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Abstract In this paper, we have investigated the Hall and ion slip effects on the unsteady magne-

tohydrodynamic (MHD) free convective rotating flow over an exponentially accelerated inclined

plate entrenched in a saturated porous medium with the effect of angle of inclination, variable tem-

perature and concentration. The flow induced by the presence of heat source/sink and destructive

reaction. The Laplace transform technique has been used to solve the governing equations. The

effects of the non-dimensional parameters on the governing flow velocity, temperature and concen-

tration are examined with graphical profiles. Also for engineering interest the shear stress, Nusselt

number and Sherwood number are obtained analytically and discussed computationally with refer-

ence to foremost flow parameters. It is reported that the presence of magnetic field prevents the flow

reversal. Angle of inclination sustains a retarding effect on velocity distribution. The present study

has an immediate application in understanding the drag experienced at the heated and inclined sur-

faces in a seepage flow.
� 2020 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Quick efforts have been made to learn the effects of porous
media by both experimentally and theoretically. Simple flow
is interested in the flow of water through agricultural engineer-
ing, groundwater sources and drainage, marine engineering,

natural gas, oil, oil refining and refining processes. For petro-
leum extraction processes, it is important to stream porous
media. In addition to contributing to existing knowledge,
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Nomenclature

u; v the velocity components along x, y directions

a� absorption coefficient
a dimensionless accelerating parameter
a0 dimensional acceleration parameter
D chemical molecular diffusivity

C dimensional concentration in the fluid
Cw concentration of the fluid near the plate
C1 concentration of the fluid far away from the plate

qr radiative heat flux
T dimensional temperature of the fluid
Tw constant temperature of the plate

T1 temperature of the fluid far away from the plate
S� constant heat source
K permeability parameter
k permeability of porous medium

Kc chemical reaction parameter
Kc� chemical reaction rate constant
u0 characteristic velocity of the plate

q dimensionless complex velocity
Nu Nusselt number
Sh Sherwood number

Sc Schmidt number
S heat source parameter
M magnetic field parameter or Hartmann number

Cp specific heat at constant pressure
Gr thermal Grashof number
Gm mass Grashof number

g acceleration due to gravity

Pr Prandtl number
Ra radiation parameter
B0 applied magnetic field
k1 thermal conductivity of the fluid

t time
B magnetic field vector
E electric field

V velocity vector
J current density vector

Greek symbols
h dimensionless temperature

/ dimension less fluid concentration
m coefficient of kinematic viscosity
q density of the fluid

l coefficient of viscosity
b volumetric coefficient of thermal expansion
b� volumetric coefficient of expansion with concen-

tration
r electrical conductivity
s shear stress
a Angle of inclination from the vertical direction

xe Cyclotron frequency

se Electron collision time

be Hall parameter

bi ion slip parameter
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many problems have significant practical significance. Porous
materials used due to the efficiency of applied automated engi-

neering, remediation and modern applications, as the principle
of rolled liquid is very important because it used there are
many natural events and a state worthy of being governed

by the Corolis forces directly. The broad areas of Oceanogra-
phy, Meteorology, Limnology and Atmospheric science all
contain some important and essential features of rotating

fluids.
The liquefied flow problems in rotating medium have

drawn attention of many researchers who investigated hydro-
dynamic flow of a viscous and incompressible fluid in rotating

medium considering different aspects of the problem. There
has been considerable interest in the problems of hydromag-
netic flow in a rotating environment during past few decades

due to their geophysical and astrophysical significance and
their application in fluid engineering. Several important prob-
lems, namely, maintenance and secular variations of terrestrial

magnetic field due to motion in Earth’s liquid core, internal
rotation rate of the sun, structure of rotating magnetic stars,
planetary and solar dynamo problems, MHD Ekman pump-
ing, turbo machines, rotating hydromagnetic generators, rotat-

ing drum type separator in closed cycle two phase MHD
generator flow etc. are directly governed by the action of Cori-
olis and magnetic forces. An order of magnitude analysis

shows that, in the hydromagnetic equations of motion in rotat-
ing environment, the effects of Coriolis force is more signifi-
cant than that of inertial and viscous forces. In addition to

it, Coriolis and magnetic forces are comparable in magnitude.
Some eminent authors [1–5] discussed the flow of electrically
conducting liquids in different configurations.

