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Abstract

:

This numerical analysis aims to observe and analyze the combined convection characteristics of the micropolar tri-hybrid nano-liquid that moves around a cylindrical object, and, in addition, to compare its thermal behavior to that of hybrid and mono nano-fluids. For this purpose, the problem is modeled by developing the Tiwari and Das models, then the governing model is converted into dimensionless expressions, and finally, the problem is solved using the Keller box approximation. The current findings are compared with previously published results to show that the present method is sufficiently accurate for physical and engineering applications. By examining and analyzing the extent to which skin friction, the Nusselt number, velocity, angular velocity, and temperature are affected by some critical factors, the following points are revealed: A greater value of the micropolar and magnetic factors can result in curtailing the heat transmission rate, velocity, and angular velocity. Higher values of the mixed convection factor can contribute to a better rate of energy transfer and can grant the micropolar tri-hybrid nano-liquid a higher velocity. Regardless of the influencing factors, the maximum value of all considered physical groups is achieved by using ternary hybrid nano-liquids.
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1. Introduction


Micropolar liquids are polar liquids with an asymmetrical pressure sensor, and they are commonly represented as complex liquids with a microstructure. They are liquids that are suspended in an adhesive medium, and they are vital for scientific researchers and industry practitioners operating with hydrodynamic liquid issues and phenomena, as well as having a wide range of applications such as in polymeric solutions, lubricating fluids, animal blood, liquid crystals, and others. The microfluidic theory and its extensions were first introduced by Eringen et al. [1,2]. In their studies, they highlighted the local micromotions and described the case in which microdeformation rates are linear, in addition to including heat conduction and dissipation impacts. Recently, Abbas et al. [3] provided a numerical analysis of a magneto-micropolar nano-liquid in a porous medium over a cylindrical object possessing a sinusoidally varying radius. Swalmeh et al. [4] computationally explored the convection that is produced by natural means in a micropolar nano-liquid moving about a spherical object. Alkasasbeh et al. [5] looked into the thermal performance of kerosene oil and a micropolar fluid host of metallic nano-solids across a cylindrical surface was studied. El-Zahar et al. [6] analyzed the influence of a combined free and forced convection flow of micropolar nano-fluid along an orthogonal cylindrical object. Alwawi et al. [7] observed the thermal behavior of a micropolar liquid enhanced with nano-particles moving around a cylindrical surface subjected to Lorentz force. Yaseen et al. [8] presented a report on the thermal performance of a magnetized micropolar nano-liquid moving around a spherical object.



The development of mechanisms and technologies in the field of energy transfer through liquids is an essential goal because of its tangible impact on the development of many food and pharmaceutical industries, as well as countless fields with physics and engineering applications. To this end, large-scale experiments and studies have been conducted in an attempt to identify the fundamental and critical factors that influence energy transmission and are controlled via new and innovative methods and technologies. Among the most effective of these techniques, which are supported by earlier studies, are those that have been concerned with promoting the thermal conductivity performance of liquids by including solid nano-particles to obtain a composition of liquid and solid nano-particles, which are known as nano-fluids. The inclusion of those nano-particles in the world of energy transport is credited to Choi and Eastman [9]. Their study demonstrated the extent of metallic nano-particles’ ability to raise the thermal conductivity performance of the host fluid. Furthermore, the host fluid became able to overcome previous problems caused by the researchers’ use of micrometer-sized particles, such as clogging and instability. Eastman et al. [10] published a research paper showing the great ability and superiority of copper nano-solids in raising the thermal conductivity of liquid ethylene glycol over copper and aluminum oxides. Thereafter, many simulation investigations were held in an attempt to predict the behavior of these upgraded fluids. Kuznetsov and Nield [11] have used the Buongiorno nano-liquid model to upgrade earlier studies on regular liquids past a vertical plate. Dinarvand et al. [12] presented a report on the combined convection of a nano-liquid moving around a vertical cylindrical surface with the aid of the homotopy approximation. Rashad and Nabwey [13] looked into the combined bio-convection of a nano-liquid involving motile gyrotactic microorganisms moving past a cylindrical surface. Alwawi et al. [14] examined the combined and free convection flow of magneto-micropolar and magneto-Casson nano-liquids around a cylinder. Alsulami et al. [15] investigates the MHD energy transport produced by a sodium alginate liquid motion about a stretching sheet in a porous media. More studies can be found in [16,17,18]. A second generation of nano-substances, known as hybrid nano-substances, has emerged and spread as a result of extensive experimental research. The concept of hybrid nano-composites is centered on the fabrication of two nano-materials to generate a nano-combination with better features [19,20,21,22,23]. Nadeem [24] considered the influence of thermal slip on hybrid nano-liquid flow via the cylindrical surface. Dinarvand [25] optimized the Tiwari–Das’s model to examine the combined convection flow of a hybrid nano-liquid over a porous cylindrical shape. Rashad et al. [26] looked into the energy transport performance of a hybrid polar nano-liquid around a cylindrical shape in a saturated porous medium. Alharbi et al. [27] explored the effect of hybrid nano-materials on the thermal performance of a moving magneto-liquid around a cylindrical surface. More recent comprehensive contributions are reported in [28,29,30,31,32,33]. The experiments did not appear to end there, and they are still ongoing in order to find the ideal fluid on which to rely. This motivated the availability of the third generation of nano-fluids (ternary hybrid nano-fluids), in which three different types of nano-solids with integrated physical and chemical features are suspended in the ternary hybrid nano-particles. Experimental studies [34,35,36] demonstrate that these advanced nano-particles outperform the previous generation in terms of thermal performance. The heat transfer characteristics of a Cu/Fe3O4/SiO2-polymer-based tri-hybrid nano-liquid past a heated stretching/shrinking cylindrical shape were investigated by Mahmood et al. [37]. A numerical study was carried out by Alharbi et al. [38] to analyze the heat and mass transfer of a magneto-tri-hybrid nano-liquid moving about a stretching cylinder. In their comprehensive study, Nazir et al. [39] observed the impact of the application of a magnetic field on the flow of the tri-hybrid toward a heated cylindrical object. Khan et al. [40] analyzed the flow of tri-hybrid nano-fluid characteristics around a rotating sphere in the context of trying to cool rotating spherical industrial products. Sarada et al. [41] examined the heat transport of tri-hybrid nano-liquids in motion past a curved stretching sheet, considering the non-Fourier heat flux model. In their investigation, Kumar et al. [42] provided a comparative analysis of energy transport in time-dependent MHD tri-hybrid nano-liquids, considering the conveyance of three variously shaped nano-solids. Other relevant works are included in [43,44,45,46,47].



