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Abstract

:

This communication studies the importance of varying the radius   D p   of Copper nanoparticles for microgravity-modulated mixed convection in micropolar nanofluid flux under an inclined surface subject magnetic field and heat source. In the current era, extremely pervasive modernized technical implementations have drawn attention to free convection governed by g-jitter force connected with microgravity. Therefore, fixed inter-spacing of nanoparticles and effects of g-jitter on the inclined surface are taken into consideration. A mathematical formulation based on conservation principles was non-dimensionalized by enforcement of similarity transformation, yielding a related set of ODEs. The convective non-linearity and coupling, an FE discretization, was implemented and executed on the Matlab platform. The numerical process’ credibility was ensured for its acceptable adoption with the defined outcomes. Then, the computational endeavor was continued to elucidate the impacts of various inputs of   D p  , the amplitude of modulation  ϵ , material parameter  β , mixed convection parameter  λ , inclination angle  γ , and magnetic parameter M. The enlarging size of nanoparticles accelerated the nanofluid flow due to the depreciation of viscosity and receded the fluid temperature by reducing the surface area for heat transportation. The modulated Nusselt number, couple stress, and skin friction coefficient are significantly affected by the variation of   D p  , M,  β ,  λ , and  ϵ . These results would benefit experts dealing with upper space transportation and materials’ performance, such as the effectualness of chemical catalytic reactors and crystals.
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1. Introduction


Increasing the heat conduction capacity of nanofluids is a significant concern of modern-day research experts. The improvement in heat conduction capability depends upon the base fluid’s nature and the different parameters of nanoparticles. Other physical parameters remain under discussion for researchers, such as the concentration of nano-sized particles, viscosity, and temperature effect due to different mass-to-density ratios [1,2]. Wei et al. [3] inquired about the impacts of size and thickness on the number, surface zone, hardening productivity, and explicit surface zone of nanoparticles in polymer nanocomposites. They found that dust and nano-sized particles are responsible for enhanced thermal performance, Goodarzi et al. [4] studied the experimental dynamics of MWCNTs-ZnO/engine oil and hybrid nanolubricants that are based on variations in heat and concentration and found that nanofluid viscosity shows a decline against raising the heat at a constant fraction of volume. Zadeh et al. [5] examined the nanofluid dynamic viscosity through experiments and resulted that the fluid’s dynamic viscosity reduces with enhancement in heat. Hamid et al. [6] analyzed the effect of nanoparticles shapes of Molybdenum disulfide (  M o  S 2   ) on the rotating flux of nanoliquid with thermal radiations and magnetic effect above a flexible extended sheet. Yapici et al. [7] studied the impact of different metallic oxide nanoparticle concentration and size upon the rheology of base nanofluid, specifically ethylene glycol. Gajghate et al. [8] experimentally examined the impact of Zirconia nanoparticles and analyzed the heat transportation with deionized water subject to stability, turbulence, and viscosity tests, affirming a superior scattering of nanoparticles. Shah et al. [9] explored the importance of an increase in the radius of nanoparticles, Soret, and Dufour effects for the fluid dynamics under the magnetic influence. Attention has been given to the flows of nanofluids under different physical configurations [10,11,12,13,14].



Due to the wide variety of physical designs, analysis of non-Newtonian fluids has attained enormous interest in various zones of engineering, biomedical engineering, and industrial and technical implementations. For example, blood, shampoo, oils, paints, drilling mud, and ketchup are non-Newtonian fluids. Micropolar liquid indicates the micromovements of components of fluid and microscopic influences resulting from a local structure. The micropolar fluids theory, illustrating both the microinertia effect and micro rotation, was suggested by Eringen [15,16]. Further, Wilson [17] rendered the idea of approximating the boundary layer in micropolar fluids towards surfaces. By ignoring specific microinertia terminology and utilizing the reasoning of order-of-magnitude, he acquired adequate two-dimensional boundary layer systems. A few articles have been written about the issues of micropolar fluids’ boundary layer flux [18,19,20].



The semiconductor industry has highlighted the magnetic field’s usage to monitor melt motion during single crystal fabrication. The influence of magnetic damping stems from various sources including microgravity, which reduces the g-jitter impact subject to an appropriate magnetic field [21]. Baumgartl, Ma, and Walker [22], as well as Muller [23,24], investigated g-jitter-driven melt flux associated with the experiments on the development of space crystal. Li and his colleague [25,26] documented a wide range of studies involving computational simulation and theoretical magnetic field applications on mass transport and g-jitter-driven flows. Many other researchers used actual g-jitter data and simulated g-jitter signatures from regular space flights to better understand heat and flow phenomena in a real-world g-jitter environment.



