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Abstract

:

The present paper reports the theoretical results on the thermal performance of proposed Integrated Hybrid Nanofluid Hemi-Spherical Fin Model assuming a combination of Fe3O4-Ni/C6H18OSi2 hybrid nanofluid. The model leverages the concept of symmetrical geometries and optimized nanoparticle shapes to enhance the heat flux, with a focus on symmetrical design applications in thermal engineering. The simulations are carried out by assuming a silicone oil as a base fluid, due to its exceptional stability in hot and humid conditions, enriched with superparamagnetic Fe3O4 and Ni nanoparticles to enhance the heat transfer capabilities, with the aim of contributing to the field of nanotechnology, electronics and thermal engineering, The focus of this work is to optimize the heat dissipation in systems that require high thermal efficiency and stability such as automotive cooling systems, aerospace components and power electronics. In addition, the study explores the influence of key parameters such as heat transfer coefficients and thermal conductivity that play an important role in improving the thermal performance of cooling systems. The overall thermal performance of the model is evaluated based on its heat flux and thermal efficiency. The study also examines the impact of the shape optimized nanoparticles in silicone oil by incorporating shape-factor in its modelling equations and proposes optimization of parameters to enhance the overall thermal performance of the system. Darcy’s flow model is used to analyse the key parameters in the system and study the thermal behaviour of the hybrid nanofluid within the fin by incorporating natural convection, temperature-dependent internal heat generation, and radiation effects. By using the similarity approach, the governing equations were reduced to non-linear ordinary differential equations and numerical solutions were obtained by using four-stage Lobatto-IIIA numerical technique due to its robust stability and convergence properties. This enables a systematic investigation of various influential parameters, including thermal conductivity, emissivity and heat transfer coefficients. Additionally, it stimulates interest among researchers in applying mathematical techniques to complex heat transfer systems, thereby contributing towards the development of highly efficient cooling system. Our findings indicate that there is a significant enhancement in the heat flux as well as improvement in the thermal efficiency due to the mixture of silicone oil and shape optimized nanoparticles, that was visualized through comprehensive graphical analysis. Quantitatively, the proposed model displays a maximum thermal efficiency of 57.5% for lamina shaped nanoparticles at     N   c     = 0.5,     N   r     = 0.2,     N   g     = 0.2 and     Θ   a     = 0.4. The maximum enhancement in the heat flux occurs when     N   c     doubles from 5 to 10 for     m   2     = 0.2 and     N   r     = 0.1. Optimal thermal performance is found for     N   c    ,     N   r     and     m   2     values in the range 5 to 10, 0.2 to 0.4 and 0.4 to 0.8 respectively.
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1. Introduction


Nanomaterial science and design have revolutionized the field of heat transfer enhancement and efficient management of heat dissipation, offering new possibilities to improve the thermal performance in various engineering applications, ranging from power electronics to aerospace design [1]. Efficient heat transfer plays a major role in countless technological advancements, from the miniaturization of electronics to the optimization of energy production. In recent times, numerous researchers and engineers have tried to find multiple solutions to this issue. Cooling the fluid over a variety of geometries is one of the approaches used in industrial processes [2,3,4,5,6]. In this relentless pursuit of thermal management solutions, extended surfaces that increase heat dissipation which are referred to as fins, have become a mainstream strategy. Due to the increase in demand for the best fin design, many researchers conducted thermal analysis of various shaped fins [7,8,9,10]. Kundu and Wongwises [11] examined the performance of a fin with variable properties and mixed convection-radiation heat transfer using decomposition method, which highlighted the significance of mixed convection in enhancing thermal performance. The findings showed the synergistics effects of hybrid nanofluids.



Kiwan and Al-Nimr [12] introduced the innovative concept of porous fins through their reserach, unveiling the potential of the Darcy model in fin design. Their work provoked a wave of research, with several authors exploring the potential of hemi-spherical fins, building upon the foundation laid for fins with various cross-sections [13,14,15,16]. Awasarmol and Pise [17] experimentally studied and established a Nusselt number correlation by comparing perforated fin arrays with various configurations and found that two rows of zigzag inline perforations had optimal heat transfer at 45 degrees angle of orientation. Nabati et al. [18] employed the Sinc collocation method to study the temperature distribution and heat transfer capabilities of porous fins exposed to radiation, magnetic fields, and a porous medium. They validated their approaches with the previously established analytical and numerical methods to verify its accuracy. Hoseinzadeh et al. [19] investigated the heat transfer using different analytical approaches in a porous rectangular fin using collocation method, homotopy perturbation method and homotopy analysis method. Here, the results implied that the porosity, convection and radiation parameters increase the heat transmission rate along the fin length, and the radiation parameter has more impact on the overall temperature distribution.



Since different application domain demands flexible fin geometries, Hosseinzadeh et al. [20] investigated the impact of fin shapes, shape-dependent hybrid nanofluid, and magnetic fields on moving porous fins, validating Akbari-Ganji’s method for solving the governing equations. In this study, increasing the Peclet number, the dimensionless temperature distribution enhances, which confirmed that the faster fin movement leads to higher temperatures. They have analyzed the thermal fields of different longitudinal fin profiles. However, conventional fin geometries often fall short in maximizing heat transfer, particularly in applications with space constraints or demanding cooling requirements. Atouei et al. [21] investigated the thermal performance of hemi-spherical fins with heat generation, radiation, and temperature dependent properties using least square and collocation methods, validating the analytical solutions with numerical results and demonstrating the effectiveness and accuracy of these methods for complex fin analysis.



