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ABSTRACT

The radiative MHD flow of an incompressible viscous electrically conducting non-Newtonian vertical
porous surface has been considered. Under the influence of slip velocity in a rotating frame, it takes
Hall and ion slip impacts into account.The Laplace transformation technique is employed on the non-
dimensional governing equations to ensure closed-form analytical solutions. The graphical
representations scrutinize the effects of physical parameters on the significant flow characteristics. The
present study is of immediate interest in next-generation solar film collectors, heat-exchanger
technology,material processing exploiting vertical and inclined surfaces, geothermal energy
storage,and all those processes which are greatly affected by a heat-enhancement concept.
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Introduction
A nanofluid is a fluid containing nanometer-sized particles, called nanoparticles. These fluids are
engineered colloidal suspensions of nanoparticles in a base fluid. The nanoparticles used in nanofluids
are typically made of metals (Al, Cu), oxides (Al203, CuO, TiO2, SiO2), carbides (SiC), nitrides
(AIN, SiN), or nonmetals (graphite, carbon nanotubes), and the base fluid is usually a conductive fluid,
such as water or ethylene glycol. Other base fluids are oil and other lubricants, bio-fluids and polymer
solutions. Nanoparticles are particles that are between 1 and 100 nm in diameter. Nanofluids
commonly contain up to a 5% volume fraction of nanoparticles to see effective properties over the
properties of the base fluid.Nanofluids have novel properties that make them potentially useful in many
applications in heat transfer, including microelectronics, fuel cells, pharmaceutical processes, and
hybrid-powered engines. They exhibit enhanced thermal conductivity and convective heat transfer
coefficient compared to the base fluid.

Choi [1] to indicate engineered colloids composed of nanoparticles dispersed in a base fluid.
The characteristic feature of nanofluids is thermal conductivity enhancement, a phenomenon observed
by Masuda et al. [2]. A comprehensive survey of convective transport in nanofluids was made by
Buongiorno [3] based at MIT, who considered two-phase non-homogenous model seven slip
mechanisms that can produce a relative velocity between the nanoparticles and the base fluid: inertia,
Brownian diffusion, thermophoresis, diffusiophoresis, Magnus effect, fluid drainage, and gravity. Of
all of these mechanisms, only Brownian diffusion and thermophoresis were found to be important.
Buongiorno’s analysis [3] that a non-dimensional analysis of the equations implied that energy transfer
by nanoparticle dispersion is negligible, and cannot explain the abnormal heat transfer coefficient
increases. He further suggested that the boundary layer has different properties due to the effect of
temperature and thermophoresis. The viscosity may be decreasing in the boundary layer,which would
lead to heat transfer enhancement. An excellent assessment of nanofluid physics and developments
has beenprovided by Das et al. [4] and Eastman et al. [5]. Buongiorno and Hu [6] observed that,
although convective heat transferenhancement has been suggested to be due to the dispersion of the
suspended nanoparticles, this effect is too small toexplain the observed enhancement. They further
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assert that turbulence is not affected by the presence of the nanoparticles,so this cannot explain the
observed enhancement.

Important studies in this regard have been madeby Bejan and Khair [7], Lai and Kulacki [8],
and Murthy and Singh [9]. Coupled heat and mass transfer by mixedconvection in a Darcian fluid-
saturated porous medium has been analysed by Lai [10]. More complex multiphysical
thermalconvection flows in porous media have also been addressed. Bég et al. [11] further investigated
magnetohydrodynamicfluid—particle suspension thermal convection in porous media. Bhargava et al.
[12] studied transient chemically reactingmagneto-convective heat and mass transfer in porous media.
Cheng [13] analysed the problem of combined free and forced(mixed) convection about inclined
surfaces (or wedges) in a saturated porous medium on the basis of boundary layerapproximations.
Chamkha [14] also investigated the natural convection from an inclined plate embedded in a
variableporosity porous medium due to solar radiation.