For g-jitter theoretical studies, a mathematical model was built that is appropriate within a spaceport for various materials science investigations. Several researchers explored g-jitters speculative fluid activity on the fluid flow of the boundary layer (see [27,28]). This research aids in the preparation of fundamental experimental analysis for non-Newtonian and Newtonian fluids using g-jitter. The gravity modulation impact by magnetic convection in fluids with angular momentum produced internally was investigated using g-jitter-induced viscous fluid [29]. In addition, studies have also been carried out on the impact of modulation of periodic gravity produced by heat transmission features and mixed convective flux with a vertically stretching surface in incompressible and viscous liquids [30]. Moreover, the importance of gravity modulation in conjunction with Darcy convection at the vertical flux was also explored by [31].



The abovementioned analysis suggest that nanoliquids are a potential channel for enlarged heat transmission because of their productive thermal attributes such as the ratio of mass to density, thermal conductivity, and specific heat capacity. However, these days, research interest has diverted to analyzing the role of the radius of nanoparticles and spacing between them. The change in nanoparticle radius impacts the characteristics of nanoparticles and interphase [32], and also influences the nature of energy transfer between the surface of nanoparticles and fluid’s layers [33]. Motivated by such an indispensable notion, this work is undertaken to elaborate on the impact of nanoparticle radius for g-jitter mixed convection of nanofluid transportation due to an inclined surface. The present report results may be beneficial in the thermal fluids designed for material processing in space. In this scenario, the current elaborated fluid model answers the following research questions:




	
How does the radius of nanoparticles influence the transport phenomena of   C u  -nanofluids in micro gravity environment?



	
What role does the variable radius of nanoparticles have in the decreased and regulated factor of skin friction, thermal transfer rate, and couple stress at the inclined surface?



	
What is the role of modulation amplitude and oscillation frequency on fluid dynamics with mixed convection due to the inclined and expanding surface in microgravity environments?








Finite element discretization is utilized to attain numerical solution of the non-linear coupled formulation, because it solve various boundary value problems related to fluid dynamics very rapidly, adequately, and precisely [34,35].




2. Mathematical Formulation


We assume that microgravity impacts the flux of non-Newtonian liquids and attributes of the temperature of   C u  /   H 2  O   (nanofluids) due to an expanding inclined surface (plate), as in Figure 1.   T ∞  ,   T w  ,   B o  , and  γ  are ambient temperature, constant temperature, uniformly magnetic strength in the y-direction, and acute angle, respectively. Further, in the x-direction, the plate is extending, and the y-axis is perpendicular to the plate’s surface. It is supposed that linear velocity is    u w  = b x  , where (  b > 0  ). The thermophysical characteristics of    H 2  O   and   C u   solid particles are displayed in Table 1 and Table 2. The aggregation of tiny particles is neglected because the nanofluid’s mixture is assumed to be a stable compound. Further, the gravitational field    g *   ( t )  =   g 0  +  g 0  a cos  ( π ω t )     is incorporated in the momentum equation [36]. Here,    g *   ( t )    and   g 0   denote the acceleration time-averaged value due to K unit vector; gravity is in an upward direction; and t,  ω , and a are time, oscillation frequency, and scaling parameter, respectively. Under the aforementioned factors, the problem’s governing equations are the following [37,38]:


   ∂ x    u ˜  1  +  ∂ y    u ˜  2  = 0 ,  



(1)






   ρ  n f    (  ∂ t    u ˜  1  +   u ˜  1   ∂ x    u ˜  1  +   u ˜  2   ∂ y    u ˜  1  )  =  (  μ  n f   + κ )   ∂  y y     u ˜  1  − σ  B 0 2   u 1  + κ  ∂ y   N ˜  +  g *   ( t )   (  T ˜  −   T ˜  ∞  )   ( ρ β )  cos γ ,  



(2)






   ρ j  (  ∂ t   N ˜  +   u ˜  1   ∂ x   N ˜  +   u ˜  2   ∂ y   N ˜  )  =  γ *   (  μ f  +  κ 2  )   ∂  y y    N ˜  − κ  ( 2 N +  ∂ x    u ˜  1  )  ,  



(3)






   ∂ t   T ˜  +   u ˜  1   ∂ x   T ˜  +   u ˜  2   ∂ y   T ˜  =  α ˜   ∂  y y    T ˜  +   Q 0   ρ  C p     (  T ˜  −   T ˜  ∞  )  .  



(4)







The related boundary conditions are


         t = 0 :   u ˜  1  =   u ˜  2  = 0 ,   T ˜  =   T ˜  ∞  ,       t > 0 :   u ˜  1  =   u ˜  w  ,    u ˜  2  = 0 ,   N ˜  = 0 ,   T ˜  =   T ˜  w  ,  a s  y = 0 ,         u ˜  1  → 0 ,   T ˜  →   T ˜  ∞  ,   N ˜  → 0 ,  a s  y → ∞ .         



(5)







Above,    u ˜  1   and    u ˜  2   are velocity components in the x and y directions;   T ˜  ,  σ ,   μ  n f   ,   N ˜  ,   α ˜  ,   ρ  n f   , and   γ *   are temperature of fluid, electrical conductivity, dynamic viscosity, angular velocity, thermal diffusion, density, and spin gradient viscosity, respectively. Now, we use the below similarity transformations (see [37,39]):


     η =     b ˜   y 2   ν   ,  Γ =  b ˜  t ,  N =    b ˜  ν   H  ( τ , η )  ,  ψ =    b ˜  ν   x F  ( τ , η )  ,  θ  ( τ , η )  =    T ˜  −   T ˜  ∞      T ˜  w  −   T ˜  ∞    ,  τ = b ω .     



