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Abstract

:

The manuscript is a presentation of the combined effect of magnetic and electric field on unsteady flow of Maxwell nanofluid over a stretching surface with thermal radiations. The flow of Maxwell nanofluid is assumed to be in an unsteady state. The basic governing equations changed to a group of differential equations, using proper similarity variables. The obtained modeled equations are nonlinear and coupled. An optimal approach is used to acquire the solution of the modeled problem analytically. The effects of electric field, magnetic field and thermal radiations on Maxwell nanofluid are the main focus in this study. The impact of the Skin friction on velocity profile, Nusselt number on temperature profile and Sherwood number on concentration profile are studied numerically. The influential behavior of the unsteady parameter    λ ,    magnetic parameter    M ,    electric parameter    E ,    radiation parameter    R d ,    Maxwell parameter    β ,    thermophoresis parameter    N t ,    Prandtl number    Pr ,    Schmidt number    S c ,    space dependent coefficient   A   and temperature dependent coefficient   B   on the velocity    f ( h ) ,    concentration    ϕ ( η )    and temperature    θ ( η )    are analyzed and studied. The consequences are drawn graphically to see the physical significance of the problem.
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1. Introduction


Two-dimensional boundary layer flow problems of nanofluid flow, heat and mass transmission over a stretched heated surface with magnatohydrodynamic effects have an abundant and extensive range of applications in various engineering and industrial disciplines. These include glass blowing, extrusion process, melt-spinning, design of heat exchangers, wire and fiber coating, glass fiber production, manufacturing of plastic and rubber sheets, etc. Magneto hydrodynamics is the knowledge of magnetic assets of electrically conducting fluids. Plasmas, salt water, electrolytes and liquid metals are examples of such magneto fluids. Alfven [1] pioneered the field of Magnetohydrodynamic (MHD). Magnetohydrodynamics have numerous practical usages in the field of engineering and technology, such as crystal growth, liquid-metal cooling of reactors, plasma, magnetohydrodynamic sensors, electromagnetic casting, MHD power generation and magnetic drug targeting. Magnetohydrodynamic depend upon the strength of the magnetic inductions.



Eccentric features of nanofluids make them proficient in various applications. Nanofluids are used in pharmaceutical procedures, hybrid powered engines, fuel cells, microelectronics and currently, they are vastly used in the field of nanotechnology. Maxwell fluids is the most important subclass of non-Newtonian fluids, and are commonly used in industries and technology of paints, paper pulps, drilling muds, shampoos, certain oils and polymer solutions, which have a nature of Maxwell fluid [2]. Several researchers investigated Maxwell fluid with the effect of heat and MHD. Few data are available on it in the form of Nanofluids. Researchers have shown great interest in the Maxwell fluid, owing to its physical importance. It has numerous applications in various fields of engineering and industry and in some other disciplines of technologies. Melting, spinning, design of heat exchangers, fiber coating, manufacturing of plastics sheet, food stuff, vehicle’s engine, Nano chips and the extradition from the dye are some of the important applications of Maxwell fluids, while nanofluids have different applications, for example engine cooling, defense, improving efficiency of diesel generator and cooling of electronic appliances [3]. Nanoparticles include metals, carbons, metal oxides and inorganic materials. They have no dissolution properties of the base fluid. Experimental investigations [4,5,6,7,8] reveal that adding metals or metallic oxides to the base fluid increases thermal conductivity which results in increase of heat transfer rates. The main concept behind nanoparticles is the transfer of heat easily.



The electric field has a great role in fluid dynamics [9]. To improve the rate of heat transfer in fluids, different authors have worked from different angles. The role of electrodes is important in heat transfer, which is studied by Kasayapan. The influence of electric field on a plate in fluid flow is studied by Godfreg et al. [10]. Yan et al. [11] have found that applying a non-uniform electric field has better results than uniform electric field. Electro-kinetic is also one of the important methods of flow, which enhance the fluid flow. In electro-kinetic, an electric potential is applied across the micro-channel. The applied electric potential is not so high in magnitude because the electrical layer EDL is much smaller than the micro-channel. The electrically motivated flow with pressure is much better than the driven pressure, flow because it reduces device scale. Some of the articles on electro-kinetic method of flow in different systems is presented in [12]. The electric field has also important applications in medical sciences. The micro fluid under electro-kinetic delivers drugs quickly with low power in self-ruling microsystem. The electro-kinetic influences on nanoparticles are important because a non-uniform field applies to the suspension that exerts force on the nanoparticles. The high power field produces an extra force on the suspension as well as on the medium. Influence on viscosity of nanofluid due to electric field are studied by Monajjemi et al. [13]. They concluded that the diluted solution of ethylene glycol viscosity decreases with applying a voltage and especially DC voltage reduces viscosity of the fluid more rapidly.