The recent developments in technology require an innovative revolution in heat transfer.The research
on nanofluids has been amplified fast. According to reports nanofluids are advantageous heat transport
fluids for engineering and manufacturing applications. The heat transport development of nanofluids
is principally reliant on the heat conductivity of nanoparticles, particles’ volume concentration and
mass flow discharges. Under steady particles’ volume concentration and flow discharges, the heat
transport development only on the heat conductivity of the nanoparticles.

An exhaustive and narrative review on heat transport investigation of predictable and hybrid nanofluids
by the non-Newtonian fluid model was determined by Jamshed et al.[15] and Ellahi [16]. Aman et al.
[17] exhibited the sodium alginate-based hybrid nanofluids (Copper-Alumina) flow in vertical ducts.
Usman et al. [18] discussed the nonlinear thermal radiation and time-dependent heat conductivity due
to rotating flow alumina-H20 hybrid nanofluids past a stretching sheet with a magnetic field and
buoyancy force.Despite the complications of producing non-Newtonian fluids, applied
mathematicians and engineers are engaged in non-Newtonian fluid mechanics. Because the flow and
heat transport features of those fluids are significant to numerous and miscellaneous systems in bio-
technology, pharmaceutical and chemical engineering, etc. Non-Newtonian modelling has a nonlinear
relationship with the stress and rate of strain. The mechanical features of non-Newtonian fluids, and
hear thin or shear thickness, usual stress difference, and visco-elastic reaction, may not be portrayed
through the conservative theories; hence, an innovative and effectual prediction is
required.Applications of extended, modified auxiliary equation mapping method for high-order
dispersive extended nonlinear Schrddinger equation in nonlinear optics were discussed by Seadawy
and Cheemaa [19]. Rizvi et al. [20] investigated the Biswas—Arshed model in birefringent fibers for
chirp-free solitons with the aid of the sub-ordinary differential equations method. Seadawy and
Cheemaa [21] investigated the propagation of nonlinear complex waves for the coupled nonlinear
Schrodinger Equations in two core optical fibers. Seadawy et al. [22] explored the system of equations
for the ion sound and Langmuir waves. Rizvi et al. [23] investigated the lump soliton solution for
geophysical Korteweg—de Vries equation with the help of the Hirota bilinear method. Krishna [24]
investigated the radiation absorption, chemical reaction, Hall and ion slip impacts on MHD free
convection flow past a semi-infinite moving porous surface. The effects of Hall and ion slip on the
radiative MHD rotating flow of viscous Jeffrey fluid over an infinite vertical flat porous surface by the
ramped wall velocity and temperature were explored by Krishna [25].

Mathematical formulation of the problem

We assumed an unsteady MHD rotating flow of an incompressible electrically conducting
viscous H,0 and ethylene glycol mixture (by volume ratios of 60 and 40 ) base Casson hybrid
nanofluid(Ag — TiO, /H,0) over an infinite rapidly accelerated vertical surface taking Hall and ion
slip effects into account.

The consequence of rotating in the z-direction gives a transverse body strength to the flow.
This in turn produces transversal velocity gradients (i.e. cross flow), and the flow becomes two-
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dimensional. The flow of fluid under contemplation is subject to a steady uniform transverse magnetic
field B, corresponding to the z-direction. The strength of the induced magnetic field due to fluid
movement is assumed to be insignificant in contrast to the applied magnetic field. The consequence of
polarization of fluid is disregarded due to the deficiency of applied electrical field.