(6)
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Table 1. Thermophysical characteristics of water-based fluid and nanoparticles [40,41].






Table 1. Thermophysical characteristics of water-based fluid and nanoparticles [40,41].





	Physical Properties
	  ρ   (kg m     − 3    )
	   C p    (J kg     − 1     K     − 1    )
	  κ   (Wm     − 1     K     − 1    )
	  β   × 10    5    (K     − 1    )





	    H 2  O   
	0991.1
	4179.0
	00.613
	21.000



	   C u   
	8933.0
	0385.0
	0401.0
	1.6700
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Table 2. Thermophysical attributes of base fluid and nanoparticles [40,41,42,43].






Table 2. Thermophysical attributes of base fluid and nanoparticles [40,41,42,43].





	Properties
	Nanofluid





	Viscosity   ( μ )  
	     μ  n f    μ  b f    = 1 + 2.5 Φ + 4.5   1   h  D p    ( 2 +  h  D p   )    ( 1 +  h  D p   )  2       



	Density   ( ρ )  
	    ρ  n f   =  ρ f   ( 1 − Φ )  + Φ  ρ s    



	Heat capacity   ( ρ  C p  )  
	     ( ρ  C p  )   n f   =   ( ρ  C p  )  f   ( 1 − Φ )  + Φ    ( ρ  C p  )  s    ( ρ  C p  )  f     



	Thermal conductivity (k)
	     k  n f    k f   =    k s  + 2  k f  − 2 Φ  (  k f  −  k s  )     k s  + 2  k f  + Φ  (  k f  −  k s  )      



	Electrical conductivity   ( σ )  
	     σ  n f    σ f   =  1 +   3    σ s   σ f   − 1  Φ      σ s   σ f   + 2  −    σ s   σ f   − 1  Φ      



	Coefficient of thermal expansion   (  β *  )  
	     ( ρ  β *  )   n f   =   ( ρ  β *  )  f   ( 1 − Φ )  + Φ    ( ρ  β *  )  s    ( ρ  β *  )  f     








In Table 2, h;   D p  ; and the subscripts   f , s  , and   n f   represent inter-particle space, radius of nanoparticles, and tiny particles of   C u   and nanoliquid, respectively. Substituting Equation (6) into Equations (1)–(5) reduces to the following system of a non-linear set of non-linear PDEs:


    (   χ 1   χ 2   + β )   F  ‴   + F  F  ″   −   M  χ 4    χ 2    F ′  −  F  ′ 2   +    χ 3  λ   χ 2   θ cos  ( γ )  +    χ 3  λ   χ 2   θ cos  ( γ )  a cos  ( π τ )  θ +  β  χ 2    H ′  = Ω   ∂   F  ′    ∂ τ   ,  



(7)






      (   χ 1   χ 2   + 0.5 β )   H  ″   + F  G ′  −  F ′  H −  β  χ 2    ( 2 H +  F  ″   )  = Ω   ∂ H   ∂ τ   ,     



(8)






       χ 5   χ 6    θ  ″   +  P r  F  θ ′  −  P r   F ′  θ +   Q s   χ 6   θ = P r Ω   ∂ θ   ∂ τ   ,     



(9)






         H  ( τ , η = 0 )  = 0 ,  F  ( τ , η = 0 )  = 0 ,   F ′   ( τ , η = 0 )  = θ  ( τ , η = 0 )  = 1 ,  a t  η = 0 ,        F ′   ( τ , η )  → 0 ,  θ  ( τ , η )  → 0 ,  H  ( τ , η )  → 0 ,  a s  η → ∞ ,         



(10)




where


     χ 1     = 1 + 2.5 Φ + 4.5   1   h  D p    ( 2 +  h  D p   )    ( 1 +  h  D p   )  2     ,   χ 2  =  ( 1 − Φ )  + Φ   ρ s   ρ f   ,   χ 3  =  ( 1 − Φ )  + Φ    ( ρ β )  s    ( ρ β )  f   ,       χ 4     =  1 +   3    σ s   σ f   − 1  Φ      σ s   σ f   + 2  −    σ s   σ f   − 1  Φ    ,   χ 5  =    k s  + 2  k f  − 2 Φ  (  k f  −  k s  )     k s  + 2  k f  + Φ  (  k f  −  k s  )    ,   χ 6  =  ( 1 − Φ )  + Φ    ( ρ  C p  )  s    ( ρ  C p  )  f   .     











