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Abstract: We in this paper intended to investigate heat and mass transfer for MHD free convective flow for
exponentially accelerated plate. The effects of Ion slip and Hall are studied considering variable temperatures,
concentration, and angle of inclination. We applied finite element analysis for solving governing equations. Flow
velocity, concentration and temperature’s graphical profiles are examined for non-dimensional parameters. Flow
reversal is prevented due to magnetic field, is observed. Velocity experiences retarding effect due to angle of
inclination, this helps in acknowledging drag force in seepage flow.
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1. Introduction

Simple flows are studied to understand the effects of porous medium. Flows in agriculture engineering, ground
water drainage, natural gas, refining process have simple flows where effects on porous medium are studied
theoretically and experimentally. Apart from existing knowledge about above engineering branches many more
problems are significant, namely application of coriolis forces for application in rolled liquid. The rotating fluids play a
very important role in atmospheric science, limnology, and meteorology. Viscous incompressible fluids in rotating
frame have investigated HMD’s. Fluid engineering has applications in rotating frames and has significance in
geophysical and astrophysical sciences. The action of coriolis and magnetic forces governs turbo machines, MHD
generator flow, Ekman pumping. Effects coriolis forces are more significant than viscous forces and inertial forces.

Veera Krishna [1] studied effects of ion-slip and Hall effects on MHD flows within gyratory frame.
Mukhopadhyay [2] investigated unsteady convective flow for thermal radiation effects for stretching surface on porous
medium. Ram [3] studied rotating free convective generating flows for ion slip and Hall currents. Seddeek [4] studied
micro magneto polar fluids for ion slip, Hall effects and heat transfer. Bhatti et al. [5] studied peristaltic flow of blood
in Eyring powell for permeable channel under “zero” Reynolds number for effects of ion slip and Hall currents. Uddin
and Kumar [6] studied flows of boundary layer thickness of micro polar fluid and effects of ion slip and hall currents.
Jitendra and Srinivasa [7] studied convective flow in rotating liquid for ion slip and Hall effects. Veera Krishna and
Chamkha [8] studied hall current for MHD squeezing flow for Nano fluid which is water based in permeable medium
between parallel disks. Veera Krishna and Chamkha [9] studied free convective MHD rotating Nano flows for porous
plate under constant heat source. Veera Krishna et al. [10] studied effects of Hall for mixed convective flows, MHD’s
incompressible conducting viscous fluids, soret and joule effects are also considered. Mohamed et al. [11] studied pairs
of diffusive flow in impermeable naturally convective fluids and placed in shortest sides rectangular inclined enclosure.
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Khilap et.al. [12] studied effect’s chemical reaction for micro polar stagnation point flow MHD with slip and boundary
conditions on convective flows over stretching sheet. Padam et al. [1]3 studied incompressible viscous, forced
convective, Nano fluids in vicinity of magnetic field for heat transfer. Alok and Manoj [14] studied MHD Nano fluids
past wedge in convective surfaces in porous medium for viscous dissipation and suction. Alok and Manoj [15] studied
effects of heat transfer on Water-Cu Nano fluids on a stretching cylinder. Malvandi et al. [16] studied unsteady
stagnation Nano fluids for slip effects on stretching sheet.

Satyanarayana et al. [17] studied Hall current and absorption of radiation in micro polar MHD fluid on rotating
system. Sugunamma et al. [18] studied MHD radiation, heat mass transfer and chemical reaction for electrically
conducting permeable plate under influence inclined magnetic field. Amos Emeka et al. [19] studied free convective
flows which are MHD on inclined permeable medium for variable suction and effects of radiation. Makinde [20]
studied permeable Nano fluids hydro magnetic boundary layer flows over moving surfaces. Hamad and Pop [21]
studied Nano fluids of free convective nature past permeable flat plate with heat source which is constant. Kran Kumar
et al. [22] studied mass and heat transfer in free convective flows in rotating frame through permeable medium for
chemical reactions and thermo-diffusion. Khan [23] studied nonlinear thermal radiation and slip is understood by
viscous fluid in a stretchable rotating disk. Devi et al. [24] studied Hall Effect and magnetic effect for radiation
parameter for viscous MHD Newtonian fluid past rotating disk and electrically conducting fluid. Aziz and Afify [25]
studied hall current on MHD slip on Nano fluid over stretching sheet. Siva Reddy Sheri and Anjan Kumar [26] studied
mass and heat transfer over spontaneously moving vertical plate for furiously moving temperature. Siva Reddy Sheri et
al. [27] studied natural convective flow for mass and heat transfer for MHD past infinite inclined plate.

