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 Abstract: Background: The radiative magnetohydrodynamic (MHD) flow of an incompressible 
viscous electrically conducting hybrid nanofluid over an exponentially accelerated vertical surface 
under the influence of slip velocity in a rotating frame taking Hall and ion slip impacts is discussed.  
Methods: Water and ethylene glycol mixture have been considered as a base fluid. A steady homo-
geneous magnetic field is applied under the assumption of a low magnetic Reynolds number. The 
ramped temperature and time-varying concentration at the surface  are taken into consideration. The 
first-order consistent chemical reaction and heat absorption are also regarded. Silver (Ag) and titania 
(TiO2) nanoparticles are disseminated in base fluid water and ethylene glycol mixture to be formed a 
hybrid nanofluid. The Laplace transformation technique is employed on the non-dimensional govern-
ing equations for the closed form solutions. 

Results: The phrases for non-dimensional shear stresses, rates of heat, and mass transfer are also 
evaluated. The graphical representations are presented to scrutinize the effects of physical parameters 
on the significantflow characteristics. The computational values of the shear stresses, rates of heat 
and mass transports near the surface are tabulated by a range of implanted parameters. 

Conclusion: The resultant velocity grows by an increase in thermal and concentration buoyancy 
forces, Hall and ion-slip parameters, whereas rotation and slip parameters have overturn outcome on 
them. The temperature of hybrid Ag-TiO2/WEG nanofluid is relatively superior to that of Ag-WEG 
nanofluid. Species concentration of hybrid Ag-TiO2/WEG nanofluid decreases due to an increase in 
Schmidt number and chemical reaction parameter. 
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1. INTRODUCTION 

The study of the unsteady free convective flow of viscous 
incompressible fluid past exponentially accelerated vertical 
bodies has wide engineering and technological applications. 
When free convection flows occur at high temperature, the 
effects of radiation are  important. Thermal radiation is key 
to many fundamental phenomena surrounding us, from solar 
radiation to fire incandescent lamp, and has played a major 
role in combustion and furnace design, design of fins, nucle-
ar power plants, cooling of towers, gas turbines and various 
propulsion devices for aircraft, energy utilization, tempera-
ture measurements, remote sensing for astronomy, and space 
exploration. 

The recent developments in technology required an inno-
vative revolution in the domain of heat transport. The re-
search on nanofluids has been amplified quickly, and 
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reports disclose that nanofluids are advantageous heat 
transport fluids for engineering and manufacturing applica-
tions. The heat transport development of nanofluids is initial-
ly 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 nanoparticles. The hybrid nanoparticles are specified 
as nanoparticles created by two or additional various sub-
stantial nanometer scale. The fluids developed through com-
pound nanoparticles of transformed metals interested in the 
base fluid are recognized as hybrid nanofluids. With this 
advancement, the researchers started to report a number of 
challenges associated with hybrid nanofluids soon after they 
came into the limelight. 

The thought is to improve the constructive thermal char-
acteristics of nanofluids and avoid the inconsistency estab-
lished in the traditional nanofluids. Deliberated and realistic 
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implementations of these concepts were first conceded out 
through Choi [1] to enhance heat conductivity and speedi-
ness of heat transfer. Sundar et al. [2] discussed hybrid 
nanofluids with additional effective heat transport fluids than 
in comparison solitary nanoparticle base nanofluids or tradi-
tional fluids. Sarkar et al. [3] explored the appropriate hy-
bridization to create the hybrid nanofluids extremely promis-
ing for heat transport development. Devi et al. [4] explored 
the MHD flow of Cu-Al2O3/water mixture nanofluids. Oxide 
nano-particles have shown/witnessed/achieved the least 
amount of heat conductivity when compared to all metallic 
nano-particles. Due to this motivation, higher volume frac-
tion of oxides nano-particles is required to have needed the 
heat efficiency. The computational outcomes give the intui-
tion that temperaturere placed the pace of Cupper-
alumina/water hybrid nanofluids is bigger than that replaced 
by the Cu–H2O nanofluids. The characteristics of hybrid 
nanofluids based on different kinds of metallic and oxides, 
which include MgO, Fe3O4, Ag, CuO, Cu, and MWCNTs, 
has been demonstrated by Minea [5].  

The investigation established that the greatest viscosity 
amplification is pointed for CuO-Cu hybrid nano-particles. 
Toghraie et al. [6] illustrated a variety of correlations for 
heat conductivity of nanofluids cleared by preceding re-
searchers and recommended an innovative correlation for the 
heat conductivity of ZnO-TiO2/Ethylene-Glycol hybrid 
nanofluids by highest accurateness. Hayat et al. [7] explored 
the three-dimensional Brinkman hybrid nanofluids models to 
examined the heat transport features of CuO/H2O and Ag–
CuO/H2O nanofluids past a linearly stretching surface with 
heat radiation and homogeneous and heterogeneous reactive 
flow. An exhaustive and narrative review on heat transport 
and entropy generation investigation of predictable and hy-
brid nanofluids by non-Newtonian fluid modeling may be 
determined in the exploration of Jamshed et al. [8] and El-
lahi [9]. Aman et al. [10] exhibited the sodium-alginate-
based mixture nanofluids (Cu-Al2O3) flow in a vertical duct. 
Usman et al. [11] inspected the important consequences of 
non-linear heat radiation and time-reliant heat conductivity 
due to rotating flow Al2O3-H2O hybrid nanofluids past a 
stretching sheet in the occurrence of magnetic field and 
buoyancy force. 

