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Abstract

:

A novel porous object for the control of the convective heat transfer of confined slot nanojet impingement is offered under magnetic field effects, while optimization-assisted computational fluid dynamics is used to find the best working conditions to achieve the best performance of the system. The flow, thermal patterns, and heat transfer characteristics were influenced by the variation in rotational Reynolds number (Rew), Hartmann number (Ha), permeability of the porous object (Da) and its location (Mx). There was a 14.5% difference in the average Nusselt number (Nu) at the highest Rew when motionless object configuration at Ha = 5 was compared, while it was less than 2% at Ha = 25. At Rew = −600, the average Nu variation was 22% when cases with the lowest and highest magnetic field strength were compared. The porous object provides an excellent tool for convective heat transfer control, while the best performance was achieved by using optimization-assisted computational fluid dynamics. The optimal sets of (Rew, Da, Mx, AR) for porous object were (−315.97, 0.0188, −1.456, 0.235), (−181.167, 0.0167, −1.441, 0.2), and (−483.13, 0.0210, −0.348, 0.2) at Ha = 5, 10, and 25, respectively. At the optimal operating point, the local Nu enhancements were 19.46%, 44.86%, and −0.54% at Ha = 5, 10, and 15, respectively, when the no-object case was compared, while the average values were 7.87%, 8.09% and 5.04%.
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1. Introduction


Heat-transfer (HT) applications with impinging jets can be encountered in various applications, such as in solar energy, drying, chemical processes, microelectromechanical systems (MEMS), glass tempering, and the food and agricultural industry. The interaction among the established recirculation zone (RZ), pressure gradients, and thermal field within a complex geometry complicates the process to treat the problem analytically. Many different geometric factors and operating parameters play a role in the performance of convective HT with impinging jets. Jambunathan et al. [1] reviewed experimental data for impinging jets in turbulent regime for the range of Reynolds numbers between 5000 and 124,000, while a single circular jet was considered at different nozzle plate distances. The available correlation for the Nusselt number was improved. Krishan et al. [2] presented a review for the applications of synthetic jet which was considered as a novel thermal management method. Different parametric effects such as the optimal distance between the jet and target surface, jet number, and frequency of excitation on the performance enhancements were explored along with future challenges and gaps. The effectiveness of impinging jets can be improved by using different passive and active HT enhancement techniques. Flow pulsations are a control method by adjusting the frequency and amplitude of pulsating flow [3,4,5]. The curvature [6,7] and elasticity [8] effects of the surfaces were also addressed for jet impingement HT configurations, and they were influential on convective cooling performance. The porosity of the medium is also taken into consideration for jet impingement HT applications [9,10,11].



The installation of stationary, moving, and rotating objects of different shapes was considered in the thermal management of diverse energy systems. The impacts of using rotations on fluid-flow convective HT characteristics were considered in many thermofluid systems [12,13]. In the work of Yacob et al. [14], steady 3D rotating flow past a stretching or shrinking surface was analyzed with water and nanofluid, and the increment of the rotating flow parameter resulted in a reduction in HT. When rotating cylinders are used in convective HT applications, the size, rotational speed, and location of the cylinders are the main parameters that influence the fluid flow and HT performance features [15,16,17]. The effectiveness of jet impingement HT can be increased by using those techniques. Wang et al. [18] performed experimental work for controlling the HT for jet impingement in cross-flow by using a rib. They used the LCT technique, and significant variations and enhancements in the HT were achieved with the presence of the rib in the system. Iwana et al. [19] proposed a novel device for flow control in jet impingement HT. The device included triangular tabs. When the system was operated with a combined device, up to a 35% increase in peak local Nusselt number was achieved. Selimefendigil and Öztop [20] analyzed the slot jet impingement (SJ-I) HT while using a rotating cylinder. At the highest rotational speed, the average Nu variations of 20.16% were achieved for the SJ-I system. Nagesha et al. [21] performed experimental analysis for jet impingement HT by using roughness elements. Different elements such as multiprotrusions and V grooves wee used; by using well-separated protrusions, higher heat transfer was achieved than that in the case with V grooves that were closely spaced.