Inspired by the above literature survey, we notified the need for analyzing effects of ion-slip and Hall on MHD not
steady free convective flows over exponentially inclined accelerated plate. Hence filling the gap, we analyzed ion slip
and Hall effect on inclined plate exponentially accelerating for permeable saturated substance carrier for free
convective MHD rotating flow where angle of inclination, concentration and variable temperatures are considered.

2. Formulation of The Problem

We considered radiating fluid, which is not steady free convective MHD rotating, incompressible, viscous flows
over exponentially slanted plate with differing temperatures in permeable saturated substance carrier with the influence
of unvaryingly trans versing magnetic field which is of strength By orthogonal to inclined plate. x-axis is parallel to the
plate and z-axis orthogonal to plate. The angle of inclination is a. Induced magnetic field is not considered because of
small Reynolds number. Initially the plate and fluid are in rotation with speed Q. By assumption the plate and
surrounding fluid are at concentration C, and temperature T,. The initial velocity for accelerated exponentially plate for

t > 0is u = uee*’, v = 0 at that instance temperature and concentration are lowered and raised. The boundary layer
equations for the physical model for mass and heat transfer over accelerated exponentially slant plate is:

ou
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i ZQv—vﬁ—7+;u—g,8(T—Too)cosa—gﬁ (C—=Cx)cosa=0 (2)
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The initial and boundary conditions are:
u=0v=0T=T, C=C(C,Vzt<0 (6)

! _ 2 _ 2

u=1ge? v =0T =T, + 82 ¢, 4 Gt 4 220 (7)
u=v=0T->T,C—->Csy,asz— (8)

Temperature boundary conditions are linear with time and with residual temperature T. and with constant slope ug?/v.
The regional derivative for thin optical gas which is gray:

2 = —4a’o((T4 —T*) ©)

Similar to gray fluids absorbent /emitting fluids are considered but medium is not-scattering. By neglecting higher
powers using Taylor series about Ts we consider:
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T* = 4T3T — 3T2 (10)

The collision frequency of atom and electron is high hence ion slip and hall current cannot be neglected. By generalized
ohm’s law and including ion slip and Hall effect the influence of large magnetic field is:

WeTe
By

J=0(E+VxB)—222( x B) + 2228 (] x B) x B) (11

Further assumption w,7, ~ 0(1) and w,7; < 1, the pressure gradient of electron and effects of thermo-electric are
neglected implies E=0 results:

(1 + BBy + .Be]y = aByv (12)
1+ BeB)]x + ﬁe]y = —oByu (13)

Fig. 1 - Graphical model

By solving Eqgs. (12) and (13) we get:
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By non-dimensional terms:
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The above equations have initial and boundary conditions as:

u=v=0, 6=0,¢=0 ,VvVz, t <0 (20)
u=e*0=t,p=t at z=0. (4))
u-0, $¢-0,0->0, as zZ > . (22)

3. Solution of The Problem

Equations (16), (17), (18), (19) nonlinear equation and their boundary conditions (20), (21), (22) are numerically
solved for concentration, temperature, and velocity distributions. The procedure is discussed by Bathe (28) and Reddy
(29). The FEM is applied to get accurate and reliable solutions for coupled nonlinear equation and their boundary
conditions. The fundamental steps are Domain Elements Discretization; the elements of domain are separated into
finite count of sub intervals which is termed as discretization. Every sub interval is now a finite count. The group of
these sub intervals is termed as limited mesh. The finite element equations derivation of consists of three steps,
Construction of variation formulation for differential equation, Assumption of approximate solution for characteristic
finite element. Derivation of finite element equation is obtained by substituting the solution in variation formulation,
Element equation assembly. The results obtained by the above procedure are assembled by subjecting to inter-element
continuity conditions. These results to many algebraic equations making into global finite element model governing
whole flow domain. The boundary conditions of equations (20), (21), (22) are applied for these assembled equations.
The final set of equations is solved directly or by iterative numerical methods. Numerical solutions of these equations
were obtained by MATLAB. By changing the values of velocity, temperature, and concentration the stability and
convergence of finite element method was tested. The results were more than satisfactory.

