

  mathematics-11-00695




mathematics-11-00695







Mathematics 2023, 11(3), 695; doi:10.3390/math11030695




Article



CFD Study of MHD and Elastic Wall Effects on the Nanofluid Convection Inside a Ventilated Cavity Including Perforated Porous Object



Lioua Kolsi 1,*[image: Orcid], Fatih Selimefendigil 2,3, Mohamed Omri 4,5[image: Orcid], Hatem Rmili 6[image: Orcid], Badreddine Ayadi 1,7, Chemseddine Maatki 8[image: Orcid] and Badr M. Alshammari 9[image: Orcid]





1



Department of Mechanical Engineering, College of Engineering, University of Ha’il, Ha’il City 81451, Saudi Arabia






2



Department of Mechanical Engineering, College of Engineering, King Faisal University, Al Ahsa 31982, Saudi Arabia






3



Department of Mechanical Engineering, Celal Bayar University, 45140 Manisa, Turkey






4



Deanship of Scientific Research, King Abdulaziz University, Jeddah 21589, Saudi Arabia






5



El Manar Preparatory Engineering Institute (IPEIEM), University of Tunis El Manar, B.P 244, Tunis 2092, Tunisia






6



Electrical and Computer Engineering Department, Faculty of Engineering, King Abdulaziz University, P.O. Box 80204, Jeddah 21589, Saudi Arabia






7



Laboratory of Applied Fluid Mechanics, Environment and Process Engineering “LR11ES57”, National School of Engineers of Sfax (ENIS), University of Sfax, Soukra Road Km 3.5, Sfax 3038, Tunisia






8



Department of Mechanical Engineering, College of Engineering, Imam Mohammad Ibn Saud Islamic University, Riyadh 11432, Saudi Arabia






9



Department of Electrical Engineering, College of Engineering, University of Ha’il, Ha’il City 81451, Saudi Arabia









*



Correspondence: l.kolsi@uoh.edu.sa







Academic Editors: Gholamreza Kefayati and Hasan Sajjadi



Received: 7 January 2023 / Revised: 21 January 2023 / Accepted: 28 January 2023 / Published: 30 January 2023



Abstract

:

Cost-effective, lightweight design alternatives for the thermal management of heat transfer equipment are required. In this study, porous plate and perforated-porous plates are used for nanoliquid convection control in a flexible-walled vented cavity system under uniform magnetic field effects. The finite element technique is employed with the arbitrary Lagrangian–Eulerian (ALE) method. The numerical study is performed for different values of Reynolds number (  200 ≤ Re ≤ 1000  ), Hartmann number (  0 ≤ Ha ≤ 50  ), Cauchy number (   10  − 8   ≤ Ca ≤  10  − 4    ) and Darcy number (   10  − 6   ≤ Da ≤ 0.1  ). At Re = 600, the average Nusselt number (Nu) is 6.3% higher by using a perforated porous plate in a cavity when compared to a cavity without a plate, and it is 11.2% lower at Re = 1000. At the highest magnetic field strength, increment amounts of Nu are in the range of 25.4–29.6% by considering the usage of plates. An elastic inclined wall provides higher Nu, while thermal performance improvements in the range of 3.6–6% are achieved when varying the elastic modulus of the wall. When using a perforated porous plate and increasing its permeability, 22.8% increments of average Nu are obtained. A vented cavity without a plate and elastic wall provides the highest thermal performance in the absence of a magnetic field, while using a porous plate with an elastic wall results in higher Nu when a magnetic field is used.
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1. Introduction


Convection control in enclosures with ventilation ports is an important topic in thermal engineering. The applications are encountered in drying, the ventilation of buildings, electronic equipment cooling, the removal of contamination, chemical processing and many others [1,2,3]. The flow field exhibits complex pattern formation, while port size/number/location and other operating parameters, such as flow rates and thermal boundary conditions, are influential on the convective heat transfer (HT) rates from vented cavity (VC) systems. To better understand the heat transport mechanism and flow behavior in VC systems, many studies (theoretical and experimental) have been considered [4,5,6,7]. Many advancements were achieved for thermal process intensification in V-Cs by using available methods in HT enhancements. In one of the methods, elastic objects of flexible walls were considered [8,9,10,11]. The coupled fluid–structure interaction (FSI) problem has been considered in different thermal applications [12,13,14]. The type, size and elastic modulus of the wall/object are influential on the overall thermal performance improvements. As the wall is deformed due to the pressure forces exerted on it, additional control of flow in cavities and chambers are achieved, which depends upon the amount of deformation. In cavities, elastic walls have been considered in several studies, while the HT improvement amounts were primarily dependent upon the elastic modulus of the structure and other operating parameters [15,16]. In VC applications, deformable walls/objects have been considered in a few works.