In HT, magnetic field (MaF) effects are used for flow and HT control. Magnetohydrodynamics (MHD), which considers the interaction between the MaF and electrically conducting fluid, has been used in diverse technological applications such as in processes of continuous casting, cooling in the nuclear industry, lubrication, microfluidic devices, and drug delivery in medical and many other systems. The effectiveness and potential applications of MaF can be further increased by utilizing nanoparticles in HT fluid. Many aspects of MaF, including utilization with nanofluids, were considered in diverse thermal engineering systems [22,23,24]. MaF effects with rotations were also considered in several works [25,26]. Oke [27] studied modified Eyring–Powell fluid flow over a rotating and stretching surface considering the combined impacts of thermal radiation and magnetic field. The Coriolis force reduced the primary velocity, but the temperature profile was enhanced. The velocity was reduced with a magnetic field, while the temperature profile was increased. In the work of Selimefendigil and Öztop [28], flow separation and hydrothermal performance features in a channel with area expansion were affected by the rotation, arrangement, and locations of the cylinders in the channel. HT performance was enhanced with higher MaF strengths. M’hamed et al. [29] presented a review on applications of MaF on nanofluids with many industrial examples. As the major challenges in commercialization, stability and cost issues were mentioned. In another review, various HT applications of nanofluids with the presence of MaF effects were analyzed Sheikholeslami and Rokni [30]. Different numerical and experimental results were provided considering single- and two-phase approaches of nanofluids with MaF. Many studies showed the effectiveness of using nanofluids in jet impinging systems [31,32,33]. Depending upon the nanoparticle loading amount, particle type, and jet flow system configuration, different enhancements were reported. Mohammadpour and Lee [34] presented an extensive review of the nanofluid applications of jet impingement HT. Non-Newtonian aspects of fluid, and single- and two-phase models of nanofluid were considered. A single-phase non-Newtonian model gave higher HT coefficients, while more pumping power was needed as compared to Newtonian fluid. HT efficiency may have also been affected by nanoparticle deposition. In a recent review, Tyagi et al. [35] studied the applications of spray or jet impingement cooling with nanofluids. The essential features of cooling performance for the jet or spray cooling along with the nanofluid properties were discussed. The applications of MaF were considered in a few studies for impinging jet HT [36] and with nanofluids [37,38].



In the present study, a novel porous object (NPO) is used for the convective HT control and thermal management of the slot jet impingement (SJ-I) cooling systems of nanofluids under MaF effects. The object was an annular porous cylinder of which the inner surface was rotating. In the literature, the application of MaF for SJ-I cooling has been considered in many studies, as mentioned above. However, the utilization of such a novel device under MaF effects has never been considered. Cooling performance improvement is achieved by using the NPO and varying its operating parameters. Different aspect ratios and permeabilities can be assigned to the NPO, while its location can also be varied within a SJ-I cooling system. Computational fluid dynamics (CFD) simulations are performed to find the impacts of different operating and geometric parameters of interest. However, a parametric variation of the NPO geometric factors may not give the best working conditions of the device for different operating points (MaF strength). Therefore, an optimization algorithm is used to assist the CFD simulations to achieve the optimal parameters of interest and achieve the highest cooling rate. The outcomes of the present work are helpful in the design and development of cooling systems with impinging jets that can be utilized in the thermal management of diverse energy system technologies.




2. Mathematical Model


The impacts of using a novel porous object and MaF on confined slot jet impingement (SJ-I) cooling performance are explored. A schematic view of the configuration is shown in Figure 1. The novel object was a porous circular cylinder, and its inner part rotated at speed  Ω . Its center was located at position (xr, yr); the radii of the inner and outer parts are denoted as R1 and R2. The aspect ratio was defined as AR = R2/R1. The confined SJ-I system had a slot with WD, and its distance to the hot isothermal surface was H. The length of the plate was L; cold fluid with velocity ug and temperature Tg impinged onto the hot plate with temperature Th. An external MaF was imposed with strength   B →   and inclination  γ . As the HT fluid, a hybrid nanofluid with water containing Ag–MgO hybrid nanoparticles was used. The nanofluid viscosity and thermal conductivity were obtained from the experimental data, and correlations by using these data were considered in the numerical model. A singe-phase nanofluid modeling approach was considered for the solid volume fraction of 0.02. When external MaF effects are taken into account, effects such as Joule heating, displacement currents, and induced MaF are ignored, while natural convection, radiation, and viscous dissipation effects were not considered. In the domain of the NPO, the generalized Darcy–Brinkmann Forchheimer extended porous model was considered.



