
 

 

  INTERNATIONAL JOURNAL OF HEAT AND TECHNOLOGY 

 Vol.33 (2015), No.3, pp.59-66 

http://dx.doi.org/10.18280/ijht.330308 

 

 

 

1. INTRODUCTION 

Compact electronic equipment is evolving rapidly as high-

tech products pervade our world. They are present in every 

aspect of human life and include devices such as plasma TVs, 

panel computers, mobile phones, digital set-top boxes, and 

portable CD players. Heat dissipation is becoming more and 

more difficult because electronic equipment is continually 

evolving towards high-density packing and multiple functions 

[1]. With more and more mirco-electronic devices, efficient 

and for heat generated to ease and cooling gradually become 

hot and difficult research [2] .If heat dissipation is insufficient, 
electronic components cannot function properly and will fail. 

Excess heat shortens the service life of equipment and can 

even damage it. According to statistics, 55% of electronic 

equipment failures are caused by high temperature [3]. 

Therefore, effective heat dissipation in electronic equipment 

is crucial to improving product reliability. 

To dissipate heat from compact electronic equipment, 

aluminum sheets and fans cannot be used because of limited 

space. Forced flow cannot be permitted because of the effect 

on signal transmission (especially in outdoor communication 

equipment) to avoid noise mixing. Hence, heat dissipation by  

 

natural convection becomes the inevitable choice. Natural 

convection is a classic and convenient heat-dissipation 

method. Its advantages are simple structure, low cost, safety 

and reliability, and absence of noise and vibration [4]. 

Closed plurality of isolated square cavity natural 

convection heat transfer in many heat transfer approximation 

analog electronic equipment, therefore, to understand the 

closed square cavity multiple isolated natural convection heat 

transfer plates law, for the thermal design of electronic 

equipment is of great significance [5]. 
A number of studies have been published on this topic. 

Man studied heat transfer by natural convection in a square 

cavity with a heat source [6].Yang et al. Analyzed analyzed a 

method for processing two different physical parameters of 

the closed cavity natural convection under different 

temperature difference numerical calculation [7]. Song 

Shanshan and Guo Xueyan used three different densities 

approach closing party on natural convection heat transfer 

numerical simulation [8]. Pei et al applied into a river 

SIMPLE algorithm Numerical simulation of the solid 

skeleton porous medium heat steady non-Darcy square cavity 

convection, the effects of different conditions other cavity 
natural convection and heat transfer [9]. Manab studied the 
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influence of the tilt angle [10]. Sharif simulated heat transfer 

by natural convection in a square cavity with a heat source 

and confirmed the influence of the lateral walls on natural 

convection [11]. Dong et al. confirmed the influence of cavity 

geometry [12]. Wang conducted experiments to study natural 

convection in an inclined square cavity with isolated plates. 

These experiments confirmed the influence of the plate 

position, the cavity inclination angle, and the Rayleigh 

number on heat transfer [13]. Jiang conducted experiments on 

natural convection in a rectangular cavity with scattered heat 

sources. These showed that the plate temperature and heat-
transfer coefficient of scattered heat sources were related only 

to the self-heating power and the heat-transfer conditions [14]. 

All these researchers mainly studied natural convection in 

a cavity with one heat source. Few studies have been 

performed on natural convection in a cavity with more than 

heat source. In this paper, natural convection was numerically 

simulated in a small cavity with one or more heat sources 

using the SIMPLE algorithm with a QUICK scheme. Heat-

transfer mechanisms and their three-dimensional 

characteristics were investigated. 

 

2. MATHEMATICAL FORMULATION AND 

SOLUTION METHOD 

2.1 Problem and mathematical formulation 

The problem, as shown in Fig. 1, involves three-

dimensional natural convection and heat transfer in a small 

cavity with one or more heat sources. The temperature of the 

heat sources inside the cavity is denoted by Th. The bottom 

and top plates are cooled isothermally and have temperature 

Tc (Th > Tc). The air is considered as a Boussinesq fluid with a 

Prandtl number of 0.701. The lateral walls are adiabatic. The 

aspect ratio along the z-axis is invariable, and the aspect 

ratios along the x-axis (Lx=L:H) are Lx=0.25, Lx=0.5, Lx=1, 
Lx=2, Lx=4, and Lx=8 respectively. 

