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ABSTRACT

In this article, we study unsteady mixed convection flow over exponentially stretching permeable vertical
surface in presence of soret, dufour and Darcy-Forchheimer porous medium. The set of governing nonlinear
coupled partial differential equations are transformed to system of dimensionless nonlinear partial differential
equations by using appropriate non-similar transformations. The Quasi-linearization technique in conjunction
with implicit finite difference scheme is used to solve the set of non-dimensional partial differential equations.
The effects of various governing parameters like dufour, soret,Schmidt number, mixed convection parameter
and permeability on flow, species concentration, temperature, heat transfer, mass transfer, skin friction

coefficients are discussed and displayed graphically.

Keywords: Exponentially Permeable Stretching Surface, Unsteady Mixed Convection, Non-Similar
Solution, Darcy-Forchheimer Porous Medium, Soret And Dufour Effects.

I. INTRODUCTION

The diffusion of mass due to varying temperature is known as Soret effect and diffusion of heat caused by
varying concentration is termed as Dufour effect. These effects are significant when the density differences arise
in the fluid flow. The cross diffusion have wide range of applications in the study of petrology, hydrology and
geosciences, etc. Soret effect has many applications as name few, refinement of crude oil, transport mechanism
in fouling, crystal growth in microgravity, manufacturing of optical fiber in vacuum deposition processes, etc.
Kefayati [1] investigated the effects of Soret and Dufour on double-diffusive natural convection of power law

fluids in an inclined porous cavity. Shrinivacharya et al. [2] examined steady mixed convection flow through
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wavy surface with Dufour and Soret effects and variable thermal conductivity, viscosity in a porous medium.
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Very recently, Patilet al. [3] examined mixed convection flows over an exponentially impermeable stretching
surface with thermal diffusion and diffusion-thermo effects.

The flow through porous medium has attracted considerable attention of many researchers/investigators due to
their widespread practical applications in petroleum reservoirs, geothermal processes, thermal insulation, food
processing, chemical catalytic reactors, heat exchangers, etc. Generally, Darcy law states that the pressure
gradient is linearly proportional to velocity, is only suitable for laminar flow with small porosity and low
velocity. But in many practical situations the Darcy law is not applicable, such as in case of fluid flow with high
velocity, porous medium bounded by impermeable wall, high porosity near the wall region. Thus, it is essential
to incorporate the inertia effect or non-Darcian term, which is used to describe high velocity flow and nonlinear
porosity. Hence, we added the velocity squared term to momentum equation which is known as inertia term or
Forchhiemer drag parameter. Chen and Chen [4] studied the non-Darcian flow effects on mixed convection
flows in a saturated porous medium near a vertical surface. Effect of variable viscosity on MHD non-Darcy
mixed convection heat transfer from a stretching sheet embedded in a porous medium with non-uniform heat
source/sink examined by Pal and Mondal [5].

The suction/injection processes has many practical applications in science and engineering, such as drying,
cooling of tower design, thermal oil recovery,to remove reactants, radial diffuser, etc. Generally, suction
enhances the heat transfer, skin friction and mass transfer coefficient where injection acts in opposite manner.
Suction/injection effects on thermophoresis particle deposition in a non-Darcy porous medium under the
influence of Soret, Dufour effects studied by Partha[6]. Chamkhaet al. [7] have investigated similarity solution
for unsteady heat and mass transfer over a stretching surface embedded in a porous medium with
suction/injection and chemical reaction effects. Mukhopadhyay[8] has studied slip effects on MHD boundary
layer flow over an exponentially stretching sheet with suction/blowing and thermal radiation. Non-uniform mass
transfer with heat absorption or generation and chemical reaction of unsteady flow through stretching sheet
investigated by Ravindran and Samyuktha[9].

Heat and mass transfer analysis for fluid flow over an exponentially stretching porous sheet with surface heat
flux in porous medium investigated by Mandal and Mukhopadhyay [10]. Sharada and Bhandari [11] studied
heat and mass transfer of a Casson fluid over an vertical exponentially stretching surface by considering the
effect of thermal radiation, Soret and Dufour, chemical reaction. The flow through exponentially stretching
sheet has various applications in science and technology, such as in thinning and annealing of copper wires, etc.
A large number of researchers restricted(confined) their studies to either unsteady similar flows or steady non-
similar flows, because of the mathematical complexity in analysing the non-similar solutions of unsteady flows.
The effects of variable concentration and temperature on mixed convection flow through stretching sheet with
surface mass transfer discussed by Patil et al. [12]. Patil et al. [13] have investigated unsteady mass and heat
transfer with variable temperature and concentration over stretching sheet in a parallel free stream.