The combination of natural and forced convection is referred to as combined (mixed) convection. It is caused by both an external force and a difference in the fluid density that is caused by temperature gradients. In a mixed convection, there are two types of fluid flow: assisting, where forced convection and convection produced by natural means are in the same direction, and opposing, where natural and forced convections are in opposite directions. The wide range of engineering and physical applications of mixed convection, such as cooling in electronic devices, nuclear reactors, many mantle-driven cavities, and others, have gained the utmost importance and have attracted many researchers. Magnetohydrodynamics (MHDs), on the other hand, are critical in regulating energy transmission in many industrial applications, such as the role of fluid metals in cooling nuclear reactors and controlling metallurgical procedures. Dhanai et al. [48] presented a study on the transfer of energy and mass through a magneto-nano-fluid moving around an inclined cylinder in combined convection. Alizadeh et al. [49] provided a numerical study on the entropy generation of magnetized nano-fluid flow over a cylinder in a porous medium in the case of combined convection. In their study, Patil and Kulkarni [50] analyzed the thermal behavior of second-generation nano-fluids flowing around a cylinder in a magnetized mixed convection. Ullah et al. [51] analyzed the slip velocity impact on MHDs mixed convection flow past a non-conducting cylindrical surface within a porous medium. Depending on the Buongiorno model in their investigation, Umavathi et al. [52] examined MHDs that squeezed Cassonian nano-liquid flow between parallel convectively heated disks. See also [53,54].



The wide-ranging applications of tri-hybrid nano-fluids, micropolar fluids, combined convection, and magnetohydrodynamics mentioned in the earlier literature may lend weight to this study. In addition, in scrutiny of the previous literature, it appears that our gap appears to have not been deliberated previously. Additionally, our study is an improvement and an expansion of many previous studies, and it can be relied upon in many experimental and numerical studies. All of the foregoing prompted us to present a computational simulation and parametric analysis of the effectiveness of ternary nano-composites for improving the performance of micropolar liquid heat transport. To this end, the well-known Tiwari–Das model is expanded to include a ternary hybrid micropolar nano-liquid, considering magnetic force. The dimensional governing equations of the studied model are transformed into nondimensional, partial differential equations, and then, the Keller box scheme is employed to solve these partial differential equations. The obtained numerical results are compared to the previous literature and are found to be highly compatible.




2. Formulating the Governing Model


This section develops the mathematical formulations for heat transfer in the case of combined convection in magnetized micropolar ternary hybrid nano-fluids. The magnetic field strength is indicated by    B 0   . The problem considers a horizontal circular cylinder with a radius of a. It depends on the constant heat flux boundary condition    q W   , as presented in Figure 1.    T ∞   ,  g , and    U ∞    are ambient temperatures, free-stream velocity, and the gravitation. The perpendicular coordinates ζ and  ω  are measured along the circumference of the horizontal cylinder, starting from the lower stagnation point   ζ ≈ 0  .



