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Abstract

:

The current research presents a numerical investigation of the mixed convection inside a horizontal rectangular duct combined with an open trapezoidal cavity. The region in the bottom wall of the cavity is heated by using two discrete heat sources. The cold airflow enters the duct horizontally at a fixed velocity and a constant temperature. All the other walls of the duct and the cavity are adiabatic. Throughout this study, four various cases were investigated depending on the driven walls. The effects of the Richardson number and Reynolds number ratio are studied under various cases related to the lid-driven sidewalls. The results are presented in terms of the flow and thermal fields and the average Nusselt number. The yielded data show that the average Nusselt number rises as the Richardson number and Reynolds number ratio increases. Furthermore, the Reynolds number ratio and the movement of the cavity sidewall(s) have a significant effect on the velocity and temperature contours. By the end of the study, it is shown that the maximum rates of heat transfer are related to Case 1 where the left sidewall moves downward and heater 2, which is placed near the left sidewall.
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1. Introduction


Mixed convection, also known as the combined free and forced convection, has gained a considerable interest due to its important role in engineering and industrial applications. The most well-known applications based on mixed convection are heat transfer in solar collectors, building design, glass production, furnaces, nuclear reactors, electronics cooling, and food processing [1,2,3]. Many authors defined mixed convection as a combined effect of two parameters: the first one is the buoyancy, and the second one is the shear forces. The difference of temperature between the cold and hot fluid generates the buoyancy force considered as the main motivation of the natural convection [4,5,6]. The shear force can be generated due to the fluid motion or the lid-driven walls of the cavity. Further details about the mixed convection in cavities can be found in the review publications of Esfe et al. [7] and Izadi et al. [8].



