Chapter 6:

STUDY OF THERMO-DIFFUSION EFFECTS ON UNSTEADY MHD FLOW
IN POROUS MEDIUM.

Influence of thermal radiation, chemical reaction and heat generation effects on MHD flow with
heat and mass transfer are discussed in earlier chapters. So, in this chapter, a new length is added to
the mathematical analysis of MHD flow in porous medium by considering the effects of thermo-
diffusion. In several transport developments in nature, flow is driven by density differences caused
by temperature gradient, concentration gradient and material composition. If the mass fluxes are
created by temperature gradients, it is called the Soret effect (thermal-diffusion). These effects are
usually of small order of magnitude. The Soret effect shows significant role in the process of solar
ponds, biological systems, and the microstructure of oceans.

This chapter contains two sections, in first section, effects of heat generation and thermo-diffusion
on radiating and chemically reactive Casson fluid of MHD flow past an oscillating vertical plate in
porous medium are considered. Second section of this chapter deals with Soret and parabolic motion
effects on MHD flow of Second grade fluid with heat generation in porous medium with ramped

boundary condition.

6.1 SECTION I: SORET AND HEAT GENERATION EFFECTS ON MHD
CASSON FLUID FLOW PAST AN OSCILLATING VERTICAL PLATE
EMBEDDED THROUGH POROUS MEDIUM.

Analytic expression for thermal diffusion and heat generation effects on MHD flow of Casson fluid
past an oscillating plate embedded in porous medium with thermal radiation and chemical reaction
are obtained. Ramped wall temperature with ramped surface concentration, isothermal temperature
with ramped surface concentration and isothermal temperature with constant surface concentration
are taken into account. The governing non-dimensional equations are solved using Laplace
transform technique and the solutions are presented in closed form. In order to get a perfect
understanding of the physics of the problem, numerical values of velocity, temperature and
concentration profiles are obtained and presented graphically. Expression for Skin friction, Nusselt
number and Sherwood number are obtained with the help of velocity, temperature and concentration

profiles.
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6.1.1 Introduction of the Problem

Such effects are important when density varies in the flow regime. For example, when species are
introduced at a surface in fluid domain, with different (lower) density compared to surrounding
fluid, Soret effects can be significant. Also, when heat and mass transfer take place concurrently in
a moving fluid, the relations among the fluxes and the heavy potentials are of more complex nature.
It has been found that an energy flux can be generated not only by temperature gradients but by
composition gradients as well. Recently, Sulochana et al. [38] discussed non uniform heat source or
sink effect on the flow of 3D Casson fluid in the presence of Soret and thermal radiation, whereas
Nadeem et al. [120] considered thermo-diffusion effects on MHD flow of a viscoelastic fluid over
a convective surface. Khan et al. [122] considered thermo-diffusion effects on MHD stagnation
point flow. Many researchers like, Hayat et al. [123] and Anantha et al. [126] discussed Soret and
Dufour combine effects on MHD Casson fluid flow.

Thermo-diffusion effects on MHD flow in porous medium is important phenomena in engineering
and technology. Recently, Kataria and Mittal [96-97] discussed MHD flow of nano fluid past an
oscillating vertical plate. Kataria and Patel [110] studied radiation and reaction effects on MHD
flow of Casson fluid in porous medium. Sengupta and Ahmed [121] studied MHD flow past an

oscillating plate embedded in porous media with thermal diffusion.

6.1.2 Novelty of the Problem
Novelty of this section is extension of the previous published article of Kataria and Patel [110]. So,

this section is concerned with thermo-diffusion and heat generation effects on unsteady free
convective MHD flow of Casson fluid in porous medium with ramped boundary conditions in
energy and concentration equations. Governing equations are analytically solved using Laplace

transform technique.

6.1.3 Mathematical Formulation of the Problem

In Figure 6.1.1, the flow being confined to y’ > 0, where y' coordinate is measured in the normal
direction and x" — axis is along the wall. Initially, at time t" = 0, both the fluid and the plate are
at uniform temperature T',, and the concentration near the plate is assumed to be C',, at all the
points respectively. At time t'> 0, the plate is oscillate in vertical direction against gravitational

field with velocity U,sin(w,'t") or U,cos (w;'t") and constant heat flux, T', + (T’ +
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T' &) t’/to when t' < tgand T',, when t' > t, respectively which is there after maintained

/

constant T',.

Velocity, u' = Uyw,'t'/UyCos w,'t’

- {T’oo + (T = T') 'y if 0<t' <t o {C’w +(Cy = C'a) Uy if 0<t' <t =
C'w if

Ty if

t' >t

Thermal boundary
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!
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Figure 6.1.1: Physical sketch of the problem

0

The level of surface concentration of the plate is raised or lowered to C',, + (C'yy + C'&) t'/to

whent' < tyand C',, when t" > t, respectively which is there after maintained constant C’,,. A

uniformly magnetic field of strength B, is applied in the y’ — axis direction. It is assumed that the

flow of fluid is one dimensional incompressible, while induce magnetic field, electric field and

viscous dissipation term in the energy equation is neglected. Under above assumptions and taking

into account the Boussinesq’s approximation, the governing partial differential equations are given

below.

pg—z=uﬂ(1+%) azyz

aT' k4 02T’

at’ - PCp ay’z

(6.1.1)

(6.1.2)
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ac’ azc’ PR ,
WzD 3y ’2+DT8 7~ ks (C"=C'x) (6.1.3)

with following initial and boundary conditions:
u =0T =Ty, C=Cy;as y=20and t' <0, (6.1.4)

T+ (T =T o)t/ if 0<t' <t
u' = Uy sin(w,'t") or Uy cos (w,'t") , T' = { (T ) /to f o