The effect of radiations on fluid flow and its application was started by Plum [14]. The radiated phenomena in fluid flow have vital importance in industry. It is used for various purposes, such as in design of nuclear plants, fire propagation [15], plume dynamics [16], materials processing [17], rocket propulsion [18], and missiles, aircraft and space technology. Mansour et al. [19] studied the thermal radiation effect on magnetic hydrodynamic fluid flow. Thermal radiations play a vital role in monitoring the heat relocation in the polymer preparation industry. The class of the final product can be determined to a great extent by knowledge of radiated heat transfer and heat controlling factors in the system, which can lead to a preferred creation with required qualities. The efficiency of common fluid in thermal systems is lower compared to a fluid that consists of nanoparticles because it improves the suspension features [20]. The efficiency of common base fluid for thermal system is comparatively poor. Mostly non-Newtonian fluids are used in industry as compared to Newtonian fluids. The relationship between stress and strain is linear in a Newtonian fluid, while, in non-Newtonian fluids, this relation is nonlinear [21]. To improve heat transfer, the thermophysical character of the base fluid is studied. The addition of nanoparticle (metal) to the base fluid improves thermal characteristic which enhances the heat transfer of a fluid. Khanaferet et al. [22] have investigated and found that the addition of nanoparticles enhances Nusselt Number. Nanofluid investigated by other researchers as well and different methods have been used by them to improve their features [23,24,25,26,27,28]. Confinement of channel enhances the thermal conductivity of the nanofluid [29]. The nanofluid flow in narrow channels enhances the thermal conductivity by approximately 20% [30]. Papanikolaou et al. [31] investigated the effect of roughness of the surface on nanofluid flow. Stretching into a uniform sheet is a phenomenon in which sheets become unidirectional, which gives a good characteristic to polymers sheet manufacturing. Different kinds of sheets are prepared in industry, including stretching sheets. Stretching sheets can transfer mass and heat immediately and are presently used in different areas. Steady two-dimensional fluid flows were studied by Sikiadis et al. [32]. Crane et al. [33] expanded the problem for varying velocity with a fixed point. Gupta et al. [34] studied steady fluid in the presence of stretching surface considering suction. Later, Grubka et al. [35] studied heat relocation over a stretching surface through variable temperature. In all the previous investigations, steady flow has been discussed. For more realistic physical applications, unsteadiness has been introduced to the flow. Wang et al. [36] investigated unsteadiness for the first time. Bazed et al. [37] added heat to the unsteady flow over a stretching surface. Chamka et al. [38,39] studied three-dimensional unsteady flows. To the best of the author’s knowledge, the combined effect of electric and magnetic fields on unsteady stretching flow with thermal radiations has not been investigated yet. It has a wide range of applications such as in nuclear reactors, magnetic hydrodynamic generators and polymers extrusion.



In 1992, Liao [40,41,42], for the first time, examined this method for the solution of nonlinear problems and proved that this method is quickly convergent to the approximated solutions. In addition, this technique provides series solutions in the form of functions of a single variable. Solution with this method is important because it involves all the physical parameters of the problem and we can simply discuss its behavior.



The main aim of this work is to investigate the effect of electric field, magnetic field and thermal radiation on the mentioned fluid. The problem is solved analytically. Different methods of simulations are used in the literature [43,44,45], e.g., molecular dynamic (MD) simulation, computational fluid dynamic (CFD) simulations, hybrid CFD-MD and MD (CGMD) simulation. Each method is used for different state. CFD is used for continuum simulation. Hybrid simulations such as MD (CGMD) are applicable to solids, where atoms are relatively fixed with respect to each other. Each simulation has good analytical results in the respective state such as macroscopic dynamic, microscopic dynamic, fluid, solid and gases. For the current purpose, the basic governing equations are changed to a group of differential equations, and further Homotopy Analysis Method (HAM) is used to acquire the solution of the modeled problem analytically. The embedded physical parameters are drawn graphically and discussed in detail.




2. Formulation of the Problem


Consider the two-dimensional time dependent and thermally and electrically conducting flow of Maxwell nanofluid moving on the vertical continuous stretching sheet which passes through a thin slot. The flow is along y-direction which is shown schematically in Figure 1. The uniform magnetic field     B 0     and electric field     E 0     are applied to the thermal extrusion forming stretching sheet along the   y  -direction. The concentration     C w     and temperature     T w     of the nanoparticles are kept uniform where these values are supposed to be greater than ambient concentration and temperature. The fluid flow is considered to be limited in a region where    y > 0.    The internal heat is taken to be non-uniform in absorption/generation to know the concentration and temperature variances between the fluid and the surfaces. The velocity is expected to be directly proportional to the space taken from the slit.



The governing equation of energy, mass and momentum in existence of magnetic field and heat source is expressed as Equations (1)–(3).


   d i v  V →  = 0 ,   



(1)






   ρ   d  V →    d t   = d i v T +  J →  ×   B ,  →    



(2)






      (  ρ c  )   p    D T   D t   = T .   δ  V →    δ x   + K    ∂ 2  T   ∂  t 2    + Q ( T −  T ∞  ) .   



(3)




where     B →     denotes the magnetic field in the direction of y-axis,     J →     is the current density and defined as     J →  = σ (  V →  ×  B →  ) ,      k   is thermal conductivity and represents specific heat,   σ   is electrical conductivity, and     V →     is fluid velocity where     V →  =  {  u ( x , y ) , v ( x , y ) , 0  }    . Here,     J →  ×  B →     is the Lorentz force and it is reduced to the form of     J →  ×  B →  = − σ    B →   0    2   V →    . The flow of the nanofluid and heat transfer is assumed in unsteady state which is incompressible, laminar and stable. Keeping in view the above deliberation, the basic equations of continuity, velocity, energy and concentration are reduced as:


     ∂  u →    ∂ x   +   ∂  v →    ∂ y   = 0 ,   



(4)






     ∂  u →    ∂ t   +  u →    ∂  u →    ∂ x   +  v →    ∂  u →    ∂ y   +  λ 1   (    u →  2     ∂ 2   u →    ∂  x 2    +   v →  2     ∂ 2   u →    ∂  x 2    + 2  u →   v →     ∂ 2   u →    ∂ x ∂ y    )  = ν    ∂ 2   u →    ∂  y 2    −   σ    B →   0 2     ρ f     u →  −   σ    B →   0     E →   0     ρ f    ,   



(5)






     ∂ T   ∂ t   +  u →    ∂ T   ∂ x   +  v →    ∂ T   ∂ y   =  k  ρ  c p       ∂ 2  T   ∂  y 2    −  1  ρ  c p      ∂  q r    ∂ y   +  1  ρ  c p     (  q ‴  )  ,   



(6)






     ∂ C   ∂ t   +  u →    ∂ C   ∂ x   +  v →    ∂ C   ∂ y   =  D m     ∂ 2  C   ∂  y 2    −  ∂  ∂ y    (     V →   T  C  )  ,   



(7)







The relevant boundary conditions are:


      u →  =   U →  w   (  x , t  )  ,    v →  =   V →  w  ,   T =  T w   (  x , t  )  ,   C =  C w   (  x , t  )  ,   a t   y = 0 ,      u →  → 0 ,   T →  T ∞  ,   C →  C ∞  ,   at   y → ∞ .     



