
 

 

 

Optimal conditions of natural and mixed convection in a vented rectangular 

cavity with a sinusoidal heated wall inside with a heated solid block 
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Abstract: - The present investigation deals with the natural, mixed and forced convection in a vented rectangular cavity 

having a sinusoidal heated vertical wall with a conducting solid block placed at one of the nine positions. The objective 

is to analyze numerically using finite element method the effects of the following parameters: inlet, outlet 

positions, solid square positions, thermal coefficient λ, amplitude ratio ɛ, phase deviation ϕ
 
and the solid square size 

 on the thermo-convective flows. The Richardson number is varied from 0 to 40, the Reynolds and Prandtl numbers 

are fixed respectively at 100 and 0.71. To quantify the heat transfer of the solid block and to get closer to real 

conditions, we have developed a modification based on the evaluation of the Nusselt number using the average 

temperature in the cavity, unlike previous works which used the input temperature. As results, the sinusoidal 

temperature at the right wall gives higher heat transfer enhancement. The variation of the phase deviation and 

amplitude ratio have a slightly effect on the average fluid temperature and average Nusselt at the right wall and at the 

square solid.  
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1. INTRODUCTION 

 

Natural, mixed and forced convection in rectangular 

spaces is an important subject of investigation, given its 

presence in various industrial applications such as: cooling of 

electronic components, heat losses in industrial systems. The 

mixed laminar convection regime in a ventilated rectangular 

cavity was already the subject of investigation by A. Raji and 

M. Hasnaoui [1]. A cavity vertical wall side is subjected to a 

constant heat flow, and the other walls are kept adiabatic. For 

Rayleigh numbers 103 and 106, and Reynolds numbers 

between 5 and 5000, they examine the thermal and dynamic 

field in order to propose correlation relationships. Heat 

transfer can be under both hot and cold temperatures between 

one of the vertical walls and the surrounding environment 

The natural and forced convection in laminar regime is of 

limited attraction  due to the limited range of  Rayleigh, and 

Reynolds values [2-3].Humphrey and To [4], had studied 

numerically the free and mixed turbulent convection of air, 

for a heated cavity with rectangular section at different 

orientations. They found that the details of natural convection 

are strongly governed by the characteristics of thematic 

transfers. These depend not only on the Grashof number, but 

also on the angle of inclination and cavity aspect ratio. To 

simulate the movement of air induced by a flame, Abib and 

Jaluria, [5] have placed a heat source in one of the lower 

corners of a rectangular cavity, this last one is equipped by a 

single opening towards the ambient environment. They found 

a cellular regime, characterized by a main recirculation zone 

in the lower part, and a weak counter-rotating cell near the 

upper wall. The same idea of placing a heat source in a cavity 

is also used by Papanicolau and Jaluria, [6] for a ventilated 

square cavity with adiabatic walls. By, fixing the Reynolds 

number at Re = 103 and Re=2.103, the variation of the 

Richardson number following the variation of the Grashof 

number gave an oscillatory mode. A correlation relation 

which links the mean Nusselt number to the Richardson 

number and that of Grashof is proposed, this one is very 

close to that derived from turbulent natural convection in 

closed cavities. Roy and Basak, [7]Studied numerically 

natural convection with uniform heating on the bottom and 

the vertical wall ,and also the non_uniform heating  for 

different parameters Pr (0.2-100) and Ra (103-106). 

Benderradji et al [8]studied the effect of the variation of the 

two parameters (Grashof and Reynolds) in laminar mixed 

convection inside a cubic cavity.Aidaoui et al [9] made a 

numerical investigation of the parameter affecting 3D in a 

rectangular channel  at  constant flux density for laminar 

convection flow regime using CFD code. Oronzio et al [10] 