Major interest of convective heat transfer of fluids in
sciences and engineering is incredibly important. This is
because of its wide variety of applications in the reproduction

of cooling devices for microelectronic and electronic gear, solar
energy anthology, etc. Water, ethylene glycol and engine oil
are heating or cooling agents and play a decisive job in thermal

management of many industries. In many realistic applications
requiring strong magnetic field there is a need to think both the
Hall and ion slip currents because of the significant effect they
have on the vector of the current density and transitively on

the magnetic force idiom. Ram [6] investigated the effects of
Hall and ion slip currents on MHD rotating free convective
heat generating flow. Seddeek [7] has discussed the effects of

Hall and ion-slip currents and Heat transfer on magneto-
micropolar fluid over a non-isothermal stretching sheet with
suction and blowing. Seddeek and Abdelmeguid [8] discussed

the boundary layer analysis which is used to the effects of Hall
and ion slip currents on steady magneto-micropolar fluid over
a horizontal plate. Jha and Apere [9] investigated unsteady
MHD Couette flow of a Newtonian fluid between two rotating

parallel plates taking Hall and ion-slip currents. Uddin and
Kumar [10] discussed Hall and ion slip effect on thickness of
the boundary layer flow of a micro polar fluid over a wedge.

Ellahi et al. [11] conducted a theoretical study of the problem
of the peristaltic flow of Jeffrey fluid in a non-uniform rectan-
gular duct under the effects of Hall and ion slip. Bhatti et al.

[12] discussed the effect of Hall and ion slip on peristaltic



Hall and ion slip effects on unsteady MHD free convective rotating flow 567
blood flow of Eyring Powell in a non-uniform porous two
dimensional channel under long wavelength approximation
of zero Reynolds number. Srinivasacharya and Shafeeurrah-

man [13] discussed the Hall and ion slip effects on mixed con-
vective flow of nanofluid between two concentric cylinders.
Jitendra and Srinivasa [14] investigated the Hall and ion slip

effects on convective flow of a rotating liquid.
Recently, the effects of radiation and Hall current on an

unsteady MHD free convective flow in a vertical channel filled

with a porous medium have been studied by Veera Krishna
et al. [16]. The heat generation/absorption and thermo-
diffusion on an unsteady free convective MHD flow of radiat-
ing and chemically reactive second grade fluid near an infinite

vertical plate through a porous medium and taking the Hall
current into account have been studied by Veera Krishna
and Chamkha [17]. Veera Krishna et al. [18] discussed heat

and mass-transfer effects on an unsteady flow of a chemically
reacting micropolar fluid over an infinite vertical porous plate
in the presence of an inclined magnetic field, Hall current and

thermal radiation taken into account. Veera Krishna and
Chamkha [19] discussed the MHD squeezing flow of a
water-based nanofluid through a saturated porous medium

between two parallel disks, taking the Hall current into
account. Veera Krishna et al. [20] discussed Hall effects on
MHD peristaltic flow of Jeffrey fluid through porous medium
in a vertical stratum. Sara and Bhatti [21] investigated Nano

fluid MHD peristaltic flow, including chemical reactions, Hall
and ion slip currents. Veera Krishna and Chamkha [25] inves-
tigated The diffusion-thermo, radiation-absorption and Hall

and ion slip effects on MHD free convective rotating flow of
nanofluids past a semi-infinite permeable moving plate with
constant heat source. Veera Krishna et al. [26] discussed the

Soret and Joule effects of MHD mixed convective flow of an
incompressible and electrically conducting viscous fluid past
an infinite vertical porous plate taking Hall effects into

account.
The natural convection of a Nano-encapsulated phase

change materials suspension in a cavity with a hot wall having
a time periodic temperature is investigated by Ahmad et al.