To the best of author’s knowledge the cross diffusion over exponentially stretching of unsteady mixed
convection flow with suction/injection, Darcy-Forchhiemer porous medium is not reported earlier. Thus, we are
interested to get non-similar solution of unsteady double diffusive mixed convection flow with cross diffusion,

suction/injection, and porous medium along exponentially stretching surface. The boundary layer equations are
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finite difference scheme in combination with Quasi-linearization technique [14] to solve resulting set of

dimensionless partial differential equations and results are compared and validated with earlier published data.
1. ANALYSIS

Consider an unsteady double diffusive mixed convection boundary layer flow bounded by a semi-infinite
permeable vertical exponentially stretching sheet with Dufour, Soret effects and Darcy-Forchheimer porous
medium. The x-axis is taken along the plate in the vertically upward direction and the y-axis is taken normal to
it. Figure 1 shows the schematic representation of the physical model and coordinate system. We assume that,
all thermo-physical properties of the fluid are constant except density variations causing the body force,
concentration and temperature variations causing the buoyancy forces in the momentum equations. Boussinesq
approximation (Schlichting and Gersten[15])is used to couple the temperature and species concentration fields
to the flow field. Under these considerations, the equations of conservation of mass, momentum, temperature
and species concentration governing flow are given by [16]

ou ov
2
%u+ug—u+v%u:a;e+ued:e+v2yg +g[,B(T—Tw)+ ,B*(C—Cw)]
X X
2
gV Se?, L, .,
-——(u=-U, )- u-u; ),
K ( e) K% ( e )
oT oT aT v &T Dk, 6°C
—+U— +V—= - ©)

o ox oy Proy> C,C, oy’

oC oC oC v &C D,k &°T
Ztu=+v=-= + (4)
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The physical boundary conditions are given by

y=0:u=U, xt),v=v,T=T, =T+, _Tw)exp[z_l_xj,

c-c, =cw+(cwo—cm)exp[2—ij,
y—oo:u -U, (xt), T-T,, C—C,. (5)

The wall stretching sheet veIocityUW(X) and free stream velocity Ue(x) are respectively defined by

Uy, (x,1) =Uy¢(7)exp (Ej,Ue(X,t) :UM(r)exp(%), where U, is the reference velocity; L is the

characteristic length and U __ is the free stream velocity.
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Applying the following
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toEgs. (1) - (4), we find that Eq. (1) is trivially satisfied, and Egs. (2) - (4) reduce to
F I+ E) 5 +67 (144,67 () DI, ~4EF*~9(0) | £2(F 44, 6 I F)|F
~¢Reg™(2)p.F —~ReSF +&Red ™ ()4, f+ 575 (4(2)+74, )+ RISH()(g+Nh)

_ge”
DaRe

(F-B)-£¢()T(F* - %) =¢ $(r){FF.—f.F, }, (7)
G,],,+Pr¢(r){(1+§)g+r§< f,+47(0)g, f)}Gn—zqﬁ(r)PréFG—&Pr(Re+¢(r)rF)Gf
+PrD; H,, =Prég(z){FG,- .G}, 8)
H,, + 8c¢(r){(1+5)£+5r(f,+¢1(r>¢,f)}H,, ~25c£4(r)FH - £Sc(Re+(x) 7 F)H,
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The non-dimensional boundary conditions (5) become
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Here f(&,n7) = .[ Fdn+ f, and f, can be obtained from transformations as,
0

v:—%(%] ¢(Z‘)exp( j{(1+§)f+2§f +n(E-DF +7E(f, +4,471)]

In view of boundary condition (5) and v,, =V, exp(z—):_) , We get

voexp(ij:—l(%j ¢(r)exp( j{(1+§)f+2§f +n(E-DF +2£(f, +4,671))
2L 2\ X

V2 12 12
e {1+ &) fy +25 (F )y + 2£((F) + g 1)} = §¢(2;/( L ] :A;E(T)

12
Where A= -2V, (Wj = constant, is the surface mass transfer parameter with A>0 for the suction,
0

A <0 for the injection or blowing and A =0 for an impermeable surface. Using the characteristic length L, the

dimensional variable x is changed into non-dimensional variable & .

The momentum Eq. (7), the energy Eq. (8) and the species concentration Eq. (9) are coupled with each other.
Furthermore, the Richardson number Ri, which characterizes the mixed convection effects, N is the ratio
between the solutal buoyancy and the thermal forces, Da is Darcy number, /3 is the velocity ratio parameter, I"

is Forchheimer drag coefficient, Df is the Dufour number and S is the Soret number and they are defined,

respectively, as

* 2 D c -C
Ri:G—rZ,N O pa= 2 ,B— :ng,Df: m*T [ “w
Re Gr’ el U, kY stCp Tw T

D kT T -T

and Sr = —1. W
vT Cc -C

m W o0

» (11)

where  Grashof  number,Gr =g S(T,, —T,) L’ /v’ mentioning to the wall  temperature,

Gr = gﬂ* (CWO -C,) L®/v?* is the Grashof number mentioning to the wall species concentration and
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Re=U, L/v is the Reynolds number. The flow is steady at Z — O and becomes unsteady

7 > O because of exponentially stretching wall velocity varies with time, and this wall velocity given by
u,(x)=U, ¢(r)exp(%) and free stream velocityU, (X) =U ¢<T)€Xp(%j ,where ¢(7) =1+ az’.
Thus, the initial conditions (i .e. conditions at z=0) are given by the steady state equations obtained from (7) -
(9) by substituting F, =d¢/dz =G =H, =0,¢(7)=1 when =012, 13].