The above foregoing surveys, the Hall and ion slip con-
sequences are being disregarded. The attention of persistent 
fascinating terrain which comprises the electro-magnetic 
forces together with Hall and ion slip consequences, may not 
be overlooked. As a matter of information, Hall effect is the 
proportion flanked by the cyclotron and electron periodicity 
and the atom, electron and collision prevalence. The Hall 
effectsare noteworthy while the magnetic scope is drugged 
or whilst the impingement incidence is near to the ground. 
Besides, the ions along with electron-emissive encompass 
different accumulations by reason of which thyself motions 
dispute. The electrons have superior dispersion velocity than 
with the intention of ions and primary estimation, dispersion 
speed for the electrons establishes the flow of charge com-
pactness. When the electromagnetic strengths are discerni-
ble, the dispersal velocity of the development of the ion is 
insignificant as long as it believes, the dispersal velocity of 
ions over and above such of electrons after that ions slip 
must not be overlooked. Hall and ion slip effects come 

across immense solicitations specifically when reviewed in 
conjunction with heat transport, for instance, refrigerator 
convolutes, MHD vulcanization accelerators, electrical 
charge manufacturers, etc. Abo-Eldahab et al. [12] provided 
an influence of Hall electromotive forces about pump flow 
of viscousfluid all the way throughout unsymmetrical per-
pendicular conduit with the absorbent medium. Koumy et al. 
[13] carried out the identical scrutiny by taking Maxwell 
fluid towards deliberation. The performances of learning 
reveal its average speed dispensation accentuates through 
elevated ethics of Hall parameterization. Motsa and Shateyi 
[14] have taken into account the result of Hall and ion slip 
for the flow of MHD micro-polar fluid past the flat surface. 
Asghar et al. [15] reflected Hall and ion slip outcomes were 
lying on peristaltic flow and heat transport inquiry through 
Ohmic heating. Krishna and Chamkha [16] examined the 
combined effects of the MHD natural convective flow of 
nanofluids through a semi-infinite porous moving surface 
with fluctuating heat flux. Krishna et al. [17] addressed the 
combined implications on MHD mixed convective flow of 
squeezing viscous fluid through a never-ending perpendicu-
lar porous surface taking Hall impacts towards accountabil-
ity. The combined effects on unsteady MHD rotating flow of 
nanofluids have been explored by Krishna and Chamkha 
[18]. Krishna [19] discussed the persistent MHD flow of Cu 
and Al2O3 nanofluids through the absorbent surface. Krishna 
et al. [20] discussed the Hall and ion slip effects on the un-
steady MHD natural convective rotating flow through porous 
medium over a rapid velocity expedited disposed surface. 

Chau et al. [21] numerically investigated the surface 
plasmon resonance effects on photo-catalytic activities using 
silver nano-beads photo-deposited onto a titanium dioxide 
layer by a three-dimensional finite element method. Huang 
et al. [22] discussed the noteworthy experimental setups or 
designs for reactors that process various energy transfor-
mation paths for enhancing plasmonic photo-catalytic reac-
tions. Chen et al. [23] addressed the scattering field interac-
tions and surface plasmon resonance in coupled silver nano-
spheres when simulated by using the finiteelement method. 
Using the finite element method, the surface plasmon effects 
on a three-dimensional silver-shell nanospherical pair with 
five different dielectric holes that interact with a transverse 
magnetic mode incident plane wave have been investigated 
by Chen et al. [24]. Chau et al. [25] investigated the local-
ized surface plasmon resonances of a pair of dielectric-
core/silver-shell nanospheres, with and without a silver 
nanobar connecting them, for different values of the permit-
tivity of the dielectric core, using the finite element method. 

Turkyilmazoglu [26] discussed the fully developed mo-
mentum, thermal, and concentration layers through a concen-
tric annulus filled with various nanoparticle mixtures of wa-
ter-based nanofluids in the presence of wall slip nanofluid 
velocity. The time-dependent flow past an impulsively start-
ed vertical infinite isothermal plate in a viscous electrically 
conducting natural convective incompressible nanofluid has 
been investigated by Turkyilmazoglu [27]. Turkyilmazoglu 
[28] analyzed the flow and heat transfer of the nano liquid 
film flow over a moving inclined substrate. Turkyilmazoglu 
[29] conducted an investigation aimed at understand the sta-
bilizing or destabilizing effects of nanofluids as compared to 
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the standard base fluids in terms of stability of viscous and 
inviscid and temporal and spatial senses. 