The insertion of porous plates (PP) can be considered another method for convection control. The utilization of porous–fluid coupled systems can be encountered in micro-fluidic devices, packed bed reactors and many other thermal science applications [17,18,19,20]. Porous layers provide a good control option for convection intensification due to the large HT surface area effective HT mechanism inside the pores. In convective HT, thermal performance improvements have been obtained by the utilization of PPs or porous objects [21,22,23,24]. In this work, perforated porous plates (PPPs) are offered for convection control of the VC system. As the need for compact and lightweight structure of HT equipment is growing due to the cost, transportation and other issues, design alternatives of PPs in thermal science are a useful contribution to the existing literature. In VC, porous layers have been considered. Selimefendigil and Öztop [25] used a porous layer for convective HT in a U-shaped corrugated cavity. Significant variations in the flow and HT features were reported by the utilization of PL and varying its permeability. In the work of [26], mixed convective HT in a ventilated cavity filled with porous medium was analyzed by using the finite difference method. For the highest value of Darcy number (Da), they observed convection cell establishment inside the enclosure. Ataei-Dadavi et al. [27] performed experimental analysis on the mixed convection HT in a VC filled with a porous medium. They considered large solid and low-conductivity spheres while an analysis was performed for different values of the Richardson number (Ri). Measurements were made with PIV and liquid crystal thermography. They observed different flow regimes while the Nu correlation, covering all of the regimes, was developed. Additional works that considered the utilization of porous media, PL and PP in VC systems can be found in Refs. [28,29,30,31].



In this study, the nano-enhanced magnetic field (MGF) is used in the VC domain. The utilization of MGF effects is relevant in medical technology, microfluidic pumps, refrigeration, convective HT and many others [32,33,34,35]. An external MGF is used for flow and HT control, and it can be partially active and non-uniform. In various studies of HT, MGF and its parameters have been shown to be very influential on convective HT control [36,37,38,39,40,41]. Depending upon the application, MGF may be used for HT intensification, especially for flow with separation as encountered in channels with area expansion and in VC systems [42,43,44,45]. In the work of Kasaeipoor et al. [46], mixed convection in T-shaped VC was examined under MGF effects. The strength of the MGF was considered for Hartmann numbers (Ha) between 0 and 80. It was noted that at lower Re values, the average Nu was increased with higher Ha but it was more pronounced at higher Re values. Selimefendigil and Oztop [47] studied the mixed convective HT and entropy generation in a VC under inclined MGF effects. They observed that at lower Re, imposing MGF resulted in HT increment at the highest strength. When the Ha value was increased, both increments and decrements of total entropy generation were observed. The inclusion of nano-sized particles in HT fluids has been considered in many technological systems and energy-related technology, such as in solar applications, thermal management, refrigeration, energy storage, convective HT and many others [48,49,50,51]. The utilization of nanofluids in MGF has the potential to increase its effectiveness in convection with favorable impacts on using nano-sized particles in the electrical and thermal conductivity of base fluid [52,53]. Nanofluid applications with MGF for convective HT in VC have been considered in many studies [54,55,56,57]. The potential improvements of using MGF in thermal systems can be further enhanced by using nanofluids; the improvement amount depends upon the nano-sized particle shape, type, and its size, along with other operating parameters.



In this work, the computational fluid dynamics (CFDs) study of magnetohydrodynamics (MHDs) of a hybrid nanofluid in a VC is performed by using the combined utilization of an elastic inclined wall and PPP. The presence of the perforated plates instead of full PPs enables a lightweight and cost-effective solution for the management of thermal convection in a VC system. The inclusion of MGF and flexible wall effects can be intentionally considered, or they may be present within thermal application. The coupled effects of FSI with MGF effects in an enclosure with installed PPP are analyzed, and parameters of this novel control method are used for the thermal management and thermal performance improvement of the VC system. The outcomes are useful for thermal design and optimization studies related to electronic cooling, waste heat recovery systems, convective drying and many different HT equipment.