The physical quantities of practical interest are given by the Nusselt number NU , Cf the skin friction

coefficient and the Sherwood number Sh , which signify the heat transfer rate, the shear stress, the mass transfer

rate at the surface, respectively. These coefficients are defined, respectively, as

C=u Z(GU/ayz)y_o — 2Re V2 £ oxp(£) V2 g F (5,0),
pU,

ie., (Recexp(£)) C, = 247F,(£,0). (12)
_ (@Toy), ., w2

Nu_—xm =—(Re&exp(¢)) "G, (&0),

e, (Recexp(¢)) " Nu =G, (&0). (13)
~_(eClyy), w2

Sh C.—) (Re&exp(£)) H, (&,0),

e, (Recexp(£))” Sh=—H,(&0). (14)

1. METHOD OF SOLUTION

The numerical method used for this investigation is the implicit finite difference scheme in conjunction with

Quasi-linearization technique [14]. A central difference formula is applied across the boundary layer direction i.
e., 17 - direction and backward difference formula in streamwise & and time 7 directions. By employing, the

Quasi-linearization technique [14], the non-dimensional non-linear partial differential equations are transformed

to iterative linear partial differential equations. The application of this technique has the quadratic rate of

convergence.

Fﬂi;;l+ A_i F77i+1 + A; Fi+1+ Aé F(:i+1 + A:‘ FTi+1 + A\; Gi+1 + A&; Hi+1: i, (15)
G +B G"+B,G"+B,G"+B,G" + B F" + B H'' =B, (16)
H'+Cl H™* +CyH™ + C,H" +C, H" + C; F™ + C; G = CJ. (17)

The coefficient functions with iterative index i are known and the functions with iterative index (i+1) are to be

determined. The corresponding boundary conditions are given by
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F*(&£,0)=1, G"(£0)=1 H"(£0)=1 at =0,
F*(&n) =4, G"(&n) =0, H (&) =0 at n=n,.
The coefficients in equation (15) - (17) are given by

Al ¢{(1+cf) ot Slet (i +g ¢ )k

(18)

. ol )
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Ay =—&(prF+Re); Ag — ¢ LeRI; /% = ¢ LERIN;

£
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BY =—2Prg&F ;

| ProcF;

BA =—&Pr(Re+¢7 F);

B =—Pr § (26476 +G,);
i .

BL = PrDf ;

Bl = ~PrYsF(2G+7G_+G,);

Cl = Se{(1+&)_+&e (T, +471g D)+& 1.}

cl = _2scepF

2
Ch =—ScEgF;
cjl — _ScE(Re+grF):

i .
CL=—~SCEH(rH +H, +2H);
CézScSr;

i
Ch ==Se£gF (rH_+H +2H).

The final equations can be put into a sequence of linear algebraic equations with a block tri-diagonal matrix,
further it can be solved by Varga’s algorithm [17]. We have chosen step sizes of Arp, AE and A7 as 0.01,

0.01 and 0.01, respectively. The numerical solution is converged and the iteration process is terminated when

the difference reaches less than107~°
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Samyuktha[9] to validate the accuracy and convergence. The present results are found to be in good agreement
with earlier published data as given in Table 1.

In support of non-similar solutions the effects of all the physical parameters involved in the problem, some of

. - . 12 ~1/2
the numerical results pertaining to skin friction parameter(Re) Cf , heat transfer parameter(Re) Nu and

-2
mass transfer parameter(Re) Sh are tabulated in Table 2.

IV. RESULTS AND DISCUSSION

The system of dimensionless equations (7) - (9) with the boundary conditions (10) have been solved numerically
by using Quasi-linearization technique [14] with implicit finite difference scheme [12, 13]. The numerical

procedure have been carried out for different values
of Ri (-1<Ri<3), #(05<8<15),a (-0.2<a<0.2),r (0<7<1),N(-1<N <23),
Df (0.1< Df <1.5), Pr(0.7<Pr<7.0), Sc(0.66<Sc<2.57), Sr(0.1<Sr<15),I (0.0<I'<2.0),

Da(1.0 < Da <1000000). The edge of the boundary layer 77, has been considered between 4.0 and 12.0
depending on the values of the governing parameters. The numerical solutions have been obtained for both
accelerating [¢(7) =1+ ar?;a > 0,0 < 7 <1]and

decelerating [¢(7) =1+ a7r?; ar < 0,0 < 7 < 1] free stream velocities of the fluid. It may be noted that
the range of parameter values is used for air and water at different temperatures. For example, Pr = 0.7 for air,
Pr = 7.0 for water at 20°C and the value of Pr reduces for water at higher temperature.

