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Abstract

:

An innovative concept of water-based Cu–Al2O3 hybrid nanofluid has been employed to investigate the behavior of flow and heat transfer inside a rectangular channel whose permeable walls experiences dilation or contraction in height. The transformed set of ordinary differential equations is then solved by a well-known Runge–Kutta–Fehlberg algorithm. The analysis also includes three different shapes of copper nanocomposites, namely, platelet, cylinder and brick- shaped. The impact of various embedded parameters on the flow and heat transfer distributions have been demonstrated through the graphs. All the flow properties, temperature profile and rate of heat transfer at the walls are greatly influenced by the presence of copper nanoparticles. Furthermore, it was observed that the platelet shaped nanocomposites provide a better heat transfer ability as compared to the other shapes of nanoparticles.
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1. Introduction


In the past few years, scientists have faced a consequential issue of thermal efficiency in different engineering and industrial applications. Technological advances, like high speed microelectronics, chemical synthesis, transportation, optical, microfluidics, microsystems including mechanical and electrical components bears high thermal loads. The cooling of these devices is a major concern in these days. Traditionally, the rate of heat transfer is increased by increasing the area available for heat exchange. Another way is to use a thermally efficient fluid, which is usually dispersed the nano-sized structures within the conventional heat transfer fluids (fluids bearing poor thermal properties), like water, propylene glycol, ethylene glycol, etc. [1]. The pioneer behind the discovery of these thermally efficient fluids, called ‘nanofluids’, was Choi [2,3]. This discovery further opens the door to a new research era. Many experimentalists would opt for this idea and as a result, several subsequent models have been successfully proposed. Maxwell [4] took a first step and suggested a model to analyze the effective thermal conductivity of nanofluids. This model involves the nanoparticles concentration and the thermal conductivity of the base fluid and nanoparticles. Besides, it only takes the spherical inclusions of nanoparticles. To overcome this deficiency, Hamilton and crosser [5] proposed a model which is applicable for non-spherical shaped nanoparticles. More studies in this area introduce a variety of models which examined the effects of nanoparticles type [6,7,8], particle shapes [9] and particles size [10,11] etc. Moreover, various heat transfer mechanisms including Brownian movement of particles [12], particles agglomeration [13,14] and liquid layering [15] would also gain the attention of many scientists.



Even though nanofluids have a lot of potential to meet the growing thirst of thermal efficiency, still scientists are eagerly looking for different varieties of fluids. Hybrid nanofluids are an advanced type of nanofluids, which exhibit a remarkable thermal efficiency as compared to nanofluids. These fluids came into existence by dispersing two or more kinds of tiny particles within the base fluid or composite nanostructures in a base fluid. This implies a homogeneous mixture possessing physicochemical properties of various substances that can hardly be imagined to exist in an individual substance [16].



Hybrid nanofluids play an active role in a wide range of heat transfer applications such as electronic cooling, automobile radiators, generator cooling, nuclear system cooling, coolant in machining, lubrication, welding, solar heating, thermal storage, heating and cooling in buildings, biomedical, drug reduction, refrigeration and defense etc. At the industrial level, there are positive features like chemical stability and high thermal efficiency, which enables them to perform efficiently as compared to nanofluids.



In the last few decades, many experimental studies have been conducted to explore the properties of hybrid nanofluids. Suresh et al. [17] employed the two-step method to study the synthesis of hybrid Al2O3–Cu/water nanofluids. The rate of heat transfer influenced by H2O-based Al2O3–Cu hybrid nanofluids was examined by Suresh et al. [18]. Momin [19] experimentally investigates the laminar flow of a hybrid nanofluid along with mixed convection inside an inclined tube. Later on, the magnetohydrodynamic (MHD) flow of a hybrid Al2O3–Cu/water nanofluid over a permeable expanding sheet along with suction has been numerically considered by Devi and Devi [20]. Recently, to analyze the entropy generation, Das et al. [21] takes into account the magnetohydrodynamic Cu–Al2O3/water-based hybrid nanofluid flow between porous walls. Olatundun and Makinde [22] analyze the Blasius hybrid nanofluid flow over a heated surface combined with convection. Moreover, Hayat and Nadeem [23] utilize the water-based Ag–CuO hybrid nanofluid in order to enhance the heat transfer.



Many real-life situations like the respiratory system, aerospace engineering, industrial cleansing systems, coolant circulation and inter-body fluid transportation depend upon the flows between deformable channels. In 1953, the pioneer who initiated a mathematical model for the description of fluid behavior inside a rectangular channel, was Berman [24]. Uchida and Aoki [25] took a first step towards the study of viscid flow within a permeable squeezing pipe. Several laminar flow problems inside a porous dilating channel was simultaneously investigated by Majdalani et al. [26], Dauenhauer and Majdalani [27], Majdalani and Zhou [28] and Ganji et al. [29]. Mohyud-din et al. [30] analyzed the simultaneous behavior of chemical reaction and heat transfer for the viscid fluid flow inside a deformable porous channel. Ahmed et al. [31] numerically investigates the CNT/H2O-based nanofluid flow along with heat transfer through an asymmetric channel whose walls are capable of expanding and contracting in height.



In a survey of the literature, it has been found that no systematic research has yet been conducted to investigate the rheological and thermal characteristics of Cu–Al2O3/water-based hybrid nanofluid along with the influence of particle shapes inside a channel whose walls are permeable and have a capability of dilating and squeezing. Therefore, we present this article to analyze the influence of nanocomposite shape factor on the flow and heat transfer behavior of Cu–Al2O3/water-based hybrid nanofluid between permeable walls of a rectangular channel. As the resulting flow model is quite complicated in nature, therefore exact solution is least likely. To overcome this difficulty, the Runge–Kutta–Fehlberg scheme (RKF) has been employed to obtain a numerical solution. Subsequently, the results against the embedded parameters has been presented in the graphical form along with a quantitative discussion.