T', if t'>t,
! C’oo+(C,W_C’oo)tl/t lf O<t’<t0 ’ '
c' = 0 ;ast'>0andy’ =0, (6.1.5)
C'y if t'>¢t
u ->0T ->T, C>Cy;asy soandt' =0 (6.1.6)
where
Yo gl M) (€ C) _ V9B (T'w=T'e0)
Y= Uoto’ u= Up’ t= to’ (T WT'w)’ T (C'wC")’ Gr = U
vgB' (C'w—C"w) oB3v _ pvCp _ 16 @ 6V2T' o° _ Qov? v
G T ’M_pug’PT_ P ,Nr = ke U2 ’H_k4U5’SC_DM
_ Vk3 _Dr(T'w=T'w) _ _wpV2me T 0Gr _ o fmid A mid o
Kr = Ug’ ST— V(C’ —c' ) ;V— Py ’ _puzyay,— 4‘aO-(Too T ),T =
4T3 T — 3T'%

In the equations (6.1.1) to (6.1.3) dropping out the " ' " notation (for simplicity),

ou d°u 2 4

E—(” )az (M? + ) u+ G0 + Gl (6.1.7)
96 _ 1096 | (H-Nr€)

at  Proy? Pr 0 (6.1.8)
ac 1 9%¢c

E—;E+S ——kTC (619)

with initial and boundary condition
u=0=C=0,y>20,t<0,u=coswit/sinwt at y=0,t>0

,9={t’ 0<t<1 C={t’ 0<t<l1

1 t>1""" 1 (>1®y=01>0,

u—->0606-0C—->0 aty—->o, t>0 (6.1.10)
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6.1.4 Solution of the Problem
Exact expression for fluid velocity, temperature and concentration profiles are obtained from

equations (6.1.7) to (6.1.9) with initial boundary condition (6.1.10) using the Laplace transform

technique.

6.1.4.1 Solution of the problem for ramped temperature and ramped surface concentration

H(yrt) :f9(yit)_f9(ylt_1)H(t_1) (6111)
C(y,t) = hy(y,t) —hy,(y,t —1)H(t — 1) (6.1.12)
U(y, t) = gl(y' t) + hl(yl t) - hl(yit - 1)H(t - 1) (6113)

6.1.4.2 Solution of the problem for isothermal temperature and ramped surface concentration
In this case, the initial and boundary conditions are the same excluding equations (6.1.10) that
becomesf =1aty =0,t > 0. For this case, expression for velocity, temperature and

concentration profiles are derived which is given below.

0, 0) = fz(y, t) (6.1.14)
Cyt) =fis(y,) — fis(, t —DHE = 1) + g12(y, ) — g1, D) (6.1.15)
uy, ) =9:0, 0+ 95,0+ 96y, ) — gy, t —DH(E — 1) + g;(y, 1) — gs(y, 1) +

gs(,t —DH({t—1) — go(y, 1) (6.1.16)

6.1.4.3 Solution of the problem for isothermal temperature and constant concentration
In this case, the initial and boundary conditions are the same excluding equations (6.1.10) that
becomesC =1,0 =1aty = 0,t > 0. Expression for velocity, temperature and concentration

profiles are obtained for these case which can be written as,

0y, t) = feg(y, ) (6.1.17)
Cy,t) = fr2(y, ) + 912y, t) — 913y, ) (6.1.18)
u(y,t) = h3(y,t) (6.1.19)

6.1.4.4 Nusselt number, Sherwood number and Skin friction
Expressions for Nusselt number Nu, Sherwood number Sh and Skin friction 7 for all thermal plates

are calculated from equation (6.1.11) to equation (6.1.19) respectively using the relation
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v ar’ v ac’ X _ 1
Nu - = Uo(T' T o) (a_y,)y’zo ySh = — Uo(C'—C' o) (6_3")3,'=0 and T (y; t) - Up (1 + ]/) T,
du
where T = 5|y=0 (6.1.20)

For ramped wall temperature and ramped surface concentration:

Nu = —[Jo(t) — Jo(t = DH(t — 1)] (6.1.21)
Sh = —[J32(t) — J32(t = DH(t — 1)] (6.1.22)
T =J16(t) + J31() = J3: (¢ —DH(E — 1) (6.1.23)

For isothermal temperature and constant surface concentration:
Nu = —[Jg(t)] (6.1.24)
Sh = —[J13(6) = J1z(t = DH(t — 1) + J27(t) — J25(D)] (6.1.25)

T = J16(t) + J20(t) + J21() = Jo1 (¢ = DH(E — 1) + J55(t) — Jo3(t) + Jo3(t — DH(t - 1) —
J24(t) (6.1.26)

For isothermal temperature and constant surface concentration:

Nu = —[Js(t)] (6.1.27)
Sh = —[J12(8) + J27(£) — J25(8)] (6.1.28)
T = Jas(®) (6.1.29)

6.1.5 Result and Discussion

To understand of influence for different physical parameters, numerical values of velocity,
temperature and concentration profiles are obtained from analytic results and presented graphically
through Figure 6.1.2 to Figure 6.1.12.

Effect of Casson fluid parameter y on velocity profiles is shown in Figure 6.1.2. It is found that
velocity decrease with increasing values of y. Figure 6.1.3 shows that velocity decreases with
increase in M. This is due to the fact that the application of a magnetic field to an electrically
conducting fluid gives increase to a resistive force called Lorentz force which has a tendency to

slow down the motion of fluid. Figure 6.1.4 displays velocity profile for different values of porous
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medium k. When the porous medium parameter k increased, holes become larger and therefor
motion of the fluid rises.