have been made  an experimental mixed convection 

investigation in a vented cavity with forced flow entering 

throw the heated vertical wall side (experimental mixed 

convection.). Biswas et al, [11] investigated heating element 

thermal management by dividing the heater into several 

identical segments under mixed convection for Ri (0.01-100), 

Re (50-200). Saha et al, [12] studied numerically forced and 

natural convection inside a rectangular enclosure with 

constant heating at bottom wall for Pr=0.71, Ri (0-10) Re 

(50,100,200), as results and using Richardson, Reynolds and 

Nusselt Numbers, they developed an empirical correlation 

Saha et al, [13]  investigated the  mixed convection inside 

rectangular enclosure for different inlet and outlet opening 

placement configurations with constant heat source mount on 

right wall using finite element method. Satish and Mathur, 

[14] studied  free and forced convection inside a rectangular 

enclosure with bottom heat source, for different ventilation 

arrangements. A numerically analyzed mixed convection in a 

complicated non-uniform (wavy walls) both side walls heated 

cavity using finite volume method with different parameters 

Richardson number (0.01-100),amplitude ratio(0<ɛ<1), phase 

deviation (0<ϕ<π) for Pr=0.71 was carried out by Mekroussi  

et al [15]. Rahman et al [16]studied mixed convection using 

finite element method inside a  square cavity with inlet at the 
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left edge of the vertical wall and top right vertical wall exit 

port. Changing some parameters as Ri, Re and Pr and also the 

inlet position. 

 

In the literature, some investigation of the mixed convection 

in vented cavities were reported using different inlet and 

outlet ports location[17–20], uniform and non-uniform heated 

wall [21–24], adiabatic ,isothermal or heated solid block with 

different shape, size location and [25–33]. Gupta et al [34] 

studied a mixed convection in a ventilated cavity for different 

thermal conditions of the cavity walls with heated conducting 

cylinder at the size of  D (0.1-0.5) and conductivity K (0.1-

10).Considering two cases of heated walls. First the vertical 

wall at the inlet side is considered hot while the other is cold 

and both horizontal walls are insulated. In the second case 

they consider hot bottom and cold top wall with insulated 

vertical walls.Rahman  et al, [35] studied two dimensional 

mixed convection  inside a ventilated cavity with central 

horizontal  heated conducting circular solid  for different 

cylinder size (0-0.6) and also Richardson number 0<Ri<5 

using finite element method. As result, the phenomenon 

inside the cavity with or without cylinder depends on both 

the cylinder diameter and Ri number. Gupta et al [36] studied 

a double diffusive mixed convection for different aspect ratio 

and locations of the block inside a ventilated enclosure for 

different Ri , Re and buoyancy ratio.House et al [37] 

Investigated natural convection with conducting body effect 

at the center of the enclosure . Lid driven cavity  laminar 

mixed convection with an isothermal heated block inside, for 

different position, aspect ratio of the solid, Richardson 

number with the range (0.01-100) at fixed Reynolds and 

Prandtl numbers Re=100 and Pr=0.71 have been studied by 

Islam et al [38] .Rahman et al [39] investigated a mixed 

convection simulation in an enclosure with a heat generating 

body at  Re (50, 100, 150 and 200), Pr (0.71, 1, 3 and 7.1) 

and Ri (0, 1 and 5), with bottom vertical left wall inlet and 

top vertical right wall outlet port. Karimi et al [40]  analyzed  

two dimensional  mixed convection in an enclosures with 

adiabatic walls with two heated cylinders inside for different 

cylinder diameter, Reynolds and Richardson numbers with 

constant distance between cylinders. Rahman et al [41] 

investigated the  laminar mixed convection in a square cavity 

with heated horizontal conducting square cylinder with 

heated right as results, the temperature and the flow field 

depend on the inner cylinder position and the Richardson 

number. Nahak et al, [42] made  numerical analysis for  

mixed convection on an equilateral lid-driven triangular 

cavity with a circular cylinder at the center to study the 

effects of the position of the moving wall , cylinder  

geometry, aspect ratio (AR=D/H) , using finite volume 

method. Bouabdallah et al [43] numerically studied the 

turbulent mixed convection in a ventilated enclosure with 

middle heat source (different shapes and size) and two 

openings, using finite volume method at constant Grashof 

number (Gr=109) and different values of  Richardson number. 