2. Formulation of the Governing Equations


Consider the time dependent, laminar, viscid and incompressible water-based Cu–Al2O3 hybrid nanofluid flow, inside a permeable rectangular channel, whose length is assumed to be infinite. To achieve the configuration of Cu–Al2O3/water hybrid nanofluid, initially, the spherical shaped tiny particles of Al2O3 with solid volume fraction of about 0.1 vol (which is restricted for the present flow problem) has been suspended in the base fluid H2O to form a Al2O3-nanofluid and finally the composition of Cu–Al2O3/H2O hybrid nanofluid has been accomplished by employing copper Cu nanoparticles with variable volume fraction. Furthermore, the channel is assumed to be very small in height against its width and length. Figure 1 displays the cross-sectional view of the channel for the present flow problem.



It is further assumed that the channel is half opened. The leading end is shielded by an impermeable flexible membrane, while the other end is left opened so that the fluid can easily flow through it. The permeable walls permit the fluid to enter or leave the channel during the successive dilations or contraction of the channel in height. In the beginning, the channel’s height is assumed to be   2 𝓱  ( 𝓽 )   .



The top and bottom walls experience a parting or embracing motion at a uniform time dependent rate    𝓱 ˙  = d 𝓱 / d  𝓽 ¯   . The origin has been considered as the center of the channel which is displayed in Figure 1.    T ¯    signifies the temperature with the assumption that     T ¯  u  <   T ¯  l   . The subscripts  l  and  u  respectively symbolize the traits of bottom and top walls. By keeping the above-mentioned assumptions in view, the following mathematical forms expresses the governing equations for mass, momentum and energy, which are given as:


     ∂  V ¯    ∂  𝔂 ¯    +   ∂  U ¯    ∂  𝔁 ¯    = 0  ,  



(1)






     ρ ¯   h n f     ∂  U ¯    ∂  𝓽 ¯    +   ρ ¯   h n f    (    ∂  U ¯    ∂  𝔁 ¯     U ¯  +   ∂  U ¯    ∂  𝔂 ¯     V ¯   )  = −  μ  h n f    (   1   μ  h n f       ∂  𝓹 ¯    ∂  𝔁 ¯    −    ∂ 2   U ¯    ∂   𝔂 ¯  2    −    ∂ 2   U ¯    ∂   𝔁 ¯  2     )   ,  



(2)






     ρ ¯   h n f     ∂  V ¯    ∂  𝓽 ¯    +   ρ ¯   h n f    (    ∂  V ¯    ∂  𝔁 ¯     U ¯  +   ∂  V ¯    ∂  𝔂 ¯     V ¯   )  = −  μ  h n f    (   1   μ  h n f       ∂  𝓹 ¯    ∂  𝔂 ¯    −    ∂ 2   V ¯    ∂   𝔂 ¯  2    −    ∂ 2   V ¯    ∂   𝔁 ¯  2     )   ,  



(3)






     ∂  T ¯    ∂  𝓽 ¯    +  U ¯    ∂  T ¯    ∂  𝔁 ¯    +  V ¯    ∂  T ¯    ∂  𝔂 ¯    = −  ε  h n f    (     ∂ 2   T ¯    ∂   𝔁 ¯  2    +    ∂ 2   T ¯    ∂   𝔂 ¯  2     )   ,  



(4)




where, the velocity components in the horizontal and vertical directions are symbolized by   U ¯   and    V ¯   , respectively    𝓹 ¯    stands for the dimensional pressure. Furthermore,    μ  h n f     represents the viscosity of the hybrid nanofluid. In literature, several theoretical models including the effects of nanoparticle material [32], particle size [33] and liquid layering [34,35] have been available in order to estimate the viscosity of nanofluids. In 1952, Brinkman [36] proposed a correlation for the effective viscosity of the nanofluid which typically involves the viscosity of the host fluid and the nanoparticles concentration. Besides, this expression is reliable for dilute solutions. In case of hybrid nanofluids, this expression would take the following mathematical form [37]:


    μ  h n f   =    μ f       (  1 −  Φ 1   )    5 / 2      (  1 −  Φ 2   )    5 / 2      .  



(5)







Similarly, by taking the mixture principle into account, the effective density    (    ρ ¯   h n f    )    [37] proposed by Pak and Cho [38] and the volumetric heat capacity      (   ρ ¯   C p   )    h n f     [37,39] for    (  Cu −  AI 2   O 3  /  H 2  O  )    hybrid nanofluid can be estimated via Equations (6) and (7), which is given as under:


       ρ ¯   h n f       ρ ¯  f    =  (  1 −  Φ 2   )   [  1 −  (  1 −     ρ ¯   s 1       ρ ¯  f     )   Φ 1   ]  +  Φ 2      ρ ¯   s 2       ρ ¯  f     ,  



(6)






        (   ρ ¯   C p   )    h n f        (   ρ ¯   C p   )   f    =  (  1 −  Φ 2   )   [  1 −  (  1 −      (   ρ ¯   C p   )    s 1        (   ρ ¯   C p   )   f     )   Φ 1   ]  +  Φ 2       (   ρ ¯   C p   )    s 2        (   ρ ¯   C p   )   f     .  



