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Abstract

An unsteady flow of an incompressible Jeffrey fluid past a semi infinite vertical plate with time dependent suction
is examined. The dimensionless governing equations are solved by employing perturbation technique. The
expressions for the velocity, temperature and concentration are obtained. Numerical results for velocity,
temperature, concentration, Skin friction, Nusselt number, Sherwood number are shown in various graphs and
discussed for embedded flow parameters. It is observed that the velocity increases due to increase in the Jeffrey

parameter A, and Eckret number. Further increase in the Prandtl number leads to decrease in the temperature field.

Keywords: Jeffrey fluid, thermal radiation and chemical reaction.

1. Introduction

The study of boundary layer flow behavior and heat transfer characteristics of a Jeffrey fluid past a semi infinite
vertical plate with time dependent suction under the influence of magnetic field and chemical reaction has
extensive technological applications in the astrophysical, geophysical and engineering problems such as chemical
catalytic reactors, thermal insulators, drying of porous solids, enhanced oil and gas recovery and underground
energy transport. MHD free convection flows have significant applications in the field of stellar and planetary
magnetosphere, aeronautical plasma flows, chemical engineering and electronics. Inspite of these enormous
applications of boundary layer theory, Chambre and Young [1] have studied the flow of chemically reacting
species at the boundary. The effect of heat generation or absorption on hydromagnetic three dimensional free

convection flows over a vertical stretching sheet was discussed by Chamkha [2] . Rapits [3] has investigated the
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two dimensional free convection flow through porous medium bounded by a vertical infinite porous plate in the

presence of radiation. Youn J Kim [4] has studied the unsteady MHD convective heat transfer past a semi infinite
vertical porous moving plate with variable suction. Md Abdus Samad and Mohammad Mansur Rahman [5]
investigated the thermal radiation interaction on an absorbing emitting fluid permitted by a transversely applied
magnetic field past a moving vertical porous plate embedded in a porous medium with time dependent suction and
temperature. Dulal Pal et al. [6] studied the combined effect of MHD and ohmic heating in unsteady two-
dimensional boundary layer slip flow, heat and mass transfer of a viscous incompressible fluid past a vertical
permeable plate with the diffusion of species in the presence of thermal radiation incorporating first-order chemical
reaction. Singh and Rakesh Kumar [7] analyzed the effects of chemical reaction and heat generation absorption on
unsteady MHD free convection heat and mass transfer flow of an electrically conducting, viscous, incompressible
fluid past an infinite hot vertical porous plate through porous medium when the plate temperature is span wise
cosinusoidally fluctuating with time. Dulal Pal et al. [8] presented a analytical study for the problem of unsteady
hydromagnetic heat and mass transfer for a micropolar fluid bounded by semi-infinite vertical permeable plate in
the presence of first-order chemical reaction, thermal radiation and heat absorption. A uniform magnetic field acts
perpendicularly to the porous surface which absorbs the micropolar fluid with a time-dependent suction velocity.
The basic partial differential equations are reduced to a system of nonlinear ordinary differential equations which
are solved analytically using perturbation technique. Nazibuddin Ahmed and Kishor Kumar Das [9] examined the
effect of thermal radiation and chemical reaction on magnetohydrodynamic convective mass transfer flow of an
unsteady viscous incompressible eclectically conducting fluid past a semi-infinite vertical permeable plate
embedded in a porous medium in slip flow regime. Perturbation technique is applied to convert the governing non-
linear partial differential equations in to a system of ordinary differential equations which are solved analytically.
Kalidas Das [10] investigated the effect of chemical reaction and viscous dissipation on MHD mixed convective
heat and mass transfer flow of a viscous, incompressible, electrically conducting second grade fluid past a semi-
infinite stretching sheet in the presence of thermal diffusion and thermal radiation with Rosseland approximation.
Eshetu Haile et al. [11] explore the effects of heat and mass transfer through a porous media of MHD flow of

nanofluids with thermal radiation, viscous dissipation and chemical reaction. Mamta Goyal and Kiran Kumari [12]
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investigated the effects of radiation absorption, heat absorption/ generation and chemical reaction on unsteady heat

