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A B S T R A C T   

The radiative unsteady magnetohydrodynamic (MHD) flow of an incompressible viscous elec-
trically conducting non-Newtonian Casson hybrid nanofluid over an infinite exponentially 
accelerated vertical moving porous surface under the influence of slip velocity in a rotating frame 
has been explored in this paper. Water and ethylene glycol mixture have been considered as a 
base Casson fluid. A steady homogeneous magnetic field is applied under the assumption of low 
magnetic Reynolds number. The ramped temperature and time varying concentration at the 
surface is made into consideration. First order consistent chemical reaction and thermal ab-
sorption are also considered. Silver and Titania nanoparticles are disseminated in base fluid water 
and ethylene glycol mixture to be formed as hybrid nanofluid. Laplace transformation technique 
is employed on the non-dimensional governing equations for the closed form solutions. Based on 
those outcomes, the expressions for non-dimensional shear stress, rates of heat and mass transfer 
are also evaluated. The graphical representations are presented to scrutinize the effects of 
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Nomenclature 

(u, v) the velocity components along the (x, y) directions 
B0 applied magnetic field 
Cp Specific heat 
K* permeability of the porous medium 
μb The plastic dynamic viscosity of the non-Newtonian fluid 
py the yield stress of fluid 
β the Casson parameter 
q resultant velocity 
B the magnetic field vector 
J current density vector 
g the gravitational acceleration vector 
p the fluid pressure including centrifugal force 
T temperature of the fluid 
Tw fluid temperature at the surface 
T∞ fluid temperature in the free stream 
C concentration of the fluid 
Cw fluid concentration at the surface 
C∞ fluid concentration in the free stream 
k the permeability of the porous medium 
khnf the thermal conductivity of hybrid Casson nanofluid 
Q0 hear absorption coefficient 
Kr* chemical reaction coefficient 
M magnetic field parameter 
R rotation parameter 
Gr thermal Grashof number 
Gm mass Grashof number 
K Permeability parameter (Darcy number) 
Pr Prandtl number 
Q heat source parameter 
Sc Schmidt number 
Kr the chemical reaction parameter 

Greek symbols 
ρhnf the density of hybrid Casson nanofluid 
μhnf the dynamic viscosity of hybrid Casson nanofluid 
(βT)hnf the thermal expansion coefficient of hybrid nanoliquid 
(βC)hnf the solute expansion coefficient of hybrid nanoliquid 
(ρCp)hnf the heat capacitance of hybrid Casson nanofluid 
φ1 the solid volume fraction of silver (Ag) nanoparticle 
φ2 the solid volume fraction of titania (TiO2) nanoparticles 
λ slip parameter 
θ Dimensionless temperature 
Ω Angular velocity 
σ Electrical conductivity of the fluid 
ρ Density of the fluid 
ν Kinematic viscosity 
τ Shear stress 

Sub scripts 
w conditions on the wall 
∞ free stream conditions 
s1 solid nanoparticles of silver 
s2 solid nanoparticles of titania 
f base fluid (water and ethylene glycol) 
nf nanoliquid 
hnf hybrid nanoliquid  
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physical parameters on the significant flow characteristics. The computational values of the shear 
stresses, rate of heat transfer and rate of mass transfer at the surface are tabulated by the different 
implanted parameters. The resultant velocity is increasing with an increasing in thermal and 
concentration buoyancy forces, whereas rotation and slip parameters have overturn result on it 
for both cases of uniform wall temperature and ramped wall temperature. Species concentration 
of Casson hybrid Ag-TiO2/WEG nanofluid is decreased with an increase in Schmidt number and 
chemical reaction parameter. The Nusselt number is increased with an increase in heat absorption 
at the surface.   

1. Introduction 

Nanofluid is a kind of heat transport medium containing nanoparticles less than 100 nm which are consistently and steadily 
dispersed in a base fluid like water, oil, and ethylene glycol. These dispersed nanoparticles, mostly a metal or metal oxide, enormously 
improve the thermal conductivity of the nanofluid and enhance conduction and convection coefficients taking into consideration more 
heat transport. The recent developments in technology require an innovative revolution in the field of heat transfer. The researchers on 
nanofluids have been amplified quickly and reports disclosed that nanofluids are advantageous heat transfer fluids for engineering and 
manufacturing applications. The heat transport development of nanofluids is principally reliant on heat conductivity of nanoparticles, 
particles volume concentration and mass flow discharges. Under steady particles volume concentration and flow discharges, the heat 
transport development only suspends on the heat conductivity of the nanoparticles. The heat conductivity of nanoparticles may be 
revised or transformed by developing hybrid (compound) nanoparticles. Composite (hybrid) nanoparticles are specified as nano-
particles created by two or additional dissimilar substantials of nanometer measurement. The fluids developed through compound 
nanoparticles of transformed metals interested in the base fluid are recognized as hybrid nanofluids, with this advancement re-
searchers started to report a number of challenges associated with hybrid nanofluids soon after they came into limelight. 

An enormous efficient variety of applications in fashionable science, technology and engineering region such as chemical 
manufacturing, automobiles, solar collector, nuclear reactor, industrial cooling, solar synthesis, gas sensing, bio-sensing etc. The heat 
transfer improvement of operational fluids might be realized using a variety of methods, one of this is to suspend nanoparticles (Cu, 
CuO, Ag, Fe, Au, MgO, MoS2, Al, Al2O3, TiO2, etc.) by dimension among 1 as well as 100 nm to the base fluid (e.g. H2O, C2H6O2 
(ethylene-glycol), C2nH4n+2On+1 (polyethylene-glycol), Glycerin, blood, engine oil, (C6H8O6)n (sodium alginate), etc.). The thought is 
to improve the constructive thermal characteristics of nanofluids and circumvent. The discrepancy established in the traditional 
nanofluids deliberated and realistic implementations of these concepts are first conceded out through Choi [1] to enhanced heat 
conductivity and speed of heat transfer. Sundar et al. [2] have given clear review that hybrid nanofluids are additional effectual heat 
transport fluids than solitary nanoparticle base nanofluids or traditional fluids. Also Sarkar et al. [3] have discussed the appropriate 
hybridizations might to create the hybrid nanofluids extremely capable for heat transport development; nevertheless, a bunch of 
investigative works is still required in the domain of development and immovability, characterizations and applications to vanquish 
the disputes or challenges. 

Devi et al. [4] computationally explored the MHD flow of Cu-Al2O3/water hybrid nano-fluids. Oxide nano-particles have been a low 
quantity of heat conductivity than metallic nano-particles. Owing to that motivation, high volume fraction of oxides nano-particles is 
required to have heat efficiency. The computational outcomes give the intuition that temperature replaced the rate of 
Cupper-alumina/water hybrid nano-fluids is bigger than the Cu–H2O nano-fluids. The characteristics of hybrid nano-fluids based on 
dissimilar kinds of metallic and oxides, these are as MgO, Fe3O4, Ag, CuO, Cu, and MWCNTs, have been demonstrated by Minea [5]. 
This investigation established that greatest viscosity amplification is messaged for CuO-Cu hybrid nano-particles. Toghraie et al. [6] 
illustrated a variety of correlations for heat conductivity of nano-fluids cleared by preceding researchers and recommended a inno-
vative correlation for the heat conductivity of ZnO-Titania/Ethylene-Glycol hybrid nano-fluids with highest accurateness, by means of 
investigative findings. Hayat et al. [7] explored the three dimensional Brinkman hybrid nano-fluids models to examined the heat 
transfer features of CuO/H2O and Silver–CuO/H2O nano-fluids past a linear stretching surface by means of heat radiation and ho-
mogeneous and heterogeneous reactive flow. A exhaustive and narrative review on heat transport and entropy generation investi-
gation of predictable and hybrid nano-fluids with non-Newtonian fluid model might be determined in the exploration of Jamshed et al. 
[8] and Ellahi [9]. Aman et al. [10] exhibited the sodium-alginate based hybrid nano-fluids (Copper-alumina) flow in a vertical duct. 
Usman et al. [11] inspected the important consequences of non-linear heat radiation and time dependent heat conductivity owing to 
rotating flow of Alumina-H2O hybrid nano-fluids past a stretching sheet in occurrence of magnetic field and buoyancy forces. 