Al-Rashed et al, [44] made a three dimensional mixed 

convection simulation in ventilated cubical enclosure with 

nano-fluid and a central isothermal block. Some parameters 

used in this investigation as the block size and percentage of 

Al2O3 particles and Ri (0.01-100). Doghmi  et al [45] 

investigate 3D mixed convection in two configurations for 

different inlet and outlet locations with an isothermally 

heated block inside a ventilated cavity for 0<Ri<10 and 

50<Re<100 using finite volume method. 

 

 
In this study, we carried out a number of parametrical 

variations: inlet, outlet, solid square different positions (P1 to 

P9), the conduction coefficient λ , amplitude ratio ɛ, phase 

deviation ϕ and the solid square different dimensions (lx,ly), 

the Reynolds number Re is kept fixed at 100 in order to 

found the optimal conditions where in which the heat transfer 

reach his higher values for different Richardson numbers.  

2. METHODOLOGY AND GOVERNING 

EQUATIONS 

Figure.1 shows a schematic diagram of the problem 

considered in the present study. The problem deals with a 

two-dimensional rectangular cavity with height L, width 1.5 

L, within which a heat conducting solid block with sides 

length lx, ly having a heat sources q=1, thermal conductivity 

(λs) located for nine different position. Three different cold 

(Ti=0) inlet openings (w) with uniform velocity (ui) located 

on the top of the cavity and also four different outlets 

(w=L/10) located on both vertical right and left walls .as 

shown in the Figure.1. The two horizontal and the left side 

walls are considered insulated and the right side vertical wall 

is assumed to have a periodical condition. 

 

 
 

 

Figure 1. Schematic view of enclosure considered in the 

present study 

 

The following assumptions are made: the flow is 

assumed to be two-dimensional Newtonian steady-state and 

viscous dissipation and compressibility effects are considered 

negligible in the present study and the gravity acts in the 

vertical downward, fluid properties are constant. The 

radiation heat exchange and the fluid density variations are 

neglected except in the buoyancy term. 

The governing equations can be written in the 

dimensionless form: 

 

 U V 0
X Y
 

 
   

(

(1) 
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 2 2

2 2

U U P 1 U UU V
X Y X Re X Y

     
     

       

(

(2) 

 2 2

2 2

V V P 1 V VU V Ri
X Y Y Re X Y

     
       

       

(

(3) 

 2 2

2 2

1U V
X Y Re.Pr X Y

      
   

      

(

(4) 

For the solid square, the energy equation is: 

 2 2
s s
2 20

Re.Pr X Y
    

  
    

(

(5) 

The dimensionless variables are defined in the 

following form: 

2
i i i

x y u v pX , Y , U , V ,P
L L u u u

    


(6)                                      

y sx i
x y

h i f

ll (T T )L , L , ,
L L (T T )


     

 
 

 

Where X and Y represent the dimensionless horizontal 

and vertical direction respectively, U and V are the velocity 

components in the X and Y directions, P and Ɵ are 

respectively the dimensionless pressure, and temperature. 

The system equation is dimensionless in which the governing 

parameter are Prandtl number Pr, Richardson number Ri and 

the Reynolds number Re are defined as following: 

 

 3
h io

2 2

g L T TU L GrPr , Re ; Ri , Gr
Re

 
   
    

 

(7) 

2.1 Boundary condition: 

The boundary conditions for this analysis are: 

At the inlet: U=0, V=1, Ɵ=0 

At the outlet: convective Boundary Condition (CBC), 

At all solid boundaries=1 

At the right wall: periodical temperature: Th=ɛ.sin(πy+ϕ) 

(add it as equation) 

For the rest of adiabatic walls: 

 

dT dT0, 0
dX dY

 
 

 
 

For  the solid_fluid vertical interfaces of the block: 

s

fluid solid

dθdθ λ
dX dX

  
   

   
 

For  the solid_fluid horizontal interfaces of the block: 

s

fluid solid

dθdθ λ
dY dY

  
   

   
 

2.2 Heat and transfer calculation: 

The convective heat transfer coefficient within the 

rectangular cavity is evaluated in terms of the average 

Nusselt number at the right walls and the solid square as: 

For the right wall 

 

h

h 0

L1Nu Nu(Y)dY
L

 
 

(

(8) 

 

With:  Lh=(L-w) 

Lh is the length of the periodical temperature wall 

 

For the solid: 

We prefer to use the average temperature rather than 

the inlet temperature as in Saha et al [13] in order reach 

better results for the Nusselt number. 