(7)







Furthermore, among various thermo-mechanical properties, the thermal conductivity is the one that plays a key role in transferring the heat. Hamilton and Crosser [5] proposed an efficient model for thermal conductivity which is applicable for different shapes of nanocomposites. In context to hybrid nanofluids, the expression is defined as [37]:


    𝓴  h n f   =  𝓴  b f      𝓴  s 2   +  (  𝓶 − 1  )   𝓴  b f   −  (  𝓶 − 1  )   Φ 2   (   𝓴  b f   −  𝓴  s 2    )     𝓴  s 2   +  (  𝓶 − 1  )   𝓴  b f   +  Φ 2   (   𝓴  b f   −  𝓴  s 2    )     ,  



(8)




where,


    𝓴  b f   =  𝓴 f     𝓴  s 1   +  (  𝓷 − 1  )   𝓴 f  −  (  𝓷 − 1  )   Φ 1   (   𝓴 f  −  𝓴  s 1    )     𝓴  s 1   +  (  𝓷 − 1  )   𝓴 f  +  Φ 1   (   𝓴 f  −  𝓴  s 1    )     .  



(9)







In the above relations,  𝓶  and  𝓷  represents the shape factor of Cu and Al2O3 nano-sized particles respectively.    𝓴  b f     is the thermal conductivity of the Al2O3-nanofluid, while the thermal conductivity of base fluid H2O is expressed by    𝓴 f   . The thermal conductivity of Al2O3 and Cu are respectively denoted by    𝓴  s 1     and    𝓴  s 2    . Furthermore,    Φ 1    stands for the volume fraction of Al2O3 nanoparticles while the solid volume fraction for Cu nanoparticles are represented by    Φ 2   . The base fluid viscosity, density and specific heat are simultaneously symbolized by    μ f  ,     ρ ¯  f    and      (   C p   )   f   .     ρ ¯   s 1     and     ρ ¯   s 2     denotes the densities of Al2O3 and Cu respectively. At constant pressure,      (   C p   )    s 1     and      (   C p   )    s 2     respectively indicates the specific heat of Al2O3 and Cu nanoparticles. Table 1 has been decorated for the thermo-physical properties of base fluid H2O and nanoparticles Al2O3 and Cu.



The suitable boundary conditions for the present flow problem are specified as:


     V ¯  = −  (    V ¯  l   )  = −   A ¯  l   𝓱 ˙  ,              U ¯  = 0 ,                  T ¯  −   T ¯  l  = 0           at    𝔂 ¯  = − 𝓱  (  𝓽 ¯  )   ,     V ¯  = −  (    V ¯  u   )  = −   A ¯  u   𝓱 ˙  ,            U ¯  = 0 ,                T ¯  −   T ¯  u  = 0           at    𝔂 ¯  =   𝓱  (  𝓽 ¯  )    



(10)







Here,     V ¯  l    depicts the absolute suction or injection velocity of the fluid at the bottom wall of the channel which is equivalent to the product of the permeability factor    (    A ¯  l  =   V ¯  l  /  𝓱 ˙   )    and the wall velocity    𝓱 ˙  = d 𝓱 / d  𝓽 ¯   . The same for the upper wall is denoted by     V ¯  u   , where the permeability of the upper wall is represented by     A ¯  u    [27]. It is important to mention that these velocities are assumed to be independent of the position at the walls and they are also different from each other [25,26,27,28].



Keeping in view the concept of mass conservation, the subsequent transforms has been established:


   ζ =  𝓱  − 1    (  𝓽 ¯  )   𝔂 ¯  ,            U ¯  =  𝔁 ¯   υ f    ℱ ¯  ζ  /  𝓱 2   (  𝓽 ¯  )  ,          V ¯  =  υ f   ℱ ¯   (  ζ ,  𝓽 ¯   )  / 𝓱  (  𝓽 ¯  )   ,  



(11)




where, the suffices  ζ  indicates   d / d ζ  . Using Equation (11) and by eliminating pressure terms, Equations (1)–(3) reduces to a following single equation:


     ℱ ¯   ζ ζ ζ ζ   +    υ f     υ  h n f      {  α  (  3   ℱ ¯   ζ ζ   + ζ   ℱ ¯   ζ ζ ζ    )  −   ℱ ¯  ζ    ℱ ¯   ζ ζ   +  ℱ ¯    ℱ ¯   ζ ζ ζ    }  −    𝓱 2     υ  h n f       ℱ ¯   ζ ζ  𝓽 ¯    = 0  .  



(12)







Over here, the rate with which wall deforms is symbolized by   α = 𝓱  𝓱 ˙  /  υ f   . For stretching channel,  α  possesses positive values.



The suggestions presented by [40], lead us to a time-based similarity solution which can be established on the basis of the fact that  α  is uniform in time. Consequently, the term     ℱ ¯   ζ ζ  𝓽 ¯      has been eliminated. Moreover, the values of  α  can be settled down by considering the prior height of the channel along with dilation rate.



The transformed set of auxiliary conditions (Equation (10)) related to the velocity is defined as


    ℱ ¯   (  − 1 ,  𝓽 ¯   )  =  ℛ l  ,      d  d ζ    ℱ ¯   (  − 1 ,  𝓽 ¯   )  =  d  d ζ    ℱ ¯   (  1 ,  𝓽 ¯   )  = 0 ,        ℱ ¯   (  1 ,  𝓽 ¯   )  = ℛ  ,  



(13)




where, the permeation Reynolds number at the bottom wall is indicated by    ℛ l  =   V ¯  l  𝓱 /  υ f   , while   ℛ =   V ¯  u  𝓱 /  υ f    denotes the permeation Reynolds number at the top wall. They possesses positive values for the injection case.



