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Abstract

:

This paper studies the analytical solutions of the fractional fluid models described by the Caputo derivative. We combine the Fourier sine and the Laplace transforms. We analyze the influence of the order of the Caputo derivative the Prandtl number, the Grashof numbers, and the Casson parameter on the dynamics of the fractional diffusion equation with reaction term and the fractional heat equation. In this paper, we notice that the order of the Caputo fractional derivative plays the retardation effect or the acceleration. The physical interpretations of the influence of the parameters of the model have been proposed. The graphical representations illustrate the main findings of the present paper. This paper contributes to answering the open problem of finding analytical solutions to the fluid models described by the fractional operators.
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1. Introduction


Recently, fractional calculus has attracted much attention, and many papers have been published addressing the real applications of fractional calculus in real-world problems [1,2,3,4,5,6,7]. Many discussions have been had related to the utility of fractional calculus and where this field can be applied. Nowadays, many papers are addressing the utility of fractional calculus and the methods used to model the so-called fractional operators [8,9,10,11,12,13]. Note that, regarding the existing literature, fractional calculus can be applied in many fields such as modeling epidemic model [14], in sciences and engineering [15], in physics, and in others [16]. The existing fractional operators can be divided into two categories. The first is singular operators: the Caputo derivative and the Riemann–Liouville derivative [9,10]. These two derivatives are the most used in the literature. We also have the non-singular derivative as the Caputo–Fabrizio derivative and the Atangana–Baleanu derivative [11]. Many other derivatives in the literature exist such as the conformable derivative and the Hilfer derivative. Still, here we limited our citations to the most used derivatives in the literature of fractional calculus.



In the present paper, we model fluids using the Caputo derivative. Many papers deal with modeling fluid models with fractional operators. In [17], the authors propose the solutions for natural convection flow subject to arbitrary velocity and Newtonian heating. In [18], Kalid et al. propose a study on the unsteady MHD freeflow of a Casson fluid past an oscillating vertical plate with constant wall temperature and propose the method for obtaining a fluid model using Laplace transform. In [19], Khan et al. investigate using the Laplace transform of the Atangana–Baleanu derivative, the exact solutions of the constructive equations in the study of the second-grade fluids flow with combined gradients of mass concentration, and temperature distribution over a vertical flat plate. In [20], the authors propose the solutions of type of Casson fluid models. In [21], the authors use the Laplace transform of the Mittag–Leffler fractional operators in proposing the analytical solutions for the governing equations of the thermal diffusion process in terms of fractional differentiation. In [22], Sene proposes the solution of the second-grade fluid using integral balance methods. We mean that the double integral method and the heat balance the integral method. In [23], the authors also investigate getting the exact solutions of the constructive equations of the convective flow of a generalized Casson fluid. In [24], Abro and Atangana give a comparative presentation of convective fluid motion in a rotating cavity described by the non-singular fractal-fractional operators for differentiation. In [25], Ali et al. apply the derivative with the exponential kernel to MHD free convection flow of generalized Walters’-B fluid model. See also in the following investigations [24,26,27,28].



The modeling of the fluid model with Caputo derivative permits us to take into account the memory effect. However, finding the exact solutions is a problem. In the literature of fractional differential, there are many methods to get the solutions of the fractional differential equations. We can cite the homotopy analysis method and the numerical methods as the implicit scheme, explicit scheme, Adams–Basforth methods, and others. In this paper, we propose a technique for getting the solutions of a class of fluid models. The technique is the combination between the Laplace transform and Fourier transform. The method permits us to get the exact solutions of the fluid models; therefore, we do not need to utilize the integral balance methods and the numerical discretizations. The novelty will be the use of the Caputo derivative and its Laplace transform. We will provide the order of the Caputo derivative that has retardation and acceleration effects in the dynamics of the considered model. The influence of the Prandtl number, the Grashof numbers, and the Casson parameter will be analyzed and interpreted physically.