., — Ramped Temperature and Ramped Surface Concentration

0.7k "»,’ R I S Constant Temperature and Ramped Surface Concentration

Constant Temperature and Constant Surface Concentration

Velocity—>
o o
o)} [}

Figure 6.1.2: Velocity profile u for different values of y and y at Pr = 25,M = 0.5,k = 1,
Sc=0.66,6m=2,Gr =4,Nr =5 Kr=4,H=5,Sr=7andt = 0.4.

Ramped Temperature and Ramped Surface Concentration
M=0.1,1,3

Constant Temperature and Ramped Surface Concentration

------------- Constant Temperature and Constant Surface Concentration

Velocity ———>

Figure 6.1.3: Velocity profile u for different values of yand M aty = 1, Pr = 25,k =1,
Sc=0.66,6m=2,Gr =4,Nr =5 Kr=4H=5,Sr=7andt = 0.4
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Ramped Temperature and Ramped Surface Concentration

Constant Temperature and Ramped Surface Concentration

Constant Temperature and Constant Surface Concentration

Velocity —>»

Figure 6.1.4: Velocity profile u for different values of yand katy = 1,M = 0.5, Pr = 25,
Sc=0.66,6m=2,Gr =4, Nr=5Kr=4H=5Sr=7andt =0.4

Ramped Temperature and Ramped Surface Concentration
_____ Constant Temperature and Ramped Surface Concentration

Constant Temperature and Constant Surface Concentration

Velocity —»
o
o -

o
o

0.4

0.2

Figure 6.1.5: Velocity profile u for different values of y and Nraty = 1,M = 0.5,k =1,
Sc=0.66,6m =2,Pr=0.71,Kr =4,H=5,Sr =7and t = 0.4.
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Ramped Temperature and Ramped Surface Concentration

_____ Constant Temperature and Ramped Surface Concentration

Figure 6.1.6: Temperature profile 6 for different values of y and Nr at Pr = 0.71,H = 5and t = 0.4

Velocity ——>

0.8

0.5

0.3

Kr=1, 10, 20

Ramped Temperature and Ramped Surface Concentration
Constant Temperature and Ramped Surface Concentration

Constant Temperature and Constant Surface Concentration

Figure 6.1.7: Velocity profile u for different values of y and Kraty = 1,M = 0.5,k = 1,

Sc=0.66,6m=2,Gr=4R=5Pr=25H=5Sr=7andt =04
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Ramped Temperature and Ramped Surface Concentration

Constant Temperature and Ramped Surface Concentration

"""""""" Constant Temperature and Constant Surface Concentration

Concentration ——>»

Figure 6.1.8: Concentration profile C for different values of y and Kr at Gm = 2,Gr = 4,Nr = 5,
Sc=0.66,H=5S5Sr=7, Pr=25andt = 0.4.

Ramped Temperature and Ramped Surface Concentration

Constant Temperature and Ramped Surface Concentration

-------------- Constant Temperature and Constant Surface Concentration

Velocty ——>

Figure 6.1.9: Velocity profile u for different valuesof yand Haty = 1,M = 0.5,k =1,
Sc=0.66,6m=2,Gr =4, Nr=5Pr=071,H=5,Sr=7andt =04
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Ramped Temperature and Ramped Surface Concentration

H=_15,0, 10 Constant Temperature and Ramped Surface Concentration

Temperature ——>

Figure 6.1.10: Temperature profile 8 for different values of y and H at Nr = 5,Pr = 0.71 and t = 0.4.

Ramped Temperature and Ramped Surface Concentration
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Figure 6.1.11: Velocity profile u for different values of y and Sraty = 1,M = 0.5,k =1,
Sc=0.66,6m=2,Gr =4, Nr =5 Kr=4,H=16,Pr =25andt = 0.4
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Ramped Temperature and Ramped Surface Concentration
4 .. .0 EEEEmE e Constant Temperature and Ramped Surface Concentration
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Figure 6.1.12: Concentration profile C for different values of y and Sr at Gm = 2,Gr = 4,
Nr=5Kr=4H=5,Kr=4,Pr=25andt =0.4

Figure 6.1.5 and Figure 6.1.6 shows effect of radiation parameter Nr on velocity and temperature

profiles. It is observed that velocity and temperature profiles has decreasing tendency with Nr. If

16 a* *ZTI 3. 16 a* *ZT, 3. . .
——=——= instead of Nr = — —==—=—--"-is considered in energy
4 Y0

dimensionless quantity Nr = p
4 Y0

equation 4.1.9 then velocity and temperature increases with increase in Nr. It is noticed that thermal
radiation parameter reduces thermal buoyancy force, minimizing the thickness of the thermal
boundary layer. Figure 6.1.7 and Figure 6.1.8 shows effect of chemical reaction on velocity and
concentration profiles for all boundary conditions. It is seen that, velocity and concentration
decreases with increase in chemical reaction parameter Kr. This shows that the destructive reaction
leads to decrease in the concentration field which in turn fails the buoyancy effects due to
concentration gradients. This result is strongly agreed with kataria and Patel [110]. Effect of Heat
generation parameter H on velocity and temperature profiles are described in Figure 6.1.9 and Figure
6.1.10. It is noticed that velocity and temperature profiles has increasing tendency with H. Heat
source implies generation of heat from the surface of the region, which rises the temperature in the
flow field. Therefore, as heat generation parameter increased, the temperature will be increases, then

motion of the fluid is obviously increased. For all boundary conditions, heat transfer process is
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faster with increase in heat generation parameter H. Figure 6.1.11 and Figure 6.1.12 exhibits effects
of thermal-diffusion on velocity and concentration profiles for all boundary conditions. It is
observed from these figures that the velocity and concentration profiles of the fluid gets faster by
the rise in values of Soret number. Increase in values of Soret number, raises the mass buoyancy

force which results an increase in the value of velocity.