 

The square solid average Nusselt number  : 

 

yx

x

LL

S
x y0 0

L L

x y0 0

y

1 1Nu Nu(x)d Nu(y)d
L L

1 h.x 1 h.ydx dy
L L

  

 
 

 

 
 

(9) 

 

In major works the average Nusselt number is 

calculated based on the inlet temperature T0 as in saha [13] 

for our work we look for more improvement  in order to get  

higher and more précises result in that case we calculate the 

average temperature inside the cavity and we finally get this 

equation: 

 

av

qh
T θ


  (10) 

 

The average temperature is defined as: 

 
av

1 dV
V

    (11) 

Where V is the cavity volume. 

 

2.3 Numerical method 

The governing equations are numerically solved using a 

finite element method technique. Described by [46] and 

[47].A Direct (UMFPACK) linear system solver is used 

together with stationary non-linear solver ,the relative 

tolerance for the error is assumed to be 10-6.Non-uniform 

grids of triangular element are employed with denser grids 

clustering in regions near the heat source and the enclosure 

walls. 

 

 

2.4 Validation 

Our work has been validated against the work of Rahman et 

al [35] for mixed convection flow in a vented square cavity 

with a heat conducting square. We compared isotherms lines 

when the solid square was located at ly=0.25 and lx=0.5 and 

the average Nusselt number when the solid square was 

located at ly= lx=0.5 with the data of our results at Re=100, 

Ri=1.0, λ=5.0 and lx=ly=0.2. We found that the present 

isotherms and the average Nusselt number are in good 

agreement with those of Rahman et al as shown in figure (1) 

and figure (2). 
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Rahman et al  [35] 

 

 

 
 

Present study 

 

 

Figure 2.The Temperature contours between the present 

results and those of [35] at Ri=5 , lx=0.5 ,  ly=0.25 , λ =0.5, 

Re=100. 

 

 

Figure 3.Comparison of the Nusselt Number between the 

present results and those of [35] at lx=0.5, ly=0.25, λ =5, 

Re=100. 

 

2.5 Grid refinement check 

Several grids sizes of 8111, 8943, 9824, 10700, 11884 and 

12236 elements have been tested in the present simulation of 

Nusselt number at the periodical temperature surface as 

shown in (Table1). The finest grid size was 11884 elements; 

it provides more satisfaction results and less calculating time. 

 

 

 

Elements 8111 8943 9824 10700 11884 12236 

Nu 47.5915 47.64686 47.678 47.7272 47.727 47,728 

 
 

Table 1. Grid sensivity Check at Re=100, Ri=1.0, λ =5.0, 

d=L/3,Lx=1.5/2 and Ly=0.5. 

3. RESULTS AND DISCUSSION 

A numerical study is performed using finite element 

method for Two-dimensional laminar, mixed and forced 

convection in rectangular cavity contained a heat conducting 

solid square and periodical temperature at the right wall (0.9 

L). The working fluid is chosen to be the Air with 

Pr=0.71.some of the parametrical variations are carried out in 

this study as : inlet, outlet, solid square different positions 

(P1-...-P9), the conduction coefficient λ , amplitude ratio ɛ, 

phase deviation ϕ and the solid square different dimensions 

(lx, ly), the Reynolds number Re is kept fixed at 100.  
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Left  in Nu Middle  in Nu Right  in Nu  Left  in Nu Middle  in Nu Right  in Nu 

 In1-P1-out1 50.688 In2-P1-out1 53.903 In3-P1-out1 66.470 In1-P5-out3 58.679 In2-P5-out3 47.411 In3-P5-out3 44.929 

In1-P1-out2 72.374 In2-P1-out2 64.962 In3-P1-out2 65.576 In1-P5-out4 68.713 In2-P5-out4 33.564 In3-P5-out4 30.042 

In1-P1-out3 56.169 In2-P1-out3 50.530 In3-P1-out3 51.275 In1-P6-out1 55.463 In2-P6-out1 55.091 In3-P6-out1 76.853 

