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dimensional governing equations relevant to the present model are transformed into
non-dimensional form by using the appropriate parameters. The non-dimensional
governing equations with the pertinent boundary conditions are solved numerically by
using bvp4c function in Matlab software. The influence of suitable parameters on fluid
velocity, temperature, concentration, Sherwood number (rate of mass transfer),
Nusselt number (rate of heat transfer) and skin friction are exhibited graphically and
discussed. Also, the effect of radiation parameter and Prandtl number in the absence
of Dufour number has been compared with the help of contours. It is apparent from
this study that fluid velocity increases with the increase in K, G, G. & Du and decreases
with increase in M2. The fluid temperature increases with the increase in Du & R while
it decreases with Pr. The fluid concentration increases with increase in S, whereas it

Keywords: decreases with S.. The rate of mass transfer (Sherwood number) increases with
Radiating; nanofluid; Soret and Dufour increase in Du and decreases with increase in S,& S. while the rate of heat transfer
effect; moving vertical porous plate; heat  (Nusselt number) increases with increase in Du & Pr and decreases with increase in R.
and mass transfer characteristics Shear stress (skin friction) decreases with the increase in G, G, K & Du.

1. Introduction

The upsurge to the new class generation, known as nanofluids has been there due to the
requirement for strengthening the thermal transfer of fluids. Nanofluids have been exhibited to have
thermal conductivities superior to large extent than that of liquid alone [1,2]. The word nanofluid is
observed to assimilate small nanoparticles having dimensions upto (1-100) nm in the base liquid. The
unique physical, chemical and enhanced thermal properties of nanofluids such as thermal
conductivity, heat transfer and critical heat flux has enticed the interest of the researchers. Such type
of fluids also has high usage in industries because of their higher thermal conductivity in comparison
with the other fluids. The recognition of thermic-performance enhancing properties of the nanofluids
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has added to its applications in various fields such as industrial cooling, nuclear reactors, extraction
of geothermal power and other energy sources, cooling of microchips in electronics, as a nanodrug
delivery and as a cancer therapeutics in biomedical field. The viscosity model equation hinged on the
volume fraction of particles for Al,05;/water nanofluids was brought forward by Maiga et al., [3].
They delineated that when the volume fraction is increased, the effective viscosity also increases for
both laminar and turbulent flows. For the (1% - 4%) range of particle volume fraction for the
nanoparticle size of 36nm, the variation of temperature in viscosity was formulated by Lundgren [4].
He concluded that for stationery beds Darcy’s law with permeability results are concurrent with
Brinkmann model results. The thermal analysis of unsteady convective flows over an infinite, vertical,
heated, circular cylinder was evaluated by the consideration of generalized Fourier’s law of the
thermal processes by Shah et al., [5]. The analysis has been carried out with the help of numerical
simulations and discussed with the help of graphs. Krishna et al., [6] has analyzed the numerical
solution of the unsteady MHD convective rotating flow past an infinite vertically moving porous
surface. They analyzed the consequences of thermal radiation and rotation on the surface and the
effects of physical variables on fundamental segmentations have been carried out. Turkyilmazoglu
and Pop [7] illuminated the heat and mass transfer characteristics of some nanofluid flows past a
vertical infinite flat plate and the radiation effect for two distinct types of thermal boundary
conditions. They negotiated that the velocity and temperature profiles, skin friction coefficient and
Nusselt number inspected may be further utilized for the validation of numerical solutions obtained
for more complex transient free convection nanofluid flow problems. The problem of the unsteady
MHD free convection flow of nanofluids through a porous medium bounded by a moving vertical
semi-infinite permeable flat plate with constant heat source and convective boundary condition in a
rotating frame of reference was performed by Das [8]. The effects of different governing parameters
on the flow and heat transfer characteristics for two types of nanofluids that is Cu-water and Al,05-
water have been discussed by them. The heat transfer in a porous medium subjected to a
magnetohydrodynamic effect and suction velocity adjacent to a vertical plate was evaluated by
Ahammad et al., [9]. Their finding was that the thermal gradient at the hot surface reduces with an
increased radiation effect.