Table 6.1.1: Skin friction variation

y Sr M k t T for Ramped 7 for isothermal T for constant
temperature with | temperature with | temperature with
Ramped Ramped constant
Concentration Concentration concentration
0102 | 01 1 0.4 -0.4813 -0.4779 -0.5548
015| 0.2 | 0.1 1 0.4 -0.3481 -0.4018 -0.6887
02 02| 01 1 0.4 -0.2580 -0.3587 -0.7975
0103 | 01 1 0.4 -0.5503 -0.4807 -0.5576
0104 | 01 1 0.4 -0.6194 -0.4834 -0.5604
0102 | 02 1 0.4 -0.4679 -0.4669 -0.5574
01]02 ] 03 1 0.4 -0.4475 -0.4502 -0.5617
010201 |11 04 -0.5284 -0.5165 -0.5469
0102|0112 04 -0.5774 -0.5567 -0.5403
0102 01 1 0.5 -0.5891 -0.5765 -0.5557
0102 | 01 1 0.6 -0.6960 -0.6735 -0.5601
Table 6.1.2: Nusselt number variation
Pr Nr H t Nu for Ramped Nu for isothermal
Temperature Temperature
15 7 5 0.4 0.1924 -2.9134
16 7 5 0.4 0.1866 -3.0433
17 7 5 0.4 0.1812 -3.1682
15 7.1 5 0.4 0.2018 -2.8869
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15 7.2 5 0.4 0.2112 -2.8605
15 7 55 0.4 0.1451 -3.0467
15 7 6.0 0.4 0.0972 -3.1814
15 7 5 0.5 0.2675 -2.4878
15 7 5 0.6 0.3498 -2.1645
Table 6.1.3: Sherwood number variation
Nr Sr H t Sh for Ramped | Sh for isothermal Sh for constant
temperature with | temperature with temperature with
Ramped Ramped constant
Concentration Concentration concentration
7 0.2 5 0.4 4.9522 0.1098 -0.2587
7.1 0.2 5 0.4 3.7547 0.1082 -0.2604
7.2 0.2 5 0.4 2.6888 0.1066 -0.2620
7 0.3 5 0.4 15.7829 0.1563 -0.2122
7 0.4 5 0.4 26.6137 0.2029 -0.1657
7 0.2 55 0.4 13.9757 0.1179 -0.2507
7 0.2 6.0 0.4 34.9673 0.1260 -0.2425
7 0.2 5 0.5 4.1610 0.0997 -0.2279
7 0.2 5 0.6 3.5609 0.0941 -0.2049

The variations of the Skin friction, Nusselt number and Sherwood number are shown in Table 6.1.1
to Table 6.1.3 for several values of the governing parameters. Table 6.1.2 shows effect of Pr, H and
time t on temperature gradient at the surface. For all thermal cases, prandtl number and heat source
parameter tend to reduce the magnitude of Nusselt number while time variable t has reverse effects
on it. Table 6.1.3 indicates magnitude of concentration gradient at the surface. For all thermal cases,
radiation and time variable tends to reduce the values of Sherwood number while Soret number and
heat source parameter has reverse effect on it. Table 6.1.1 illustrate that the magnitude of Skin
friction decreases with increase in Sr and t. It is also seen that, Skin friction increases with increase

in Casson parameter y and magnetic field M while decreases with increase in porous medium k. For
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constant temperature and surface concentration, Casson fluid y and magnetic field M tends to reduce

Skin friction while permeability of porous medium k has reverse effect on it.

6.1.6 Concluding Remark

The most important concluding remarks can be summarized as follows:

It is observed that magnitude of momentum, heat and mass transfer in case of ramped
temperature with ramped surface concentration is less than that of isothermal temperature
with ramped surface concentration.

It is observed that magnitude of momentum, heat and mass transfer in case of constant
temperature with ramped surface concentration is less than that of constant temperature with
constant surface concentration.

Motion of fluid decrease tendency with Casson parameter y, chemical reaction Kr, thermal
radiation Nr and increase tendency with heat generation H and thermal diffusion Sr.
Temperature decreases with thermal radiation parameter Nr and increases with Heat
generation H

Concentration decreases tendency with chemical reaction parameter Kr and increase with

Soret number Sr.
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6.2 SECTION II: EFFECT OF THERMO-DIFFUSION AND PARABOLIC
MOTION ON MHD SECOND GRADE FLUID FLOW WITH RAMPED
WALL TEMPERATURE AND RAMPED SURFACE CONCENTRATION

In this section, parabolic motion, heat generation/absorption and thermo-diffusion effects on
unsteady free convective MHD flow of Second grade fluid near an infinite vertical plate in porous
medium has been considered. It is presumed that the plate has a ramped temperature as well as
isothermal temperature. For finding the exact solution, Laplace transform technique is applied on
the governing dimensionless equations. Analytic expression of Skin friction, Nusselt number and
Sherwood number are derived and represented in tabular form. The effects of Magnetic parameter
M, Second grade fluid a, Heat generation/absorption H, thermal radiation parameter Nr, chemical
reaction Kr and thermo-diffusion Sr on velocity, temperature and concentration profiles are

discussed through several figures.