Inspite of the complications of non-Newtonian fluids, applied mathematicians and engineers are affianced in non-Newtonian fluid 
mechanics since the flow and heat transport features of those fluids is significant to numerous and miscellaneous system in bio- 
technology, pharmaceutical and chemical engineering, etc. In wide-ranging, the non-Newtonian modelling has non-linear relation-
ship between stress and rate of strain. The mechanical features of non-Newtonian fluids, together with 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. Various constitutive equations had been suggested to portray the movement and heat transport 
mechanism, along with these, Casson modelling has grown a great deal acceptance. Casson fluid modelling become non-Newtonian 
fluid to the investigators since of wide-range applications in the domain of bio-medical and industrial engineering, energy produc-
tion, geo-physical fluid mechanics and dynamics. Among plentiful non-Newtonian modelling, Casson fluid modelling is the mainly 
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significant rheological modelling and this was initially established by Casson [12]. Casson fluid is a shearing thin fluid processed as one 
type of non-Newtonian fluid this exhibited yield stress. If a lower amount of shear stresses than the yield stress is applied, then the fluid 
performs like a solid that is no flow happens and this is moved if the applying shear stress is superior to the yield stress (Ghosh and 
Mukhopadhyay [13]). In this shearing thin fluid modelling, it is assumed to have an infinite viscosity at vanish rate of shear, a yield 
stress under this no flow take place and a zero viscosity near an unbounded rate of shear stress. Tomato sauce, Jelly, honey, humans 
blood, soups, biological fluids, etc. are a quantity of frequent samples of Casson liquids. The virtual investigation of Casson fluid 
through homogeneous and heterogeneous reactions has been examined by Khan et al. [14]. Nayak et al. [15] explored the significant 
insights on the subject of three dimensional unsteady MHD flow and the entropy generation of micro-polar Casson cross nano-fluid 
with respect to non-linear heat radiation, chemical reaction, Brownian movement, thermophoresis effect, convective boundary con-
ditions, viscous dissipation and Joule heating. Rasoola et al. [16] discussed the features of Casson type nano-fluid preserved to flow 
through absorbent medium past non-linear stretching surface through the viewpoint of heat and mass transport improvements. A 
numerical study of Casson nano-liquid over parallel stretching surface with magnetic field and Joule heating with slip and heat 
convection boundary condition has been presented by Kamran et al. [17]. 

The effects of a heat sink and the source size and location on the entropy generation, MHD natural convection flow and heat transfer 
in an inclined porous enclosure filled with a Cu-water nanofluid have been investigated numerically by Rashad et al. [18]. Molana et al. 
[19] discussed a different look at the mathematical modelling of the effective thermal conductivity of nanofluids. Shaw et al. [20] to 
explore the boundary-driven magnetized flow of cross nanoliquid over thin needle subject to auto catalysis chemical reactions. 
Chamkha et al. [21] discussed the natural convection of a MHD nanofluid in an enclosure under the effects of thermal radiation and the 
shape factor of nanoparticles was analyzed numerically using the control-volume-based finite element method. Dogonchi and Ganji 
[22] investigated the equations for momentum and heat transfer of a non-Newtonian fluid flow in an axisymmetric channel with a 
porous wall for turbine cooling applications by using the Duan–Rach Approach. The heat transfer behaviour in a semi-circular cavity 
filled with Fe3O4-H2O nanofluid using the modified Fourier formula has been analyzed by Dogonchi et al. [23]. Mondal et al. [24] 
discussed the heat transfer properties of current liquids are specifically improved by suspending nanocrystalline solid elements smaller 
than 100 nm in diameter. Seyyedi et al. [25] numerically explored the natural convection flow and entropy generation in the presence 
of a magnetic field in a square inclined cavity. Dogonchi et al. [26] are to describe the importance of the Cattaneo–Christov theory of 
heat conduction in a triangular enclosure with a semi-circular heater. Hashemi-Tilehnoee et al. [27] discussed the experimental data 
gathered and a rectangular single-phase natural circulation loops through a test operation, are compared with the results of simula-
tions obtained by one-dimensional and three-dimensional computational fluid dynamic code. The entropy generation in a 
semi-annulus porous cavity filled with Cu-water nanofluid in the presence of a magnetic field has been investigated by Seyyedi et al. 
[28]. Seyyedi et al. [29] numerically analyzed a simple rectangular single-phase NCL with an asymmetric heater with respect to tested 
experimental data. Heat transfer, free convective flow and entropy generation of water, Al2O3-water, and nano encapsulated phase 
change material diluted in water as water suspension in a hot enclosure has studied by Hashemi-Tilehnoee [30]. The natural 
convective ferric-oxide water nanomaterial MHD flow in an annulus between two triangular enclosures under radiation and heat 
source/sink aspects has been elaborated by Dogonchi et al. [31]. Krishna [32] investigated the heat transport on steady MHD flow of 
copper and alumina nanofluids past a stretching porous surface. Krishna and Chamkha [33] investigated the combined effects on the 
MHD convective flow of elastico-viscous fluid through porous medium between two rigidly rotating parallel plates with time fluc-
tuating sinusoidal pressure gradient. The influence of thermal radiation, Hall and ion-slip impacts on the unsteady MHD free 
convective rotating flow of Jeffreys fluid past an infinite vertical porous plate with the ramped wall temperature has been investigated 
by Krishna [34]. Krishna [35] investigated the radiation absorption and chemical reaction impacts on MHD free convection flow past a 
semi-infinite moving porous surface. The combined effects on the radiative MHD rotating flow of viscous incompressible electrically 
conducting Jeffrey fluid over an infinite vertical flat porous surface by the ramped wall velocity and temperature, and isothermal plate 
have been explored by Krishna [36]. 

Keeping the above-mentioned facts, the radiative unsteady MHD flow of an incompressible viscous electrically conducting non- 
Newtonian Casson hybrid nanofluid over an infinite exponentially accelerated vertical moving porous surface under the influence 
of slip velocity in a rotating frame has not been discussed yet. Hence, in current study, it is investigated the radiative unsteady MHD 

Fig. 1. Physical model.  
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flow of an incompressible viscous electrically conducting non-Newtonian Casson hybrid nanofluid over an infinite exponentially 
accelerated vertical moving surface under the influence of slip velocity in a rotating frame. This investigation organized in five sec-
tions. Section two contains problem statement, its modelling and solution procedure is given. Results and discussion are described in 
detail in section three. It is also discussed the code validation in section four. Finally the conclusions are specified in section five. 

2. Formulation and solution of the problem 

It is assumed the radiative unsteady hydromagnetic flow of an incompressible electrically conducting viscous H2O and ethylene 
glycol mixture (by the volume ratios of 60 and 40) based Casson hybrid nano-fluid (Ag-TiO2/H2O) over an infinite exponentially 
accelerated vertical porous surface in rotating frame. The physical model of the present study is displayed in Fig. 1. 

Consider the x-axis is taken along the surface in the perpendicularly upward direction, the z-axis perpendicular to the surface and 
the y-direction is at right angles to the xz-plane. The plate and fluid have been considered in a situation of inflexible body rotating 
through a homogeneous angular velocity Ω about z-direction. Initially, at the time t = 0, the surface and the adjoining fluid are at 
respite to a constant free stream temperature T∞ and concentration far left from the surface C∞. At the time t > 0, the plate is started to 
accelerated proportionally by the side of x-axis associated through the gravitational field by a velocity u0et/t0 , where, u0 is a constant 
and t0 the characteristic time. The surface heat is brought up or depressed to T∞ + (Tw − T∞)(t /t0) if 0 < t ≤ t0 and afterwards this is 
continued at homogeneous temperature Tw if t > t0 in the case of ramped wall temperature. At the same time t > 0, the nano-particle 
concentration at the surface brought up or depressed to C∞ + (Cw − C∞)(t /t0), where, Cw is the constant nano-particle concentration 
near the surface. 