Avoiding the excess heat of many components such as electronic chips, photovoltaic sheets, printed circuit boards, and solar cavities is one of the most important things to assure. In this case, researchers recommend benefiting from the mixed convection advantages. In fact, to assure this, each component is supposed as a rectangular duct flow in an opened cavity. Manca et al. [9] studied a U-shaped cavity opened to a horizontal channel. They focused their results on the effect of the heated wall location on the mixed convection. The air entered the channel from its left opening at a uniform temperature and velocity, and the other walls were adiabatic. It was found that the average Nusselt number reached its maximum value when the heat flux was imposed at the right sidewall of the cavity. Brown and Lai [10] investigated the mixed convection associated with the double diffusion effect in an open cavity. The top wall was maintained at a constant cold temperature and low concentration. The bottom wall of the cavity was heated and kept at a high concentration, and the other sides were adiabatic. At the inlet of the channel, cold air entered horizontally at low concentration and uniform velocity. For the same geometry, the authors proposed a variety of correlations for all convection types. Leong et al. [11] numerically studied the mixed convection in a channel combined with an open cavity. The boundary conditions used during this study are maintained as follows: a hot temperature is applied to the bottom wall; however, the other walls were kept thermally insulated. The cold air is introduced horizontally at constant velocity. The effects of the aspect ratio, Grashof, and Reynolds numbers were studied. Results showed that the Reynolds and Grashof numbers had a significant effect on the flow field inside the channel-cavity assembly. Numerical research was carried out by Stiriba [12], in which he studied the mixed convection in a cubical channel posed horizontally and including an open enclosure at its base. The boundary conditions used for the cavity were as follows: the left side was uniformly heated, the right side was maintained at cold temperature, and the other walls were adiabatic. The cold air was imposed as inlet condition at the left side at a uniform velocity. It was concluded that for high Richardson values, the effect of the mixed convection became dominant. Recently, Stiriba et al. [13] carried on the same last configuration with the difference that the right and the left sidewall of the cavity were maintained, respectively, at a constant hot and cold temperature. Grashof and Reynolds number effects on the thermal fields and flow structure were investigated. They found that for a moderate Grashof number, the three-dimensional flow stability was improved. Wong and Saeid [14] studied numerically the mixed convection with a jet impingement cooling in a horizontal channel, filled with a porous medium and an open cavity. During this study, the ranges of the dimensionless numbers were as follows: Peclet number (1 ≤ Pe ≤ 1000), Rayleigh number (50 ≤ Ra ≤ 150), and depth (0 ≤ H ≤ 0.4). They found that by increasing the Rayleigh number and decreasing the dimensionless cavity depth, an increase in the average Nusselt number is measured. Mixed convection associated with the magnetic field for an open rectangular cavity located below was studied by Rahman et al. [15]. During this study, the bottom side of the cavity was heated, although the other sides were insulated. The effects of the Reynolds, Rayleigh, and Hartmann number on the flow and temperature fields were investigated. The sidewalls of the cavity were maintained at a uniform magnetic field. It was observed that the heat transfer is increased by the decrease in the Hartmann number and the increase in both the Rayleigh and Reynolds numbers. Based on the finite element method FEM, Rahman et al. [16] carried out a numerical study of the MHD mixed convection in a channel-cavity assembly by using the same geometric configuration of Rahman et al. [15]. Remarkably, the cavity was heated from three different walls. The important result to mention here is that the heater position had a significant effect when the Rayleigh number reached high values. Rahman et al. [17] carried on with the same configuration presented above (Rahman et al. [16]) but with a major difference that the cavity was heated either partially or fully from its left sidewall by an isothermal heater. By the end of their study, they deduced that the maximum heat transfer was achieved for partially heated cases associated with high values of the Rayleigh number. The mixed convection in a horizontal channel with an open rectangular enclosure was studied by Rahman et al. [18]. Different types of fluids were tested. For each case, the selected fluid was entered at uniform velocity and ambient temperature. A hot hollow cylinder was included in the center of the cavity. The effects of the solid to fluid thermal conductivities ratio, Prandtl and Rayleigh numbers on the flow and temperature fields were studied. It was found that by increasing the Rayleigh number and thermal conductivities ratio, the average Nusselt number increased. However, it was still constant with the increase in the Prandtl number. The unsteady combined convection in a three-dimensional air-filled channel attached to an open cavity was numerically carried by Stiriba et al. [19]. At the inlet boundary condition of the channel, cold air at uniform velocity was applied. Results presented in this study were the effects of the dimensionless numbers Richardson and Reynolds on the flow and thermal pattern, respectively. The authors deduced that the heat diffusion was predominant, and the flow was steady for low Richardson and Reynolds numbers. Abdelmassih et al. [20] used the same configuration and conditions to carry out their numerical study. They concluded that an intensification of the heat transfer was mentioned by the increase in Ri. The MHD mixed convection in an open enclosure connected to a channel deposed horizontally was carried out by Azad et al. [21]. The base of the cavity was maintained at uniform heat flux, and the remaining walls were insulated. The effects of the Hartmann and Rayleigh numbers together with the cavity aspect ratio were investigated. The authors found that the heat transfer inside the channel-cavity assembly decreased when the Hartmann number increased. It was mentioned that an opposite behavior was found by the increase in the cavity aspect ratio. Burgos et al. [22] investigated the mixed convection in an open square enclosure. The top side of the cavity was opened to a channel, and its base was kept at a constant hot temperature. From the left side of the channel, a cold flow was applied at a uniform velocity. All the channel walls were kept adiabatic except the upper one. Results showed that values of the Richardson number were equal to or more than unity when the average values of the Nusselt number increased. A numerical study of the generation of entropy was presented by Zamzari et al. [23]. The case study was done for mixed convection in an open cavity connected to a horizontal channel. The velocity profile of the air at the inlet zone was parabolic. The inlet zone was at cold temperature, and the bottom wall was heated uniformly. It was found that the heat transfer decreased by the increase in the cavity aspect ratio. A numerical study on the mixed convection over a cavity connected to a horizontal channel was carried out by Sabbar et al. [24]. A discrete heat source was located at the downside, and the other walls were adiabatic. A uniform cold temperature condition was applied to the right sidewall. During the study, one or both sidewalls of the cavity were considered elastic. Based on these conditions, the authors deduced that the Nusselt number increased by keeping one of the sidewalls of the cavity as an elastic wall. Sivasankaran et al. [25] performed a numerical study of the mixed convection in a rectangular enclosure attached to a channel. Two different kinds of heating (i.e., linear and sinusoidal heating) were imposed. In addition, an adiabatic vertical baffle is included inside the channel. The effects of the baffle length and the Richardson number on the streamlines, isotherms, and local Nusselt number were investigated. It was found that sinusoidal heating provided more heat transfer rate than linear heating. Additionally, it was shown that by increasing the baffle length, the averaged energy transport inside the channel-cavity assembly is increased.