The following set of scale variables has been used for converting the velocity and energy equations (Equations (4) and (12)) into a dimensionless form as:


   U =  U ¯    𝓱 ˙   − 1   ,                 V =  V ¯    𝓱 ˙   − 1   ,             𝔁 =  𝔁 ¯   𝓱  − 1   ,             ℱ =  ℱ ¯   ℛ  − 1   ,           ϑ  ( ζ )  =    T ¯  −   T ¯  u      T ¯  l  −   T ¯  u     ,  



(14)




which in result, gives us the following set of ordinary differential equations:


    ℱ  i v   +    Λ ´   1   [  ℛ  (  ℱ  ℱ ‴  −  ℱ ′   ℱ ″   )  + α  (  3  ℱ ″  + ζ  ℱ ‴   )   ]  = 0  ,  



(15)






      𝓴  h n f      𝓴 f     ϑ ″  + Pr    Λ ´   2   (  α ζ + ℛ ℱ  )   ϑ ′  = 0  ,  



(16)




where,


         Λ ´   1  =    υ f     υ  h n f     =      (  1 −  Φ 2   )    5 / 2        (  1 −  Φ 1   )    − 5 / 2      [   {  1 −  Φ 1   (  1 −     ρ ¯   s 1       ρ ¯  f     )   }   (  1 −  Φ 2   )  +     ρ ¯   s 2       ρ ¯  f     Φ 2   ]  ,          Λ ´   2  =  [  1 −  Φ 1   (  1 −      (   ρ ¯   C p   )    s 1        (   ρ ¯   C p   )   f     )   ]   (  1 −  Φ 2   )  +      (   ρ ¯   C p   )    s 2        (   ρ ¯   C p   )   f     Φ 2  .     }  



(17)







The reduced dimensionless form of boundary conditions is defined as:


   A − ℱ  (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 0 ,          ℱ ′   (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 0 ,         ϑ  (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 1 ,           when    𝔂 ¯  = − 𝓱  (  𝓽 ¯  )    










   1 − ℱ  (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 0 ,          ℱ ′   (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 0 ,         ϑ  (   𝔂 ¯  / 𝓱  (  𝓽 ¯  )   )  = 0 ,           when    𝔂 ¯  = − 𝓱  (  𝓽 ¯  )    



(18)




where,   A =   V ¯  l  /   V ¯  u    is the symbol for permeability parameter. Moreover,   P r =  ε f  /  υ  f       denotes Prandtl number.



The local heat transfer rate (i.e., local Nusselt number) is defined by:


   N u = −   𝓱 /  𝓴 f     (    T ¯  l  −   T ¯  u   )       (   𝓴  h n f     ∂  T ¯    ∂  𝔂 ¯     )     𝔂 ¯  = 0    ,  



(19)







Subsequently, the set of scale variables converts the above equation into dimensionless rate of heat transfer both at the bottom and top wall, which is then expressed by the following relations:


   N  u l  = −   ϑ ′  (  − 1  )     𝓴 f  /  𝓴  h n f      .  



(20)






  N  u u  = −   ϑ ′  ( 1 )     𝓴 f  /  𝓴  h n f      . 



(21)







It is pertinent to mention here that, if    Φ 1  =  Φ 2  = 0  , then hybrid nanofluid is no longer be preserved and converted to the regular fluid (water). When    Φ 1  ≠ 0 ,    Φ 2  = 0  , then water-based Al2O3 nanofluid has been achieved. For Cu–Al2O3/H2O-based hybrid nanofluid, the relation    Φ 1  ≠ 0 ,    Φ 2  ≠ 0   must be satisfied.




3. Solution Procedure


As far as the numerical solution is concern, Nachtsheim–Swigert shooting iteration technique coupled with well-known Runge–Kutta–Fehlberg scheme (RKF) has been considered. The dimensionless equations along with definite auxiliary conditions can easily be tackled with this technique. Furthermore, this technique utilizes two-time steps i.e.,  h  and   h / 2   for solving the set of initial value problem, and subsequently a comparison has been made between a larger time step and smaller one in order to achieve the desired level of accuracy.




4. Results and Discussion


The prime focus of this section is to graphically demystify the obtained results. The salient features of the flow and heat transfer of a Cu–Al2O3/H2O hybrid nanofluid have been examined in a rectangular channel whose walls are permeable and have a capability of dilating or squeezing. Moreover, the investigations have been carried out to see the influence of various embedded parameters such as solid volume fraction    (  0.005 ≤  Φ 2  ≤ 0.06  )   , deformation parameter   α  , permeation Reynold number   ℛ   and permeability parameter  A  on the velocity as well as temperature profiles.



Table 1 focused on the thermo-physical properties of base fluid and nanoparticles. The model employed for the effective thermal conductivity of Cu–Al2O3/H2O hybrid nanofluid has an embedded parameter ‘  𝓶 = 3 / ψ  ’ (where  ψ  denotes the sphericity of different nanocomposites), which varies for different shapes of nanocomposites. The numerical values related to the shape factor for different non-spherical tiny sized particles can be found in Table 2. Platelet-, cylinder- and brick- shaped nanocomposites have been under consideration. Furthermore, it is important to mention that the spherical shaped Al2O3 nanoparticles have been dispersed in the base fluid, therefore   𝓷 = 3  . Since the hybrid nanofluid under consideration is water-based, therefore the numerical value for Prandtl number has been restricted to 6.135.



To visualize the velocity behavior, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 are designed. Each figure holds an inset picture which give us the magnified view of the parameter’s behavior within the regions   − 0.45 ≤ ζ ≤ − 0.47   (leftward) and   0.45 ≤ ζ ≤ 0.47   (rightward) unless specified otherwise. Figure 2 and Figure 3 simultaneously depict the cases when the velocity behavior is influenced by channel’s contraction along with suction and injection. In the first case, one can clearly observe a speedy flow nearby the wall for growing absolute values of   α  . The reason behind is the wall’s contraction which suppresses the adjacent layers of fluid and force them to move forward. Suction also plays an important role to enhance the fluid’s velocity nearby the wall. Instead, a retardation in the flow has been detected far away from the walls. Subsequently, Figure 3 deals with the contraction along with injection. Again, one can observe a clear enhancement in fluid’s velocity close to the wall with the increased absolute values of  α , which means that the contracted walls again play a key role to speed up the flow nearby the wall. Moreover, no considerable change has been detected in the velocity profile for various shapes of nanocomposites.