Figure 2 depict the effects of streamwise coordinate £ and time variable 7 on the temperature and velocity
profile G(&,7,7)),(F(&,nm,7) for accelerating flow

#(t) =1+ar®, a =1 when =05, N=1.0, I'=1.0, Re= 2.0, Ri=1.0, Df =0.5, Pr=0.7, Sr=0.5,
Sc=0.94, Da=1.0 and A=1.0. The temperature and velocity profiles are decreasing with the increase of
streamwise coordinate £ and time 7 from O to 1. The physical reason is that an increase in the streamwise

coordinate £ acts as an adverse pressure gradient in the velocity and temperature profile, which reduces the

magnitude of the both profiles. Thus, fluid flows with reduced velocity. Also, it is well known that the presence
of the porous medium in the flow creates an obstacle to fluid flow causing the flow to move slower and
enhances the temperature. Because of the porous medium and suction the velocity and momentum boundary

layer thickness decreases. In particular, for
Example, # =1, Re=2, #=0.5 Ri=1 Pr=0.7,
Df =0.5,Sr=0.5T"=0.5N =1 A=1Da=1, the velocity profile decreases by 11% as & increases
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from £=0 to &£=1 and decreases by 26% as7 increases with7 =0to7 =1. However, the
temperature G(&,77,7) profile decrease about 35% and 40% as & increases from £=0 to =1 and ¢

increases from 7=0 to 7 =1, respectively.

The effects of mixed convection (buoyancy or Richardson number) parameter (Ri)and velocity ratio

parameter(,B) on velocity profiles F (f,ﬂ,r) for accelerating flow ¢(7) =1+ a7, @ =0.5 when N = 0.5,
Pr = 0.7, Sc = 0.94, Sr = 0.5, Df = 0.5,Re=2,I"=0.5,A=1and £=0.5are depicted in Fig. 3. The
magnitude of F (f,?],f) increases with the increase of RI. The velocity profile increases near the
exponentially stretching surface and reduces when it moves away from the wall. Physically, assisting mixed

convection parameter(Ri > 0) acts like a favourable pressure gradient and the opposing mixed convection

parameter(Ri <0) acts like an adverse pressure gradient which reduces the magnitude of the wvelocity
significantly within the boundary layer for all the value #=0.51.0,1.5. Further, for velocity ratio
parameter f<1(f=0.5) , the back flow is seen near the exponentially stretching surface due to

U,>U, .When >1, the back flow is not much observed because U,>U,, . In thermal and concentration
profiles (G(Zj,n,z‘ ), H (f,n,z—)) Ri s relatively less influenced and results are not plotted here to limit

the number of graphs. Also, it is observed that for £ <1 (£ =0.5), the magnitude of the back flow decreases in

porous medium as compared with the case of fluid medium (Da—0) and for Ri = -2, -1 at 21, the
magnitude of velocity decreases in porous medium as compared with fluid medium but the reverse trend is

observed in Ri = 3 atff=1. To be more specific, in particular, for accelerating flow
#(r)=1+ar’, a=0.5 whenN =05, Pr=0.7, Sc=0.94, 5r= 05, Df =05 Re=2,"=0.5, A=1 and
& =0.5the velocity profile increases 22% and 25% as Ri increases fromRi=-1to land f=051t0 f=15in
porous medium (Da=1) whereas the velocity profile increases 26% and 32% as Ri increases from Ri = -1 to 1

and f=0.51t0 £=1.5 in case of fluid medium (Da— ) .

The variations of the buoyancy (mixed convection) parameter (Ri ) and Darcy number Da are presented in Fig.

4 for f=1.5T1=0.5 N=0.5 Re=2, Pr=0.7, Df =0.5, Sr=0.5, Sc=0.94and A=1. The skin friction
coefficient (Re)ﬂch increases with the increase of Ri (Ri>0), which acts like a assisting pressure

12
gradient. (Re) Cf increases in porous medium (Da=1) as compared with fluid medium (Da—) . In

particular,
when =15, I'=0.5, N=0.5, Re=2, Pr=0.7, Df =0.5, Sr=0.5, Sc=0.94 and A=lat o =-0.2,
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12 . . . . . . .
(RE) Cf increases approximately 111% and 161% as increase of Ri from Ri =—110 0 , in porous and fluid
medium respectively.

2
Figures 5 and 6 illustrate the effects of N and Da on F (f,n,r) and (Re) C, fora=0.5, Pr=0.7, Sc

=0.94,5r=05Df=05 £=1.0,Ri=1,Re=2, =1 T =05and A=1. Itis clearly seen that Fig. 5

shows the velocity overshoot with increase of N i. e., for aiding flow (N>0) and the magnitude of the overshoot
decreases for negative values of N i. e., for opposing flow (N<0). Further, the porous medium decreases the
velocity overshoot as compared to the case of fluid medium. Also, suction reduces the momentum boundary

layer thickness and avoid or delay the boundary layer separation. This will result in thin momentum boundary

12 . . . .
layer. The effects Da and N on (Re) Cf are presented in Fig. 6. It is evident that the
12
(Re) Cf increases as N increases from -0.5 to 1. The physical reason is that N enhances the fluid

acceleration and hence the (Re)ﬂ2 C; increases. In particular, for

instance, Re =2, #=1.0, Ri=1,Pr=0.7, =15, '=0.5,N=0.5Re=2,

Df =0.5,Sr=0.5,Sc=0.94and A=lat o =-0.2, for accelerating flow ¢(z) =1+azr’, at a=0.2for
porous medium (Dazl),(RG)ﬂ2 C, increases about 89% with the increase of N from N =0 to N =1

12
while for fluid medium ( Da — o0 ), (Re) Cf increases about 87% when N increases from N =0to 1.