In1-P1-out4 37.224 In2-P1-out4 11.112 In3-P1-out4 10.083 In1-P6-out2 71.192 In2-P6-out2 69.826 In3-P6-out2 62.668 

In1-P2-out1 39.296 In2-P2-out1 50.915 In3-P2-out1 8.359 In1-P6-out3 68.572 In2-P6-out3 66.205 In3-P6-out3 41.212 

In1-P2-out2 75.167 In2-P2-out2 74.919 In3-P2-out2 64.804 In1-P6-out4 76.771 In2-P6-out4 68.947 In3-P6-out4 38.480 

In1-P2-out3 57.031 In2-P2-out3 55.835 In3-P2-out3 48.893 In1-P7-out1 60.332 In2-P7-out1 60.332 In3-P7-out1 71.214 

In1-P2-out4 63.088 In2-P2-out4 40.830 In3-P2-out4 23.532 In1-P7-out2 66.973 In2-P7-out2 66.973 In3-P7-out2 65.555 

In1-P3-out1 41.325 In2-P3-out1 20.770 In3-P3-out1 62.982 In1-P7-out3 29.149 In2-P7-out3 16.904 In3-P7-out3 15.980 

In1-P3-out2 78.433 In2-P3-out2 76.432 In3-P3-out2 71.265 In1-P7-out4 68.610 In2-P7-out4 15.657 In3-P7-out4 14.325 

In1-P3-out3 66.929 In2-P3-out3 64.142 In3-P3-out3 54.769 In1-P8-out1 52.494 In2-P8-out1 59.820 In3-P8-out1 71.437 

In1-P3-out4 73.222 In2-P3-out4 65.341 In3-P3-out4 47.628 In1-P8-out2 73.983 In2-P8-out2 67.638 In3-P8-out2 65.490 

In1-P4-out1 55.948 In2-P4-out1 58.574 In3-P4-out1 70.292 In1-P8-out3 56.685 In2-P8-out3 53.174 In3-P8-out3 18.028 

In1-P4-out2 68.561 In2-P4-out2 66.305 In3-P4-out2 65.630 In1-P8-out4 66.076 In2-P8-out4 57.810 In3-P8-out4 17.709 

In1-P4-out3 48.332 In2-P4-out3 46.395 In3-P4-out3 45.729 In1-P9-out1 74.663 In2-P9-out1 76.840 In3-P9-out1 74.662 

In1-P4-out4 31.878 In2-P4-out4 14.066 In3-P4-out4 12.980 In1-P9-out2 51.247 In2-P9-out2 51.160 In3-P9-out2 57.723 

In1-P5-out1 44.422 In2-P5-out1 63.323 In3-P5-out1 70.714 In1-P9-out3 66.963 In2-P9-out3 66.963 In3-P9-out3 32.122 

In1-P5-out2 79.651 In2-P5-out2 68.882 In3-P5-out2 65.906 In1-P9-out4 75.699 In2-P9-out4 68.690 In3-P9-out4 32.298 

   

Table 2. Average Nusselt number at Re=100, Ri=1.0,λ=5.0 and Lx=Ly=L/3 
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Figure 4.Variation of streamlines (left) and Isotherms (right) for the optimal position (In1-P5-out2) for different Richardson 

number.

 

The obtained results are presented in two sections. 

The first one focus on the fluid flow and the temperature 

distribution, and the second parts discuss firstly the effects of 

the following parameter: inlet, outlet, solid block positions, 

the conduction coefficient λ, amplitude ratio ɛ, phase 

deviation ϕ and the solid square different dimensions (lx,ly). 

Secondly the evaluating of heat transfer rate, namely: average 

Nusselt number at the right wall, the average fluid 

temperature and the solid square average Nusselt number. 

In table2, the optimal and the most desirable 

configurations for different inlet, positions of the square solid 

and exit ports is (In1-P5-out2), that  gives the highest values 

of the  Nusselt number at the right wall. 

We notice for figure.3 at Ri=0, the appearance of two 

symmetrical opposite directions vortices, near the inlet port. 