The conservation equations in the SJ-I domain except for the porous region are given below [39]:


    ∂ u   ∂ x   +   ∂ v   ∂ y   = 0 ,  



(1)






  u   ∂ u   ∂ x   + v   ∂ u   ∂ y   = −  1  ρ  n f      ∂ p   ∂ x   +  ν  n f       ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2     +    σ  n f    B 2    ρ  n f     v cos γ sin γ − u  sin 2  γ  ,  



(2)






  u   ∂ v   ∂ x   + v   ∂ v   ∂ y   = −  1  ρ  n f      ∂ p   ∂ y   +  ν  n f       ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2     +    σ  n f    B 2    ρ  n f     u cos γ sin γ − v  cos 2  γ  ,  



(3)






  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   =  α  n f       ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2     ,  



(4)




where B and  γ  are the strength and inclination angle of the MaF, respectively.



In the NPO domain, they are given as follows [39,40]:


    ∂ u   ∂ x   +   ∂ v   ∂ y   = 0 ,  



(5)






         1  ε 2    u   ∂ u   ∂ x   + v   ∂ u   ∂ y    = −  1  ρ  n f      ∂ p   ∂ x   +   ν  n f   ε    ∇ 2  u           −  ν  n f    u K  −   F c   K   u    u 2  +  v 2    +    σ  n f    B 2    ρ  n f     v sin  ( γ )  cos  ( γ )  − u  sin 2  γ  ,     



(6)






         1  ε 2    u   ∂ v   ∂ x   + v   ∂ v   ∂ y    = −  1  ρ  n f      ∂ p   ∂ y   +   ν  n f   ε    ∇ 2  v           −  ν  n f    v K  −   F c   K   v    u 2  +  v 2    +    σ  n f    B 2    ρ  n f     u sin  ( γ )  cos  ( γ )  − v  cos 2  γ  ,     



(7)






  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   = α  ∇ 2  T .  



(8)







In the above equations, the generalized Darcy–Brinkmann Forchheimer extended porous model was used. The last terms on the right-hand side of the momentum equations include the Lorentz forces due to the external MaF; under the simplified assumptions of magnetic field effects, the above-given simplified forms are obtained [39,40].



In dimensional form, the boundary conditions can be stated as in the following:




	
Jet inlet,



  u = 0 ,  v =  u g  ,  T =  T g   .



	
SJ-I exit:



    ∂ u   ∂ x   = 0 ,     ∂ v   ∂ x   = 0 ,     ∂ T   ∂ x   = 0 .  



	
Adiabatic top plate:



  u = v = 0 ,    ∂ T   ∂ y   = 0 .  



	
At the interface between nanofluid and porous domain:



   u f  =  u p  ,   v f  =  v p  ,   k f      ∂ T   ∂ x    f  =  k p      ∂ T   ∂ x    p  .  



	
On the rotating inner surface of the NPO:



  u = − ω  ( y −  y r  )  ,   v = ω  ( x −  x r  )  ,     ∂ T   ∂ n   = 0 .  








The relevant physical nondimensional parameters of interest are:


  Re =   ρ  u g   D h   μ  ,   Rew =   ρ  ( ω  D h  )   D h   μ  ,   Pr =  ν α  ,   Ha = B  D h    σ μ   ,  



(9)




where   Re , Rew , Pr   and Ha are the Reynolds number, rotational Reynolds number, Prandtl number, and Hartmann number, respectively.   D h   is the characteristic length that is given by    D h  = 2 w d   for slot width   w d  . The impacts of the rotation of the inner part of the NPO on the HT characteristics are indicated by the rotational Reynolds number (Rew).



