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Abstract

:

The melting effect, a type of heat transferal process, is a fascinating mechanism of thermo-physics. It is related to phase change issues that occur in several industrial mechanisms. Glass treatment, polymer synthesis, and metal processing are among these. In view of this, the current investigation explicates the flow of a dusty nanofluid through a stretching cylinder in a porous medium by considering the effect of the melting heat transfer phenomenon. Using the required similarity transformations, the governing partial differential equations (PDEs) showing the energy transference and fluid motion in both the liquid and dust phases were translated into ordinary differential equations (ODEs). The numerical solutions for the acquired ODEs were developed using the Runge–Kutta–Fehlberg method of fourth–fifth order (RKF-45) and the shooting process. Graphical representations were used to interpret the effects of the governing parameters, including the porosity parameter, the Eckert number, and the stretching and melting parameters, on the respective velocity and temperature profiles for both the fluid and dust phases. The skin friction coefficient and the Nusselt number were also discussed and tabulated. The outcomes show that enhancing the porosity parameter will diminish the fluid- and dust-phase velocities. Fluid velocity, dust-phase velocity, and temperature improve with escalating values of the curvature parameter, whereas the melting effect reduces the thermal profiles of the fluid and dust phases. The surface drag force declines with an improvement in curvature and porosity constraints.
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1. Introduction


Nanomaterials have undergone considerable developments in science and technology over the last few decades. These nanoscale-engineered materials are a significant part of nanotechnology, which has allowed for excellent efficiency enhancements to be achieved in several industry sectors. The base liquids, including air, oil, ethylene glycol, and water, have a lower heat-conductive efficiency than nanoliquids. The mixture of nano-sized particles and traditional liquids is referred to as a nanoliquid, and nanoparticles generally increase the thermal conduction efficacy of the base liquids. These liquids have had a great impact on the development of novel thermal transportation fluids, and fantastic efforts have been made in this area in recent years. Nanoliquids have a variety of applications in innovative nanotechnology and engineering disciplines, such as micro-manufacturing, nuclear reactor refrigerating, and many others. Moreover, modern technology has afforded new opportunities to improve heat transportation rates in a variety of industrial operations, such as pharmaceuticals, the petroleum and geothermal industries, and food industries. Because of their exceptional thermal transport abilities and promising applications in a wide range of fields, nanoliquids have stimulated the interest of many researchers [1,2,3,4,5]. On the other side, the scrutiny of bi-phase streams in which solid spherical particles are dispersed in a fluid is of importance for a variety of technological challenges, including blood rheology, the purification of crude oil, flow via packed beds, the pollution of the environment, powder technology, sedimentation, metal extrusion, particle centrifugal separation, and the drawing of copper wires. The steady flow of a two-phase dispersion past a diverse selection of geometries has been explored extensively in the literature. Recently, Hussain et al. [6] elucidated the characteristics of thermal radiation in a dusty nanoliquid past a porous stretchy surface. Rashed and Ahmed [7] examined the convective–radiative movement of a dusty nanoliquid inside a permeable enclosure. Ramzan et al. [8] investigated the bi-phase flow of a micropolar liquid containing dust particles across a stretchable surface. The features of dusty nanoliquid flow in magnetic and electrical fields were examined by Wahidunnisa et al. [9] with the consideration of the joule effect. Sowmya et al. [10] discussed the convective–radiative heat transference phenomenon of a liquid with dust particles using the Cattaneo–Christov heat flux model (CCHF).



