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Abstract: The current article discusses the peristaltic flow of the Casson fluid model with implications for double diffusivity, radiative flux, variable conductivity and viscosity. This study offers a thorough understanding of the functioning and illnesses of embryological organs, renal systems, respiratory tracts, etc., that may be useful to medical professionals and researchers. The main purpose of the study is to evaluate the consequences of double diffusivity on the peristaltic flow of nanofluid. By implementing the appropriate transformation, the governed differential equations of momentum, temperature, concentration and double diffusivity are worked out numerically. The lowest Reynolds number Re→0 and highest wavelength Ω→∞ are used. The ramifications of pertinent parameters on the velocity field, heat, chemical reaction rate and double diffusivity are discussed by plotting the graphs using the bvp4c technique. Our analysis shows that solutal and thermal Grashof numbers enhance the motion of fluid flow over the pumping area of the peristaltic boundary. The activation energy and Lewis number indicate the opposite impact on concentration distribution. Due to variations in thermophoresis and the Brownian parameter, the heating process slows during the pumping section and accelerates during the free pumping section. The graph of double diffusivity initially goes upward by escalating Dufour and Brownian parameters and then moves down over the right sinusoidal geometry.
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Nomenclature



	Symbols
	Description



	a~
	Left amplitude of the wave (m)



	b~
	Right amplitude of the wave (m)



	C
	Concentration rate (mol/m3)



	D0
	Coefficient of diffusivity (m2/s)



	H~1
	Left wall restriction



	H~1
	Right wall restriction



	S1~+S2~
	Width of channel (m)



	T
	Temperature rate (K)



	ϕ
	Phase shift (rad)



	p
	Pressure (Pa)



	Ω
	Wavelength (m)



	(U,V)
	Velocity components



	(X,Y)
	Cartesian coordinates



	β
	Casson fluid parameter



	τ
	Casson stress tensor (N/m2)



	Ƀ
	Boltzmann constant (J/K)



	σ−
	Stefan-Boltzmann number (W/m2K4)



	Θ
	Double diffusivity rate (m2/s)



	g
	Gravitational acceleration (m/s2)



	qr
	Radiative heat flux (W/m2)



	λ
	Rate of chemical reaction (mol/sec)



	R
	Radiation parameter (Bq) becquerel



	Re
	Reynolds number



	Δ
	Wave number (m−1)



	Nt
	Thermophoresis parameter



	Nb
	Brownian motion



	NTC
	Dufour diffusivity parameter



	Grc
	Solutal Grashof number



	GrT
	Thermal Grashof number



	GrF
	Nanofluid Grashof number



	Ln
	Nanofluid Lewis number



	Le
	Lewis number



	Ψ
	Stream function (kg/ms)



	ω
	Pre-exponential factor (m3/mol.s)



	n
	Power Law Index



	α
	Conductivity parameter (Wm−1K−1)



	A1
	First Rivlin–Erickson tensor



	k0
	Conductivity parameter (S/m)(Siemens per meter)



	ε∗
	Thermal property of fluid



	μ0
	Viscosity at zero shear rates (m2s−1)



	Pr
	Prandtl number



	E∗
	Activation energy (J)



	ɕ
	Constant chemical reaction rate (M/s)





1  Introduction

In many of the medical processes, such as the instruments which are used for the treatment and determining the disease of the heart and lungs, peristalsis phenomena is used. Many contemporary mechanical machines are built on the peristaltic pumping principle for the movement of fluids. For instance, during cardiopulmonary bypass, a machine temporarily replaces the function of the heart and lungs to maintain the flow of blood and oxygen to the body during surgery. Most of the scientists were attracted to the phenomenon of peristalsis, after the work of T.W Latham. The peristaltic movement of viscous fluid in the present studies has been discussed with non-identical characteristics of transfer of mass and heat, symmetric and axisymmetric channels, correspondence variation and so on. In fluid dynamics, fluids are classified as non-Newtonian and Newtonian according to time-dependent, shear thinning and shear thickening characteristics. For Newtonian and non-Newtonian fluids different models are available, i.e., the Casson fluid model, Buongiorno, Jeffery and Williamson models, etc., to design ways for more research to get knowledge about the concealed properties of fluids.

The thermal radiative system has abundant applications in thermal industrial and engineering processes. Right now, solar energy, like solar photovoltaic to produce electricity, and passive designs to absorb solar radiation for heating and cooling, is used for business and home appliances. Therefore, scholars divert toward research to modify solar technologies to make life effortless. Akbar et al. [1] studied the entropy generation in a tube filled with a viscous Cu-water nanofluid flowing peristaltically. Their investigation aims to examine the creation of entropy in the context of various physical characteristics. Their task is based on the inquiry of entropy in the peristaltic fluid transport phenomenon. The effects of peristaltic phenomena on the analysis of entropy generation in the electro-osmosis modulated peristaltic flow of the Eyring-Powell fluid were investigated by Mabood et al. [2]. Kotnurkar et al. [3] have examined the effects of joule heating and electro-osmosis on the peristaltic transport of hyperbolic tangent fluid through a permeable forum in an endoscope. Kotnurkar et al. [4] also analyzed the impact of thermal jump and magnetic field on the peristaltic motion of Jeffrey fluid with silver nanoparticles in the eccentric annulus. They concluded that the Jeffrey fluid has a lower temperature and momentum than the Jeffrey nanofluid. These results are beneficial to evaluate the fluid flow features and speed of the syringe’s injection at the time of cancer treatment, the removal of artery blockage and slowing down the bleeding throughout the surgery. Farooq et al. [5] elaborated on the peristaltic movement of Williamson blood flow with the consideration of the solar mimetic system. Rashid et al. [6] examined peristaltic phenomena by utilizing the MHD effects on Williamson fluid in a curved channel. Also, the theoretical investigation of blood flow through peristaltic arteries containing migrating gyrotactic bacteria and nanoparticles has been scrutinized by Hussain et al. [7]. The interesting aspect of their research is to examine the flow of blood while highlighting the effects of the solar mimetic system, MHD consequences and tangent hyperbolic model.