The equations were solved by using a Galerkin weighted residual FEM. Lagrangian FEMs of different orders were used for the approximation of flow-field variables (  V r  ) as follows:


  V r =  ∑  k = 1   N s    Φ  k  s   F k  ,  



(10)




where   Φ s   and F denote the shape function and nodal value, respectively. The weight average of residuals R is expressed as follows:


   ∫ V  W R d V = 0 ,  



(11)




where W is the weight function. The streamline upwind Petrov–Galerkin (SUPG) method was utilized in the solver to handle the local numerical instabilities, while the Biconjugate Gradient Stabilized (BICGStab) solver was used for the fluid flow and heat transfer code modules. A converge criterion of 10    − 7    was selected to achieve the converged solutions. Local (  Nu s  ) and average Nu (  Nu m  ) were used for the cooling performance of the SJ-I system with NPO:


   Nu s  =    h s   D h    k  n f    = −   D h    T h  −  T c       ∂ T   ∂ s   w  ,     Nu m  =  1  L     ∫ 0  L     Nu s  d s ,  



(12)




where   h s   and L are the local heat transfer coefficient and hot plate length, respectively.




3. Optimization Method


An optimization algorithm was used to find the best operating conditions to achieve the best cooling performance for the NPO considering different MaF strength levels.



In the present study, when the SJ-I system was parametrized, control variables were used. A function of the PDE solution was achieved, namely, the average Nu in PDE constraint optimization. In the general optimization, the PDE problem was considered to be an equality constraint as in the following [41,42]:


         minimize ψ          f ( Φ ( ψ ) , ψ ) ,          subject  to         ζ ( Φ ( ψ ) , ψ ) = 0 ,              l b ≤ G ( Φ ( ψ ) , ψ ) ≤ u b ,     



(13)




where  ψ  and  Φ  are the control variables and PDE solutions, while G represents the constraints. In the current study, the Constrained Optimization BY Linear Approximations (COBYLA) optimization routine, which is a gradient-free technique, was used. Interpolation at the vertices of a simplex was conducted; at each iteration step, it was performed inside a trust region. The rotational speed (Rew), permeability (Da), aspect ratio (AR) and horizontal location(Mx) of the NPO were examined via an optimization method to achieve the highest cooling performance the SJ-I system. Then, the lower (  l b  ) and upper bounds (  u b  ) for the parameters of interest were considered:


  − 600 ≤ Rew ≤ 600 ,    10  − 5   ≤ Da ≤ 0.1 ,   − 2 ≤ Mx ≤ 2 ,   0.8 ≤ AR ≤ 0.2 .  



(14)







We searched for the optimal set of parameters by using COBYLA for three different MaF strengths at Ha = 5, 10, and 15, while the value of Re was kept constant at Re = 300.




4. Grid Independence and Code Validation


Grid independence tests of the solution were performed. The test results at two different MaF strengths are shown in Figure 2a with different grid sizes. The grid with GR-4 was considered that consisted of 262,223 elements. Grid refinement was conducted near the interfaces and toward the walls, as shown in Figure 2b.



The numerical code was validated by using different studies available in the literature. In the first study, the results of [43] for the MaF effects on convective HT are used. Convection in a cavity with MaF effects was analyzed in Ref. [43]. Figure 3 presents the comparison results of the average Nu considering different MaF strengths at Gr = 2   ×   10 4   . The maximal difference between the results was 4.10% at Ha = 10. In the second validation study, the numerical results of [44] were used, where an SJ-I system for an isothermal surface was analyzed. Figure 4 presents the local variation in Nu along the bottom wall at Re = 250. The final validation was performed by using the available results in [45,46] where the confined SJ-I cooling performance was analyzed. Table 1 shows the comparison results for stagnation point Nu at Re = 300. A maximal difference of 1.55% was observed between the results. The comparison results show that the present code is capable of simulating SJ-I HT and convective HT with MaF effects.




5. Results and Discussion


In the present work, the cooling performance of an SJ–I system using a novel porous object (NPO) under MaF effects was numerically assessed. The NPO was a porous hollow circular cylinder with an inner rotating surface. In the first part of the numerical work, the trends in the variations of local and average Nu with varying parameters of interest were analyzed; the rotational Re number (  − 600 ≤ Rew ≤ 600  ), Darcy number (   10  − 5   ≤ Da ≤ 0.1  ), horizontal location of the NPO (  − 2 ≤ Mx ≤ 2  ), and aspect ratio (  0.8 ≤ AR ≤ 0.2  ) were considered. MaF strength was considered for Hartmann numbers (Ha) between 5 and 25. The COBYLA optimization algorithm was used to find the optimal set of parameters (Rew, Da, Mx, AR) at three different MaF strengths of Ha = 5, Ha = 10, and Ha = 25.