The paper is structured as follows. In Section 2, we recall the fractional operators as Caputo derivative, Riemann–Liouville integral, and the Riemann–Liouville derivative. In Section 3, we present the constructive equations of the fluid model; we will present the model using the Caputo derivative. The procedure to obtain the solutions with Fourier and the Laplace transform will be presented in Section 4. In Section 5, we discuss the findings of our paper. The final remarks and conclusion will be described in Section 6.




2. Fractional Calculus Operators


This section is devoted to recalling the fractional operators. We mean the Riemann–Liouville integral, the Caputo derivative, and the Riemann–Liouville integral. The other fractional operators, such as the fractional operators without singular kernels, will be referenced, and the readers can check the cited paper for these operators. In this paper, the Caputo derivative will be considered in our modeling due to its physical relationship with real-world problems. We have the following definitions that will be considered.



Definition 1.

The Riemann–Liouville integral [9,10] of a considered function   h : [ 0 , + ∞ [ ⟶ R   can be represented as the following form


     I α  h   ( t )  =  1  Γ ( α )    ∫ 0 t    t − s   α − 1   h  ( s )  d s ,   



(1)




where   Γ ( … )   represents the Gamma function and with order α satisfying the condition that   α > 0  .





Definition 2.

We describe the Riemann–Liouville derivative [9,10] of the considered function   h : [ 0 , + ∞ [ ⟶ R  , of order α as the form


    D α  h  ( t )  =  1  Γ  1 − α     d  d t    ∫ 0 t  h  ( s )    t − s   − α   d s ,   



(2)




where   t > 0 ,   is the order of the operator that obeys the assumption that   α ∈  0 , 1    and   Γ ( … )   symbolize the Gamma Euler function.





In our modeling, we use the so-called Caputo derivative [9,10]. This derivative is the most used in the literature of fractional calculus. It is used because it considers the so-called memories effect, and the derivative of a constant function gives zero. It is well known that the fractional operators do not satisfy classical properties in derivations. We outline them in the following definitions.



Definition 3.

We represent the Caputo fractional operator with the considered function   h : [ 0 , + ∞ [ ⟶ R  , of order α as the following representation


    D α  h  ( t )  =  1  Γ  1 − α     ∫ 0 t    d h ( s )   d s     t − s   − α   d s ,   



(3)




where   t > 0   is the order of the operator that obeys the assumption that   α ∈  0 , 1    and   Γ ( … )   symbolizes the Gamma Euler function.





For the resolutions of the differential equations, including the fractional operators, their Laplace transform plays an important role. The role of the Laplace transform is, in general, to obtain analytical solutions. It is used in many methods such as the Homotopy analysis method, the homotopy perturbation method, and the domain decomposition method. The Laplace transform of the Caputo operator [9,10] can be represented as the following form


  L    D c α  h   ( t )   =  s α  L  h ( t )  −  s  α − 1   h  ( 0 )  ,  



(4)




where the order  α  obeys the relationship   α ∈ ( 0 , 1 )  .



For information related to the other new fractional operators as the conformable derivative [8] and the Caputo and Riemann–Liouville derivative, see paper [9,10]; for the derivative with Mittag–Leffler kernel, see the paper [11]; and for the Caputo–Fabrizio derivative, see paper [29]. For the above-cited derivative, it is also important to mention that their fractional integrals and Laplace transforms exist. The solution for the Cauchy problem can be obtained via the Laplace transforms.




3. Constructive Equations


In this section, we present the constructive equations subject of investigations. The novelty will be the consideration of the Caputo derivative in the modeling. We suppose the flow in x-direction, and we consider the y-axis to be normal to the plate. Let the initial time mean   t = 0  ; we presume that the plate starts motion on its own plane with velocity considered constant   U .   Note that the temperature of the plate is considered to be   T w   at time t. As mentioned in the papers [23,30], the rheological equation for an incompressible Casson fluid can be represented as the following forms


   π  i j   = 2   μ γ  +   p y    2 π      e  i j     when   π >  π c  ,  



(5)




and


   π  i j   = 2   μ γ  +   p y    2  π c       e  i j     when   π <  π c  .  