Figure 4 and Figure 5 expose the consequences of velocity profile against the increasing   α  , i.e., the case of dilating channel coupled with suction and injection. It was observed form both the figures that depending onwhether the fluid has been injected or sucked through the walls, the channel’s dilation creates a vacant space nearby the walls which is then filled by the inward motion of the adjacent fluid layers. Therefore, the flow has been decelerated in both the cases (injection/suction) which in turn causing a decline in the velocity near the wall. Thus, to preserve the momentum, the velocity of the fluid speeds up in the central half of the channel for increasing values of  α . Again, velocity profile seems to be least affected by the nanoparticles shape.



To check the flow behavior, when the suction or injection takes place at the walls along with embracing or parting motion, Figure 6, Figure 7, Figure 8 and Figure 9 are plotted. The graphs are sketched for the growing absolute values of the permeation Reynolds number  ℛ . Figure 6 elucidates the case when the walls simultaneously experience the squeezing motion and suction. The absolute rise of  ℛ  produces a decline in velocity which has been detected in the region below the central line of the channel. The permeability parameter   A =   V ¯  l  /   V ¯  u    might be a reason behind this behaviour. Thus, the value   A = − 0.1   implies that the suction dominates in the region above the central line of the channel and as a result a speedy flow has been perceived in this region. Figure 7 has been decorated for the case when the dilation along with suction takes place at the same time. An almost similar velocity behaviour has been detected with a clear deviation. From Figure 8 and Figure 9, one can clearly notice a reverse behaviour in the velocity as compared to Figure 6 and Figure 7, when the phenomena of injection simultaneously combined with dilation and contraction. In all the above-mentioned cases, the velocity profiles remain unchanged for different shapes of Cu nanocomposites.



Our next goal is to investigate the temperature behaviors under the influence of various involved parameters. Over here, we only consider the cases when the injection combined with embracing or parting motion, just to maintain the length of the article. Since, Al2O3 has been considered as a nanofluid in which Cu nanocomposites have been latterly dispersed, therefore, the proportion of Al2O3 nanoparticles within the base fluid (water) remains fixed (i.e.,    Φ 1  = 0.1  ). Figure 10 and Figure 11 helps to visualize the impact of permeability parameter  A  simultaneously coupled with the cases of injection/dilation and injection/squeezing on the temperature profile. An increment in temperature has been recorded with the increasing absolute  A . Since the temperature of the wall at the top is less than the bottom one, therefore a minimum temperature was observed in the region close to the upper wall. The fluid injected from the lower side of the channel bears a high thermal energy, therefore it significantly raises the temperature of the fluid in the region close to the bottom wall. As the fluid moves onward, it gradually experiencing a loss in energy and hence leaves the region adjacent to the upper wall with the minimum temperature. This phenomenon is more prominently observed in Figure 11, when injection is accompanied by dilation. In first case, platelet shaped nanocomposites possess higher temperature values, while, in the second case, the platelet shaped nanostructures prominently found in the region away from the bottom wall. Figure 12 has been painted with the nanoparticle volume fraction    Φ 2    as a varying parameter to discuss the similar case as in Figure 10. A definite rise in temperature has been recorded in the lower half of the channel. The temperature’s pattern seems to be dominant for the platelet shaped nanoparticles as compared to the cylindrical or brick shaped nanoparticles. Figure 13 deals with the case when the injection has been considered along with dilation. The readers can clearly observe a drop in the temperature in the earlier (lower) half of the channel while a rise has been perceived in the upper half of the channel. Moreover, the platelet shaped nanocomposites shows its dominancy in the upper region of the channel.



To check the impacts of various embedded parameters on the local Nusselt number, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 are plotted. The horizontal axis has been decorated with the numerous values of    Φ 2   . From Figure 14, the case when injection combines with contraction, the growing values of    Φ 2    increases the Nusselt number at the top wall. It also provides a similar increment for rising absolute  A . Besides, the lower wall exhibits a drop in Nusselt number with the augmented absolute  A . Clearly, the rate with which heat transfer occurs at the top wall reveals augmented values for the platelet shaped nanoparticles. The case where injection accompanied by dilation, Figure 15 exposed the deviations in Nu with the growing absolute  A  both at the top and bottom walls. Again, it has been noticed that the platelet shaped nanocomposites have higher ability of transferring the heat as compared to cylinder or brick shaped tiny particles.



With the growing    Φ 2   , one can clearly observe a decrement in the local heat transfer rate and it has been displayed in Figure 16 (suction/squeezing). However, an augmentation in the Nusselt number has been perceived with the growing volume fraction. Moreover, continuously squeezing the walls transmit a high amount of heat from both the walls. Also, platelet shaped tiny particles experiences a high amount of heat transfer as compared to others at the bottom wall, whereas, a reversed behavior has been seen at the top wall. In the subsequent case of injection/squeezing, Figure 17 has been plotted for the varying values of  α  which displays the similar preceding results of Figure 16, i.e.,   N u   enhances at the both walls. Furthermore, the platelet shaped nanostructures possess high transmission of heat at the upper wall of the channel.



For the case of squeezing/suction, Figure 18 has been sketched to see the consequences of rising    Φ 2    along with absolute  ℛ  on the Nusselt number. One can notice a clear decline in Nuu with increasing    Φ 2   , while an enhancement has been perceived with rising absolute  ℛ . Moreover, a reversed behavior was observed for Nul from the adjacent figure. Also, platelet shaped tiny particles shows a higher heat transfer rate at the bottom wall of the channel. For the case of dilation/suction, Figure 19 has been plotted to highlight the significances of rising  ℛ  and    Φ 2    upon the Nusselt number. The rising values of    Φ 2    depict an increment in the behavior of Nu at the both walls. Likewise, the growing absolute  ℛ  simultaneously enhances the heat transmission rate at the top wall and it decreases at the bottom wall. Further, it is noteworthy that platelet shaped nanocomposites prove their ability of transferring the heat at the high extents and it can be observed at the both wall.