The consequence of rotation about z-direction inserts a transverse body strength to the flow, this in terns produces transverse 
velocity gradients (i.e., cross flow), and the flow became two dimensional. The flow of fluid under contemplation is subjected to a 
steady uniform transverse magnetic field B0 corresponding to the z-direction. The strength of the induced magnetic field due to fluid 
movement is assumed to be insignificant in contrast to applied magnetic field. The outcome of polarization of fluid is disregarded 
owing to deficiency of applied electrical field. The fundamental rheological equations of Cauchy stress tensors for an isotropic and 
incompressible fluid flow of a Casson type might be articulated in the following form, (Nakamura and Sawada [37]), 

τ=
(

μb +
py
̅̅̅̅̅
2π

√

)

2eij, π > πc;

(

μb +
py
̅̅̅̅̅̅̅
2πc

√

)

2eij, π < πc (1)  

Where, π the product of the component of deformation rate through itself, namely, π = eijeij, eij is the (i, j)th component of the rate of 
deformation and πc the significant assessment of π based on the non-Newtonian modelling. If π < πc, the fundamental rheological 
equations of Casson fluid reduced to be. 

τij = μb

(

1+1
β

)

2eij (2) Where, β = μb

̅̅̅̅
2π

√

py
. When β → ∞, non-Newtonian behaviour of the fluid disappears and the fluid performs 

similar to a Newtonian fluid. Under the exceeding referred assumptions and assuming Boussinesq approximations for body strength 
term, the momentum equations governing the unsteady MHD flow of Casson nano-fluids through permeable media in a rotating frame 
are as follows (Singh and Srinivasa [38]), 

ρhnf

(
∂q
∂t

+(q.∇)q+ 2Ω × q
)

= − ∇p+ μhnf

(

1+
1
β

)

∇2q + (J × B) (2)  

−
μhnf

K*

(

1+
1
β

)

q+ g(ρβT)hnf (T − T∞) + g(ρβC)hnf (C − C∞) (3) 

It is obtained the momentum equation, the continuity, energy and concentration equations and are, 

∂u
∂x

+
∂v
∂y

= 0 (4)  

∂u
∂t

− 2Ωv= νhnf

(

1+
1
β

)
∂2u
∂z2 −

σB2
0u

ρhnf
−

νhnf

K*

(

1+
1
β

)

u  

+g(βT)hnf (T − T∞) + g(βC)hnf (C − C∞) (5)  

∂v
∂t

+ 2Ωu= νhnf

(

1+
1
β

)
∂2v
∂z2 −

σB2
0v

ρhnf
−

νhnf

K*

(

1+
1
β

)

v (6)  

(
ρCp

)

hnf
∂T
∂t

= khnf
∂2T
∂z2 − Q0(T − T∞) (7)  

∂C
∂t

=Dhnf
∂2C
∂z2 − Kr*(C − C∞) (8) 

M.V. Krishna et al.                                                                                                                                                                                                    



Case Studies in Thermal Engineering 27 (2021) 101229

6

The initial and boundary conditions for the flow past the electrically non-conducting plate with slip are, 

u= v = 0, T = T∞,C = C∞, t ≤ 0, z > 0 (9)  

u= u0et/t0 + λ0

(

1+
1
β

)
∂u
∂z
, v= λ0

(

1+
1
β

)
∂v
∂z

(10)  

T =

{
T∞ + (Tw − T∞)(t/t0), if 0 < t ≤ t0
Tw if t > t0

(11)  

C=C∞ + (Cw − C∞)(t / t0) (12)  

u → 0, v → 0, T → T∞,C → C∞ , t > 0, as z → ∞ (13) 

Here, λ0 (≥ 0) was the slip coefficient and negative quantities of λ0 did not keep in touch to physical case (Khaled and Vafai [39]) 
and the characteristic time t0 might be denote in accordance to the non-dimensional procedure as t0 = νhnf/u2

0. The slip coefficient 
depend on a variety of substantial factors, they are suspended stages in the rheological behaviour of the fluid (Lauge et al. [40]). 

The effectual properties of hybrid nano-fluids are established by hybrid theory and phenomenon commandments. The renowned 
empirical correlation for hybrid nano-fluid is specified as pursues (Devi and Devi [41]), 

ρhnf =(1 − φ2)
[
(1 − φ1)ρf +φ1ρs1

]
+ φ2ρs2

, μhnf =
μf

(1 − φ1)
2.5
(1 − φ2)

2.5  

σhnf = σbf
[
σs2 (1+ 2φ2)+ 2σbf (1 − φ2)σs2 (1 − φ2)+ σbf (2+φ2)

]
,

σbf = σf
[
σs1 (1+ 2φ1)+ 2σf (1 − φ1)σs1 (1 − φ1)+ σf (2+φ1)

]
,

(ρβT)hnf =(1 − φ2)
[
(1 − φ1)(ρβT)f +φ1(ρβT)s1

]
+ φ2(ρβT)s2

,

(ρβC)hnf =(1 − φ2)
[
(1 − φ1)(ρβC)f +φ1(ρβC)s1

]
+ φ2(ρβC)s2

,

(
ρCp

)

hnf =(1 − φ2)
[
(1 − φ1)

(
ρCp

)

f +φ1
(
ρCp

)

s1

]
+ φ2

(
ρCp

)

s2
,

khnf = kbf

[
ks2 + 2kbf − 2φ2

(
kbf − ks2

)

ks2 + 2kbf + φ2
(
kbf − ks2

)

]

kbf = kf

[
ks1 + 2kf − 2φ1

(
kf − ks1

)

ks1 + 2kf + φ1
(
kf − ks1

)

]

Dhnf =(1 − φ1)(1 − φ2)Df (14)  

Where, φ1 = 0 (exclusive of suspension of Silver nano-particles) represents to titania/H2O and ethylene glycol (Casson) nanofluid and 
φ2 = 0 (exclusive of suspension of TiO2 nano-particles) represents to TiO2/H2O and ethylene glycol (Casson) nanofluid. Both φ1 = 0 =

φ2 correspond to the base fluid (H2O and ethylene glycol). The thermophysical properties of water and ethylene glycol and solid 
nanoparticles (Ag and TiO2) are stated in Table 1 (Lund et al. [42], Aman et al. [43], Nabil et al. [44]). 

Combining equations (5) and (6), let q = u+ iv, it is acquired that, ∂q
∂t + 2iΩq = νhnf

(

1 + 1
β

)
∂2q
∂z2 −

σB2
0

ρhnf
q − νhnf

K*

(

1 + 1
β

)

q 

+g(βT)hnf (T − T∞) + g(βC)hnf (C − C∞) (15) 

The non-dimensional variables are introduced as 

u * =
u
u0
, v* =

v
u0
, z* =

z
̅̅̅̅̅̅̅vf t0

√ , t* =
t
t0
, θ =

T − T∞

Tw − T∞
,φ =

C − C∞

Cw − C∞
, M2 =

σf B2
0vf

ρf u2
0
,

Table 1 
Thermo-physical properties of H2O and ethylene glycol, Ag and TiO2.  