[27]. Ghalambaz et al. [28] discussed the flow and thermal
behavior of nano-encapsulated phase change materials dis-
persed in a liquid over a vertical flat plate. Hossein et al. [29]

discussed numerically investigating convective boundary layer
flow over a plate embedded in a porous medium filled with
nanofluid. Aminreza et al. [30] investigated to analyze the

boundary layer flow and heat transfer of nanofluids over a
stretching sheet near the extrusion slit in the presence of vari-
able thermal conductivity. Ghalambaz et al. [31] discussed
melting flow and heat transfer of electrically conductive phase

change materials subjecting to a non-uniform magnetic field in
a square enclosure. Ghalambaz et al. [32] investigated the flow
and heat transfer of MgO-MWCNTs/EG hybrid nanofluid in

a complex shape enclosure filled with a porous medium. Gha-
lambaz et al. [33] are theoretically studied the MHD phase
change heat transfer of a phase change substance in the pres-

ence of a uniform magnetic field in a cavity. The heat and mass
transfer behavior of nanofluids inside a hexagonal enclosure in
the presence of a non-uniform magnetic field considering the

effects of ferro-hydrodynamic and MHD have been discussed
by Ghalambaz et al. [34]. Double-diffusive convective flow in a
rectangular enclosure with the upper and lower surfaces being
insulated and impermeable is studied numerically by
Mohamed [35]. Mohamed et al. [36] discussed double-
diffusive natural convective flow in an inclined rectangular
enclosure with the shortest sides being insulated and imperme-

able. Natural convection in a square cavity filled with different
nanofluids is studied numerically by Mohamed and El-
Maghlany [37]. Double-diffusive convective flow in an inclined

rectangular enclosure with the shortest sides being insulated
and impermeable is investigated numerically by Mohamed
et al. [38].

The effects of chemical reaction on the MHD micropolar
fluid stagnation-point flow through a stretching sheet with slip
and convective boundary conditions are considered by Khilap
et al. [39]. The heat transfer in MHD slip flow of an incom-

pressible, viscous, electrically conducting, forced convective,
and steady alumina-water nanofluid in the presence of a mag-
netic field over a flat plate has been analyzed by Padam et al.

[40]. Alok and Manoj [41] discussed the effects of viscous dis-
sipation and suction/injection on MHD flow of a nanofluid
past a wedge with convective surface in the appearance of slip

flow and porous medium. Himanshu et al. [42] are to identify
the consequences of heat generation/absorption and suction/
injection on MHD flow of Ag-water nanofluid past a stretch-

ing flat plat in a porous medium with Ohmic-viscous dissipa-
tion. Alok and Manoj [43] are discussed to analyze the
MHD flow of Cu–water nanofluid between two stretchable/
shrinking channels due to the effects of heat generation/ab-

sorption, viscous dissipation, and Ohmic heating. The collec-
tive influence of thermal radiation and convection flow of
Cu-water nanofluid due to a stretching cylinder in a porous

medium along with viscous dissipation and slip boundary con-
ditions is examined by Alok and Manoj [44]. Ashish et al. [45]
discussed the effect of slip parameters, viscous-Ohmic dissipa-

tion, heat generation/absorption, and suction/injection on
MHD flow of silver-water nanofluid past a permeable vertical
cone. Investigation of heat transfer effect on Cu-water nano-

fluid flow past a stretching cylinder has been done by Alok
and Manoj [46].

Motivated by the data described above and literature sur-
vey bear witness that the analysis of Hall and ion effects of

on the unsteady MHD free convection rotating flow over an
exponentially accelerated inclined plate has not been presented
yet. In order to fill the gap of the existing literature, we have

investigated the Hall and ion slip effects on the unsteady
MHD free convective rotating flow over an exponentially
accelerated inclined plate entrenched in a saturated porous

medium with the effect of angle of inclination, variable temper-
ature and concentration.
2. Formulation and solution of the problem:

We have considered the Hall and ion slip effects on an
unsteady uniform MHD free convective rotating flow of a vis-
cous, incompressible and radiating fluid over an infinite expo-

nentially accelerated inclined plate with variable temperature
embedded in a saturated porous medium under the uniform
transverse magnetic field of strengthB0 normal to the plate.