(8)




where    v →    and    u →    are components of velocity along     y →     and     x →     directions, respectively,   t   is the time,       U →   w   (  x , t  )     is the stretching sheet velocity,     T w   (  x , t  )     is the stretching surface temperature,     C w   (  x , t  )     represents the concentration of the stretching surface,     T ∞     represents the temperature, which is far from the extending surface with     T w  >  T ∞     and     C ∞     is the representation of concentration which is far away from the extending surface with     C w  >  C ∞  .    The term       V →   w  = −     v    U w   →    2 x     f ( 0 )    shows the mass transmission at the surface with       V →   w  < 0    for suction and       V →   w  > 0    for injection. The source/sink is non-uniform term     q ‴  ,    defined as:


    q ‴  =   κ  U w  ( x , t )   x v    (  A  (   T w  −  T ∞   )   f ′  +  (  T −  T ∞   )  B  )  ,   



(9)




where   A   and   B   represent temperature- and space-dependent coefficients. When A and B greater than zero, they link to inner heat source, and, when A and B are less than zero, they correspond to inner heat sink. The sheet is stretched, thus flow of nanofluid is caused, and it moves with the surface velocity, temperature and concentration in the form


      U →   w  ( x , t ) =   a x   1 − c t   ,  T w  ( x , t ) =  T ∞  +   a x   1 − c t   ,  C w  ( x , t ) =  C ∞  +   a x   1 − c t   ,   



(10)




where   c   and   a   represents stretching parameter respectively, which are positive constants with    c t < 1 , c ≥ 0.    It is perceived that the extending rate     a  1 − c t      is increases with time t since    a > 0   . The similarity variables are presented as


   η =    a  v ( 1 − c t )     y ,  u →  =   a x   1 − c t    f ′  ( η ) ,    v →  = −     v a   1 − c t     f ( η ) , θ ( η ) =   T −  T ∞     T w  −  T ∞    , ϕ ( η ) =   C −  C ∞     C w  −  C ∞    .   



(11)







In Equation (6), applying the Rosseland approximation for thermal radiation, the heat flux     q r     is demarcated as     q r  = −   4  σ *    3  K *      ∂  T 4    ∂ y   ,    where     σ *     is called the of Stefan–Boltzmann constant and     K *     is known as the mean absorption coefficient. The temperature differences are such that the term     T 4     within the flow is a function of the temperature. Using Taylor series,     T 4     takes the form of free watercourse temperature     T ∞    :


    T 4  =  T ∞ 4  + 4  T ∞ 3   (  T −  T ∞   )  + 6  T ∞ 2     (  T −  T ∞   )   2  + ... ,   



(12)







Ignoring those terms exhibiting higher-order and beyond     (  T −  T ∞   )    , the obtain result is


    T 4  ≅ 4  T ∞ 3  T − 3  T ∞ 4  ,   



(13)







Thus, adding Equation (13),     q r     reduce to the form of


    q r  = −   16  T ∞ 3   σ *    3  K *       ∂ 2  T   ∂  y 2    ,   



(14)







The thermophoresis influence is discussed with the help of average velocity attained by minute particles as compared to gas particles, where temperature variations is brought. In the flow, the temperature variations in x-direction is less than in y-direction, which is why only the     V T     along y-axis is considered. Thus, the velocity of thermophoretic     V T    , as seens in Equation (10), is articulated as:


      V →   T  = −    k 1  v    T R      ∂ T   ∂ y   ,   



(15)




in which     T R     is the reference temperature coefficient. Using Equation (11), Equations (7)–(13) take the form of


    f ‴  + f  f ″  −   f ′  2  − λ  (   f ′  +  η 2   f ″   )  − β  (    f ′  2   f ‴  − 2 f  f ′   f ‴   )  − M  f ′  − M E I = 0 ,   



(16)






   ( 1 +  4 3  R d )  θ ″  + Pr  [   (  f  θ ′  −  f ′  θ  )  − λ  (  θ +  η 2   θ ′   )   ]  +  (  A  f ′  + B θ  )  = 0 ,   



(17)






    ϕ ″  + S c  [  f  ϕ ′  −  f ′  ϕ − λ  (  3 ϕ +  η 2   ϕ ′   )   ]  − N t  (   θ ′   ϕ ′  +  θ ″  ϕ  )  = 0 ,   



(18)







The relevant boundary conditions are reduced to the form:


     f =  f w  ,  f ′  =   1 ,   θ = 1 , ϕ = 1   a t   η = 0 ,        f ′  = 0 , θ = 0 ,   ϕ = 0   a t   η → ∞ .     



(19)







The dimensional physical parameters after simplification are defined as:


     λ =  c a  , β =  λ 1   (   a  1 − c t    )  , M =   σ  B 0    2    ρ a   ( 1 − α t ) , E I =    E 0    a x  B 0    ( 1 − α t ) , N t = −    k 1   (   T w  −  T ∞   )     T r    ,     S c =  ν   D m    , R d =   4  T ∞ 3   σ *    3 k  K *    .     



(20)




where    Pr    represents the Prandtl number,    E I    is the electric parameter,    R d    represents the radiation parameter,   λ   is the unsteadiness parameter,   M   is the magnetic parameter,    N t    is the thermophoresis parameter,    S c    is Schmidt number and   β   is the Deborah number.