Many researchers are focused on the fluid with double diffusivity in peristaltic flow as it has much more significance in medical as well as in engineering like double immune diffusion to identify antibodies and antigens. Information about the magneto-tangent hyperbolic nanofluid double in a non-uniform channel with diffusivity convection under peristaltic flow has been explored by Saeed et al. [8]. Akbar et al. [9] have explored their work on peristalsis with double diffusivity convection along with thermophoresis and Brownian movement. The effect of double diffusivity and convection has been elaborated by Akram et al. [10], in the peristaltic pumping of magneto Sisko nanofluids in a non-uniform inclined channel. Under the impact of the magnetic field, thermal radiation and porous medium scholars named Shivappa Kotnurkar et al. [11] have studied the double diffusivity phenomena on peristalsis flow of nanofluid. Their research work has potential in engineering, biomedical and industrial applications. Akram et al. [12] have analyzed how Powell–Eyring nanofluids in a non-uniform channel are affected by double-diffusivity convection. Akram et al. [13] have done their research on hybrid double-diffusivity convection and induced magnetic field effects on peristaltic waves of Oldroyd 4-constant nanofluids in the non-uniform channel. Tangent hyperbolic fluid with mixed convection has been explored by Ibrahim et al. [14]. They want to talk about the influences of the combination of natural and forced convection flow of nanoparticles. Chu et al. [15] have examined research for the characteristics of thermal radiation, heat generation, and the impact of convective boundary conditions through a duct using the Rabinowitsch fluid. Javid et al. [16] studied the combined effects of the electric and magnetic field on the transportation of viscous fluid via the non-uniform curved channel due to the intricate structure of metachronal waves.

Moreover, peristalsis is very momentous under the effect of the magnetic field in the magneto-therapy, cancer therapy and arterial flow. We can magnetize our fluids by applying a strong external magnetic field. We can change the properties of fluids by appropriately utilizing the magnetic field. Akram et al. [17] have explored the peristaltic pumping of Prandtl nanofluids in a magnetic field and non-uniform inclined channel. The advantage of their work includes pharmacodynamic pumps and designed encouragement for gastrointestinal motility. Tanveer et al. [18] have scrutinized the advantages of a porous medium by modifying Darcy’s law for Sisko fluid in peristaltic movement. Parida et al. [19] have also studied the magnetic effect over a permeable shrinking sheet. Tripathi et al. [20] theoretically studied the electro-kinetic peristaltic pumping of nanofluids with heat and mass transfer. Eldabe et al. [21] have explored the peristaltic motion of Williamson nanofluids through a non-Darcy porous medium. Ali et al. [22] have examined electromagnetism for nano-blood considering the Jeffery fluid model through the peristaltic channel. Das et al. [23] have explicated how both electrohydrodynamics and magnetohydrodynamics affect the peristaltic flow of hybrid fluid in which water is a base fluid.

Casson fluid model discriminates the non-Newtonian behavior of the fluid, also extensively utilizes for modeling the flow of blood in tapered arteries. We should have the knowledge that the generalized non-Newtonian model namely the Casson model was first proposed by Oka [24] as a special case for the study of properties of flow in an elastic tube. Jayaraman et al. [25] globalized Oka’s work and explored how Casson fluid applies to artificial lungs. Khan et al. [26] have done their research on non-Newtonian Casson fluid across a permeable medium through a stretching surface. Saravana et al. [27] explored the effect of an aligned magnetic field and cross-diffusion on the Casson fluid. Also, the peristaltic flow of Jaffery nanofluid was examined by Reddy et al. [28] to explore the impact of Brownian and thermophoresis movement on MHD flow. It elaborates that the unique characteristics of nanofluids make them potentially important in mass and heat transfer phenomena happening in industrial and medical processes including pharmaceutical processes, hybrid engines, microelectronics, refrigerators, chillers and so on. The effects of Soret and Dufour on the free convective flow of Casson fluid across a nonlinearly elongating sheet embedded in a porous medium have been studied by Biswal et al. [29]. Reddy et al. [30] have scrutinized how in an inclined skew channel, the electro-osmotic of couple stress fluids greatly under the authority of Debye length. Reddy et al. [31] also inspected the features of the transfer of heat by thermal radiation on Casson fluid and concluded the result about the effect of certain parameters on temperature, velocity and coefficient of skin friction. Kotnurkar et al. [32] have elaborated the non-Newtonian peristaltic movement of Casson fluid of hydro-magnetics immerse with chemical reaction.