Yadav et al. [30] numerically investigated the impact of 
the varying gravitational field and flow on the beginning of 
nanofluid convective instability in a permeable medium lay-
er utilizing the Galerkin technique. The joint effect of pulsat-
ing throughflow and magnetic field on the onset of convec-
tive instability in a nanofluid layer, bounded in a Hele-Shaw 
cell within the context of linear stability theory and frozen 
profile approach is presented by Yadav [31]. Yadav [32] 
discussed the onset of buoyancy-driven convective motion in 
a nanofluid saturated anisotropic porous medium layer in the 
occurrence of a uniform internal heat source under the varia-
ble gravity field. Stability analysis of thermal convection for 
a Jeffrey fluid with rotation in an anisotropic porous medium 
utilizing a modified Jeffrey–Darcy model has been examined 
by Yadav [33]. Chu et al. [34] explored the influence of 
wavy enclosure and nanoparticles on the heat release rate of 
PCM considering numerical method. Zuo et al. [35] dis-
cussed thermal treatment of hybrid nanoparticles in a domain 
with different permeabilities. Yadav [36] investigated the 
combined effect of the chemical reaction and non-uniform 
internal heating on the onset of longitudinal convective rolls 
in a porous medium saturated by nanofluid. A numerical 
examination of the significance of rotation and changeable 
gravitational field on the start of nanofluid convective 
movement in an anisotropic porous medium layer has been 
shown by Yadav [37]. Ganesh [38] discussed the Newtoni-
an fluid flow problem with buoyancy and thermal radia-
tion in non-linear form by considering the entropy genera-
tion. Krishna [39] 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 rotat-
ing 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 [40]. 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 tempera-
ture has been investigated by Krishna [41]. The combined 
effects of Hall and ion slip on MHD rotating flow of ciliary 
propulsion of microscopic organism through porous medium 
have been studied by Krishna et al. [42]. Krishna and Cham-
kha [43] investigated the Hall and ion slip effects on the 
MHD convective flow of elastico-viscous fluid through the 
porous medium between two rigidly rotating parallel plates 
with time fluctuating sinusoidal pressure gradient. 

To identify a research gap in this field, some review arti-
cles; should give a good overview of all important studies in 
this field and also identify some gaps, but also other articles 
in fluid mechanics, especially in the introduction and conclu-
sion parts, have to explain why this topic is important be-
cause fluid mechanics has not been studied enough - and 
which topics other authors should study in the future. Also, 
sometimes it may be very helpful to talk to practitioners: if it 
manages to find out something that it cannot find in journal 
articles or that goes against theory, it may have found a good 
research gap. 

Keeping in mind the above-mentioned facts, the unsteady 
MHD flow of an incompressible viscous electrically con-
ducting hybrid nanofluid over an exponentially accelerated 
vertical porous surface through an impact of slip velocity in 
a rotating frame with the Hall and ion slip effects have not 
been discussed yet. Hence, the current study investigates the 
unsteady MHD flow of an incompressible viscous electrical-
ly conducting hybrid nanofluid over an exponentially accel-
erated vertical porous surface through an impact of slip ve-
locity in a rotating frame with the Hall and ion slip effects 
into the description. 

2. MATERIALS AND METHODS  

2.1. Formulation and Solution of the Problem 

It is assumed an unsteady hydromagnetic rotating flow of 
an incompressible electrically conducting viscous H2O and 
ethylene glycol mixture (by a volume ratios of 60 and 40) 
based hybrid nano-liquid (Ag-TiO2/H2O) over an infinite 
exponentially accelerated perpendicular porous surface tak-
ing Hall and ion slip effects into account. The physical mod-
elling of the present study is displayed in Fig. (1).  

1. Consider the x-axis is taken along the surface in the 
perpendicularly growing direction, the z-axis per-
pendicular to the surface, and the y-direction is at 
right angles to the xz- plane.  

2. The plate and the fluid have been considered in a 
situation of an inflexible body rotating through a 
homogeneous angular velocity Ω about the z-
direction.  

3. Primarily, at the time t = 0, the surface and the adja-
cent fluid are at respite to a constant free stream 
temperature T∞ and concentration far left from the 
surface C∞.  

4. At the time t > 0, the plate is started to accelerate 
proportionally by the side of the x-axis associated 

with the gravitational field with a velocity 0/
0

t tu e , 

where, 0u  is a constant and 0t  the characteristics 
time.  

5. The surface heat is brought up or depressed to 

( ) 0( / )wT T T t t∞ ∞+ − if 00 t t< ≤ and afterward it 

is continued at homogeneous temperature wT if 

0t t>  in the case of ramped wall temperature.  

6. At the same time 0t > , the nano-particle concen-
tration at the surface is brought up or depressed to

( ) 0( / )wC C C t t∞ ∞+ − , where wC  is the constant 

nano-particle concentration near the surface.  

7. The effect of rotation about z-direction inserts a 
transverse body force to the flow, in terms produces 
transverse velocity gradients (i.e., crossflow), and 
the flow becomes two dimensional.  
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8. The fluid flow is subjected to a steady uniform 
transverse magnetic field

0B corresponding to the z-
direction.  

9. The strength of the induced magnetic field due to 
fluid movement is assumed to be insignificant in 
contrast to the applied magnetic field.  

10. The result of the polarization of fluid is disregarded 
owing to the deficiency of the applied electric field. 

Under these assumptions, and assuming Boussinesq ap-
proximations for body force term, the momentum equations 
governing the unsteady MHD flow of nanofluid by the per-
meable medium in a rotating frame are as follows (Singh and 
Srinivasa [44]). 