The impacts of the rotational Reynolds number (Rew) on the streamline variation are shown in Figure 5 at two different MaF strength levels. The configuration without NPO is also included. Due to confinement and entertainment, large vortices were seen near the jet inlet, while a small vortex was established on the bottom wall at Ha = 5 when no object was installed. However, as the strength of MaF increased, suppression of the vortices was observed, and the jet impinged onto the hot surface with an inclination for the case without object. The presence of the NPO and its rotation impacted the flow field variations. When the NPO was stationary (Rew = 0), at Ha = 5, the vortex near the left part of the inlet jet shrank, while at Ha = 25, the vortices and the main jet stream near the inlet were elongated toward the left. When the object was rotated clockwise (CW) at the highest speed, the main jet stream was directed toward the right part, while vortices were established in the right part of the rotation NPO. The counter-CW rotation of the object directed the main jet toward the left, and a large recirculation near the object was formed. As the MaF strength increased, the vortices were suppressed, and the dominance of the rotating object’s effects on the flow patterns was observed. The local Nu was the highest when there was no rotation of the NPO (Figure 6). At Ha = 5, CW or counter-CW rotation of the object, shifting the local peak location of Nu and reduces its value. However, on the right or left part, the local Nu attained higher values when rotations were activated because of the additional momentum of the rotations of the NPO. At Ha = 25, the secondary peaks of the local Nu were obtained and had higher values concerning rotations. However, the first peak of local Nu was significantly reduced by using the rotations of the NPO. The impacts of MaF on the local Nu at Rew = 0 and Rew = −600 are shown in Figure 7.



The first peak of the local Nu was reduced, but a significant increase in the second peak was observed when MaF strength was increased for both Rew = 0 and Rew = −600. When the average Nu values were considered, the presence of the rotation reduced the value by about 14.5% at Ha = 5 when lowest and highest Rew cases are compared. Less than 2% variations in the average Nu were seen when rotations were activated as compared to motionless NPO at Ha = 25. However, the local peak values were reduced by about 37% with the rotation at Ha = 25. This was due to the presence of the secondary peaks of local Nu and their significant values with the activation of rotation in both directions. When MaF strength was increased from Ha = 5 to Ha = 10, the average Nu increased for the case at Rew = −600, but the trend was the opposite for cases at Rew = 0 and without an object. For Rew = −600, this could be attributed to the suppression of the large vortex on the bottom wall. At the highest MaF strength, the average Nu attained its highest values as compared to Ha = 5, while the presence of the NPO further increased its value (Figure 8a). The highest variation in the average Nu between the cases of MaF at Ha = 5 and Ha = 25 was seen for the object with rotation at Rew = −600, which was 22%; for the case without an object, the variation was 5% (Figure 8b).



When NPO cases with different permeability values were considered, the configuration with higher permeability at Rew = 0 resulted in a large recirculation near the inlet, while their sizes changed with lower Darcy numbers (Figure 9). The effects of the rotation of the NPO were effective for higher permeability. There was a significant reduction in the first Nu peak with a lower Darcy number for the NPO at Rew = −600 and Rew = 0. When cases with the highest and lowest permeability were compared, the first peak of Nu was reduced by about of 65% at Rew = 0 and 47% at Rew = −600 (Figure 10). The presence of rotation increased the value of the secondary peaks in the local Nu. However, the overall variation in the average Nu was less than 4% when cases of NPO with different permeability values were compared.



