Mixed convection in a square cavity with moving isothermal sidewalls and constant flux heat source on the bottom wall
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Abstract: 

	In the present study, we are interested in the numerical simulation of the air flow in mixed laminar convection, in a two-dimensional square cavity with constant heat flux from partially heated bottom wall while the isothermal sidewalls are moving simultaneously with an upward constant velocity in the vertical direction and subjected to a cold temperature. The other parts of this cavity are considered adiabatic. 
A mathematical model based on the stream function-vorticity (ψ- ω) formulation is used. Discretization of the governing equations is achieved through a finite difference method considering a non uniform mesh. Although the geometry and boundary conditions for velocity and temperature are symmetrical with respect to the vertical axis passing through the center of the cavity, the analysis of the first results made it possible to detect the existence of a radical change of the flow for values ​​of the Richardson number between 15.6 and 15.7.
Keywords: mixed convection, square cavity, finite difference method, non uniform mesh.
Nomenclature : 
	Latin symbols
g       gravitational acceleration, m.s-2.
Gr     Grashof number, dimensionless.
H     coefficient de transfert thermique, W.m-2.K-1
L      length of the cavity, m.

     normal direction.
Nu    local Nusselt number, dimensionless.
   Average Nusselt number, dimensionless.
Pr     Prandtl number, dimensionless.
q"     Heat flux density, W.m-2. 
Re     Reynolds number, dimensionless.
Ri     Richardson number, Gr/Re2.
t       time, s.
T      temperature, K.
Tf      Side walls temperature, K.
u      velocity component in x direction, m.s-1. 
U     dimensionless velocity component in x direction.
v       velocity component in y direction, m.s-1.
V      nondimensional velocity component in y direction.
V0     magnitude of the sidewall velocity, m.s-1.
	x, y    horizontal and vertical coordinates, m.
X, Y   dimensionless coordinates.

Greek symbols
       dimensionless length of the heat source l/L.
       thermal diffusivity, m2.s-1.
       thermal expansion coefficient, K-1.
       dimensionless temperature.
        Kinematic viscosity, m2 .s.
       Thermal conductivity of air, W.m-1.K-1.
       dimensional stream function.
𝛹       dimensionless stream function /V0.L.
       dimensional vorticity, U.L/V0.
Ω       dimensionless vorticity.
        dimensionless time.
        Density, Kg.m-3.
     Temperature difference,°C.

Indices and exhibitors
f         cold wall.





1. Introduction

      The study of the motion of fluid in mixed convection in cavities is frequently encountered in nature and in various industrial systems. This movement results from complex interactions within this medium (fluid) or between different media as soon as there is a temperature gradient. A wide variety of fluid flows, with or without heat and mass transfer, are governed by systems of nonlinear differential equations established from the general principles of conservation of physics. These systems of nonlinear equations contain numerous parameters which are likely to be the cause of many phenomenas of changes in the behavior of fluid flow (bifurcation). Numerous numerical and experimental studies concerning this phenomenon of change in the very nature of the flow in different geometric configurations in natural convection regime, forced or mixed have been reported in the literature. The first models deal with the classical problem of natural convection of Rayleigh-Bénard in confined spaces and are widely available in the literature such as those of Erenburg et al. [1], Venturi et al. [2] and Angelia et al. [3]. In the cavities the interaction between the sheared flow created by the movement of the wall and that generated by the natural convection remains until now a fundamental field of research. Aydin and Yang [4] numerically studied mixed convection heat transfer in a two-dimensional square cavity having an aspect ratio of 1. In their configuration the isothermal sidewalls of the cavity were moving downwards with uniform velocity while the top wall was adiabatic. A symmetrical isothermal heat source was placed at the otherwise adiabatic bottom wall. They investigated the effects of Richardson number and the length of the heat source on the fluid flow and heat transfer. Guo and Sharif [5] studied the same configuration of Aydin and Yang [4] where the isothermal heat source at the bottom wall is replaced with a constant flux heat source, which is physically more realistic. The aspect ratio of the cavity is defined as A = H/W. The lower wall has an embedded symmetrical heat source with constant heat flux, q", and length L. The remaining parts of the bottom wall and the entire upper wall are adiabatic. In these two cases, the effects of the forces caused by the mixed convection of the heated part and the displacement of the lateral walls of the cavity being cooperative, no rupture of the symmetry has been observed. But when we consider the same problem as that of Guo and Sharif [5], by reversing the direction of displacement of the sidewalls to create a competition between these two forces, we observe a loss of symmetry and a radical change of the flow at The inside of the cavity.