3. Physical Quantities of Interest


The physical quantities of interest for the governing Maxwell nanofluid flow problem are Skin friction     C f    , local Nusselt number    N  u x  ,    and local Sherwood number    S  h x    , which are defined as:


    C f  =   N t     ρ  U w 2   / 2    ,   N  u x  =   x  q w    κ  (   T w  −  T ∞   )    ,   S  h x  =   x  J w     D m   (   C w  −  C ∞   )    ,   



(21)




where     J w    ,    N t    and     q w     are the mass flux, surface heat flux and wall shear stress, respectively. Substituting Equation (11) into Equation (21), the dimensionless form of these main design quantities are:


    C f  =    f ″  ( 0 )     Re    x   1 / 2        ,   N  u x  = − ( 1 +  4 3  R d )  θ ′  ( 0 )   Re    x   1 / 2      ,   S  h x  = −  ϕ ′  ( 0 )   Re    x   1 / 2      ,   



(22)








4. Solution by HAM


Lieo [40,41,42] worked for the first time on HAM (Homotopy analysis method). He used the idea of Homotopy from in topology and introduced HAM. When one of the functions is not clearly in another, then this is a homotopic function. Consider two continuous functions     f 1    ,     f 2     and two topological spaces X, Y. Wherever the two functions map from X to Y,     f 1     is known as homotopic to     f 2     if it produces continuous function


   ψ : X ×  [  0 ,   1  ]  → Y .   



(23)







Such that    ∀ ,   x ∈ X   


   ψ  [  x ,   0  ]  =  f 1   ( x )    &   ψ  [  x ,   1  ]  =  f 2   ( x )  .   



(24)







Then, the mapping is called homotopic. HAM is an alternative method and it is used to solve non-linear differential equation not including linearization and discretization. To solve Equations (16)–(18), the Homotopy Analysis Method (HAM) is used. HAM utilizes the suitable boundary condition in Equation (19) successfully. The given explanations exhibit the supplementary parameters   ℏ   which control and normalize the convergence of this very solution.



The initial guesses are selected as follows


     f ˜  0  ( η ) = 1 +   f ˜  w  +  e  − η   ,     θ ˜  0  ( η ) =  e  − η     ,     ϕ ˜  0  ( η ) =  e  − η   .   



(25)







The linear operators in use are     L φ  ,  L f    and    L θ    :


    L f  ( f ) =  f  η η η   −  f η  ,    L θ  ( θ ) =  θ  η η   − θ   ,    L φ  ( ϕ ) =  ϕ  η η   − ϕ ,   



(26)




which exhibit the following properties:


    L f  (  F 1  +  F 2   e  − η   +  F 3   e η  ) = 0 ,    L θ  (  F 4   e  − η   +  F 5   e η  ) = 0   ,    L ϕ  (  F 6   e  − η   +  F 7   e η  ) = 0 ,   



(27)




where     F i  ( i = 1 – 7 )    are the constants in this wide-ranging solution. The subsequent non-linear operatives     N θ  ,  N ϕ    and    N f     are specified as:


      N f  [  f ˜  ( η ; ζ ) ] =    ∂ 3   f ˜  ( η ; ζ )   ∂  η 3    +  f ˜  ( η ; ζ )    ∂ 2   f ˜  ( η ; ζ )   ∂  η 2    −   (    ∂  f ˜  ( η ; ζ )   ∂ η    )  2  − M   ∂  f ˜  ( η ; ζ )   ∂ η   − M E I ,     − λ  (    ∂  f ˜  ( η ; ζ )   ∂ η   +  η 2     ∂ 2   f ˜  ( η ; ζ )   ∂  η 2     )  − β  (      (    ∂  f ˜  ( η ; ζ )   ∂ η    )  2     ∂ 3   f ˜  ( η ; ζ )   ∂  η 3    −     2  f ˜  ( η ; ζ )   ∂  f ˜  ( η ; ζ )   ∂ η      ∂ 3   f ˜  ( η ; ζ )   ∂  η 3       )      



(28)






      N θ   [   f ˜  ( η ; ζ ) ,  θ ˜  ( η ; ζ )  ]  =  (  1 +  4 3  R d  )     ∂ 2   θ ˜  ( η ; ζ )   ∂  η 2    −     Pr  [   f ˜  ( η ; ζ )   ∂  θ ˜  ( η ; ζ )   ∂ η   −   ∂  f ˜  ( η ; ζ )   ∂ η    θ ˜  ( η ; ζ ) − λ  (   θ ˜  ( η ; ζ ) +  η 2    ∂  θ ˜  ( η ; ζ )   ∂ η    )   ]      + A   ∂  f ˜  ( η ; ζ )   ∂ η   + B  θ ˜  ( η ; ζ ) ,     



(29)






      N ϕ   [   f ˜  ( η ; ζ ) ,  θ ˜  ( η ; ζ ) ,  ϕ ˜  ( η ; ζ )  ]  =    ∂ 2   ϕ ˜  ( η ; ζ )   ∂  η 2    +     S c  [   f ˜  ( η ; ζ )   ∂  ϕ ˜  ( η ; ζ )   ∂ η   −   ∂  f ˜  ( η ; ζ )   ∂ η    ϕ ˜  ( η ; ζ ) − λ  (  3  ϕ ˜  ( η ; ζ ) +  η 2    ∂  ϕ ˜  ( η ; ζ )   ∂ η    )   ]      − N t  (    ∂  θ ˜  ( η ; ζ )   ∂ η     ∂  ϕ ˜  ( η ; ζ )   ∂ η   +    ∂ 2   θ ˜  ( η ; ζ )   ∂  η 2     ϕ ˜  ( η ; ζ )  )  ,     



(30)







The zero-order problems are


     ( 1 − ζ )  L f   [   f ˜  ( η ; ζ ) −   f ˜  0  ( η )  ]  = ζ  ℏ f   N f   [   f ˜  ( η ; ζ )  ]  ,     ( 1 − ζ )  L θ   [   θ ˜  ( η ; ζ ) −   θ ˜  0  ( η )  ]  = ζ  ℏ θ   N θ   [   f ˜  ( η ; ζ ) ,  θ ˜  ( η ; ζ )  ]  ,     ( 1 − ζ )  L ϕ   [   ϕ ˜  ( η ; ζ ) −   ϕ ˜  0  ( η )  ]  = ζ  ℏ ϕ   N ϕ   [   f ˜  ( η ; ζ ) ,  θ ˜  ( η ; ζ ) ,  ϕ ˜  ( η ; ζ )  ]  .     