(6)







In Equations (5) and (6),   π =  e  i j    e  i j    ,  μ  denotes the dynamic viscosity,   e  i j    represents   ( i − j )  th component of the deformation rate,   p y   symbolizes the yields stress,   π c   is the critical value of the number  π , and   μ γ   denotes the plastic dynamic viscosity of the non-Newtonian flow. The governing equations, including the velocity and the temperature for free convection flow of the Casson fluid, can be represented using Caputo fractional derivative as the following form


  ρ  D α  u =  μ B   1 +  1 β      ∂ 2  u   ∂  x 2    + ρ g γ  T −  T ∞   ,  



(7)




and


  ρ  c p   D t α  T = k    ∂ 2  T   ∂  x 2    ,  



(8)




with the initial and boundary conditions defined as the following forms


     t < 0 : u    =    0 ,  T =  T ∞   ∀ x > 0 ,     



(9)






     t ≥ 0 : u    =    U ,  T =  T w    at   x = 0 ,     



(10)






    u   →    0 ,  T →  T ∞    as   x → ∞ ,     



(11)




where  ρ  is fluid density,   c p   is the specific heat capacity of fluid, k represents the thermal conductivity,   μ B   is the dynamic viscosity of fluids,  β  is the material parameter of Casson fluid, g represents the acceleration constant, and  γ  is the volumetric coefficient of thermal expansion. Let us simplify Equations (7) and (8) by using the so-called in literature the dimensionless variables given us the following forms


     u ∗    =     u U    x ∗  =  U ν  x   t ∗  =   U 2  ν  t ,     



(12)






    v   =      T −  T ∞     T w  −  T ∞    ,   w ∗  =   w ν   U 2   ,   τ ∗  =  τ  ρ  u 2    .     



(13)




Using the above following variables changes for our system (7) and (8), we can represent the model (7) and (8) under consideration in our paper by the following forms


   D τ α  u =    ∂ 2  u   ∂  x 2    +  1 β     ∂ 2  u   ∂  x 2    + G r v ,  



(14)




and


   D τ α  v =  1  P r      ∂ 2  v   ∂  x 2    ,  



(15)




with the initial conditions given by


     u ( x , 0 )    =    0 ,     



(16)






     v ( x , 0 )    =    0 ,     



(17)




and the functions u and v have as boundary conditions the following relations


     u ( 0 , τ )    =    1 ,     



(18)






     v ( 0 , τ )    =    1 .     



(19)




Furthermore, we set the Prandtl number, the Grashof numbers, and the Casson parameter, respectively, as the forms


  P r =   μ  c p   k  ,  G r =   ν g γ   T w  −  T ∞     U 3   ,  β =    μ B    2  π c      p x   .  



(20)







This paper aims to propose the analytical solution of the fractional differential equation defined by the above Equations (14) and (15). Some investigations address the model presented in this paper. In these papers, they determined the analytical solutions using the Laplace transform, and after transformation, they will have to solve second-order differential equations and use the classical method to solve them. The difference with the existing investigation is that we combine the Laplace transform and the Fourier sine transforms to obtain the analytical solution. The method is valuable, and the implementation is not difficult. Another new aspect of this paper is the new initial conditions (18) and (19) and the use of the Caputo derivative in the investigation.




4. Solutions Procedures


There are many methods for determining the solutions for the fractional differential equations in the class of equations described in Equations (14) and (15). In this section, we describe the method to obtain the solutions with analytical techniques. We can cite the homotopy methods most used in fluid and nanofluid models; we mean the homotopy analysis and homotopy perturbation methods. The numerical methods can be seen, for example, in [31]. In the present investigation, we propose the exact solutions of our current model using the Laplace transform and the Fourier sine transformation. The combination between the Laplace transform and the Fourier sine transform is reported in the literature in the following investigations [28,32] and can also be found in many other papers. The advantage of this method in the present paper is it permits the obtaining of the linear fractional differential equations. The Laplace transform permits obtaining of the exact analytical solution by applying the inverse of the Laplace transform to the linear fractional differential equation obtained after the application of the Fourier sine transform. We can also observe that in the form of the solutions, there exists an improper integral, which is due to the formula of the inverse of the Fourier sine transform. The Laplace transform of the Caputo derivative will play an essential role in our investigations. The first step of the procedure will consist of applying sine transformation to the considered equations.