6.2.1 Introduction of the Problem

There are many applications for the parabolic motion such as in solar cookers, solar concentrators
and parabolic through solar collector. A parabolic concentrator type solar cooker has a wide range
of applications like baking, roasting and distillation. Solar concentrators have their applications in
increasing the rate of evaporation of waste water, in food processing, for making drinking water
from brackish and sea water. Murty et al. [41] studied evaluation of thermal performance of heat
exchanger unit for parabolic solar cooker, while Raja et al. [42] deals with design and manufacturing
of parabolic through solar collector system. Muthucumaraswamy and Geetha [43] considered effects
of parabolic motion on vertical plate with constant mass flux.

Recently, Das et al. [80] discussed Second grade fluid of MHD flow over a convectively heated
stretching sheet. Hayat et al. [82] obtained the solution of Second grade fluid flow with magnetic
field in a porous channel. Samiulhaqg et al. [155], Kataria and Patel [156] discussed MHD flow of
Second grade fluid through porous medium with ramped wall temperature. Olanrewaju and Abbas
[128] studied effect of thermal radiation and thermal diffusion on MHD Second grade fluid flow.
Sengupta and Ahmed [121] deals MHD flow with thermal diffusion through embedded in porous
media, whereas Kataria and Patel [127] studied thermo-diffusion and heat generation effects on

MHD Casson fluid flow with radiation and reaction in porous medium.
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6.2.2 Novelty of the problem

Our work can be considered as extension of investigation carried out by Samiulhaqg et al. [155] and
Kataria and Patel [156]. So, Novelty of this section is mathematical analysis of parabolic motion,
thermo-diffusion and Heat generation/absorption effects on MHD Second grade fluid flow near an
infinite vertical plate in porous medium. It is considered the plate has a ramped temperature with
ramped surface concentration and isothermal temperature with ramped surface concentration. As
analytical solution is discussed, unlike numerical work of different authors, convergence of solution

is not an issue.

6.2.3 Mathematical Formulation of the Problem

As shown in Figure 6.2.1, coordinate system is chosen such that x’ — axis is along the wall in

upward direction and y’ — axis is normal to it.

x' Theyal boundary

Hydrodynamic boundary

fcentration boundary

u-0T-T, & C - C,as

y' - o0

Uyt'?

Velocity, u’

( Second grade Fluid

Porous Medium

0
0

!

y
1 ’ ’ t’ . ’ 1 1 ’ t’ . ’
T,:{Too+(TW—TOO) [, if 0<t <t0’C,:{Cm+(CW—Cm) [t,if 0<t <to.i_y
T', if t'>t C'y if t'>t,

Figure 6.2.1: Physical sketch of the problem
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A uniform magnetic field of strength B, is acting in transverse direction to the flow as shown in
Figure 6.2.1. Initially, attime t" < 0, both the fluid and the plate are at rest to a constant temperature

T', and the concentration at the surface is assumed to be C’,, respectively. At the timet’ > 0, the
temperature of the plate is either raised or loweredto T', + (T'yy + T' ) t'/to whent’' < t,,and
thereafter, for t' > t, is maintained at the constant temperature T',,. The level of concentration at
the surface of the wall is either raised or lowered to C'y,, + (C'y, + C') t'/to whent' < tyand

thereafter, for t’ > t, is maintained constant surface concentration C',, respectively. It is supposed
that the viscous dissipation, induce magnetic and electrical field effects are negligible.

One of the body force terms corresponding to MHD flow is the Lorentz force J x B = oBy%u,
Under above assumptions and taking into account the Boussinesq’s approximation, governing

equations are given below:

ou' _ a; 0 o%u’ / o _"'BO2 r_ 9@ a 9\ / It
@—(v+pat,)ay,2+gﬁT(T T's) U k,(v+pat,)u + 9B’ (C"=C')

(6.2.1)
—_ v - YHr & 1A _ I
= T e T (T = T') (6.2.2)

ac’ o’ T k(€ —Cy) (6.2.3)
with following initial and boundary conditions:
u'=0 T =T, C=Cqy as y=20and t'<0 (6.2.4)

T+ (T = T' o)t /¢ if 0<t' <t
u' = Upt'’as t' >0andy’ =0, T’={ (T ) /tolf o
T, if t'>t

C'o+(C'y—C' D)t/ if o<t <t
c', if t >t

u -0T ->T, C >Cy; asy soandt' =20 (6.2.6)

Introducing the following dimensionless quantities:

_ Upte?y" _ 0 = (T"-T' ) _ (')
y = U= —— ’ t== ’ - ! ! 4 - [ [
v to” Uo to (T w=T"w0) (C'w=C"x)

Using dimensionless quantities, equations (6.2.1) to (6.2.6) becomes
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%u 3u

ﬁ aayzat—ca—bu+GrB+GmC—0 (627)
96 _ 1+Nr 9?6 | H

o= oz Tar? (6.2.8)
ac _ 19%c _

with initial and boundary conditions

u=60=0=0, y=0,t<0 (6.2.10)
t 0<t<1 t, 0<t<1
=t% 0= -, c=17 = ty=0t>0 6.2.11
u {1 t>1 {1 t>1 Y (6.2.11)
u—-0,6-0C—->0 aty—>oo, t>0 (6.2.12)
where,
a=-2_ Gr= I (T wT"e0) M? = 9B5 1 _ Uovto®® fo® Gm = 9B’ (C'w=C"e0) ,P. = PrCp
pvty’ Uoto ’ pUoto " kq k'y Uoto k'
160°T'2, Qov to v Dr(T" =T o) , a , 1
Nr = Y. ,H—T,SC—E,ST—m, KT—tOkZ,C—l-l—k—l,b—M +k_1
p_ 40t 9T a3 4 04y _ 160"T'e 9°T'
qT - 3k* a I'T 4T T 3T o a r 3k* aylz

1/5
For Simplicity, t, = (%)
0

6.2.4 Solution of the Problem

Analytical expression for velocity, temperature and concentration profiles are derived from
equations (6.2.9) to (6.2.11) with initial and boundary condition (6.2.12) using the Laplace transform
technique.