The material parameter, Hartmann number, non-dimensional frequency, Prandtl number, mixed convection, and heat source are defined as


     β =  κ  μ f   ,  M =   σ    B 2   0    b ρ   ,  Ω =  ω b  ,  P r =  ν  α ˜   ,  λ =    g 0  β  (   T ˜  w  −   T ˜  ∞  )   x 3  /  ν 2     (  u w  x / ν )  2   ,    Q s  =   Q 0   b ρ  C p    .     











Skin friction coefficient and local Nusselt number expressions are described as


      C f  =   2  τ w    ρ   u  w 2    ,  N u =   x  q w    κ (   T ˜  w  −   T ˜  ∞  )   .     



(11)







Here, the tensor of skin friction    τ w  =   (  (  μ  n f   + κ )   ∂ y    u ˜  1  + κ N )   y = 0    —and at the surface, heat flux—are    q w  = − κ   (   ∂ y   T ˜   )   y = 0    . By Equation (6), we obtain


     C  f x   R  e x  1 / 2    =  (   χ 1   χ 2   + K )   F  ″    ( τ , 0 )  , N  u x   R  e x  − 1 / 2    = −  χ 5  θ  ( τ , 0 )  .     



(12)







Numerical Procedure


The FE method is noteworthy for solving several types of differentiated equations. Continuous piecewise approximation is used to reduce the error size [44]. The basic steps and outstanding detail of this strategy were sketched out by Reddy [45] and Jyothi [46]. Because of its precision and simplicity, scientists and experts have described this technique as a particularly productive instrument for examining complex technical challenges [47,48]. For solving Equations (7)–(9) with boundary condition (10), we assume first:


      F ′  = Λ ,     



(13)







In view of Equation (13), Equations (7)–(10) are converted to Equations (14)–(17) and are given as follows:


      (   χ 1   χ 2   + K )   Λ  ″   −  Λ 2  + F  Λ ′  −   M  χ 4    χ 2   Λ +    χ 3  λ   χ 2    1 + a cos ( π τ )  θ cos  ( γ )  +  K  χ 2    G ′  = Ω   ∂ Λ   ∂ τ   ,     



(14)






      (   χ 1   χ 2   +  K 2  )   G  ″   + F  G ′  − Λ G −  K  χ 2    ( 2 G +  Λ ′  )  = Ω   ∂ G   ∂ τ   ,     



(15)






       χ 5   χ 6    θ  ″   +  P r  F  θ ′  −  P r  Λ θ +   Q s   χ 6   P r θ = P r Ω   ∂ θ   ∂ τ   ,     



(16)






         Λ ( τ , η = 0 ) = 1 ,  F ( τ , η = 0 ) = 0 ,  G ( τ , η = 0 ) = 0 ,  θ ( τ , η = 0 ) = 1 ,  a t  η = 0 ,       Λ ( τ , η ) → 0 ,  G ( τ , η ) → 0 ,  θ ( τ , η ) → 0 ,  a s  η → ∞ .         



(17)







For numerical computation, length of the plate is fixed at   τ = 2.0   and thickness of the boundary layer at   η = 5.0  . The variational forms of Equations (13)–(17) are given below:


   ∫  Ω e *    β 1   {  F ′  − Λ }  d  Ω e *  = 0 ,  



(18)






   ∫  Ω e *    β 2   {  (   χ 1   χ 2   + K )   Λ  ″   + F  Λ ′  −  Λ 2  −   M  χ 4    χ 2   Λ +    χ 3  λ   χ 2    1 + a cos π τ  θ cos γ +  K  χ 2    G ′  − Ω   ∂ Λ   ∂ τ   }  d  Ω e *  = 0 ,  



(19)






      ∫  Ω e *    β 3   {  (   χ 1   χ 2   +  K 2  )   G  ″   + F  G ′  − Λ G −  K  χ 2    ( 2 G +  Λ ′  )  − Ω   ∂ G   ∂ τ   }  d  Ω e *  = 0 ,     



(20)






      ∫  Ω e *    β 4   {   χ 5   χ 6    θ  ″   +  P r  F  θ ′  −  P r  Λ θ +   Q s   χ 6   P r θ − P r Ω   ∂ θ   ∂ τ   }  d  Ω e *  = 0 .     



(21)







Here, test functions are   β 1  ,   β 2  ,   β 3  , and   β 4  . Let us divide the domain (  Ω e *  ) into four nodded-elements. The associate approximations of finite-element are


     F =  ∑  j = 1  4   F j   Ψ j   ( τ , η )  ,  ζ =  ∑  j = 1  4   ζ j   Ψ j   ( τ , η )  ,  θ =  ∑  j = 1  4   θ j   Ψ j   ( τ , η )  .     



(22)







Here,   Ψ j   (j = 1, 2, 3, 4) are the linear-interpolation functions for   Ω e *   given by


   Ψ 1  =    (  τ  e + 1   − τ )   (  η  e + 1   − η )     (  τ  e + 1   −  τ e  )   (  η  e + 1   −  η e  )    ,   Ψ 2  =    ( τ −  τ e  )   (  η  e + 1   − η )     (  τ  e + 1   −  τ e  )   (  η  e + 1   −  η e  )    ,  










   Ψ 3  =    ( τ −  τ e  )   ( η −  η e  )     (  τ  e + 1   −  τ e  )   (  η  e + 1   −  η e  )    ,   Ψ 4  =    (  τ  e + 1   − τ )   ( η −  η e  )     (  τ  e + 1   −  τ e  )   (  η  e + 1   −  η e  )    .  