and mass MHD oscillatory flow of a visco-elastic fluid between two inclined plates. The equations of continuity,
linear momentum, energy and diffusion, which govern the flow field, are solved by using a regular perturbation
method. Free convective flow of a Jeffrey fluid in a vertical deformable porous stratum is investigated by Sreenadh
et al. [13] and noticed that the effect of increasing Jeffrey parameter is to increase the skin friction in the
deformable porous stratum. Aiyesimi et al. [14] Examined the magnetohydrodynamic (MHD) flow of unsteady
convective third grade fluid in a cylindrical system and it is observed that velocity decreases and increases with
increasing magnetic field and porosity, temperature increases as magnetic field increases. Srinivas et al. [15]
studied the free convection effects on the flow and heat transfer of a Jeffrey fluid confined between two long,
parallel, vertical plates moving with equal velocities but in opposite directions. Perturbation analysis of
magnetohydrodynamics oscillatory flow on convective-radiative heat and mass transfer of micropolar fluid in a
porous medium with chemical reaction was made by Dulal Pal and Sukanta Biswas [16]. Jhankal et al. [17] made
an analysis to study the problem of boundary layer forced convective flow and heat transfer of an incompressible
fluid past a plate embedded in a Darcy-Forchheimer porous medium in presence of transverse magnetic field and
thermal radiation term is considered in the energy equation. They found that the physical parameters such as
Porous medium parameter, the Inertial parameter, the Magnetic parameter, the Prandtl number, and the Radiation
parameter have significant effects on the flow and heat transfer.

The present work investigates the effects of thermal radiation and chemical reaction on unsteady MHD flow of a
Jeffrey fluid past a vertical porous plate with time dependent suction. Applying perturbation technique, the
governing equations are solved analytically.

2. Mathematical Formulation

We consider the unsteady laminar boundary layer flow of an incompressible, radiating and electrically conducting
Jeffrey fluid past a semi infinite vertical plate with time dependent suction with the effect of chemical reaction. The

x"-axis is along the plate in upward direction and y’-axis normal to it. A constant magnetic field is applied in the

transverse direction to the flow. In addition a homogeneous first order chemical reaction between fluid and the

species concentration is considered, in which the rate of chemical reaction is directly proportional to the species
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concentration. All the properties of the fluid is assumed to be constant except that the influence of the density

variation with temperature is considered only in the body force term. Under the Boussinesq approximation the flow
field is governed by the following equations.

ov'
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where u’, v' are the velocity components in x’, y'directions respectively. t' is time, g is the acceleration due to the
gravity, v is the kinematic viscosity, p is the fluid density, o is the electric conductivity of the fluid, B? is the
constant transverse magnetic field, K’ is the permeability of the porous medium, g, , . are the thermal and
concentration expansion coefficients, T' is the temperature of the fluid in the boundary layer, C_ is the species
concentration in the fluid far away from the plate, C, is the specific heat at constant pressure, g, radiative heat

flux, D, is the mass diffusivity, K, is the thermal duffusion ratio, K, is the chemical reaction rate on the species

concentration.

The boundary conditions for the velocity, temperature and concentration are

!

At y'=0, u'=u, T'=T; C'=C, (5)
y >, u'=U'(t')=V, (1+ge‘”’"), T >T, C'>C, (6)
whereT, and C/, are the wall temperature and concentration of the plate. From Continuity equation (1), it is clear

that v' is a constant or a function of time only. We assume that V" = -V, (1+ze*") 7)

Here v, >1 and ¢ <<1and the negative sign indicates that the suction velocity is towards the plate.
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Assuming Rosseland approximation which leads to the radiative heat flux g, is given by q/ =—

in which o, is the Stefan-Boltzmann constant and K, is the mean absorption coefficient. By the assumption that

the temperature differences within the flow are sufficiently small, expanding T'*in a Taylors series about T, and
neglecting higher order terms we get,
T =47 °T'-3T1* 9)

We introduce the following quantities to make the governing equations and boundary conditions dimensionless.