6.2.4.1 Solution of the Problem for ramped temperature and ramped surface concentration

H(yr t) = f6(y' t,L, al) - f6(y' t—1,L, al)H(t - 1) (6213)
C(y,t) = [fe(y,t,Sc,ScKr) + f3(y,t,Sc,ScKr) — fg(y, t,L,ay)] — [fe(v,t — 1,Sc,ScKr) +
fe(y,t —1,S¢,ScKr) — fg(y,t —1,L,a,)]H(t — 1) (6.2.14)

u()’: t) = [91(% t) + 92(f3(t)»f9(y, t,SC,SCKT)) + gZ(ﬁl-(t)'f‘)(y' t, L, al))] - [91(3’,15 - 1) +
92(f3(t -1, fo(y,t — LSC»SCKT)) + gz(ﬁ}(t -1, /eyt —1,L, a1))]H(t -1

(6.2.15)
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6.2.4.2 Solution of the Problem for isothermal temperature and ramped surface concentration
In this case, the initial and boundary conditions are the same excluding equation (6.2.12) that
becomes 6 = 1 aty = 0,t = 0. So, expression of temperature, concentration and velocity profiles

are derived for this case using Laplace transform technique, which can be written as
0@y, t) = fs(y.t, L, ay) (6.2.16)

C(.V; t) = [f6(y; t,SC,SCK?‘) _f6(ylt - 1,SC,SCKT')H(t - 1) +f12(y1 t,SC,SCKT‘) -
fi2(y,t,L,aq)] (6.2.17)

u(y,t) = g1y, t) + g2 (f10(t);f9(y; t,L, al)) + 93 (f11(t' ay, A0, a11), fo(y, t,Sc, SCKT)) -
g3(f11(t —1,a9,a40,a11), fo(y, t — 1, 5S¢, SCKT)) +

93(fi1(t, aso, az1, asz), fo(y, t, Sc, ScKr)) (6.2.18)
Where
fi(t) =2t (6.2.19)
fly,t) = ie"t/a fooo erfc (zy—ﬁ) e=““la, (im) dz +

217 fyerfe () e Iy(2Jc—ab)zs) ds dz (6.2.20)
f3(t) = ay3 + azs e? 8 + a,s eP10t + g5 7%t (6.2.21)
f2(t) = aze + ay; €24t + ayg €05t — ayy e7 %t (6.2.22)
fs.t.a,b) =3|e P erfe (2= —Vbt) + e?VP erfe (= + Vb)) (6.2.23)

fe(v, t,a,b) = %[(t - %) e~ Vb erfc (ZL\/E - \/E) + (t + %) eyVb erfc (zL\/E + \/H)]

(6.2.24)

2

f-(y,t,a,b) = e [e_y\ﬁ(b_a) erfc (ﬁ_t - (b - a)t) + ey\lé(b_a) erfc (ﬁ_t +/(b— a)t)l

(6.2.25)
fs(v,t,a,b) = agfs(y,t,a,b) + asfs(y,t,a,b) + a;f7(y,t,a,b) (6.2.26)
fov.t,a,b) = f,(y,t) — fs(v,t,a,b) (6.2.27)
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fio(t) = —azs + aze e’ ' + az; ePst (6.2.28)
fulltp,qr) =p+qePt +rehot (6.2.29)
fizy,t,a,b) = agfs(y, t,a,b) + asgf>(y,t,a,b) (6.2.30)
91,0 = [, LOWfE - du (6.2.31)
9: (fi®). ;0. t.a,b)) = [} £;(y,u, @, b)fi(t — ) du (6.2.32)
s (fitpan. o tab) = [ fowabfit—wp,qr) du (6.2.33)

6.2.4.3 Skin friction, Nusselt number and Sherwood number
Expressions of Skin friction T, Nusselt number Nu and Sherwood number Sh are calculated from

equations (6.2.13) to (6.2.18) using the relation
ou 26

Tw(t)=—T(y,t)aty=0,r(y,t)=(1+a%)5| ) 'Nu=_(a ) ) andsh=—(g—;)

y=0 Y/ y=0 y=0

(6.2.34)

For ramped wall temperature and ramped surface concentration

z—; = [Ig(t) + I(t, Sc, ScKr) + Io(t, L, a;)] — [Ig(t — 1) + Io(t — 1,Sc, ScKr) + Io(t —
y=0

1,La)]H(t—1) (6.2.35)
Nu=—[Iz(t L,a;) —I5(t —1,L,a;)H(t — 1)] (6.2.36)

Sh = —[I5(t,Sc, ScKr) + Is(t, Sc, ScKr) — Is(t, L, a)] + [Is(t — 1, Sc, ScKr) + I5(t —
1,S¢,ScKr) —Is(t —1,L,a,)]H(t — 1) (6.2.37)

For isothermal temperature and ramped surface concentration

Z—; = [Ig(t) + Iy(t, L, ay) + I14(t, ag, a1, @11, Sc, ScKr) — I;4(t — 1, aq, ayg, a11,Sc, Sckr) +
y=0

Lo(t, asg, asq, asy, Sc, ScKr)] (6.2.38)
Nu = —[,(t,L,a,)] (6.2.39)

157



Chapter 6:

Sh = —[I5(t,Sc,ScKr) — I,(t — 1,Sc,ScKr)H(t — 1) + I,,(t, Sc,ScKr) — 1;,(t, L, a,)]