. . . L - 12 .
The effect of surface mass transfer A and velocity ratio parameter £ on skin friction coefficient (RE) Cfis
graphically presented in Fig. 7 for accelerating flow ¢(7)=1+ arz, a=0.2 and decelerating flow
#(r)=1+ar’, a=-0.2 whenRi=1,£=1.0,5c=094, N=05Re =2, =0.5 Pr=0.7,
12
(Re) Cf Increases with increase of A (suction or A > 0) and decreases with A (injection or A < 0). In general
suction enhances the skin friction whereas injection has the opposite tendency. Further, for <1, the fluid
flows in opposite direction, because the wall velocity U,, is dominating over the free stream velocity U,
while for #>1 , the assisting flow is seen, the reason is that the free stream velocity U, slowly dominating
12
over the wall velocity U, . Fig. 7 also shows that the (Re) Cf raises for accelerating flow and suppresses for

decelerating flow with velocity ratio parameter £ =1.5 |, but the reverse effect is observed with £ =0.75 . In

particular, for decelerating flow

#(r) =1+ar’, a=-0.2 whenN =0.5, Ri=1, £=1, Re=2, '=0.5, Pr=0.7, Sr =0.5,

Sc=0.94,Df =0.5, Da=1at 7, =1.5, (Re)ﬂ2 Cf  increases 29% and 50% with the increase of A

fromA=-1toland S from S =0.75t0 =15, respectively.
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The effects of Forchheimer’s drag coefficient (I") and Darcy number (Da) on velocity profile F (f, 7, T) for
accelerating flow

#(r) =1+ar’, a=1.0 whenRe=2, =10, Ri=1, Pr=0.7, Df =0.5,5r=0.5,N=0.5 ,
£=0.5,Sc=0.94, A=1 are displayed in Fig. 8. It is observed that the magnitude of the velocity overshoot

decreases with increase of Forchheimer’s drag coefficient (I') . Physically, the increase in inertial term implies
that the porous medium is offering more resistant to the fluid flow. This results in the reduction of the velocity

profile. The momentum boundary layer thickness reduces with the increase of drag coefficient (I') . Thus, the

non-Darcian term, i.e., Forchheimer drag coefficient (I") has a very significant effect on the velocity

distribution. Furthermore, the momentum boundary layer thickness reduces with increase of = from 0 to 1.

The variations of the Dufour number Df and Prandtl number Pr on the temperature profile G(&,7,7) are
depicted in Fig. 9 for o. = 0.5,Ri =1, =0.5 ,Sc = 0.66,N= 0.5,

Re=2andT"=0.5, #=0.5,Sr=0.3,Da=1, A=1. The profile G (5, n, r) increases remarkably within
the thermal boundary layer when Df is increased from Df = 0.1 to Df = 1.0 as observed in Fig. 9. The reason

is that the Dufour term which appears in temperature equation measures the concentration gradient to energy

flux in the flow domain. It has significant role in enhancing the energy in the boundary layer. Further,
G(f,n,r) decreases as the Pr increases from 0.7 to 7.0. It is worthy to mention that higher values of Pr (Pr
=7.0) means the more viscous fluid and have low thermal conductivity which reduce the thermal boundary layer

thickness. Also, the magnitude of profile G (5,77, T) decreases significantly with the increase of = from 0 to
1. In particular, for accelerating flow @(r) =1+ar’, & =0.5 when ['=0.5, Pr=7.0,Ri=1,£=0.5, Sc =
0.66, #=0.5,Re=2,Sr =0.5 Df =0.3, A=1and N = 0.5, G(ﬁ,n,r) increases approximately by 92% for
the increase in Df from 0.5 to 1.0 in both cases of porous ( Da=1) and fluid medium ( Da — o) in unsteady
case ( 7>0).

The effects of Df and Da on heat transfer coefficient is presented in Fig. 10 for Ri =1, & = 1.0, Sc = 0.94, N =
1.0, Re=2, Pr=0.7,'=0.5, =05, Sr=05and A=1. The heat transfer  coefficient

(Re )71/2 NU decreases with the increase of Df from Df = 0.1 to 1.0. Further, (Re)w2 NU increases in case
of fluid medium (Da—) as compared with porous medium (Da=1) . In particular, for decelerating flow
#(r) =1+ar?, a=-0.2 whenRi=1,¢=1.0, Sc=0.94, N=1.0, Pr=

0.7,Re=2,1'=0.5, f=0.5 Sr=0.5and A=1,

-2
(Re ) NU increases33% and 44% in with porous medium and fluid medium, respectively.
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Figure 11 illustrates the influence of Soret number Sr and Schmidt number Sc for accelerating flow