The horizontal location (MX) of the NPO within the SJ-I system and its aspect ratio (AR) are other important parameters to be considered that may impact the cooling performance. Streamline distributions with varying Mx and AR at two rotational speed levels are shown in Figure 11. At Rew = 0, more deflection of the main jet stream was seen for Mx = 0, while the recirculation zone below the object was established. The vortex size above the NPO on the left side was also reduced for Mx = −2. As the rotations were activated, the vortex formations were controlled by changing the location of the NPO. At Mx = 2, due to the interaction of the main jet stream with the rotating inner surface of the object, two recirculation regions were observed in the left part of the SJ-I system. AR is defined as the ratio of the inner and outer cylinder radii of the NPO. A lower value of AR denotes a smaller rotating inner size; for higher values of AR, the impact of the rotation became effective (Figure 11g–i). At Rew = 0, when the AR increased, the vortex size near the inlet was reduced, while the small vortices established below the NPO at AR = 0.2 disappeared. When rotations with higher AR were considered, the size of the inlet vortices was reduced, while the effects of rotation on the flow field became dominant. When the NPO was located at the left side (Mx = −2), the least interaction of the porous object with main jet stream was achieved, and the local Nu peak was the highest (Figure 12). However, the highest interaction was observed at Mx = 0, while the secondary peak was lower than that with Mx = 2. The highest Nu peaks were observed at 0.122, −0.367, and 5.75 wd for the horizontal NPO locations of Mx = −2, 0, and 2, respectively. Variations in the first peak Nu were 47.8% and 15.4% when Mx = −2 and Mx = 2 were compared with Mx = 0. The higher aspect ratio of the NPO resulted in a reduction in the local Nu peak at Rew = −600 (Figure 12b), where the main cold jet stream was affected more. The average Nu attained its lowest values at Mx = −1 and Mx = 0 for stationary or rotating NPO because of the higher interaction of the jet stream with the porous cylinder and its redirection of the cold stream toward the hot surface. However, higher values were obtained when the NPO was located at Mx = −2 and Mx = 2. The highest variations in the average Nu were 8.9% at Rew = −600 and 7.5% at Rew = 0. The average Nu was generally reduced with a higher aspect ratio of the NPO. Variations in the average Nu were 9.5% and 8.5% at Rew = 0 and Rew = −600, respectively, when cases of NPO with lowest and highest AR were compared (Figure 13).



The NPO parameters on the HT were very complicated and dependent upon MaF strength, which is due to the complex interaction between the forced flow and Lorentz forces due to the inclined MaF and additional effects due to the rotation of the inner porous object’s surface. Therefore, optimization studies are needed to find the optimal parameters of interest for the best cooling performance at different operating points. The COBYLA optimization algorithm was used to find the best parameters of interest, namely, the permeability, rotational speed, aspect ratio, and horizontal location of the NPO. Optimization studies were performed for each case at MaF strengths of Ha = 5, 10, and 25. The lower and upper bounds of the parameters are given in Equation (13), and the maximal average Nu was considered to be the objective function. Figure 14 shows the search for the maximal average Nu with different parameters at Ha = 5 and Ha = 25. The optimal set of parameters (Rew, Da, Mx, AR) is given in Table 2 for each case for different MaF strength levels. The corresponding Nu with the optimized configuration and without NPO is also given in the same table. The optimal parameters were different for each configuration with different MaF strength levels. A lower aspect ratio of the NPO achieved better HT performance at Ha = 10 and Ha = 25. Significant variations in the rotational speeds of the NPO were obtained to achieve better cooling performance when different MaF strength levels were considered.



The flow-field variations at optimal conditions are shown in Figure 15, and comparisons are given for the case with parametric variation for different Ha at (  Da = 5 ×  10  − 2    ,   Mx = − 1 , AR = 0.5  ). As the MaF strength increased, the suppression of the recirculation zones and the inclination of the vortices were observed for the optimized cases. The configurations were closer to the case without NPO, while the local Nu values were higher, as shown in Figure 16. Variations in the local peak between the optimized and no-object cases were 19.46%, 44.86%, and −0.54% at Ha = 5, 10, and 25, respectively, while the average Nu enhancements with the optimized NPOD device were 7.87%, 8.09%, and 5.04%. The HT enhancements (Enh) in percentages were obtained by using the average Nu results with the optimized NPO, and by using the results from parametric variations.



Figure 17 shows the Enh variation with respect to changes in Rew, Mx, and AR at two different MaF strength levels. The highest Enh value was 31.86% at Rew = −300 for the case of Ha = 5 when variations in Rew were compared, while this was less than 3% for the case of Ha = 25. When variations in the horizontal NPO were compared, the Enh values were higher with Ha = 5, while the maximal value was −0.54% at Mx = −1. When aspect ratio variations were compared, the highest value of Enh was 44.86% at AR = 0.8 for the configuration with Ha = 25. These results show that, by using a NPO device, excellent control for Nu variations was achieved by varying the rotational speed of the inner surface, aspect ratio, and horizontal of the device in the SJ-I system. However, further optimization is needed and should be considered to achieve the best cooling performance, which depends upon the external magnetic field’s strength.