A clockwise direction vortex is developed near the inlet port 

at the top left corner of the rectangular cavity (the left side of 

the inlet port), which is expected since the air enters at the 

left of the top wall port (In1) and exit throw the bottom of the 

right wall (out2) and an anticlockwise direction vortex 

appears at the top wall at (the right side of the inlet port) and 

also two small vortices the first at the top right corner and the 

left bottom corner of the square solid. Forced convection 

dominates the major flow patterns from inlet to exit with too 

much penetration. It is seen that the anticlockwise direction 

vortex increases and the clockwise direction vortex 

diminishes and the left vortex disappear for Ri=1.for Ri>1 

almost two symmetrical vortices appear at the right side and 

the left side of the square solid and as the Richardson number 

is getting higher the vortex also gets larger due to the effect 

of the natural convection and the conducting solid square on 

the flow patterns. From the isothermal contours, it is 

observed that the isotherms lines are clustered around the 

conducting square solid for different values of the 

Richardson number. It can be observed that there is some 

isothermal lines deviation on the right bottom corner of the 

conducting square solid for Ri=0 ,this is due to the carried 

away and dissipated conducting square solid heat through the 

exit and the upper side of the conducting square solid for 

Ri 1 due to the dominating natural convection on the flow 

patterns and by this it is undoubtedly concluded that the 

higher-temperature region is concentrated at the upper wall 

of the conducting square solid. 

3.1 Effect of inlet position 

The variation of the inlet position port for different Ri 

number at Pr=0.71, λ=5, ɛ=1 and ϕ=0 for (p=5) and out2 is 

shown in figure 5. The shape of the variation of the Nu 

number increases as the Richardson number increases. For 

inlet1 it is obviously that the Nu number decreases and takes 

higher values then the case of In2 and In3 due to the 

impingement of the incoming air (In1) on the conducting 

square solid and the relative circulation of the mixing fluid 

 

 

 

 

 

Ri=10 

 

 
 

  

 

 

 

 

Ri=40 
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inside the cavity. Therefore, higher heat transfer rates are 

obtained for out1 at various Ri numbers. The Nusselt number 

is effected by both the inlet flow position and buoyancy force 

near the right wall. 

The average temperature of the fluid decreases with the 

increasing of Richardson number for different inlet port 

positions. it is clearly seen that the temperature in the case of 

theinlet1 is lower than the case of In2 and In3 because the 

heat that was carried away from the conducting square solid 

for the case of In1 is higher that the case of In2 and In3 due 

to the penetration and propagation of the incoming cold air 

inside the rectangular  cavity ,while for the In2 and  In3 cases 

the incoming cold air is directly cooling the right wall of the 

rectangular cavity and directly send to the exit  ,so the cold 

air has no time to propagate inside the cavity. 

 

(a) 

 

    (b) 

 
     (c) 

 

Figure 5.Effect of different inlet port positions on (a) the 

average Nusselt number for the right wall, (b) average fluid 

temperature and, (c) the solid square at different inlet port 

positions. 
 

 

The Nu number for the solid square increases as Ri number 

increases. At Ri= 0, the Nu number of the solid square for 

inlet2 and In3 is lower than the case of in1 due to the effect 

of the periodical temperature on the heated conducting square 

solid. 

3.2 Effect of outlet position 

The variation of the outlet position for different Richardson 

numbers at Pr=0.71, λ=5, ɛ =1, ϕ=0, in1 for optimal position 

(P5) are shown in figure below. It is clearly seen that the 

average Nusselt number for out2, out3 and out4 increases 

with the increasing of Ri number, while increasing then 

decreasing for the case of out1. 

The fluid average temperature decreases with the increasing 

of Ri number while for out1 for Ri<1 the average 

temperature increases then decreases for Ri>1.the Nusselt 

number for the solid square increases as Ri increases. 

We found that the temperature decreases when the 

Richardson number increased, however for out1 it is 

observed that the results are lower that the case of out2, out3 

and out4 du to incoming air that moves away from the inside 

to the outside of the cavity due to the forced convection and 

due to the recirculation due to natural convection. 