4. Results and Discussion

The illustrative interpretation of mass and heat transfer flows represents the nature of various parameters which
govern the flow. Figures 2-5 represent velocities; Illustration 6 represent temperatures; Figure 7 represent
concentrations profiles and Figure 8 represent secondary velocity. The results validation is done in Table which
illustrates viscous dissipation Ec. When a=0 the plate is at constant motion. For a>0 temperature, velocity and
concentration induces higher starting value. For the profiles various values are fixed t=0.5 and the various parameters
are Gr =3, Gm=2, M=0.5, K=1, Kr =1, Sc=0.22, Pr =0.71, a=0.2, a=n/6, S=1, f~0.2, Ra=2, fi=1, S=1, R=0.5. Figure 2
(a) represents the velocity profiles for M Hartmann number, velocity decreases because of magnetic field. Drag force
known as Lorentz decreases velocity in the fluid region, hence unnoticed decrement in speed is noticed in area by
relevance of magnetic field. It is also noticed that magnetic field trims down velocity distribution on all sides thus
retarding effect is observed on velocity profile and thick momentum boundary layer is formed. Figure 2 (b) represents
the velocity profiles for Permeability number, from this figure as K increases the velocity also grows and then
eventually widens the width of the momentum boundary layer. If the ability to penetrate of the porous medium is less
than if K is less, then it results in velocity to decrease in flow field and it impacts the thickness of momentum boundary
layer.
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Fig. 2(a) - Profile of velocity for different values for M  Fig. 2(b) - Profile for velocity for different values of K
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Fig. 3(d) - Profile of velocity for different values of Sc

Figure 2 (c) represents the velocity profiles for Gr Grashof number, increase in Gr increases velocity and thickness
of boundary layer. Gr specifies thermal forces of buoyancy to that of hydrodynamic viscous forces. Increase in
buoyancy forces means increase in wall temperature hence the bond between internal friction decreases and gravity is
stronger, so velocity increases Figure 2 (d) represents the velocity profiles for Gm mass Grashof number exhibits
effects of Gm on resultant fluid velocity. There is an increase in velocity of fluid flow with increase in Gm. It is
observed that velocity of fluids increases with strengthening of solute buoyancy and heat forces, the velocity
distribution increases sharply immediately beside to porous surface and later there is decay to initial velocity and
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reaches to zero smoothly. This reason causes thickness of momentum boundary layer to increase. Hence velocity
increases with increase in Gm.

Figure 3 (a) represents the velocity profiles for Prandtl number Pr, we noticed that increase in Pr decreases velocity
in fluid flow therefore momentum boundary layer tends to diminish with increment in Pr. Increase in Pr makes fluid
movement decrease resultant velocity. Highest Prandtl number has high viscosity which makes fluid have substantial
thickness. Hence the velocity profile decreases. Figure 3 (b) represents the velocity profiles for Kr Chemical reaction
parameter, we noticed that increment in Kr decreases slightly velocity in fluid flow. Chemical reaction parameter Kr
increase suppress concentration of fluid and molecular diffusivity lessens due to increase in Kr. This results in velocity
reducing slightly. Figure 3 (c) represents the velocity profiles for radiation parameter Ra, we noticed that as there is
variation in Ra that is increase in Ra decreases velocity in fluid flow. It is also observed that there is decrease in
velocity of fluid flow inside boundary layer due to increase in thermal radiation parameter. Further it is observed that
spike in velocity of fluid boosts nearby surfaces to grow mouldl approaching to zero. As conclusion it is evident that
thickness of momentum boundary layer increases with increase in heat radiation parameter. Figure 3(d) represents the
velocity profiles for Schmidt number Sc, we noticed that increment in Schmidt number increases chemical reaction rate
which leads to reduction of velocity. Also noticed that increase in Schmidt number results in reduction of thickness of
momentum boundary layer. Hence there is a decrease in velocity profile with increase in Sc.
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15

1.0 1.0 4
2 >
8 g |

o o
> a=0.2,0.4,0.6,0.8 > ,1,1.5,

30.5- 3054

00 S — i . . 0.0 T ey Y ¥ T

00 05 1.0 15 20 25 3.0

0.0 05 1.0 1.5 20 2.5 3.0

Fig. 4(c) - Profile of velocity for different values of a Fig. 4(d) - Profile of velocity for different values of R