Physical properties Water Ethylene Glycol Ag TiO2 

ρ (kg/m3)  997.1 1109 10500 4250 
Cp (J/kgK)  4179 2400 235 686.2 
K (W/m K)  0.613 0.258 429 8.9538 

β× 10− 5(1/K)  21 – 1.89 0.9 

σ (S/m)  5.5× 10− 6  – 62.1× 106  2.6× 106   

M.V. Krishna et al.                                                                                                                                                                                                    



Case Studies in Thermal Engineering 27 (2021) 101229

7

R2 =
Ωvf

u2
0
, K =

K*u2
0

v2
f
, Gr=

g(βT)f vf (Tw − T∞)

u3
0

, Gc=
g(βC)f vf (Cw − C∞)

u3
0

,

Pr=

(
μCp

)

f

kf
, Q=

Q0vf
(
ρCp

)

f u
2
0
, Sc=

vf

Df
, Kr=

Kr*vf

u2
0 

Making use of dimensionless variables, it is obtained the following non-dimensional governing equations and are, 

J1
∂q
∂t

= J2

(

1+
1
β

)
∂2q
∂z2 −

(

J3M2 + 2iR2 +
J2

K

(

1+
1
β

))

q+ J4Grθ + J5Gc φ (16)  

J6
∂θ
∂t

=
J7

Pr
∂2θ
∂z2 − Qθ (17)  

∂φ
∂t

=
J8

Sc
∂2φ
∂z2 − Krφ (18) 

The relevant non-dimensional initial and boundary conditions are: 

q= 0, θ = 0,φ = 0 for all z > 0 and t ≤ 0, (19)  

q= et + λ
(

1+
1
β

)
∂q
∂z
, θ=

{
t if 0 < τ ≤ 1
1 if τ > 1 , φ = t at z = 0, (20)  

q → 0, θ → 0, φ → 0 as z → ∞ for t > 0 (21)  

Where, λ = λ0u0
vf 

is the slip parameter. 
To solve the above equations 16–18 by using the Laplace transform technique with respect to the initial and boundary conditions 

(19)–(21). The transformed equations become, 

a1
d2q
dz2 − (s+ λ1)q = − a2θ − a3φ (22)  

d2θ
dz2 − (s+ a5)a4θ = 0 (23)  

d2φ
dz2 − (s+Kr)a10φ= 0 (24) 

The boundary conditions in terms of transformed variables as, 

q=
1

s − 1
+ λ

(

1+
1
β

)
dq
dz
, θ=

1
s2 (1 − e− s),φ=

1
s2 at z= 0 (25)  

q → 0, θ → 0, φ → 0 as z → ∞ (26) 

Solving the differential equation (22)–(24) with the boundary conditions (25)–(26), It is found the transformed solutions for ve-
locity, temperature and concentration distributions q(z, s), θ(z, s) and φ(z, s) be, 

q(z, s)=
{(

1 + λb5

(

1 +
1
β

))− 1[ 1
s − 1

+ b3 + b4 + λ
(

1+
1
β

)

(b1 + b2)

]}

e− b5z − b3e− b1z − b4e− b2z (27)  

θ(z, s)=
1
s2 (1 − e− s)e−

̅̅̅̅̅̅̅̅̅̅̅̅̅
(s+a5)a4

√
z (28)  

φ(z, s)=
1
s2e−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(s+Kr)a10

√
z (29) 

Taking the inverse Laplace transform for equation (27)–(29), it is acquired the solutions for the velocity, temperature and con-
centration distributions after moving on the t-direction for the flow at a vertical surface through the ramped plate temperature 
specified be, 

q(z, t)= q1(z, t) − H(t − 1) q1(z, t − 1) (30)  

θ(z, t)= f1(α2, a5, t) − H(t − 1)f1(α3, a5, t − 1) (31) 
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φ(z, t)= f1(α3,Kr, t) (32) 

In instruct to emphasize the consequence of the ramped wall temperature on the flow field, this might be consequential to contrast 
such a nano-fluid flow owing to uniform wall temperature. In present case, the initial and boundary conditions (9)–(13) are the 
identical excluding the condition θ(0,t) = 1, for t = 0. Under the assumptions portrayed in this present paper, it might be comfortably 
revealed that the temperature distribution and velocity field for the flow over a surface by the uniform wall temperature might be 
articulated as, 

q(z, t)= q2(z, t) (33)  

θ(z, t)= f7(α1, a5, 0, t) (34) 

equations (33) and (34) represented the velocity and temperature distributions for the uniform wall temperature and the time 
dependent concentration distribution. 

For engineering curiosity, the non-dimensional shear stress owing to the primary and secondary flow near the plate (z = 0) are 
computed from (30) and (33). 

For the ramped wall temperature, 

τ= τx + iτy =

(
∂q
∂z

)

z=0
= q3(t) − H(t − 1) q3(t − 1) (35) 

For the uniform wall temperature 

τ= τx + iτy =

(
∂q
∂z

)

z=0
= q4(t) (36) 

The Nusselt number in terms of rate of heat transport near the plate surface (z = 0) for the ramped wall temperature and for the 
uniform wall temperature is derived from (31) given by 

θ
′

(0, t)= −

(
∂θ
∂z

)

z=0
= −

̅̅̅̅̅
a4

√
(g1(a5, t) − H(t − 1)g1(a5, t − 1)) (37)  

θ
′

(0, t)= −

(
∂θ
∂z

)

z=0
= −

̅̅̅̅̅
a4

√
g7(a5, 0, t) (38) 

The Sherwood number in terms of rate of mass transport near the plate surface (z = 0) is obtained by equation (32) and also 
represented as 

φ′

(0, t) = −

(
∂φ
∂z

)

z=0
= −

̅̅̅̅̅̅
a10

√
g1(Kr, t) (39)  

3. Results and discussion 

Hybrid nanofluids are prepared by using the techniques called single step technique and two step technique. The first one is 

Table 2 
Shear stress (Ramped wall temperature) (Pr = 6.2, Kc = 2, t=0.5).  

M K R β  λ  Gr Gm φ1  φ2  Ag-WEG Ag-TiO2/WEG 

0.5 0.5 1 0.2 0.2 5 3 0.05 0.05 0.403652 0.655825 
1.0         0.502215 0.822541 
1.5         0.645287 0.963256  

1.0        0.533658 0.752247  
1.5        0.541545 0.868599   

2       0.422554 0.610045   
3       0.368547 0.561452    

0.4      0.336558 0.510024    
0.6      0.232256 0.399685     

0.4     0.665587 0.847485     
0.6     0.820145 1.120014      

10    1.560021 1.874855      
15    2.978554 3.645887       

6   1.255242 1.514025       
9   2.541125 3.209965        

0.10  0.395525 0.645221        
0.15  0.382147 0.630254         

0.10 …. 0.620252         
0.15 …. 0.580254  
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predominantly used to produce hybrid nanofluids on a small scale while the second one suitable for mass production. Ali et al. [45] 
provided a great graphical illustration of the nanofluids preparation methods in their study on the preparation and challenges of 
Titania (TiO2) nanofluids. It is considered the radiative unsteady MHD flow of an incompressible viscous electrically conducting 
non-Newtonian Casson hybrid nanofluid over an infinite exponentially accelerated vertical moving porous surface under the influence 
of slip velocity in a rotating frame. Water and ethylene glycol mixture has been taken as a based Casson fluid. The exact solutions of the 
governing equations of the flow field are attained by using of the Laplace transforms method. The flow is presided over by the 
non-dimensional parameters namely, Hartmann number M, permeability parameter K, rotation parameter R, casson fluid parameter β, 
slip parameter λ, thermal Grashof number Gr, mass Grashof number Gm, φ1 and φ2 volume fraction of Ag and TiO2 respectively, heat 
source parameter Q, chemical reaction parameter Kc, Schmidts number Sc, and time t. 

Figs. 2–8 represented the profiles of velocity, temperature for ramped wall temperature and uniform wall temperature, and con-
centration profiles correspondingly. The principal and secondary velocities execute a distinguishing highest value at the surface of the 
plate and then diminish appropriately on escalating boundary layer co-ordinate z to reach free stream conditions. It is also perceived 
that, the principal and secondary velocities are slow down in the case of ramped wall temperature plate than that of uniform wall 
temperature. Also values of the velocity components higher for Ag-WEG than that of Ag-TiO2/WEG. The skin friction, Nusselt number 
on both ramped wall temperature and uniform wall temperature, and Sherwood number are also computed and displayed in 
Tables 2–5. 

It was regarded as that of the quantities of Hartmann parameter 0 < M ≤ 2; the quantities of the permeability parameter are 0 <

K ≤ 2; rotation parameter 0 < R ≤ 2; Casson fluid parameter 0 < β < 1; slip parameter 0 < λ < 1; thermal Grashof number 0 < Gr ≤
20, the values of φ1 and φ2 volume fraction of Ag and TiO2 are 0.01, 0.05, 0.1 and 0.15; heat source parameter 0 < Q ≤ 8; It is picked 
the Schmidt number as Sc = 0.22, 0.3, 0.6, 0.78 this corresponding to H2, He, H2O-vapour, and NH3 respectively; chemical reaction 
parameter 0 < Kc ≤ 4 (Kamran et al. [17] and Seth et al. [46]). For computational purpose, it is fixed the quantities, M = 0.5, K = 0.5,
R = 1, β = 1, λ = 0.2, Gr = 5, Gm = 3, Q = 2, Kc = 1, Sc = 0.22, t = 0.6, while it is illustrated the graphs on each parameter varies 
over the domain. 