Conventional coolants like water and ethylene glycol, although widely accessible and cost-effective, typically have the trouble of effectively dissipating heat due to their low thermal conductivity. This limitation can be addressed by adding metallic nanoparticles to enhance the fluids thermal conductivity [22]. Choi and Eastman [23] first proposed the above concepts where they studied copper nanoparticles in nanofluids, which lead to significant reduction in energy consumptions in heat exchangers due to the efficient heat transfer in the system. This work served as a catalyst to many investigations by researchers of diverse fields to optimize cooling applications. Based on the above studies in cooling fins using nanofluids, Baslem et al. [24] examined three different types of water-based nanoparticles with porous fins, considering various thermal factors like convection and radiation. The comparison of the nanoparticles was highlighted in their research, and it was concluded that the heat dissipation is enhanced with the effective balance in nanofluid characteristics and fin properties in fully wetted state. However, while thermal conductivity might have improved by using the nanofluid, there were many limitations seen in its rheological qualities [25,26]. To address this issue, nanofluid researchers started developing and testing hybrid nanofluids, which leverage the synergic effects of two different nanoparticles, tailored to meet the required applications of various domains [27,28,29]. Keerthi et al. [30] investigates how the wet surroundings affect the fin structure in heat transfer enhancement. Their study shows that improved thermal efficiency and steady-state thermal profiles are achieved gradually by increasing dimensionless time. Notably, they found that lamina-shaped nanoparticles perform the best and larger volume fractions of nanoparticles in hybrid nanofluids improve thermal efficiency. The significance of shape factor analysis is highlighted by the authors in comprehending the impact of distinct nanoparticle shapes on the overall heat transfer efficiency of fins. Francy et al. [31] analyzed the surface hydrophobicity of silicone oil impregnated with silica nanomaterials. The result exhibits improvement in the tensile strength. Pattnaik et al. [32] studied the effect of various shapes of nanoparticles in Fe3O4/H2O nanofluid on heat transfer characteristics. The result showed an attenuation in the heat transfer rate with the decrease in the nanoparticle shape factor. Stability along with thermal conductivity of Fe3O4-OA-MWCNT nanocomposite at various temperatures were experimentally analyzed by Nadeem et al. [33]. The result indicates that the ferrofluids have high aggregation stability with no sign of sedimentation and linear thermal conductivity variation with respect to volume fraction and temperature. Ananth Subray et al. [34] focussed on obtaining the effect of hybrid nanoparticle shape factor on the convective heat transfer of fluid in an inclined duct by using perturbation technique. An enhancement in the fluid flow and temperature distribution was observed with an increase in the value of shape factor. Arifutzzaman et al. [35] evaluated the stability and thermal properties of Ti3C2–f-Gr/Silicone oil hybrid nanofluid for electronic cooling systems. The result showed a decrease in viscosity with the rise in temperature. This finding is beneficial, as it facilitates smoother flow of fluid through channels during the cooling operation of the device. Paul et al. [36] investigated the heat and mass distribution of silicone oil based Casson hybrid nanofluids with copper and silver nanoparticles. The result reveals an enhancement in heat and mass distribution rate with the increase in the Casson parameter. Saranya et al. [37] analysed the effect of shape factor of nanoparticle in a silicone oil based nanofluid around a rotating disk that is extended radially in the presence of magnetic field. The analysis was carried by solving the nonlinear differential equation using shooting method. Blade shaped nanoparticles showed maximum thermal conductivity, while the platelet shaped nanoparticle displayed maximum dynamic viscosity.



Despite the rapid advancements in nanofluid based cooling systems, there are still gaps in understanding the impact of various similarity parameters on the overall thermal performance of these systems. While the previous studies have investigated the various types of nanofluid, the combination of nanoparticles that have good thermal stability, resistant to corrosion and oxidation added to silicone oil and integrated with a porous fin structures have not been studied. In addition, the studies have focused on idealized boundary conditions, overlooking the practical implications of insulated boundary conditions. The proposed model addresses these gaps by employing symmetrical geometries and a unique type of hybrid nanofluid, providing insights into the concentration, boundary condition and the shape of the nanoparticles on the thermal performance of the integrated system, as well as the effectiveness of these hybrid nanofluids in improving the heat transfer rate and thermal efficiency in practical engineering applications. Our study aims to fill the gap in the scientific literature related to mathematical modelling in nanotechnology and advanced thermal engineering. To improve the heat transfer capabilities of hybrid nanofluid in the thermal systems, we need to consider various features like the fin geometry, base fluid properties, and the type of nanoparticles added to the base fluid. This study investigates hemi-spherical porous fin design specifically used for applications with limited space and complex fin base geometries, offering superior heat transfer performance due to its maximized heat dissipation surface area and enhanced forced convection through the porous structure. In our proposed model, we have used silicone oil as base fluid. Silicone oil finds its application at high operating temperature making it an ideal replacement for traditional base fluids such as water and ethylene glycol. The exceptional stability of silicone oil under variation in temperature makes it suitable for use in hybrid nanofluids [38]. Apart from this, silicone oil displays low variation in viscosity across a wide range of temperatures. This property can help in improving heat transfer efficiency of the cooling system. The hydrophobic nature of silicone oil prevents the absorption of water [39]. This can help in reducing corrosion and can improve the thermal performance of the cooling system used in industries. Chemically, the inert nature of silicone oil can lower the maintenance cost of the cooling system, as it can lead to longer operational life. Apart from fin geometry and base fluid properties, the types of nanoparticles added to the base fluid also play a crucial role in enhancing the heat transfer rate. Heat dissipation can be improved by increasing the heat conduction of the base fluid through addition of metal-based nanoparticles to the base fluid. The combination of Fe3O4 and Ni nanoparticles in a hybrid nanofluid creates a synergy that enhances both the thermal conductivity and the stability of the base fluid. These properties make it suitable for thermal management systems in applications such as electronics cooling, aerospace heat exchangers, and automotive engines, where both high thermal conductivity and stability under extreme conditions are critical.



The supermagnetic properties Fe3O4 [40] help in improving thermal efficiency in thermal management systems. Both Fe3O4 and Ni possess very high thermal conductivity that helps in efficient heat regulation in fin structures. Along with high thermal conductivity Ni offers a high melting point up to 1455 degree Celsius that enhances the thermal stability of the system at extreme temperatures [41]. Ni nanoparticles are synthesized through various techniques, exhibits catalytic properties help in boosting thermal efficiency in hybrid nanofluids [42]. The thermal diffusivity of the Nickel allows faster heat spreading, contributing towards better thermal management in high-performance systems. Fe3O4 offers good stability under different thermal conditions, as it is highly resistant to oxidation. This helps in ensuring the reliability of the proposed systems. The mechanical strength and resistance to corrosion of Nickel makes it ideal to use in a harsh operating environment. A key component in the process of enhancing heat transfer is described by the geometry of the hybrid nanoparticles, by considering the shape-factor. In this work, we analyze the shape factor impact on the heat transfer enhancement.