(23)







The developed model of finite elements of the equations is given by


        [  L 11  ]     [  L 12  ]     [  L 13  ]     [  L 14  ]       [  L 21  ]     [  L 22  ]     [  L 23  ]     [  L 24  ]       [  L 31  ]     [  L 32  ]     [  L 33  ]     [  L 34  ]       [  L 41  ]     [  L 42  ]     [  L 43  ]     [  L 44  ]           { f }       { ζ }       { g }       { θ }       =      {  r 1  }       {  r 2  }       {  r 3  }       {  r 4  }       



(24)




where   [  L  m n   ]   and   [  r m  ]   (m, n = 1, 2, 3, 4) are defined as follows:


     L  i j  11    =     ∫  Ω e *    Ψ i    d  Ψ j    d η   d  Ω e  ,  L  i j  12  = −  ∫  Ω e    Ψ i   Ψ j  d  Ω e *  ,  L  i j  13  =  L  i j  14  =  L  i j  21  =  L  i j  31  = 0 ,       L  i j  22    =    −  (  1   χ 1   χ 2    + K )   ∫  Ω e *     d  Ψ i    d η     d  Ψ j    d η   d  Ω e *  +  ∫  Ω e *    f ¯   Ψ i    d  Ψ j    d η   d  Ω e *  −  ∫  Ω e *    Λ ¯   Ψ i   Ψ j  d  Ω e *  −  M  χ 2    ∫  Ω e *    Ψ i   Ψ j  d  Ω e *  − Ω  ∫  Ω e *    Ψ i    d  Ψ j    d τ   d  Ω e *  ,       L  i j  23    =     K  χ 2    ∫  Ω e *    Ψ i    d  Ψ j    d η   d  Ω e *  ,  L  i j  24  =    χ 3  λ   χ 2    ( 1 + a cos π τ )  cos γ  ∫  Ω e *    Ψ i   Ψ j  d  Ω e *  ,       L  i j  33    =    −  (  1   χ 1   χ 2    +  K 2  )   ∫  Ω e *     d  Ψ i    d η     d  Ψ j    d η   d  Ω e *  +  ∫  Ω e *    f ¯   Ψ i    d  Ψ j    d η   d  Ω e *  −  ∫  Ω e *    Λ ¯   Ψ i   Ψ j  d  Ω e *  −   2 K   χ 2    ∫  Ω e *    Ψ i   Ψ j  d  Ω e *  − Ω  ∫  Ω e *    Ψ i    d  Ψ j    d τ   d  Ω e *  ,       L  i j  32    =    −  K  χ 2    Ψ i    d  Ψ j    d η   d  Ω e *  ,  L  i j  34  =  L  i j  41  =  L  i j  42  =  L  i j  43  = 0 ,       L  i j  44    =    −   χ 4   χ 5    ∫  Ω e *     d  Ψ i    d η     d  Ψ j    d η   d  Ω e *  + P r  ∫  Ω e *    f ¯   Ψ i    d  Ψ j    d η   d  Ω e *  − P r  ∫  Ω e *    Λ ¯   Ψ i   Ψ j  d  Ω e *  − P r Ω  ∫  Ω e *    Ψ i    d  Ψ j    d ξ   d  Ω e *  + P r   Q s   χ 5    ∫  Ω e *    Λ ¯   Ψ i   Ψ j  d  Ω e *  ,     








and


      r i 1  = 0 ,   r i 2  = −  (  1   χ 1   χ 2    + K )   ∮  Γ e    Ψ i   n η    ∂  Λ ˜    ∂ η    d s ,   r i 3  = −  (  1   χ 1   χ 2    +  K 2  )   ∮  Γ e    Ψ i   n η    ∂  G ˜    ∂ η    d s ,   r i 4  = −   χ 4   χ 5    ∮  Γ e    Ψ i   n η    ∂  θ ˜    ∂ η    d s ,     



(25)




where    F ¯  =  ∑  j = 1  4    F ¯  j   Ψ j   ,    Λ ¯  =  ∑  j = 1  4    Λ ¯  j   Ψ j   , and     θ ¯  ′  =  ∑  j = 1  4    θ ¯  j ′   Ψ j    are known. The entire domain is divided into   101 × 101   rectangular units of equal size. After evaluating four functions at each node and obtaining 40804 non-linear equations after assembly, the technique of Gaussian quadrature is utilized to resolve the integration with   10  − 5    accuracy.