Yasin et al. [26] studied numerically and experimentally the mixed convection of air in an open square cavity attached to a square duct. The cavity was heated from its three sides. The upper sidewall of the duct included a vertical unheated baffle. The effects of the baffle height, buoyancy parameter, Reynolds, Grashof, and Richardson numbers on the flow structure and heat transfer were investigated. It was observed that the maximum Nusselt number has occurred at the highest length of the baffle. The mixed convection in an open cubical cavity located at the mid-section of a vertical square channel was investigated experimentally by Contreras et al. [27]. For the inlet zone of the channel (the top opening side), the authors used cooled water at uniform velocity. The wall facing the opening side was considered isothermal. The effects of the cavity aspect ratio, Reynolds, Prandtl, and Richardson numbers on the flow field were investigated. Mainly, results showed that the increase in Reynolds number led to a decrease in the critical Richardson number above which the flow was no longer encapsulated. An experimental analysis of the 3D transient mixed convection in an inclined square channel was performed by Cardenas et al. [28]. Results were presented for Richardson number (32.17 ≤ Ri ≤ 300.77), Reynolds number (500 ≤ Re ≤ 1500), and the inclination angle of the channel (0° ≤ γ ≤ 90°). The authors suggested empirical correlation for Nuav in terms of the Reynolds and modified Grashof numbers. Recently, Laouira et al. [29] numerically investigated the mixed convection in a channel connected to a trapezoidal cavity situated in the downside of it. At the base side of the enclosure, a discrete heat source was used. The other walls of it were assumed adiabatic. They found that the increase in the heat source length enhanced both the average and local Nusselt numbers. Further works about the mixed convection in a channel attached with an open cavity can be found in [30,31,32,33,34,35,36,37,38,39,40,41,42,43].



Based on the previous literature review, no available work up to date investigates the mixed convection in a duct-trapezoidal cavity with moving sidewalls. During this study, the top wall of the cavity was opened to a duct, while its bottom wall was subjected to two discrete heat sources. This original research is the first that investigates this problem and gives more details of the phenomena. The effects of the movement of one or both cavity sidewalls, Reynolds number ratio, and Richardson number were investigated.




2. Geometry Description and the Governing Equations


The two-dimensional steady laminar, incompressible, and Newtonian airflow in a horizontal rectangular duct of diameter (D) combined with an open trapezoidal cavity of height (H) and length (L) is illustrated in Figure 1. The free length of the duct beyond the cavity is equal to 4H. The horizontal top wall of the enclosure was taking account open to the duct. The cold air enters horizontally to the duct from its left-hand side at uniform velocity (uin) and temperature (Tc). A zone of the enclosure downside wall was at a constant hot temperature (Th) by using two discrete heat sources characterized by a fixed length (LH), and the other parts of it were assumed thermally insulated. Two heaters were placed, one near the right sidewall of the cavity and named (heater 1), and the second was located near the left sidewall and named (heater 2). All the other walls of the duct and the enclosure were kept adiabatic. During this study, the moved sidewalls of the cavity were kept at a constant velocity (Ulid). As a consequence of this movement, the following cases were considered:




	
Case 0: all the cavity sidewalls are assumed motionless.



	
Case 1: the left sidewall moves downward.



	
Case 2: the left sidewall moves downward and the right one moves upward.



	
Case 3: the right sidewall moves upward.








It is noticed that the thermo-physical characterizes of the air were kept fixed. Furthermore, the approximation of Boussinesq was adopted to solve the dependency of the density temperature.