Heat transference is one of the most prominent and widely discussed topics in scientific research, and its significance is magnified by the requirement for energy management and efficiency improvements. Developing effective solutions for reducing energy consumption and enhancing effectiveness is essential in this regard. Maximizing heat transmission facilities to advance thermal energy requires concentrating on apparatus miniaturization on the one hand, and intensifying the heat transmission per unit area on the other. Due to its structural system, a porous medium affords a massive heat transferal region in a specific volume. Porous media-manufactured strong thermal conductive components, such as metal foams, can also enhance heat transmission. The major reasons for the superior thermal effectiveness of porous media are increased fluid–solid interactions, caused by the irregular movement of fluid between the pore spaces of porous substances, and liquid mixing. In many engineering applications, such as electronic cooling, groundwater, drying processes, oil flow filtration, solar collectors, and all types of heat exchangers, such structures can be observed. They can also be found in geothermal engineering, combustion systems, porous bearings, cooling turbine blades, and thermal insulation where cooling or heating are required. As a result, investigators have paid special attention to the porous media approach. Wahid et al. [11] scrutinized the Marangoni movement of a hybrid nanoliquid through a disk in a porous medium. Furthermore, they performed a stability analysis and obtained dual solutions for the velocity and temperature equations. Khan and Alzahrani [12] inspected the radiative stream of a nanoliquid in a permeable medium with entropy optimization. Ramesh et al. [13] examined the aspect of mass and heat transference of a ternary nanoliquid flow in a permeable convergent–divergent channel, taking into account the heat source/sink. Ahmad et al. [14] considered the effect of a chemical reaction and discussed the dissipative stream of a hybrid nanoliquid past a permeable stretchy surface. The successive over-relaxation (SOR) methodology was used in their investigation to solve dimensionless ODEs numerically. Ali et al. [15] investigated the effect of a heat source on the flow of a hybrid nanoliquid via an extended surface in a permeable medium, where the set of ODEs was numerically solved using the SOR approach.



Melting heat transfer is a fascinating sub-discipline of thermo-physics. The melting phenomenon has a wide applicability, which includes energy recovery in geothermal stations, the silicon wafer process, heat engines, heat exchangers, thermocouples, permafrost melting, and hot extrusion. The melting heat transference problem is a poignant boundary problem in its most basic form, which necessitates the use of powerful computational methods to solve. However, another approach is to focus on the boundary-layer stream in melting phase-change problems, where the melting phenomenon may be represented as a boundary condition. Recently, Mabood et al. [16] explained the melting heat transmission and radiative flow of a hybrid nanofluid through a stretchable shape. Waqas et al. [17] expounded the production of entropy by the motion of a liquid containing more than one nanoparticle by considering the melting heat transfer phenomenon. Hayat et al. [18] researched the melting heat transfer properties of a hybrid nanoliquid using a cylindrical shape stretching at a uniform pace. Mallikarjuna et al. [19] explicated the aspects of melting heat transfer in a dusty nanoliquid past a permeable stretchy surface. Khan et al. [20] explored the melting impact and radiation heat modification on a nanoliquid stream past a Riga plate by considering the heat generation/sink.



The analysis of boundary layer flow and heat transmission through a stretchy surface has captivated the interest of many investigators due to its various engineering and industrial applications, especially in the production of paper and fiberglass, glass, polymers, rubber, and synthetic filaments, as well as the continuous stretching of plastic sheets, bar drawing, hot rolling, aerodynamic extrusion, and the condensation of liquid films. On the other hand, many manufacturing and physical processes have boundary surfaces that closely resemble a cylindrical configuration. The effects of heat transportation over cylindrically elongated surfaces are critical in such mechanisms, namely wire drawing, hot rolling, and fiber spinning. In view of this, numerous researchers have expounded the flow, heat, and mass transferences of various kinds of liquids through a stretching cylinder. Abbas et al. [21] investigated the flow behavior of a nanoliquid containing hybrid nanoparticles through a stretching cylinder with the impact of a magnetic field inclined at a specified angle. Waqas et al. [22] considered the use of the Cattaneo–Christov double-diffusion model for inspecting the bioconvective stream of a nanoliquid through an elongated cylinder. Kumar et al. [23] probed the two-phase stream of an incompressible liquid with dust particles past a cylindrical geometry stretching at a constant rate. Rashid et al. [24] described the heat transfer features of a hybrid nanoliquid and its flow over a stretchy cylinder. Madhukesh et al. [25] scrutinized the saddle and nodal point aspects of the flow of a hybrid nanofluid over a three-dimensional circular cylinder.