3. Results and Discussion


In this segment, we demonstrate the effect of nanoparticle radius   D p   on transport phenomena of fluids and heat transmission above an inclined stretching sheet affected by magnetic field and microgravity with a heat source. Two sets of curves are drawn for different inputs of M and  β  in all figures of these quantities. Further explanation is provided with the evaluation of the reduced skin friction factor   C  f x  R  e x  1 / 2    , local couple stress    M x  R  e x   , and rate of heat transfer   N  u x  R  e x  1 / 2     under a varied amplitude of modulation  ϵ  and the radius   D p  . In the analysis, the parameters default values were   M = 2.0  ,   β = 1.0  ,   λ = 1.0  ,    Q s  = ϵ = 0.2  ,   γ = π / 6  , and   P r = 0.72  . The current technique results are compared with those of existing studies to determine their validity (see Table 3 and Table 4).



Figure 2a,b reveal the enhancement in   F ′ ( τ , η )   (velocity) of bulk flow with enhanced radius of nanoentities   D p  . The velocity curves are smooth and steadily increasing symmetrically with successive increments in   D p  . This result can be elaborated in Figure 2a. For an example, corresponding to the smallest chosen value of   D p     (  D p  = 0.5 )  , the rescaled value of velocity   F ′ ( τ , 1 )   is nearly   0.3  , and for the highest input of   D p     ( D p = 6.5 )  ,   F ′ ( τ , 1 )   is nearly   0.6  . We can imagine for this situation that rescaled velocity of flow is almost doubled when the radius   D p   is made thirteen times greater. This noteworthy impression of   D p   on the nanofluid’s transport phenomenon pertains to the lowering of the viscous effect of the fluid against the incremental size of nanoentities in conjunction with the opinions of Namburu et al. [49] and Pastoriza-Gallego et al. [50,51]. Furthermore, it is discerned that    F ′   ( τ , η )    lessened with increasing values of M, but slightly raised directly with material parameter  β . The large values of M are related to a higher Lorentz force, which resists the flux. In contrast, the material parameter  β  is inversely proportional to the coefficient of dynamic viscosity; hence, its larger value means a decrement of viscous effects to make the flow faster. The graph of variation in   H ( τ , η )   with variational values of   D p   in collaboration with the parameters M and  β  are sketched, respectively, in Figure 3a,b. A view of these figures suggests that with the amplified values of   D p   (radius of nanoentities), the micromotion reduces close to the sheet’s boundary and twists to obtain rising values far off from the sheet. In this scenario, the impression of   D p   on the micromotion of the fluid particles is sizable enough to mention. In Figure 3a, the scaled peak value of microrotation is   0.08   when the elected input of   D p   is the lowest   (  D p  = 0.5 )  ; meanwhile, for the highest   D p     ( D p = 6.5 )  , it obtains the highest worth less than   0.03   and close   η = 1.0  . This is because the smaller radius   D p   means higher viscosity; hence, greater micromotion near the surface is generated. Further, the magnetic field strength bears little influence on micromotion, but the improved material parameter  β  places a noticeable effect on   H ( τ , η )   to be seen, respectively, in Figure 3a and Figure 3b.



Figure 4a,b illustrate the decrement in the temperature distribution of the   C u  -nanofluids when the radius   D p   is enhanced in the presence of magnetic field M. This can be connected with the fact that the heat conductivity of nanofluids decreases with increasing particle size [52]. The explanation for this outcome pertains to the decreasing surface area in case of a larger size of the nanoparticles, and hence, less heat is transferred to decline the temperature curve. From Figure 4a, the growth of temperature   θ ( τ , η )   because of rising values of M is created by slowing the motion of fluid when the kinetic energy is dissipated to thermal energy. Moreover, Figure 4b exhibits the decrement in the temperature field due to more significant inputs of material parameter  β . The two sub–figures in Figure 5a,b in their respective order reveal that for a fixed heat source strength   (  Q s  > 0 )   and heat sink   (  Q s  < 0 )  , the fluid temperature reduced significantly against the developing values of   D p  —the nanoparticle radius. Physically, the larger nanoparticles receded the surface area for less heat transportation. Thus, the nanofluid temperature is at a higher level for smaller particles. In addition, in the presence of heat source    Q s   (  Q s  > 0 )   , the temperature increases, and it decreases when the heat sink’s strength    Q s   ( Q s < 0 )    grows.