In the present article, we explored the Casson fluid flow on peristalsis geometry with the involvement of double diffusivity, activation energy, variable viscosity and conductivity. An infinite viscosity at a zero rate of shear, a yield stress below which no flow occurs, and a zero viscosity at an infinite rate of shear are all characteristics of the shear-thinning liquid known as Casson fluid. Basic equations like the equation of continuity, the momentum equation, the chemical and heat equations and the equation of double diffusivity are generalized. Then, after applying a suitable transformation, we make them dimensionless using various parameters. The effects of various factors are elaborated through graphs utilizing the MATLAB bvp4c technique. The findings presented here should provide reasonably accurate theoretical estimates for a variety of potential fluid mechanical flow controlling parameters associated with peristaltic blood transport. Our investigation is unique because of the involvement of double diffusivity in the peristaltic flow of Casson fluid. In fluid mechanics, double diffusivity is the mechanism by which convection occurs for two distinct density gradients. as it is significant in the identification of antigens and antibodies. Normal breathing depends on the diffusion of gases across the respiratory membrane. Our research work is significant as the double diffusivity is also useful for the uplifting of nutrients and the vertical transmission of salt and heat in oceans. The work's novelty lies in its scientific investigation of the effects of double-diffusive convection on the peristaltically flowing Casson fluid. Our work may be helpful for the industry's transportation of corrosive fluids, sanitary fluid transport, and the movement of hazardous fluids in nuclear reactors. For the concentration discussion, a pre-exponential component represents a chemical reaction that occurs close to the esophageal wall surfaces. Even though our work has significant applications in numerous disciplines, including medicine, we have not detected any drawbacks in the future. Until now, no research has been conducted on peristaltic flow with the combined effects of heat radiating flux, activation energy and the double diffusion process for the Casson fluid model.

2  Mathematical Modeling of Peristaltic Motion

In this segment mathematical model for the two-dimensional peristaltic flow of Casson fluid is evaluated. Beneficial to determine the consequences of mimetic solar radiation and speed up of chemical reaction; activation energy and Rosseland's estimation are also encompassed here. Fig. 1 embellishes the distinctive geometry of the contemporary model under particular situations. Geometry shows that the nanofluid is flowing in a vertical downward direction along with a solar radiative effect.
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Figure 1: Geometrical structure of peristaltic motion

The wall boundaries are defined as [33]

y=H~1=S1~+a~cos[2πΩ(X~−mt~)],(1)

y=H~2=−S2~−b~cos[2πΩ(X~−mt~)+ϕ].(2)

Here y=H~1 and y=H~2 represent the boundaries of continuously fluctuating asymmetric walls, S1~+S2~ describes the widths of fixed wall restrictions and the motion of sinusoidal waves is delineated by m. Also, the left and right widths of the channel are shown by the symbols a~ and b~, respectively. Also, t and Ω represent the time and wavelength of a sine wave, the phase shift is occur in the region ϕ ϵ [0,π] and fulfilled the relationship below for steady flow:

a~2+b~2+2a~b~cosϕ≤(S1~+S2~)2.(3)

Solar heat flux plays a remarkable role in the absorption and ejection of energy, therefore we obtain it by applying Rosseland’s approximation [34],

qr=−∂T∂Y16σ−T033k.(4)

In the above equation, σ− denotes the Stefan-Boltzmann number, the symbol T0 shows free temperature while k represents the immersion coefficient. The fluctuating viscosity and conductivity depending on temperature involving a single dimension are defined as follows [35]:

μ~=μ01+ε∗(T~−T~0),(5)

K~=k0(1+αθ),(6)

D~=D0(1+β∗Φ).(7)

In the above equations of variable viscosity and conductivity the parameters ε∗,α, μ0 and k0 are thermal characteristics of the fluid, conductivity coefficient, at free stream temperature viscosity and conductivity, respectively. Chemical reaction magnifies mass transfer rate which decreases concentration. For the illustration of a chemical reaction through activation energy we use the “Arrhenius law” [36] and defined Arrhenius activation energy defined as

ɕ=ω(T~−T~0)me(−E∗Ƀ(T−T0)).(8)

Here the exponential term is denoted by ω, E∗ symbolize the activation energy, C signify for the constant chemical reaction rate, and Ƀ=8.61×10−5ev/k expresses the Boltzmann constant.

The mathematical modeling of incompressible Casson fluid is defined as follows:

τ=−pI+µA1.(9)

In the above expression, the τ shows the stress tensor of the Casson model, A1 is the First Rivlin–Erickson tensor, µ indicates the variable viscosity. In this tensor, μ=μ~(1β+1) as β shows the Casson fluid parameter.