2. Modeling Approach


The forced convection of nanofluid in a VC with an inclined elastic side wall is analyzed under MGF effects. Porous plates (PPs) and perforated porous plates are used in the VC configuration. Figure 1 and Figure 2 show the schematic view of the thermo-fluid systems. The VC has a port size of wi = wo = w = 0.25H, while its size is H. The left wall of the VC is inclined and elastic (elastic modulus of E) with a 45 degree inclination angle. Cold fluid velocity and temperature are uc and Tc at the entrance of the VC, while the bottom wall is isothermal at T = Th. Other walls are considered adiabatic. Square PP with size of a   p   = 0.4H is installed at the corner location of (xc, yc) = (0.5H − 0.5a   p  , 0.5H − 0.5a   p  ) in the VC system. When PPP is used, nine identical circular cylinders of radius r = 0.1a   p   are used in the PP with distance of d = 3r between the center locations of the cylinders. Uniform external MGF is imposed with strength of B0 and inclination of  γ  with the horizontal axis. The flow is 2D and laminar, and impacts of radiation, natural convection and viscous dissipation are not considered. In MHD flow, the impacts of joule heating along with the induced magnetic field and displacement currents are not taken into account. As the HT fluid, the hybrid nanofluid of water with Ag-MgO nanoparticles is used, while the solid volume fraction is taken as   2 %  .



Under the specified assumptions, and using the arbitrary Lagrangian–Eulerian (ALE) technique, the conservation equations for the nanofluid and solid domains are given as [58]


  ▽ · u = 0 ,  



(1)






   ( u − w )  · ▽ u = −  1  ρ  n h f    ▽ p +  ν  h n f    ▽ 2  u + Γ  ( u × B )  × B ,  



(2)






   ( u − w )  · ▽ T =  α  n h f    ▽ 2  T ,  



(3)




where u and w are the velocity vector and moving coordinate system velocity vector. Here,  Γ  is the electrical conductivity,  α  is the thermal diffusivity and B is the magnetic field. The MGF brings additional terms in the above given momentum equations, such as     Γ  B  0  2   ρ   v sin  ( γ )  cos  ( γ )  − u  sin 2   ( γ )     and     Γ  B  0  2   ρ   u sin  ( γ )  cos  ( γ )  − v  cos 2   ( γ )    , respectively. The  γ  denotes the MGF inclination angle. The equation in the FSI model for the solid domain is given as [11,58]


   ρ s   a s  = ▽ ·  σ s  +    f s   b  ,  



(4)




where     f s   b   is the imposed body force while   σ s   and   a s   denote the solid stress tensor and acceleration.



In the PP and PPP domains, the generalized D-B-F extended model is used which can be given in expanded form as [59]


  ▽ · u = 0 ,  



(5)






   (  u  ε 2   )  · ▽ u = −  1  ρ  h n f    ▽ p +   ν  h n f   ε   ▽ 2  u −   ν  h n f   K  u −   F c   K   u  | u |  + Γ  ( u × B )  × B ,  



(6)






  u · ▽ T =  α  n h f    ▽ 2  T ,  



(7)




where  ε , K and    F c  =   1.75    150  ε 3       are the porosity, permeability and Forchheimer coefficient.



Reynolds number (Re), Prandtl number, Hartmann number (Ha) and Darcy number (Da) are the relevant non-dimensionless parameters, which are defined as


  Re =    u c   D h   ν  ,    Pr =  ν α  ,    Ha =  B 0  H   Γ μ   ,    Da =  κ  H 2   ,  



(8)




where   D h   is the characteristic length based on port size given as:    D h  = 2 w  .



In dimensional form, the explicit representation of the boundary conditions is given as follows:




	
Inlet of VC,   u =  u c  , v = 0  ,   T =  T c   .



	
Exit of VC,     ∂ u   ∂ y   = 0 ,   v = 0 ,     ∂ T   ∂ y   = 0  



	
Bottom wall of VC,   T =  T h   .



	
Other walls of VC,   u = v = 0 ,   ∂ T   ∂ n   = 0  .