( ) ( ) ( ) ( )
2

0
2 *2 y hnf

hnf T Chnf hnf
hnf

B Ju uv u g T T g C C
t z K

ν
ν β β

ρ ∞ ∞
∂ ∂− Ω = + − + − + −
∂ ∂

   

                     (1) 
2

0
2 *2 hnfx

hnf
hnf

B Jv vu v
t z K

ν
ν

ρ
∂ ∂+ Ω = − −
∂ ∂

                    (2) 

 
Fig. (1). Physical model. 

 

The electron-atom collision frequency is assumed to be 
very high so that Hall and ion slip currents cannot be ne-
glected. Hence, the Hall and ion slip currents give rise to the 
velocity in the z-direction. When the strength of the magnetic 
field is very large, the generalized Ohm's law is modified to 
incorporate the Hall and ion slip effects (Sutton and Sherman 
[45]),   

( )2
0 0

( ) ( ) ( )e e e e iω τ ω τ β= σ + × × + × ×
B B

−J E V B J B J B B   (3) 

Further, it is assumed that the Hall parameter 
O(1)e e eβ ω τ= ≈ , as well as ion slip parameter  in the equa-

tion (3), the electron pressure gradient and thermo-electric 
effects, are neglected, that is, (0,0,0)=E . Under these as-
sumptions, the components forms of equation (3) to be, 

0(1 )i e x e y+ J J σB vβ β β+ =
 

                      (4) 

(1 )i e y e x 0+ J J σB uβ β β− = −
 

                      (5) 

      On solving equations (4) and (5), it is acquired as,
  

0 2 1( )xJ σB u vα α= +
 

                                     (6) 

0 2 1( )yJ σB v uα α= − −
 

                                     (7) 

Where, 
1 22 2 2 2

1 and 
(1 ) (1 )

e i e

e i e e i e

β β βα α
β β β β β β
+

= =
+ + + +

 

Substituting the equations (6) and (7) in (2) and (1) ac-
cordingly, the results of the momentum equation; the conti-
nuity, energy and concentration equations (8-12) obtained as, 

0u v
x y

∂ ∂+ =
∂ ∂

                         (8) 

( ) ( ) ( ) ( )
22
0 2 1

2 *

( )
2 hnf hnf

hnf T Chnf hnf
hnf

σ B v uu uv u g T T g C C
t z K

α α ν
ν β β

ρ ∞ ∞

−∂ ∂− Ω = + − + − + −
∂ ∂

 

 (9) 
22

2 10
2 *

( )
2 hnf hnf

hnf
hnf

σ u vBv vu v
t z K

α α ν
ν

ρ
+∂ ∂+ Ω = − −

∂ ∂          
(10) 

( ) ( )
2

02p hnfhnf

T TC k Q T T
t z

ρ ∞
∂ ∂= − −
∂ ∂

                    (11) 

( )
2

*
2hnf

C CD Kr C C
t z ∞

∂ ∂= − −
∂ ∂

                     (12) 

The initial and boundary conditions for the flow past the 
electrically non-conducting plate with slip velocity are 
Krishna et al. [46] (equ. 13-17), 

0, , , 0, 0u v T T C C t z∞ ∞= = = = ≤ >       (13) 

0/
0 0 0,t t u vu u e v

z z
λ λ∂ ∂= + =

∂ ∂
       (14) 

( ) 0 0

0

( / ), if 0
if

w

w

T T T t t t t
T

T t t
∞ ∞+ − < ≤⎧⎪= ⎨

>⎪⎩
      (15) 

( ) 0( / )wC C C C t t∞ ∞= + −         (16) 

0, 0, , , 0, asu v T T C C t z∞ ∞→ → → → > →∞ (17) 

Here, 0 ( 0)λ ≥ is the slip coefficient and negative quanti-

ties of 0λ  did not keep in touch to physical cases(Khaled 
and Vafai [47]) and the characteristics time t0may be defined 
in accordance to the non-dimensional process as 

2
0 0/hnft uν= . The slip coefficient depends on a variety of 

substantial factors. These are suspended stages in the rheo-
logical behaviour of the fluid (Lauge et al. [48]).  

The effective properties of hybrid nanofluids are estab-
lished by hybrid theory and phenomenon commandments. 
The renowned empirical correlation for hybrid nanofluid is 
specified as follows (Devi and Devi [49]) equ. 18, 

1 22 1 1 2(1 )[(1 ) ] ,hnf f s sρρ φ φ φ ρ φ ρ= − − + +
2.5 2.5

1 2

,
(1 ) (1 )

f
hnf

μ
μ

φ φ
=

− −
 

2 22 2 2 2[ (1 2 ) 2 (1 ) (1 ) (2 )],hnf bf s bf s bfσ σ σ φ σ φ σ φ σ φ= + + − − + +  
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1 11 1 1 1[ (1 2 ) 2 (1 ) (1 ) (2 )],bf f s f s fσ σ σ φ σ φ σ φ σ φ= + + − − + +  