Based on the above literature reviews, no work has been conducted on the flow of a dusty nanofluid through a stretching cylinder in a porous medium while considering the melting heat transfer. In view of the many industrial applications of the melting effect and stretching cylinders, the present research explicates the flow of a dusty nanofluid through a stretching cylinder in a porous medium while considering the melting heat transfer phenomenon. Using the suitable similarity transformations, the PDEs were transformed into a set of ODEs. To achieve the numerical solutions for the reduced ODEs, the RKF-45 scheme was implemented with the shooting procedure. The impact of different control parameters on the fluid- and dust-phase velocities, the temperature, and the heat transfer rate is provided in graphs and tables and discussed afterwards with a physical explanation. The current research can be employed in a variety of disciplines, including heat engines, heat exchangers, thermocouples, permafrost melting, hot extrusion, oil flow filtration, solar collectors, and many others.




2. Mathematical Modeling


In the present study, we considered an incompressible, steady, 2D (two dimensional) dusty nanofluid motion through a stretching cylinder which is bounded the whole phenomenon graphically by the well-known curvilinear coordinates system (  x , r  ) (see Figure 1). The   x −   axis of the cylinder is taken along the horizontal direction and the radial   r −   axis is taken normal or perpendicular to it. Further, assumed the surface velocity is denoted by    U w   ( x )  =   x a  L   , where   x −   axis is measured along the surface of the cylinder,  L  is the reference length and  a  is the positive stretching factor (  a > 0  ). The impacts of melting and the porous medium were also included in the given model. In addition,  u  and  v  denoted the velocity components along the respective  x  and  r  axes and  T  denoted the temperature of the fluid. Momentum and heat analyses were carried out for both the fluid and dust phases.



The following are the governing equations that symbolize the nanofluid phase as well as the dust phase when the porous medium and the melting effect on a stretching cylinder are taken into account (see Manjunatha et al. [26], Waini et al. [27], and Singh et al. [28]).


    ∂  (  r u  )    ∂ x   +   ∂  (  v r  )    ∂ r   = 0 ,  



(1)






  u   ∂ u   ∂ x   + v   ∂ u   ∂ r   +   K N    ρ  n f      (  u −  u p   )  =  ν  n f    (     ∂ 2  u   ∂  r 2    +   ∂ u   ∂ r    r  − 1    )  −   u  ν  n f      K 1    ,  



(2)






  u   ∂ T   ∂ x   + v   ∂ T   ∂ r   =    k  n f        (  ρ C p  )    n f      (     ∂ 2  T   ∂  y 2    +  1 r    ∂ T   ∂ r    )  +    ρ p     (  C p  )   f     τ t     (  ρ C p  )    n f      (   T p  − T  )  +    ρ p     (   u p  − u  )   2     τ v     (  ρ C p  )    n f     ,  



(3)






    ∂  (  r  u p   )    ∂ x   +   ∂  (  r  v p   )    ∂ r   = 0 ,  



(4)






   u p    ∂  u p    ∂ x   +  v p    ∂  u p    ∂ r   =  K m   (  u −  u p   )  ,  



(5)






   u p    ∂  T p    ∂ x   +  v p    ∂  T p    ∂ r   =   C  p f     τ t   C m     (  T −  T p   )  .  



(6)







In the above-mentioned equations, Equations (1)–(3) are for the fluid phase and the remaining equations are for the dust phase.



The appropriate boundary conditions for the above equations are specified as


      u =  U w  =   a x  L  ,   T =  T m    at   r = R     u → 0 ,   T →  T ∞  ,  u p  → 0 ,    v p  → v ,    T p  →  T ∞    as   r → ∞    }  ,  



(7)




and the melting phenomenon is given by (see Singh et al. [28])


   k  n f         ∂ T   ∂ r    |    r = R   =  ρ  n f    (   λ 1    *  +    (  C p  )   s   (   T m  −  T 0   )   )     v |    r = R   .  



(8)







For the Equations (1)–(8),  x  is the axial coordinate,  r  is the radial coordinate,  u  and  v  are the fluid phase velocity components,  K  is the Stokes resistance,  N  is the number density of particles,    u p  &  v p    are the dust phase velocity components,    K 1    is the permeability of the porous medium,  ν  is the kinematic viscosity,  k  is the thermal conductivity,  ρ  is the density,   C p   is the specific heat capacity of fluid,    τ t    is the thermal equilibrium time,    τ v    is the relaxation time for dust particles,    ρ p    is the density of the dust particles,  m  is the mass of the dust particles,    C m    is the specific heat capacity of a dust particle,    λ 1    *    is the latent heat of the fluid,      (  C p  )   s    is the specific heat capacity of the solid surface,    T 0    is the melting temperature.