4.1. Temperature Distribution


Let us consider the heat equation represented in Equation (15), which is subject to the initial and boundary conditions in Equations (17) and (19). We have the following equation


   D τ α  v =  1  P r      ∂ 2  v   ∂  x 2    .  



(21)




Note that using the classical formula of the Fourier sine transform, we have that   F   D α  v  ( x , τ )      =  D α  v  ( q , τ )    and   F     ∂ 2  v   ∂  x 2     =   2 q   P r π   v  ( 0 , τ )  −   q 2   P r   v  ( q , τ )   , where  F  denotes the Fourrier sine transformation and q is the Fourrier sine variable [28]. We apply the Fourier sine transformation to this previous equation, and we obtain the following relationship


   D c α  v  ( q , τ )  =   2 q   P r π   v  ( 0 , τ )  −   q 2   P r   v  ( q , τ )  .  



(22)




The second step will be to Laplace the Laplace transformation, including the Laplace transform to the Caputo derivative; after minor rearrangement, we get the following relationship


      s α   v ¯   ( q , s )  −  s  α − 1   v  ( q , 0 )  +   q 2   P r    v ¯   ( q , s )     =      2 q   P r π s   ,        s α   v ¯   ( q , s )  +   q 2   P r    v ¯   ( q , s )     =      2 q   P r π s   ,        v ¯   ( q , s )     =      2 q   P r π s   s α  +   q 2   P r      ,        v ¯   ( q , s )     =     2  q π     1 s  −   s  α − 1     s α  +   q 2   P r      .     



(23)




To obtain the solution of the heat equation with fractional order derivative according to the investigations in [28], we apply the inverse of the Laplace and obtain the following relation


  v  ( q , τ )  =  2  q π    1 −  E α   −   q 2   P r     τ  α    .  



(24)




Following the procedure in [28], we should apply the inverse of the Fourier transform to Equation (24). Note that by using the formula of the inverse of the Fourier transform, an improper integral will appear and is due to the used formula, which is    2 π   ∫ 0  + ∞     sin q x  q  v  ( q , τ )  d q  ; thus, we get the following solution


     v ( x , τ )    =     2 π   ∫ 0  + ∞     sin q x  q   1 −  E α   −   q 2   P r     τ  α    d q ,       v ( x , τ )    =     2 π   ∫ 0  + ∞     sin q x  q  d q −  2 π   ∫ 0  + ∞     sin q x  q   1 −  E α   −   q 2   P r     τ  α    d q ,       v ( x , τ )    =    1 −  2 π   ∫ 0  + ∞     sin q x  q   E α   −   q 2   P r     τ  α   d q .     



(25)




Similar results in the integer-order version can be found in [28]. The transformation (23) is also vital in diffusion equations. It is used in physics to determine the so-called mean square displacement essential to characterize the nature of the diffusion processes: sub-diffusion, hyper-diffusion, super-diffusion, ballistic diffusion, and others, see [33]. Before ending this section, it is crucial to mention that the same method can be used in the classical case; we describe the procedure in the following lines. The application of the Laplace and the Fourier transform in the classical heat equation give the following relations:


     s  v ¯   ( q , s )  − v  ( q , 0 )  +   q 2   P r    v ¯   ( q , s )     =      2 q   P r π s   ,       s  v ¯   ( q , s )  +   q 2   P r    v ¯   ( q , s )     =      2 q   P r π s   ,        v ¯   ( q , s )     =      2 q   P r π s  s +   q 2   P r      ,        v ¯   ( q , s )     =     2  q π     1 s  −  1  s +   q 2   P r      .     