The x-axis is taken along the plate and z-axis is normal to
the plate. The plate is inclined to vertical direction by an angle
a. The induced magnetic field is neglected as the magnetic Rey-

nolds number of the flow is very small. In an initially undis-
turbed state both the fluid and the plate are in rigid rotation
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with the uniform angular velocity X about the normal to the
plate. It is also assumed that the plate and the surrounding
fluid are at the same temperature T1 and concentrationC1.
At time t > 0, the plate is exponentially accelerated with a

velocity u ¼ u0e
a0t; v ¼ 0 in its own plane. At the same time

the temperature and concentration level are also raised or low-
ered linearly with time t. The physical model of the problem is

represented in Fig. 1.
The boundary layer equations of governing flow, heat and

mass transfer over exponentially accelerated inclined plate

(Bansal [23], Schlichting and Gersten [24]) are given by

@u

@x
þ @v

@y
¼ 0 ð1Þ

@u

@t
� 2Xv ¼ m

@2u

@z2
þ B0Jy

q
� m
k
uþ gbðT� T1Þcosa

þ gb�ðC� C1Þcosa ð2Þ

@v

@t
þ 2Xu ¼ m

@2v

@z2
� B0Jx

q
� m
k
v ð3Þ

qCp

@T

@t
¼ k1

@2T

@z2
� S�ðT� T1Þ � @qr

@z
ð4Þ

@C

@t
¼ D

@2C

@z2
�Kc�ðC� C1Þ ð5Þ

The initial and boundary conditions are

u ¼ 0; v ¼ 0;T ¼ T1;C ¼ C1; 8 z; t 6 0 ð6Þ

u ¼ u0e
a0t; v ¼ 0;T ¼ T1 þ ðTw � T1Þu20t

t
;C

¼ C1 þ ðCw � C1Þu20t
t

at z ¼ 0 ð7Þ

u ¼ v ¼ 0;T ! T1;C ! C1 as z ! 1 ð8Þ
The boundary conditions for the temperature at the plate

impose a linearity relation between temperature and time with

a residual temperature T1 and having a constant slopeu20=m,
Fig. 1 Physical model.
which depends up on square of the characteristic velocity
and material property. Similar explanation holds for concen-
tration at the plate. The fluid considered here is a gray, absorb-

ing/emitting radiation but a non-scattering medium. The local
gradient for the case of an optically thin gray gas (Pattnaik
et al. [22]) is expressed by

@qr
@z

¼ �4a�rðT4
1 � T4Þ ð9Þ

We assumed that the temperature differences within the

flow are sufficiently small such that T4 may be expressed as a
linear function of the temperature. This is accomplished by

expanding T4 in a Taylor series about T1 and neglecting the
higher order terms, we acquire that,

T4 ffi 4T3
1T� 3T4

1 ð10Þ
Using Eqs. (9) and (10) in (4), we get

qCp

@T

@t
¼ k1

@2T

@z2
� 16a�rT3

1ðT� T1Þ þ S�ðT� T1Þ ð11Þ

The electron-atom collision frequency is assumed to be very
high, so that Hall and ion slip currents cannot be neglected.
Hence, the Hall and ion slip currents give rise to the velocity

in y-direction. When the strength of the magnetic field is very
large, the generalized Ohm’s law is modified to include the Hall
and ion slip effect (Sutton and Sherman [15]),