6. Conclusions


In this study, a novel porous object (NPO) was used for the flow and HT control of SJ-I cooling systems under MaF effects. The NPO was a porous annular cylinder with an inner rotating surface. A hybrid nanofluid was considered with available experimental data for effective nanofluid viscosity and thermal conductivity. The COBYLA optimization algorithm was used with CFD to find the best working parameters of the NPO at different magnetic field strengths. The presence of the object and its varying permeability, inner rotational speed, and horizontal location within the SJ-I system affect the flow and thermal field variations. As the MaF strength increased, recirculation zones were suppressed. Regarding parametric CFD, there was 14.5% variation in the average Nu at the highest rotational speed of the inner part of NPO when compared to the motionless case at Ha = 5, while it was less than 2% at Ha = 25. MaF effects were noticeable when the NPO was rotating at Rew = −600 while there was 22% variation in the average Nu for the cases between Ha = 5 and Ha = 25 at this rotational speed. The local peak of Nu varied by 47.8% when the horizontal location of the NPO was changed from Mx = 0 to Mx = −2 at Rew = −600, while the average Nu variation was 8.9%. When the lowest and highest aspect ratios of the annular NPO were considered, the average Nu variation was 9.5% at Rew = 0. Optimization-based CFD was used with the COBYLA algorithm to find the optimal set of parameters for NPO to achieve the best cooling performance at different MaF strengths. The optimal sets of (Rew, Da, Mx, AR) for NPO were (−315.97, 0.0188, −1.456, 0.235), (−181.167, 0.0167, −0.1.441, 0.2), and (−483.13, 0.0210, −0.348, 0.2) at Ha = 5, 10, and 25, respectively. When NPO was used at the optimal set of parameters, 19.46%, 44.86%, and −0.54% increments in the local Nu were achieved when compared to a no-object configuration of an SJ-I cooling system. The values were 7.87%, 8.09%, and 5.04% when the average Nu values were compared. When parametric CFD values were compared with the optimal case, different enhancements were achieved with the varying rotational speed, aspect ratio, and location of the object, and the values depended upon the strength of the MaF. Even though the NPO could be utilized as an excellent tool for convective HT control, the best performance of the system and the efficient utilization of the object can be achieved by using optimization-assisted CFD rather than parametric CFD.
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Abbreviations


The following abbreviations are used in this manuscript:







	AR
	Aspect ratio



	Da
	Darcy number



	Dh
	Hydraulic diameter, (m)



	F
	Nodal value



	h
	Heat transfer coefficient, (W/m   2  K)



	H
	Separating distance, (m)



	Ha
	Hartmann number



	k
	Thermal conductivity, (W/mK)



	L
	Plate length, (m)



	Mx
	Dimensionless horizontal distance



	n
	Unit normal vector



	Nu
	Nusselt number



	p
	Pressure, (Pa)



	Pr
	Prandtl number



	R
	Residual



	Re
	Reynolds number



	Rew
	Rotational Reynolds number



	T
	Temperature, (K)



	u, v
	x–y velocity components, (m/s)



	Vr
	Field variable



	W
	Weight function



	wd
	Slot width, (m)



	x, y
	Cartesian coordinates, (m)



	Greek Characters
	



	 α 
	Thermal diffusivity, (m   2  /s)



	 θ 
	Nondimensional temperature



	 μ 
	Dynamic viscosity, (Pa.s)



	 ν 
	Kinematic viscosity, (m   2  /s)



	 ρ 
	Density of the fluid, (kg/m   3  )



	 ω 
	Rotational velocity, (rad/s)



	 ε 
	Porosity



	 κ 
	Permeability, (m   2  )



	 σ 
	Electrical conductivity, (S/m)