(31)







The equivalent boundary conditions are:


         f ˜  ( η ; ζ )  |   η = 0   =   f ˜  w  ,        ∂  f ˜  ( η ; ζ )   ∂ η    |   η = 0   = 1 ,        ∂  f ˜  ( η ; ζ )   ∂ η    |   η → ∞   = 0 ,         θ ˜  ( η ; ζ )  |   η = 0   = 1 ,       θ ˜  ( η ; ζ )  |   η → ∞   = 0 ,       ϕ ˜  ( η ; ζ )  |   η = 0   = 1 ,       ϕ ˜  ( η ; ζ )  |   η → ∞   = 0     



(32)




where    ζ ∈ [ 0 , 1 ]    is the imbedding parameter, and     ℏ f  ,    ℏ θ    and    ℏ ϕ     are used to control the convergence of the solution. When    ζ = 0   and   ζ = 1   , we have:


    f ˜  ( η ; 1 ) =  f ˜  ( η ) ,    θ ˜  ( η ; 1 ) =  θ ˜  ( η )   and    ϕ ˜  ( η ; 1 ) =  ϕ ˜  ( η ) ,   



(33)







Expanding     f ˜  ( η ; ζ ) ,    θ ˜  ( η ; ζ )   and    ϕ ˜  ( η ; ζ )    in Taylor’s series about    ζ = 0 ,   


      f ˜  ( η ; ζ ) =   f ˜  0  ( η ) +   ∑  m = 1  ∞     f ˜  m  ( η )  ζ m    ,        θ ˜  ( η ; ζ ) =   θ ˜  0  ( η ) +   ∑  m = 1  ∞     θ ˜  m  ( η )  ζ m    ,        ϕ ˜  ( η ; ζ ) =   ϕ ˜  0  ( η ) +   ∑  m = 1  ∞     ϕ ˜  m  ( η )  ζ m    .     



(34)




where


     f ˜  m  ( η ) =      1  m !     ∂  f ˜  ( η ; ζ )   ∂ η    |    ζ = 0   ,     θ ˜  m  ( η ) =      1  m !     ∂  θ ˜  ( η ; ζ )   ∂ η    |    ζ = 0     and     ϕ ˜  m  ( η ) =      1  m !     ∂  ϕ ˜  ( η ; ζ )   ∂ η    |    ζ = 0   .   



(35)







The secondary constraints       ℏ φ  ,    ℏ θ    and    ℏ f     are taken in such form that the sequences in Equation (34) converge at    ζ = 1   . Switching    ζ = 1    in Equation (35), we obtain:


      f ˜  ( η ) =   f ˜  0  ( η ) +   ∑  m = 1  ∞     f ˜  m  ( η )   ,        θ ˜  ( η ) =   θ ˜  0  ( η ) +   ∑  m = 1  ∞     θ ˜  m  ( η )   ,        ϕ ˜  ( η ) =   ϕ ˜  0  ( η ) +   ∑  m = 1  ∞     ϕ ˜  m  ( η )   .     



(36)







The mth -order problem, fulfills the following:


      L f   [    f ˜  m  ( η ) −  χ m    f ˜   m − 1   ( η )  ]  =  ℏ f   R m f  ( η ) ,      L θ   [    θ ˜  m  ( η ) −  χ m    θ ˜   m − 1   ( η )  ]  =  ℏ θ   R m θ  ( η ) ,      L φ   [    ϕ ˜  m  ( η ) −  χ m    ϕ ˜   m − 1   ( η )  ]  =  ℏ φ   R m φ  ( η ) .     



(37)







The consistent boundary conditions are:


      f m  ( 0 ) =  f m ′  ( 0 ) =  θ m  ( 0 ) =  ϕ m  ( 0 ) = 0      f m ′  ( ∞ ) =  θ m  ( ∞ ) =  ϕ m  ( ∞ ) = 0     



(38)




where


      R m f  ( η ) =  f  m − 1  ‴  +   ∑  k = 0   m − 1     f  m − 1 − k      f k ″  −   ∑  k = 0   m − 1     f  m − 1 − k  ′     f k ′      − λ  [   f  m − 1  ′  +  η 2   f  m − 1  ″   ]  − β  [    ∑  k = 0   m − 1     f  m − 1 − k  ′      ∑  l = 0  k    f  k − l  ′     f l ‴  − 2   ∑  k = 0   m − 1     f  m − 1 − k       ∑  l = 0  k    f  k − l  ′     f l ‴   ]      − M  f  m − 1  ′  − M E I ,     



(39)






      R m θ  ( η ) =  (  1 +  4 3  R d  )   θ  m − 1  ″  +     Pr  [    ∑  k = 0   m − 1     f  m − 1 − k      θ k ′  −   ∑  k = 0   m − 1     θ  m − 1 − k      f k ′  − λ  (   θ  m − 1   +  η 2   θ  m − 1  ′   )   ]      + A  f  m − 1  ′  + B  θ  m − 1   ,     



(40)






      R m φ  ( η ) =  ϕ ′     m − 1   + S c  [    ∑  k = 0   m − 1     f  m − 1 − k      ϕ ′    j  −   ∑  k = 0   m − 1     f  m − 1 − k  ′     φ k  − λ  (  3  ϕ  m − 1   +  η 2   ϕ ′     m − 1    )   ]      − N t  [    ∑  k = 0   m − 1     θ  m − 1 − k  ′     ϕ ′    j  +   ∑  k = 0   m − 1     θ  m − 1 − k  ″     ϕ j   ]  ,     



(41)




where


    χ m  =  {    0 ,   if   ζ ≤ 1     1 ,   if   ζ > 1       



(42)








5. Discussion


5.1. Graphical Discussion


The purpose of this segment is to discuss the physical properties of different embedding parameters in the stated flow problem on the velocity profile, temperature profile and concentration profile, which are illustrated in Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13. Figure 2 shows velocity variations due to unsteady parameter. Increasing the value of unsteady factor results in decrease of the velocity of the fluid, which is understandable because velocity remains faster in steady and stretching flow. Figure 3 shows the effect of the unsteady parameter on concentration profile. It is obvious from the graph that increasing the unsteady parameter λ decreases the concentration. The influence of λ is normal because, due to stretching sheet and steady flow, both the concentration and temperature increases, while increasing the unsteady parameter cause the reverse effect. The concentration variation starts from    η = 4   . Figure 4 shows the variation of temperature due to unsteady parameter. The effect of unsteady factor on temperature is similar to the concentration of the fluid. Increasing the value of λ decreases temperature profile of the nanofluid. This shows that cooling ratio will be faster as compared to steady flow. It is expected that, in unsteady flow, the spaces between the molecules increases, thus concentrations and the temperature profile decrease. Thus, for practical purposes, these factors are highlighted here. Designing any apparatus, the unsteady factor should be well considered.