Figure 4 (a) represents the velocity profiles for inclined angle of the plate, we noticed that increase in inclined
angle tends to reduce velocity because cosine of o depletes forces influencing velocity’s increase. Hence velocity
profile decreases with increase in inclination of angle of the plate. Figure 4 (b) represents the velocity profiles for S
heat source parameter increase due constant rotation which in turn increases velocity. Further observed that heat source
parameter positively affects velocity of fluid flow. Heat source parameter increases thickness momentum boundary
layer to increase hence it develops spike in fluid velocity next to the plate. Figure 4 (c) represents the velocity profiles
for acceleration parameter has a positive effect on velocity profile. The increase in acceleration in flow field increases
the movement of fluid hence by natural convection as acceleration increases velocity of fluid increases. Figure 4 (d)
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represents the velocity profiles for R rotation parameter increases velocity with its increase. This parameter increases
the fluid velocity throughout the flow. The effect of acceleration is large near the axis or rotation due to Coriolis force.
Hence momentum boundary layer thickness increases with increase in rotation. This results in increases of velocity.
Figure 4(4) represents the velocity profiles for Ec Eckert number decreases velocity with its rise. The fluid velocity for
different values of Ec shows that increase in Ec develops a drop in fluid velocity next to the plate. The thickness of
velocity boundary layer will be minimum at plate for velocity profile attaining its minimum value. Figure 5 (a)
represents the velocity profiles for Hall parameter B. increases velocity with its increase. Magnetic resistive force is
dropped by conductivity which results in an increase in velocity. The Hall parameter . decreases magnetic fierceness
and increases conductibility which in turn spikes velocity. As a result, velocity increases. Figure 5 (b) represents the
velocity profiles for Ion slip parameter f; also increases velocity with it increase. Damping forces decrease with
increase in conductivity which is due to increase in Bi. This effect causes high conductivity and results in spike of
velocity.

Figure 6 (a) represents the velocity profiles for Pr Prandtl number decreases thermal diffusivity with increase in its
value. Increase in Pr makes fluid movement decrease and thermal temperature. The highest Prandtl number has high
viscosity which makes fluid have substantial thickness in energy boundary layer. Hence the temperature decreases.
Figure 6 (b) represents the velocity profiles for S Heat source parameter decreases temperature profile. Thermal
boundary layer thickness reduces with rise in S heat source parameter. Hence temperature profile decreases. Figure 6
(c) represents the velocity profiles for Ra radiation parameter decreases temperature with its increase. It is observed that
temperature in the boundary layer decreases with increase in thermal radiation parameter. It is because, increase in Ra
results in increase of heat radiation in the thermal boundary layer which consequently decreases temperature profile in
thermal boundary layer. Figure 6 (d) represents the velocity profiles for T elapse in time results in higher temperature.
A temperature profile is a complex time temperature data and related to measuring temperature in an oven. The
temperature profile is measured along slope. Hence time elapses in fluid flow increases temperature profile. Figure 6
(e) represents the velocity profiles for Ec Eckert number increases temperature profile. It is noticed that temperature
profile is maximum at plate and increase exponentially and fall to zero away from the plate. The thickness of the
thermal boundary layer increases comparatively with increase in Ec, hence temperature profile increases with increase
in Ec.
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Figure 7 (a) represents the velocity profiles for Kr, parameter of chemical reaction increase tends to diminish
concentration profile drastically. The reason being increase in number of molecules in chemical reaction parameter
increases and results in concentration decrease. Figure 7(b) represents the velocity profiles for Sc Schmidt number
increase results in weaker solute diffusivity which results in decrease of concentration. It is observed that concentration
of fluid is maximum on surface of plate then decreases and disappears away from the plate. Sc Schmidt number higher
values means higher bread which results in lesser diffusion and lessening of concentration in fluid region. Hence
concentration boundary layer thickness decreases by increase in Sc. Figure 7 (c) represents the velocity profiles for t
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increase of time increases concentration in fluid region. It is observed that the rate of reaction changes in concentration
dependent on time. As the reaction progresses the change in concentration of reactants decreases and the concentration
profile increases with time. Figure 8 (a) represents the velocity profiles for M Hartmann number, secondary velocity
decreases because of magnetic field. Drag force known as Lorentz decreases secondary velocity in the fluid region,
hence unnoticed decrement in speed is noticed in area by relevance of magnetic field. It is also noticed that magnetic
field trims down secondary velocity distribution on all sides thus retarding effect is observed on velocity profile and
thick momentum boundary layer is formed. Figure 8 (b) represents the velocity profiles for K. Permeability number,
from the figure, it is evident that as K grows the secondary velocity also increases and hence thickness of momentum
boundary layer follows. From the figure as K increases the secondary velocity also grows and then eventually widens
the width of the momentum boundary layer. If the ability to penetrate of the porous medium is less than if K is less then
it results in secondary velocity to decrease in flow field, and it impacts the thickness of momentum boundary layer.
Figure 8 (c) represents the velocity profiles for R rotation parameter increases secondary velocity with its increase. This