J ¼ rðEþ V� BÞ � xese
B0

ðJ� BÞ þ xesebi

B2
0

ðJ� BÞ � BÞð Þ

ð12Þ
Further it is assumed that xese � Oð1Þ and xisi << 1; in

the Eq. (9), the electron pressure gradient and thermo-
electric effects are neglected, i.e., the electric field E ¼ 0 under

these assumptions, the Eq. (12) reduces to

ð1þ bibeÞJx þ beJy ¼ rB0v ð13Þ

ð1þ bibeÞJy � beJx ¼ � rB0u ð14Þ
On solving Eqs. (12) and (13) we obtain,

Jx ¼ rB0ða22uþ a11vÞ ð15Þ

Jy ¼ �rB0ða22v� a11uÞ ð16Þ
where, a11 ¼ 1þbebi

1þbebið Þ2þb2e
and a22 ¼ be

1þbebið Þ2þb2e

Substituting the Eqs. (15) and (16) in (3) and (2) respec-
tively, we obtain

@u

@t
� 2Xv ¼ m

@2u

@z2
þ rB2

0ða22v� a11uÞ
q

� m
k
uþ gbðT

� T1Þcosaþ gb�ðC� C1Þcosa ð17Þ

@v

@t
þ 2Xu ¼ m

@2v

@z2
� rB2

0ða22uþ a11vÞ
q

� m
k
v ð18Þ

Combining the Eqs. (17) and (18)

@q

@t
þ 2iXq ¼ m

@2q

@z2
� rB2

0ða11 þ ia22Þ
q

q� m
k
qþ gbðT

� T1Þcosaþ gb�ðC� C1Þcosa ð19Þ
On introducing the following non-dimensional

quantities
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z� ¼ zu0
m

; q� ¼ q

u0
; t� ¼ tu20

m
; a ¼ a0m

u20
; h ¼ T� T1

Tw � T1
;

/ ¼ C� C1
Cw � C1

; Gr ¼ gbmðTw � T1Þ
u30

;Pr ¼ lCp

k1
;

Gm ¼ gb�mðCw � C1Þ
u30

;M ¼ rB2
0m

qu20
; K ¼ u20k

m2
;Kc ¼ mKc�

u20
;

Ra ¼ 16a�m2rT1
k1u

2
0

;S ¼ S�m
qCpu

2
0

;

Sc ¼ m
D
; R ¼ 2Xm

u20

Making use of non-dimensional variables, the governing

equations reduces to (Dropping asterisks)

@q

@t
¼ @2q

@z2
� M2ða11þ ia22Þþ2iRþ 1

K

� �
qþGrhcosaþGm/cosa

ð20Þ

@h
@t

¼ 1

Pr

@2h
@z2

� Ra

Pr
� S

� �
h ð21Þ

@/
@t

¼ 1

Sc

@2/
@z2

�Kc/ ð22Þ

The initial and boundary conditions in dimensionless
are

q ¼ 0; h ¼ 0;/ ¼ 0; 8z; t 6 0 ð23Þ

q ¼ eat; h ¼ t;/ ¼ t at z ¼ 0 ð24Þ

q ! 0; h ! 0;/ ! 0 as z ! 1 ð25Þ
Taking Laplace transform of equations (20), (21) and (22),

we get

d2q

dz2
� sþM2ða11 þ ia22Þ þ 2iRþ 1

K

� �
q

¼ Grcosa
s2

e�PrðsþðR=PrÞ�SÞz þGmcosa
s2

e�ScðsþKcÞz ð26Þ

d2h
dz2

� Pr sþ Ra

Pr
� S

� �
h ¼ 0 ð27Þ

d2/
dz2

� ScðsþKcÞ/ ¼ 0 ð28Þ

Corresponding transformed boundary conditions are,

q ¼ 1

s� a
; h ¼ 1

s2
;/ ¼ 1

s2
at z ¼ 0 ð29Þ

q ! 0; h ! 0; / ! 0 as z ! 1 ð30Þ

Solving the Eqs. (26), (27), and (28) by making use of (29)

and (30), we obtained transformed solutions for q; h and /
are,
qðz; sÞ ¼ 1

s� a
� 1

Pr sþ Ra
Pr
�S

� �� �2� k23

Grcosa
s2

(

� 1

Sc sþKcð Þð Þ2� k23

Gmcosa
s2

)