The oscillating value of   C  f x  R  e x  1 / 2     ameliorates along  ϵ    ( 0 ≤ ϵ ≤ 1 )   and attains lower peaks at   τ = 1.0  . A differentiated result for the varying radius   D p   of nanoparticles to influence the fluctuating reduced skin friction   C  f x  R  e x  1 / 2     is illustrated in Figure 6a. The magnitude of the skin friction factor in this situation is reduced against the enlarging values of   D p  . The growing magnetic strength corresponds to a strong magnetic field, which enhances the Lorentz force. The opposing nature of Lorentz force is potently exhibited in this elaborated fluid problem, where it slowed down the fluid velocity and enhanced the magnitude of   C  f x  R  e x  1 / 2    . Figure 6b discloses the magnification in the modulated behavior of   C  f x  R  e x  1 / 2     with an improving strength of  β  in the presence of a microgravity environment. Physically, this phenomenon shows because the material parameter ( β ) provides the resistance in fluid flow motion along the wall. From Figure 7a, the skin friction’s magnitude is reduced with the growing values of   D p  . Figure 7b discloses the increase in the modulated behavior of   C  f x  R  e x  1 / 2     with ameliorating strength of heat source parameter   Q s   in the presence of environs of microgravity. Figure 8a and Figure 8b, respectively, present the pronounced fluctuation of   C  f x  R  e x  1 / 2     with enhancing values of mixed convection parameter  λ  and inclination angle  γ  in the presence of g-jitter effects. The modulated skin friction shows larger fluctuations for improved mixed convection and smaller inclination of the sheet. Physically, this behavior occurs because the buoyancy force decreases as the plate is inclined away from the vertical. The influence of nanoparticle radius Dp on couple stress    M x  R  e x    is described through delineation of Figure 9. It is noticed that increments in   D p   enhance the couple stress. The quantity    M x  R  e x    upsurges with the developing values of parameters M and  β .



The implication of the radius   D p   of nanoparticles on Nusselt number   N  u x  R  e x  1 / 2     is shown in Figure 10a,b. The observation was persuasive that the Nusselt number acquires a higher value against the increasing values of   D p  . This remarkable impression of   D p   on the Nusselt number of nanofluid against the incremental size of nanoentities is in conjunction with the findings of Arani et al. [53]. As discussed above, the temperature of the fluid is lowered against   D p  ; hence, more heat transfer at the wall surface takes place. Further, it is seen that the Nusselt number remains almost uniform for all  τ    ( 0 ≤ τ ≤ 2 )   for steady solution   ϵ = 0 )   and the stronger magnetic parameter M reduces   N  u x  R  e x  1 / 2    . The large values of M are related to higher Lorentz force, which resists the fluid flow and results in improved thermal conductivity. Since the fluid temperature is improved with growing values of magnetic field, the respective heat transfer rate at the sheet surface will be decreased. However, the larger values of the material parameter improved the modulated Nusselt number. Figure 11 and Figure 12 are sketched to delineate the Nusselt number against  τ  for various values of modulation amplitude  ϵ  in collaboration with other parameters of interest. It is seen from Figure 11a that the larger-sized nanoparticles enhance   N  u x  R  e x  1 / 2    . This is an interesting finding to reveal the increasing/decreasing behavior of   N  u x  R  e x  1 / 2    , as influenced by the varying radius   D p   in two situations, namely, the steady solution (  ϵ = 0  ) in Figure 10 and with periodical gravity modulation (  ϵ > 0  ) in Figure 11a. These results correspond to our fundamental aim of the study to analyze the role of increasing radius   D p   for mixed convection related to microgravity modulated flow. Figure 11b shows that the oscillating Nusselt number recedes significantly against the improved strength of   Q s     (  Q s  > 0 )  . Figure 12a,b illustrates the oscillating Nusselt number with a variety of modulation amplitudes  ϵ . As expected, the larger  ϵ  improves the amplitude of modulated heat transfer rate at the wall and exhibits greater deviation from its steady state mean value. Figure 12a also indicates that the growth of mixed convection parameter   λ > 0   enhances the Nusselt number. In contrast, Figure 2b displays the declination of   N  u x  R  e x  1 / 2     against the increasing inclination of the sheet.
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Table 3.    F  ″    ( 0 )    and    H ′   ( 0 )    against M and  β  when   λ = Ω = γ = ϵ = Φ = 0.0 ,  χ 1  = 1.0  .
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M

	
   β   

	
Ali et al. [54]

	
Abdal et al. [19]

	
Present Results




	
    F  ″    ( 0 )    

	
    H ′   ( 0 )    

	
    F  ″    ( 0 )    

	
    H ′   ( 0 )    

	
    F  ″    ( 0 )    

	
    H ′   ( 0 )    






	
0.0

	
0.2

	
−0.909698

	
0.094995

	
−0.909798

	
0.094895

	
−0.909841

	
0.095001




	
0.5

	
−

	
−1.114368

	
0.105085

	
−1.114378

	
0.105088

	
−1.114368

	
0.105094




	
1.0

	
−

	
−1.287147

	
0.112058

	
−1.287148

	
0.112048

	
−1.287114

	
0.112120




	
1.0

	
0.0

	
−1.414208

	
0.000000

	
−1.414228

	
0.000000

	
−1.414233

	
0.000001




	
−

	
0.5

	
−1.140781

	
0.211157

	
−1.140772

	
0.211165

	
−1.140730

	
0.211159




	
−

	
2.0

	
−0.769749

	
0.358659

	
−0.769755

	
0.358646

	
−0.769763

	
0.358608
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Table 4.    θ ′   ( 0 )    via   P r   when   λ = Ω = γ = ϵ =  Q s  = M = β = Φ = 0.0 ,  χ 1  = 1.0  .
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	Pr
	Sharidan et al. [30]
	Khan et al. [55]
	Liaqat et al. [56]
	Present Results