(6.2.40)
where,
_apon| _ e ), (ee a2 _
L) =220 yoo = wRE @ 1o (3y/(c = ab)zt) dz
—CzZ+s
b © te a 2
—= Il o (2y/(c=ab)zs) ds dz (6.2.41)
_afsyt) _ b il _gt

L(t,a,b) = r |y=0 =—Vb erf< /a t) + e (6.2.42)

_ dfs(y.ta,b) I b\ b ta —%t
I;(t,a,b) = & o~ N erf( /a t) t\/Eerf< /a t) + \/:e (6.2.43)

b
I,(t,a,b) = %;“”) = —e~ut [(h— aay,) erf< (Z- a4) t) + \g eat (6.2.44)

y=0

Is(t,a,b) = %y“”’) = agl,(t,a,b) + agls(t, a,b) + a,1,(t, a,b) (6.2.45)
y=0

I (t,a, b) = LD | (t) — I,(t, a b) (6.2.46)
dy y=0

I,(t,a,b) = %y“”’) = agl,(t,a,b) + asgl,(t, a,b) (6.2.47)
y=0

d ,t t
© =222 = [ hGAE - du (6.2.48)

dgz((f i®).f ,-(y,t,a,b)))

Ig(t, a, b) = dy

= [, Ii(w a,b)fi(t — ) du (6.2.49)

dg> (f itp.ar).fj (y,t,a,b))
dy

6.2.5 Result and Discussion

= fot L(y,u,a,b)fi(t —u,p,q,7) du (6.2.50)

IlO(tr p.qr,a, b) =

The fluid velocity, temperature and concentration are presented for several values of Second grade
parameter a, magnetic field M, thermo-diffusion Sr, thermal radiation parameter Nr, chemical

reaction parameter Kr and Heat generation/absorption H in Figure 6.2.2 to Figure 6.2.11.
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Figure 6.2.2 shows that magnetic field has retarding effect on velocity profile for both thermal
conditions. The presence of magnetic parameter generates electric field in the flow field. This is due
to point that the application of a magnetic field to fluid gives increase to a resistive-type force
(Lorentz force) on the fluid in the boundary layer, which slow down the motion of the fluid. Figure
6.2.3 Show effects of Second grade parameter a on velocity for both thermal plates. It is seen that
velocity decrease throughout the flow field with increase in Second grade parameter «. It is also
noticed that, the thickness of the boundary layer increases if the Second grade parameter decreases.
Figure 6.2.4 and Figure 6.2.5 exhibits the effects of thermo-diffusion Sr on velocity and
concentration profile. For both thermal cases, velocity and concentration profiles increases with
increase in Sr. Physically, increase in values of Sr produces a raise in the mass buoyancy force
which results an increase in the value of velocity profile as well as concentration profile, and thus

thermo-diffusion tends to accelerate fluid flow throughout the boundary layer region.
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Figure 6.2.2: Velocity profile u for different values of yand M atk = 0.8, Pr = 7,a = 0.5,
Sc=0.66,6m=05,6r=10,Sr =3, Kr=2,H=3,t =04and Nr =5
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Figure 6.2.3: Velocity profile u for different values of y and e at k = 0.8, Pr = 7,M = 0.5,
Sc=0.66,6m=05,6r =10,Sr =3, Kr =2,H=3,t =04and Nr =5
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Figure 6.2.5: Concentration profile C for different values of y and Sr at Pr = 7,Sc = 0.66,Kr = 2,
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Figure 6.2.6: Velocity profile u for different values of y and Kr at k = 0.8, Pr = 7,a = 0.5,

Sc=0.66,6m=5,6r =10,Sr=3,M =05 H=3,t =04and Nr =5

161



0.35

Concentration =————»

0.15

0.05

Chapter 6:

Kr =0.1,5, 10
Ramped Temperature

Isothermal Temperature

y —3

Figure 6.2.7: Concentration profile C for different values of y and Kr at Pr = 7,S5¢ = 0.66,Sr = 3,
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Figure 6.2.9: Temperature profile 6 for different values of y and H at Pr = 7,t = 0.4 and Nr = 5
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Figure 6.2.11: Temperature profile  for different values of y and Nr at Pr = 7,t = 0.4and H = 3

Chemical reaction has retarding influence on fluid flow velocity and concentration profile for both
thermal cases as shown in Figure 6.2.6 and Figure 6.2.7. This shows that the destructive reaction
Kr > 0 leads to fall in the concentration field which in turn weakens the buoyancy effects due to
concentration gradients. Consequently, the flow field is retarded. This occurrence has a superior
agreement with the physical realities. These results are in agreement with the results of Kataria and
Patel [127]. Figure 6.2.8 and Figure 6.2.9 shows heat generation/absorption H effects on velocity
and temperature profiles. The positive sign shows the heat generation (heat source) whereas negative
means heat absorption (heat sink). These results are clearly supported from the physical point of
view because heat source implies generation of heat from the surface of the region, hall of the porous
is also increase which rises the temperature in the flow field. Therefore, velocity and temperature
profiles increase with increase in H for both thermal plates. Thermal radiation parameter tends to
improved velocity and temperature profile as shown in Figure 6.2.10 and Figure 6.2.11. It is
observed that radiation parameter decreases thermal buoyancy force, minimizing the thickness of

the thermal boundary layer. Therefor velocity and temperature profiles increase with radiation
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parameter Nr. Physically, when the amount of heat generated through thermal radiation parameter

increases, the bond holding the components of the fluid particles is easily broken and the fluid

velocity will increase. Thus, it is pointed out that the radiation should be minimized to have the

cooling process at a faster rate.