(,ub + \/_) 2ei;m > Te; (ub + J_) 2e;;m < T (2.1)
wherer is the product of the component of deformation rate through itself, namely, = = e;;e;j, ¢;; is

the (i, /)™ component of the rate of deformation and .. is the significant estimation of m based on the
non-Newtonian model. If m < m., the fundamental rheological equations of Casson fluid reduce as

Tij = Up (1 + %) 2ej; 2.2)
where B = py, pgy”. When B — oo, the non-Newtonian behavior of the fluid disappears, and the fluid
performs similarly to a Newtonian fluid.
Phnf( + (q. V)q+ZQXq) =—VP+.Uhnf(1+ )V2q+(]><B)

“2” (1 + )q + 9B rns (T — Too) (2.3)

+9(PBcInns (€ = Ceo)
The component forms of Equation (2.3) when the pressure term is neglected

o — 200 =vp (1 +ﬁ) ‘;ZZ+§Z—Z 2t (14 B)

9B nf (T — Too) + g(Bc) pns (€ — Coo) (2.4)
i - 1)\ 0% _ BoJx _ Ynns 1
%+ 20U =vpay (1 + ﬁ) k= (1+ ﬁ) v
The electron and atom collisions are assumed to be highly elevated; consequently, the Hall and ion
slip impacts may not be deserted. For this reason, the Hall and ion slip consequences
increase to the velocity in the y-direction.

J=0(E+VxB)—2C2( x B) + 2= () x B) x B) ) (2.5)

Additionally, it is assumed that w,t, ~ O(1)and w;T; << 1, in Equation (2.5), the electron pressure
gradient and thermo-electric effects are abandoned, i.e. the electric field E = 0 under these
assumptions, Equation (2.5) is condensed to be

1+ ﬁiﬂe)]x + ,Be]y = 0B,V

2.6
(1 + BBy — Bolx = —oBou 29
On solving Equations (2.6) we obtain
J = 0By(a,u + ayv)
2.7
Iy = —0By(av — ayu) 27
wherea; = Whehi  and « Be Substituting Equations (2.7) in (2.5) and (2.4)

(1+Beﬁi)2+ﬁe (1+ﬁeﬁ1)2 ﬁe
accordingly, the equation of contlnuny the momentum equation, energy and concentration equations
are acquired.
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ou ov
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v 9%y JhnfBg(a2u+a1v) _ Vhny 1 2.8

2+ 20U =Upyys (1 + B) = " (g 4 ﬂ)v

ac a%c

E :Dhnf E — KT'*(C - Coo)
The initial and boundary conditions for the flow past the electrically non-conducting plate with slip
velocity are
U=v=0T=T4(,C=C,,t<0,z>0
_ t/t ou ov
U = uge °+/’lo(1 ,/3) ,U = /10(1+B)az
- {Tm + (T, — Too)(t/ty), if0O<t<t, (2.9)
T, ift >t
€ = Coo + (Cu — C)(t/t0)
u—->0,v->0T->Ty,C—>Cyht>0,asz—> 00
Here 1,(= 0) is the slip coefficient and negative quantities of 4, did not keep in touch with physical
cases
The effective properties of hybrid nanofluids are established by hybrids theory and phenomenon
amendments.
Br

Phnf= 1- d)Z)[(l - ¢1)pf + ¢1p51] + ¢2pszi Unnfr = (1—1)25(1-p)25 ’

Ohns= Opr|0s, (1 + 2605) + 20 (1 — )05, (1 — $2) + 03 (2 + $2)],
Opr= 0p[0s, (1 + 2¢p1) + 207 (1 — Pp1) a5, (1 — 1) + 07 (2 + p1)],
(PBr)mmg= (1 = P)[(1 - d1)(pBr)s + &4 (PﬁT)sl] + ¢2(pBr) sy
(Bnny= (1 = $D[(1 = ) (B + P1(pBe)s,| + P2(pBC)s, (2.10)

('DCp)hnf= (1 - ¢2) [(1 - ¢1)(pcp)f + ¢1(’Dcp)sl] + ¢2(pcp)sz,

e o= Kk [k52+2kbf_2¢2(kbf_ksz)] - [ks1+2kf—2¢1(kf—ks1)

Mf = TDF | kg, +2kp p+¢po(kpp—ks,) |7 2T = T | ke 42kt 1 (kp—ksy) |’