5. Conclusions


A time dependent, incompressible, laminar flow of a Cu–Al2O3/H2O hybrid nanofluid has been inspected in a rectangular channel whose permeable walls have a capability of dilating and squeezing. Al2O3/H2O has been taken as a nanofluid in which the influence of three different shapes, platelet-, cylinder- and brick-, of Cu nanocomposites have been further examined. Moreover, the graphical aid has been provided to capture the deviations in velocity and temperature with the rising or falling of various embedded parameters. The graphs describing the phenomena of local rate of heat transfer under the influence of various parameters are also included.



The following conclusions have been drawn from the present study:



	
An upsurge in temperature has been detected for the case of injection/squeezing against the increasing    Φ 2   . For injection/dilation case (Figure 13), a significant drop in temperature has been perceived below the central line of the channel with growing   Cu   volume fraction    Φ 2   . However, it is again experiences a rise in the other part of the channel.



	
The platelet shaped nanostructures prominently possess the higher temperature values as compared to cylinder- and brick- shaped nanostructures.



	
Shape factor remains unsuccessful to produce a striking change in the velocity.



	
The growing absolute values of   A ,   α   and  ℛ  considerably transmit the heat at the upper wall of the channel. Besides, a similar behavior has been noticed for increasing values of    Φ 2    except when suction accompanied with contraction.



	
Nul mostly remains on the higher side for increasing Cu nanocomposite volume fraction    Φ 2   .



	
In most of the cases, platelet shaped nanocomposites prove a better heat transfer ability as compared to the other shapes of nanoparticles.
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Nomenclature




	
  A  

	
Permeability parameter




	
  𝓴  

	
Thermal conductivity,   W / mK  




	
    C p    

	
Specific heat at constant pressure,   J / kg · K  




	
   𝓹 ¯   

	
Pressure




	
    U ¯    

	
Axial component of velocity,   m / s  




	
   V ¯   

	
Normal component of velocity,   m / s  




	
   T ¯   

	
Local fluid temperature,   K  




	
   𝓶 ,   𝓷   

	
Shape factors for     Cu   and   AI  2   O 3    nanoparticles




	
   P r   

	
Prandtl number




	
  ℛ  

	
Permeation Reynold number




	
   N u   

	
Local Nusselt number




	
   MHD   

	
Mgnetohydrodynamic




	
   CNT   

	
Carbon nanotube




	
   Cu   

	
Copper




	
     AI  2   O 3    

	
Aluminium Oxide




	
    H 2  O   

	
Water




	
Greek Symbols




	
  Φ  

	
Solid volume fraction




	
  ζ  

	
Similarity variable




	
  μ  

	
Dynamic viscosity,   N · s /  m 2   




	
  υ  

	
Kinematic viscosity,    m 2  / s  




	
   ρ ¯   

	
Density,   kg /  m 3   




	
  ε  

	
Thermal diffusivity,    m 2  / s  




	
    ρ ¯   C p    

	
Heat capacitance




	
  α  

	
deformation parameter




	
  ϑ  

	
Dimensionless temperature




	
  ψ  

	
Sphericity




	
Subscripts




	
   h n f   

	
Hybrid Nanofluid




	
   b f   

	
Nanofluid




	
  f  

	
Base fluid




	
   s 1   

	
Solid nanoparticles of Al2O3




	
   s 2   

	
Solid nanoparticles of   Cu  




	
  l  

	
Lower




	
  u  

	
Upper








References


	



Sidik, N.A.C.; Mohammed, H.A.; Alawi, O.A.; Samion, S. A review on preparation methods and challenges of nanofluids. Int. Commun. Heat Mass Transf. 2014, 54, 115–125. [Google Scholar] [CrossRef]

	



Choi, S.U.S. Enhancing thermal conductivity of fluids with nanoparticles. ASME Publ. Fed 1995, 231, 99–106. [Google Scholar]

	



Choi, S.U.S.; Zhang, Z.G.; Yu, W.; Lockwood, F.E.; Grulke, E.A. Anomalous thermal conductivity enhancement in nanotube suspensions. Appl. Phys. Lett. 2001, 79, 2252–2254. [Google Scholar] [CrossRef]

	



Maxwell, J.C. Electricity Amd Magnetism, 3rd ed.; Clarendon: Oxford, UK, 1904. [Google Scholar]

	



Hamilton, R.L.; Crosser, O.K. Thermal Conductivity of Heterogeneous Two-Component Systems. Ind. Eng. Chem. Fundam. 1962, 1, 187–191. [Google Scholar] [CrossRef]

	



Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [Google Scholar] [CrossRef]

	



Xue, Q.Z. Model for thermal conductivity of carbon nanotube-based composites. Phys. B Condens. Matter 2005, 368, 302–307. [Google Scholar] [CrossRef]

	



Murshed, S.M.S.; de Castro, C.A.N.; Lourenço, M.J.V.; Lopes, M.L.M.; Santos, F.J.V. A review of boiling and convective heat transfer with nanofluids. Renew. Sustain. Energy Rev. 2011, 15, 2342–2354. [Google Scholar] [CrossRef]

	



Timofeeva, E.V.; Routbort, J.L.; Singh, D. Particle shape effects on thermophysical properties of alumina nanofluids. J. Appl. Phys. 2009, 106, 014304. [Google Scholar] [CrossRef]