Table 6.2.1: Nusselt number Variation

H Nr Pr t Nu for Ramped Nu for isothermal
temperature temperature
-1 5 7 0.4 0.7854 1.0181
-2 5 7 0.4 0.7999 1.0716
-3 5 7 0.4 0.8141 1.1242
-1 6 7 0.4 0.7272 0.9426
-1 7 7 0.4 0.6802 0.8817
-1 5 10 0.4 0.9336 1.1974
-1 5 15 0.4 1.1384 1.4479
-1 5 7 0.5 0.8822 0.9226
-1 5 7 0.6 0.9708 0.8532
Table 6.2.2: Sherwood number variation
Sr Sc Pr  Kr H Nr t Sh for Ramped Sh for isothermal
temperature temperature
2 066 7 2 -1 5 0.4 0.1852 0.1399
3 066 7 2 -1 5 0.4 -0.0838 -0.1518
4 066 7 2 -1 5 0.4 -0.3528 -0.4435
2 0.8 7 2 -1 5 0.4 0.1744 0.1291
2 1.0 7 2 -1 5 0.4 0.1569 0.1131
2 066 10 2 -1 5 0.4 0.0308 -0.0273
2 066 15 2 -1 5 0.4 -0.1935 -0.2775
2 066 7 3 -1 5 0.4 0.2737 0.2755
2 066 7 4 -1 5 0.4 0.3555 0.3937
2 0.66 7 2 -2 5 0.4 0.1702 0.0854
2 066 7 2 -3 5 0.4 0.1553 0.0317
2 0.66 7 2 -1 6 0.4 0.2437 0.2076
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2 0.66 7 2 -1 7 0.4 0.2897 0.2605
2 0.66 7 2 -1 5 0.5 0.2534 0.3450
2 066 7 2 -1 5 0.6 0.3261 0.5250
Table 6.2.3: Comparison of Nusselt number with Ref. [148] at Pr = 0.71
Nu for Nu for Nu for Nu for
ramped temp. | ramped | isothermal temp. | isothermal

Nr @ =—H/Pr t Ref [148] temp. Ref [148] temp.

2 3 0.3 0.38368 0.3837 0.89492 0.8949

2 3 0.5 0.55828 0.5583 0.85907 0.8591

2 3 0.7 0.72887 0.7289 0.84872 0.8487

2 1 0.5 0.44983 0.4498 0.56755 0.5675

2 3 0.5 0.55828 0.5583 0.85907 0.8591

2 5 0.5 0.65207 0.6521 1.09210 1.0921

2 3 0.5 0.55828 0.5583 0.85907 0.8591

4 3 0.5 0.43244 0.4324 0.66543 0.6654

6 3 0.5 0.36548 0.3655 0.56239 0.5624

Table 6.2.4: Comparison of Sherwood number with Ref. [149] at Sr = 0
Sh for ramped Sh for Sh for isothermal Sh for
temp. Ref ramped temp. Ref isothermal

t Kr Sc [149] temp. [149] temp.

0.3 0.2 0.22 0.295649 0.2956 0.525702 0.5257

0.5 0.2 0.22 0.386593 0.3866 0.428415 0.4284

0.7 0.2 0.22 0.463189 0.4632 0.379505 0.3796

0.3 2.0 0.22 0.344659 0.3447 0.839945 0.8399

0.5 2.0 0.22 0.488076 0.4881 0.785973 0.7860

0.7 2.0 0.22 0.625355 0.6254 0.757863 0.7579

0.3 5.0 0.22 0.416933 0.4169 1.1897 1.1897

0.5 5.0 0.22 0.628694 0.6287 1.12945 1.1294

0.7 5.0 0.22 0.838894 0.8389 1.09522 1.0952
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The variation of the Nusselt number and Sherwood number are shown in Table 6.2.1 and Table 6.2.
2 for various values of the governing parameters. It is observed from Table 6.4.1 that, for both
thermal cases, thermal radiation parameter tends to reduce the Nusselt number, whereas heat
absorption parameter H and Prandtl number Pr have reverse outcome on it. It is also seen that, for
ramped wall temperature, time variable t tends to improve rate of heat transfer, whereas for
isothermal plates, time variable t have reverse effect on it. Table 6.2.2 illustrates the effects of
Pr,Sc,Sr, R, Kr, H and t on Sherwood number Sh. For both thermal conditions, Sherwood number
increase with increase in thermal radiation parameter Nr, chemical reaction Kr and time
variable t whereas decrease with increase in Soret number Sr, Schmidt number Sc, Prandtl number
Pr and heat generation/absorption H. Table 6.2.3 validates our outcomes in terms of Nusselt number
as it displays strong agreement with Seth et al. [148] whereas Table 6.2.4 strengthens values of
Sherwood number by matching with those of Seth et al. [149].

6.2.6 Conclusion
The most important concluding remarks can be summarized as follows:
e Magnetic field M, Second grade parameter « and chemical reaction parameter Kr delays
velocity of the fluid flow throughout the boundary layer.
e Thermo-diffusion Sr, thermal radiation parameter Nr and heat generation parameter H tends
to improve velocity profile throughout the flow field.
e Temperature profile increase tendency with heat generation parameter H and thermal
radiation parameter Nr.
e Chemical reaction Kr tends to reduce mass transfer process, whereas thermo-diffusion Sr
has reverse effect on it.
e Thermal radiation parameter tends to reduce rate of heat transfer, whereas heat generation
parameter H and Prandtl number Pr has reverse effect on it.
e Thermo-diffusion Sr tends to decrease rate of mass transfer, whereas chemical reaction and

time variable t have reverse effects on it.
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