(26)




The step consists of applying the inverse of the Laplace transform as it is described in the previous parts; thus, we obtain the following relationship:


  v  ( q , τ )  =  2  q π    1 − exp  −   q 2   P r    τ    .  



(27)




We now apply the inverse of the Fourier sine transform, and then we get the solution of the classical heat equation using the present method as the form


     v ( x , τ )    =     2 π   ∫ 0  + ∞     sin q x  q   1 − exp  −   q 2   P r    τ    d q ,       v ( x , τ )    =     2 π   ∫ 0  + ∞     sin q x  q  d q −  2 π   ∫ 0  + ∞     sin q x  q   1 − exp  −   q 2   P r    τ    d q ,       v ( x , τ )    =    1 −  2 π   ∫ 0  + ∞     sin q x  q  exp  −   q 2   P r    τ   d q = 1 − e r f   x  2   τ  P r       ,     



(28)




where   e r f ( . )   is Gaussian error function. For comparative study, the same results can be found in [28], see Equation (45).




4.2. Velocity Distribution


We now continue the procedure of the solution with the first equation, and we use the solution of the fractional heat equation described above. We set that   μ = 1 +  1 β   . We repeat the previous steps, the procedure can also be found in the literature in the following paper [28]. We apply the Fourier sine transform to Equation (14) and get the following equation


   D c α  u  ( q , τ )  =   2 q μ  π  u  ( 0 , τ )  −  q 2  μ u  ( q , τ )  + G r v  ( q , τ )  .  



(29)




The second step consists of applying the Laplace transform to both sides of Equation (29); thus, we get the following relationships


      s α   u ¯   ( q , s )  −  s  α − 1   u  ( q , 0 )  + μ  q 2   u ¯   ( q , s )     =      2 μ q   π s   + G r  v ¯   ( q , s )  ,        s α   u ¯   ( q , s )  + μ  q 2   u ¯   ( q , s )     =      2 μ q   π s   + G r  v ¯   ( q , s )  ,         2 μ q   π s   s α  + μ  q 2     +   2 q G r   P r π s   s α  +   q 2   P r      s α  + μ  q 2        =     u ¯   ( q , s )  .     



(30)




For simplification in the calculations, we consider two Laplace transform functions defined by the following


      a ¯   ( q , s )     =      2 μ q   π s   s α  + μ  q 2     ,     



(31)






      b ¯   ( q , s )     =      2 q G r   P r π s   s α  +   q 2   P r      s α  + μ  q 2     .     



(32)




For the inverse of the Laplace transform, we proceed by inverting the function   b ¯  , which can be rewritten as the following form


   b ¯   ( q , s )  =   2 G r   P r π q  μ −  1  P r         s  α − ( 1 + α )     s α  +   q 2   P r     −   s  α − ( 1 + α )     s α  + μ  q 2     .  



(33)




We can apply the inverse of the Laplace transform to both sides of Equation (33); thus, we obtain the following equation


   b ¯   ( q , τ )  =   2 G r   P r π q  μ −  1  P r       τ α    E  α , β    −   q 2   P r     τ  α   −  E  α , β    − μ  q 2    τ  α    .  



(34)




Using the formula of the inverse of the Fourier sine transform and applying it to both sides of Equation (34), we get the following form


  b  ( x , τ )  =   2 G r  κ   ∫ 0  + ∞     sin q x  q   τ α    E  α , β    −   q 2   P r     τ  α   −  E  α , β    − μ  q 2    τ  α    d q ,  



(35)




where   κ = P r π  μ −  1  P r      and   β = 1 + α  . We repeat the same process with the first function   a ¯  . Here, we proceed by using the inverse of the Fourier transform. At first, before applying the inverse, the function   a ¯   can be rewritten as the following form:


   a ¯   ( q , s )  =  2  q π     1 s  −   s  α − 1     s α  + μ  q 2     .  