Fig. 2 displayed the consequence of the Hartmann number on both primary and secondary velocity components u and v for the 
nanofluids Ag-WEG and Ag-TiO2/WEG with both cases of ramped wall temperature and uniform wall temperature. This is evident that 
in each the ramped wall temperatures and uniform wall temperature, the velocity components u and magnitude of v are lessening by 
the plate and similar behaviour right the manner through the fluid media. Consequently, unexpected decrement in velocity is noted in 
the neighborhood of the surface by the appearance of the magnetic field. Also, it is cleared that, this incidence trim downs the velocity 
distribution by the side of all points. This reflects know that, the appearance of a magnetic field orthogonal towards the movement 
path, a proclivity on or attraction to produce the resistance recognized as Lorentz force, this shows a tendency to refuse to go along 
with the flow right the way through the fluid medium. As a consequence, this was obtained as the application of the magnetic field in 
the manifestation of permeable material, supports a reducing outcome on the resultant velocity distribution and the thickness of the 
momentum boundary layer. 

Fig. 3 illustrated that, the consequence of permeability parameter K on the both velocity components of nanofluids Ag-WEG and Ag- 
TiO2/WEG for both ramped wall temperature and uniform wall temperature. It is perceived that, the primary and secondary velocity 
components u and magnitude of v is increasing through an augment in permeable parameter K during the fluid medium. It is obvious 
that the generously proportioned quantities of K, develops the resulting velocity and the momentum boundary layer thickness. Lesser 
the permeability reasons slighter the fluid velocity is scrutinized inside the stream medium occupied by the mixture nano-liquids. 

Fig. 4 demonstrated that, the impacts of rotation parameter R on the primary and secondary velocity of nanofluids Ag-WEG and Ag- 
TiO2/WEG for both ramped wall temperature and uniform wall temperature. It is perceived that, on both cases, the primary velocity 

Table 3 
Shear stress (Uniform wall temperature) (Pr = 6.2, Kc = 2, t=0.5).  

M K R β  λ  Gr Gm φ1  φ2  Ag-WEG Ag-TiO2/WEG 

0.5 0.5 1 0.2 0.2 5 3 0.05 0.05 0.622514 0.850025 
1.0         0.852214 1.023665 
1.5         1.143325 1.352147  

1.0        0.701145 0.910002  
1.5        0.752114 0.964158   

2       0.549558 0.752226   
3       0.454778 0.660912    

0.4      0.592210 0.739669    
0.6      0.549985 0.631002     

0.4     0.752214 1.254748     
0.6     0.874415 1.853021      

10    2.210025 2.850024      
15    5.200122 5.808547       

6   1.502251 2.022254       
9   3.852780 4.100522        

0.10  0.640588 0.885496        
0.15  0.632255 0.829254         

0.10 …. 0.800142         
0.15 …. 0.755879  
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Table 4 
Nusselt number(Gm = 0, Sc = 0, Kc = 0, Q = 0, R = 0).  

Q  φ1  φ2  t  Ramped wall temperature Uniform wall temperature 

Ag-WEG Ag-TiO2WEG Ag-WEG Ag-TiO2WEG 

2 0.05 0.05 0.5 1.468854 1.322540 1.658778 1.625507 
4    1.821558 1.455214 2.522103 2.498858 
6    2.225141 1.566854 3.406857 3.114069  

0.10   1.340052 1.240078 1.502641 1.410254  
0.15   1.225478 1.082114 1.355247 1.221459   

0.10  …. 1.277489 …. 1.548574   
0.15  …. 1.204113 …. 1.485409    

1.0 2.665249 2.220145 2.885479 2.785549    
1.5 3.844785 3.100298 4.255466 3.996587  

Table 5 
Sherwood number.  

Sc  Kc  φ1  φ2  t  Ag-WEG Ag-TiO2WEG 

0.22 1 0.05 0.05 0.5 0.358554 0.401145 
0.3     0.758849 0.836628 
0.6     1.225447 1.355478  

2    0.457784 0.524417  
3    0.552989 0.912478   

0.10   0.366985 0.425506   
0.15   0.385447 0.448792    

0.10  …. 0.389554    
0.15  …. 0.350877     

1.0 0.501141 0.628879     
1.5 0.652504 0.850244  

Fig. 2. The velocity profiles against M.  

Fig. 3. The velocity profiles against K.  
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component u diminishes on boosting in rotation parameter, whereas the secondary velocity component v augments on escalating in 
rotation parameter throughout the fluid region. It implied that, for the nanofluids Ag-WEG and Ag-TiO2/WEG, with both ramped wall 
temperature and uniform wall temperature, rotation is predisposed to reduce the primary fluid velocity all through the boundary layer 
region. Even though the rotation is acknowledged to influence the secondary fluid velocity in the flow domain by suppressed the 
primary fluid velocity, these accelerating effects are widespread uniquely in the expanse at the plate while it has an opposite 
consequence on secondary fluid velocity in the neighborhood gone from the surface. It is owing to the reason that Coriolis force is 
predominant in the fluid medium at the path of rotating. 

It is apparent from Fig. 5, both the primary and secondary velocity components u and v of nanofluids Ag-WEG and Ag-TiO2/WEG 
for both ramped wall temperature and uniform wall temperature are increasing with an enlargement in Casson fluid parameter and 
consequently the thickness of the boundary layer enlarges. 

Fig. 6 depicted the special consequences of thermal buoyancy forces. It is observed that, both the fluid velocities u and magnitude of 
v of nanofluids Ag-WEG and Ag-TiO2/WEG for both cases of temperature are escalating with an enlargement in thermal Grashof 
number Gr. Thermal Grashof number represents the ratio between the buoyancy force due to spatial variation in fluid density (caused 
by temperature differences) to the restraining force due to the viscosity of the fluid. Grashof number is a non-dimensional parameter; it 
is used in the correlation of heat and mass transfer due to thermally induced natural convection at a solid surface immersed in a fluid. 
Hence, Grashof number is boost up on an increase in the potency of thermal buoyancy forces. Here the free convection force is satisfied 
owing to thermal buoyancy force. Therefore, thermal strength has a propensity to speed up the primary along with secondary velocity 
of fluid during the boundary stratum region in either case. Therefore, the resulting velocity and thickness of the momentum boundary 
layer is enhanced with an enlargement in thermal Grashof number Gr for both cases. 

The numerical values of nanofluids Ag-WEG and Ag-TiO2/WEG temperature, computed and are displayed graphically through 
Fig. 7 for various quantities of temperature source parameter Q and volume fraction of Ag and TiO2. The fluid temperature and the 
thickness of thermal boundary layer decrease on an enhancing heat source parameter for both ramped wall temperature and uniform 
wall temperature. The thermal boundary layers thickness for Casson mixture nanofluid (Ag-TiO2) is superior than for the Casson 
nanofluid (Ag-WEG). The heat source parameter Q emerging in the energy equation quantified the amount of heat absorption per units 
volume it is known through Q0(T − T∞), Q0 being a heat source coefficient, this might be engaged as either optimistic or pessimistic. 
The source term represented the heat absorption for Q > 0and heat creation if Q < 0. Actually, the growing quantities of heat ab-
sorption had the propensity to lessen the fluid temperature. High temperature absorptions obviously diminished the heat of the hybrid 
nanofluids. Hence, heat source or sinks might be developed in material dispensation classifications in the region of theoretically 
research in material science. Also it can be perceived from Fig. 7 that, the fluids temperature is increased with an increasing in volume 
fraction parameters φ1and φ2 for both ramped wall temperature and uniform wall temperature. This behaviour is expected since by 
include Silver nano-particles to the base fluid or titania nanofluid or hybrid suspensions, the thermal conductivity of resulting fluid is 
increased. Hence, the hybrid suspensions possessed a high heat capacity than nanofluids and a predictable one it is purely Casson fluid. 