Traction equilibrium (   σ f  =  σ s   ) and displacement compatibility (   d f  =  d s   ) are used in the FSI model [11].



Thermal performance is evaluated based on the local and average Nu:


   Nu x  =    h s   D h   k  = −   D h    T h  −  T c       ∂ T   ∂ n    w a l l   ,    Nu m  =  1 H   ∫ 0 H   Nu x  d x .  



(9)







As the solution technique, the Galerkin weighted residual-finite element method is used. Field variable approximation is obtained by using shape functions (   Ψ  u , v   ,  Ψ p    and   Ψ T  ) as [60,61]


        u =  ∑  k = 1   N u    Ψ  k   u , v    U k  ,  v =  ∑  k = 1   N v    Ψ  k   u , v    V k  ,          p =  ∑  k = 1   N p    Ψ  k  p   P k  ,   T =  ∑  k = 1   N u    Ψ  k  T   T k  ,     



(10)




where the values at the nodes are given by   U , V , P   and T. Lagrange finite elements of different orders are utilized. The weighted residual is zero by using a weight function W as [60,61]


   ∫ V  W R d v = 0 .  



(11)







Streamline-upwind Petrov–Galerkin is used in the solver for handling the numerical instability, while the biconjugate gradient stabilized method is considered in the HT and flow module of the code. A converge criterion of 10    − 7    is considered. A commercial CFD software Comsol [62] is used for the numerical study.As the HT fluid, Ag-MgO hybrid nanoparticles are used in the base fluid to form the hybrid nanofluid.



Table 1 gives the nanoparticle and pure fluid thermophysical properties.



Experimental data were used in the study of [64] to derive a correlation for thermal conductivity and the viscosity of nanofluid. They are given as [64]


       k  h n f   =    0.1747 ×  10 5  + ϕ   0.1747 ×  10 5  − 0.1498 ×  10 6  ϕ + 0.1117 ×  10 7   ϕ 2  + 0.1997 ×  10 8   ϕ 3      k f  ,      



(12)






       μ  h n f   =  1 + 32.795 ϕ − 7214  ϕ 2  + 714,600  ϕ 3  − 0.1941 ×  10 8   ϕ 4    μ f  .      



(13)




where  ϕ  is defined as:


      ϕ =  ϕ 1  +  ϕ 2  .      



(14)







The thermal conductivity relation is valid for solid volume fraction up to 3%, while viscosity is valid up to 2%. In the present work, solid volume fraction of 2% is used.



Mesh Independence and Validation of Code


Mesh independence tests are conducted to achieve the optimal grid distribution. MIT is shown for the average Nu versus grid sizes for two different MGF strengths as shown in Figure 3a. A grid system with 236,617 number of mixed elements (triangular+quadrilateral) is selected. Distribution of the grid is shown in Figure 3b, while refinement is seen near the walls and FSI interfaces.



The first validation work was made by using the numerical results of Raisi and Arvin [65]. In the study, natural convective HT in a cavity with elastic walls and a thin flexible plate was analyzed. The Galerkin finite element method was used as the solver while the HT and flow characteristics for varying Rayleigh number (Ra) and baffle length were explored. The comparison results of streamlines at Ra = 10   5  , E* =   8 ×  10 9   ,  ρ s* = 6000 and baffle length of 0.8 are shown in Figure 4. The streamline variations are captured well by using the present code. The average Nu comparisons were also considered at two different Ra. At Ra = 10   4   and Ra = 10   5  , the deviations between the average Nu are obtained as 3.9% and 0.75%, respectively. In another validation, forced convective HT in a VC having one inlet and one outlet port was analyzed, while the numerical data of Saeidi and Khodadadi [1] were used. Different port sizes and various Re were considered while a finite-volume-based solver was used. Figure 5 shows the average Nu comparisons at two different Re. The differences between the reference results are below 3%.





3. Results and Discussion


Forced convection control in a VC by combined utilization of elastic wall, PPP and uniform inclined MGF effects is considered. Different configurations of VC without plates and by using PP and PPP are compared in terms of thermal performance improvements. The thermo-fluid simulations are considered for the following range of parameters:   200 ≤ Re ≤ 1000  ,   0 ≤ Ha ≤ 50  ,    10  − 8   ≤ Ca ≤  10  − 4    , and    10  − 6   ≤ Da ≤ 0.1  . The case N = 0 denotes the VC with PP, and N = 9 is the case where nine identical inner circular objects of radius r are taken from the PP to obtain the PPP configuration. The MGF is uniform throughout the domain and its inclination is 45 degrees with the horizontal axis.