#(r)=1+ar’*, a=05
withN =0.5, Ri=1.0, £=0.5 Pr=0.7, I'=0.3, =15 Df =0.3, Da=1. It is observed that the

increase in Sr from 0.5 to 1.0 increases the concentration profile. Physically, the reason is that the Sr appears in

IJARSE

concentration equation which measures temperature gradient to mass flux. Also, increase in Sc decreases the
concentration profile H (5,77,1'). It is due to the fact that increase in Sc means decrease of diffusivity that

result in decrease of concentration boundary layer. Thus, the concentration of species is high for small values of
Sc and low for high values of Sc. Further, suction (A> 0) decreases the concentration boundary layer thickness

while injection (A< 0) has reverse effect. In particular, for instance for accelerating flow
#(r) =1+ar’, a=0.5 whenRi=1,¢=05 N=05 Re=2,1'=0.3, 4=15Df =03 Da=1atA=

1.0 the concentration profile decreases 51% and 36% with the increase of Sc from 0.22 to 2.57 , and with the

increase of Sr for 0.5 to 1.0, respectively.

Figure 12 displays the effects of Sr and Sc on H(§,77,z')for accelerating  flow

#(r)=1+ar’,a=05when Ri =1¢ = 05 Pr = 07, N= 05 Df = 03,
Re=2, I'=0.5,=0.5Da=1and A=L1. Itis observed from Fig. 12 that the increase of the Sr increases

the concentration profile H (§,n,r). This is because of the reason of combined effects of matter and thermal

diffusion with cross diffusion (Soret and Dufour) effects. Here, the realistic values of Schmidt number Sc = 0.94
and 2.57, representing the diffusion of species of most common interest such as water vapour and Propyl

benzene etc. at 25° C at one atmospheric pressure. Also increase of Sc decreases the concentration
profile H (é’,n,r). Physically, the higher values of Schmidt number have a low mass diffusivity which results

to decrease in the thickness of the concentration boundary layer. In temperature and velocity profiles effect of Sc

is negligibly small because Sc parameter appears only in the concentration equation. Thus, the effect of Sc on
those profiles is not presented here. Further, increase in 7 from 0 to 1 result into thin concentration boundary

layer and species concentration profile decreases within the concentration boundary layer.
-2
Figure 13 illustrates the effects of Sr and Da on Sherwood number (mass transfer coefficient) (Re) Sh for
accelerating flow @(7) =1+ar’, a >0 and decelerating flow ¢(r) =1+az’, o <0 when Ri =1,¢ = 1.0,
Df = 0.5, Sc =0.94,N=1.0, Pr=0.7,Re=2, I'=0.5, f=0.5and A=1. Fig. 13 shows that the increase
—u2 -U2 . .
of the Sr decreases (Re) Sh. Moreover,(Re) Sh decreases in both the cases of porous and fluid

medium ( Da=1.0 and Da — o ) respectively. In particular, for example in decelerating flow at o =-0.2
with N= 1.0, Ri =1, £ = 1.0, Df = 0.5, Pr = 0.7, Sc = 0.94, Re=2,I'=0.5, #=0.5and A=1, Sherwood

number decreases 28% with the increase of Sr from 0.5 to 1.0 and same effect will observed in porous and fluid
medium.
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V. CONCLUSIONS

The present analysis is carried out for the unsteady mixed convection flow over permeable exponentially

stretching surface through Darcy-Forchheimerporous medium in presence of cross diffusion (Dufour and Soret)

effects. The resulting system of dimensionless coupled nonlinear partial differential equation was solved by

using an implicit finite difference scheme in combination with Quasi-linearization technique. From this

numerical investigation the following conclusions are drawn.

The magnitude of velocity and temperature profiles decrease for the increase in the streamwise coordinate

& and time 7 . In particular,

When o =1, Re=2, f=0.5 Ri=1, Pr=0.7,

Df =0.5,Sr=0.5T=05N=1A=1Da=1, the velocity profile and temperature profile
decreases by 11% and 35% as & increases from £ =0 to & =1for 7 =0.

The mixed convection parameter enhances the skin friction coefficient in accelerating flow and reduces the

friction in decelerating flow. For instance, in decelerating flow ¢(z) =1+azr?, ¢ =—0.2 when N =

2
0.5,Pr=0.7,Sc=0.94, Sr=0.5,Df =0.5,Re=2,'=0.5,A=1 and £=1.0 the (RE) Cf decreases
69% and 76% as Ri increases from Ri = -1 to 1 with porous medium (Da=1) and fluid

medium (Da—»o0) , respectively

The thickness of the thermal boundary layer increases with the increase of Df and decreases with the

increase of Pr because higher Prandtl number have low thermal conductivity. For example, for accelerating
flow @(r)=1+ar’, =05 when I'=05Pr = 07, R = 1& =05 Sc =
0.66, 4=0.5,Re=2,Sr =0.5 Df =0.3,A=1and N = 0.5, temperature profile increases approximately
by 20% and 22% for the increase in Df from 0.5 to 1.0 in both cases of porous ( Da=1) and fluid medium
(Da— ) in unsteady case ( 7>0 ).

