v

x y

 
+ =

 
                                                                                                                                                  (1) 

Which discretized into: 

(𝑈. 𝛻𝑈) = −𝛻𝑃 + 𝑃𝑟. (𝛻2𝑈) + 𝐺𝑟. 𝑃𝑟2. 𝜃,                                                                                                                         (2) 

X-Momentum equation  
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Y-Momentum equation 
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Energy equation 
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Where, (u), (v) are the dimensional horizontal and vertical velocity components along (x) and (y) directions, and 

(T) and (p) are the dimensionless temperature and pressure. 

The main governing parameters are: 

Reynolds number (Re), Prandtl number (Pr), and Richardson number (Ri), and are defined as: 

Re inL
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Where, ( ), ( v ) and (  ) are the thermal diffusivity, kinematic viscosity and density of fluid, and (g) and ( 
) are the gravitational acceleration and the volumetric expansion coefficient. 

In this study: Pr = 0.71 for air, Re = 50 – 250, Ri = 1, 5, 10, S/L = 0.1, 0.2, 0.3 

 

The governing equations regime has been solved numerically utilizing Galerkin finite element approach based 

on spectral-element method, which was documented by Fletcher. The computational domain in this method is 

normally subdivided roughly into a series of 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 in accordance to 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 21. 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 totally 9600 micro-elements with a relative error of less than 

0.4%, as evinced. 

VALIDATION OF THE NUMERICAL MODEL 

The numerical model used to simulate the enclosure in this paper was validated with Angirasa [16]. Which 

examined in detail the interaction between the forced and the buoyancy. Both negative and positive temperature 

potentials are considered. Angirasa observed Anomalous heat transfer behavior where the interaction becomes 

quite complex. At higher absolute values of the Grashof number. The validation conditions used in this 

validation are the same one used in the current research. 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. 

Acceptable approximation was found between each result, the deviation between the current and comparable 

results range between 0 % and 13%. The alternating direction implicit scheme (ADI) was used to solve the 

discretized vorticity-transport and energy equations are simultaneously, and the successive over relaxation 

method (SOR) was used to solve the stream function equation. The validation took place at the following 

parameters, Grashof number =106, Prandtl number =0.7, Richardson number = 10. Which means Reynolds 

number = 316.22776. 
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Gr
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RESULTS AND DISCUSSION 

Figures (4, 5, 6,  and 7) show the relation between Nusselt number and Reynolds number inside the cavity with 

Richardson number ranging between (0-10), three values of cavity opening  (S/L) were tested (0.3, 0.2, 0.1). As 

Reynolds number, increase inside the cavity the Nusselt number is also increased. Increasing Reynolds number 

leads to increase in the turbulence within the cavity, which therefor increase the heat transfer. Figure (4, 5, 6, 

and 7) indicate that increasing the value of Richardson number at the same value of Reynolds number increases 

the Nusselt number within the cavity, due to the increase in the temperature which increase 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 opening. Once the opening of the cavity increases the value of Nusselt number 

increases for the same Reynolds number, more fluids flow inside the cavity means in more circulating and 

therefor more heat to be transfer. 

Figure (8) shows the steam line patterns and the isotherm patterns within the cavity for S/L value of 0.1 and 

Richardson number of zero, and different values of Reynolds number. The streamlines at Reynolds number 

equal to 50 shows small vortex at the corners of the cavity, meanwhile as Reynolds number increases to 250 a 

large vortex are notices start to cover the all cavity, which indicate that the flow are well mixed in the cavity. 

Streamlines are those of a single vortex, with its midpoint in the domain center. The isothermal patterns 

presented in figure (8) shows that the heat transfer from the hot to the cold wall increases with the increasing at 

Reynolds number, due to the increasing in the flow velocity and turbulence the flow do not remain in the cavity 

for the heat to be transfer.  

By fixing, the values of Reynolds number to 150 and S/L to 0.1 in figure (9), the effect of different values of 

Richardson number were shown. The streamlines of the flow in cavity indicates that the number of vortices in 

the cavity increases by increasing Richardson number, starting with two vortices at Ri=1.0 and ending with 

three at Ri=10, secondary vortices start to develop as Richardson number increases. Heat conduction is the most 

significant way for heat transfer since the heated walls are parallel to the Corresponding isotherms. As the 

disappearance of the isotherms from the vertical, the effect of convection is seen across the section the 

horizontal temperature gradient that generates the vortex. 

Figure (10, 11) shows the steam line patterns and the isotherm patterns within the cavity for different values of 

S/L, at 200 Reynolds number and 1.0 to 10 Richardson number. 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. The isothermal patterns 

shows less heat to be transferred as the opening of the cavity growths. The center temperature gradients are 

change sign or close to zero, since the temperature distribution in the cavity is effected by viscous boundary 

layers convection Heat transfer. Thus encouraging negative vorticity, because of that a second vortices are 

developed in the core of the cavity.  

Figure (12, 13, 14, and 15) shows local Nusselt number at the heated wall of the cavity at different variables. 