Figure 5 shows the magnetic field influence on the velocity of the nanofluid. Increasing the value of M results in reduction of the strength of the velocity of the fluid because the magnetic field produces a Lorentz force that is against the flow of the fluid. The magnetic field is applied perpendicular to the flow and produces maximum Lorentz force. It reduces the thickness of the momentum boundary layer as well. The thermal boundary layer increases with increasing values of magnetic field. Figure 6 depicts the effect of Deborah number on the velocity of the fluid. Increasing the value of Deborah number decreases the velocity of the fluid. The momentum boundary layer thickness decreases with increasing of the Deborah number. Actually, the influence of the Deborah number reverses when Newtonian fluids are used: the thickness of the layer increases by increases of the Maxwell factor.



Figure 7 shows the impact of radiation strength on the temperature of the nanofluid. Increasing the value of the radiations increases the temperature of the Nanofluid. The thickness of the thermal boundary layer also increases. One can control the temperature of the fluid from thermal radiations because the temperature is very sensitive to thermal radiations, which means that the heat flux at the surface will be greater. The thermal boundary layer thickness increases with an increase in the value of the thermal boundary layer. Figure 8 shows the Prandtl number effect on the temperature of the Nanofluid. Increasing the Pr number reduces the thermal boundary layer thickness and temperature of the Nanofluid. The reason behind this is that Pr is a ratio of momentum diffusivity to thermal diffusivity. When thermal diffusivity decreases, automatically Pr number increases and the temperature of the fluid decreases. In other words, Pr and temperature have an inverse relation. Prandtl number controls the relative thickening of the momentum boundary layer and thermal boundary layer. One can easily control or predict the rate of flow and temperature knowing the value of Prandtl number. Figure 9 illustrates space dependent parameter for the Nanofluid. Increasing the value of the space dependent factor A increases the temperature of the Nanofluid. Similarly, Figure 10 shows the case of temperature dependent coefficient. It also increases temperature by increasing the value of B. With the increases of parameters A and B, the thermal layer of the boundary produces energy, which raises the temperature profile. Decreasing the values of   A   and   B   decreases the thermal boundary layer thickness and result in decrease of temperature.



Figure 11 depicts the consequences of thermophoretic parameter on the concentration of the fluid. The effect of thermophoresis parameter on the concentration profile is monotonic, which means that increase in thermophoresis parameter is sensitive to concentration profile. Increasing the value of the thermophoretic parameter decreases the concentration of the fluid. The reason is that the values of thermophoretic parameter are positive and the fluid flow is directed from hot toward the cold surface. Thus, it is concluded that imposition of thermophoretic parameter on the fluid flow enhances the thickness of the thermal layer. Figure 12 is the effect of    S c    on    ϕ ( η )   . Increasing the value of    S c    decreases the concentration of the fluid.    S c    is Schmidt number. Actually,    S c    depends on Brownian diffusivity. Increasing    S c    leads to the lower value of the concentration field because decreases in Brownian diffusivity have the inverse relation with    S c   . Figure 13 depicts the influence of electric field on the velocity of the fluid. The velocity of the fluid increases with increase value of the electric field, but the combine effect of the electric and magnetic field produces Lorentz forces which result in decreasing the    f ( η )    of the fluid. The momentum boundary layer thickness increases with the increase in the value of the electric field.




5.2. Discussion of Tables


Table 1, Table 2 and Table 3 depict the influence of skin friction, Sherwood number and Nusselt number due to altered parameters. The effects of    M , E I , λ    and   β   on skin friction are shown in Table 1. It is observed that increasing rate of    M , E I , λ    and   β   decreases the Skin-friction coefficient. The effects of    R d , λ , A    and   B   on the Nusselt number are shown in Table 2. It is observed that increasing rate of radiation strength reduces the Nusselt number, while the unsteady parameter   λ   increases the Nusselt number. It is perceived that increase in the value of space dependent parameter and temperature dependent parameter reduces the heat flux.



The effects of    S c , N t    and   λ   on the Sherwood Number are shown in Table 3. In Table 3, it is noticed that local Sherwood number values increases due to increase in thermophoretic parameter. Increasing the Schmidt number decreases the Sherwood number, while increasing unsteady parameter decreases the Sherwood number.



The comparison with previous results [3] have been done. We have found good match in the behavior of all the parameters discussed in our problem. The variations in the tables have little differences, which is due to different fluids, as one is a Newtonian fluid and the other is a Maxwell fluid, but the actual trend matches.





6. Conclusions


The influences of electric field, magnetic field and thermal radiation on Maxwell nanofluid flow are studied. The schematic diagram is shown in Figure 1. The flow has been taken along y-axis where magnetic and electric fields are supplied. The modeled equations have been solved through the analytical homotopy analysis method (HAM). The influences have been shown graphically. The variation of Skin friction, Nusselt number and Sherwood number is discussed. Further, for a clearer picture, the physical parameters, namely, unsteady parameter   λ  , Maxwell parameter    β ,    magnetic parameter    M ,    radiation parameter    R d ,    electric parameter    E ,    thermophoresis parameter    N t ,    Schmidt number    S c ,    Prandtl number    Pr ,    space dependent coefficient    ( A )    and temperature dependent coefficient    ( B )   , acting on concentration    ϕ ( η ) ,    velocity    f ( η )    and temperature    θ ( η )   , are analyzed and studied in detail. The main conclusions are as follows.