Dpng= (1 — ¢1)(1 — ¢2)Df

whereg; = 0 (exclusive of suspension of silver nanoparticles) represents titania/ H,O and ethylene
glycol (Casson) nanofluids and ¢, = 0 (exclusive of suspension of TiO, nanoparticles) represents
TiO0, /H,0 and ethylene glycol (Casson) nanofluid. Both ¢p; = 0 = ¢, correspond to the base fluid
(H,0 and ethylene glycol). The thermo physical properties of water and ethylene glycol and solid
nanoparticles (Agand TiO, )
Let q = u + iv, we obtain that

i) BZ(a{+iay) Vhn
+21Qq thf(1+ )62(21 9Bj(ay lazq hf(l-l'ﬁ)q

Phnf K* (2.11)
+9Br)nf (T — Too) + (B nns (€ — Cs)
The non-dimensional variables are introduced as
u v z ., t y T —T, s C —Cy 2 orBgvs
u*:_JU*:_JZ*: ) = — _—1 :—I =
U U [vito to" Ty —Tw Cpw — Coo prug
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Using dimensionless variables, the followmg governing equations are obtained.

0%q 2 2 4 1
hot=r(1+7)58 (]3M (ay + iay) + 2iR? + 2 (1 + ﬁ)> q + J4Gré + JsGeg
90 _ J7 0%6 (2.12)
J6 3 = brozz -
¢ _ Js 2% _
e s KO
The relevant non-dimensional initial and boundary conditions are as follows:
q=00=0,¢p=0forallz>0andt <0,
_ dq t ifo<t<1 , _ _
g=e +/’1(1+ﬁ) 0 = {1 L SIS e =tatz=0, (2.13)

q—>00->0,¢p—>0asz—-ooofort>0

whered = 2220 s the slip parameter.
vy

To solve the Equations using the Laplace transform technique with respect to the initial and boundary
conditions the transformed equations

a1d > — (s + 1) = —a,0 —az¢p
d%p (s +aga,f=0 (2.14)

d ¢ — (s +Kn)a;pp =0
The boundary conditions in terms of transformed variables are as
5—1”(”%)261 =—(1—e‘5) ¢_— 2=0
g—0,0-0,¢—>0asz—>
Solving differential Equations (29)-(31) with the boundary conditions (32)-(33), we acquire the
transformed solutions for velocity, temperature and concentrations q(z, s), 8(z, s) and ¢(z, s) as

q:

i = (1o (140)) [peoneneea(ieg) o o] e

—b3e_blz _ b4e‘b22

0(z,5) = 5 (1 —e™*)eVGraIa (2.16)

(l;(ZJ S) — Size— (s+Kr)aqoz

Taking the inverse Laplace transforms for Equations (34)-(36), we acquire the solutions for the
velocity distribution, temperature and concentration distributions after moving on the t-direction for
the flow near a vertical surface with the ramped plate temperature specified as

q(zt) = q1(z,t) —H({t —1)qi(zt = 1)

H(Z' t) = fl(a2J as, t) - H(t - 1)f1(a3' as,t — 1) (217)

¢(z,t) = fi(as,Kr, 1)
To emphasize the consequence of the ramped wall temperature on the flow field, this may be
consequential to contrast such a nanofluid flow due to the uniform wall temperature. the condition
0(0,t) =1, for t = 0. Under the assumptions portrayed in this present paper, it is revealed that the
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temperature distribution and velocity fields for the flow over a surface by the uniform wall temperature

may be articulated as follows.
q(z,t) = q2(2,t) (2.18)
8(z,t) = f,(ay,as,0,t)

The Nusselt number in terms of rate of heat transport near the plate surface (z = 0) for the ramped

wall temperature and the uniform wall temperature is derived from and is given by

00

0'(0,t) = — (a—z>2=0 = —\/a_4(g1(a5, t)—H(t—1)g,(as,t — 1))
00

6/(0’ t) = - (a_z>2=0 = _\/a_4«.g7(a51 01 t)

Discussion of the Numerical results

The exact solutions of the governing equations of the flow domain are obtained using the Laplace
transform method. The flow is presided over by the nondimensional parameters, namely, Hartmann
numberM, permeability parameter K, rotation parameter R, Casson Grashof number Gm, Hall
parameter Be, ion slip parameter Bi, @1 and @2 volume fractlons of Ag and TiO2 respectlvely

.................................