The size and temperature of the heat sources are assumed 

to be approximately the same, but the number of heat sources 

is variable.  

 

 
 

Figure 1. Cavity geometry 

 
The dimensionless governing equations for the 

conservation of mass, momentum, and energy can be 

expressed as follows: 
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2.2 Boundary conditions 

The boundary conditions in dimensionless form are the 

following: 
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Where the reference velocity is UR=(Ra·Pr)1/2·α/H, the 

time is τ=t·UR/H, and the pressure is P=p/(ρ·UR
2). The 

temperature is θ=(T-Tc)/△T, where △T=Th-Tc. α is the thermal 

diffusivity, and ρ is the fluid density. The Rayleigh number, 

which determines the strength of the convection vortices, is 

defined as Ra=gβ△T·H3Pr/γ2. The coefficient of thermal 
expansion is defined as: 
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2.3 Solution method 

The governing equations were solved in primitive variables, 

using a three-dimensional staggered grid based on the control 
volume method. The SIMPLE algorithm with a QUICK 

scheme was used to solve the coupled heat-transfer and flow 

problem. 

To verify the SIMPLE algorithm with the QUICK scheme, 

a few examples were simulated and compared with 

previously obtained experimental and simulated results. Table 

1 shows a comparison is shown between Nusselt numbers 

obtained at different Rayleigh numbers (the grid is 

100×100×100) and benchmark solutions given in the 

literature [10]. As shown in Table 1, the results obtained in 

60



this research are consistent with the NCMARKATOS 

benchmark solutions, with an error of less than 2%. 

The number of grid cells and the time step were 

determined for the purposes of this research. Each grid was 

divided into equal partitions, and the number of grid cells was 

100(x) × 100(y) × 100(z). Dimensionless time was 0.01. In 

this research, a 200(x) × 200(y) × 200(z) grid and a 

dimensionless time of 0.001 were used for verification. The 

relative differences between the Nusselt numbers obtained in 

this research and those obtained from the grids were less than 

0.5%. 
 

Table 1. Comparison between the solutions determined in 

this research and the NCMARKATOS benchmark solutions 

[15] 

 

Ra 103 104 105 

Nuc (reference) 1.108 2.201 4.430 

Nuc (this article) 1.117 2.238 4.471 

Error 0.81% 1.68% 0.93% 

 

3. RESULTS AND DISCUSSION 

3.1 Description of simulated results 

In this experiment, the aspect ratio along the x-axis was 

4(Lx=4). The ratio of the heat-source height to the cavity 

height was 0.4. The initial condition was zero. The three 

cases were investigated with one, two, and three heat sources. 

The temperature and velocity vector fields observed were 

described at Ra=3000 and are shown in Figs. 2, 3, and 4. 

 

 
 

(a) Temperature field 

 

 
 

(b) Velocity vector field 

 

Figure 2. One heat source. 
 

 
 

        (a) Temperature field 
 

 
 

(b) Velocity vector field 

 

Figure 3. Two heat sources 

 

 
 

(a) Temperature field 

 

 
 

(b) Velocity vector field 
 

Figure 4. Three heat sources 

 

Two symmetrical vortices appeared when one heat source 

was present in the cavity (Fig. 2). When two heat sources 

were present in the cavity, four vortices appeared (Fig. 3). 

These vortices were thin close to the center, but fat near the 

boundaries. With three heat sources, six vortices appeared 

(also shown in Fig. 3). These vortices were also thin close to 

the center, but fat near the boundaries. The number of 

vortices and the temperature clearly increased with a larger 

number of heat sources.  

3.2 Influence of cavity size on flow field and heat transfer 

Six cases were investigated, with aspect ratios Lx=0.25, 0.5, 

1, 2, 4, and 8. The ratio of the heat-source height to the cavity 

height was 0.4. The initial condition was zero, and the 

number of heat sources was one. The velocity vector fields 

are illustrated in Fig. 5 for Ra=3000. The average Nusselt 

numbers at the top plate are shown in Fig. 6.  
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(a) Lx=0.25   (b) Lx=0.5   (c) Lx=1 

 

 
 

(d) Lx=2  

 

 
 

(e) Lx=4 

 

 
 

(f) Lx=8 

 

Figure 5. Velocity vector field for varying geometric size  
 

 
 

Figure 6. Average Nusselt number for varying ratio. 