τ=−[μ01+ε∗(T~−T~0)(1β+1)]A1,τ=−μ0[1−ε∗(T~−T~0)](1β+1)A1.(10)

By utilizing the fundamental equations of continuity, temperature, momentum, double diffusivity and concentration rate, the following formulations in terms of (X,Y) coordinates and (U,V) velocities are obtained [37], i.e.,

Continuity equation:

∂u∂x+∂v∂y=0.(11)

X-component of momentum equation:

ρ[(∂v∂t)+u∂v∂x+v∂v∂y]=−∂p∂X+∂τxy∂x+∂τxy∂y+g(1−Θ0)ρfβT(T−T0)+g(1−Θ0)ρfβc(C−C0)−g(ρp−ρf)(Θ−Θ0).(12)

Y-component of momentum equation:

ρ[(∂v∂t)+u∂v∂x+v∂v∂y]=−∂p∂y+∂τxy∂x−∂τyy∂y.(13)

Temperature equation:

(ρc)f[(∂T∂t)+u∂T∂x+v∂T∂y]=[∂∂x(K~∂T∂x)+∂∂y(K~∂T∂y)]+(ρc)p[DB(∂Θ∂y∂T∂y+∂Θ∂x∂T∂x)+DTT0((∂T∂x)2+(∂T∂y)2)]+DTC[∂2C∂x2+∂2C∂y2]−∂qr∂y.(14)

Concentration equation:

[(∂C∂t)+u∂C∂x+v∂C∂y]=DS(∂2C∂x2+∂2C∂y2)+DTC(∂2T∂x2+∂2T∂y2)−ɕ.(15)

The equation for Double diffusivity:

[(∂Θ∂t)+u∂Θ∂x+v∂Θ∂y]=DB[∂2Θ∂x2+∂2Θ∂y2]+DTT0[∂2T∂x2+∂2T∂y2].(16)

where the mass density of nanoparticles is shown by ρp, the density of the fluid is ρf, p denotes the pressure of peristaltic flow and σ~ shows the electrical conductivity of the fluid. The expression (ρC)p and (ρC)f represents the heat capacities of nanoparticles and fluid material, respectively. As C,T and Θ stand for temperature, concentration rate of nanoparticles, and double diffusivity, respectively.

After applying the transformation, the system moves from static to peristaltic movement, i.e.,

x=X+mt;y=Y;v=V;u=U+m;p(x)=P(X,t).

After transformation we get

Continuity equation:

∂U∂x+∂V∂y=0.(17)

X-component of momentum equation:

ρ[(U+m)∂U∂X+V∂V∂Y]=−∂P∂X+∂τXX∂X+∂τXY∂Y+ρgα(T−T0)+ρgd(C−C0)−g(ρp−ρf)(Θ−Θ0).(18)

Y-component of momentum equation:

ρ[(U+m)∂V∂X+V∂V∂Y]=−∂P∂Y+∂τXY∂X−∂τYY∂Y.(19)

Temperature equation:

(ρc)f[(U+m)∂T∂X+V∂T∂Y]=[∂∂X(k∂T∂X)+∂∂Y(k∂T∂Y)]+(ρc)p[DB(∂Θ∂X∂T∂X+∂Θ∂Y∂T∂Y)+DTT0((∂T∂X)2+(∂T∂Y)2)]+DTC[∂2C∂X2+∂2C∂Y2]−∂qr∂Y.(20)

Concentration equation:

[U∂T∂X+V∂T∂Y]=DS(∂∂X(D∂C∂X)+∂∂Y(D∂C∂Y))−ɕ.(21)

The equation for Double diffusivity:

[(U+m)∂Θ∂X+V∂Θ∂Y]=DB[∂2Θ∂X2+∂2Θ∂Y2]+DTT0[∂2T∂X2+∂2T∂Y2].(22)

Now to convert the above equations into dimensionless bodywork, we use the following parameters:

X=XΩ, Y=Yq1, U=Um, V=Vm, t=mtΩ, h1=h1q1, h2=h2q2, τxx=Ωτxxμ0m,

τxy=q1τxyμ0m, τyy=q1τyyμ0m, θ=T−T0T1−T0, η=Θ−Θ0Θ1−Θ0, Φ=C−C0C1−C0, δ=q1Ω, P=pq12mΩµ0,

NTC=DCT(C1−C0)k(T1−T0), Nb=(ρc)pDB(Θ1−Θ0)k, Re=ρfq1mμ0, λ=μ0ρf, Le=λDs,

Nt=(ρc)pDT(T1−T0)T0k, Pr=(ρc)pλk, GrT=q12g(1−Θ0)ρfβT(T1−T0)μ0m, Ln=λDB

Grc=q12g(1−Θ0)ρfβc(C1−C0)μ0c, GrF=q12g(ρp−ρf)(Θ1−Θ0)μ0m

Therefore above Eqs. (17)–(22) become as in form of strain function.