The primary objective of the study is to examine the heat transfer enhancement capabilities and dynamic behavior of the hybrid nanofluid in a moving porous hemi-spherical fin. By thorough examination of the impact of various form factors on heat transfer within the hybrid nanofluid, we gain a deeper understanding of the ideal design parameters that optimize the thermal performance. To accomplish the objectives, we use numerical techniques to investigate the synergic effects of free convective and thermal radiative flow in the moving hemi-spherical fin. The governing equations will be resolved by employing Darcy’s flow model. Numerical simulations will be performed to analyze the hybrid nanofluid’s dynamic behavior and heat transfer enhancement capabilities in a moving hemi-spherical fin. The results obtained are graphically analyzed, and the influence of different shape factors on heat transfer in the hybrid nanofluid are also discussed, with a focus on identifying optimal parameters for maximizing thermal performance. The novelty of this work lies in the effective utilization of three stage Lobatto quadrature numerical technique in analyzing and optimizing the heat flux and thermal efficiency of hybrid nanofluid (Fe3O4 and Ni nanoparticles in silicone oil) integrated with a hemi-spherical shaped porous moving fin structure for various shapes of nanoparticles.




2. Materials and Methods


2.1. Mathematical Formulations


Consider a penetrable hemispherical moving fin embedded in Fe3O4-Ni/C6H18OSi2 hybrid nanofluid. The arrangement of this Integrated Hybrid Nanofluid Hemi-Spherical Fin Model (IHNFHSFM) is depicted in Figure 1. The fin tip is assumed to be adiabatic, as the cooling systems with high efficiency, such as electronic cooling system and heat exchangers in automobile often incorporates mechanisms to minimize heat loss, through insulation. Porous fin has been considered in the model, as it can enhance the convective heat transfer rate. This is due to the increase in the surface area that allows for more contact between the fin and the surrounding fluid. If the pores are filled with a fluid that has high thermal conductivity, the overall heat dissipation can be improved. Darcy’s model is often used to describe the flow of fluid in porous media. The permeability of the pores effects the flow of fluid, in turn the heat transfer rate. Heat transfer to the fin occurs through radiation and convection process, while the fin generates heat internally that is temperature dependent. The temperature-dependent internal heat generation is critical in realistic environments, like heating of electronic devices at high power or heating due to chemical reaction in nuclear reactors. The surrounding hybrid nanofluid absorbs the thermal radiation due to the emissivity of the exposed surface. The model is simplified with the following pre-assumptions.



	
The shape of the nanoparticles is spherical.



	
As the nanoparticles considered in the proposed model are stable over wide range of temperature, the Surface emissivity   ε   is assumed stable over operational temperature.



	
The heat transfer coefficient     h   1     is constant. The heat transfer coefficient is often influenced by the temperature difference between the surface and the surroundings, thermal properties of the nanoparticles used in the fluid and the flow properties of the hybrid nanofluid. As the temperature difference between the surface and surrounding fluid is small, nanomaterials used in our study exhibit excellent stability for wide range of operating temperature and the flow of nanofluid is considered to be uniform, heat transfer coefficient is assumed to be constant. This simplifies the mathematical model in carrying out the analysis on the thermal performance of the model with prime focus on nanoparticle shape and concentration, as well as boundary condition.



	
The hemispherical fin initially rests at a position with the base temperature     T   b   ′     and ambient temperature     T   a   ′    .






Subsequently, the horizontal movement of the fin with a steady velocity     U   ′     results in a loss of heat due to the effect of both radiation and natural convection.




2.2. Mathematical Model


Nomenclature of all used physical quantities is provided after the reference section. The thermal equilibrium equation of a hemispherical porous fin at cross-section ‘dx’ in a hybrid nanofluid based on the specified pre-assumptions is [21,43]:


  q −   q + d q   +   q   1   A − m   c   p     T −   T   a   ′     −   2 π   r   1     h   1   − 2 π   r   1     h   1   Ψ     T −   T   a   ′     d x −   2 π   r   1     h   D 1     i   f g   − 2 π   r   1     h   D 1     i   f g   φ     ω −   ω   a     d x −  2 π   r   1   σ f ε     T   4   −       T   a   ′       4     d x = 0  



(1)




where



	
    q   1     is internal heat generation given as [43]:







     q   1   =   q   o   + λ   q   o   ( T −   T   a   ′   )   



(2)





	
  m   is the mass flow rate given as:







   m = 2 π   r   1   ρ v d x   



(3)





	
  v   is the passage velocity, from the Darcy’s model it is given as:







   v =    g K ρ T β − g K ρ   T   a   ′   β     μ   f        



(4)





Using Equations (2)–(4) in Equation (1), the thermal equilibrium equation is rewritten as:


  d q + A   q   0     1 + λ T − λ   T   a   ′     − 2   r   1   π        ρ   c   p       h n f   g     ρ β     h n f   K     T   2   +     T   a   ′     2   − 2 T   T   a   ′         μ   h n f                                         − 2   r   1   π d x       h   1   −   h   1   Ψ     T −   T   a   ′     +   h   D 1     i   f g     1 − Ψ     ω −   ω   a     + σ f ε     T   4   −       T   a   ′       4       = 0  



(5)




where   ′ q ′   denotes the heat flux.       β   h n f   ,     μ   h n f   ,       C   p       h n f   ,     ρ   h n f     ,   T   a n d     T   a   ′     the volumetric coefficient of thermal expansion, effective dynamic viscosity, specific heat with constant pressure, effective density, local fin temperature and ambient temperature of the fin respectively. The subscript ℎnf denotes hybrid nanofluid. The axial distance is denoted by   x .   where as   K  ,   f ,   g  , h1,     i   f g    ,    Ψ  , ω,     ω   a    ,   ε  ,   σ  ,     h   D 1     are Permeability, Shape factor, Acceleration due to gravity, Heat transfer coefficient, Latent heat of water evaporation, Porosity, Humidity ratio of the saturated air, Humidity ratio of the surrounding air, Surface emissivity of fin, Stefan –Boltzmann constant, Uniform mass transfer Coefficient respectively.