þ 1

Pr sþ Ra
Pr
�S

� �� �2 � k23

Grcosa
s2

e�ðPrðsþðR=PrÞ�SÞÞz e�k3z

þ 1

Pr sþ Ra
Pr
�S

� �� �2 � k23

Grcosa
s2

e�ðPrðsþðR=PrÞ�SÞÞz

þ 1

Sc sþKcð Þð Þ2� k23

Gmcosa
s2

e�ðScðsþKcÞÞz ð31Þ

hðz; sÞ ¼ 1

s2
e�PrðsþðRa=PrÞ�SÞz ð32Þ

/ðz; sÞ ¼ 1

s2
e�ScðsþKcÞz ð33Þ

Taking inverse Laplace transforms to the equations (31),
(32), and (33), we obtained velocity, temperature and concen-

tration distributions. The shear stress, Nusselt number and
Sherwood number are obtained as,

s ¼ � @q

@z

� �
z¼0

Nu ¼ � @h
@z

� �
z¼0

and Sh ¼ � @/
@z

� �
z¼0

ð34Þ

The expressions are cited in the Appendix A.

3. Results and discussion

The investigation of the graphical depiction of flow, heat and
mass transfer phenomena brings out the effects of different

parameters on governing the flow. The Figs. 2–5, 6 and 7 char-
acterize the resultant velocity, temperature and concentration
distributions respectively. The validation of the results is

shown in Table 1. Table 2, Figs. 8 and 9 illustrated the shear
stress, Nusselt number and Sherwood number respectively.
For a ¼ 0in Eq. (24), the plate is set to a constant motion. It
is also evident from boundary condition that elapse of time

induces higher start-up for a > 0in velocity, temperature and
concentration distributions. For computational purpose, we
are fixing t ¼ 0:5 while the parameters M ¼ 0:5; K ¼ 1;
Kc ¼ 1; Gr ¼ 3; Gm ¼ 2; Sc ¼ 0:22; Pr ¼ 0:71; S ¼ 1;
Ra ¼ 2; a ¼ p=6; a ¼ 0:2; t ¼ 0:5; be ¼ 0:2; bi ¼ 1; and
R ¼ 0:5 are varied over the range.

Fig. 2(a and d) exhibits the resultant velocity profiles with
Hartmann number M, permeability parameter K, thermal
Grashof number Gr and mass Grashof number Gm. It is seen
from Fig. 2(a) that sudden decrement in velocity is observed

near the plate in the presence of magnetic field. It is also seen
that their presence reduces the velocity field at all points. This
is due to the fact that the introduction of a transverse magnetic

field, normal to the flow direction, has a tendency or affinity to
create the drag known as the Lorentz force which tends to
resist the flow throughout the fluid region. Thus, it is con-

cluded that the effect of magnetic field in the presence of por-
ous matrix, sustains a retarding effect on the velocity
distribution and thickness of the momentum boundary layer.



Fig. 2 The velocity profiles against M. K, Gr and Gm.

Fig. 3 The velocity profiles against Pr, Kc, Ra and Sc.
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Fig. 4 The velocity profiles against a, S, a and R.

Fig. 5 The velocity profiles against be and bi.
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For different values of the permeability parameter K, the
velocity distribution is plotted in Fig. 2(b). It is clear that the

increased values K increase the resultant velocity and thereby
increase the momentum boundary layer thickness. Lower the
permeability causes lesser the fluid speed is observed within

the flow region occupied by the fluid. Hence the resultant
velocity enhances with increasing permeability parameter
throughout the fluid section. The resultant velocity across

the boundary layer increases with increasing thermal Grashof
number Gr (Fig. 2(c)). The thermal Grashof number Gr signi-
fies the relative effect of the thermal buoyancy force to the vis-

cous hydrodynamic force in the boundary layer. As expected,
it is observed that there is a rise in the velocity due to the
enhancement of thermal buoyancy force. It is concluded that
increase in the value of Grashof number or any buoyancy

related parameter implies an increase in the wall temperature
and this makes the bond between the fluid to become weaker,
strength of the internal friction to decrease, the gravity to

becomes stronger enough. i.e., makes the specific weight appre-
ciably different between the immediate fluid layers adjacent to
the wall. The effects of buoyancy parameter are highly signif-

icant in the flow within the boundary layer formed on the sur-
face. This is only achievable when the prescribed surface
temperature and prescribed wall heat flux are considered. Sim-

ilar behaviour is observed with increasing mass Grashof num-
ber Gm (Fig. 2(d). The mass Grashof number Gc defines the



Fig. 6 The temperature profiles against Pr, S, Ra and t.