Impacts of Re on flow pattern are shown in Figure 6 for different cases of using inner PP. When there is no object in the VC, recirculation zones are formed below the inlet port at higher Re values. At the highest Re, near the corner of the upper wall, a secondary vortex is established, which was observed within the VC domain as shown in the previous studies. When PP is installed, the flow field is slightly impacted at low values of Re. However, using a PPP with N = 9 results in suppression of the vortex near the inlet and on the upper right corner. The internal structure of the PP resists more for the fluid flowing in the interior of the plate due to the inner circles while the main fluid stream from the inlet to outlet port is affected more. As the Re value is increased for the case of using PPP, the vortex size below the inlet port increases but it is not significant as compared to other cases using PP and no object. Local Nu variations along the hot bottom wall generally rise with higher Re in the absence and presence of PPP. However, in the case of using no plate, the local Nu is higher for lower Re, which is due to the vortex formation near the inlet and its extension toward the bottom wall. This phenomenon is not seen when PPP is installed. This is due to the suppression of this vortex. However, higher peak values of local Nu are lower when using PPP due to the weak spreading of the cold fluid over the hot surface. Average Nu is generally higher when using PP, but the worst case in terms of thermal performance at Re = 800 and Re = 1000 is seen when PPP is used. At Re = 1000, the average Nu is 11.2% lower for the case with PPP as compared to VC without a plate, while it is 3% higher when PP is used. At Re = 600, the average Nu is 6.3% higher by using PPP as compared to the reference case of VC without a plate (Figure 7).



The imposed MGF is uniform throughout the computational domain while it is inclined with angle of 45 degrees. When MGF is used, recirculation zones are suppressed as it has been shown in many studies involving flow separation. When MGF strength is increased to Ha = 10, slight changes in the vortex below the inlet port are seen while fluid velocity is reduced. At the highest MGF strength, vortex suppression is profound for the VC without a plate (Figure 8). As the PPP is installed, the vortex size is small and, therefore, impacts of using MGF on the flow field is not as significant as compared to other cases. This is also shown in the local Nu variation as shown in Figure 9. When no plate is used, increasing the MGF strength from Ha = 0 to Ha = 10 reduces the local Nu as the fluid velocity is reduced. In this case, vortex suppression is not significant. When its strength is increased to Ha = 50, local Nu becomes higher on the left portion of the hot wall due to the vortex suppression. However, local Nu becomes higher in the large portion of the hot wall with higher MGF strength when PPP is mounted in the VC. When average Nu performance results are compared, its value is reduced until Ha = 20 for the cases without a plate and PP (N = 0), while its value is increased further with higher MGF strength. When the no-plate case and PP case are considered, the balance between the vortex suppression due to higher Lorentz forces and reduction of main fluid velocity with higher MGF strengths results in lower values of average Nu. When no plate is used, the average Nu is reduced 39.6% from Ha = 0 to Ha = 20, while it is increased 29.6% from Ha = 20 to Ha = 50. When PP is used with N = 0, these values become 22.2% and 26.5%. The average Nu rises by about 25.4% at the highest MGF strength when PPP is mounted in the VC system.



The left inclined wall of the VC is made elastic. Variations of the elastic modulus of the inclined wall on the flow pattern variations are shown in Figure 10. A lower value of Ca denotes a rigid wall, where the elastic modulus is higher. The deflection of the left inclined wall results in changes in the vortex core center below in the inlet port, while this impact is more pronounced when the MGF effect is absent. As part of the fluid impinges onto the inclined wall, deformation of the wall is more pronounced for higher fluid velocities (lower MGF strength) and for higher Ca values. The local Nu is generally higher for higher values of Ca. This is due to the movement of the main fluid stream toward the left due to the additional deformation caused by the elastic inclined wall. The average Nu values are lower when a rigid wall is used for all plates while higher HT values are achieved for the case when PP is installed. The amount of average Nu rise becomes 6% and 3.6% and 2.6% for VC system with PPP (N = 9), PP (N = 0) and without a plate, respectively (Figure 11). The permeability of the PP is also another influencing factor for convective HT features. When PP (N = 0) is used with lower permeability (lower Da values), the plate resists more against the fluid flow while the vortex size below the inlet ports is small. When the Da value is increased, its size increases and the secondary vortex near the top right corner becomes more pronounced (Figure 12). However, for the PPP (N = 9), due to the presence of the internal circular voids, the impact of permeability on the flow structure is not as significant as for the case of PP (N = 0). The local Nu becomes higher with higher permeability for the large portion of the hot wall. When PPP is used, the average Nu increment becomes 22.8%, while it is 35.9% for the PP (N = 9) case (Figure 13).