	



Keblinski, P.; Phillpot, S.R.; Choi, S.U.S.; Eastman, J.A. Mechanisms of heat flow in suspensions of nano-sized particles (nanofluids). Int. J. Heat Mass Transf. 2001, 45, 855–863. [Google Scholar] [CrossRef]

	



Keblinski, P.; Eastman, J.A.; Cahill, D.G. Nanofluids for thermal transport. Mater. Today 2005, 8, 36–44. [Google Scholar] [CrossRef]

	



Buongiorno, J. Convective Transport in Nanofluids. J. Heat Transf. 2006, 128, 240. [Google Scholar] [CrossRef]

	



Timofeeva, E.V.; Gavrilov, A.N.; McCloskey, J.M.; Tolmachev, Y.V.; Sprunt, S.; Lopatina, L.M.; Selinger, J.V. Thermal conductivity and particle agglomeration in alumina nanofluids: Experiment and theory. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2007, 76, 061203. [Google Scholar] [CrossRef] [PubMed]

	



Machrafi, H.; Lebon, G.; Iorio, C.S. Effect of volume-fraction dependent agglomeration of nanoparticles on the thermal conductivity of nanocomposites: Applications to epoxy resins, filled by SiO2, AlN and MgO nanoparticles. Compos. Sci. Technol. 2016, 130, 78–87. [Google Scholar] [CrossRef]

	



Machrafi, H.; Lebon, G. The role of several heat transfer mechanisms on the enhancement of thermal conductivity in nanofluids. Contin. Mech. Thermodyn. 2016, 28, 1461–1475. [Google Scholar] [CrossRef][Green Version]

	



Sarkar, J.; Ghosh, P.; Adil, A. A review on hybrid nanofluids: Recent research, development and applications. Renew. Sustain. Energy Rev. 2015, 43, 164–177. [Google Scholar] [CrossRef]

	



Suresh, S.; Venkitaraj, K.P.; Selvakumar, P.; Chandrasekar, M. Synthesis of Al2O3–Cu/water hybrid nanofluids using two step method and its thermo physical properties. Colloids Surfaces A Physicochem. Eng. Asp. 2011, 388, 41–48. [Google Scholar] [CrossRef]

	



Suresh, S.; Venkitaraj, K.P.; Selvakumar, P.; Chandrasekar, M. Effect of Al2O3–Cu/water hybrid nanofluid in heat transfer. Exp. Therm. Fluid Sci. 2012, 38, 54–60. [Google Scholar] [CrossRef]

	



Momin, G.G. Experimental investigation of mixed convection with water-Al2O3 & hybrid nanofluid in inclined tube for laminar flow. Int. J. Sci. Technol. Res. 2013, 2, 195–202. [Google Scholar]

	



Devi, S.P.A.; Devi, S.S.U. Numerical investigation of hydromagnetic hybrid Cu–Al2O3/water nanofluid flow over a permeable stretching sheet with suction. Int. J. Nonlinear Sci. Numer. Simul. 2016, 17, 249–257. [Google Scholar] [CrossRef]

	



Das, S.; Jana, R.N.; Makinde, O.D. MHD Flow of Cu-Al2O3/Water Hybrid Nanofluid in Porous Channel: Analysis of Entropy Generation. Defect Diffus. Forum 2017, 377, 42–61. [Google Scholar] [CrossRef]

	



Olatundun, A.T.; Makinde, O.D. Analysis of Blasius Flow of Hybrid Nanofluids over a Convectively Heated Surface. Defect Diffus. Forum 2017, 377, 29–41. [Google Scholar] [CrossRef]

	



Hayat, T.; Nadeem, S. Heat transfer enhancement with Ag–CuO/water hybrid nanofluid. Results Phys. 2017, 7, 2317–2324. [Google Scholar] [CrossRef]

	



Berman, A.S. Laminar flow in Channels with Porous Walls. J. Appl. Phys. 1953, 24, 1232–1235. [Google Scholar] [CrossRef]

	



Uchida, S.; Aoki, H. Unsteady flows in a semi-infinite contracting or expanding pipe. J. Fluid Mech. 1977, 82, 371–387. [Google Scholar] [CrossRef]

	



Majdalani, J.; Zhou, C.; Dawson, C.A. Two-dimensional viscous flow between slowly expanding or contracting walls with weak permeability. J. Biomech. 2002, 35, 1399–1403. [Google Scholar] [CrossRef]

	



Dauenhauer, E.C.; Majdalani, J. Exact self-similarity solution of the Navier–Stokes equations for a porous channel with orthogonally moving walls. Phys. Fluids 2003, 15, 1485–1495. [Google Scholar] [CrossRef]

	



Majdalani, J.; Zhou, C. Moderate-to-large injection and suction driven channel flows with expanding or contracting walls. ZAMM Z. fur Angew. Math. Mech. 2003, 83, 181–196. [Google Scholar] [CrossRef]

	



Ganji, Z.Z.; Ganji, D.D.; Janalizadeh, A. Analytical solution of two-dimensional viscous flow between slowly expanding or contracting walls with weak permeability. Math. Comput. Appl. 2010, 15, 957–996. [Google Scholar] [CrossRef]

	



Mohyud-Din, S.T.; Ahmed, N.; Khan, U.; Waheed, A.; Hussain, S.; Darus, M. On Combined Effects of Heat Transfer and Chemical Reaction for the Flow through an Asymmetric Channel with Orthogonally Deformable Porous Walls. Math. Probl. Eng. 2016, 2016, 1–10. [Google Scholar] [CrossRef]

	



Ahmed, N.; Mohyud-Din, S.T.; Hassan, S.M. Flow and heat transfer of nanofluid in an asymmetric channel with expanding and contracting walls suspended by carbon nanotubes: A numerical investigation. Aerosp. Sci. Technol. 2016, 48, 53–60. [Google Scholar] [CrossRef]