Fig. 7 The concentration profiles against Kc, Sc and t.
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Table 1 Results comparison for the velocity component (u) ðKc ¼ 1; Sc ¼ 0:22; Pr ¼ 0:71;Gr ¼ 3; Gm ¼ 2; a ¼ p=6;
a ¼ 0:2; t ¼ 0:5; z ¼ 0:5;R ¼ 0;be ¼ bi ¼ 0Þ.
M K S Ra Previous work Pattnaik et al. [22] Present Work

0.5 1 1 2 0.671987 0.671989

1.0 0.610769 0.610770

1.5 0.527190 0.527191

2 0.668627 0.668626

3 0.579948 0.579947

2 0.676540 0.676539

3 0.681819 0.681820

3 0.666571 0.666570

4 0.662057 0.662058

Table 2 Shear stress.

M K Gr Gm Pr Kc Ra Sc a S a R be bi s

0.5 1 3 2 0.71 1 2 0.22 p=6 1 0.2 0.5 0.2 1 1.51115

1 1.68936

1.5 1.96947

2 1.42771

3 1.34569

5 1.45149

7 1.39183

4 1.43536

6 1.35956

3 1.53727

6 1.55234

2 1.51206

3 1.51292

3 1.51321
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Note: Bold face values represent the variation of particular parameter being other parameters fixed.
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ratio of the species buoyancy force to the viscous hydrody-
namic force. The fluid resultant velocity increases and is more
distinctive due to increase in the species buoyancy force. The

velocity distribution attains a distinctive maximum value
within the fluid medium and then decreases properly to
approach zero. Thus momentum boundary layer thickness

increases with increase in Gr or Gm.
We noticed from the Fig. 3(a and d), this exhibits the effect

of Prandtl number Pr, chemical reaction parameter Kc, radia-

tion parameter Ra and Schmidt number Sc on resultant veloc-
ity. The increase in Prandtl number decreases the velocity
throughout the fluid region. Hence momentum boundary layer
reduces with increasing Prandtl number (Fig. 3(a)). Similar
behaviour is observed with increasing chemical reaction

parameter Kc or radiation parameter Ra (Fig. 3(b and c)).
Heavier diffusing species, i.e. with higher value of Schmidt
number and increasing rate of chemical reaction cause a reduc-

tion in velocity. Moreover, heavier species with destructive
reaction causes retardation in the velocity distribution (Fig. 3
(d)).

Fig. 4(a and d) shows the effect of angle of inclination of
the plate. It is further remarked that an increase in angle of



Fig 8 Nusselt number with Pr, Ra and S.

Fig 9 Sherwood number with Kc and Sc.
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inclination reduces the velocity at all points, as the forcing
forces are depleted due to the factor cosa (Fig. 4(a)). It is

observed that in the presence of constant rotation, an increase
in heat source parameter leads to an increase in the velocity at
all points, but reverse effect is observed in respect of accelera-

tion parameter (Fig. 4(b and c)). Thus, the presence of heat
source is found to be favourable in enhancing the velocity.
The resultant velocity enhances with increasing rotation

parameter R (Fig. 4(d)). This may be attributed to the fact that
when the frictional layer at the plate is suddenly set into the
motion then the Coriolis force acts as a freedom in the entire
fluid flow region.

Fig. 5(a and b) exhibits the effect of Hall and ion slip
parameters be and bi. The resultant velocity increases with
increasing Hall parameter (Fig. 5(a)). The inclusion of Hall

parameter be reduces the effective conductivity and hence
drops the magnetic resistive force. The similar behaviour is
observed with increasing ion slip parameter bi(Fig. 5(b)). The

effective conductivity increases as increase in bi, hence the
damping force is decreasing due to this axial velocity increases.