1 22 1 1 2( ) (1 )[(1 )( ) ( ) ] ( ) ,T hnf T f T s T sρβ φ φ ρβ φ ρβ φ ρβ= − − + +  

1 22 1 1 2( ) (1 )[(1 )( ) ( ) ] ( ) ,C hnf C f C s C sρβ φ φ ρβ φ ρβ φ ρβ= − − + +  

1 22 1 1 2( ) (1 )[(1 )( ) ( ) ] ( ) ,p hnf p f p s p sC C C Cρ φ φ ρ φ ρ φ ρ= − − + +  

( )
( )

2 2

2 2

2

2

2 2
,

2
s bf bf s

hnf bf
s bf bf s

k k k k
k k

k k k k

φ

φ

⎡ ⎤+ − −
⎢ ⎥=

+ + −⎢ ⎥⎣ ⎦

( )
( )

1 1

1 1

1

1

2 2
,

2
s f f s

bf f
s f f s

k k k k
k k

k k k k

φ

φ

⎡ ⎤+ − −
⎢ ⎥=

+ + −⎢ ⎥⎣ ⎦

 

1 2(1 )(1 )hnf fD Dφ φ= − −                                                  (18) 

Where,
1 0φ =  (exclusive of suspensions of Siver nano-

particles) represents  TiO2/H2O and ethylene glycol nanoflu-
ids and 

2 0φ =   (exclusive of suspensions of TiO2 nano-
particles) represents  TiO2/H2O and ethylene glycol nanoflu-
id. Both 

1 20φ φ= =  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. [50], Aman et al. [51], Nabil et 
al. [52]). 

Combining equations (9) and (10), let q u iv= + , it is ac-
quired that

( ) ( ) ( ) ( )
22
0 1 2

2 *

( )2 hnf
hnf T Chnf hnf

hnf

B iq qiΩq q q g T T g C C
t z K

νσ α αν β β
ρ ∞ ∞

+∂ ∂+ = − − + − + −
∂ ∂  

(19) 

The non-dimensional variables are made as, 
2
02

2
0 0 0 00

* , * , * , * , , , ,f f

w w ff

B vT T C Cu v z tu v z t M
u u t T T C C uv t

σ
θ φ

ρ
∞ ∞

∞ ∞

− −= = = = = = =
− −  

( ) ( ) ( ) ( )* 2
2 0

2 2 3 3
0 0 0

, ,Gr ,Gc ,T f w C f wf f f

f

g v T T g v C Cv K uR K
u v u u

β β∞ ∞− −Ω
= = = =

 

( )
( )

*
0

22
00

Kr
Pr , ,Sc ,Kr

p f f f f

f fp f

C Q v v v
Q

k D uC u

μ

ρ
= = = =  

Making use of dimensionless variables, the following 
non-dimensional governing equations and are revised as (20-
22), 

2
2 2 2

1 2 3 1 2 4 52 ( ) 2 Gr GcJq qJ J J M i iR q J J
t z K

α α θ φ∂ ∂ ⎛ ⎞= − + + + + +⎜ ⎟∂ ∂ ⎝ ⎠  
(20) 

2
7

6 2Pr
JJ Q

t z
θ θ θ∂ ∂= −
∂ ∂

                                                 (21) 

2
8

2 Kr
Sc
J

t z
φ φ φ∂ ∂= −
∂ ∂

                      (22) 

The relevant non-dimensional initial and boundary condi-
tions are, 

0, 0, 0 for all 0 and 0,q z tθ φ= = = > ≤            (23) 

if 0 1
, , at 0,

1 if 1
t tqq e t z

z
τ

λ θ φ
τ
< ≤⎧∂= + = = =⎨ >∂ ⎩       

(24) 

0, 0, 0 as for 0q z tθ φ→ → → →∞ >              (25) 

Here, 0 0

f

u
v

λλ = is the slip parameter.  

To solve the above equations (20-22) by using the La-
place transformation technique with respect to the initial and 
boundary stipulations (23-25), the transformed governing 
equations of (20-22) become, 

2

1 1 2 32 ( )d qa s q a a
dz

λ θ φ− + = − −                     (26) 

2

5 42 ( ) 0d s a a
dz
θ θ− + =         (27) 

2

102 ( Kr) 0d s a
dz

φ φ− + =                      (28) 

The corresponding boundary conditions are/become, 

( )2 2

1 1 1, 1 , at 0
1

sdqq e z
s dz s s

λ θ φ−= + = − = =
−   

(29) 

0, 0, 0 asq zθ φ→ → → → ∞                             (30) 

Solving the differential equations (26-28) with the 
boundary conditions (29-30), the transformed solutions for 
velocity, temperature and concentrations 

( ) ( ) ( ), , , and ,q z s z s z sθ φ  
be, 

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

Physical Properties Water Ethylene Glycol Ag TiO2 

ρ  (kg/m3) 997.1 1109 10500 4250 

pC  (J/kgK) 4179 2400 235 686.2 

K  (W/m K) 0.613 0.258 429 8.9538 

510β −×  (1/ K) 21 --- 1.89 0.9 

σ  (S/m) 65.5 10−×  --- 662.1 10×  62.6 10×  

 







22    Current Nanoscience, 2023, Vol. 19, No. 1  Krishna and Chamkha et al. 

 
Fig. (2). The velocity profiles against M.  