The dimensional governing equations in Cartesian coordinates are presented hereinafter [29]:



The continuity equation:


    ∂ U   ∂ X   +   ∂ V   ∂ Y   = 0  



(1)







The momentum equations in both X and Y directions are written as:



In the X-direction:


  U   ∂ U   ∂ X   + V   ∂ U   ∂ Y   = −   ∂ P   ∂ X   +  1  R  e  i n          ∂ 2  U   ∂  X 2    +    ∂ 2  U   ∂  Y 2       



(2)







In the Y-direction:


  U   ∂ V   ∂ X   + V   ∂ V   ∂ Y   = −   ∂ P   ∂ Y   +  1  R  e  i n          ∂ 2  V   ∂  X 2    +    ∂ 2  V   ∂  Y 2      + R i θ  



(3)







The energy equation is given by:


  U   ∂ θ   ∂ X   + V   ∂ θ   ∂ Y   = (  1  P r .   R e   i n      ) (    ∂ 2  θ   ∂  X 2    +    ∂ 2  θ   ∂  Y 2    )    



(4)




where


   X , Y =   x , y   H     ,   U , V =   u , v    u  i n       ,   θ =   T −  T c     T h  −  T c      , P =  p  ρ  u  i n  2    ,    R  e  i n   =   ρ    u  i n   H  μ    ,   P r =  ν α    ε =    L H    H       and   R i =   G r     R e   i n  2    =   g H β (  T h  −  T c  )    u  i n  2      



(5)







It must be mentioned that the natural convection effect is due to the buoyancy force generated by the hot and cold temperatures. However, the forced convection is due to two effects. The first one comes from the airflow inside the duct, and the second one is due to the movement of the cavity sidewall(s).



The Nuavg was calculated after integrating the Nuloc at each heater and is expressed as:


   N  u  a v    ) 1  =  1   L   h 1        ∫ 0   L   h 1         ( N u )  x  d X   ,      N  u  a v    ) 2  =  1   L   h 2         ∫ 0   L   h 2         ( N u )  x  d X      



(6)




where     ( N u )  x    is the Nuloc and it is given by:


     ( N u )  x  =    h x   L h   k          where        h x  =  Q   T h  ( x ) −  T  i n       



(7)







Moreover, the Reynolds number ratio can be defined as:


   R  e r  =   R  e  L i d     R  e  i n     =    u  L i d      u  i n             where       R  e  L i d   =   ρ    u  L i d   H  μ    



(8)




where (    R e   L i d    ) is the Reynolds number based on the lid-driven velocity.



The boundary conditions are given by:


Duct Entrance: x = 0, H ≤ y ≤ H + D, θ = 0, uin = 1



(9)






  Duct Exit : x = 5 H , H ≤ y ≤ H + D ,   ∂ θ   ∂ X   =   ∂ U   ∂ X   =   ∂ V   ∂ Y   = 0 , P = 0  



(10)






  On each discrete heat source : θ = 1 , otherwise   ∂ θ   ∂ n   = 0  



(11)






No-slip boundary condition is applied to the fixed walls: U = V = 0.



(12)








3. Validation and Grid Independency Analysis


During the current research, ANSYS software was used to compute the numerical results. The first challenge is to convert the partial differential equations (i.e., Equations (1)–(4)) with their related boundary conditions into linear algebraic equations to solve them easily. The physical domain of the problem is discretized into several elements linked by nodes and represented by algebraic linear equations. The residuals of each conservation equation are computed by substituting the approximations into the Navier stokes equations.



To select the suitable grid size, which is required to reduce the time of the computation, the first step is to check the grid independency. This test was performed by using six different elements numbers for each heat source depending on the different average Nusselt numbers. Six grid sizes were tested at Ri = 0.1, Pr = 0.7, and Re = 100 (see Table 1). It was found that the values of the Nuavg for G3 (50,554 elements) and G4 (42,468 elements) grids are almost identical with a very small error (<0.2%). Therefore, a grid size of G3 (50,554 elements) was selected in the numerical solution due to its time-economy merit and small deviations in the average Nusselt number. In order to check the current work results, the Manca et al. [9] case is resolved by the present model as presented in Figure 2, and a good concordance between the two results is observed.




4. Results and Discussion


Results of numerical simulation are presented hereinafter by plotting the isotherms, streamlines, and the Nuavg for different parameters. These parameters are Ri number (0.1 ≤ Ri ≤ 100), Re (1 ≤ Rer ≤ 5), and various directions of the lid-driven sidewall(s) of the cavity. It is noticed here that the constant parameters are dimensionless heat source length ε (ε = 0.2), Pr = 0.71, and Re = 100.