U=∂Ψ∂Y,V=−δ∂Ψ∂X;

Reδ{(∂Ψ∂Y+1)−∂Ψ∂X}∂2Ψ∂X∂Y=−∂P∂X+δ2∂τXX∂X+∂τXY∂Y+θGrT+ΦGrC−ηGrF,(23)

Reδ3{−(∂Ψ∂Y+1)∂2Ψ∂X2−∂Ψ∂X∂2Ψ∂X∂Y}=∂P∂Y−δ2∂τXY∂X+δ∂τYY∂Y,(24)

ReδPr{(∂Ψ∂Y+1)∂θ∂X−∂Ψ∂X∂θ∂Y}=[δ2∂∂X{(1+αθ)∂θ∂X}+∂∂Y{(1+αθ)∂θ∂Y}]+Nb[δ2∂η∂X∂θ∂X+∂η∂Y∂θ∂Y]+Nt[δ2(∂θ∂X)2+(∂θ∂Y)2]+NTC[δ2∂2Φ∂X2+∂2Φ∂Y2]+RPr∂2θ∂Y2,(25)

Reδ[(∂Ψ∂Y+1)∂Φ∂X−∂Ψ∂X∂Φ∂Y]=1Le[δ2∂∂X{(1+β∗Φ)∂Φ∂X}+∂∂Y{(1+β∗Φ)∂Φ∂Y}]−σ(1+λθ)m(exp⁡(E(1+λΦ)))Φ,(26)

ReδLn[(∂Ψ∂Y+1)∂η∂X−∂Ψ∂X∂η∂Y]=[δ2∂2η∂X2+∂2η∂Y2]+NtNb[δ2∂2θ∂X2+∂2θ∂Y2].(27)

In the above equations, the involved parameters Pr,Re,R=16σ∗T033μ0Cpα∗,λ=T~−T~0T~0 and δ specifies for Prandtl number, Reynolds number, radiation variable, temperature change parameter and wave number, respectively. We have calculated the components of stress tensors via Casson fluid as

τxx=−2[1−ε(T1~−T~0)θ](1β+1)∂2Ψ∂X∂Y,(28)

τxy=−[1−ε(T1~−T~0)θ](1β+1)[∂2Ψ∂Y2−δ2∂2Ψ∂X2],(29)

τyy=2δ[1−ε(T1~−T~0)θ](1β+1)∂2Ψ∂y∂x.(30)

After solving the cooperative equations from Eqs. (23)–(27) with the presumption of long wavelength and low Reynolds number (i.e., δ <<1), we secure the equations as follows:

−∂P∂X+∂τXY∂Y+θGrT+ΦGrC−ηGrF=0,(31)

∂P∂Y=0,(32)

1Pr[∂∂Y{(1+αθ)∂θ∂Y}]+NbPr[∂η∂Y∂θ∂Y]+NtPr[(∂θ∂Y)2]+NTCPr[∂2Φ∂Y2]+∂2θ∂Y2=0,(33)

1Le[∂∂Y{(1+β∗Φ)∂Φ∂Y}]−σ(1+λθ)m(exp⁡(E(1+λθ)))Φ=0,(34)

[∂2η∂Y2]+NtNb[∂2θ∂Y2]=0.(35)

By partially differentiating Eq. (31) with respect to ‘y’ and did some changings in the above equations, we obtain

∂2∂Y2{(1−θθr)(1β+1)[∂2Ψ∂Y2]}+∂θ∂YGrT+∂Φ∂YGrC−∂η∂YGrF=0,(36)

∂p∂y=0⟹p=p(x),(37)

1Pr[∂∂Y{(1+αθ)∂θ∂Y}]+NbPr[∂η∂Y∂θ∂Y]+NtPr[(∂θ∂Y)2]+NTCPr[∂2Φ∂Y2]+∂2θ∂Y2=0,(38)

1Le[∂∂Y{(1+β∗Φ)∂Φ∂Y}]−σ(1+λθ)m(exp⁡(E(1+λθ)))Φ=0,(39)

[∂2η∂Y2]+NtNb[∂2θ∂Y2]=0.(40)

Initial and boundary conditions [5] are given as

Ψ=12F,∂Ψ∂y=−1,θ=0,Φ=0,η=0 at y=H1(x),

Ψ=−12F,∂Ψ∂y=−1,θ=1,Φ=1,η=1 at y=H2(x),

here, F=∫H1(x)H2(x)∂Ψ∂ydy=Ψ(H1(x))−Ψ(H2(x)), and

H1(x)=1+acos[2πx],H2(x)=−s−bcos[2πx+ϕ].

3  Numerical Technique

The numerical technique bvp4c will be utilized, to get the consequences of generalized non-linear differential Eqs. (36)–(40). Therefore, we explore the graphical analysis, in such an extent they give the premier results of our progressive material. Taking

Ψ=y(1),Ψ′=∂Ψ∂y=y(2),Ψ″=∂2Ψ∂y2=y(3),Ψ‴=∂3Ψ∂y3=y(4),Ψ(4)=∂3Ψ∂y3=y′(4),θ=y(5),θ′=∂θ∂y=y(6),θ″=∂2θ∂y2=y′(6),Φ=y(7),Φ′=∂χ∂y=y(8),Φ″=∂2χ∂y2=y′(8),η=y(9),η′=y(10),η″=y′(10).

Applying these substitutions on set of Eqs. (36) to (40), we get

y′(4)=y(10)GrF−y(6)GrT−y(8)Grc(1β+1)(1−y(5)θr)+2y(6)y(4)θr+y′(6)y(3)θr(1−y(5)θr),(41)

y′(6)=y(10)Nby(6)−y(6)2(α+Nt)+y′(8)Nrc(1+αy(5)+PrR),(42)

y′(8)=Leσ(1+λy(5))m(exp⁡(E(1+λy(5))))y(7)−β∗y(8)21+β∗y(7),(43)

y′(10)=−NtNby′(6).(44)

4  Graphical Behavior

In this segment, we explain the graphical representation of generalized partial differential equation. In order to investigate their graphical results, we use bvp4c technique, which is adopted by many researchers to solve the partial differential equation. We discuss the effect of various parameters on the velocity profile, temperature, concentration, and double diffusivity characteristics, such as Prandtl number, thermal Grashof number, nanoparticle Grashof number, thermophoresis and Brownian diffusion parameter, Dufour diffusion, thermal diffusion and radiating flux parameter, etc.