An increase in the Dufour number (Df) decreases the Nusselt number (Nu). In particular, for instance
-u2
whenPr = 0.7, Ri =2 =10,Sc = 094, Re=10, Sr=0.5and N = 05(Re)  Nu decreases

approximately by 56% and 55% with the increase of Df from 0.1 to 1.0 with porous medium and fluid
medium, respectively.
The Concentration boundary layer thickness increases with increase in the Soret number Sr and decreases

with the increase in Schmidt number Sc. In particular, for example, in accelerating flow & =0.5 with Pr =
0.7,Ri=1,£=05N=05Df=05 Re=2,I'=0.5=0.5and A=1 at Sc = 2.57 the concentration

profile increases 68% and 74% with the increase of Sr from 0.5to 1.0 and time 7 from 0 to 1.
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Table 1. Values of [—gq (0)] for varius values of Prandtl number PrwithRe=2, ¢ =0, Df =0, and N =

0, Da=1, Sr=0, Ri=0.

Pr 0.7 1.0 2.0 7.0 10.0 100
Patil[12] 0.354215 0.444428 0.683024 1.386861 1.680150 5.547512
Patil et al.[13] 0.352215 0.444428 0.683024 1.386861 1.680150 5.547512
Ravindran and | 0.354200 0.444500 0.683000 1.386900 1.680200 5.547500
Samyuktha[9]

Present work 0.351270 0.444510 0.683300 1.386900 1.680300 5.547520

Table. 2: Values of (RE)MZCf : (Re)w2 Nu , (R(?)w2 Sh for different values of Prandtl number Pr

with & =0.2,& =1, Re = 2.

Pr Ri Yi; N T Da Df Sr Sc A| T (Re)ﬂsz (RE){UZ NU (Re)fﬂz sh
0.7 |10 10 |-05 05 |1 05 |05 | 094 1 |1 0.19593 2.50555 3025855
0.7 |10 10 |-05 05 |1 05 |05 |094 1 |15 | 0.16560 2.95387 3.80505
07 |10 10 |-05 05 |1 05 |05 | 094 1 |2 0.13665 3.50791 4.47841
07 |10 15 |05 |05 |1 05 (05 (094 |1 |1 3.68332 2.79213 3.56612
0.7 |10 15 |-05 05 |1 05 |05 | 094 1 |15 |6.23130 3.31497 4.19480
0.7 |10 15 |-05 05 |1 05 |05 | 094 1 |2 10.45895 3.94758 4.95465
07 |10 10 |10 05 |1 05 |05 | 094 1 |1 0.67207 2.53840 3.29612
07 |10 10 |10 05 |1 05 |05 | 094 1 |15 | 0.57200 2.97412 3.82833
07 |10 10 |10 05 |1 05 |05 |094 1 |2 0.47516 3.51898 4.49089
0.7 | 1.0 10 |10 0.5 0 05 |05 |09 1|1 0.70869 2.54243 3.30059
0.7 | 1.0 10 |10 0.5 0 05 |05 |09 1 |15 | 0.59768 2.97648 3.83072
0.7 | 1.0 10 |10 0.5 0 05 |05 |09 1 |2 0.49120 3.51984 4.49196
70 | 1.0 10 |10 05 |1 03 |03 |09 1|1 0.42463 15.56929 2.60238
70 | 1.0 10 |10 05 |1 03 |03 |09 1 |15 | 0.36256 17.16324 3.12491
70 | 1.0 10 |10 05 |1 03 |03 |09 1 |2 0.30382 19.10971 3.77216
70 | 1.0 10 |10 0.5 0 03 |03 |09 1|1 0.44210 15.57136 2.60482
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70 | 1.0 1.0 |10 05 | o |03 |03 (094 |1 |15 |0.37461 17.16457 3.12634
70 | 1.0 1.0 |10 05 | o |03 |03 (094 |1 |2 0.31118 19.11007 3.77275
70 |10 15 | 1.0 05 |1 03 (03 |094 |1 |1 3.89278 15.92869 2.92605
70 |10 15 |10 05 |1 03 (03 |094 |1 |15 |6.40927 17.65357 3.53596
70 |10 15 |10 05 |1 03 (03 |094 |1 |2 10.60902 19.74131 4.27352
Nomenclature
L characteristic length (m)
acceleration due to gravity (ms?)