5. Effects of Various Cases of the Lid-Driven Sidewalls


The velocity contours and isotherms distribution for different cases of the sidewall’s movement at Ri = 1 and Rer = 5 are presented in Figure 3 when the cavity sidewalls are assumed motionless (i.e., case 0). Therefore, both the flow and heat transfer in the duct-enclosure assembly were influenced by two impacts. The first effect comes back to the forced convection coming from the airflow inside the duct, while the second one is due to the natural convection rising from the two heaters’ sides. The results indicated that the airflow could not enter the cavity easily by cause of the high effect of the shear force inside the duct. For this reason, the mixing between the flow fields inside the duct and the cavity is not good enough in this case, and they seem to be separated from each other. The same thing can be seen for the thermal field. The isotherm contours refer that they are similar to each other in both the duct and the cavity, and no effective heat transfer occurs between them in this case. For Case 1, the left sidewall of the cavity moves downward. Therefore, forced convection, in this case, comes from two different impacts. The first effect is to come back to shear force initiated by the movement of the left sidewall of the enclosure, while the second one is due to the airflow in the duct. The impact of the natural convection remains the same as mentioned in Case 0. Therefore, the velocity contours move towards the left sidewall of the enclosure. Since the impact of the forced convection provoked adjacent to this wall becomes more significant than that observed in Case 0. This leads to producing a counterclockwise circulation inside the cavity, as shown in Figure 3. Moreover, it can be observed that the velocity contours inside the enclosure switch their behavior from a primary single vortex, which was noticed at Case 0, to multi-vortices at Case 1. With respect to the thermal field, we found that there is an isothermal region near the left sidewall of the cavity. This behavior comes back to the movement of this wall which helps the inlet cold air to enter the cavity. This accompanies pushing the temperature gradient to the right sidewall of the cavity until it reaches the exit length of the duct. For Case 2, the left sidewall moves downward, and the right one moves upward. This movement of the two sidewalls of the cavity helps the hot air adjacent to the two discrete heat sources to move upward and mix efficiently with the cold air inside the duct. This behavior can be reflected in the major rotating vortices in the core of the duct-cavity assembly. From another side, it can be observed from the isotherm contours that there is a good heat transfer mixing between the air in the duct-cavity assembly. This can also be insured from a plume-like behavior of isotherms. In this case, it can be concluded that the extra effect of the shear force comes from the lid-driven right wall of the enclosure; besides, the lid-driven left one has a clear impact on the flow and thermal fields inside the duct-cavity assembly. Furthermore, the temperature gradients try to extend at the entrance of the exit length of the duct. Therefore, more energy will be transferred from the cavity to the exit length of the duct, making the air in it become hotter (Case 2) compared with other considered cases. In Case 3, the right sidewall moves upward. Therefore, the velocity contours move towards the right sidewall of the cavity. In this case, the pattern of the velocity contours is similar to that noticed for Case 1. The major difference between them is that the vortices move towards the lid-driven wall in each case. From isotherm contours, we observed that the entering cold air into the duct was drawn into the cavity and accumulated near the lid-driven right sidewall of it. Therefore, it can be deduced from the results discussed above that the movement of the cavity sidewall(s) has a significant impact on the flow structure and temperature field inside it.




6. Effects of the Richardson Number


Figure 4 displays the velocity contours and isotherms distribution for different Richardson numbers at Rer = 3 and Case 1. As mentioned previously, in Case 1, the left sidewall moves downward only. It is important to refer that the results in this figure are drawn when the Reynolds number ratio equals three (i.e., Rer = 3). This means that the lid-driven left sidewall of the cavity moves by three times more than the inlet air velocity (uLid = 3 uin). It was found that the velocity contours begin to move towards the lid-driven left sidewall of the cavity when Ri = 0.1. This comes back to the dominance of the shear force for a small level of the Ri and Re numbers is high. Therefore, the shear force becomes greater than the buoyancy force. This comes back to the increase in the airflow velocity inside the duct. This leads to making the forced convection greater than the natural one inside the cavity. With respect to the thermal field, it was found that the temperature gradient is governed by the forced convection only at Ri = 0.1. Therefore, the effect of convection currents that comes from the temperature gradients between the cold air inside the duct and the hot air adjacent to the discrete heat sources is slight. When Ri = 1, the free convection impact becomes equivalent to the forced convection impact, or in another meaning, both the effects of the shear and buoyancy forces become comparable. Moreover, the velocity contours become closer to each other. This indicates that the mixed convection effect is dominant at Ri = 1. Now, for Ri ≥ 10, or when the Re is low, the natural convection becomes greater than the forced convection. This comes back to the severe impact of the buoyancy force when the Ri is high. This leads to a decrease in the airflow velocity inside the duct and causes, as a result, a clear weakness in the shear force effect. In other words, both the flow and thermal field inside the enclosure were governed only by the temperature difference between the cold air entering the duct and the hot air adjacent to the two discrete heat sources embedded in the bottom wall. Therefore, the effect of the lid-driven sidewall becomes negligible. For this reason, it can be seen a high similarity between the flow and thermal fields at Ri = 10 and Ri = 100, respectively.