	0.72
	−0.8086
	0.8088
	0.80863
	0.808633



	1.0
	−1.0000
	1.0000
	1.00001
	1.000008



	3.0
	−1.9238
	1.9237
	1.92367
	1.923676



	10
	−3.7225
	3.7207
	3.72067
	3.720669









4. Conclusions


With fixed inter-particle spacing, the variation of the radius of Copper nanoparticles is studied for microgravity-modulated mixed convection micropolar nanofluid flow because of an inclined sheet in the presence of heat source and magnetic field. By using FE simulation, the normalized microrotation   H ( τ , η )  , fluid velocity   F ′ ( τ , η )  , temperature, Nusselt number, decreased couple stress, and skin friction are examined and the crucial consequences are reported below:




	
The increment in the radius of nanoentities   D p   augments the velocity   F ′ ( τ , η )  , and




	
reduces the temperature of Cu-nanofluids;



	
recedes the micromotion close the sheet’s boundary and twists to obtain rising values far off from the inclined sheet;



	
reduces the skin friction magnitude and enhances the Nusselt number   N  u x  R  e x  1 / 2     and couple stress.








	
The growing strength of frequency of oscillation and inclination angle leads to a decline in the values of reduced skin friction and heat transfer coefficient; however, an opposite trend is reported when the thermal buoyancy parameter is enhanced.



	
The stronger magnetic parameter M reduces the component of velocity   F ′ ( τ , η )  , and




	
Nusselt number   ( N  u x  R  e x  1 / 2   )   attains lower values but skin friction coefficients gain larger values;



	
the rise of temperature   θ ( ξ , η )   is reported and exhibits the opposite trend for microrotation distribution.








	
The rising values of heat source, nanoparticles radius, and frequency of oscillation lead to a decrease in reduced skin friction and heat transfer coefficient, while an opposite trend is observed for Nusselt number against increasing radius.



	
Increase in the material parameter ( β ), which is responsible for the increase in the velocity component   F ′ ( τ , η )  , and




	
temperature distribution diminishes but the microrotation profile attains higher values.



	
Nusselt number   ( N  u x  R  e x  1 / 2   )  , skin friction factor, and couple stress attain higher values.








	
The larger  ϵ  improves the oscillating value of   C  f x  R  e x  1 / 2    , the amplitude of modulated heat transfer rate at the wall, and couple stress.








By this computational endeavor, we have successfully clarified the effect of nanoparticle radius on the non-Newtonian fluid (micropolar fluid) dynamics associated with microgravity (g-jitter). This research could be expanded for non-Newtonian fluids: viscoelastic Jeffrey’s nanofluid, Casson nanofluid, tangent hyperbolic, Maxwell nanofluid, and Oldroyd-B nanofluid.
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Figure 1. Geometry of model. 
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Figure 2. Curve of     F  ′   ( τ , η )    against   D p   (nanoparticle radius), M (a), and  β  (b). 






Figure 2. Curve of     F  ′   ( τ , η )    against   D p   (nanoparticle radius), M (a), and  β  (b).



[image: Mathematics 11 01266 g002]







[image: Mathematics 11 01266 g003 550] 





Figure 3. Curve of   H ( τ , η )   against   D p   (nanoparticle radius), M (a), and  β  (b). 
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Figure 4. Curve of   θ ( τ , η )   against   D p   (nanoparticle radius), (a) M (magnetic field), and (b)  β  (material parameter). 
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Figure 5. Curve of   θ ( τ , η )   against (a)   D p   (nanoparticle radius) and (b)   Q s   (Heat source/sink). 
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Figure 6. Fluctuation of   C  f x  R  e x  1 / 2     against   D p   (nanoparticle radius), (a) M (magnetic field), and (b)  β  (material parameter). 
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Figure 7. Fluctuation of   C  f x  R  e x  1 / 2     against  ϵ  (amplitude), (a)   D p   (nanoparticle radius), and (b)   Q s   (heat source). 
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[image: Mathematics 11 01266 g007]







[image: Mathematics 11 01266 g008 550] 





Figure 8. Fluctuation of   C  f x  R  e x  1 / 2     against  ϵ  (amplitude), (a)  λ  (mixed convection parameter), and (b)  γ  (inclined angle). 
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Figure 9. Fluctuation of    M x  R  e x    (couple stress) against   D p   (nanoparticle radius), (a) M (magnetic field), and (b)  β  (material parameter). 
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Figure 10. Fluctuation of   N  u x  R  e x  1 / 2     against   D p   (nanoparticle radius), (a) M (magnetic field), and (b)  β  (material parameter). 
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Figure 11. Fluctuation of   N  u x  R  e x  1 / 2     against  ϵ  (amplitude), (a)   D p   (nanoparticle radius), and (b)   Q s   (heat source). 
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Figure 12. Fluctuation of   N  u x  R  e x  1 / 2     against  ϵ  (amplitude), (a)  λ  (mixed convection parameter), and (b)  γ  (inclined angle). 
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