When the Ri number is increased the average Nusselt number 

of the conducting square solid increases, we notice that 

higher value is shown for out1 due to higher convection 

coefficient near the conducting square solid walls. 
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      (a) 

 
     (b) 

 
    (c) 

 

 

Figure 6. Average Nusselt number for different outlet 

positions, inlet1 fixed: (a) the average Nusselt number for the 

right wall, (b) average fluid temperature and, (c) the solid 

square at different inlet port positions 

 

 

 

3.3 Effect of amplitude ratio ε  

The variation of the amplitude ratio ɛ for different Ri 

values at Pr=0.71, λ=5, ϕ=0, In1 and optimal position (P5) 

are shown in figure 7 below. We found that Nu number 

increases gradually with the increasing value of Richardson 

number. In the case of ɛ=0, the temperature at the right wall 

is steady and as the amplitude ratio is getting higher and the 

average Nusselt number is getting lower. 

 
  (a) 

 

 

 
     (b) 
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    (c) 

 

Figure 7. Effect of amplitude ratio on (a) the average 

Nusselt number for the right wall, (b) average fluid 

temperature and, (c) the solid square 

 

The average fluid temperature decreases with the 

increasing of Richardson number, and decreases with the 

decreasing amplitude ratio. Lower amplitude ratio gives 

higher air evacuation from the cavity, and with his decreases 

the air evacuation also decreases. We notice that for the case 

of periodical temperature, the fluid has the ability to evacuate 

the heat produced by the conducting square solid in the 

rectangular cavity more than the case of constant temperature 

the right wall of the rectangular cavity. 

For the square solid, the Nusselt number increases by 

increasing Ri number, Nusselt number is slightly higher for 

the cases of amplitude ratio equal to 0 where the boundary 

conditions at the right wall become a constant temperature. 

We conclude finally that the constant temperature gives 

higher Nusselt number values at the conducting solid square 

walls and also higher air evacuation than the periodical 

temperature so the temperature of the right wall has a direct 

impact on the conducting square solid average Nusselt 

number and air evacuation. 

 

3.4 Effect of phase deviation 

The variation of the phase deviation for various Ri values at 

Pr=0.71, λ=5, ɛ=1, In1, and (P5) is shown in figure 8 below. 

It can be seen from this figure that the Nu number at the right 

wall increases with the increasing of Richardson number. The 

Nusselt number rich his highest values for ϕ=3π/4 and lowest 

values for ϕ=0 and ϕ=π. These results are due to the affection 

of the periodical temperature along the right wall. 

 

 
    (a) 

 

 
    (b) 

 

 
     (c) 
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Figure 8.Effect of phase deviation on (a) the average Nusselt 

number for the right wall, (b) average fluid temperature and, 

(c) the solid square. 

 

The increasing in Ri number augments the buoyancy effect 

and improves energy transportation which leads to increase 

in flow strength. The highest air evacuation is for ϕ=π and 

the lowest is for ϕ=0. Phase deviation has a slightly effect on 

air evacuation in the rectangular cavity. Heating and cooling 

zone of the top and bottom of the right wall changed with 

variation of the phase deviation from 0 to π .this changing 

has an effect on the fluid velocity and air evacuation. 

The Nusselt number for the solid square increases with 

the increasing of Ri number, it can be seen that the Nusselt 

number reach his highest values for ϕ=0and lowest values for 

ϕ=π.we can see also that the marge between the results of 

Nusselt numbers decreases with the increasing phase 

deviation due to the effect of the temperature of the right wall 

of the rectangular cavity on the Nusselt number of the 

conducting square solid. 

3.5 Effect of thermal conductivity of the square solid  

The variation of the thermal conductivity for different Ri 

numbers at Pr=0.71, ɛ=1and ϕ=0 are shown in figure 9 below. 

It is clear that the average Nu number at the right wall 

increases with the increasing of Ri number due to the 

increasing effect of natural convection. We notice also that as 

the Richardson number increases there was a slight variation 

on the result of Nusselt number for different value of λ. We 

conclude that the variation of thermal conductivity of the 

square solid has a slight effect on the Nu number 

 

 

 

 
 

    (a) 

 

 

 

 

 

 

 
 

      (b) 

 

 
     (c) 

 

Figure 9. Effect of thermal conductivity on (a) the 

average Nusselt number for the right wall, (b) average fluid 

temperature and, (c) the solid square. 