	
The magnetic parameter    M ,    has the reverse effect on velocity, which means that increasing the magnetic field value results in a decrease of the velocity of the nanofluid. This is due to the Lorentz forces, which are against the flow of the fluid.



	
Increasing Schmidt number decreases the concentration profile    ϕ ( η )   , which is consistent with previous results.



	
The unsteady parameter   λ   shows decreasing behavior in velocity profile, concentration profile    ϕ ( η )    and temperature profile    θ ( η )    of the fluid.



	
The effect of radiation    R d    on temperature matches common observations. It increases the temperature of the fluid. It is also observed that high radiations cause a high temperature.



	
Increasing the value of the thermophoretic parameter    N t ,    decreases the concentration    ϕ ( η )    of the nanofluid.



	
The velocity of the nanofluid increases with increasing value of the electric field, but the combined effect of the electric and magnetic field produces Lorentz forces, which result in a decrease of the velocity of the fluid.



	
It is noted that increasing the Deborah number decreases the velocity of the Nanofluid.
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Figure 1. The schematic diagram of the Maxwell nanofluid flow. 
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Figure 2. Influence of λ on velocity profile. 
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Figure 3. Influence of λ on concentration    ϕ ( η )   . 
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Figure 4. Influence of λ on    θ ( η )   . 
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Figure 5. Influence of M on velocity Profile. 
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Figure 6. Influence of β on    f ( η )   . 
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Figure 7. Influence of Rd on temperature profile. 
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Figure 8. Influence of Pr on    θ ( η )    of the fluid. 
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Figure 9. Influence of A on    θ ( η )    Profile. 
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Figure 10. Influence of B on    θ ( η )    Profile. 
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Figure 11. Influence of Nt on    ϕ ( η )    Profile. 
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Figure 12. Influence of Sc on    ϕ ( η )    of the fluid. 
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Figure 13. Influence of EI on velocity profile. 
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Table 1. Variation in Skin-Friction Coefficient of various parameters where    ω = R d = Pr = N t = N b = S c = δ = 0.1   .
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	   M   
	    E I    
	   λ   
	   β   
	     C f     

Reddy et al. [3] Results
	     C f     

Present Results





	0.1
	
	
	
	−1.5158744
	−1.74875



	0.5
	
	
	
	−1.6666449
	−1.91320



	1.0
	
	
	
	−1.8346139
	−1.91302



	1.5
	
	
	
	−1.9860796
	−2.30777



	0.5
	
	
	
	−1.4519989
	−2.11320



	
	0.1
	
	
	−1.5557482
	−1.74875



	
	0.5
	
	
	−1.6666449
	−1.77085



	
	1.0
	
	
	−1.7845786
	−1.79849



	
	1.5
	
	
	−1.3363316
	−1.82613



	
	0.5
	
	
	−1.3257839
	−1.77085



	
	
	0.1
	
	−1.3704027
	−1.62822



	
	
	0.5
	
	−1.4023647
	−1.74875



	
	
	1.0
	
	−1.1278748
	−1.89622



	
	
	1.5
	
	−1.2578397
	−2.04021



	
	
	0.5
	
	−1.6594641
	−1.74875



	
	
	
	0.1
	−1.7868723
	−1.15896



	
	
	
	0.5
	−1.2867381
	−1.62822



	
	
	
	1.0
	−1.3188963
	−2.26780



	
	
	
	1.5
	−1.3748052
	−2.98208
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Table 2. Variation in the Nusselt number of dissimilar parameters    ω = M = E I = Pr = N t = S c = β = 0.1   .
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	    R d    
	   λ   
	   A   
	   B   
	    N  u x     

Reddy et al. [3] Results
	    N  u x     

Presents Results





	0.1
	
	
	
	1.0954583
	0.418189



	0.5
	
	
	
	1.0769383
	0.365972



	1.0
	
	
	
	1.0581713
	0.325005



	1.5
	
	
	
	1.0427808
	0.303409



	0.5
	
	
	
	0.9558400
	0.365972



	
	0.1
	
	
	1.0142059
	0.384688



	
	0.5
	
	
	1.0769383
	0.429300



	
	1.0
	
	
	1.1440810
	0.484446



	
	1.5
	
	
	1.0638213
	0.538907



	
	0.5
	
	
	0.8488358
	0.429300



	
	
	0.1
	
	0.7413729
	0.712750



	
	
	0.5
	
	0.5802159
	0.619018



	
	
	1.0
	
	0.9273635
	0.501853



	
	
	1.5
	
	0.8488358
	0.384688



	
	
	0.5
	
	0.7619111
	0.619018



	
	
	
	0.1
	0.6631123
	0.810743



	
	
	
	0.5
	1.0967356
	0.712750



	
	
	
	1.0
	0.9541261
	0.587160



	
	
	
	1.5
	0.7670185
	0.458056
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Table 3. Variation in the Sherwood Number of dissimilar parameters    ω = M = E I = R d = Pr = β = 0.1   .
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	    S c    
	    N t    
	   λ   
	    S  h x     

Reddy et al. [3] Results
	    S  h x     

Present Results





	0.1
	
	
	1.4353078
	1.955299



	0.5
	
	
	1.4044462
	1.660820



	1.0
	
	
	1.3724033
	1.407640



	1.5
	
	
	1.3455601
	1.643610



	0.5
	
	
	1.2787791
	1.660820



	
	0.1
	
	1.3398008
	0.836947



	
	0.5
	
	1.4044462
	0.955299



	
	1.0
	
	1.4731732
	1.107160



	
	1.5
	
	1.0989064
	1.263380



	
	0.5
	
	1.2599294
	0.955299



	
	
	0.1
	1.3403629
	0.814646



	
	
	0.5
	1.4609154
	0.844357



	
	
	1.0
	1.2046987
	0.781225



	
	
	1.5
	1.2599294
	0.717796



	
	
	0.5
	1.3199523
	0.844357











© 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/).