The smooth distinction of temperature is marked through-
out the flow domain in the Fig. 6(a and d). We increase in

Prandtl number Pr, i.e., fluid with low thermal diffusivity
and with an increasing strength of heat source, decreases the
temperature slightly at all points. It is to note that the

velocity decreases in the presence of heat source parameter
(Fig. 6(a and b)). An increase in radiation parameter decreases
the temperature. From the boundary condition it is evident
that the plate temperature equals to the time. Therefore, an

elapse of time leads to higher temperature on the plate
(Fig. 6(c and d)).

Further, variation of concentration in the flow domain is

depicted through Fig. 7(a–c). From Fig. 7(a), an increase in
the chemical reaction parameter Kc decreases the concentra-
tion profile rapidly. Since, the number of solute molecules

undergoing chemical reaction gets increased as chemical reac-
tion parameter increases, which lead to decrease in concentra-
tion field. Hence, a destructive chemical reaction reduces the
concentration boundary layer thickness significantly. It is

observed from Fig. 7(b) that high value of Schmidt number
i.e., heavier species with low diffusivity decrease the concentra-
tion at all points of the flow domain. An increase in the Sch-

midt number corresponds to a weaker solute diffusivity
which allows a shallower dispersion of solutal effect. As a
result, the concentration decreases with increase in Schmidt

number. Thus, the conentration boundary layer is thicker for
smaller values of Schmidt number and vice versa. We chose
the Schmidt number values as Sc = 0.22, 0.3, 0.6, 0.78 which

correspond to hydrogen, helium, water vapour, and ammonia
respectively. Further, it is observed that the concentration of
profile becomes steeper in the presence of chemical reaction.
Reversal behaviour is observed with increasing time through-

out the fluid region (Fig. 7(c)).
The Shear stress, Nusselt number and Sherwood number

feature breaking point surface area which is important for flow

dependence, warmth and adhesive. As can be found in Table 2,
it is observed that the shear stress decreases with an increase in
the values of permeability parameter, heat source parameter,

rotation parameter, Hall and ion slip effects as well as thermal
and mass buoyancy parameter and it increases with increasing
Hartmann number, Prandtl number, chemical reaction param-

eter, radiation parameter, Schmidt number, angle of inclina-
tion and accelerated parameter. In Fig. 8, we noticed that
Nusselt number increases with increasing Prandtl number,
radiation parameter and time, whereas, it decreases with heat

source parameter. Thus, it is concluded that the fluid with
higher radiative property and low thermal diffusivity favours
higher rate of heat transfer at the surface. From Fig. 9, it is

observed that Sherwood number, which determines the rate
of solutal concentration at the surface of the wall, increases
with increasing Schmidt number, chemical reaction parameter

and time. Thus, heavier species with higher rate of chemical
reaction increases the rate of solutal concentration at the
surface.

4. Conclusions

We have investigated the Hall and ion slip effects on the
unsteady MHD free convective flow over an exponentially

accelerated inclined plate entrenched in a saturated porous
medium with the effect of angle of inclination, variable temper-
ature and concentration. The conclusions are made as follows.

Presence of Hall and ion slip effects and saturated porous med-
ium offers capitulate to the increase of velocity distribution
thereby acts as a over protective device for preventing

front flow. The angle of inclination, the chemical reaction
and the presence of heavy species have resistance to velocity.
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The combined effects of rotation, Hall and ion slip accelerates
the fluid motion. An increase in radiation parameter decreases
the temperature so as to reach the ambient state earlier. The

low diffusing species with higher rate of chemical reaction
diminishes the concentration level at all points. Increasing
the rate of chemical reaction increases the shear stress and

reduces it by increasing permeability parameter, which is
advantageous. The presence of porous matrix and free convec-
tive flow reduces the shear stress, while other parameters

increase it. Flow instability is noticeable due to long duration.
Nusselt number enhances with increasing radiation and retards
with increasing heat source. Sherwood number increases with
increasing Schmidt number, chemical reaction parameter and

time.
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