 

 

The average fluid temperature decreases with the 

increases Ri number for different values of thermal 

conductivity. From these results, we found out that the 

thermal conductivity has almost no effect on the temperature 

and air evacuation. 

For the solid square, the average Nusselt number 

increases as Ri increases. The thermal conductivity has a 

very slight effect on the Nusselt number of the solid square.  
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3.6 Effect of  square solid dimension 

The variation of the solid square dimensions for different 

Richardson numbers at Pr=0.71, ɛ=1,ϕ=0 ,In1 , and optimal 

position (P5) are shown in figure 10 below. The average 

Nusselt number increases with the increasing of Ri number. 

We note that as the square solid gets bigger the average 

Nusselt number gets higher. The contact surface between 

solid and fluid plays a major role in heat transfer. 

 

 
 

      (a) 

 

 

 
     (b) 

 

 
      (c) 

 

Figure 10. Effect of solid square dimensions on (a) the 

average Nusselt number for the right wall, (b) average fluid 

temperature and, (c) the solid square. 

 

 

The average fluid temperature is decreases with the 

increases of Ri number. We notice that as the solid square 

gets bigger the average temperature of the rectangular cavity 

gets higher due to size of the square solid. 

For the solid square, the average Nusselt number is 

increasing as Ri increases. The Nusselt numbers reach his 

highest values with the square solid at the smallest dimension. 

We can conclude that as the contact surface is increasing, it 

means losing heat rate also increases. 

The results of the streamlines, isotherms, as well as the 

Nusselt number shows a good follow-up of curve and a very 

good agreement of results 

4 CONCLUSION 

A numerical investigation of mixed convection have 

been made inside a rectangular vented cavity with a  heat 

conducting block and non-uniform heated right wall at 

different parameters. The objective of this work is to 

determine the optimal position that improve the heat transfer 

at Re=100 and Pr=0.71.  

Highest Nusselt number values reached for the optimal 

position (In1-P5-out2) as shown in (table.2). 

For different parameters ( inlet, outlet positions, solid square 
positions, thermal coefficient λ, amplitude ratio ɛ and phase 
deviation ϕ and square solid dimension), we notice that the 

Nusselt numbers increases with the increasing value of the 

Richardson numbers and the average fluid temperature 

decreases with the increasing of the Richardson number. 
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 Thermal conductivity has a slightly effect on the 

average Nusselt number at the right wall, the solid 

square, and also the average fluid temperature. 

 The variation of the phase deviation and amplitude 

ratio have a slightly effect on the average fluid 

temperature and average Nusselt at the right wall 

and square solid. 

 Both average fluid temperature and Nusselt number 

at the right wall and the square solid highly depend 

on: 

- Inlet and outlet positions; 

- Dimension and position of solid block 
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NOMENCLATURE 

 

L cavity height, m 
lx,ly Solid block side length 
Pr Prandtl number 
Re Reynolds number 
Ri Richardson number 
Gr Grashof number 
Lx,Ly dimensionless solid block length 
g gravitational acceleration, m.s-2 
Nu Average Nusselt number along the heat wall 
w height of the opening (m) 
u,v dimensional velocity components (ms-1) 
U,V dimensionless velocity components along X and 

Y, respectively 
x,y cartesian coordinates, m 
X,Y dimensionless coordinate 
p Pressure, KPa 
P Dimensionless pressure 
T dimensional temperature (K) 
q heat source  at solid boundaries 
 

Greek symbols 

 

 

 thermal diffusivity, m2. s-1 

 thermal expansion coefficient, K-1 
Ө dimensionless temperature 
µ dynamic viscosity, kg. m-1.s-1 
ρ Density, kg.m-2 
ϕ phase deviation 
ɛ amplitude ratio 
λ Dimensionless thermal conductivity 
ν Kinematic viscosity, m2.s 
 

Subscripts 

 

 

avg nanoparticle 
f fluid (pure water) 
s solid 
i inlet state  
h hot 
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