The similarity variables are as follows (see Manjunatha et al. [26]):



Fluid phase:


  u =   a x  L  f ’  ( η )  , v = −  1 r      a  ν f   L    R f  ( η )  , θ  ( η )  =   T −  T m     T ∞  −  T m    .  



(9)




Dust phase:


   u p  =   a x  L  F ’  ( η )  ,  v p  = −  1 r      a  ν f   L    R F  ( η )  ,  θ p   ( η )  =    T p  −  T m     T ∞  −  T m    ,  



(10)




and


  η =    a   ν f  L      (     r 2  −  R 2    2 R    )  , ψ =    U w   ( x )   ν f  x   R f  ( η )  .  



(11)







The following are the thermo-physical characteristics of a nanofluid (see Devi and Devi [29]):


       μ  n f   =    μ f       (  1 − ϕ  )    2.5     ,      k  n f   =   2  k f  +  k s  + 2 ϕ (  k s  −  k f  )    k s  + 2  k f  + 2 ϕ (  k f  −  k s  )    k f  ,        ρ  n f      ρ f    =  (  1 − ϕ + ϕ    ρ s     ρ f     )  ,       (  ρ C p  )   n f   =   (  ρ C p  )  f   (  1 − ϕ + ϕ      (  ρ C p  )   s       (  ρ C p  )   f     )  .    }   



(12)







By substituting the similarity transformations into the governing Equations (1)–(6) along with boundary conditions (7) and (8), we obtain:



Fluid phase:


    1  A 1 A 2    [   (  1 + 2 η δ  )  f ’ ’ ’ + 2 f ’ ’ δ  ]  +   l  β v    A 2    (  F ’ − f ’  )  −  [  f ’ f ’ − f f ’ ’  ]  −   λ *   A 1 A 2   f ’ = 0 ,   



(13)






      k  n f      k f       [   (  1 + 2 η δ  )  θ ’ ’ + 2 δ θ ’  ]    Pr   +  A 3  f θ ’ + l  β t   (   θ p  − θ  )  + l  β v  E c    (  F ’ − f ’  )   2  = 0 ,   



(14)




Dust phase:


   F F ’ ’ +  β v   (  f ’ − F ’  )  − F ’ F ’ = 0 ,   



(15)






   F  θ p  ’ −  β t   (   θ p  − θ  )  γ = 0 .   



(16)







Subjected to the changed boundary conditions are


      f ’  ( 0 )  = 1 , θ  ( 0 )  = 0   ,       f ’  ( ∞ )  = 0 ,   θ  ( ∞ )  = 1 ,   F  ( ∞ )  = f  ( ∞ )  ,       F ’  ( ∞ )  = 0 ,    θ p   ( ∞ )  = 1   .      }   



(17)




and


     k  n f      k f     M E    θ ’  ( 0 )  + Pr A 2 f  ( 0 )  = 0 ,  



(18)




in which


  A 1 =    (  1 − ϕ  )    2.5   , A 2 =  (  1 − ϕ + ϕ    ρ s     ρ f     )  , A 3 =  (  1 − ϕ + ϕ      (  ρ C p  )   s       (  ρ C p  )   f     )  .  











Furthermore, the above equations comprise distinct, dimensionless, and distinguished parameters which can be symbolically demarcated as follows:



   λ *  =    ν f  L    K 1  a     porosity parameter,   l =    ρ p     ρ f      mass concentration of particles,    β v  =  L  a  τ v      interaction parameter for velocity,    β t  =   L  a  − 1      τ t      interaction parameter for temperature,    τ v  = m  K  − 1     relaxation time of dust particles,   γ =      (  C p  )   f     C m      ratio of specific heat,   E c =    U w 2    C  p f   (   T ∞  −  T m   )      Eckert number,    ρ p  = N m   density of the dust particle,    M E  =      (  C p  )   f   (   T ∞  −  T m   )     (   λ 1    *  +    (  C p  )   s   (   T m  −  T 0   )   )      melting parameter,   τ t    thermal equilibrium time, and   δ =      ν f  L   a  R 2        is the curvature parameter.