Using Fourier law of conduction, the heat flux is given by [43]


  q = − A   k   h n f      d T   d x     



(6)




where   A = π     r   1     2     denotes the cross-sectional area. The cross-sectional radius     r   1     in terms of radius R1 of the sphere and the distance   x   is given by


      r   1     2   =     R   1     2   −   x   2    



(7)







The coefficient of heat transfer     h   1     in terms of convective heat transfer coefficient     h   a 1     at ambient temperature     T   a   ′     and power law index   n   is given by [43]


       h   1   =   h   a 1          T −   T   a   ′       n           T   b   −   T   a   ′       n              



(8)







Further it is written in terms of mass transfer coefficient, Lewis number and specific heat capacity as


    h   1   =   h   D 1     C   p       L e        2   3       











On substituting Equations (6)–(8) in Equation (5) reduces to


        R   1     2   −   x   2         k   h n f        d   2   T   d   x   2      +   q   0     1 + λ T − λ   T   a   ′       − 2 x   k   h n f      d T   d x    − 2 σ f ε        R   1     2   −   x   2          T   4   −       T   a   ′       4      − 2        R   1     2   −   x   2             ρ   c   p       h n f   g     ρ β     h n f   K     T   2   +       T   a   ′       2   − 2 T   T   a   ′           μ   h n f                           − 2        R   1     2   −   x   2                   T −   T   a   ′       n           T   b   ′   −   T   a   ′       n          h   a 1     1 − Ψ     T −   T   a   ′     +   i   f g     1 − Ψ        b   2     h   a 1     ω −     ω   a           C   p       L e       2   3          = 0  



(9)







As the fin tip is adiabatic, the boundary constraints are given by


   T   x   =   T   b   ′     a t   x = 0     and      d T   d x    = 0   a t   x =   R   1     



(10)







Rescaling the variables of Equation (9)


     ω −     ω   a       =   b   2     T −   T   a   ′       ,         X , Θ ,     Θ   a     =        x     R    ,      T     T   b   ′        ,        T   a   ′       T   b   ′          ,       B = λ   T   b   ′    ,  










     N   c   =    2   g   ρ   C   p       f       ρ β     f   K   T   b   ′       k   f     μ   f              ,         N   r   =    2 R ε σ         T   b   ′       3       k   f              ,         N   g   =      q   0     R   2       T   b   ′     k   f         ,  










           m   1   =    2 R     b   2     h   a 1     i   f g     1 − Ψ           L e       2   3         C   p     k   f          ,         m   0   =      2 R     h   a 1     1 − Ψ       k   f              ,         m   1   =   m   2   −   m   0     



(11)







Applying the Equation (11) in (9) the equation transforms to the dimensionless ODE is given by


     d   d X         d Θ   d X      −      2 X   1 −   X   2           d Θ   d X    −      N   c       Θ −   Θ   a       2      1 −   X   2                ρ   C   p       h n f         ρ   C   p       f                 ρ β     h n f         ρ β     f               μ   f       μ   h n f               k   f       k   h n f        +        N   g     k   f     1 + B ( Θ −   Θ   a   )       k   h n f         −        m   1   +   m   0        1 −   X   2              Θ −   Θ   a       1 + n         1 −   Θ   a       n             k   f       k   h n f        −        Θ   4   −   Θ   a   4          1 −   X   2              N   r     k   f       k   h n f        = 0  



(12)







The non-dimensionalised boundary constraints are given by


   Θ   X   = 1   a t   X = 0     and      d Θ   X     d X    = 0   a t   X = 1   



(13)







In the equation,     Θ   a   ,     m   2   ,     N   g   ,   B ,   n,     N   r     and     N   c     are non-dimensional ambient temperature, wet porous parameter, generation parameter, power index, radiative parameter and convective parameter respectively. The dimensionless axial distance and temperature are   X   a n d   Θ .   where as     m   1   ,     m   0     are constants.




2.3. Physical Properties


Table 1 [44,45] presents the physical characteristics of nanofluid and hybrid nanofluids, where the variable   α   is the empirical constant,     p   1   ,     p   2   ,   f ,   n f   indicates solid nanoparticle 1 (Ni), solid nanoparticle 2 (Fe3O4), base fluid and nanofluid,      ψ   1    ,     ψ   2     represents solid volume fraction of Ni and Fe3O4. Table 2 displays the physical properties of contents of hybrid nanofluid mixture.




2.4. Thermal Efficiency


Fin efficiency aids in evaluating the thermal performance of the fin as well as their design. Higher efficiency indicates the effective dissipation of heat by the fin. It quantifies the heat dissipated by the fin compared to its maximum potential.



Mathematically it is given by,


  η =      Q   f i n       Q   m a x       



(14)




where     ‘ Q   f i n   ’   is the actual heat dissipation and     ‘ Q   m a x   ’   is the maximum potential heat dissipation.


  η =      ∫  0   1              N   c       Θ −   Θ   a       2      1 −   X   2              ρ   C   p       h n f         ρ   C   p       f               ρ β     h n f         ρ β     f             μ   f       μ   h n f             k   f       k   h n f       −       N   g     k   f     1 + B   Θ −   Θ   a           k   h n f             +       m   1   +   m   0        1 −   X   2            Θ −   Θ   a       1 + n         1 −   Θ   a       n           k   f       k   h n f       +       Θ   4   −   Θ   a   4          1 −   X   2            N   r     k   f       k   h n f             d x               N   c       1 −   Θ   a       2      1 −   X   2              ρ   C   p       h n f         ρ   C   p       f               ρ β     h n f         ρ β     f             μ   f       μ   h n f             k   f       k   h n f       −       N   g     k   f     1 + B   1 −   Θ   a           k   h n f             +       m   1   +   m   0        1 −   X   2      ( 1 −   Θ   a   )       k   f       k   h n f       +     1 −   Θ   a   4          1 −   X   2            N   r     k   f       k   h n f                 












2.5. Numerical Procedure


Due to nonlinear nature of the obtained ODE, the differential equation presented in the Equation (12) requires numerical integration. Here, four-stage Lobatto IIIA (L-IIIA) numerical technique [48] is used, due to its robust stability and convergence properties. Four-stage Lobatto-IIIA numerical technique offers greater accuracy and stability with fewer steps as compared to lower order methods such as Euler’s and Runge kutta’s numercal techniques. This helps in handling stiff nonlinear ODEs in the heat transfer models with temperature dependent parameters. This technique belongs to the family collocation methods. It breaks down the differential equation solution into four interdependent stages i.e the solution obtained in the one stage depends on the others, ensuring the balance between the accuracy and computational efficiency. The method applied results in a very precise representation of the solution’s curvature in our graphs.