 
As shown in Fig. 6, the average Nusselt numbers at the top 

plate first increased and then decreased as the aspect ratios 

increased. The average Nusselt number at the top plate was 

greatest at Lx=1. The flow and the heat transfer first became 

stronger and then weaker. The flow and the heat transfer were 

also strongest at Lx=1.  

Two symmetrical vortices quickly became concentrated on 

the heat source with the flow at Lx=1 (as shown in Fig. 5(c)). 

The heat-transfer effect was strong. The two vortices became 

prolate and flowed weakly at Lx=4 and Lx=8 (Figs. 5(e) and 

5(f)). The heat-transfer effect in this case was relatively weak. 

At Lx=0.5 and Lx=0.25, two symmetrical vortices were 
concentrated on the heat source (Figs. 5(a) and 5(b)). They 

were slender and flowed weakly when they arrived at the top 

plate. The heat-transfer effect in this case was relatively weak. 

At lower Rayleigh number, the heat-transfer effect was better 

in a square cavity than in a rectangular one. 

3.3 Influence of heat sources size on flow field and heat 

transfer 

In this experiment, the aspect ratio along the x-axis was 

2(Lx=2). The number of heat sources was one. Three cases 

were investigated, with the ratio of the heat-source height to 

the cavity height varying from 0.1 to 0.9 The average Nusselt 
numbers at the top plate are shown in Fig. 7. 

 

 
 

Figure 7. Average Nusselt number for varying ratio 

 

As shown in Fig. 7, the average Nusselt numbers at the top 

plate first increased as the ratio of the heat-source height to 

the cavity height increased. The flow and the heat transfer 

became stronger.  
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3.4 Influence of heat source location on fluid flow and 

heat transfer 

In this experiment, the aspect ratio along the x-axis was 

2(Lx=2). The number of heat sources was one. The ratio of 

the heat-source height to the cavity height was 0.4. The initial 

condition was zero. The eight cases were investigated, with 

the location of the heat source varying from 0.1 to 0.8. The 

temperature fields and the average Nusselt number at the top 

plate were observed. The temperature fields are shown in Fig. 

8, and the average Nusselt numbers at the top plate are shown 

in Fig. 9.  
 

 
 

(a) 0.1                  (b) 0.2 

 

 
 

(c) 0.3                  (d) 0.4 

 

 
 

(e) 0.5                  (f) 0.6 

 

 
 

(g) 0.7                  (h) 0.8 

 

Figure 8. Temperature field for varying location of the 
heat source  

 

As shown in Fig. 8, the temperature was higher near the 

boundary and lower close to the center when the heat source 

was close to the center. 

 

 
 

Figure 9. Average Nusselt number for varying location of 

the heat source.  

 

As shown in Fig. 9, the average Nusselt number at the top 

plate was higher when the heat source was close to the center 

than when it was near the boundary. The flow and the heat 

transfer were strong. The heat-transfer effect was better when 

the heat source was close to the center, rather than near the 

boundary. 

3.5 Influence of the number of heat sources on flow and 

heat transfer 

In this experiment, flow and heat transfer were studied in a 

cavity with an aspect ratio along the x-axis of 4. The ratio of 

the heat-source height to the cavity height was 0.4. The initial 

condition was zero. The three cases were investigated with 

one, two, and three heat sources. The average Nusselt number 

at the top plate is shown in Fig. 10. 

 
 

Figure 10. Average Nusselt number with varying number 

of heat sources 

 

As shown in Fig. 10, the average Nusselt numbers at the 

top plate decreased with increasing number of heat sources 

when the temperature of the bottom plate was Th. Flow and 

heat transfer were relatively weak. The average Nusselt 

numbers at the top plate increased with more heat sources 

when the temperature of the bottom plate was Tc. Flow and 
heat-transfer constraints were satisfied. 