y=-"2vy, w=—""a, u=iu’, v=iv’
VO2 VO VO
2 u ' r_ r_ 2
t:VO t,, up:_p, 9: T, TGo ’ C: C’ C00 , Ec = VO
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0 0 PVo
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The dimensionless governing equations and boundary conditions are

2
a—“—(1+gewt)a—“: Ala—‘2‘+Gr9+Gcc:+Rl(1—u) (11)
ot oy oy
2 2
%—(ugew‘)@:ig 144N +EcA au (12)
ot oy Proy 3 oy
2
ﬁ—(lheem)@:iag—yﬁ (13)
oy Sc oy
The corresponding boundary conditions are
at y=0, u=u,, 6=1 C=1 (14)
as y >, U=(1+s"), 650, C—0 (15)

3. Solution of the Problem
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Since the equations (11), (12) and (13) are highly nonlinearly coupled partial differential equations, they cannot be

solved in closed form. However, analytical solutions to the above equations could be possible. Since ¢ is small we

can write perturbation expansions of the form

y,t)=uy(y)+ee”u(y)
O(y.t)=6,(y)+ee”0,(y) (16)
C(y.t)=C,(y)+ee”C,(y)

Substituting the expansions (16) in equations (11) — (13) and equating the harmonic and non-harmonic terms, we

get

Au," +u, —u,R = -Grg, —GcC,—R, (17)
Au," +u, —u, (R + @)= -Grg,—GceC, —u, (18)
[1+%}9 1 Pré, =|~EcA Pr(uo )2 (19)
A0 +Pré —Prwd, =Pr@, —2EcA Pru,u, (20)
C, +ScC, —ScyC, =0 (21)
C,” +ScC, —R,ScC, =—ScC,’ (22)

The corresponding boundary conditions are

aty=0, u,=u,, ,u,=0, =1 6=0 C,=1 C =0 (23)
as y—owo, u,—1 ,u -1 -0 6-50 C,—->0 C —0 (24)

In order to solve the non-linear coupled equations (17) — (22) subject to boundary conditions given in equations
(23) - (24), we assume that the Eckert number Ec is small. So, it is used as the perturbation parameter. Then we

write

Uo (Y) =Uo, (Y)+ Ecug, (Y)
u (y)=uy, (y)+Ecu,(y)
O (¥) =05 (y)+EcO,(Y) (25)
0,(y)=6,(y)+Eco,(y)

Co(Y)=Cu(y)+EcCy(y)
C.(y)=Cu(y)+EcC,(y)
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Using expansions (25) in equations (17) — (22), we get the following equations

Au,,” +u, —Ru, = -Gré,, —GcC,, —R, (26)
Au,, +U, —RU, =—Gro,, —GcC,, (27)
Au,” +u, —Ru, =-Gréd, —GcC,, —u, (28)
Au,” +u, —Ru, =-Gré, —GcC,, —u;, (29)
A@," +Prg, =0 (30)
2
A8, +Pré, =—A Pr(um') (31)
A6, +Pré, —Prwd, =-Pro, (32)
A6, +Pro, —Prwd, =—Pré,, —2A Pru, u,, (33)
C,, +5cC,, —ScyC,, =0 (34)
C,, +5ScC,, —ScyC,, =0 (35)
C,, +ScC, —R,ScC,, =-ScC,, (36)
C, +ScC, —R,ScC, =—ScC,, (37)

The corresponding boundary conditions are

at y=0 Uy =U,, 1u02:01 u11:01u12:O' 901:174902:O (38)
1 911:0’912:0’ C01:1r002:0’ C11:0’ C12=O
35 y oo Uy =1, ,U,=0, u,=1u,=0, 6,=06,=0 } 39)
911201912201 C01:0’C02:O’ C11:0’ C12:O

By solving equations (26)-(37) subject to the boundary conditions given in (38) - (39), we get the velocity,

temperature and concentration distributions as follows,

Uy =1+ Be™ —te™ —t,e ™ (40)
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U = B,e ™ +1,68 ™ +1,82™ +te 7™ +1e7™ +t,e ™ g0 ™™ g, e (Y (41)
U, =1+Be ™ +t e ™ +t,e ™ +t e ™ +t,e ™ +t e (42)
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C,=e"™ (48)
Cop =0 (49)
Cy=t[e™—e™ ] (50)
C,=0 (51)

The expressions for constants are given in the Appendix.