2- Model description:

The physical model considered here is shown in Figure 1; which is a square cavity filled with air. ¶The vertical walls are maintained at a constant cold temperature Tc and move simultaneously with an upward constant velocity V0. A heat source is located at the medium of the lower wall of the cavity having a length L equal to the fourth fifth of that of the cavity ¶and subjected to a constant heat flow q".¶ The other walls are supposed to be adiabatic. 

[image: ]

Figure 1: Schematic diagram of the physical system.

3. Mathematical formulation:

3.1. Model Equations:

	The equations, based on the stream function-vorticity (ψ-ω) formulation, governing the phenomena of mixed convection are given by the following expressions: 

3.1.1. Continuity equation:

                                                             (1)
3.1.2. Energy equation:

                                                                             (2)
3.1.3. Vorticity-transport equation:

                                                                    (3)
3.1.4. Stream function equation:

                                                                                                                     (4)
3.1.5. Components of velocities: 


                                                                                                         (5)
The dimensionless parameters in the equations above are defined as follows:







      
The mixed convection parameter seen in the vorticity-transport equation, 𝐺𝑟/𝑅𝑒2, is also called as Richardson number, Ri. The non-dimensional numbers seen in the equations above, 𝑅𝑒, 𝐺𝑟 and 𝑃𝑟, are Reynolds number, Grashof number, and Prandtl number, respectively, and they are defined as:




2.3. Boundary Conditions:

The boundary conditions for the present problem are specified as follows:


-Top wall:,  


-Bottom wall:,                                                      


-Right and left wall:  


The condition for  at the bottom wall arises as a consequence of constant heat flux q". 


- Stream function: on all walls.

-Vorticity: on all walls. 
3.3. Average Nusselt number:


The average Nusselt number, for the heated portion of the lower wall is given by:


The local Nusselt number along the isothermal walls is defined as: 



4. Numerical procedure:

4.1. Spatial discretization and temporal integration:

The governing equations (1-5) are numerically solved by the finite-difference methods, which produces a set of algebraic equations. The discretization for temporal term is solved using a fourth-order of Runge-Kutta method (RK4). The convective terms are discretized using a third-order Upwind scheme of Kawamura [7], while the diffusive terms, as well as the first order derivative partial (source term of energy equation and velocities), are discretized by using central differencing scheme of fourth-order. The stream function equation is solved by the iterative method N.L.O.R (Non Linear Over Relaxation), and its convergence is obtained with each step of time [8]. A non uniform mesh structure is employed in the two directions, horizontal and vertical X and Y, as well as FORTRAN language were elaborated like a calculation program, for a criterion of convergence equal to 10-5.¶  

4.2. Choice of the grid: 

In order to make the numerical solution independent of the step values, we preceded different simulations, by comparing the values of the average Nusselt number. We noted a weaker difference between the values of the average Nusselt number,¶ ¶determined with a grid of 81x81, 101x101, 161x161 and of 201x201 according to the following table 1:¶ 

Table 1: Comparison of the average Nusselt number for various grid dimensions

	Grid 
	Average Nusselt number 
	Relative error in %

	201x201 
	5.68913 
	-----

	161x161 
	5.68334 
	0.10 

	101x101 
	5.66761 
	0.40 

	81x81 
	5.65734 
	0.56 


¶
These comparisons allow us the choice of the grid (101x101) because it provides a good compromise between the duration of the computing time and the precision of these calculations.