Fig. 4. The velocity profiles against R.  

Fig. 5. The velocity profiles against.β  
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Accordingly, the high thermal conductivity has a constructive consequence to enhance the fluid temperature. The behaviour of unique 
or hybrid nanofluid might be utilized in polymers dispensation system. In addition, one might be concluded that the temperature of 
hybrid nanofluid (Ag-TiO2/WEG) is highly comparing to Casson nanofluid (Ag-WEG). It is observed and suggested that the utilization 
of hybrid composites nano-particles as coolant or heater in thermal engineering is comparatively best strategies. 

Fig. 8 are displayed to the influence of Schmidt number Sc, chemical reaction parameter Kc, and the volume fraction parameter 
φ1and φ2 and time t on concentration profiles for nanofluids Ag-WEG and Ag-TiO2/WEG. The concentration distribution and these 
boundary layer thickness are lessens with an increase in Sc. Physically; this is that Schmidt number is linearly relative to the ratios of 
the momentum diffusion to the mass diffusion. Hence, Schmidt number measures the relative efficiency of momentum and mass 
transport through diffusion into the hydrodynamics boundary layers. The reductions in the concentration profiles are accompanying 
by instantaneous reduction in the concentration boundary layer thickness. The concentration profiles are reduced for escalating in 
chemical reaction parameter Kc. Larger quantities of Kr leads to reduce the diffusion coefficient of hybrid chemical species, this 
declined concentration and boundary layer thickness. Actually, for a harmful case (Kc > 0), consistent chemical reaction acquires 
place through lots of disturbance. These caused large molecular movement in the operational hybrid nanofluid, this is increased the 
transport phenomenon, thus reduced the concentration distribution in the flow regimes. The influences of the volume fraction φ1and 
φ2of nanoparticles on concentration field are evident that, the concentration field and those comparative boundary layer thickness are 
seeing to reduced though an increasing in volume fraction φ1and φ2. This might also be scrutinized that, the nano-particle concen-
tration enhanced by an increment in time. Hence it is noticed that the nano-particle concentration is comparatively lesser in the case of 
hybrid nanofluid (Ag-TiO2/WEG) compared to nanofluid (Ag-WEG). 

The computational outcomes for shear stress near the surface of the plate are displayed through Table 3 for quite a few values of 

Fig. 6. The velocity profiles against Gr.  

Fig. 7. The temperature profiles against Q.φ1 and φ2  
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pertinent parameters. It is scrutinized that for ramped and uniform wall temperature, for both nanofluids Ag-WEG and Ag-TiO2/WEG. 
The shear stress near the surfaces of the plate increased by an amplify in Hartmann number, permeability parameter, slip parameter, 
thermal and concentration buoyancy forces, and also reduced through an increasing in rotation parameter, Casson fluid parameter, the 
volume fraction φ1 and φ2of nanoparticles. It is perceived that, for both ramped and uniform wall temperature, the shear stresses of 
hybrid Casson nanofluid near the surface of plate are higher than that of unique nanofluid. Also the shear stresses of ramped wall 
temperature for both nanofluids are inferior than that of uniform wall temperature. 

The computational results of Nusselt number near the surface of the plate for both ramped and uniform wall temperature is 
computationally publicized in Table 4. It is noted that, the Nusselt number is enhancing through an increasing in heat source parameter 
Q for both temperature cases. There is a lessening in the rate of temperature transport near the surface of the plate through an 
increasing in φ1 volume fraction of Ag nano-particles for both nanofluids Ag-WEG and Ag-TiO2/WEG. It is also reduced through an 
increasing in φ2 volume fraction of TiO2- nano-particles for the nanofluid Ag-TiO2/WEG. In fact, a growth in nano-particle volume 
fraction lead to speed-up the rate of heat diffusion of the fluid, as an outcome, the Nusselt number near the plate reduces. It is 
scrutinized that for both temperature cases, the Nusselt number near the plate is higher for Ag-WEG nanofluid than hybrid Casson Ag- 
TiO2/WEG nanofluid. This happened due to larger heat conductivity of hybrid Casson nanofluid than nanofluid. That outcome might 
be utilized to cool down the conducting fluid. Moreover, the Nusselt number at the plate is relatively lower for ramped wall tem-
perature than that of uniform wall temperature. 

The computational assessments of the Sherwoods number for various quantities of Schmidt number, chemical reaction parameter 
Kc, volume fraction φ1, φ2 and time t are represented in Table 5. Table 5 depicted that the Sherwood number near the plate is enhanced 
with an increment in Schmidt number Sc, chemical reaction parameter Kc, time t, the volume fraction φ1 of nanoparticles for both 
hybrid Casson and unique nanofluids. This inspection is owing to the ballistic collisions of nano-particles. Also this is reduced through 
an increasing in the volume fraction φ2 of nano-particles in hybrid nano-fluid Ag-TiO2/WEG. Therefore, it is distinguished that 

Fig. 8. The concentration profiles against Sc, Kc, φ1, φ2 and t.  

Table 6 
Comparison of Results for primary velocity with Ramped wall temperature.  

M K Gr T Previous work 
Seth et al. [46] 

Present work 

0.5 0.5 5 0.5 0.524454 0.524451 
1.0    0.430652 0.430649 
1.5    0.345587 0.345585  

1.0   0.660959 0.660947  
1.5   0.788547 0.788544   

10  0.854778 0.854766   
15  1.220498 1.220492    

1.0 0.610049 0.610042    
1.5 0.700743 0.700733  
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Sherwood number for hybrid nanofluids near the surfaces of the plate is larger than that in case of unique nanofluids. 

4. Code validation 

The exactitude of numerical code is simulated for propriety, by MATHEMATICA 10.4 software through the Laplace transformation 
mechanism. Using MATHEMTICA code, it is obtained the primary velocity distribution are shown in Table 6 for quite a few values of 
pertinent parameters, namely Hartmann number, permeability parameter, and thermal Grashof number. Again, by using same code for 
the previous work (Seth et al. [46]), the same results are obtained nearly described above and are shown in Table 6 respectively for 
numerous quantities of significant parameters. The rigorously identical outcomes are distinguished by both research problems. Thus, 
the sensitivity of coding achieved accuracy. 

5. Conclusions 

It is examined the radiative unsteady MHD flow of an incompressible viscous electrically conducting non-Newtonian Casson hybrid 
nanofluid (Ag-TiO2/WEG) over an exponentially accelerated vertical moving porous surface under the influence of slip velocity in a 
rotating frame. The conclusions are finalised as the following. The resultant velocity is increasing with an increasing in thermal and 
concentration buoyancy forces, whereas rotation and slip parameters have overturn outcome on it for both cases of uniform wall 
temperature and ramped wall temperature. The resultant velocity is reducing through an increase in Hartmann number whereas the 
permeability parameter has capsized effect on it. The resultant velocity is increased with an increase in volume fraction of nano- 
particles with uniform wall temperature and reverse effect is observed with ramped wall temperature. An increase in volume frac-
tion of nano-particles causes an increment through the temperature profiles, whereas heat source parameter has been reducing on this. 
The temperature of Casson hybrid Ag-TiO2/WEG nanofluid is relatively superior than that of Casson Ag-WEG nanofluid. Species 
concentration of Casson hybrid Ag-TiO2/WEG nanofluid is decreased with an increase in Schmidt number and chemical reaction 
parameters. The heat absorption increases the Nusselt number at the surface, while Ag and TiO2 nano-particle volume fractions have a 
tendency to lessen it. The present problem has more applications through magnetic materials processing, electrically conducting 
polymer dynamics, and purification of molten metal by non-metallic. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

References 

[1] S.U.S. Choi, J.A. Eastman, Enhancing Thermal Conductivity of Fluids with Nanoparticles, No. ANL/MSD/CP-84938, Argonne National Lab., IL (United States), 
1995. CONF-951135–29. 

[2] L.S. Sundar, K.V. Sharma, M.K. Singh, A.C.M. Sousa, Hybrid nanofluids preparation, thermal properties, heat transfer and friction factor – a review, Renew. 
Sustain. Energy Rev. 68 (2017) 185–198, https://doi.org/10.1016/j.rser.2016.09.108. 