Different case comparisons in terms of thermal performance improvements are shown in Figure 14. In the absence of MGF effects, the best case is obtained when no object is used for the elastic-walled VC system, while the worst case is seen for the PPP-installed VC with a rigid side wall. The reduction amounts of average Nu are 27.5% and 24.5% by using a PPP as compared to the case without a plate for the rigid and elastic-walled cavity cases. When MGF effects are considered, the PP case provides the highest value of average Nu. The values when using PP are 5.5% higher as compared to the case of VC without a plate. Even though PPP provides a lightweight structure of the VC system, it provides HT deterioration, and using it is not advantageous at the highest permeability of the plate. However, using a PP in the VC system provides higher local and average Nu values under MGF effects, and it can be considered a good tool for the thermal management of thermo-fluid configuration.




4. Conclusions


In the present study, the effects of using elastic wall, PPP and uniform inclined MGF on the convective thermal performance improvements in a VC are numerically assessed. A novel configuration of using a perforated porous plate and inclined elastic wall is proposed for HT control under MGF effects. The following conclusions can be drawn:




	
Significant variations in the flow patterns are observed when PPP is installed and MGF strength is varied. Depending upon the Re value, using PPP results in thermal performance improvements. At Re = 600, HT rates becomes 6.3% higher when using PPP as compared to the case of a cavity without a plate, while it is 11.2% lower at Re = 1000.



	
HT rates become lower with higher MGF strength until a certain value of Ha, and beyond this value, they become higher for different cases of using PPs. Average Nu increments from Ha = 20 to Ha = 50 are obtained as 29.6%, 29.6% and 25.4% when using no plate, PP and PPP, respectively.



	
The variation of the elastic modulus of the inclined wall contributes to the HT rates, while for a rigid wall, lower HT rates are seen. The highest impact is obtained for VC system with PPP (6% increment), followed by VC with PP (3.6% increment). When the permeability of the plates is increased, it has a positive impact on the thermal performance improvement, while HT increments of 22.8% and 35.9% are obtained by using the VC system with PPP and with PP.



	
When MGF is not used, the most favorable case in terms of thermal performance is the configuration without a plate and elastic wall, while the worst case is with PPP and a rigid side wall. When MGF is used, the bast case is the VC system with PP, while the HT rate is 5.5% higher as compared to the case without a plate.








The present study can be extended to include non-uniform MGF effects, multiple port inclusion and different thermal boundary conditions. Entropy generation analysis can also be included, which will increase the applicability of the present study.
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Abbreviations