Ramped wall temperature |
— Ag - WEG i

Ag — TiO2/WEG |

..................................

Ramped wall temperature |
— Ag - WEG !

=== Ag - TiO2/WEG|

Uniform wall temperaturew
— Ag-WEG

-=-= Ag - TiO2/WEG/
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-=== Ag - TiO2/WEG|
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Figure .2 The velocity pfofiles against pe.
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Figure.3 The velocity profiles against i.
"V A NN SEn Sse e LI SEn Sue Sun ns EIL SR S un S JUEL N Jun Sun S BN SuR I Sun sme JU SR Sunm s gwy |
! —— Ag - WEG
---- Ag - TiO,/WEG

,03,06,0.78

— Ag - WEG ! ! — Ag-WEG .
--== Ag - TiO/WEG | T ---- Ag - Ti0O2/WEG |

¢1,¢2 =0.01,0.05,0.1, 0.15

Z
Figure. 4 The concentration profiles against Sc, Kc, ¢1, ¢2 and t.
It is apparent from Figure.1, the primary and secondary velocity components u and v
of nanofluids Ag-WEG and Ag-TiO2/WEG for the ramped wall temperature and uniform
wall temperature enlarge in the Casson fluid parameter. Consequently, the thickness of the
boundary layer enlarges.
Figure.2 and 3 show that, for the nanofluids Ag-WEG and Ag-TiO2/WEG and the ramped wall
temperature and uniform wall temperature, the primary velocity component u increases on an increase
in Hall and ion slip parameters Be and Pi, while the magnitude of second velocity component v
augments on an increase in Hall and ion slip parameters throughout the fluid medium. It was obvious
that strengthening in the Hall parameter and ion slip parameter enhanced the resulting velocity and the
momentum boundary layer thickness throughout the fluid medium. The inclusion of Hall parameters
reduces the effective conductivity and consequently moves down the magnetic renitent ferocity. In
addition,the proficient conductance increases the ion slip parameter. For that motive, the attenuation
forces decrease; as a result, velocity intensifies.
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Figure.4 displays the influence of Schmidt number Sc, chemical reaction parameter Kc,and the volume
fractions parameters @1 and @2 and time t on concentration profiles for nanofluids Ag-WEG and Ag-
TiO2/WEG. The concentration distribution and boundary layer thickness are lessened with an increase
in Sc. The Schmidt number is linearly relative to the ratio of the momentum diffusion to the mass
diffusivity. Schmidt number hence measures a relative efficiency of momentum and mass transport
through distribution into the hydrodynamic boundary layers. The reduction in the concentration
profiles is accompanied by an instantaneous decrease in the concentration boundary layer thickness.
The concentration profiles are reduced for escalating in chemical reaction parameter Kc. The larger
values of Kc lead to reduce diffusion coefficient of hybrid chemical species. This declined
concentration and boundary layer thickness. For a harmful case (Kc > 0), a constant chemical reaction
faces lots of disturbance. These caused a large molecular movement in the operational hybrid
nanofluid; this increased the transportation phenomenon, thus reducing the concentration distribution
in the flow regimes. The persuasions of the volume fractions @1 and @2 of nanoparticles on
concentration fields are evident that the concentration field and those comparative boundary layer
thickness witness an increase in volume fractions ¢1 and ¢2. It may also be scrutinized that the
nanoparticle concentrations are enhanced by an increment in time. Hence, it is noticed that the
nanoparticle concentration is comparatively lesser in a hybrid nanofluid (Ag-TiO2/WEG) compared
to a nanofluid (Ag-WEG).
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