[3] J. Sarkar, P. Ghosh, A. Adil, A review on hybrid nanofluids: recent research, development and applications, Renew. Sustain. Energy Rev. 43 (2015) 164–177, 
https://doi.org/10.1016/j.rser.2014.11.023. 

[4] S.P.A. Devi, S.S.U. Devi, Numerical investigation of hydromagnetic hybrid Cu-Al2O3/water nanofluid flow over a permeable stretching sheet with suction, Int. J. 
Nonlinear Sci. Numer. Stimul. 17 (2016) 249–257, https://doi.org/10.1515/ijnsns-2016-0037. 

[5] A.A. Minea, Challenges in hybrid nanofluids behavior in turbulent flow: recent research and numerical comparison, Renew. Sustain. Energy Rev. 71 (2017) 
426–434. 

[6] D. Toghraie, A.C. Vahid, A. Masoud, Measurement of thermal conductivity of ZnO–TiO2/EG hybrid nanofluid, J. Therm. Anal. Calorim. 125 (2016) 527–535. 
[7] T. Hayat, S. Nadeem, Heat transfer enhancement with Ag–CuO/water hybrid nanofluid, Results Phys 7 (2017) 2317–2324. 
[8] W. Jamshed, A. Aziz, A comparative entropy based analysis of Cu and Fe3O4/methanol Powell-Eyering nanofluid in solar thermal collectors subjected to thermal 

radiation, variable thermal conductivity and impact of different nanoparticles shape, Results Phys 9 (2018) 195–205. 
[9] R. Ellahi, Special issue on recent developments of nanofluids, Appl. Sci. 8 (2018) 192. 

[10] S. Aman, S.M. Zokri, Z. Ismail, M.Z. Salleh, I. Khan, Effect of MHD and porosity on exact solutions and flow of a hybrid Casson-nanofluid, J. Adv. Res. Fluid 
Mech. Therm. Sci. 44 (2018) 131–139. 

[11] M. Usman, M. Hamid, T. Zubair, R.U. Haq, W. Wang, Cu-Al2O3/water hybrid nanofluid through a permeable surface in the presence of nonlinear radiation and 
variable thermal conductivity via LSM, Int. J. Heat Mass Tran. 126 (2018) 1347–1356. 

[12] N. Casson, A Flow Equation for Pigment Oil Suspensions of the Printing Ink Type, Pergamon Press, 1959. 
[13] S. Ghosh, S. Mukhopadhyay, MHD slip flow and heat transfer of Casson nanofluid over an exponentially stretching permeable sheet, Int. J. Automot. Mech. Eng. 

14 (4) (2017) 4785–4804. 
[14] M.I. Khan, M. Waqas, T. Hayat, A. Alsaedi, A comparative study of Casson fluid with homogeneous-heterogeneous reactions, J. Colloid Interface Sci. 498 (2017) 

85–90, https://doi.org/10.1016/j.jcis.2017.03.024. 
[15] M.K. Nayak, A.K.A. Hakeem, B. Ganga, M.I. Khan, M. Waqas, O.D. Makinde, Entropy optimized MHD 3D nanomaterial of non-Newtonian fluid: a combined 

approach to good absorber of solar energy and intensification of heat transport, Comput. Methods Progr. Biomed. 186 (2020), 105131, https://doi.org/ 
10.1016/j.cmpb.2019.105222. 

[16] G. Rasoola, A.J. Chamkha, T. Muhammad, A. Shafiqd, I. Khan, Darcy-Forchheimer relation in Casson type MHD nanofluid flow over non-linear stretching 
surface, Propolsion and Power Res. 9 (2) (2020) 159–168, https://doi.org/10.1016/j.jppr.2020.04.003. 

[17] A. Kamran, S. Hussain, M. Sagheer, N. Akmal, A numerical study of magnetohydrodynamics flow in Casson nanofluid combined with Joule heating and slip 
boundary conditions, Res. Phys. 7 (2017) 3037–3048, https://doi.org/10.1016/j.rinp.2017.08.004. 

[18] A.M. Rashad, T. Armaghani, A.J. Chamkha, M.A. Mansour, Entropy generation and MHD natural convection of a nanofluid in an inclined square porous cavity: 
effects of a heat sink and source size and location, Chin. J. Phys. 56 (1) (2018) 193–211, https://doi.org/10.1016/j.cjph.2017.11.026. 

[19] M. Molana, R. Ghasemiasl, T. Armaghani, A different look at the effect of temperature on the nanofluids thermal conductivity: focus on the experimental-based 
models, J. Therm. Anal. Calorim. 145 (2021) 1–14, https://doi.org/10.1007/s10973-021-10836-w. 

M.V. Krishna et al.                                                                                                                                                                                                    

http://refhub.elsevier.com/S2214-157X(21)00392-0/sref1
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref1
https://doi.org/10.1016/j.rser.2016.09.108
https://doi.org/10.1016/j.rser.2014.11.023
https://doi.org/10.1515/ijnsns-2016-0037
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref5
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref5
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref6
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref7
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref8
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref8
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref9
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref10
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref10
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref11
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref11
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref12
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref13
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref13
https://doi.org/10.1016/j.jcis.2017.03.024
https://doi.org/10.1016/j.cmpb.2019.105222
https://doi.org/10.1016/j.cmpb.2019.105222
https://doi.org/10.1016/j.jppr.2020.04.003
https://doi.org/10.1016/j.rinp.2017.08.004
https://doi.org/10.1016/j.cjph.2017.11.026
https://doi.org/10.1007/s10973-021-10836-w


Case Studies in Thermal Engineering 27 (2021) 101229

15

[20] S. Shaw, M.K. Nayak, A.S. Dogonchi, Y. Elmasry, R. Alsulami, Hydrothermal and entropy production analyses of magneto-cross nanoliquid under rectified 
Fourier viewpoint: a robust approach to industrial applications, Case Studies in Thermal Eng. 26 (2021), 100974, https://doi.org/10.1016/j.csite.2021.100974. 

[21] A.J. Chamkha, A.S. Dogonchi, D.D. Ganji, Magnetohydrodynamic nanofluid natural convection in a cavity under thermal radiation and shape factor of 
nanoparticles impacts: a numerical study using CVFEM, Appl. Sci. 8 (12) (2018) 2396, https://doi.org/10.3390/app8122396. 

[22] A.S. Dogonchi, D.D. Ganji, Investigation of heat transfer for cooling turbine disks with a non-Newtonian fluid flow using DRA, Case Studies in Thermal Eng. 6 
(2015) 40–51, https://doi.org/10.1016/j.csite.2015.06.002. 

[23] A.S. Dogonchi, M. Waqas, S.M. Seyyedi, M. Hashemi-Tilehnoee, D.D. Ganji, A modified Fourier approach for analysis of nanofluid heat generation within a semi- 
circular enclosure subjected to MFD viscosity, Int. Commun. Heat Mass Tran. 111 (2020), https://doi.org/10.1016/j.icheatmasstransfer.2019.104430, 104430. 

[24] S. Mondal, A.S. Dogonchi, N. Tripathi, M. Waqas, S.M. Seyyedi, M. Hashemi-Tilehnoee, D.D. Ganji, A theoretical nanofluid analysis exhibiting hydromagnetics 
characteristics employing CVFEM, J. Braz. Soc. Mech. Sci. Eng. 42 (19) (2020), https://doi.org/10.1007/s40430-019-2103-2. 

[25] S.M. Seyyedi, A.S. Dogonchi, M. Hashemi-Tilehnoee, M. Waqas, D.D. Ganji, Investigation of entropy generation in a square inclined cavity using control volume 
finite element method with aided quadratic Lagrange interpolation functions, Int. Commun. Heat Mass Tran. 110 (2020), https://doi.org/10.1016/j. 
icheatmasstransfer.2019.104398, 104398. 