The Skin-friction Coefficient (C, ), Nusselt number (Nu) and Sherwood number (Sh) at the plate in the

dimensionless form are given by

(auj [6u0 o 6ul]

C,=| = | =|4ee*=

), Oy Y )y
[aej (aeo " ael]

Nu=—-| —| =—-|—+¢&e”—
Y )y oy Y )y

(ac] (aco o acl]
Sh=—| = | =—| =0 4get 2t
Y )yg oy Y )y
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4. Results and Discussions

The unsteady flow of an incompressible Jeffrey fluid past a semi infinite vertical plate with time dependent suction
IS investigated. Regular Perturbation technique is employed in solving non linearly coupled partial differential
equations. The Numerical results show the effects of various pertaining parameter such as thermal Grashof number

(Gr), solutal Grashof number (Gc), Magnetic parameter (M), radiation parameter (N), Jeffrey parameter ( 4,),
Prandtl number (Pr), Schmidt number (Sc), Chemical reaction parameter (), Permeability parameter (K) and
Eckert number (Ec) on velocity, temperature and concentration fields. For numerical analysis we used the
following parametric values. M =1, K=2, Gr=4,Gc=2,Sc=0.2,t=1, £=0.2, ®=0.1,

Pr=0.71,N=2,u,=05and y=2.

Figures 5-7 show the effect of above mentioned physical parameters on velocity field. Figure 1 shows the effect of
thermal Grashof number on the velocity field. Since the thermal Grashof number represents the relative strength of
the thermal buoyancy force to the viscous hydrodynamic force, the increasing values of thermal Grashof number
cause to increase the velocity of the flow field throughout the boundary layer region i.e., the buoyancy forces are
enhanced by the Grashof number near the plate but away from the plate the buoyancy forces and all other forces
become weak and fluid on the free stream surface has zero velocity. Figure 2 depicts the effect of solutal Grashof
number for mass transfer on velocity . It is observed that the velocity increases with increase in Gc due to
buoyancy effect. Figure 3 illustrate the effect of Magnetic parameter on velocity field. It is observed that the
velocity reduces by increasing parameter M. This is due to the Lorentz force which retards the fluid motion near
the plate and away from the plate this force become weak so fluid comes to rest. The effect of radiation parameter
on velocity is depicted in Figure 4. It is observed that the velocity increases as the radiation parameter increases.
From Figure 5, it is noticed that velocity increases with increasing values of Jeffrey parameter. Figure 6 depicts
the effect of the permeability parameter on the flow field. The permeability parameter increases the transient
velocity of the flow field. The contribution of Eckert number on the velocity profiles is noticed in Figure 7. An
increase in Eckert number contributes to the increase in the velocity field.

Temperature profiles with effects of radiation parameter and prandtl number are shown in Figures 8-9. Since the

effect of radiation is to decrease the rate of energy transport to the fluid, thereby from Figure 8 it is noticed that
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the temperature profiles decreases as the radiation parameter increases. Figure 9 illustrates that the temperature

profiles decrease with increase in the values of the Prandtl number. Temperature profiles drawn with Pr = 0.71

represent profiles for air at 20°c. This figure also shows that temperature for water (Pr=1.0) reduces at a greater
speed compared to air. Thus it is pointed out that the temperature of the flow field diminishes as the Prandtl
number increases. Further, it is observed that higher the Prandtl number, sharper the reduction in the temperature.