7. Effects of the Reynolds Number Ratio


Figure 5 shows the velocity contours and temperature distribution for different Reynolds number ratios at Ri = 10 and Case 3. As mentioned earlier, in Case 3, the right sidewall moves upward only. When the Reynolds number ratio is unity (Rer = 1), the right sidewall of the cavity moves with a velocity equal to the inlet air velocity (i.e., uLid = uin). Therefore, the effect of the lid-driven wall on the velocity and temperature contours is very weak. For this reason, both the flow and thermal fields pattern seem similar to that noticed and discussed previously in Figure 3 (i.e., Case 0). Now, when the Reynolds number ratio increases (i.e., Rer = 3 and 5), or in other words, when the velocity of the lid-driven wall becomes more than the inlet air velocity, a clear difference in both the flow and thermal pattern can be observed. The flow pattern becomes multi-cellular, and the size of the flow vortices begins to increase as the Reynolds number ratio increases. Additionally, an intense accumulation of streamlines near the lid-driven sidewall can be observed. This change in the flow pattern can be returned to the increase in the speed of the lid-driven wall. With respect to the thermal field, it was found that as the Reynolds number ratio increases, the cold air in the duct begins to enter more rapidly inside the cavity and passes over the discrete heat sources carrying more energy before it leaves. This, of course, improves the heat transfer mechanism inside the duct-cavity assembly.




8. Average Nusselt Number Results


Figure 6 and Figure 7 indicate, respectively, the average Nusselt number variation with the Richardson number for the two heaters’ positions and for different cases of the moving wall and Rer = 1 and 3. For all considered cases, the Nuavg increase by the increase in the Ri number. As a result, the Nuavg reaches its peak value at (Ri = 100), and this result is similar to all the considered cases. This is due to the high increase in the contribution of the natural convection in thermal performance, which leads to an increase in the temperature gradient and, as a result, increases the Nuavg. Furthermore, the maximum value of Nuavg arises for heater 1—Case 2 and the minimum value for heater 1—Case 1. For heater 2, the maximum value of the Nuavg occurs at Case 1, while the minimum value of it occurs at Case 0. Therefore, Nuavg was enhanced by the movement of cavity sidewall(s) compared with stationary walls. This is due to the shear friction between the air and the lid-driven sidewalls, which improves the heat transfer inside the duct-enclosure assembly. It is useful to mention also that the Nuavg enhances as the Re number ratio enhances. Therefore, its value at Rer = 3 is greater than its value at Rer = 1 since the rise in Re number ratio causes to enhance the Re number based on the lid velocity and enhances the Nuavg. The same behavior discussed previously can be observed in Figure 8 or when the lid-driven wall(s) of the cavity moves by five times more than the inlet air velocity (uLid = 5 uin or Rer = 5). The only remarkable difference is that the minimum value of the Nuavg for heater 1 occurs at Case 0, and it is very close to the corresponding results at Case 1. Moreover, it can be deduced from the results above that using heater 2 is better than using heater 1 due to the high values of the Nuavg. This result is approved for all considered cases and (Re)ratio.




9. Conclusions


During this study, four cases for lid driven were simulated, and some important conclusions were deduced:




	-

	
For Case 0, the mixing between the flow and thermal fields inside the duct and the enclosure is not good enough, and they seem to be separated from each other.




	-

	
For Cases 1 and 3, the flow field pattern becomes multi-cellular, and an isothermal region near the lid-driven sidewall of the cavity is noticed.