[26] A.S. Dogonchi, M. Waqas, M.M. Gulzar, M. Hashemi-Tilehnoee, S.M. Seyyedi, D.D. Ganji, Simulation of Fe3O4-H2O nanoliquid in a triangular enclosure 
subjected to Cattaneo–Christov theory of heat conduction, Int. J. Numer. Methods Heat Fluid Flow 29 (11) (2019) 4430–4444, https://doi.org/10.1108/HFF- 
01-2019-0031. 

[27] M. Hashemi-Tilehnoee, N. Sahebi, A.S. Dogonchi, S.M. Seyyedi, S. Tashakor, Simulation of the dynamic behavior of a rectangular single-phase natural 
circulation vertical loop with asymmetric heater, Int. J. Heat Mass Tran. 139 (2019) 974–981, https://doi.org/10.1016/j.ijheatmasstransfer.2019.05.076. 

[28] S.M. Seyyedi, A.S. Dogonchi, R. Nuraei, M. Hashemi-Tilehnoee, Numerical analysis of entropy generation of a nanofluid in a semi-annulus porous enclosure with 
different nanoparticle shapes in the presence of a magnetic field, Euro. Phys. J. Plus 134 (2019) 268, https://doi.org/10.1140/epjp/i2019-12623-1. 

[29] S.M. Seyyedi, N. Sahebi, A.S. Dogonchi, M. Hashemi-Tilehnoee, Numerical and experimental analysis of a rectangular single-phase natural circulation loop with 
asymmetric heater position, Int. J. Heat Mass Tran. 130 (2019) 1343–1357, https://doi.org/10.1016/j.ijheatmasstransfer.2018.11.030. 

[30] M. Hashemi-Tilehnoee, A.S. Dogonchi, S.M. Seyyedi, M. Sharifpur, Magneto-fluid dynamic and second law analysis in a hot porous cavity filled by nanofluid and 
nano-encapsulated phase change material suspension with different layout of cooling channels, J. Energy Storage 31 (2020), https://doi.org/10.1016/j. 
est.2020.101720, 101720. 

[31] A.S. Dogonchi, Z. Asghar, M. Waqas, CVFEM simulation for Fe3O4-H2O nanofluid in an annulus between two triangular enclosures subjected to magnetic field 
and thermal radiation, Int. Commun. Heat Mass Tran. 112 (2020), https://doi.org/10.1016/j.icheatmasstransfer.2019.104449, 104449. 

[32] M.V. Krishna, Heat transport on steady MHD flow of copper and alumina nanofluids past a stretching porous surface, Heat Transfer 49 (3) (2020) 1374–1385, 
https://doi.org/10.1002/htj.21667. 

[33] M.V. Krishna, A.J. Chamkha, Hall and ion slip effects on MHD rotating flow of elastico-viscous fluid through porous medium, Int. Commun. Heat Mass Tran. 113 
(2020), https://doi.org/10.1016/j.icheatmasstransfer.2020.104494, 104494. 

[34] M.V. Krishna, Hall and ion slip impacts on unsteady MHD free convective rotating flow of Jeffreys fluid with ramped wall temperature, Int. Commun. Heat Mass 
Tran. 119 (2020), https://doi.org/10.1016/j.icheatmasstransfer.2020.104927, 104927. 

[35] M.V. Krishna, Radiation-absorption, chemical reaction, Hall and ion slip impacts on magnetohydrodynamic free convective flow over semi-infinite moving 
absorbent surface, Chin. J. Chem. Eng. 31 (2021) 1–13, https://doi.org/10.1016/cjche.2020.12.026. 

[36] M.V. Krishna, Hall and ion slip effects on radiative MHD rotating flow of Jeffreys fluid past an infinite vertical flat porous surface with ramped wall velocity and 
temperature, Int. Commun. Heat Mass Tran. 126 (2021), https://doi.org/10.1016/j.icheatmasstransfer.2021.105399, 105399. 

[37] M. Nakamura, T. Sawada, Numerical study on the flow of a non-Newtonian fluid through an axisymmetric stenosis, ASME J. Biomech. Eng. 110 (1988) 
137–143. 

[38] J.K. Singh, C.T. Srinivasa, Unsteady natural convection flow of a rotating fluid past an exponential accelerated vertical plate with Hall current, ion-slip and 
magnetic effect, Multidiscip. Model. Mater. Struct. 14 (2) (2018) 216–235. 

[39] A.R.A. Khaled, K. Vafai, The effect of slip condition on Stokes and Couette flows due to an oscillating wall: exact solutions, Int. J. Non Lin. Mech. 39 (2004) 795. 
[40] E. Lauge, M.P. Brenner, H.A. Stone, Microfluidics: the No-Slip Boundary Condition, Springer, New York, 2007. 
[41] S.S.U. Devi, S.P.A. Devi, Numerical investigation of three-dimensional hybrid Cu-Al2O3/water nanofluid flow over a stretching sheet with effecting Lorentz force 

subject to Newtonian heating, Can. J. Phys. 94 (5) (2016) 490–496. 
[42] L.A. Lund, Z. Omar, I. Khan, S. Dero, Multiple solutions of Cu-C6H9NaO7 and Ag-C6H9NaO7 nanofluids flow over nonlinear shrinking surface, J. Cent. South 

Univ. 26 (2019) 1283–1293. 
[43] S. Aman, S.M. Zokri, Z. Ismail, M.Z. Salleh, I. Khan, Casson model of MHD flow of SA-based hybrid nanofluid using Caputo time-fractional models, Defect 

Diffusion Forum 390 (2019) 83–90. 
[44] M.F. Nabil, W.H. Azmi, K.A. Hamid, Rizalman Mamat, Ftwi Y. Hagos, An experimental study on the thermal conductivity and dynamic viscosity of TiO2-SiO2 

nanofluids in water: ethylene glycol mixture, Int. Commun. Heat Mass Tran. 86 (2017) 181–189. 
[45] H.M. Ali, H. Babar, T.R. Shah, M.U. Shajid, M.A. Qasim, S. Javed, Preparation techniques of TiO2 nanofluids and challenges: a review, Appl. Sci. 8 (2018) 587, 

https://doi.org/10.3390/app8040587. 
[46] G.S. Seth, M.S. Ansari, R. Nandkeolyar, MHD natural convection flow with radiative heat transfer past an impulsively moving plate with ramped wall 

temperature, Heat Mass Tran. 47 (5) (2011) 551–561. 

M.V. Krishna et al.                                                                                                                                                                                                    

https://doi.org/10.1016/j.csite.2021.100974
https://doi.org/10.3390/app8122396
https://doi.org/10.1016/j.csite.2015.06.002
https://doi.org/10.1016/j.icheatmasstransfer.2019.104449
https://doi.org/10.1007/s40430-019-2103-2
https://doi.org/10.1016/j.icheatmasstransfer.2019.104449
https://doi.org/10.1016/j.icheatmasstransfer.2019.104449
https://doi.org/10.1108/HFF-01-2019-0031
https://doi.org/10.1108/HFF-01-2019-0031
https://doi.org/10.1016/j.ijheatmasstransfer.2019.05.076
https://doi.org/10.1140/epjp/i2019-12623-1
https://doi.org/10.1016/j.ijheatmasstransfer.2018.11.030
https://doi.org/10.1016/j.est.2020.101720
https://doi.org/10.1016/j.est.2020.101720
https://doi.org/10.1016/j.icheatmasstransfer.2019.104449
https://doi.org/10.1002/htj.21667
https://doi.org/10.1016/j.icheatmasstransfer.2020.104927
https://doi.org/10.1016/j.icheatmasstransfer.2020.104927
https://doi.org/10.1016/cjche.2020.12.026
https://doi.org/10.1016/j.icheatmasstransfer.2021.105399
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref37
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref37
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref38
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref38
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref39
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref40
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref41
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref41
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref42
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref42
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref43
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref43
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref44
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref44
https://doi.org/10.3390/app8040587
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref46
http://refhub.elsevier.com/S2214-157X(21)00392-0/sref46

	Radiative MHD flow of Casson hybrid nanofluid over an infinite exponentially accelerated vertical porous surface
	1 Introduction
	2 Formulation and solution of the problem
	3 Results and discussion
	4 Code validation
	5 Conclusions
	Declaration of competing interest
	References