The dimensionless governing equation is rewritten as


       Θ   X   =      2 X   1 −   X   2          Θ   ′     X   −      N   c       Θ −   Θ   a       2      1 −   X   2                ρ   C   p       h n f         ρ   C   p       f                 ρ β     h n f         ρ β     f               μ   f       μ   h n f               k   f       k   h n f                 +        N   g     k   f     1 + B ( Θ −   Θ   a   )       k   h n f        −        m   1   +   m   0        1 −   X   2              Θ −   Θ   a       1 + n         1 −   Θ   a       n             k   f       k   h n f        −        Θ   4   −   Θ   a   4          1 −   X   2              N   r     k   f       k   h n f          








where     Θ   ″     X   =    d   d   X   ′           d Θ   d   X   ′          and     Θ   ′     X   =    d Θ   d x     



Integrating     Θ   ″     X     from     X   0     to     X   1   =   X   0   + h  , where   h   is the interval length, the system of integral equations are given by


                                       Θ     X   1     =   Θ     X   0     + h     Θ   ′       X   0             +   h   2     ∫    X   0       X   1       1 − t   {           N   g     k   f     1 + B   Θ −   Θ   a           k   h n f        +      2 X   1 −   X   2          Θ   ′       X   0   + h t              −      N   c       Θ −   Θ   a       2      1 −   X   2                ρ   C   p       h n f         ρ   C   p       f                 ρ β     h n f         ρ β     f               μ   f       μ   h n f               k   f       k   h n f          −        m   1   +   m   0        1 −   X   2              Θ −   Θ   a       1 + n         1 −   Θ   a       n             k   f       k   h n f                  −        Θ   4   −   Θ   a   4          1 −   X   2              N   r     k   f       k   h n f         }    d t                                                                                                                                                       ;   0 ≤ t ≤ 1      



(15)






      Θ     X   1     =   Θ   ′       X   0     +   ∫    X   0       X   1        Θ   ″     t     d t  



(16)







Applying four point quadrature formula to solve the integral Equations (15) and (16) to move from     X   i     to     X   i + 1   =   X   i   + h  ,   i = 0 ,   1 ,   2 ,   3 ,   …  ,    h   is the step size.


    Θ   i + ( 2.5 − 0.5  5 )    =   Θ   i   + ( 2.5 − 0.5  5 )  h   Θ   i   ′   + 0.9549   h   2     Θ   i   ″    



(17)






        Θ   i + ( 2.5 + 0.5  5 )    =   Θ   i   + ( 2.5 + 0.5  5 )  h   Θ   i   ′   + 6.5450   h   2     Θ   i   ″    



(18)






        Θ   ′     i + ( 2.5 − 0.5  5 )    =    − 16.4852   h      Θ   i   − 1.4721   Θ   i   ′   − 0.0427   h Θ   i   ′ ′   +    17.2360   h      Θ   i + 1.3819   +    0.2492   h      Θ   i + 3.6180    



(19)






              Θ   ′     i + ( 2.5 + 0.5  5 )  )   =    67.4852   h      Θ   i   + 5.2360   Θ   i   ′   + 0.2927 h   Θ   i   ″   +    12.7639   h      Θ   i + 3.6180   −    80.2492   h      Θ   i + 1.3819    



(20)






          Θ   i + ( 5 −  5 )    =   Θ   i   + 2.7639 h   Θ   i   ′   + 1.2732   h   2       Θ   i   ″   + 2     Θ   i + 1.3819   ″      



(21)






          Θ   i + ( 5 +  5 )    =   Θ   i   + 7.2360 h   Θ   i   ′   + 8.7267   h   2       Θ   i   ″   + 2     Θ   i + 3.6180   ″      



(22)






        Θ   ′     i + ( 5 −  5 )    =    − 8.7426   h      Θ   i   − 1.4721   Θ   i   ′   − 0.0854 h   Θ   i   ″   +    6.3819   h      Θ   i + 2.7639   +    0.1246   h      Θ   i + 7.2360    



(23)






      Θ   ′     i + ( 5 +  5  )   =    33.7426   h      Θ   i   + 7.4721   Θ   i   ′   + 0.5854 h   Θ   i   ″   +    8.6180   h      Θ   i + 7.2360   −    40.1246   h      Θ   i + 2.7639    



(24)






          Θ   i + 1   =   Θ   i   + h   Θ   i   ′   +      h   2     12        Θ   i   ″   + 5 ( 7.2360     Θ   i + 2.7639   ″   + 2.7639     Θ   i + 7.2360   ″   )    



(25)






      Θ   ′     i + 1   =   Θ   i   ′   +    h   12        Θ   i   ″   + 5       Θ   i + r   ″   +   Θ   i + s   ″     +   Θ   i + 1   ″      



(26)




where     Θ   i   = Θ     X   i      ,       Θ   ′     i   =   Θ   ′       X   i     ,   r =    5 −  5    10      a n d   s =    5 +  5    10     . The Equation (17) to Equation (26) are solved for the boundary condition given in Equation (13) with a step size of 0.001 and convergence criteria of   1 ×   10   − 6     to obtain the fin dimensionless temperature and temperature gradient using MATLAB simulation tool.





3. Results


Figure 2 displays the variation of   Θ ( X )   along its axial distance using L-IIIA, RKF and LSM numerical technique for hemi-spherical fin with     ψ   1   = 0.01 ,     ψ   2   = 0.01 ,       N   c   = 10 ,       N   r   = 1 ,   n = 1 ,       m   2   = 0.1 ,       Θ   a   = 0.2  . Table 3 displays the record of the comparison between the values obtained using L-IIIA numerical technique that is used in our present investigation and the existing values [49]. It clearly confirms the congruence of all the three solutions.