media/file13.jpg
10





media/file4.png
-—h

-

e - o
-_.-.EEe,-——---emwEw

T

w=02 =04 M=0T7 . EI=05 Rd=0.4, ]

4
II" Pr=09 A=08 E=0.7, Sc=086 N1t=0.5 -
b,
__5;:, A=02
2 — A=0D.4
5: A=086
g =l | — A=028
0 2 4 a 8 10





media/file18.png
:_I 1_|II!: I I I — BA=02

F N . A=D4

L [ThA1

: i A=086

L _I-':_

- R A=0DS8
1"-:...':_

3 ‘|l.'._.. i

- v+ w=0, A=0.2, f=0.8, M=0.2, EI=0.5, :

i VWWiRd=0.2, Pr=2, Sc=0.6, B=0.7, Nt=0.5. :

5 , . , , — '






media/file21.jpg
@l

05

0.4

02

02

01

0.0






media/file26.png
flril

2.0

1.0

05l

- w=1=f=M=0.2, Rd=0.4, Pr=0.0 -
ff A=08 B=0T Sc=1 MNt=05  |_. El=0.2
| .. El=0.4
T/f El=0.8
:. | El=0.8
0 | ﬁ i 8 | 2 10





media/file3.jpg
w=028=04M=07 EI=05Rd=04,
Pr=09,A=08B=07.5Sc=06 Nt=05

s






media/file22.png
0.3f

(7}

0.1

00k

o5

wt
%,

ﬂ,H_w_w_T,m':n jrnld:n-‘,

o Nt=02
. Nt=D0&

Mt =08






media/file19.jpg
- B=0.2

04
B=04
B=08
s - B=08
£
T 02 w=0.9, 1=0.4, 5=0.8, M=0.2, EI=0.2,
i Rd=0.3, Pr=2, A=0.8, Sc=0.1, Nt=0.9
0.1 'Q
"
o
P,
0.0 e e e e e
] 2 4 O] B 10





media/file7.jpg
w=0, f=0.8, M=0.2 Ei=0.5 Rd=0.2,
Pr=2, A=0.8, E=0.7, Sc= 0.6, Nt=0.5






media/file10.png
fle

3.0 S Ll

25 ]

X S N
1.5 — M=0.2
1.0 — M=0.4
0.5 / w=1=§=02E=05Rd=04, M=06
Pr=08 4=08 B=07,5c=1,Nt=05 .. mM=08

1 1 L 1 1 1 1 L | | L 1 I I I I T

; 2 4 6 g 10





media/file14.png
o = © oo
LI I | I |

EE

=02,

=02, E

08 M

=0.6, Nt=0.5.

0.7, Sc

N & ]
L, e ¢
+ © -
! T %
no ik
~ e 4
S . ”,,_r
= h ..-_.....l
- R
B .-“.I “1-.-|.l“.ﬂ.l-.
._|- I L 1 I T T T T . 'l
© i) o m ™ - S
L 2 2 2 2 2 o3

10





media/file11.jpg
w=1=04 M=EI=Rd=04,
Pr=4=08 B=5c=06 N:=03

10





media/file6.png
@7

0.35

0.30
035F

020F

0.10f

0.0s5f

0.00f

Vi w=D, f=0.8, M=0.7, EI=0.5, Rd=0.4, -
% Pr=0.98, A=08, B=0.7, Sc=0.6, Nt=0.3.

— A=0.2

— A=0.4
A=08
. A=08

ka b

o3 -

10





media/file15.jpg
0.15

= 0.10
=
0.05

0.00






nav.xhtml


  applsci-08-00160


  
    		
      applsci-08-00160
    


  




  





media/file16.png
Bl

0.05

o.00f

Ly

“%4=08 B=07,5=06 Nt=05.

L1

7
I

?II
ey

w=041=08 8=02 M=05E=02,

ka3 |





media/file2.png
By

C-C,

J

Slot

CBL TBL VBL

|

\





media/file20.png
0.4

0.1]

ool

w=0.0, A=0.4_ f=08 M=02 EI=02,
Rd=0.5, Pr=2_ A=08 Sc=0.1 Nt=0.0






media/file23.jpg
0.4

03

0.1

0.0

— Se=02
-— Sc=04

Sc =06
-~ Sc=08

A=0.2,5=0.8 M=0.7,EI=0.5 Rd=0.4,
Pr=0.9.A=0.8B=0.7Nt=0.2






media/file5.jpg
w=0, §=0.8, M=0.7, EI=0.5, Rd=0.4,
Pr=0.9, A=0.8, B=0.7, 5c=0.6, Nt=0.5.

10





media/file24.png
Wl

o3l

0.1

0.0

— Se=02
— Sc=04
Sc =08

. Sz=08

LI
LIS
Vi
1..!,_
LR
L] K5
. ‘-.
VI
L
1" b ':'-\.
Wt
~ T
- -'l-n-.':'l-'.".._
ib_l-—
] ]
2 4






media/file1.jpg
CBL TBL vyBL
|






media/file25.jpg
flal

20

15
#V
10 ; w=A=f=M=0.2, Rd=0.4, Pr=0.0
/ A=0.8,B=0.7, Sc=1, Ne=D.5. =02
. El=0.4
05
/ EI=08
- EI=08
h .
o 4 6 10





media/file12.png
flril

1.4
1.2
1.0

0.8

w=Al=04 M=El=Rd=04,
Pr=A=08 B=5c=06, Ni=03

—— B=0.2
— B=0.4

B=0.8
e =08

4 i & 10





media/file9.jpg
w=1=§=02,E=05Re=04,
2, 4=08,B=07,5=1,Nt=05 |.. m=os

0 2 4 6 F) 10






media/file0.png





media/file8.png
B[}

i | o | e A=02
: | — A=0.4

A=0086
. A=08

0.25F

0.20F
- “% w=0,f=08 M=02 Ei=05 Rd=0.2,
0% Pr=2, A=0.8, E=0.7, Sc= 0.6, Nt= 0.5

0.05 E b,;-."':-h






media/file17.jpg
)

0.30

025

0.20

0.15

0.10

0.05

0.00