Relying on the above assumptions, and by including the ternary hybrid nano-fluid characteristics [55,56,57], applying a magnetic field [7] and microrotation equations [4,58], the governing dimensional equations can be represented as:


    ∂  u ¯    ∂  ζ ¯    +   ∂  v ¯    ∂  ω ¯    = 0  



(1)






    ρ  t h n f      u ¯      ∂  u ¯    ∂  ζ ¯    +  v ¯    ∂  u ¯    ∂  ω ¯      =   u ¯  e    ∂   u ¯  e    ∂  ζ ¯    +      μ  t h n f   + κ              ∂ 2   u ¯    ∂   ω ¯  2        +     ρ  n f      β  t h n f     g   T −  T ∞    s i n   ζ ¯  a  + κ       ∂  H ¯    ∂  ω ¯        −  σ  t h n f    β 0 2   u ¯  ,   



(2)






   u ¯      ∂ T   ∂  ζ ¯    +  v ¯      ∂ T   ∂  ω ¯    =  α  t h n f        ∂ 2   T ¯    ∂   ω ¯  2        ,  



(3)






   ρ  t h n f     j    u ¯      ∂  H ¯    ∂  ζ ¯    +  v ¯    ∂  H ¯    ∂  ω ¯      =  ϕ  t h n f            ∂ 2   H ¯    ∂   ω ¯  2        + κ   − 2  H ¯  +   ∂  u ¯    ∂  ω ¯        .  



(4)







The isoflux surface boundary condition for single-phase flows is considered in this study, which means that the heat flux at the boundary is constant. It can be stated mathematically as follows (see [57]):


    u ¯  =  v ¯  = 0   , T =   −  q w     k f    ,    H ¯  = −   1 / 2     ∂  u ¯    ∂  y ¯    ,    as     y ¯  = 0 ,     u ¯  →   u ¯  e    ζ ¯   ,    v ¯  → 0 ,   T →  T ∞  ,    H ¯  → 0 ,    as     y ¯    →   ∞ ,     



(5)







  u ¯   and   v ¯   indicate the velocity components in the   ζ ¯   and   ω ¯   directions, respectively.     H ,  ¯      and   T   are angular velocity and the temperature.    k f  ,   κ  , and   j =  a 2  G  r  − 1 / 2     stand for the thermal conductivity of the fluid, the microinertia density, and the vortex viscosity. The physical properties     ρ ,   μ ,   and   β   represent the density, dynamic viscosity, and thermal expansion coefficient.  α ,  σ , and   ϕ = j   μ +  κ 2        symbolize thermal diffusivity, electrical conductivity, and the spin gradient viscosity of the fluid, respectively.     u ¯  e  =  U ∞  sin     ζ ¯  a      refers to the local free-stream velocity. Additionally, the subscript thnf denotes the ternary hybrid nano-fluid. Taking into account the ternary hybrid nano-fluid characteristics, their physical properties can be obtained, as displayed in Table 1.



Where  χ  denotes the volume fraction of the studied nano-particles. Based on the model characterization, the nondimensional variables are introduced as the following:


    ζ =   ζ ¯  a    ,   ω =   ( R e )     2 / 5      a  − 1    ω ¯    ,   θ =  k f      a  q w      − 1   R  e  2 / 5     T −  T ∞    ,      u =   u ¯    U ∞      ,   v =   ( R e )     2 / 5      a  − 1    v ¯    ,   H = a  U ∞  − 1   R  e  − 1      H ¯  ,    



(6)







  R e =  U ∞  a  v f  − 1     is called the Reynolds number and    v f    represents the kinematic viscosity of the fluid. Invoking the dimensionless variables (6) and ternary hybrid nano-fluid physical properties (Table 1), the dimensional governing Equations (1)–(4) and boundary conditions (5) can be expressed into a dimensionless form as follows:


    ∂  u    ∂ ζ   +   ∂  v    ∂ ω   = 0  



(7)






   u     ∂ u   ∂ ζ   + v     ∂ u   ∂ ω   =   u   e     ∂   u   e     ∂ ζ   +       ρ   f       ρ   t h n f           1   ( 1 −     χ   A g     )   2.5   ( 1 −     χ     T i O   2       )   2.5   ( 1 −     χ   G O     )   2.5     + K           ∂   2   u   ∂   ω   2                                + (    1     ρ   t h n f       1 −   χ   A g         1 −   χ     T i O   2           1 −   χ   G O       ρ   f   +   χ   G O       ρ   G O     β   G O       β   f       +   χ     T i O   2         ρ     T i O   2       β     T i O   2         β   f            +       χ   A g       ρ   A g     β   A g       β   f      ) λ θ   sin  ⁡  ζ     +     ρ   f       ρ   t h n f     K   ∂ H   ∂ ω   −     ρ   f       ρ   t h n f         σ   t h n f       σ   f     M u ,   