The convective heat transfer performance of hybrid nanofluids is quantitatively characterized using convective parameter ‘    N   c    ’. The dimensionless fin temperature and temperature gradient for different values of     N   c     are shown in Figure 3a,b. The thermal profile reduces, and the thermal gradient increases with the increase in the     N   c     values, which means temperature is uniformly distributed across the system. If we relate this to Darcy’s model, as convective parameter increases, the Darcy’s number increases, thereby influencing in the rise of the permeability effect, which will ease the fluid flow in our porous medium. Quantitatively, a drop of 7.67% in the temperature distribution profile is observed with 100% rise in the value of     N   c    , implying a better contact of the fluid with the pores, thereby enhancing the heat transfer rate of IHNFHSFM. The Figure 4a,b displays the control of radiative parameter over the dimensionless fin temperature and the temperature gradient. Increasing the value of radiative parameter decreases the temperature profile along the fin length and increases the temperature gradient. This implies that the radiation effect from the fin gets stronger as we increase the radiation parameter, and more heat is radiated away from fin surface to the surrounding hybrid nanofluid. From our simulation, a drop of 5.54% in the dimensionless fin temperature is observed with 100% rise in the value of ‘    N   r    ’, implying that the system is cooling the fin at a faster rate leading to a lower temperature profile. The flow behaviour of hybrid nanofluid is represented by the power law index ‘n’, and its impact on the temperature distribution and temperature gradient are depicted in Figure 5a,b. An Increase in the value of ‘n’ parameter enhances the thermal profile and decreases the temperature gradient, as the fluid gains more resistance due to increase in non-linearity in its flow. It traps the heat and keeps the fin warmer, thereby increasing the heat transfer rate internally. For smaller values of ‘n’, fluid flow is linear, and the heat is efficiently dissipated from the fin due to lower resistance, keeping the fin cooler. In this case, the temperature difference is higher between the fin and the fluid, thereby increasing the heat transfer rate of IHNFHSFM. From our simulations, it was observed that decreasing the value of ‘n’ by 100%, the temperature profile drops by 0.33%.



The interaction of Fe3O4-Co/C6H18OSi2 hybrid nanofluid within the porous structure of the hemi-spherical fin is described by the wet porous parameter ‘    m   2    ’. Its influence on the dimensionless fin temperature and temperature gradient are shown in Figure 6a,b. As     ‘ m   2   ’   value increases, the fin holds more fluid, increasing its overall heat capacity. The findings from our simulation demonstrates that, as the value of   ‘   m   2   ’   increases, the temperature distribution decreased by an average of 3.20%, implying higher surface area for the heat transfer. The surrounding hybrid nanofluid temperature is represented by ambient temperature     ‘ Θ   a   ’  . Its effect on fin temperature and temperature gradient are graphically illustrated in Figure 7a,b. As per our simulated results, a rise of 100% in     ‘ Θ   a   ’  , enhances the temperature profile by 15.88%, implying a decrease in the convective heat transfer, as the thermal gradient between the fin and the surrounding hybrid nanofluid decreases. The impact of generation parameter ‘    N   g    ’ provides a spatial variation of heat generated per unit volume of the fin, which is analysed in Figure 8. The simulation outcome shows that the thermal profile shifts up with increase in the value of     ‘ N   g   ’  . An average increase of 4.74% in thermal profile is observed with 100% rise in     ‘ N   g   ’   values, thereby enhancing the thermal efficiency of IHNFHSFM.



The shape-factor of the hybrid nanoparticles in hybrid nanofluid significantly contributes towards enhancing the heat transfer efficiency. The simulated result for various considered values of shape factor is graphically illustrated in Figure 9, Figure 10, Figure 11 and Figure 12. The nanofluid containing lamina-shaped nanoparticles demonstrated the most significant elevation in temperature profiles, with blade-shaped nanoparticles exhibiting a moderately lower enhancement, followed by spherical shaped nanoparticles, which showed the least enhancement. Higher value of shape factor implies that the nanoparticle has a larger surface area to interact, which can help in enhancing the transfer of convective thermal energy from the fin surface. The result from the analysis indicates that, as we change the shape of the nanoparticles from spherical to blade, 0.51% enhancement in the thermal profile is observed. This further enhances by 0.59% in the case of shift in change from blade to lamina-shaped nanoparticles, thus making them an optimal choice for selection as they exhibit the best heat transfer performance compared to the other shapes considered.




4. Discussion


The overall thermal performance of the proposed model is evaluated in terms of heat flux and thermal efficiency. The heat flux is determined by the temperature gradient, which is responsible for the variation in the ambient temperature and the internal heat generation in the system. In addition, it is also influenced by the convective heat transfer coefficient, which is affected by the fluid flow and the porosity of the medium. Figure 13 depicts the variation of heat flux     − Θ   ′     0     with respect to     N   c   ,       N   r     and     m   2     values. The heat flux increases with the increase in the values of     N   c   ,       N   r     and m2. From the simulation result obtained, it is observed that the maximum percentage enhancement in the heat flux occurs when the value of     N   c     changes two-fold from 5 to 10 for m2 = 0.2,     N   r   = 0.1   and m2,     N   r     value changes two-fold from 0.4 to 0.8, 0.2 to 0.4 for     N   c     = 5. For optimized enhancement in heat flux,     N   c   ,       N   r     and m2 values can be adjusted in the range of 5 to 10, 0.2 to 0.4 and 0.4 to 0.8. In devices like computer processors, power electronics, managing the heat flux is essential for preventing the thermal bottlenecks that can significantly impact the device performance and durability. Optimizing the heat flux by adjusting the values of Nc and Nr can improve the heat dissipation and reduce localized hotspots. Optimizing the heat flux by adjusting the values of     m   2     can enhance the fluid flow and convective heat transfer in heat exchangers. Figure 14 depicts the repercussion of     Θ   a    , n on heat flux for various values of     N   g    . The heat flux decreases with the increase in the values of     Θ   a    , n and     N   g    . The negative repercussion on the heat flux can help in mitigating adverse thermal gradients and can improve thermal efficiency. In energy recovery systems, reducing the values of can improve the heat flux and can maximize the energy capture.