The heat sources did not benefit from rising flow when the 

temperature of the bottom plate was Th. The effect was 

greater with a larger number of heat sources. The heat sources 

encouraged flow to rise when the temperature of the bottom 

plate was Tc, thus strengthening natural convection. 
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3.6 Influence of boundary conditions on flow field and 

heat transfer 

The six cases were investigated with aspect ratios of 

Lx=0.25, 0.5, 1, 2, 4, and 8. The ratio of the heat-source 

height to the cavity height was 0.4. The initial condition was 

zero, and the number of heat sources was one. The 

temperatures of the bottom plate were Th and Tc respectively 

under the two boundary condition cases. The average Nusselt 

numbers at the top plate are presented in Fig. 11.  

 
 

Figure 11. Average Nusselt number for different ratios. 

 

The variation trends of the average Nusselt number were 

similar at Lx ≤ 1 when the temperatures of the bottom plate 

were Th and Tc respectively under the two boundary condition 
cases. The average Nusselt number at the top plate increased 

as the ratio increased. Flow and heat-transfer constraints were 

satisfied. The trends in the average Nusselt number varied 

differently when Lx > 1. The average Nusselt number at the 

top plate decreased with increasing ratio when the 

temperature of the bottom plate was Tc, but increased with 

increasing ratio when the temperature of the bottom plate was 

Th. The heat-transfer effect was better in a square cavity than 

in a rectangular cavity under all boundary conditions. 

3.7 Three-dimensional characteristics 

    This section describes the investigations using the two- and 

three-dimensional models. Flow patterns and three-
dimensional characteristics were studied. Assuming a 

minimal effect of the lateral boundaries on the central section, 

the central portions parallel to the two axes were observed in 

the three-dimensional simulated results. The results are 

shown in Figs. 12-14. The aspect ratios along the z-axis were 

invariable (Lz=2), and the aspect ratios along the x-axis were 

Lx=1, Lx=2, Lx=4, and Lx=8 respectively. The Rayleigh 

number was 3×103. 

 

 
 

(a) Two-dimensional 
 

 
 

(b) Temperature of X=Lx/2 
 

 
 

(c) Temperature of Z=Lz/2 

 

Figure 12. Temperature field at Lx=2  
 

 
 

(a) Two-dimensional 
 

 
 

(b) Temperature of X=Lx/2  
 

 
 

(c) Temperature of Z=Lz/2 
 

Figure 13. Temperature field at Lx=4  
 

 
 

(a) Two-dimensional 
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(b) Temperature of X=Lx/2  
 

 
 

(c) Temperature of Z=Lz/2 

 
Figure 14. Temperature field at Lx=8  

 

As shown in Fig. 12-14, the X=Lx/2 temperature fields are 

the same as the two-dimensional temperature fields. 

The two-dimensional average Nusselt number, the three-

dimensional average Nusselt number of all sections parallel 
to the z-axis, and the three-dimensional average Nusselt 

number were compared for aspect ratios of 1, 2, 4, and 8. As 

shown in Fig. 15, the three-dimensional average Nusselt 

number of all sections parallel to the z-axis iNu  is denoted by 

‘a’. The two-dimensional average Nusselt number 
2d

Nu  is 

denoted by ‘b’. The three-dimensional average Nusselt 

number 
3d

Nu  is denoted by ‘c’. Some conclusions can be 

drawn from this. iNu  is similar to 
2d

Nu , and the difference 

between 
2d

Nu  and 
3d

Nu  is less than 8%. Therefore, the three-

dimensional model can be replaced by the two-dimensional 

model. 

 

 
 

(a) Lx=1  
 

 
 

(b) Lx=2 

 
 

(c) Lx=4 
 

 
 

(d) Lx=8 

 
Figure 15. Average Nusselt number 

4. CONCLUSION 

Natural convection has been numerically simulated in a 

small cavity with one, two, or three heat sources using the 

SIMPLE algorithm with a QUICK scheme. The temperature 

field, flow field, and three-dimensional characteristics of the 

cavity have been investigated. The results show that the 

number of vortices increases and the air temperature rises 

with more heat sources. For lower Rayleigh number, the heat-

transfer effect is better in a square cavity than in a rectangular 

one. The average Nusselt number at the top plate is larger 

when the heat source is close to the center, rather than near 

the boundary. Flow and heat-transfer constraints were 
satisfied. Heat transfer is better when the heat source is close 

to the center rather than near the boundary. The X=Lx/2 

temperature fields are similar to two-dimensional temperature 

fields. The three-dimensional model can therefore be replaced 

by a two-dimensional model. 
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