 

 
Fig. (3). The velocity profiles against K.  

 

 
Fig. (4). The velocity profiles against R.  

 

 
Fig. (5). The velocity profiles against λ .  
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Fig. (6). The velocity profiles against Gr.  

 
Fig. (7). The velocity profiles against Gm.  

 
Fig. (8). The velocity profiles against 

eβ . 
 

 
Fig. (9). The velocity profiles against iβ . 
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Fig. (10). The velocity profiles against 1 2andφ φ . 

 

the magnetic renitent ferocity. In addition, the proficient 
conductivity increases as increase in the ion slip parameter. 
For that motive, the attenuation forces are decreasing; as a 
result, velocity intensifies.  

Fig. (10) exemplified the impacts of 1φ  and 2φ volume 
fractions of Ag and TiO2 respectively, on the resultant veloc-
ity of nanofluids Ag-WEG and Ag-TiO2/WEG and for both 
ramped wall temperature and uniform wall temperature. It is 
observed that in ramped wall temperature, the resultant ve-

locity reduced through enhancing volume fractions 1φ  and 

2φ  and reversal behaviour is observed for the kind of uni-
form wall temperature throughout the fluid medium.  

Fluid temperature and the thickness of the thermal 
boundary layer decrease on an enhancing heat source param-
eter N for both ramped wall temperature and uniform wall 
temperature is shown in Fig. (11). The thermal boundary 
layer thickness for hybrid nanofluid (Ag-TiO2) is superior 
than the nanofluid (Ag-WEG). The heat source parameter Q 
emerging in the energy equation quantified the amount of 
heat absorption per unit volume it is known through

0 ( )Q T T∞− , 
0Q  being a heat source coefficient. This may be 

engaged as either optimistic or pessimistic. The source term 
represented the heat absorption for 0Q>  and heat genera-
tion if 0Q< . Actually, the growing quantities of heat ab-
sorption have propensity to lessen the fluid temperature. 
High-temperature absorption Q obviously diminished the 
heat of the hybrid nanofluids. Hence, heat sources or sinks 
might be developed in material dispensation classifications 
in the region of theoretical researches in material sciences. It 
can be perceived from Fig. (12) that fluid temperature is in-

creased with a boost in volume fraction parameters 1φ  and 

2φ  for both ramped wall temperature and uniform wall tem-
perature. This behaviour is expected since by include Silver 
nano-particles to the base fluid or Titania nanofluid or hybrid 
suspensions, the thermal conductivities of resulting fluid is 
increased. Hence, the hybrid suspensions possessed a high 
thermal capacity than nanofluids and a predictable one; this 
is purely fluid. Accordingly, the high thermal conductivity 
has a constructive effect to enhance the fluid temperature. 
The behaviour of mono or hybrid nanofluid might be utilized 
in polymer dispensation systems. It might be established 

from Fig. (13) that fluid temperature boosts with an increase 
in the certain instant of time.  In addition, one might be con-
cluded that the temperature of hybrid nanofluid (Ag-
TiO2/WEG) is higher compared 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. (14) showed the influence of Schmidt number Sc, 
chemical reaction parameter Kc, and the volume fraction 

parameters 1φ  and 2φ  and time t on concentration profiles 
for nanofluids Ag-WEG and Ag-TiO2/WEG. The concentra-
tion distribution and the boundary layer thickness are less-
ened with an increase in Sc. Physically, this is that Schmidt 
number is linearly relative to the ratios of the momentum 
diffusion to the mass diffusivity. Schmidt number hence 
measures the relative efficiency of momentum and mass 
transportation through diffusion into the hydrodynamic 
boundary layers. The reductions in the concentrations pro-
files are accompanied by instantaneous reductions in the 
concentration boundary layer thickness. The concentration 
profiles are reduced for escalating in chemical reaction pa-
rameter Kc. Larger quantities of Kr leads to reduce the diffu-
sion coefficient of hybrid chemical species. This declined 
concentration and boundary layer thickness. Actually, for a 
harmful case ( Kc 0> ), consistent chemical reaction ac-
quires place through lots of disturbance. These caused large 
molecular movement in the effective hybrid nanofluid, this 
increased the transportation phenomenon, thus reducing the 
concentration distribution in the flow regimes. The persuades 

of the volume fractions 1φ  and 2φ  of nanoparticles on con-
centration field are evident that, the concentration field and 
those comparative boundary layer thickness are seeing to 

reduced though an increase in volume fractions 1φ  and 2φ . 
This might also be scrutinized that the nano-particle concen-
tration is enhanced by an increment in time. Hence it is no-
ticed that the nano-particle concentration is comparatively 
lesser in the case of hybrid nanofluid (Ag-TiO2/WEG) com-
pared to nanofluid (Ag-WEG). 

The computational outcomes for shear stress near the sur-
faces of the plate are displayed through Table 3. for quite a 
few values of pertinent parameters. This is scrutinized that 
for both ramped and uniform wall temperature, for both 
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Fig. (11). The temperature profiles against Q.  

 

 
Fig. (12). The temperature profiles against 1 2andφ φ .  