(8)






   u     ∂ θ   ∂ ζ   + v     ∂ θ   ∂ ω   =     1  Pr        k  t h n f   /  k f      1 −  χ  A g         1 −  χ  T i  O 2            1 −  χ  G O     +  χ  G O         ρ  c p      G O       ( ρ  c p  )  f      +  χ  T i  O 2          ρ  c p      T i  O 2        ( ρ  c p  )  f      +  χ  A g         ρ  c p      A g       ( ρ  c p  )  f             ∂ 2  θ   ∂  ω 2      ,   



(9)






   u     ∂ H   ∂ ζ   + v   ∂ H   ∂ ω     = −    ρ f     ρ  t h n f         K     2 H +   ∂ u   ∂ ω          +    ρ f     ρ  t h n f            1    ( 1 −  χ  A g   )   2.5     ( 1 −  χ  T i  O 2    )   2.5     ( 1 −  χ  G O   )   2.5     +   K    2             ∂ 2  H   ∂  ω 2        ,   



(10)




subject to the following:


   u = v = 0   ,    θ ′  = − 1   ,   H = −   1 / 2       ∂ u   ∂ ω       as   ω = 0 ,    u →  u e   ζ  =   s i n ζ  ζ    ,   θ ,   H → 0     as   ω   →   ∞ .   



(11)







The stream function  η  can be defined as the following:


   u =   ∂ η     ∂ y     ,   and   v =   ∂ η     ∂ x     



(12)







Now, assume the following variables:


  η = ζ f     ζ ,   ω     , θ = θ     ζ ,   ω     , H = ζ   h     ζ ,   ω     ,  



(13)







Substituting these variables (12) and (13) into Equations (7)–(11). The dimensionless equations can be rewritten as partial differential equations:





       ρ   f       ρ   t h n f           1   ( 1 −     χ   A g     )   2.5   ( 1 −     χ     T i O   2       )   2.5   ( 1 −     χ   G O     )   2.5     + K       ∂   3   f   ∂   ω   3     + f     ∂   2   f   ∂   ω   2     −       ∂ f   ∂ ω       2   + (    1     ρ   t h n f       1 −   χ   A g     [    1 −   χ     T i O   2       [    1 −   χ   G O       ρ   f    +             χ   G O       ρ   G O     β   G O       β   f      ] +   χ     T i O   2         ρ     T i O   2       β     T i O   2         β   f      ] +   χ   A g       ρ   A g     β   A g       β   f      ) λ θ   s i n ζ   ζ   +     s i n ζ c o s ζ   ζ   +     ρ   f       ρ   t h n f     K       ∂ h   ∂ y           ρ   f       ρ   t h n f         σ   t h n f       σ   f     M   ∂ f   ∂ ω   =     ζ       ∂ f   ∂ y       ∂   2   f   ∂ ζ ∂ ω   −     ∂ f   ∂ ζ       ∂   2   f   ∂   ω   2       ,   



(14)






    1  Pr        k  t h n f   /  k f      1 −  χ  A g         1 −  χ  T i  O 2            1 −  χ  G O     +  χ  G O         ρ  c p      G O       ( ρ  c p  )  f      +  χ  T i  O 2          ρ  c p      T i  O 2        ( ρ  c p  )  f      +  χ  A g         ρ  c p      A g       ( ρ  c p  )  f                 ∂ 2  θ   ∂  ω 2        + f   ∂ θ     ∂ ω   =    ζ     ∂ f   ∂ ω     ∂ θ   ∂ ζ   −   ∂ f   ∂ ζ     ∂ θ   ∂ ω     .   



(15)






     ρ f     ρ  t h n f              1    ( 1 −  χ  A g   )   2.5     ( 1 −  χ  T i  O 2    )   2.5     ( 1 −  χ  G O   )   2.5     +   K    2           ∂ 2  h   ∂  ω 2        + f     ∂ h   ∂ ω   −   ∂ f   ∂ ω   h −    ρ f     ρ  n f       K   2 h +    ∂ 2  f   ∂  ω 2      = ζ       ∂ f   ∂ ω       ∂ h   ∂ ζ   −   ∂ f   ∂ ζ     ∂ h   ∂ ω     ,  



(16)




subject to the following:


    f =   ∂ f   ∂ ω   = 0   ,  θ ′  = − 1   ,   h = −   1 / 2        ∂ 2  f   ∂  ω 2      ,   as   ω = 0 ,        ∂ f   ∂ ω   →   s i n ζ  ζ    ,   θ → 0   ,   h → 0   ,   as   ω   →   ∞ ,    



(17)







The above partial differential Equations (14)–(16), at the stagnation point     ζ ≈ 0    , can be determined as the following:





       ρ   f       ρ   t h n f           1   ( 1 −     χ   A g     )   2.5   ( 1 −     χ     T i O   2       )   2.5   ( 1 −     χ   G O     )   2.5     + K     f   ‴   + f   f   ″   −       f   ′       2   + (    1     ρ   t h n f       1 −   χ   A g     [    1 −   χ     T i O   2       [    1 −   χ   G O       ρ   f    +            χ   G O       ρ   G O     β   G O       β   f      ] +   χ     T i O   2         ρ     T i O   2       β     T i O   2         β   f      ] +   χ   A g       ρ   A g     β   A g       β   f      ) λ θ + 1 +     ρ   f       ρ   t h n f     K       ∂ h   ∂ y           ρ   f       ρ   t h n f         σ   t h n f       σ   f     M  f ′  = 0 ,   



(18)






   1  Pr        k  t h n f   /  k f      1 −  χ  A g         1 −  χ  T i  O 2            1 −  χ  G O     +  χ  G O         ρ  c p      G O       ( ρ  c p  )  f      +  χ  T i  O 2          ρ  c p      T i  O 2        ( ρ  c p  )  f      +  χ  A g         ρ  c p      A g       ( ρ  c p  )  f               θ ″      + f  θ ′  = 0  



(19)






      ρ f     ρ  t h n f              1    (   1 −  χ  A g   )   2.5     (   1 −  χ  T i  O 2    )   2.5     (   1 −  χ  G O   )   2.5     +   K    2         h ″    + f    h ′     −  f ′  h −    ρ f     ρ  t h n f       K     2 h +  f ″      = 0 ,   



(20)




with the transformed boundary conditions, which are the following:


    f  0  =  f ′   0  = 0   ,    θ ′   0  = − 1   ,   h  0  = −   1 / 2      f ″   0    ,   as   ω → 0 ,       f ′  → 1   ,   θ → 0   ,   h → 0   ,   as   ω   →   ∞ ,      



(21)







The local skin friction coefficient Cf  and the Nusselt number Nu can be written as the following [59]:


    C f  =      1    (   1 −  χ  A g   )   2.5     (   1 −  χ  T i  O 2    )   2.5     (   1 −  χ  G O   )   2.5     +  K 2    ζ      ∂ 2  f   ∂  ω 2        ζ ,   0     ,   N u =    k  t h n f      k f         1 θ      ζ ,   0   ,   



(22)








3. Numerical Approximation and Validation


The Keller box numerical method is exceedingly applicable since it has been flexibly programmed. The method’s numerical outcomes possess remarkable accuracy [60,61]. Consequently, all these properties give it adaptability compared to other methods for dealing with convection boundary layer flow problems. The Keller box method comprises the following procedures: Initially, the system was reduced from third-order to first-order equations via the finite differences method. After that, the converted difference equations were linearized using Newton’s scheme. Finally, the linear system of equations was solved by a block elimination process. Moreover, the numerical outcomes are gained, as shown in the figures and tables, by programming the algorithm of a linear system performed by MATLAB software. Furthermore, they are checked to see if the current results are correct by comparing the results of (bold results) the local skin friction and temperature, at a fixed value (  K = M = ψ = 0  , Pr   = 1  ), with the previously reported literature (Italic results), as shown in Table 2 and Table 3. According to the tables, the present numerical results are in excellent agreement with the results of Nazar et al. [59] On the other hand, Table 4 displays the thermo-physical properties of the used nano-particles and fluid.