Engineering coefficients and their reduced forms are as follows (see Ramzan et al. [30]):


   C  f x   =    μ  n f       ∂ u   ∂ r     r = R      ρ f   U w 2    →   Re    1 2       C  f x   =   f ’ ’  ( 0 )    A 1   ,  



(19)






  N  u x  =   −  k  n f   x    (    ∂ T   ∂ r    )    r = R      k f   (   T w  −  T ∞   )    →   Re   −  1 2    N  u x  =   −  k  n f      k f    θ ’  ( 0 )  ,  



(20)




where,   Re =   a  x 2     ν f  L     denotes local Reynolds number.




3. Numerical Procedure and Validation


The reduced governing equations and boundary conditions were solved numerically with the help of the RKF-45 method and the shooting scheme. To provide a better understanding of this method, the structural outline for this technique is presented in Figure 2. To obtain the equation, the resultant equations were converted into first-order initial value problems. Consider


   b 1  = f ,  b 2  = f ’ ,  b 3  = f ’ ’ ,    b 4  = θ ,  b 5  = θ ’ ,  b 6  = F ,  b 7  = F ’ ,  b 8  =  θ p   



(21)






   [       b 1 ’         b 2 ’         b 3 ’         b 4 ’         b 5 ’         b 6 ’         b 7 ’         b 8 ’       ]  =  [       b 2         b 3          A 1 A 2    (  2 η δ + 1  )     (    − l  β v    A 2    (  F ’ − f ’  )  +  [     (  f ’  )   2  − f f ’ ’  ]  −   2 δ f ’ ’   A 1 A 2   +    λ *    A 1 A 2   f ’  )         b 5           k f  Pr    k  n f    (  2 η δ + 1  )     (   A 3  f θ ’ + l  β t   (   θ p  − θ  )  + l  β v  E c    (  F ’ − f ’  )   2  −    k  n f      k f      2 δ θ ’   Pr    )         b 7          F  ’ 2  −  β v   (  f ’ − F ’  )   F          − γ  β t   (  θ −  θ p   )   F       ]  ,  



(22)




with


   [       b 1   ( 0 )         b 2   ( 0 )         b 3   ( 0 )         b 4   ( 0 )         b 5   ( 0 )         b 6   ( 0 )         b 7   ( 0 )         b 8   ( 0 )       ]  =  [     0     1       κ 1       1       κ 2         κ 3         κ 4         κ 5       ]  .  



(23)







The initial value problem is represented by Equations (22) and (23). The unknown values are calculated using the shooting technique and numerically solved using the RKF-45 process with a step size of 0.01 and an error tolerance of around 10−6, which then satisfies the boundary condition at  ∞   ∞ . The numerical solution to the problem is then computed using a computer program by varying the constraints’ values.




4. Results and Discussion


The numerical solution to the governing ODEs (13)–(16) with the boundary conditions (17)–(18) was achieved using the RKF-45 technique. Graphical depictions were utilized to analyze the impacts of the pertinent parameters, namely the curvature parameter  δ , the porosity parameter    λ *   , the Eckert number   E c  , and the melting parameter    M E   , on respective fluid- and dust-phase velocities    (  f ’    and    F ’  )   . Fluid- and dust-phase temperature profiles    (  θ    and     θ p   )    are shown in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8, while the streamline graphs are depicted in Figure 9a,b and Figure 10a,b, respectively. Moreover, the nature of the velocities and temperatures of both phases is examined in this segment and an appropriate explanation is provided here. The base liquid (H2O–Water) and nanoparticle (GO–Graphene oxide) thermo-physical characteristics are presented in Table 1 (see Chu et al. [31]). The results are also reported and compared (see Table 2) to the works of Gupta and Gupta [32], Ali [33], Grubka and Bobba [34], Eldahab and Aziz [35], and Abel and Mahesha [36] in certain reducing cases to verify the current numerical method. For the temperature gradient, the numerical values agree well with the published research, as exhibited in Table 2.The numerical values of the skin friction coefficient    C  f x     and Nusselt number   N  u x    in the presence and absence of the    M E    parameter are presented in Table 3. The value of    C  f x     decreases with decreases in    λ *    and    β v    or increases in    β t    and   E c  . On the other hand, the value of   N  u x    decreases with an increase in    λ *    or a decrease in the remaining parameters, as displayed in Table 3.