(36)




We can apply the inverse of the Laplace transform to both sides of Equation (36); thus, we obtain the following equation:


   a ¯   ( q , τ )  =  2  q π    1 −  E α   − μ  q 2    τ  α    .  



(37)




The final form of the function a is obtained after applying the inverse of the Fourier transform, which can be expressed as the following form


  a  ( x , τ )  = 1 −  2 π   ∫ 0  + ∞     sin q x  q   E α   − μ  q 2    τ  α   d q .  



(38)




Finally, the analytical solution of the first fractional differential equation is obtained by summing Equations (35) and (38). Thus, we obtain the following form:


  u ( x , τ ) = a ( x , τ ) + b ( x , τ ) .  



(39)




For Equation (39), we have the following details, the inverse of the Laplace of Equation (30) gives    u ¯   ( q , τ )  =  a ¯   ( q , τ )  +  b ¯   ( q , τ )   , in other words, the sum of Equations (34) and (37). Then, Equation (39) is obtained after the inverse of the Fourier sine transform of the function    u ¯   ( q , τ )   . The next section will represent graphically the solutions obtained in this section for the temperature and velocity. We will also analyze the impact of the fractional-order derivative in the diffusion processes.



Before ending this section, we talk about the limitation of the method present in this paper. The limitations of the combination between the Laplace transform, and the Fourier sine transform are: first, for particular initial conditions, the Laplace transform does not exist or can not be determined. Second, we can apply the Laplace transform and the Fourier sine transform, but when we want to obtain the analytical solution, the function to be inverted in terms of Laplace transform or Fourier transform is impossible to calculate. These two limitations are the significant limitations of the method presented in this paper. The present method provides an analytical method, and it is not possible to compare them with the numerical scheme as an implicit numerical scheme. Perhaps, for the model considered in this paper, the numerical schemes can provide numerical solutions, and the dynamics of the solution are the same. In the numerical schemes, the method consists of using the numerical discretization of the Caputo derivative; for more details and investigation, see [34]. The Laplace transform and Fourier sine method can be applied with the fractional model described by the Riemann–Liouville fractional operator because this method needs the form of the Laplace transform of the used derivative [9,10] in the modeling, which exists in the literature of fractional calculus.





5. Results and Discussions


In this section, we illustrate with graphics the analytical solutions presented. We will consider different orders of the Caputo derivative to represent all the dynamics of the considered model in this paper. We will also analyze the impact of the order of the Caputo derivative in the dynamics of the model. All the dynamics will also be examined when   τ = 0.5   and   τ = 1.5  . The model’s parameters as the   P r   number, the   G r   number, and the mass  β  will also be analyzed, and their impact will be explained when the modeling uses the Caputo derivative.



5.1. Temperature Profile


We begin our analysis with the heat Equation (15), whose solution is represented in Equation (25). For the figures in this section, Equation (25) has been considered. In the first dynamics, we consider different values of the order of the Caputo derivative and   τ = 0.5   and   τ = 1.5  . Without losing generality, we suppose that   P r = 1   and   P r = 5  , respectively. The figures are represented in the following Figure 1a,b and Figure 2a,b.



In Figure 1a and Figure 2a, we can observe when the considered time is   τ = 0.5  ; in this case, when the order of the Caputo derivative increases, the dynamics of the fractional heat equation decrease as well. This means that when the considered time is less than 1, the Caputo derivative has an acceleration effect in the diffusion process. The arrow indicates the direction of the dynamics when the order increases. In Figure 1b and Figure 2b, the considered time is   τ = 1.5  ; the direction of the dynamics can be observed by the direction of the arrow, and we observe that when the order increases, the dynamics of the heat diffusion equation increase as well. The numerical values can confirm the behaviors; see the results in the Tables.