	-

	
For Case 2, the combination between the flow and thermal fields inside the duct and the cavity is efficient due to the movement of both sidewalls of the cavity.









The effect of the dimensionless numbers was significant, in fact:




	-

	
The Reynolds number ratio and the movement of the cavity sidewall(s) generated a significant impact on the velocity and temperature contours inside the cavity itself.




	-

	
The effect of the lid-driven sidewall(s) of the cavity and the forced convection became dominant for low values of Richardson number. Additionally, the free convection impact was critical for high Richardson values.




	-

	
The Nuavg increases as the Richardson number and Re number ratio increase.




	-

	
The Nuavg was enhanced for moving cavity sidewall(s) compared with stationary walls.




	-

	
The maximum values of the Nuavg can be found for Case 1 and heater 2.




	-

	
Heater 1 is preferable and recommended when both sidewalls of the cavity are considered to be moving, while heater 2 is better when one sidewall is moved.
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Nomenclature




	
D

	
Height or diameter of the duct (m)




	
g

	
Gravitational acceleration (m/s2)




	
Gr

	
Grashof number




	
h

	
Convection heat transfer coefficient (W/m2·C)




	
H

	
Height and width of the cavity (m)




	
L

	
Exit length (m)




	
LH

	
Length of the localized heat source (m)




	
n

	
Normal vector




	
Nu

	
Nusselt number




	
P

	
Dimensionless pressure




	
p

	
Pressure (N/m2)




	
Pr

	
Prandtl number




	
Q

	
Heat flux (W/m2)




	
Re

	
Reynolds number




	
Rer

	
Reynolds number ratio




	
Ri

	
Richardson number




	
T

	
Temperature (°C)




	
U

	
Dimensionless velocity component in X-direction




	
u

	
Velocity component in x-direction (m/s)




	
V

	
Dimensionless velocity component in Y-direction




	
v

	
Velocity component in y-direction (m/s)




	
X

	
Dimensionless coordinate in the horizontal direction




	
x

	
Cartesian coordinate in the horizontal direction (m)




	
Y

	
Dimensionless coordinate in the vertical direction




	
y

	
Cartesian coordinate in the vertical direction (m)




	
Greek symbols




	
θ

	
Dimensionless temperature




	
  β  

	
Thermal expansion coefficient (1/K)




	
ε

	
Dimensionless length of the localized heat source




	
  α  

	
Thermal diffusivity (m2/s)




	
  μ  

	
Dynamic viscosity (kg/m∙s)




	
  ν  

	
Kinematic viscosity (m2/s)




	
  ρ  

	
Density (kg/m3)




	
Subscripts




	
avg

	
Average




	
c

	
Cold




	
h

	
Hot




	
in

	
Inlet




	
Lid 

	
Lid-driven
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Figure 1. The physical problem with boundary conditions. 
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Figure 2. Comparison of temperature field and flow structure with the work of Manca et al. [9]. 
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Figure 3. Dimensionless velocity contours and isotherms for various cases of the sidewalls movement at Ri = 1 and Rer = 5. 
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Figure 4. Dimensionless velocity contours and isotherms distribution for different Richardson numbers at Rer = 3 and Case 1. 
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Figure 5. Dimensionless velocity contours and isotherms distribution for various Reynolds number ratios at Ri = 10 and Case 3. 
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Figure 6. Nuavg via the Ri at two heaters for different cases of the moving wall and Rer = 1. 
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Figure 7. Variation of Nuavg versus Ri at the two heaters for various cases of the moving wall and Rer = 3. 
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Figure 8. Nuavg via the Ri at two heaters for various cases of the moving wall and Rer = 5. 
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Table 1. Nuavg via various grids at Ri = 0.1, Re = 100, and Pr = 0.7.
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Nuav




	
Grid

	
Heater 1

	
Heater 2






	
G1 (75125)

	
0.12583998

	
0.06460179




	
G2 (60996)

	
0.11428922

	
0.0563892




	
G3 (50554)

	
0.12641978

	
0.06621620




	
G4 (42468)

	
0.12497943

	
0.06409777




	
G5 (36276)

	
0.12144383

	
0.060833




	
G6 (31296)

	
0.11671896

	
0.05772451
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