The significant effect of the curvature parameter  δ  on the velocity profiles of fluid and dust particles    (  f ’    and    F ’  )    is displayed in Figure 3a. As the magnitude of the curvature parameter increases, the fluid-phase velocity and the dust-phase velocity enhance remarkably. It is evident from Figure 3(a) that the fluid acceleration is the same as the dust velocity, especially in comparison to    (  δ = 0.1  )   , and the upsurge of  δ  expands the velocity within the boundary layer. Furthermore, when   δ = 0  , the problem is limited to a flat surface. As a result of the cylinder, the flow rate inside the boundary layer is larger than that of a level plane. This signifies that the intensifying velocity within the boundary layer is caused by expansion in the cylinder measurement. As predicted, the velocity and momentum increase and the thickness of the boundary layer decreases towards the cylinder’s surface, whereas the reverse effect is observed when distant from it. This is because the opposition supplied in aggregate by viscous forces near the cylinder’s surface is substantially larger than those distant from it. Furthermore, when the curvature parameter increases, the radius of the cylinder decreases, resulting in a reduced resistance to fluid motion and hence an increased fluid velocity. When compared to the liquid state, the inclination of the velocity gradient is significantly quicker in the dust stage. Figure 3b exhibits the variations in the fluid temperature profile, while Figure 3c shows the nature of the dust-phase temperature profile for increased scales of the curvature parameter. As the curvature parameter increases, the radius of the cylinder decreases, resulting in less resistance to fluid motion. Hence, heat distribution decreases in both the fluid and dust phases. These figures unveil that both the fluid- and dust-phase temperature profiles upsurge with an enhancement in the magnitude of curvature parameter.



The variations in the fluid- and dust-phase velocity profiles for the diverse magnitudes of porosity parameter    λ *    are indicated in Figure 4. The fluid-and dust-phase velocity gradient drops gradually with an augmentation in the value of the porosity parameter. An upsurge in the value of the porosity parameter is the major cause of lower permeability, which results in a reduction in velocity. From a physical point of view, the permeability of a porous medium depends on both the porosity and particle size. A rise in the porosity parameter causes the porous medium to restrict the flow of liquid, decelerating its movement. As a result, the thickness of the boundary layer is diminished and thereby the velocity profiles of both phases drop rapidly.



Figure 5a indicates the impact of the Eckert number on the fluid-phase temperature profile, while Figure 5b shows the impact for the dust-phase temperature profile. In both the figures, one can perceive that the temperature profile increases with a rise in the Eckert number   E c  . Increments in the Eckert number strengthen the intermolecular movement and kinetic energy in liquids. As a result, the thermal variation, including both stages and the associated boundary layer, is enhanced by this intermolecular tension.



Figure 6a indicates the variations in the fluid thermal gradient, whereas Figure 6b manifests the nature of the dust particle temperature profile by considering the impact of the melting parameter    M E   . An enhancement in the melting parameter results in a reduction in the temperature profile for both stages. This is attributed to the fact that an increment in the melting parameter enhances the melting intensity, and as the melting strengthens, the geometry gradually transforms to a liquid, ultimately causing the velocity gradients to develop rapidly. This results in a decrease in the temperature gradient and its related boundary layer thickness. It can be observed that the thermal distribution is greater without the influence of the melting parameter, as opposed to in the presence of the melting parameter.



Figure 7 denotes the variations in    C  f x     with the impact of porosity and the velocity interaction parameter    β v   . The surface drag force decreases as the porosity parameter increases, as this creates opposition to the fluid flow due to an increase in the medium’s pore size, and the velocity interaction parameter reduces the fluid flow owing to the presence of the porous material.



An impression of the interaction parameters for velocity and temperature on the Nusselt number is exhibited through a 3D representation, as shown in Figure 8.Due to the presence of the thermal equilibrium time and thermal relaxation time for dust particles, the thermal distribution is enhanced by an increase in the values of the interaction parameters.