The values in the Table 1 and Table 2 also confirm the boundary conditions considered in the present paper. It is visible that when the order of the fractional operator varies at each considered time, the temperature distribution decrease as well. In case the influence of the order of the derivative cannot be observed with the figures, it is recommended to calculate the difference that exists between the temperature profiles as illustrated in the Table 1 and Table 2. At the beginning of the diffusion process, we can observe that the difference between the trajectories is zero but increases when the variable x increases. We notice changes after a certain x because the errors term decreases and converges to zero. Thus, the Caputo derivative has a retardation effect in the diffusion processes. The differences in Table 1 and Table 2 are represented in Figure 3.



We now continue with the impact of the number   P r  . We consider different values of the   P r   numbers at two different times:   τ = 0.5   and   τ = 1.5  . The order of the fractional derivative is fixed to   α = 0.65   and   α = 0.95  , and the figures are represented as follows: Figure 4a,b and Figure 5a,b.



In Figure 4a and Figure 5a with   τ = 0.5   and Figure 4b and Figure 5b with   τ = 1.5  , the arrow indicates the direction of the dynamics when the   P r   number increases; we can observe, in both cases, that the influence of the   P r   number does not change. The increase in the   P r   number implies a decrease in the dynamics of the heat differential Equation (15). This finding can be explained by the fact greater values of this number reduce the heat temperature.




5.2. Velocity Profile


We now represent the dynamics of the velocity for different values of the fractional-order derivative at two different times   τ = 0.5   and   τ = 1.5  . In all figures in this section, Equation (39) has been considered. We consider   β = 0.5  . The thermal grashof   G r   and the Prandtl number   P r   are assumed to be fixed in this part. We consider   P r = 5   number and   G r = 2   in this section for the graphical representations. We have the following Figure 6a,b.



When the time is   τ = 0.5   in Figure 6a, we notice that when the order of the Caputo operator increases, then the velocity decreases following the arrow in this figure. That is, the order  α  of the Caputo derivative accelerates the decrease of the velocity to zero. We notice opposite phenomena when the considered time is   τ = 1.5   in Figure 6b. Here, the increase in the order generates an increase in the velocity. Thus, the fractional-order has a regulator role in the fluid model considered in this paper. The role of the fractional operator does not change in the temperature distribution and the velocity profile.



Let us analyze the impact of the parameter  β  in the dynamics. We consider different values of the parameter  β . We fix the following numbers   P r = 5   and   G r = 2  , and the order of the derivative is considered as   α = 0.65   and   α = 0.95  . We represent the figures in the following Figure 7a,b.



We notice that when the values of  β  increase, the velocity decreases as well for considered times   τ = 0.5   and   τ = 1.5  . This can be explained by the fact when Casson fluid parameter increases, the velocity boundary layer thickness is reduced.



We finish with the variation of the thermal grashof   G r  . We consider fixing   P r = 5   and the order of the Caputo derivative to   α = 0.95  . Referring to Equation (14), it is not hard to see for that all considered orders of the Caputo derivative when the parameter   G r   increases, it will generate an increase of the velocity. See the illustration in the following Figure 8a,b.



The increase of the velocity can be explained by the fact that when the thermal grashof   G r   increases, the difference of the temperature generated by the fractional heat equation increases as well, caused the augmentation of the velocity of the Casson fluid. Furthermore, when we combine these variations with the variation of the order of the Caputo derivative, it is normal for the velocity to increase as well.



Time also has an influence on the dynamics. We can notice that when the time increases, the velocity of the model increases too. This increase in the velocity is illustrated in the following Figure 9a,b.



The arrows in Figure 9a,b provide the directions generated by the impact of the time.



The present paper contributed to the application of the Caputo derivative to the model fluids model and to finding their exact analytical model. Note that the Caputo derivative nowadays has many domains of application, as in fractional-order neurons for parameter estimate [35], fractional viscoelasticity model described by fractional-order operators [36,37], fractional single-phase-lag model of heat conduction [38], and eigenproblem of molecular alignment and many others domains. The present investigations can be compared with the investigation by Ali et al. in [39], where the same model has been considered with different initial and boundaries conditions. In their investigation, the authors proposed the analytical solution using Laplace transform. We can observe that the results in [39] are in good agreement with the findings of the present investigations. In our present investigations, the novelty is we have used the combination between the Laplace transform and the Fourier sine transforms to get our solutions. Note that in these two works, the initial and boundaries conditions for the temperature and the velocity distributions in the constructive equations have minor differences. Note that the initial and boundaries conditions considered in this paper are particular cases of the initial and boundaries conditions considered in [39]. We consider the particular cases because the combination between the Laplace transform and the Fourier sine transform is not trivial when applied directly to the initial and boundaries conditions described in Equation (9) in [39].