4. Results and Discussion


In this section, the thermal behavior of micropolar tri-hybrid nano-liquids is presented. Additionally, insights and physical interpretations of the responses of physical groups when they are exposed to critical factors related to energy transfer are provided. The pertinent factors values have been taken into account as −0.5 ≤ λ ≤ 2, 1 ≤ K ≤ 5, 0.1 ≤ M ≤ 3, and 0.01 ≤ ψ ≤ 0.03. Figure 2, Figure 3, Figure 4 and Figure 5 represent the impacts of the studied parameters on the skin friction Cf, when enlarging values of mixed convection λ, micropolar K, and volume fraction ψ are the parameters. Figure 2 confirms that as the mixed convection values escalate, so do the drag forces. The skin friction increases with an increase in velocity, and previous studies confirm that for larger values of the mixed convection factor, the velocity is increased and, accordingly, there is a growth in the drag forces. Figure 3 describes that skin friction increases for micropolar factor boosting. The perceptions are that the viscosity appears to grow while the rising upsides of micropolar factor are utilized. Mathematically, Equation (22) shows that skin friction is an increasing function of the micropolar factor. As a result, the coefficient of skin friction increases. In Figure 4, it is evident that increasing the intensity of the magnetic field forces negatively affected the skin friction. This negative effect can be linked to an inhibition in the velocity of the fluid and the transport of energy, which are caused by the intensification of the magnetic field. Figure 5 is plotted to describe the tendency of skin friction when it is exposed to the volume fraction factor. Skin friction shows a positive tendency when the volume fraction factor increases, because, by increasing this factor, the thermal conductivity of the host fluid improves. In addition, looking closely at Equation (22), we find that the skin friction has a positive relationship with the nano-particle volume fraction if its values are between 0 and 1, and because this study relied on a range of volume fraction values between 0 and 0.2 (as recommended in the previous studies), the relationship will be positive, which leads to an improvement in the drag forces. The Nusselt number behaviors that result from the impacts of mixed convection, micropolar, magnetic, and volume fraction factors are captured in Figure 6, Figure 7, Figure 8 and Figure 9. Figure 6 shows how the Nusselt number behaves when the values of the mixed convection factor are escalating. The buoyant forces will undoubtedly improve as the combined convective factor values rise, and as a result, the Nusselt number value will also obviously improve. The inverse relationship between the Nusselt number and the micropolar factor is clearly visible in Figure 7. With the improvement of the micropolar factor, the resistance of the fluid to movement increases, and this means that its velocity is slowed, which causes an inhibition of energy transfer. The Nusselt number shows in Figure 8 a reverse response when exposed to a magnetic field of increasing intensity. This response is explained by the braking that occurs at the velocity of the tri-hybrid nano-fluid, which causes an inhibition of energy transfer. It is clear from Figure 9 that the Nusselt number is an increasing function of the volume fraction factor, which agrees with the fact that has been supported in several previous numerical and experimental studies, namely, that the thermal conductivity of the host fluid increases with the increase in the volume fraction factor, and accordingly, the rate of the energy transport increases.



Figure 10, Figure 11, Figure 12 and Figure 13 depict the temperature profile’s response when subjected to the effects of a mixed convection factor, micropolar factor, magnetic factor, and a volume fraction factor. It is noted from Figure 10 that the temperature profile decreases owing to magnification in the mixed convection factor. The rise in the factor of mixed convection contributes significantly to a reduction in thermal diffusivity, which means low-energy capabilities and a thermal boundary layer thickness. Consequently, a decrease in the temperature of the micropolar tri-hybrid fluid occurs. In Figure 11, the incremental change in the micropolar factor leads to an improvement in the temperature contour of the micropolar tri-hybrid fluid. This positive behavior of tri-hybrid fluid temperature can be explained by the increase in viscosity caused by the incremental change in the micropolar factor. Figure 12 demonstrates the positive impact of the magnetic field factor on the temperature contour. The increasing change in the magnetic field factor leads to the stimulation of the frictional forces (Lorentz force), which means that more energy is generated inside the fluid, leading to an enhanced micropolar tri-hybrid fluid temperature. Figure 13 depicts the significant growth in the temperature profile as the volume fraction factor values improve. Physically, an increase in the volume fraction factor promotes heat transport between the exterior of the object wall and the host fluid, which assists in expanding the thickness of the thermal layer. The response of the velocity to the impacts of the combined convection factor, magnetic factor, micropolar factor, and volume fraction factor is graphically represented in Figure 1. There is a noticeable improvement in the velocity of the host fluid when the values of the mixed convection factor rise, which is evident in Figure 14. The reasons for these increased changes in the velocity of the host fluid are the improvement in the buoyant forces resulting from the rise in the values of the mixed convection factor. From Figure 15 it can be seen that the velocity of the tri-hybrid fluid is slowed down by the growth in the micropolar factor values. The suppression in the fluid velocity is expected to occur because the increase in the values of the micropolar factor improves the viscosity of the fluid, and this leads to an increase in the fluid’s resistance to movement, thereby limiting its velocity. Figure 16 depicts the negative effect of the Lorentz force on the velocity of the micropolar mono, hybrid, and tri-hybrid nano-fluids. The high value of the magnetic factor leads to a stimulation of the emergence of the Lorentz force, which in turn, works to enhance the resistance of the fluid to moving. As a result, its velocity actually declines. Figure 17 confirms that there is a positive relationship between the volume fraction factor and the velocity of the host fluid, in which both the fluid’s velocity and x move in tandem. It is well recognized that growth in the volume fraction factor leads to better energy transmission, contributing to more rapid fluid movement.