	



Rudyak, V.Y.; Krasnolutskii, S.L. Dependence of the viscosity of nanofluids on nanoparticle size and material. Phys. Lett. Sect. A Gen. At. Solid State Phys. 2014, 378, 1845–1849. [Google Scholar] [CrossRef]

	



Masoumi, N.; Sohrabi, N.; Behzadmehr, A. A new model for calculating the effective viscosity of nanofluids. J. Phys. D Appl. Phys. 2009, 42, 055501. [Google Scholar] [CrossRef]

	



Yu, W.; Choi, S.U.S. The Role of Interfacial Layers in the Enhanced Thermal Conductivity of Nanofluids: A Renovated Maxwell Model. J. Nanopart. Res. 2003, 5, 167–171. [Google Scholar] [CrossRef]

	



Lebon, G.; Machrafi, H. A thermodynamic model of nanofluid viscosity based on a generalized Maxwell-type constitutive equation. J. Non-Newton. Fluid Mech. 2018, 253, 1–6. [Google Scholar] [CrossRef][Green Version]

	



Brinkman, H.C. The viscosity of concentrated suspensions and solutions. J. Chem. Phys. 1952, 20, 571. [Google Scholar] [CrossRef]

	



Devi, S.S.; Devi, S.S. Numerical investigation of three-dimensional hybrid Cu–Al2O3/water nanofluid flow over a stretching sheet with effecting Lorentz force subject to Newtonian heating. Can. J. Phys. 2016, 94, 490–496. [Google Scholar] [CrossRef]

	



Pak, B.C.; Cho, Y.I. Hydrodynamic and heat transfer study of dispersed fluids with submicron metallic oxide particles. Exp. Heat Transf. 1998, 11, 151–170. [Google Scholar] [CrossRef]

	



Xuan, Y.; Roetzel, W. Conceptions for heat transfer correlation of nanofluids. Int. J. Heat Mass Transf. 2000, 43, 3701–3707. [Google Scholar] [CrossRef]

	



Ahmed, N.; Khan, U.; Zaidi, Z.A.; Jan, S.U.; Waheed, A.; Mohyud-Din, S.T. Mhd Flow of an Incompressible Fluid Through Porous Medium Between Dilating and Squeezing Permeable Walls. J. Porous Media 2014, 17, 861–867. [Google Scholar] [CrossRef]








[image: Applsci 08 01549 g001 550] 





Figure 1. Physical sketch of the flow problem. 
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Figure 2.    ℱ ′   ( ζ )    for numerous values of   α ;   ℛ < 0 , α < 0  . 
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Figure 3.    ℱ ′   ( ζ )    for numerous values of   α ;   ℛ > 0 , α < 0  . 
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Figure 4.    ℱ ′   ( ζ )    for numerous values of   α ;   ℛ  < 0 , α >  0  . 
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Figure 5.    ℱ ′   ( ζ )    for numerous values of   α ;   ℛ > 0 , α > 0  . 
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Figure 6.    ℱ ′   ( ζ )    for numerous values of   ℛ ;   ℛ < 0 , α < 0  . 
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Figure 7.    ℱ ′   ( ζ )    for numerous values of   ℛ ;   ℛ < 0 , α > 0  . 
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Figure 8.    ℱ ′   ( ζ )    for numerous values of   ℛ ;   ℛ > 0 , α < 0  . 
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Figure 9.    ℱ ′   ( ζ )    for numerous values of   ℛ ;   ℛ > 0 , α > 0  . 
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Figure 10.   ϑ  ( ζ )    for numerous values of   A ;   ℛ > 0 , α < 0  . 
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Figure 11.   ϑ  ( ζ )    for numerous values of   A ;   ℛ > 0 , α > 0  . 
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Figure 12.   ϑ  ( ζ )    for numerous values of    Φ 2  ;   ℛ > 0 , α < 0  . 
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Figure 13.   ϑ  ( ζ )    for numerous values of    Φ 2  ;   ℛ > 0 , α > 0  . 
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Figure 14. Nusselt number for numerous values of   A ;   ℛ > 0 , α < 0  . 
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Figure 15. Nusselt number for numerous values of   A ;   ℛ > 0 , α > 0  . 
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Figure 16. Nusselt number for a numerous values of   α ;   ℛ < 0 , α < 0  . 
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Figure 17. Nusselt number for numerous values of   α ;   ℛ > 0 , α < 0  . 
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Figure 18. Nusselt number for numerous values of   ℛ ;   ℛ < 0 , α < 0  . 
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Figure 19. Nusselt number for numerous values of   ℛ ;   ℛ < 0 , α > 0  . 






Figure 19. Nusselt number for numerous values of   ℛ ;   ℛ < 0 , α > 0  .
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Table 1. Thermo-physical properties of base fluid (H2O) and nanoparticles Al2O3 and Cu [17,18].
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	Title
	H2O (f)
	Al2O3     (    Φ 1    )    
	Cu     (    Φ 2    )    





	    ρ ¯     (  kg    m  − 3    )    
	   997.0   
	   3970   
	   8933   



	    C p     (    J   kg   − 1    K  − 1    )    
	   4180   
	   765   
	   385   



	   𝓴    (  W  m  − 1    K  − 1    )    
	   0.6071   
	   40   
	   400   
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Table 2. Sphericity and shape factor of various nanocomposites [5,9].
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	Nanocomposite Shapes
	Aspect Ratio
	Sphericity     ( ψ )    
	Shape Factor (m)





	   Platelet   
	1:1/18
	0.52
	5.7



	   Cylinder   
	1:8
	0.62
	4.9



	   Brick   
	1:1:1
	0.81
	3.7











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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