Figure 15 depicts the repercussion of     N   r     and shape factor on thermal efficiency for various values of     N   c    . It is observed that the fin efficiency decreases with increase in     N   r    ,     N   c     values, but increases with the nanoparticle shape factor. To optimize the thermal performance, the fin efficiency can be enhanced at lower values of     N   r     and     N   r     by changing the shape of the nanoparticles from spherical to lamina, as lamina shape outperforms the rest of the shapes considered. In addition, the fin efficiency increases with     Θ   a     and     N   g     values as well as with the shape factor. The variation of fin efficiency with     Θ   a     and     N   g     values for various values of shape factor is depicted in Figure 16. The simulation result shows that the lamina shape combination of nanoparticles outperforms the rest of the shape combination. By changing the shape of the nanoparticles from spherical to lamina, designers can achieve superior thermal efficiency in heat sink applications. This can improve the durability of the components in microprocessors. Also, larger surface area of lamina shaped nanoparticle effectively enhances the heat transfer and better thermal conductivity that can help in dissipating heat during battery operation. The percentage enhancement in the heat flux for two-fold rise in     N   c   ,       N   r     and     m   2     values are depicted in Figure 17 and Figure 18.




5. Conclusions


The findings of this study demonstrate the use of silicone oil-based hybrid nanofluid Fe3O4-Ni/C6H18OSi2 for efficient heat transfer applications, by optimizing the influence of thermal parameters and nanoparticle shapes in a moving wet porous hemi-spherical fin. The thermal performance of IHNFHSFM is assessed based on the fin’s thermal efficiency and the heat flux for various value of similarity parameters and shape factor. The results are summarized below:



	
An increase in convective     N   c    , radiative     N   r    , and wet porous media     m   2     parameters resulted in a decrease in Θ, signifying an elevated heat transfer rate and reduced thermal resistance. This enables faster temperature regulation, reducing energy consumption and operational costs in industries like power generation and chemical processing. Also, the lifespan of the integrated chips used in power electronics that dissipate heat during its operation can be enhanced by incorporating this model as a heat sink.



	
Higher values of power law index n, ambient non-dimensional temperature     Θ   a    , internal heat generation B, and generation parameter     N   g     increases Θ, implying an increased internal heat generation and a stronger thermal driving force.



	
The shape factor of nanoparticles critically affects heat transfer, with lamina shaped nanoparticles outperforming the spherical and blade shapes. The better interaction of lamina shaped nanoparticle with the base fluid due to its larger surface area to volume ratio as compared to spherical and blade shapes improves thermal conductivity and convective heat transfer coefficient of the hybrid nanofluid, helps to maintain optimal heat in automotive radiators and aerospace cooling units. This can reduce the risk of component failure due to excessive heat. Although, the spherical shape at least enhances the thermal conductivity as compared to lamina and blade shapes, still it is preferred in microelectronics cooling due to its stability and lower impact on viscosity.



	
Heat flux enhances with the increase in     N   c     and     N   r     values but decreases with increase in the values of     Θ   a     and     N   g    . Optimizing the heat flux can prevent thermal bottle necks that can improve the durability of the device through efficient heat dissipation in applications such as computer processors.



	
Fin efficiency enhances with the increase in     Θ   a     and     N   g     values. but decreases with the increase in the values of     N   c     and     N   r    .     N   c     Adjusting     N   r    , values to enhance the fin efficiency can be useful in cooling the engine temperature more effectively in high performance vehicles, improving fuel efficiency. Optimizing the fin efficiency by adjusting     N   c     and     Θ   a     values can prolong the lifespan of solar panels through better energy conversion in hot climates.






	
Limitations:






The conducted simulations shed light on the thermal performance of the model that can be incorporated in high power applications. However, it’s crucial to mention certain limitations. One such significant constraints are the reliance on a numerical model that provides valuable insights without experimental validation. The assumptions and the simplifications may not fully capture the complexities of the real-world systems. Nano particle sedimentation, agglomeration and temperature fluctuation can lead to discrepancies between the results obtained from simulation and experiment.



Future studies can be carried on:



	
Exploring alternative nanoparticle size, shapes and materials that can further improve the thermal performance of the system.



	
Investigating non-toxic, biodegradable nanoparticles that can maintain high performance and yield sustainable solutions



	
Utilizing machine learning and artificial intelligence to improve the accuracy of model predicting the thermal behaviour.



	
Validating the model through experiments by replicating the simulated conditions, also conducting sensitivity analysis to identify the critical parameters that significantly affect the model. This will ensure the application of findings in the real-world scenarios. Further research can be explored on their long-term stability of hybrid nanofluids with different nanoparticle shapes and investigating their economic and environmental impacts of large-scale implementation, can enable the way for their commercial use.
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Nomenclature




	   q   
	Heat flux
	f
	Shape factor



	   m   
	Mass flow rate
	   g   
	Acceleration due to gravity (m/s2)



	     q   1     
	Internal heat generation
	h1
	Heat transfer coefficient (W/m2K)



	   v   
	Passage velocity
	     h   a 1     
	Convective heat transfer coefficient



	   β   
	Volumetric coefficient of thermal expansion (1/K)
	     i   f g     
	Latent heat of water evaporation (J/Kg)



	   μ   
	Effective dynamic viscosity (Kg/ms)
	   Ψ   
	Porosity



	     C   p     
	specific heat with constant pressure(J/KgK)
	   ε   
	Surface emissivity of fin



	   ρ   
	Effective density (Kg/m3)
	   σ   
	Stefan –Boltzmann constant



	   T   
	Local fin temperature (K)
	     h   D 1     
	Uniform mass transfer Coefficient



	   K   
	Permeability (N/A2)
	     U   ′     
	Steady velocity



	     T   a   ′     
	Ambient temperature of the fin (K)
	ω
	Humidity ratio of the saturated air



	     T   b   ′     
	Base temperature
	     ω   a     
	Humidity ratio of the surrounding air



	   x   
	Axial distance (m)
	   L e   
	Lewis Number



	     r   1     
	The cross–sectional radius
	   λ   
	Temperature sensitivity coefficient



	R1
	Radius of the Sphere
	   X   
	The dimensionless axial distance



	   n   
	Power law index
	   Θ   
	The dimensionless temperature



	     m   1   ,     m   0     
	constants
	     Θ   a     
	Ambient non-dimensional temperature



	     N   c     
	Convective parameter
	B
	Internal heat generation



	     N   r     
	Radiative parameter
	     N   g     
	Generation parameter



	     m   2     
	Wet porous media parameter
	   k   
	Thermal conductivity (W/mK)



	   α   
	Empirical constant
	   f   
	Base fluid



	      ψ   1    ,     ψ   2     
	volume fraction of Ni and Fe3O4
	   n f   
	Nanofluid



	     p   1   ,     p   2     
	nanoparticle 1 (Ni), solid nanoparticle 2 (Fe3O4)
	   h n f   
	Hybrid nanofluid
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Figure 1. Schematic of the flow configuration of the proposed model. 
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Figure 2. Variation of   Θ ( X )   along its axial distance. 