Figures 10-11 shows the effect of Schmidt number and chemical reaction parameter on concentration field. Figure
10 demonstrates that the concentration level of the fluid drops due to increasing Schmidt number indicating the fact
that the mass diffusivity raises the concentration level steadily. From Figure 11, it is observed from this figure that
the concentration distribution decreases at all points of the flow field with increase in the chemical reaction
parameter ¢. This shows that the diffusive species with higher value of chemical reaction parameter have retarding
effect on the concentration distribution in the solutal boundary layer. The effect of radiation parameter on Nusselt
number which measures the rate of heat transfer is shown in Figure 12. It is noticed that the Nusselt number at
y =0 reduces with the increasing values of radiation parameter. The Sherwood number which measures the rate of
mass transfer at the wall y =0is shown in Figures 13-14 for different values of Schimdt number and chemical
reaction parameter respectively. It is found that Sherwood number enhances with the increasing values of Schmidt
number and chemical reaction parameter. Figures 15-16 shows the effects of magnetic, Jeffrey and radiation
parameters on skin friction coefficient. It is evident that the skin friction enhances with the increase in the values

of Jeffrey and radiation parameters whereas it has opposite behavior in case of magnetic parameter.

3.5

Figure 1. Velocity profiles for different thermal Grashof number,
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Figure 2. Velocity profiles for different solutal Grashof number.

3.5

0.5© b

Figure 4. Velocity profiles for different radiation parameter.
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o

Figure 7. Velocity profiles for different Eckert number.
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Concentration profiles for different Schmidt number.
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Figure 11. Concentration profiles for different chemical reaction parameter.
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Figure 13.Sherwood number for different Schmidt number.
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Figure 16. Skin friction for different Jeffrey parameter.
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9.5

Figure 17.Skin friction for different radiation parameter.
5. Conclusions
An unsteady flow of an incompressible Jeffrey fluid past a semi infinite vertical plate with time dependent suction
is examined analytically by using perturbation technique. Some graphical results are also plotted and discussed.
Some noteworthy observations are as follows:

1. The effect of increasing values of thermal and solutal Grashof number, radiation parameter, Jeffrey
parameter, permeability parameter and Eckret number on velocity profiles, results in increasing the velocity
of the flow field where as velocity decreases with the increasing values of magnetic parameter.

2. The effect of Prandtl number decreases the temperature profiles whereas the temperature increase with the
increasing values of radiation parameter.

3. Concentration profiles are decreasing with the increasing values of Schimidt number and chemical reaction
parameter.

4. The effect of increasing values of radiation parameter shows opposite behavoiur on skin friction coefficient
and Nusselt number.
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Appendix
_ 1 Rl:M+ﬁ R, =R +w A2:1+ﬂ R, =R, +w
1+ 4 K : 3,

_E

:%[Sc+\/802+480y] m2:%[80+,18c2+4ScR3] m3:% m, = L [Pr+w/Pr2+4PrA2a)]
’ ) 2

N ARG IR o SN

27,

m, :i[l+,/1+4AlRl] my :%[Pr+,/Pr2+4Pr Aza)] m, :i[l+,/l+4AlR2]
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B, =u, —1+t,+t, B, =—(t; +t;+t, +t; +1, +t10)’ B, = —(L+t, +t, +t, +t, +1,)

B, = _(th Tl g+l +1, +1;, +t22)

BS = _(t23 +t24 +t25 +t26 +t27 +t28 +t29 +t30 +t31 +t32 +t33 +t34 +t35 +t36 +t37 +t38 +t39 +t40 +t41)

BG = _(t42 +t43 +t44 +t45 +t46 +t47 +t48 +t49 +t50 +t51 +t52 +t53 +t54 +t55 +t56 +t57 +t58 +t59 +t60 +t61)
[ = Scm, . Prm, . Gr (- Gc

' m; —Sem, —R,Sc ? Am; —Prm, —Pro P AMZ-m,-R, OAm -m -R,

_ —APrmB} . — A Prm?t? . — A Prm?2t?
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5

2A Prm.B;t,m, —2A Prmgt,t;m,
ty = 2 ty = 2
Az(m5+m3) —Pr(m5+m3)1 Az(ml"'ms) _Pr(ml+m3)
- 2A Prmt,Bm; L= - Get, —t,m o= Gct, _ —Grt, —t;m,
- 11 12 — 13 —
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. ~Grt, o -G,
20 — 2 21 — 2
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L= -Gn,, (- PrB,m, 3 2Prt,m,
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(= 2Prt,m, 3 2Prt,m,
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