4.1 Velocity Profile

Figs. 2–6 represent the consequences of different parameters on velocity of Casson nanofluid model over the peristaltic arterial wall. The fluid velocity is an essential parameter to characterize the mechanism of momentum and heat transfer through internal flows. In 1896, Franz Grashof was introduced Grashof parameter, which is named after him. This is a very important dimensionless variable in analyzing natural or free convection. Grashof number is the ratio of buoyancy force to viscous hydrodynamic force. Generally, the velocity profile raised with enlarging the values of solutal Grashof number Grc. In Fig. 2, we can see that velocity declines in the segment y ∈ [0, 2.399] by increasing the value of the solutal Grashof number. Alternatively, it escalates in the next segment where y ∈ [2.399, 5]. Similarly, Fig. 3 narrates that how nanoparticle Grashof number GrF fluctuates the velocity profile by adopting distinct quantities of (GrF=0.1,0.3,0.5,0.7). Here we noticed that by increasing the GrF velocity field of Casson nanofluid also increases in the part where y∈[0,2.272] then decreases in the next remaining segment. Now Fig. 4 represents that by elevating the thermal Grashof number GrT velocity gets decreased in the left peristaltic section y∈[0,2.323] and gradually increases over the right arterial part y∈[2.323,5]. The consequences of Casson fluid parameter β is judged through Fig. 5 by randomly taking (β=1,2,3,4). Our finding shows that velocity profile decelerates in the region y∈[0,2.487], this behavior is caused because increasing the Casson parameter values declines the yield stress by enhancing fluid viscosity, as a result, the thickness of the momentum boundary layer diminishes. and raised in the segment y∈[2.487,5]. Fig. 6 elaborates the impact of variable viscosity θr on the velocity field of nanofluid. Actually, enlarging the variable viscosity slows down the velocity because of the resistive forces between fluid particles. We can see that the motion of fluid particles reduces in the region y∈[2.525,5] and increases in the left peristaltic wall, these outcomes give great perfection with [5].
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Figure 2: Effect of various values of Solutal Grashof on velocity. Other fixed values are: (Gr=0.1,Nr=1,Pr=1,R=0.1,α=0.1,β=1,E=0.1,λ=0.1,σ=0.1,Nt=1,Nb=1,Rb=1,
Pe=0.01,M=1,m=1,a~=0.01,b~=0.01,ϕ=π2)
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Figure 3: Effect of various values of nanoparticle Grashof on velocity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=0.1,β=−2,NTC=1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=0.1,Nt=0.1,n=0.613,β∗=0.2,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 4: Effect of various values of Thermal Grashof number on velocity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=0.1,Pr=1,R=0.1,β=−2,NTC=1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=0.1,Nt=0.1,n=0.613,β∗=0.2,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 5: Effect of various values of Casson fluid parameter β on velocity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=0.1,β=−2,NTC=1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=0.1,Nt=0.1,n=0.613,β∗=0.2,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 6: Effect of various values of viscosity parameter on velocity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=0.1,β=−2,NTC=1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=0.1,Nt=0.1,n=0.613,β∗=0.2,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

4.2 Temperature

The temperature greatly affects our body as the blood flowing through your veins and arteries causes you to emit heat. Your circulatory system intensifies its attempts to dissipate heat to cool you down on a hot day. Your heart may pump two to four times as much blood per minute as it does on a cold day because it beats quicker and works harder. Figs. 7–12 exhibit the particular features of temperature distribution under the variation of Prandtl number, Brownian diffusion parameter, Thermophoresis diffusion parameter, Dufour parameter and thermal radiation. Temperature is one of the leading physical factors in the habitat of living things. It is the measure of the general rate of incidental motion of atoms and molecules, the particles move fast as the temperature rises. Fig. 7 presents that how the temperature is affected by distinct values of the Brownian diffusion parameter Nb. Brownian motion parameter increases the temperature because different nanoparticles have different values for Nb=1,2,3,4 which give rise to increase heat transfer rate through the region y∈[0,1.170]. Fig. 8 tells us the impact of thermophoresis diffusion parameter Nt on the temperature distribution. As thermophoresis is responsible for the movement of molecules within the fluid, therefore by increasing the Nt the temperature profile goes down. The graphical representation shows that initially, temperature decreases for y∈[0,2.979] and then increases for y∈[2.525,5] by enlarging the Nt. The effect of the Dufour parameter NTC on temperature is investigated in Fig. 9. The influence of the Prandtl number on temperature for different values (Pr=0.1,0.2,0.3,0.4) is examined in Fig. 10. The temperature declines by enlarging the Prandtl number because the Prandtl number is the ratio of momentum and thermal diffusivity. The temperature rises and thermal boundary layer thickness reduces when the Prandtl number enlarges through the segmenty∈[1.969,5] while the temperature boosts in the remaining small interval. Radiation parameter cause thermal radiation which gives rise to more energy distribution. It is shown in Fig. 11 how radiation parameter R affects the temperature field. It is observed that initially, the temperature decreased in the interval y∈[0,1.667] while get increased with the increase of radiation parameter value. Fig. 12 shows the temperature under the impact of thermal conductivity. Thermal conductivity α is an important parameter that defines the temperature gradients inside the material and the thermal conductivity boosts with temperature. Results show accuracy according to [5]. Material with high thermal conductivity can conduct heat in both ways; into or out of material. In our case temperature gets increased in the region y∈[0,1.010].
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Figure 7: Effect of various values of Brownian diffusion parameter on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=1,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 8: Effect of various values of Thermophoresis diffusion parameter on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=1,Pr=1,R=0.1,β=−2,NTC=0.1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