Figure 2. Variation of   Θ ( X )   along its axial distance.



[image: Symmetry 16 01532 g002]







[image: Symmetry 16 01532 g003] 





Figure 3. (a) Repercussion of     N   c     on thermal profile. (b) Repercussion of     N   c     on thermal gradient. 
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Figure 4. (a) Repercussion of     N   r     on thermal profile. (b) Repercussion of     N   r     on thermal gradient. 
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Figure 5. (a) Repercussion of n on thermal profile. (b) Repercussion of n on thermal gradient. 
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Figure 6. (a) Repercussion of     m   2     on thermal profile. (b) Repercussion of     m   2     on thermal gradient. 
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Figure 7. (a) Repercussion of     Θ   a     on thermal profile. (b) Repercussion of     Θ   a     on thermal gradient. 
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Figure 8. (a) Repercussion of     N   g     on thermal profile. (b) Repercussion of     N   g     on thermal gradient. 
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Figure 9. Repercussion of Shape-factor on thermal profile. 
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Figure 10. Temperature profile for spherical shape nanoparticles and various values of     N   c    . 
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Figure 11. Temperature profile for blade shape nanoparticles and various values of     N   c    . 
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Figure 12. Temperature profile for lamina shape nanoparticles and various values of     N   c    . 
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Figure 13. Repercussion of     N   r   ,     m   2     on     − Θ   ′     0     for various values of     N   c    . 
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Figure 14. Repercussion of     Θ   a    , n on     − Θ   ′     0     for various values of     N   g    . 
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Figure 15. Repercussion of     N   r     and shape factor on η for various values of     N   c    . 
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Figure 16. Repercussion of     Θ   a     and shape factor on η for various values of     N   g    . 
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Figure 17. % Enhancement in heat flux with two-fold rise in     N   c     for various values of     m   2    ,    N   r    . 
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Figure 18. % Enhancement in heat flux with two-fold rise in     m   2    ,     N   r     for various values of     N   c    . 
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	Nanofluid
	Hybrid Nanofluid





	Thermal Conductivity
	     k   n f   =      k   f         k     p   1     +   α − 1     k   f     −   α − 1     ψ   1     k   f       k   f   −   k     p   1             k     p   1     +     α − 1   k   f     +   ψ   1       k   f   −   k     p   1            
	     k   h n f   =      k   n f       k     p   2     +   α − 1     k   n f     −   α − 1     k   n f     ψ   2       k   n f   −   k     p   2             k     p   2     +   α − 1     k   n f     +   ψ   1       k   n f   −   k     p   2            



	Viscosity
	     μ   n f   =      μ   f         1 −   ψ   1       2.5        
	     μ   h n f   =      μ   f       [   1 −   ψ   2       1 −   ψ   1     ]   2.5        



	Coefficient of thermal expansion
	       ρ β     n f   =   ψ   1       ρ β     p 1   +     1 −   ψ   1         ρ β     f       
	       ρ β     h n f   =     1 −   ψ   1       1 −   ψ   2         ρ β     f   +   ψ   1     1 −   ψ   2         ρ β       p   1       +   ψ   2       ρ β       p   2       



	Density
	     ρ   n f   =   ψ   1     ρ     p   1     +     1 −   ψ   1       ρ   f       
	     ρ   h n f   =     1 −   ψ   1       1 −   ψ   2       ρ   f   +   ψ   1     ρ     p   1       1 −   ψ   2       +   ψ   2     ρ     p   2       



	Heat Capacity
	       ρ   c   p       h n f   =   ψ   1       ρ   c   p         p   1     +     1 −   ψ   1         ρ   c   p       f       
	       ρ   c   p       h n f   =     1 −   ψ   1       1 −   ψ   2         ρ   c   p       f   +   ψ   1     1 −   ψ   2         ρ   c   p         p   1         + ψ   2       ρ   c   p         p   2       










 





Table 2. Properties of each content of hybrid nanofluid [45,46,47].
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	Physical Properties
	   ρ    (kg/m3)
	     c   p      (J/kg K)
	   k    (W/mK)
	   β    (1/K)





	Ni
	8900
	440
	91
	   1.3 ×   10   − 5     



	Fe3O4
	5180
	670
	9.7
	   1.3 ×   10   − 5     



	Silicone Oil
	960
	1460
	0.157
	   94.5 ×   10   − 5     










 





Table 3. Comparison of L-IIIA numerical technique with the existing result of Ramesh et al. [49] for     ψ   1   = 0.01 ,     ψ   2   = 0.01 ,       N   c   = 10 ,   N   r   = 1 , n = 1 ,   m   2   = 0.1 ,   Θ   a   = 0.2  .






Table 3. Comparison of L-IIIA numerical technique with the existing result of Ramesh et al. [49] for     ψ   1   = 0.01 ,     ψ   2   = 0.01 ,       N   c   = 10 ,   N   r   = 1 , n = 1 ,   m   2   = 0.1 ,   Θ   a   = 0.2  .





	X
	   Θ   X     

Ramesh et al. [49]

RKF Numerical Technique
	   Θ   X     

Ramesh et al. [49]

LSM Numerical Technique
	    Θ   X      

L-IIIA Numerical Technique
	ERROR

(L-IIIA-RK45)
	ERROR

(L-IIIA-LSM)





	0.01
	1.000000000
	1.000000000
	1.000000000
	0.00000000
	0.00000000



	0.2
	0.655127728
	0.65521203
	0.65523022
	0.00010250
	0.00001820



	0.4
	0.586479302
	0.58653060
	0.58661116
	0.00013186
	0.00008057



	0.6
	0.555051197
	0.55507774
	0.55519989
	0.00014869
	0.00012215



	0.8
	0.540395838
	0.54039371
	0.54055324
	0.00015741
	0.00015954



	1
	0.536215191
	0.53617822
	0.53637521
	0.00016002
	0.00019699
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