Figure 18, Figure 19, Figure 20 and Figure 21 expose the impressions of the mixed convection factor, micropolar factor, magnetic factor, and volume fraction factor on the angular velocity. Figure 18 emphasizes that there is a direct association between the angular velocity and mixed convection factors. As the values of the mixed convection factor are raised, the buoyant forces are promoted, potentially causing the tri-hybrid nano-fluid’s angular velocity to rise. Figure 19 is portrayed to examine the impact of the micropolar factor on a tri-hybrid nano-fluid’s angular velocity. The enhancement in the micropolar factor values is accompanied by the improvement in the tri-hybrid nano-fluid’s resistance to flow, which leads to a reduction in its angular velocity. Figure 20 exemplifies the influence of the magnetic factor on a tri-hybrid nano-fluid’s angular velocity. It is exposed that the force exerted by the magnetic field resists the angular velocity. In Figure 21, the angular velocity shows a positive reaction to the growth in the values of the volume fraction factor. In fact, this behavior should occur owing to the increase in energy transfer resulting from the upgrade in the thermal conductivity of the host liquid. Furthermore, a combination of silver Ag, titanium oxide TiO2, and graphene oxide GO is considered as a ternary hybrid nano-particle. The combination of aluminum oxide Al2O3 and silver Ag is utilized as a hybrid nano-particle, whereas silver Ag is used as a mono nano-particle. All these nano-solids are suspended in ethylene glycol. It has been noticed that ternary hybrid nano-fluids have maximum local skin friction compared with hybrid fluids or mono nano-fluids. The ternary hybrid nano-fluid heat transfer performance is better than that of the hybrid nano-fluid and the mono nano-fluid. Hence, it can be concluded that the ternary hybrid nano-particles are more reliable for the development and growth of energy transfer rates. Lastly, the graphical findings for velocity, angular velocity, and temperature satisfy the considered boundary conditions.




5. Conclusions


In this analysis, the thermal performance of a micropolar tri-hybrid fluid was investigated and numerically assessed using the Keller box approximation. The following are the main conclusions of this analysis:




	1-

	
Regardless of the influencing factors, the tri-hybrid nano-fluid, represented by GO-TiO2-Ag-ethylene glycol, produced the maximum value of the rate of energy transfer, velocity, angular velocity, skin friction, and temperature.




	2-

	
Elevating the value of the mixed convection factor improves heat transport, velocity, and angular velocity.




	3-

	
The volume fraction factor of tri-hybrid nano-particles has the potential to enhance all of the physical groups investigated in this study.




	4-

	
The velocity of the tri-hybrid nano-fluids and their ability to transfer energy are significantly suppressed when the magnetic field strength is increased.




	5-

	
Greater values of the micropolar factor have the ability to improve skin friction and temperature while inhibiting velocity, angular velocity, and energy transfer.









The combined convection boundary layer flow of ternary hybrid micropolar nano-fluids is studied under the magnetic field effect, with the constant heat flux boundary conditions over a horizontal circular cylinder. There are numerous aspects that can be addressed in future research, such as studying the flow characteristics and heat transfer in the presence of radiation, heat generation, and absorption, including other models such as Casson, Maxwell, and so on. This issue can also be seen in the case of unsteady state flow.
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Figure 1. Physical model and coordinate system. 
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Figure 2. Mixed convection factor against skin friction. 
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Figure 3. Micropolar factor against skin friction. 
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Figure 4. Magnetic parameter against skin friction. 






Figure 4. Magnetic parameter against skin friction.



[image: Symmetry 15 00429 g004]







[image: Symmetry 15 00429 g005 550] 





Figure 5. Volume fraction factor against skin friction. 
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Figure 6. Mixed convection parameter against Nusselt number. 
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Figure 7. Micropolar factor against Nusselt number. 
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Figure 8. Magnetic parameter against Nusselt number. 
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Figure 9. Volume fraction factor against Nusselt number. 
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Figure 10. Mixed convection factor against temperature. 
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Figure 11. Micropolar factor against temperature. 
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Figure 12. Magnetic factor against temperature. 
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Figure 13. Volume fraction factor against temperature. 
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Figure 14. Mixed convection factor against velocity. 
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Figure 15. Micropolar factor against velocity. 
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Figure 16. Magnetic factor against velocity. 
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Figure 17. Volume fraction factor against velocity profile. 
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Figure 18. Mixed convection factor versus angular velocity profile. 






Figure 18. Mixed convection factor versus angular velocity profile.



[image: Symmetry 15 00429 g018]







[image: Symmetry 15 00429 g019 550] 





Figure 19. Micropolar factor versus angular velocity profile. 
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Figure 20. Magnetic factor versus angular velocity profile. 
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Figure 21. Volume fraction factor versus angular velocity profile. 
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Table 1. Tri-hybrid nano-fluid physical properties [56,59].
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	    ( μ )   t h n f     =    μ  f         (   1 −  χ  A g   )   2.5     (   1 −  χ  T i  O 2    )   2.5     (   1 −  χ  G O   )   2.5      .