[image: images]

Figure 9: Effect of various values of Dufour parameter on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=0.1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=1,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 10: Effect of various values of Prandtl number on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=0.1,σ=0.1,λ=1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 11: Effect of various values of thermal radiation on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=0.1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=4,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 12: Effect of various values of conductivity parameter on temperature. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=1,Pr=1,R=1,β=−2,NTC=0.1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=1,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

4.3 Concentration

The effect of different parameters on concentration is shown graphically in Figs. 13–18. Concentration is the quantity of solute present in a solution and it is important to know about the stoichiometry of reactants in chemical reactions. Firstly, in Fig. 13, the influence of the diffusivity parameter is described. The diffusion parameter is one of the most important parameters for the genuine classification of rehabilitation procedures, which are based on solvent. It can be seen that concentration increases with increases in the diffusivity parameter β∗. According to [5], consequences of the figures show exactness. Initially, it increases through the pumping area y∈[0,3.181] then decreased in the rest area of the peristaltic wall by enhancing β∗. Similarly, in Fig. 14, influence of activation energy E has been taken into account which elaborates why concentration increased with the increase in activation energy, it exhibits that the concentration profile magnifies in the maximum area y∈[0,2.8381]. When concentration rises, the molecules which require the least amount of energy will increase and therefore reaction rate will rise as well. Fig. 15 portrays the ramifications of Lewis's number on the chemical reaction and concentration field. It can be assessed through graphical plotting that the concentration of nanoparticles decreases with the increase in Lewis number over the region y∈[0,3.434] and then increases in the interval y∈[3.434,5]. In Fig. 16, influence of m is explored by adopting their disparate merits, i.e., (m=1,1.7,2.4,3.1) through the plotting graph. Fig. 17 shows how the chemical reaction rate parameter λ connects concentration to the chemical reaction process. It describes through our observations that concentration decreases by increasing the chemical reaction-restriction λ until the vast left region, i.e., y∈[0,3.383], and then it gradually boosts up over the right area y ∈ [3.383, 5] of a sinusoidal wave. In Fig. 18, it is clear that by enlarging the value of temperature difference parameter σ the concentration get dwindles for y∈[0,3.434] after that concentration enhances with the increase of σ.
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Figure 13: Effect of various values of β∗ on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=0.1,Pr=1,R=0.1,β=0.5,NTC=0.1,σ=0.01,λ=1,m=1,E=0.4,Le=0.1,Nb=0.01,Nt=1,n=0.613,β∗=0.04,θ=45,s=1,a~=0.01,b~=0.2,d=0.01)
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Figure 14: Effect of various values of activation energy E on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=1,Pr=0.01,R=0.1,β=−2,NTC=1,σ=0.01,λ=1,m=1,E=0.1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 15: Effect of various values of Lewis number on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=0.1,Pr=0.1,R=0.1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 16: Effect of various values of m on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=1,Pr=0.01,R=0.1,β=−2,NTC=1,σ=0.01,λ=1,m=1,E=0.1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 17: Effect of various values of λ on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=1,α=1,Pr=1,R=1,β=−2,NTC=0.1,σ=0.1,λ=0.1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 18: Effect of various values of σ on concentration. Other fixed values are: (θr=−7,Grc=1,GrF=0.01,GrT=1,α=0.1,Pr=0.1,R=0.1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