Figure 9a,b and Figure 10a,b show the streamline patterns with the impact of the porosity parameter. In the absence of the porosity parameter, Figure 9a indicates the streamline variations for the fluid phase, whereas the streamline pattern in the presence of the porosity parameter for the dust phase is exhibited in Figure 9b. Figure 10a,b show the streamline plots drawn to show the impact of the porosity parameter for both the fluid and dust phases, respectively.




5. Final Remarks


In this investigation, the characteristics of the melting effect phenomenon in the heat transference and flow of a dusty nanofluid through a permeable stretching cylinder were elucidated. The governing PDEs signifying energy transference and fluid motion in both the liquid and dust phases were converted into ODEs and numerically solved using the RKF-45 scheme with the shooting procedure. The major outcomes of this investigation are as follows:




	
❖ The fluid- and dust-phase velocities showed decreasing trends with an increase in the porosity parameter.



	
❖ The fluid- and dust-phase velocities improved with an increase in the curvature parameter. The same trend was observed in the fluid- and dust-phase temperature profiles.



	
❖ For lower values of the melting parameter, the temperature field for both the dust and liquid phases was enhanced significantly.



	
❖ The temperature profile for both the fluid and dust phases improves as the Eckert number increases.



	
❖ The surface drag force reduces when the porosity and interaction parameters are increased.



	
❖ The rate of heat dispersal increases as the values of the interaction parameters increase.








Many practical scenarios, such as heat engines, heat exchangers, thermocouples, permafrost melting, hot extrusion, oil flow filtration, solar collectors, energy recovery in geothermal stations, and the silicon wafer process require the use of porous materials and the melting phenomenon. Thermal efficiency and consistency may be greatly adjusted by employing the appropriate parameters examined in the present study.
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Nomenclature




	  x  
	Cartesian coordinate (m)



	  r  
	Coordinate in the radial direction (m)



	  L  
	Reference length (m)



	  R  
	Radius of the cylinder (m)



	  a  
	Uniform stretching velocity (ms−1)



	    U w    
	Stretching velocity (ms−1)



	 u & v 
	Fluid-phase velocity components (ms−1)



	   u p   &   v p   
	Dust-phase velocity components (ms−1)



	  T  
	Temperature (K)



	  K  
	Stokes resistance



	  N  
	The number density of particles



	  ν  
	Kinematic viscosity (m2s−1)



	    K 1    
	Porous medium permeability (m2)



	  k  
	Thermal conductivity (kgms−3K−1)



	  ρ  
	Density (kgm−3)



	    ρ p    
	The density of the dust particle (kgm−3)



	      (   C p   )   f    
	Specific heat capacity of fluid (m−2s−2K−1)



	      (   C p   )   s    
	Specific heat capacity of the solid surface (m−2s−2K−1)



	    λ 1 *    
	Latent heat of the fluid



	    T p    
	The temperature of the dust particle (K)



	    T w    
	Wall temperature (K)



	    T 0    
	Melting temperature (K)



	    T ∞    
	Ambient temperature (K)



	    τ t    
	Thermal equilibrium time



	    τ v    
	The relaxation time of dust particles



	  m  
	Mass of the dust particle (kg)



	  μ  
	Dynamic viscosity (kgm−1s−1)



	  ϕ  
	Solid volume fraction (-)



	   n f   
	Nanofluid



	   E c   
	Eckert number (-)



	  γ  
	Ratio of specific heat (-)



	    M E    
	Melting parameter (-)



	Pr
	Prandtl number



	  δ  
	Curvature parameter (-)



	    C  f x     
	Skin friction coefficient



	   N  u x    
	Nusselt number coefficient



	   Re   
	Local Reynolds number



	   f , f ’   
	Dimensionless velocities of fluid phase



	   F , F ’   
	Dimensionless velocities of dust phase



	  θ  
	Dimensionless temperature



	    θ p    
	Dimensionless temperature for the dust particle



	    β v    
	Interaction parameter for velocity



	    β t    
	Interaction parameter for temperature
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Figure 1. Geometrical illustration of the problem. 
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Figure 2. Structural outline for the numerical procedure. 
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Figure 3. (a): Impact of the curvature parameter on the fluid-phase velocity   f ’   and dust-phase velocity   F ’   profiles; (b): effect of the curvature parameter on the fluid-phase temperature profile; and (c):effect of the curvature parameter on the dust-phase temperature profile. 
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Figure 4. Effect of the porosity parameter on the fluid- and dust-phase velocity profiles. 
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Figure 5. (a): Effect of the Eckert number on the fluid-phase temperature profile and (b):effect of the Eckert number on the dust-phase temperature profile. 