	     ( ρ  c p  )   t h n f   =     1 −  χ  A g         1 −  χ  T i  O 2            1 −  χ  G O       ( ρ  c p  )  f  +  χ  G O     ρ  c p   )  G O     +  χ  T i  O 2      ρ  c p   )  T i  O 2      +  χ  A g     ( ρ  c p  )   A g     



	     ρ  )  t h n f   =   1 −  χ  A g         1 −  χ  T z i  O 2            1 −  χ  G O      ρ f  +  χ  G O    ρ  G O     +  χ  T i  O 2     ρ  T i  O 2    ] +  χ  A g    ρ  A g   x   



	   ϕ  t h n f   =    μ  t h n f     + κ / 2   j  ,     ( α )   t h n f   =      k  t h n f       (   ρ  c p    )   t h n f      ,
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Table 2. Comparing the results of skin friction with previous results.
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ζ

	
   λ   






	

	
−0.85

	
−0.6

	
−0.4

	
−0.2

	
0.0

	
0.2

	
0.34

	
0.35

	
5.0




	
0.0

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000




	

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.0000




	
0.2

	
0.0098

	
0.1003

	
0.1550

	
0.2044

	
0.2445

	
0.2782

	
0.3024

	
0.30227

	
0.7951




	

	
0.0170

	
0.0917

	
0.1547

	
0.2020

	
0.2421

	
0.2778

	
0.3009

	
0.3025

	
0.7947




	
0.4

	

	
0.1507

	
0.2865

	
0.3849

	
0.4624

	
0.5333

	
0.5788

	
0.5820

	
1.5605




	

	

	
0.1456

	
0.2816

	
0.3788

	
0.4600

	
0.5319

	
0.5783

	
0.5815

	
1.5595




	
0.6

	

	
0.1174

	
0.3782

	
0.5107

	
0.6342

	
0.7450

	
0.8128

	
0.8207

	
2.2722




	

	

	
0.1051

	
0.3550

	
0.5084

	
0.6331

	
0.7422

	
0.8121

	
0.8170

	
2.2683




	
0.8

	

	

	
0.3583

	
0.5753

	
0.7481

	
0.9007

	
0.9938

	
1.0016

	
2.9051




	

	

	

	
0.3475

	
0.5721

	
0.7447

	
0.8926

	
0.9866

	
0.9931

	
2.8983




	
1.0

	

	

	
0.2119

	
0.5518

	
0.7880

	
0.9803

	
1.1009

	
1.1036

	
3.4406




	

	

	

	
0.2097

	
0.5537

	
0.7827

	
0.9725

	
1.0912

	
1.0993

	
3.4311




	
1.2

	

	

	

	
0.4411

	
0.7507

	
1.0021

	
1.1310

	
1.1412

	
3.8587




	

	

	

	

	
0.4360

	
0.7410

	
0.9773

	
1.1218

	
1.1316

	
3.8535




	
1.4

	

	

	

	
0.1976

	
0.6263

	
0.9104

	
1.1123

	
1.1238

	
4.1582




	

	

	

	

	
0.1585

	
0.6175

	
0.9094

	
1.0811

	
1.0927

	
4.1575




	
1.6

	

	

	

	

	
0.4340

	
0.7727

	
1.0171

	
1.0225

	
4.3374




	

	

	

	

	

	
0.4095

	
0.7774

	
0.9786

	
0.9920

	
4.3397




	
1.8

	

	

	

	

	
0.0510

	
0.6402

	
0.8279

	
0.8555

	
4.1902




	

	

	

	

	

	
0.0408

	
0.5955

	
0.8296

	
0.8448

	
4.002




	
2.0

	

	

	

	

	

	
0.4122

	
0.7230

	
0.7581

	
4.3476




	

	

	

	

	

	

	
0.3817

	
0.6544

	
0.6713

	
4.3411
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Table 3. Comparing the results of   θ  0    with previous results.
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   λ   

	
    θ  0     






	
−0.6

	
2.0547

	
2.0567




	
−0.4

	
1.9046

	
1.9088




	
−0.2

	
1.8157

	
1.8172




	
0.0

	
1.7517

	
1.7555




	
0.2

	
1.7018

	
1.7073




	
0.4

	
1.6608

	
1.6663




	
0.6

	
1.6260

	
1.6269




	
0.8

	
1.5958

	
1.5967




	
1.0

	
1.5692

	
1.5705




	
1.4

	
1.5239

	
1.5247




	
1.8

	
1.4863

	
1.4883




	
3.0

	
1.4015

	
1.4046
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Table 4. Thermo-physical characteristics of ethylene glycol and studied nano-particles [47,62,63,64].
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	Thermo-Physical Feature
	Ethylene Glycol
	Ag
	GO
	Fe3O4





	Cp (J/kg K)
	2415
	235
	717
	670



	β × 10−5 (K−1)
	57
	1.89
	28
	20.6



	ρ (kg/m3)
	1114
	10500
	1800
	5180



	K (W/m K)
	0.252
	429
	5000
	80.4



	σ (s/m)
	1.07 × 10−6
	6.3 × 107
	6.3 × 107
	1.12 × 105



	Pr
	29.8
	-
	-
	-
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