When the opening of the cavity gets wider the Nusselt number across the heated wall increased, as indicated by 

the figures from (12, 13, 14, and 15) at different values of Reynolds and Richardson numbers. Though farther in 

the wall the heat transfer start to decrease which reduce the value of Nusselt number. This is because the square 

cavity has the greatest cavity volume. The volume of the cavity increases with decreasing aspect ratio while the 

power of the local heater was maintained constant. Figure (12, 13, 14, and 15) shows that Richardson number 

have small effect on the local Nusselt number compared to Reynolds numbers; increasing Reynolds numbers 

increases significant the local Nusselt number value. In figure 15, it is correct that the figure shows an increase 

in local Nusselt number along the vertical distance after (y=0.8) at S/L=0.1; however, this phenomenon 

disappears 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 ≥ 0.8), therefore, the thermal 

boundary layer in this portion of the wall is relatively wider than that at lesser openings (S/L= 0.2 or 0.1). Thus, 

as S/L decreases the flow clearly compresses the fluid with the left heated wall in this part (y ≥ 0.8), 

consequently, decreasing the wall thermal boundary layer, then increasing the temperature gradient on the wall 

thereby increasing the NuL, for the case of Re=200, Ri=1.0 and S/L=0.3, 0.2 and 0.1 (Figure 14 a). It can be 

seen in the isotherms patterns that as S/L decreases from 0.3 to 0.1, a while region emerges at the left heated 
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wall for (y ≥ 0.8). This white region represents high temperature gradient area, Fluid with lower temperature 

near the hot wall. When the outlet port is wide enough as at S/L=0.3, it allows the fluid to quit easily. However, 

as the outlet port gets narrower as at S/L ≤ 0.2, the fluid flow at the outlet will be congested and the primary 

circulation makes additional pressure on the flow passage close to the wall and outlet. This can be clear when 

increasing weather Re or Ri, the NuL will also increase for y ≥ 0.8. 

 

Figure 1. The physical problem. 

 

Figure 2. The computational mesh employed. 
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Figure 3. Comparison between Angirasa [16] and the current results for the local Nusselt number along the hot 

wall. 

 

Figure 4. Variation of average Nusselt number with Reynolds number inside a square cavity at Ri=0.0 and 

different inlet openings. 
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Figure 5. Variation of average Nusselt number with Reynolds number inside a square cavity at Ri=1.0 and 

different inlet openings. 

 

Figure 6. Variation of average Nusselt number with Reynolds number inside a square cavity at Ri=5.0 and 

different inlet openings. 
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Figure 7. Variation of average Nusselt number with Reynolds number inside a square cavity at Ri=10 and 

different inlet openings. 

 

 

 

 

 

  

(a) Re=50 
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(b) Re=100 

  

(c) Re=250 

Figure 8. (Left) Streamline and (Right) isotherm, patterns for mixed convective flow inside a square cavity for 

different Reynolds number, at S/L=0.1, Ri=0. 

  

(a) Ri=1.0 
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(b) Ri=5.0 

   

(c) Ri=10 

Figure 9. (Left) Streamline and (Right) isotherm, patterns for mixed convective flow inside a square cavity for 

different Richardson number, at S/L=0.1, Re=150. 

   

(a) S/L = 0.1 
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(b) S/L = 0.2 

  

(c) S/L = 0.3 

Figure 10. (Left) Streamline and (Right) isotherm, patterns for mixed convective flow inside a square cavity for 

different opening sizes, at Re=200, Ri=1.0. 

    

(a) S/L = 0.1 



Numerical Investigation of Heat Transfer in Enclosed Square Cavity 

 

 

399 
 

   

(b) S/L = 0.2 

   

(c) S/L = 0.3 

Figure 11. (Left) Streamline and (Right) isotherm, patterns for mixed convective flow inside a square cavity for 

different opening sizes, at Re=200, Ri=10. 

 

(a)                                                                (b) 
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(c) 

Figure 12. Local Nusselt number on the heated wall for different inlet/exit openings S/L=0.1, 0.2, 0.3, different 

heating conditions Ri=1, 5, 10, at Re=50. 

 

(a)                                                                        (b) 

 

(c) 

Figure 13. Local Nusselt number on the heated wall for different inlet/exit openings S/L=0.1, 0.2, 0.3, different 

heating conditions Ri=1, 5, 10, at Re=100. 
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(a)                                                                       (b) 

 

(c) 

Figure 14. Local Nusselt number on the heated wall for different inlet/exit openings S/L=0.1, 0.2, 0.3, different 

heating conditions Ri=1, 5, 10, at Re=200. 

 

(a)                                                                           (b) 



Numerical Investigation of Heat Transfer in Enclosed Square Cavity 

 

 

402 
 

 

(c) 

Figure 15. Local Nusselt number on the heated wall for different inlet/exit openings S/L=0.1, 0.2, 0.3, different 

heating conditions Ri=1, 5, 10, at Re=250. 

CONCLUSION 

Square cavity with base and 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 is as follows: 

1- As Reynolds number, increase inside the cavity the Nusselt number is also increased. 

2- Increasing the value of Richardson number at the same value of Reynolds number increases the Nusselt 

number within the cavity. 

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

4- Wider opening of the cavity is directly proportional to increase Nusselt number across the heated wall. 
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