	  Φ s  
	Shape function



	Subscripts
	



	c
	Cold wall



	h
	Hot wall



	m
	Average



	nf
	Nanofluid



	Abbreviations
	



	CFD
	Computational fluid dynamics



	COBYLA
	constrained optimization by linear approximations



	FEM
	Finite element method



	HT
	Heat transfer



	MF
	Magnetic field



	NPO
	Novel porous object



	SJ-I
	Slot jet impingement
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Figure 1. Model description with boundary conditions. 
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Figure 2. Grid independence test. Average Nu for different grid sizes at two different MaF strength levels (a) and mesh distribution of the SJ-I with NPO (b) (Rew = −600,   Da = 5 ×  10  − 2    , Mx = −1, AR = 0.5). 
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Figure 3. Code validation 1: average Nusselt number comparison with the results of [43] for different Hartmann numbers. 
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Figure 4. Code validation 2: comparison results of local Nu at Reynolds number of 250 with those in [44]. 






Figure 4. Code validation 2: comparison results of local Nu at Reynolds number of 250 with those in [44].



[image: Mathematics 10 02578 g004]







[image: Mathematics 10 02578 g005 550] 





Figure 5. Effects of Rew on the streamline variations at two MaF strength levels (c–h) and configuration with no-object case (a,b) (  Da = 5 ×  10  − 2   , Mx = − 1 , AR = 0.5  ). 
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Figure 6. Local Nu variations with changes in Rew at two MaF strength levels (  Da = 5 ×  10  − 2    ,   Mx = − 1  ,   AR = 0.5  ). 
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Figure 7. Impact of MaF strength on local Nu variations at two Rew (  Da = 5 ×  10  − 2   , Mx = − 1 ,   AR = 0.5). 
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Figure 8. Average Nu variations with respect to changes in (a) Rew and (b) MaF strength (  Da = 5 ×  10  − 2   , Mx = − 1 , AR = 0.5  ). 
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Figure 9. Impacts of permeability of the object on the streamline distributions at two Rew values (  Ha = 10 , Mx = − 1 , AR = 0.5  ). 
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Figure 10. Effects of NPO permeability on the local and average Nu variations at two Rew values (  Ha = 10 , Mx = − 1 , AR = 0.5  ). 
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Figure 11. Effects of the location (AR = 0.5, a–f) and aspect ratio (Mx = −1, g–l) of the porous object on the variation in streamlines at two Rew values (  Ha = 10 , Da = 5 ×  10  − 2    ). 
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Figure 12. Local Nu distribution with varying (a) horizontal location and (b) aspect ratio of the porous object (  Ha = 10 , Da = 5 ×  10  − 2    ). 
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Figure 13. Average Nu versus (a) location and (b) aspect ratio of the porous object (  Ha = 10 ,    Da = 5 ×  10  − 2    ). 
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Figure 14. Search forthe maximal average Nu with the optimization solver at (a,b) Ha = 5 and (c,d) Ha = 25. 
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Figure 15. Streamline variations at optimal flow conditions (a–c) and with varying MaF strength at fixed values of (  Da = 5 ×  10  − 2   , Mx = − 1 , AR = 0.5  ). 
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Figure 16. Comparison of local Nu variations at optimal flow conditions and in the no-object case (  Da = 5 ×  10  − 2    ) considering three different MaF strength levels. 
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Figure 17. Effects of (a) Rew, (b) location, and (c) aspect ratio of the porous object on the enhancements in the average Nu as compared to optimized flow configurations at two different MaF strength levels. 
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Table 1. Code validation 3: comparisons of stagnation point Nu at Reynolds number of 300.
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	Study
	Stagnation Nu





	This code
	9.81



	In [46]
	9.66



	In [45]
	9.85
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Table 2. Optimal set of parameters for the maximal average Nu at different MaF strength levels and corresponding average Nu values.






Table 2. Optimal set of parameters for the maximal average Nu at different MaF strength levels and corresponding average Nu values.





	Parameter Name
	At Ha = 5
	At Ha = 10
	At Ha = 25





	Rew
	−315.97
	−181.167
	−483.13



	Da
	0.0188
	0.0167
	0.0210



	Mx
	−1.456
	−1.441
	−0.348



	AR
	0.235
	0.2
	0.2



	Average Nu
	At Ha = 5
	At Ha = 10
	At Ha = 25



	Optimum
	2.74
	2.67
	2.71



	No object
	2.54
	2.47
	2.58
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