X,y Cartesian coordinates (m)

u velocity component in the X direction (ms™)

\' velocity component in the Y direction(m s™)

f dimensionless stream function

C species concentration (kg m™)

C, local skin-friction coefficient

C, specific heat at constant pressure (J K'kg™)

Cs the concentration susceptibility

C, concentration at the wall (kg m™®)

C.o reference concentration

C, ambient species concentration

Df Dufour number

Da Darcy number

F dimensionless velocity

G dimensionless temperature

Gr, Gr’~ Grashof numbers due to temperature and species concentration, respectively

H dimensionless species concentration

N ratio of buoyancy forces

Nu Nusselt number

Pr Prandtl number (v/a)

Re Reynolds number

Ri Richardson number
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S Empirical constant in the second-order resistant term
Sc Schmidt number (v/D,, )
Sr Soret number
t time
T temperature (K)
T, the mean fluid temperature (K)
TW temperature at the wall (K)
T, reference temperature
T, ambient temperature (K)

Greek symbols

a thermal diffusivity (m?s™)

B, ,b’* volumetric coefficients of the thermal and concentration expansions,
respectively (K™

&,n, 7 transformed variables

Y7, dynamic viscosity (kg m™s™)

1% kinematic viscosity (m?s™)

o(7) unsteady function of

p density (kg m™)

v streamfunction

r Forchheimer’s drag parameter

Subscripts

w condition at the wall

e free stream condition

&,m, 7 denote the partial derivatives with respect to these variables, respectively.
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Fig 2: Effects of & and t on velocity and temperature profile where &(x) = 1 +as’

fora= 1.0, Ri=1.0,p=05,=1.0,Re=2.0, Pr=07,Df= 0.5, Sr=0.5,

Sc=094.Da=10and 4= 1.
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-~ Da=1
" Ri=-2,-1,1,3 ...... Da . infinity

Ri=-2,-1,1,3
1.0

. Ri==1;1,3

0.5

0 2

T]—»

Fig 3: Effects of Ri and Da on velocity profile where ¢(t) = 1+at’ for o= 0.5,
r=0.5,N=0.5,Re=2.0,Pr=0.7,Df=0.5,5r=0.5,5¢=094and 4 = 1.0 .

Da=1.0

4 wumsss Da — infinity

0 1 T—> 2
Fig 4: Effects of Ri and Da on skin friction coefficient where ¢(t) = l+ot” for B=1.5,
r=05,N=05Re=20,Pr=0.7,Df=0.5,5r=0.5,5¢c=094and 4 =1.0.
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——Da=1.0

....... Da —s infinity

B(E;m; ) —=

. N=-1,0,1,3

2 nN— 4
Fig 5: Effects of N and Da on velocity profile where ¢(t) = l+at for o= 0.5, £=1.0,
Ri=10,=1.0,T=0.5Re=2.0,Pr=0.7,Df=0.5,85r=0.5,S¢c=094 and 4 = 1.

Da=1.0
...... Da — infinity

a=-02 _-°

1.0 —

(Re)l/z &,

Fig 6: Effects of N and Da on skin friction coefficient where ¢(t) = l+at for
Ri=1.0,T=0.5Re=2.0,Pr=0.7,Df=0.5,5r=0.5,Sc=0.94 and 4 = 1.
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Fig 7: Effects of 4 and p on skin friction coefficient where ¢(t) = 1+ot” for Ri = 1.0

r=05N=0.5Re=2.0,Pr=0.7,Df=0.5,Sr=0.5, Sc = 0.94 and Da = 1.0.

Da=1.0
------ Da — infinity

1.08

F(E: f%) —=

(I) l 3 N—
Fig 8: Effects of T and Da on velocity profile where ¢(t) = 1+at” for o = 1.0, £=0.5,

p=1.0,N=0.5 Ri=1.0,Re=2.0,Pr=0.7,Df=0.5,Sr=0.5,5¢=0.94 and 4 = 1
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Df=0.1,0.5, 1.0

0 2 n—- 4

Fig 9: Effects of Dfand Pr on temperature profile where ¢(t) = 1+at’ for o = 0.5,
p=0.5,r=0.5,N=0.5,Re=2.0,5r=0.3,5¢c=0.66 Ri=1.0,Da=1and 4 =1.0.

0 1 71— 2
Fig 10: Effects of Df and Da on heat transfer coefficient where ¢(t) = l+at for p=0.5,
r=05N=10,Ri=1.0,Re=2.0,Pr=0.7,Sr=0.5,Sc =0.94 and 4 = 1.0.
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ey of =05, 1.0

““““

0 2 n— 4
Fig 11: Effects of Sr and Sc on concentration profile where ¢(t) = l+at for o= 0.5,
B=1.0,r=03,N=0.5Ri=1.0,Re=2.0,Pr=0.7,Df=0.3, Da=1.

HE n, 1) —

Sr=0.1,0.5, 1.0

0 2 n—= 4
Fig 12: Effects of Sr and Sc on concentration profile where ¢(t) = l+at for o= 0.5,
B=0.5T=05N=05Ri=10,Re=2.0,Pr=0.7,Df=0.5,Da=1andA=1.0.
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Da=1.0
------ Da — infinity

3.6 -

(Re )_1/2Sh —

2

0 1 1T —»
Fig 13: Effects of Sr and Da on mass transfer coefficient where ¢(t) = I+at for B=0.5,
r=05N=1.0,Ri=1.0, Re=2.0,Pr=0.7, Df= 0.5, Sc =0.94 and 4 = 1.0.
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