6. Conclusions


In this paper, we have presented and illustrated the Laplace transform and the Fourier sine transform to solve the constructive equations presented in our paper. Many findings have been given. We notice that the fractional-order derivative has an retardation or acceleration effect on the heat equation. The parameter   G r   generates a retardation effect on the velocity of the model presented in this paper. Depending on the time considered, the order of the Caputo derivate can cause an increase in the velocity or a decrease in the velocity. Future research is needed to investigate the same problem using the fractional derivative with a non-singular derivative.
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Figure 1. Dynamics of the fractional heat equation with various orders with respectively   τ = 0.5   (a) and   τ = 1.5   (b) for   P r = 1  . 
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Figure 2. Dynamics of the fractional heat equation with various order with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b) for   P r = 5  . 
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Figure 3. Fractional-order influence in Table 1 (a) and Table 2 (b). 
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Figure 4. Dynamics of the fractional heat equation with various orders with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b) with   α = 0.65  . 
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Figure 5. Dynamics of the fractional heat equation with various orders with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b) with   α = 0.95  . 
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Figure 6. Dynamics of the fractional diffusion reaction equation with various orders with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b) with β = 0.5. 
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Figure 7. Dynamics of the fractional diffusion reaction equation with various orders with, respectively,   τ = 0.5   (a) with α = 0.65 and   τ = 1.5   (b) with β = 0.95. 
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Figure 8. Dynamics of the fractional diffusion reaction equation with various orders with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b) with Pr = 5. 
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Figure 9. Dynamics of the fractional diffusion reaction equation with various orders with, respectively,   τ = 0.5   (a) and   τ = 1.5   (b). 
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Table 1. Temperature profile with   P r = 1  .
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	x
	   v ( x , τ )    at    α = 0.25    and    τ = 0.5   
	   v ( x , τ )    at    α = 0.45    and    τ = 0.5   
	Difference (    .   )    





	0.0
	1.0
	1.0
	0



	0.1176
	0.8392
	0.8278
	0.0114



	0.2353
	0.6848
	0.6635
	0.0213



	0.3529
	0.5426
	0.514
	0.0286



	0.4706
	0.4168
	0.3842
	0.03826



	0.5892
	0.3094
	0.2759
	0.0335



	0.7059
	0.2232
	0.1917
	0.0315



	0.8235
	0.1552
	0.1276
	0.0276



	0.9412
	0.1042
	0.08152
	0.02268



	1.059
	0.06743
	0.0499
	0.01753



	1.529
	0.0007859
	0.004203
	0.0034171
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Table 2. Temperature profile with   P r = 5  .
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	x
	   v ( x , τ )    at    α = 0.8    and    τ = 0.5   
	   v ( x , τ )    at    α = 0.95    and    τ = 0.5   
	Difference (    .   )    





	0.0
	1.0
	1.0
	0



	0.1176
	0.8743
	0.878
	0.0037



	0.2353
	0.7516
	0.7588
	0.0072



	0.3529
	0.635
	0.6451
	0.0101



	0.4706
	0.5267
	0.5392
	0.0125



	0.5892
	0.428
	0.442
	0.014



	0.7059
	0.3423
	0.3569
	0.0146



	0.8235
	0.2679
	0.2825
	0.0146



	0.9412
	0.2053
	0.2193
	0.014



	1.059
	0.1542
	0.1669
	0.0127



	1.529
	0.03928
	0.04561
	0.00633
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