parameter increases the fluid velocity throughout the flow.
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The effect of acceleration is large near the axis or rotation due to coriolis force. Hence momentum boundary layer
thickness increases with increase in rotation. This results in increases of secondary velocity. Figure 8 (d) represents the
velocity profiles for Hall parameter B. increases secondary velocity with its increase. Magnetic resistive force is
dropped by conductivity which is result of increase in B.. Figure 8 (e) represents the velocity profiles for Ion slip
parameter P; also increases secondary velocity with it increase. Damping forces decreases with increase in conductivity
which is due to increase in ; Figure 8 (f) represents the velocity profiles for o inclined angle of the plate, we noticed
that increase in inclined angle tend to reduce secondary velocity because cosine of a depletes forces influencing
velocity. a inclined angle of the plate, we noticed that increase in inclined angle tend to reduce secondary velocity

because cosine of a depletes forces influencing velocity’s increase. Hence secondary velocity profile decreases with
increase in inclination of angle of the plate. Figure 8 (g) represents the velocity profiles for S heat source parameter
increase due constant rotation which in turn increases secondary velocity S heat source parameter increase due constant
rotation which in turn increases secondary velocity. Further observed that heat source parameter positively affects
velocity of fluid flow. The heat source parameter increases thickness momentum boundary layer to increase hence it
develops spike in fluid’s secondary velocity next to the plate. Figure 8 (h) represents the velocity profiles for an
acceleration parameter that has a positive effect on velocity profile. The increase in acceleration in flow field increases
the movement of fluid hence by natural convection as acceleration increases secondary velocity of fluid increases.

5. Validation of Numerical Results

We compared the current results to confirm the genuineness of the numerical results obtained by applying
MATLAB code. In the absence of viscous dissipation Ec=0, the effects of M, K, S, Ra on skin friction coefficient and
earlier published numerical results are compared in Table below. It agrees that present numerical results are very close
to the results stated by Pattnaik et al. [30] and Krishna et al. [31] as shown in Table. Therefore, the developed code has

confidence in the numerical results studied in this article.

Table 1 - Comparison of velocity component (u) when viscous dissipation Ec=0.

M K S Ra Pattnaik et al. [30] Veera Krishna et al. [31]  Present Results
0.5 1.0 1.0 2.0 0.671987 0.671989 0.671988
1.0 1.0 1.0 2.0 0.610769 0.610770 0.610770
1.5 1.0 1.0 2.0 0.527190 0.527191 0.527190
0.5 2.0 1.0 2.0 0.668627 0.668626 0.668627
0.5 3.0 1.0 2.0 0.579948 0.579947 0.579949
0.5 1.0 2.0 2.0 0.676540 0.676539 0.676541
0.5 1.0 3.0 2.0 0.681819 0.681820 0.681820
0.5 1.0 1.0 3.0 0.666571 0.666570 0.666570
0.5 1.0 1.0 4.0 0.662057 0.662058 0.662058
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6. Conclusion

We analyzed the MHD fluids for ion slip and Hall effects on free unsteady convective flow for inclined accelerated
exponential plate for saturated permeable medium. In analysis we considered the effect of variable temperature, the
angle of inclination along with concentration. The results observed are:

a. Effects of ion slip and Hall presence increases velocity profile both primary and secondary and prevents front
flow of fluid.

b. Chemical reactions, angle of inclination and fluid being heavy with species resist velocity.

c. Rotation, Hall, and ion slip effect speeds up the motion of fluid.

d. Radiation parameter decreases velocity, decreases temperature there by reaching stable state.

e. Concentration levels diminish with an increase in chemical reaction rate.
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