4.3. ¶Validation of the computer code:¶  

	So as to check the exactitude of the numerical results obtained in this work, ¶a validation of the code was made by taking into account certain numerical studies available in literature. ¶The results of Aydin and Yang [4], obtained in the case of a square cavity containing air, with symmetric isothermal heat source at the bottom wall were reproduced and were used to test our numeric digital code. A comparison of the variation of the streamlines and isotherms along the constant flux heat source at the bottom wall and the V velocity components along the horizontal mid-plane, predicted by Aydin and Yang [4] and this study, is shown in Figure 2, where the agreement is found to be excellent.
[image: ][image: ]
                                   a)- Present study                            b)-Aydin and Yang [4]
Figure 2: Comparison of the nondimensional vertical velocity profiles at the vertical mid-plane of the cavity for  =1/5.
[image: C:\Users\USER\Desktop\Les contours d'Aydin\Tau=400000\export T.png][image: ]
                                     a)- Present study              b)-Aydin and Yang [4]
Figure 3: Comparison of the isotherms for Ri=10 and l=(1/5)L.
[image: C:\Users\USER\Desktop\Les contours d'Aydin\Tau=400000\export P.png] [image: ]
                                      a)- Present study            b)- Aydin and Yang [4]                                 
Figure 4: Comparison of the streamlines for Ri =10 and l = (1/5)L.

5. Results and discussion:

The working fluid is chosen as air with Prandtl number, Pr = 0.71 and Reynolds number, fixed at 100. The normalized length of the constant flux heat source at the bottom wall, ε, is equal to 0.8, with a step of the non-dimensional time  fixed at 10-4.
The bifurcation of the regime of the flow in mixed convection was highlighted for Richardson numbers equal to 15.6 and 15.7. 
The results are presented in the forms of the flow and temperature fields (streamlines contour and isotherms contour) and the evolution of the average Nusselt number.¶  
5.1. Temperature contours:
	These contours are represented in figure 5, for Ri = 15.6, we note that a thermal stratification exists near the heated part. The upward movement of the side walls drives the fluid layers adjacent to the walls upwards by the viscous forces; we also notice that the cold temperature prevails throughout the upper part of the cavity. In fact, the low heat flows recovered by the fluid from the hot source are directly evacuated through the lower part of the vertical walls, whereas for Ri = 15.7. We find that the distribution of the temperature in the cavity is mainly characterized by the loss of the symmetry. The heat recovered from the heated part of the cavity is transported mainly by the right wall of the cavity.



             [image: ]                               [image: ]                

Figure 6. Thermal fields for Ri = 15.6 on the left and Ri = 15.7 on the right.
 
5.2. Streamlines contour: 

	These contours are shown as iso-currents in Figure 6 for the two Richardson number values ​​considered. For Ri = 15.6, the flow consists of two symmetric main cells because the boundary conditions are symmetric. A bifurcation towards an asymmetric flow regime characterized by the sudden appearance of two main but dissymmetrical cells is demonstrated when the value of this same parameter increases by just 0.1 (Ri = 15.7). The two contrarotating cells of different shapes and intensities are observed, the first, counterclockwise, occupying two thirds of the cavity and the second clockwise on the left.

             [image: ]                                  [image: ]    

Figure 5. Dynamic fields for Ri = 41.4 on the left and Ri = 41.5 on the right.

 5.3. Average Nusselt number:






	The temporal evolution of the average Nusselt number is shown in figure 7 (a) and (b). The value of this number exhibits large fluctuations during a non-dimensional time τ comprised between 0 and 50 (Figure 7 (a)). This value decreases steadily, as shown in Figure 7 (b), to stabilize at a fixed value (= 6.13) for Ri = 15.6 and a constant value (= 6.144) for Ri = 15.7, whereas the latter shows another decrease from (= 6.141) at τ = 15752 until (= 6.12) at τ = 19100 before stabilizing (= 6.11) for Ri = 15.7.


[image: C:\Users\USER\Desktop\export 0.png]




Figure 7. Evolution of the average Nusselt number: (a) 0 ≤ τ ≥ 20 and (b) 20 ≤ τ ≥ 100.

 6. Conclusion:

	A mathematical model to simulate mixed convective heat transfer in a two-dimensional square cavity and the associated computer coding has been developed. The model is applied to analyze mixed convection in a square cavity where the cold isothermal vertical sidewalls are moving with constant upward velocity and are subjected to a cold temperature. A constant flux heat source is placed at the bottom wall. The moving sidewalls are an idealization of cold air jet blown across the cavity. The cooling airflow caused by the shearing action of the moving sidewalls interacts with the buoyancy-driven flow due to the heat source at the bottom. The other parts of this cavity are considered adiabatic. The preliminary results show the transition from a structure to two strictly symmetric cells for a value of the Richardson number equal to 15.6 to two asymmetric cells structure for a value of the same number equal to 15.7.
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