	
a    p   

	
plate size




	
B    0   

	
strength of magnetic field




	
Da

	
Darcy number




	
d

	
distance between the cylinders




	
E

	
elastic modulus




	
Ha

	
Hartmann number




	
H

	
cavity size




	
h

	
heat transfer coefficient




	
k

	
thermal conductivity




	
n

	
unit normal vector




	
Nu

	
Nusselt number




	
p

	
pressure




	
Pr

	
Prandtl number




	
r

	
cylinder size




	
Re

	
Reynolds number




	
T

	
temperature




	
u, v

	
velocity components




	
wi

	
inlet port size




	
wo

	
outlet port size




	
x, y

	
Cartesian coordinates




	
Greek Characters




	
  α  

	
thermal diffusivity




	
  ϕ  

	
solid volume fraction




	
  γ  

	
inclination angle




	
  ν  

	
kinematic viscosity




	
  θ  

	
non-dimensional temperature




	
  ρ  

	
density




	
  Γ  

	
electrical conductivity




	
Subscripts




	
c

	
cold




	
h

	
hot




	
m

	
average




	
hnf

	
hybrid nanofluid




	
Subscripts




	
HT

	
heat transfer




	
MGF

	
magnetic field




	
PP

	
porous plate




	
PPP

	
perforated porous plate




	
VC

	
vented cavity
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Figure 1. Schematic view of VC system with inclined elastic wall under MGF. 
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Figure 2. Different configurations of VC system with PP (a) and with PPP (b). 
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Figure 3. Mesh independence test results for average Nu versus element number at two different MGF strength ((a), Re = 800, Ca =   10  − 5   , Da =   10  − 2   ) and distribution of mesh (b). 
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Figure 4. Streamline comparisons by using the reference study in Ref. [65], where convection in a flexible walled enclosure with an elastic baffle was analyzed (Ra = 10   5  , E* =   8 ×  10 9   ,  ρ s* = 6000 and baffle length of 0.8). 
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Figure 5. Average Nu comparisons between the results of Ref. [1] at two different Re where forced convection in a VC with one inlet/outlet port is studied. 
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Figure 6. Impacts of Re on the streamline variations for different cases of using PPs (Ha = 15, Ca =   10  − 5   , Da =   10  − 2   ). 
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Figure 7. Local (a,b) and average (c) Nu variations with different Re for different cases of using PPs (Ha = 15, Ca =   10  − 5   , Da =   10  − 2   ). 
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Figure 8. Streamline variations with different MGF strength for VC system without plate (a–d) and with PPP (e–h) (Re = 800, Ca =   10  − 5   , Da =   10  − 2   ). 
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Figure 9. Impacts of MGF strength on local (a,b) and average (c) Nu variations by using different PP configurations (Re = 800, Ca =   10  − 5   , Da =   10  − 2   ). 
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Figure 10. Impacts of Ca number of the streamline variations for the VC system without plate (a–c) and with PPP (d–f) (Re = 800, Ha = 15, Da =   10  − 2   ). 
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Figure 11. Effects of Ca number on the local (a,b) and average (c) Nu distributions for different cases of using PP (Re = 800, Ha = 15, Da =   10  − 2   ). 
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Figure 12. Streamline distributions with varying permeability of PPs (a–c) and PPP (d–f) (Re = 800, Ha = 15, Ca =   10  − 5   ). 
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Figure 13. Impacts of Da on the variation of local (a,b) and average Nu (c) for the cases without plate (W) and with PPP (Re = 800, Ha = 15, Ca =   10  − 5   ). 
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Figure 14. Comparison of different cases (MGF, PPP and elastic wall) in terms of thermal performance enhancement. 
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Table 1. Thermophysical properties of hybrid nanoparticles and base fluid [63].
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	Property Name with Unit
	Ag
	MgO
	Water





	   ρ  ( kg /  m 3  )   
	10,500
	3560
	997.1



	    C p    ( J / kg  K )    
	235
	955
	4179



	   k  ( W / m  K )   
	429
	45
	0.62



	   μ  ( kg / m  s )   
	-
	-
	   8.55 ×  10  − 4     
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Nux

(@ w






media/file4.png
porous plate

y (N=0)
H
4
uc ? Tc \ /
) " wi
inlet . .
adiabatic
.
- \ a, H
B A
‘.
‘
‘
/ . > outlet
elastic ‘\ a, B > wo
Y B Y (“ oo T= Th
corner location
(Xcayc>
(a)
perforated porous
M plate(N=9)
§ H
uc ? Tc \ /
) " wi
inlet . .
adiabatic
\
- \ a, H
B %
A Y
‘
4
l / s > outlet
elastic N a, ' wo
Y P Y s(“ Yoo T= Th
identical circular
corner location with radius—r,distance—d
(Xcayc>

(b)





media/file30.png
29.5 —
T e
a5l T a- |
28 _
27 .50—— o o /;7
-’ _
27 .
o
u _,_—-—V’ =©-without
2 e il pv
) - N | N Siwo
25-?0'-8 1;;'7 1076 1S e
Ca





media/file18.png
(e)Ha=0,N=9 (fHa=10,N=9 (g) Ha=20,N =9 (h) Ha =50, N =9





media/file34.jpg
Nux

100 e 0!





media/file26.png
(f)Ca=10"%N=9





media/file27.jpg
35,

< %
2 25
20
13
10
EH

®IN=






media/file3.jpg
‘porous plate
y (N=0)