Figure 5. (a): Effect of the Eckert number on the fluid-phase temperature profile and (b):effect of the Eckert number on the dust-phase temperature profile.



[image: Processes 10 01065 g005]







[image: Processes 10 01065 g006 550] 





Figure 6. (a): Consequence of the melting parameter on the fluid-phase temperature profile; (b): effect of the melting parameter on the dust-phase temperature profile. 
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Figure 7. Three-dimensional representation of    C  f x     with the impact of the interaction and porosity parameters. 
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Figure 8. Three-dimensional representation of   N  u x    with the impact of the interaction parameters for velocity and temperature. 
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Figure 9. Streamline representation for (a) the fluid phase and (b) the dust phase in the absence of    λ *   . 
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Figure 10. Streamline representation for (a) the fluid phase and (b) the dust phase in the presence of    λ *   . 
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Table 1. Base liquid and nanoparticle thermo-physical characteristics.
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	Property
	   ρ   
	     C p     
	   k   
	Pr





	H2O
	997.1
	4179
	0.613
	6.2



	GO
	1800
	717
	5000
	-
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Table 2. Comparison of non-dimensional temperature gradients in the absence of  δ ,  l ,    β v   ,    λ *   ,    β t   ,  E c  ,    M E    when    k  n f   /  k f  , A 1 = A 2 = A 3 = 1  .






Table 2. Comparison of non-dimensional temperature gradients in the absence of  δ ,  l ,    β v   ,    λ *   ,    β t   ,  E c  ,    M E    when    k  n f   /  k f  , A 1 = A 2 = A 3 = 1  .





	Pr
	[32]
	[33]
	[34]
	[35]
	[36]
	Present





	1.0
	0.5820
	0.59988
	0.5820
	0.58201
	0.58197
	0.582010



	10
	-
	2.29589
	2.3080
	2.30801
	2.30800
	2.308001
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Table 3. Computational values of    C  f x     and   N  u x    for various dimensionless parameters keeping other constraints   ϕ = 0.01 ,   δ = 0.1 ,   γ = 0.1   and     l = 1  .
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    λ *    

	
     β v     

	
     β t     

	
    E c    

	
    −  C  f x      

	
    − N  u x     




	

	

	

	

	
     M E  = 0.5    

	
     M E  = 0    

	
     M E  = 0.5    

	
     M E  = 0    






	
0.1

	
0.5

	
0.5

	
0.5

	
1.168327

	
1.258053

	
2.115255

	
2.720979




	
0.2

	

	

	

	
1.211577

	
1.301255

	
2.107476

	
2.712020




	
0.3

	

	

	

	
1.253367

	
1.342980

	
2.100069

	
2.703531




	

	
0.1

	

	

	
1.071936

	
1.150952

	
2.067828

	
2.637433




	

	
0.3

	

	

	
1.129654

	
1.214091

	
2.105213

	
2.697497




	

	
0.5

	

	

	
1.168327

	
1.258053

	
2.115255

	
2.720979




	

	

	
0.1

	

	
1.187103

	
1.258053

	
1.663600

	
2.177235




	

	

	
0.3

	

	
1.177038

	
1.258053

	
1.905106

	
2.466492




	

	

	
0.5

	

	
1.168327

	
1.258053

	
2.115255

	
2.720979




	

	

	

	
0.5

	
1.168327

	
1.258053

	
2.115255

	
2.720979




	

	

	

	
1.0

	
1.163875

	
1.258053

	
2.223107

	
2.885525




	

	

	

	
1.5

	
1.159516

	
1.258053

	
2.328974

	
3.050072
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