 

 
Fig. (13). The temperature profiles against t.  

 

 
Fig. (14) Contd…. 
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Fig. (14). The concentration profiles against Sc, Kc, 

1 2,φ φ  and t.  

Table 3.  Shear stress (Ramped wall temperature).  

(Pr = 6.2, Kc = 2, t=0.5) 

 
M K R λ  Gr Gm eβ  

iβ  
1φ  

2φ  Ag-WEG Ag-TiO2/WEG 

2 0.5 0.5 0.2 5 3 1 0.2 0.05 0.05 0.345587 0.578854 

3 - - - - - - - - - 0.465589 0.702145 

5 - - - - - - - - - 0.598012 0.856695 

- 1.0 - - - - - - - - 0.432517 0.663985 

- 1.5 - - - - - - - - 0.489965 0.778854 

- - 1.0 - - - - - - - 0.302214 0.502241 

- - 1.5 - - - - - - - 0.266358 0.456698 

- - - 0.4 - - - - - - 0.569982 0.750021 

- - - 0.6  - - - - - 0.733698 1.025522 

- - - - 10 - - - - - 1.445578 1.665855 

- - - - 15 - - - - - 2.885749 3.224874 

- - - - - 6 - - - - 1.200145 1.250014 

- - - - - 9 - - - - 2.540114 3.000254 

- - - - - - 2 - - - 0.244189 0.223669 

- - - - - - 3 - - - 0.123369 0.088547 

- - - - - - - 0.4 - - 0.278854 0.263998 

- - - - - - - 0.6 - - 0.155874 0.099854 

- - - - - - - - 0.10 - 0.362254 0.555254 

- - - - - - - - 0.15 - 0.322517 0.540236 

- - - - - - - - - 0.10 .... 0.523699 

- - - - - - - - - 0.15 .... 0.487754 
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Table 4.  Shear stress (Uniform wall temperature).  

(Pr = 6.2, Kc = 2, t=0.5) 

 

M K R λ  Gr Gm βe
 iβ  φ1  2φ  Ag-WEG Ag-TiO2/WEG 

2 0.5 0.5 0.2 5 3 1 0.2 0.05 0.05 0.552633 0.758849 

3 - - - - - - - - - 0.758896 0.996588 

5  - - - - - - - - 1.100254 1.125541 

- 1.0 - - - - - - - - 0.600255 0.800125 

- 1.5 - - - - - - - - 0.658879 0.874415 

- - 1.0 - - - - - - - 0.447812 0.652369 

- - 1.5 - - - - - - - 0.356698 0.555899 

- - - 0.4 - - - - - - 0.655210 1.202145 

- - - 0.6 - - - - - - 0.778595 1.766985 

- - - - 10 - - - - - 2.185547 2.741125 

- - - - 15 - - - - - 5.014452 5.785541 

- - - - - 6 - - - - 1.502251 1.889558 

- - - - - 9 - - - - 3.585474 3.256696 

- - - - - - 2 - - - 0.440258 0.590022 

- - - - - - 3 - - - 0.214788 0.387488 

- - - - - - - 0.4 - - 0.374558 0.502258 

- - - - - - - 0.6 - - 0.166555 0.285474 

- - - - - - - - 0.10 - 0.569999 0.748595 

- - - - - - - - 0.15 - 0.533268 0.721188 

- - - - - - - - - 0.10 .... 0.701254 

- - - - - - - - - 0.15 .... 0.651234 

 
Table 5.  Nusselt number.  

Q  1φ  2φ  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 
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Table 6.  Sherwood number.  

Sc  Kc 1φ  2φ  t Ag-WEG Ag-TiO2WEG 

0.22 1 0.05 0.05 0.5 0.358554 0.401145 

0.30 - - - - 0.758849 0.836628 

0.60 - - - - 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 

 

nanofluids Ag-WEG and Ag-TiO2/WEG, the shear stresses 
at the surface of the plate increased by an amplifying in 
Hartmann number, permeability parameter, slip parameter, 
thermal and concentration buoyancy forces, and also reduced 
with an increase in rotation parameter, Hall and ion slip pa-

rameter, the volume fractions 1φ  and 2φ of nanoparticles. It 
is perceived that, for both ramped and uniform wall tempera-
ture, the shear stresses of hybrid nanofluid at the surface of 
the plate are higher than that of mono-nanofluid. Also the 
shear stresses of ramped wall temperature for both nanoflu-
ids  are inferior to that of uniform wall temperature. 

The computational results of the Nusselt number near the 
surface of the plate for both ramped and uniform wall tem-
perature is computationally displayed in Table 4. It is noticed 
that, the Nusselt number is enhancing through an increase in 
heat source parameter Q for both temperature cases. There is 
a lessening in the rate of heat transfer at the surface of the 

plate with an increase in 1φ  volume fraction of Ag nano-
particles for both nanofluids Ag-WEG and Ag-TiO2/WEG. It 

is also reduced through an increase in 2φ  volume fraction of 
TiO2-nano-particles for the nanofluid Ag-TiO2/WEG. In fact, 
growth in nano-particle volume fraction leads to speed up 
the rate of heat diffusion of the fluid, as a result, the Nusselt 
number near the plate reduces. It is scrutinized that for both 
temperature cases, the Nusselt number near the plate is high-
er for Ag-WEG nanofluid than hybrid Ag-TiO2/WEG 
nanofluid. This is happened due to the larger thermal con-
ductivity of hybrid nanofluid than nanofluid. That out come 
might be utilized to cool down the conducting fluid. Moreo-
ver, the Nusselt number at the plate is relatively lower for 
ramped wall temperature than that of uniform wall tempera-
ture.  