. adiabatic

B
] outler
cornerlocation
(xeaye)
@
perforated porous
plate(N=9)
L n A
u.T,
inlet T
. adiabatic
B
& - outlet
dhastic a - o
T-T,

identical circular
withradivs —r  distance -d

corner locai
(xeaye)

®





media/file22.png
36< ll
34 -
D
12 S 7
32 ]
30
=-without
i -0-N-=0 i
28 7-N=9
26\ ===~ ===V 7
24 | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50





media/file14.jpg
Nux

®)N=9

4 .
B0 aw w0 w0 w0 w0 a0 w0 oo





media/file35.png
Nux

50+ ;\ % Da=1e-6 |

a5/ X o Da=le-4 |.

x/H
@ N=0





media/file20.jpg





media/file19.jpg
Nux

Nux

@w
T
“* Ha=0
50, © Ha=10 !
o Ha=20 i
st - Ha=50 i

®N





media/file7.jpg





media/file10.png
~ | Saeidi and Khodadadi [2006]

Bl present solver

100

Re

500






media/file15.png
Nux

55
50
45
40
35
30

~#- Re=200
~©- Re=600
—- Re=1000

.
fa,
*l






media/file33.jpg
Nux

x/H
(@N=0





media/file32.png
(d)Da=10"°,N=9 (e)Da=10"3,N=9 (f)Da=10"1,N=9





media/file28.jpg
205

2
285
28

e

e [evabon
e o
e F-N=9.
10° 10





media/file11.jpg





media/file6.png
I I I
-O-Ha=0
38 - V‘ —7-Ha=50]|
\\
\
v
36 - TSl n
v v =V
E
>
Z 34} |
Q
N
32 G . - _
R o e -0
30 ] ] ] | |
0 1 2 3 4 S 6

element number «10°

(a)

(b)





media/file36.png
Nux

Nu

30

28

26

24

22¢

% Da=1le-6
¢~ Da=1le-4
- Da=1le-1

-
-—__-_

20

——
-
-

|

1072





media/file37.jpg
Ny

50

40

£

20

R, Ha-0 MR, Ha=50 BE, Ha=

M. Ha=50]

Case 1.W
Case 2,
Case 3,

2
Case number (C)






nav.xhtml


  mathematics-11-00695


  
    		
      mathematics-11-00695
    


  




  





media/file24.jpg





media/file29.png
Nux

Nux

50
45
40
35
30
25
20
15
10

% Ca=le-4
¢~ Ca=1le-5
- Ca=1le-8

0.6 0.8
x/H

(a) W






media/file16.png
—#- Re=200
0 Re=600
—- Re=1000

<

-

=

x/H
(b)N =9
35
30 -
e 4

DE ————

2 25 -. —©-without| |
== N=0
=7-N=9

20 .

5 | |

200 300 500 600 700 800 900 1000
Re

(c)





media/file2.png
[
-

u., T

c? T ¢

inlet

' adiabatic

elastic ‘\
P Q(“ .~ T=T,

A






media/file23.jpg
(@Ca=10"%, W (b)Ca=10"6, W (©Ca=10"%,W





media/file5.jpg
E

1 2 0 ‘ B s
element number 108

@

®





media/file1.jpg
\
\
\

N,

elastic

adiabatic






media/file31.jpg





media/file12.png





media/file9.jpg
15 - [ESacidi and Khodadadi (2006]
present solver

101
&
H

100 500
Re





media/file0.png





media/file38.png
Nu

50

40

30

20

10

| I
IR, Ha=0 IR, Ha=50 BIE, Ha=0 IME, Ha=50

Case 1,W
Case 2, N=0
Case 3, N=9

2
Case number (C)






media/file8.png
=






media/file25.png
(a) Ca=10"8%, W (b)Ca=10"° W (c)Ca=10"% W





media/file17.jpg
(@Ha=0,W (b) Ha =10, W (9 Ha=20,W () Ha =50,W.

() Ha=0,N=9 (HHa=10,N=9 (g Ha=20,N=9





media/file21.png
Nux

Nux

0.8 1
x/H
(a) W

I

—#- Ha=0 .
>0r -0~ Ha=10 I
~- Ha=20 l

adi = Ha=50 i