4.4 Double Diffusivity Convection

To demonstrate the impacts of pertinent physical quantities on the double diffusion convection process, they are plotted from Figs. 19 to 24. Double-diffusive convection (DDC) is a term used to describe buoyancy-driven convection flows in which the fluid density is dependent on two scalar components. Since the density of salt water is influenced by both temperature and salinity, the ocean is the most pertinent terrestrial habitat where DDC occurs. Double diffusion has been studied in laboratories as it is quite easy to set up and investigate the observations of distinct fluxes, while the definite measurements of various fluxes are very difficult to prescribe. Diffusion is very significant in medical sciences and for cells it is so valuable because it enables them to acquire the beneficial materials they need to obtain energy and expand, making it possible for them to dispose of waste. Fig. 19 depicts the double diffusivity by varying the Brownian diffusion parameter Nb. Brownian motion causes the fluid particles to be in constant motion, because of this, particles fend off settling down, leading to the steadiness of suspension. Brownian motion provides proof of the existence of nanoparticles in matter. The figure shows that double diffusivity increases initially over y∈[0,2.575] and then decreases by enlarging the Brownian diffusion parameter Nb. Fig. 20 explores the repercussion of the thermophoresis diffusion parameter on double diffusivity. Generally, thermophoresis is more significant in the free convection process in which movement is produced by buoyancy force spawned by the temperature gradient. We can see that double diffusivity increases with the increase of Nt for y∈[0,2.9293] after that is reduced in interval y∈[2.929,5] by escalating the thermophoresis diffusion parameter. Likewise, Fig. 21 exhibits that how the Dufour parameter NTC influences the double diffusivity by selecting distinct values of (NTC=7,8,9,10). The Dufour parameter depends on the temperature gradient and it raised double diffusivity in the zone y∈[0,2.575] while decreasing in the region y∈[2.575,5]. This happens because of the high-temperature transmission of nanoparticles, which generates a disturbance in the system. In Fig. 22, effect of Prandtl number Pr on double diffusivity is indicated. The Prandtl number is a dimensionless parameter that is an instructive property of fluid. It decreases when Prandtl number Pr increases in the zone y∈[0,2.626] and increases in the region y∈[2.626,5] because the temperature escalates with radiation parameter R which in turns boost the motion of particles that rises double diffusivity. Fig. 23 exhibits the effect of radiation parameter R. Initially double diffusivity declines by enlarging the value of R in the region y∈[0,2.828] and then raised in the zone y∈[2.828,5]. Similarly, Fig. 24 is plotted for the influence of thermal conductivity α on double diffusivity. Literally direct relation between thermal conductivity and diffusivity, the greater the thermal conductivity enhances the diffusivity. It is observed that double diffusivity declines in the zone y∈[0,2.676] by increasing the value of α and rising up in the region y∈[2.676,5].
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Figure 19: Effect of various values of Brownian diffusion parameter on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=4,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 20: Effect of various values of Thermophoresis parameter on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=1,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 21: Effect of various values of Dufour parameter on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=7,σ=0.1,λ=1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 22: Effect of various values of Prandtl number on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.01,GrT=0.1,α=1,Pr=1,R=1,β=−2,NTC=5,σ=0.1,λ=1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)
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Figure 23: Effect of various values of radiation parameter on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=0.1,Pr=1,R=1,β=−2,NTC=1,σ=0.1,λ=1,m=1,E=0.4,Le=1,Nb=1,Nt=0.1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

[image: images]

Figure 24: Effect of various values of thermal conductivity α on double diffusivity. Other fixed values are: (θr=−7,Grc=1,GrF=0.1,GrT=0.1,α=1,Pr=1,R=1,β=−2,NTC=5,σ=0.1,λ=1,m=1,E=1,Le=1,Nb=1,Nt=1,n=0.613,β∗=0.1,θ=45,s=1,a~=0.01,b~=0.01,d=0.01)

5  Concluding Remarks

The current analysis divulges the phenomena of the flow of the Casson fluid model through peristaltic motion. Low Reynolds number and high wavelength have been considered for the description of the influence of wall features. By sketching the graphs of velocity, temperature, concentration and double diffusivity, the physical characteristics of relevant quantities are investigated. The basic effort of this article is to discuss the features of double diffusivity, which has vast applications in medicine as well as engineering. We summarize our findings as follows:

•   By elevating the viscosity parameter, the velocity of blood nanomaterial falls off in the free pumping part.

•   Velocity of fluid enhances with the increase of solutal Grashof number and nanofluid Grashof number while the behavior is opposite for thermal Grashof number.

•   It is clear that velocity travels in a parabolic path toward the center of the sinusoidal channel but exhibits mixed behavior closer to the wall limits due to the asymmetrical design of the walls.

•   Activation energy lowers the concentration of nanoparticles and facilitates the efficient dispersion of medication administration through blood flow.

•   By enhancing the Brownian and thermophoresis motions, the temperature of blood flow is raised.

•   As the radiative heat flux parameter increases, the temperature contour of the free pumping and co-pumping portions steams.

•   The temperature amplifies by surging the value of the Brownian motion parameter because different nanoparticles have different values for Nb which gives rise to an increase rate of heat transfer through the region y∈[0,1.170].

•   The activation energy amplifies the heating phenomenon because higher activation energies result in higher molecular kinetic energies and lots of molecular collisions produce a lot of heat.

•   Activation energy initially enhances the concentration profile, but as the concentrated nanoparticles enter the free pumping part of the peristaltic tube, the concentration drops abruptly.

•   It is concluded that as the thermal conductivity increases, double diffusivity also increases and then there is a great motion created between the particles.

•   Initially double diffusivity declines by enlarging the value of thermal heat flux and then raised in the zone y∈[2.828,5] because fluid becomes dense as the thermal radiation variable increases due to heat increment.

•   The results for the concentration profile are more strong for the Casson fluid model than the Williamson model [5].

•   The novelty of this manuscript is that it discloses the spotlight effects of double diffusivity on the peristaltic flow of Casson fluid in a vertical channel.

•   In the future, we may extend our work on the peristalsis by taking more suitable model also for the effect of MHD, electro-osmosis and may also be done for hybrid nanofluid.
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