 

The computational assessments of the Sherwood number 
for various quantities of Schmidt number, chemical reaction 

parameter Kc, volume fraction 1φ  and 2φ  and time t are 
represented in Table 5. It depicted that the Sherwood number 
at the plate is enhanced with an increase in Schmidt number 
Sc, chemical reaction parameter Kc, time t, the volume frac-

tion 1φ  of nanoparticles for both hybrid and mono nanoflu-
ids. This inspection is owing to the ballistic collision of 
nano-particles. Also, it is reduced through an increase in the 

volume fraction 2φ of nano-particles in hybrid nanofluid Ag-
TiO2/WEG Table 6. Hence, it is distinguished that, Sher-
wood number for hybrid nanofluids near the surface of the 
plate is larger than that in case of mono nanofluids. 

CONCLUSION 

It is discussed the radiative MHD flow of an incompress-
ible viscous electrically conducting hybrid nanofluid over an 
exponentially accelerated vertical surface under the influence 
of slip velocity in a rotating frame taking Hall and ion-slip 
impacts into description.  The outcomes are made as the fol-
lowing.  

1. The resultant velocity is growing by an increase in 
thermal and concentration buoyancy forces, Hall 
and ion-slip parameters, whereas rotation and slip 
parameters have overturned outcome on it. 

2. It is reducing through an increase in Hartmann 
number, whereas the permeability parameter has 
capsized effect on it. 

3. An increase in volume fractions of nano-particles 
causes an increment through the temperature pro-
files, whereas the heat source parameter has been 
reducing on this. 
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4. The temperature of hybrid Ag-TiO2/WEG nanofluid 
is relatively superior to that of Ag-WEG nanofluid. 

5. Species concentration of hybrid Ag-TiO2/WEG 
nanofluid is decreased with an increase through 
Schmidt number and chemical reaction parameter.  

6. The shear stress is augmented with an increase in 
Hartmann number, slip parameter, and thermal and 
solutal buoyancy forces and it is diminished by an 
increase in Coriolis force, Hall, and ion slip parame-
ter. 

7. The heat absorption increases the Nusselt number 
near the surface, whereas Ag and TiO2 nanoparticle 
volume fractions have a tendency to lessen it. 

8. The Sherwood number at the surface is improved 
through Ag and TiO2 nanoparticle volume fraction, 
chemical reaction parameter for both the hybrid and 
mono nanofluids. 

9. The present problem has more applications through 
magnetic material processing, electrical conducting 
polymers dynamics, and purifications of molten 
metal by non-metallic. 

NOMENCLATURE 

( , )u v  = The velocity components along the ( , )x y  
directions 

0B  = Applied magnetic field 

pC  = Specific heat 

*K  = Permeability of the porous medium 

bμ  = The plastic dynamic viscosity of the non-

Newtonian fluid  

yp  = 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 

wT  = Fluid temperature at the surface  

T∞  = Fluid temperature in the free stream  

C  = Concentration of the fluid 

wC  = Fluid concentration at the surface 

C∞  = Fluid concentration in the free stream  

k  = The permeability of the porous medium 

hnfk  = The thermal conductivity of hybrid Casson 

nanofluid 

0Q  = 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 

B  = Magnetic induction vector 

,x yJ J  = Current densities along x and y directions  

E  = Electric field vector 

J  = current density vector 

GREEK SYMBOLS 

hnfρ  = The density of hybrid Casson nanofluid 

hnfμ  = The dynamic viscosity of hybrid Casson 
nanofluid  

( )T hnf
β  = The thermal expansion coefficient of hy-

brid nanoliquid  

( )C hnf
β  = The solute expansion coefficient of hybrid 

nanoliquid 

( )p hnf
Cρ  = The heat capacitance of hybrid Casson 

nanofluid  

1φ  = The solid volume fraction of silver (Ag) 
nanoparticle  

2φ  = The solid volume fraction of titania (TiO2) 
nanoparticles  

λ  = Slip parameter  

θ  = Dimensionless temperature 
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Ω  = Angular velocity 

σ  = Electrical conductivity of the fluid 

ρ  = Density of the fluid 

ν  = Kinematic viscosity 
τ  = Shear stress 

eω  = Cyclotron frequency  

eτ  = Electron collision time 

eβ  = Hall parameter 

iβ  = Ion slip parameter 

SUB SCRIPTS 

w  = Conditions on the wall 
∞  = Free stream conditions 

1s  = Solid nanoparticles of silver 

2s  = Solid nanoparticles of titania 

f  = Base fluid (water and ethylene glycol) 

nf  = Nanoliquid 

hnf  = Hybrid nanoliquid 
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