In a binary mixture, the imposition of a temperature difference enforces the partial separation of
the two constituent species. This separation takes place due to the difference in the average
molecular velocities of the two species and heavier molecules tend to concentrate to the colder side
of the system. It is known as Soret effect. In nanofluids, the Soret effect is demonstrated through the
thermophoresis phenomenon. The heat flow due to the isothermal chemical potential gradient is
known as the Diffusion thermoeffect or the Dufour effect. The effect of the Dufour phenomenon is
in contrast to the effect of a Soret and the creation of thermal flux is due to the chemical potential
gradient. The coupled phenomena between the vectorial flows of heat and mass are represented by
the Soret and the Dufour effect. For combining the heat and mass transfer problems, there are
various formulations and methodologies. Keeping in mind the technological important applications
of Soret and Dufour effects in Science and Engineering, these terms have been put in consideration
in energy and concentration equations in some recent work. Makinde and Olanrewaju [10] examined
an unstable mixed convection with Soret and Dufour effects past a porous plate moving through a
binary mixture of chemically reacting fluid. Their conclusion was that the Soret and Dufour effects
shouldn’t be neglected for the fluids with the medium molecular weight like hydrogen-air mixtures.
The numerical investigation of chemical reaction, Soret and Dufour impacts on MHD free convective
gyrating flow through a vertical porous channel was conducted by Ahammad and Krishna [11]. It was
significantly observed that the Soret impact emerges in suspended mixture of particle and fluids.
Quader and Alam [12] presented the numerical solution for Soret and Dufour effects on unsteady

21



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 97, Issue 1 (2022) 20-34

free convection fluid flow in the presence of Hall current and heat flux. The effects of various
authorizing parameters have been seen by them. The solution was obtained by using explicit finite
difference technique.

Motivated by the above studies, the current study is allocated to numerical investigation of free
convective flow of heat-radiating nanofluid through a porous medium past a vertical moving porous
plate in a conducting field in the presence of Soret and Dufour effects. The water-based nanofluid
having nanoparticles of copper have been considered in this study. The partial differential equations
governing the problem along with the corresponding boundary conditions are converted to ordinary
differential equations by using Laplace Transform technique and solved by using bvp4c function in
Matlab software. The effects of various governing parameters involved in the problem are analyzed
with the aid of the graphs and discussed in detail.

2. Formulation of the Problem
We consider an unsteady free convective, heat and mass transfer flow of a magneto-nano fluid

which is a water-based nanofluid containing nanoparticles of Copper (Cu) past an infinite vertical
porous flat plate having an impulsive motion and assimilating Soret and Dufour effects.
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Fig. 1. Geometry of the problem

Here x-axis is taken vertically upwards along the direction of the plate while the y-axis is taken
perpendicular to it. A uniform transverse magnetic field B, has been applied along the y-axis
perpendicular to the plate. Along the plane Y =0, the plate is coincident and for y > 0, the flow of the
fluid is under restriction. The plate is supposed to be at rest having constant ambient temperature
T4 and concentration Cj, at time t = 0. The plate starts moving in its own plane at time t > 0 and
having velocity Au, vertically with u, constant and the temperature of the plate being varied from
T* to T,, and the concentration from C* to C,. Radiative heat flux g, is also applied in the normal
direction to the plate and the mass flux which is caused by the temperature differences and known

22



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 97, Issue 1 (2022) 20-34

as thermal diffusion effect. The base fluid and the nanoparticles which are suspended are in thermal
equilibrium. For Cu-water nanofluid, the values related to the thermophysical properties are
described. The resulting mixture of Cu-water nanofluid possess a larger thermal conductivity in
comparison with the traditional fluids. The existence of the Cu nanoparticles in the water strengthens
the effective thermal conductivity of the fluid, it also intensifies the heat transfer characteristics. In
the equations of the pattern of the flow of fluid, we suppose that the density has linear dependence
on temperature buoyancy forces. We have assumed that the magnetic field B = (0, By, 0) because
of the assumption that in comparison with the applied magnetic field, the induced magnetic field is
negligible. Also, there is no external electric field applied so that the polarization of the fluid has a
negligible effect and hence we take E= (0,0,0). Under the Boussinesq approximation and boundary
layer approximation, the conservation equations for momentum, energy and concentration by
following Dharmaiah et al., [13] are taken in the form as follows

ou* o0%u* M
I — - * _ ok * * vk 2.,% Lf *
Prf 5r = Mnf 53+ 9BInf(T* —Tx) + g(f )nf(C* — C%) — onsBsu —u (1)
Jt ady K;
oT* 9%T*  dq; 0%c*
(0Co) s G = For ay2  dy (0Cp), D dy*? @)

aoc* a%C* 9°T*

Unr = (1_”# »Pnf = (1 - (,b),Df + (nbps:

(pCp)nf =1~ gb)(pCp)f + qb(pCp)S
(PB)ns = A = d)(pP)s + d(pP)s
(B Ing = (A=) (B ) + P(pB™)s

3(c—1)
(6+2)—(c—1)¢

Onf = Oy [1 + l,a = Us/af (4)

It is prominent that the Eqg. (1) to (3) are confined to spherical nanoparticles and have no
exposition for the other shapes of the nanoparticles. The effectual thermal conductivity of the
nanofluid is as follows

ko + 2k, — 2¢(ky — kg
+ 2k; — 2¢ (ks )l )

k.. =
nf flks + 2ks + (ks — k)

The subscripts nf, f and s in Eq. (1) to (5) denotes the thermophysical properties of the nanofluid,
base fluid and the nanoparticles respectively. The relevant initial and boundary conditions for the
problem are
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u'=0,T"=Tg, C=C forall y"=>0andt* =0
u* =, T"=T,C" =C,aty*"=0and t* > 0
u" -0, T" > Ts C" > Chasy" = oandt* >0 (6)

Here A signifies the direction of the moving plate with A = 0, for the plate at the stationery
condition and A = =1 for the forward and backward motion of the plate. It is presumed that the fluid
is an optically thick medium in which the radiation penetration length is small in comparison to the
characteristic length. We have used Rosseland approximation for radiative flux for an optically thick
fluid. The Rosseland approximation gives the net radiative flux g, as

,_ 4o 0T ;
-8
where ¢* (= 5.67 x 102 I;V) is the Stefan-Boltzmann constant and k*(m~"!) the Rosseland mean
m-K

absorption coefficient. We assume that the temperature difference within the flow is sufficiently

small and the term T* may be expressed as a linear function of temperature where T# is expanded

in Taylor series about a free stream temperature as follow

T* = T} +3T3(T — To) + 6TE(T — Too)? + -+ (8)
Neglecting higher order terms in Eq. (8) beyond the first order in (T — T, ), we get

T* ~ 4T3T — 3T4 9)

Using Eq. (7) and (9), Eq. (2) is written as

or* 1 (k +16a*ng3>aZT*+DaZC* .
- (pCy),, MU 3kekt ) ay*? dy*2

Introducing the following non-dimensional variables

Upy” ud t* u* T — T3 C*—Ck
y: ’t: ’u:—,gz ” = = " ”
vf vf Uy TW_ Too CW—COO

Eqg. (1), (3) and (10) takes the following form

ou 0%u " 1

Eza—yz+GrA29+GcAsC—M A3u—Eu (11)
00 1 020 GEIN

Jt Pr( +R) 0y? +Du dy? (12)
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oc_10% 0% s
at S, dy? “°0y? (13)

The prime use of the Laplace Transform Technique is to change an ordinary differential equation
in real domain into an algebraic equation in the complex domain, making the equation much easier
to solve. By applying Laplace Transform Technique, the Eq. (11) to (13) are transformed into ordinary
differential equations as follows

d*u ) 1\ _ = =

d—yz—<S+M A3+E)u+GrA29+GCASC=O (14)
1 d20 d’c  _

ﬁ(l-l_R)dyz-l_Du dy2—59=0 (15)
1 d25+5 dz6 co 16
S.dy? " ldy?” T T e

The corresponding initial and boundary conditions for the problem take the following form
u=0,0=0,C=0forally > 0andt=0
u=A0=1C=1laty=0andt>0
u—00->0C—>0asy—>oandt>0 (17)
The Eq. (12) to (14) are linear partial differential equations which are to be solved with the initial
and boundary conditions (15). It is not possible to find the exact solution for this set of equations, so
we solve these equations numerically by using boundary conditions in (17) with the help of bvp4c

function in Matlab software.

2.1 Some Important Characteristics of Flow Field
2.1.1 Skin friction

In non-dimensional form, the expression for the skin friction is given as

(du) B T
T=—(— where T=——
dy/,_, pU§

1

2.1.2 Nusselt number

In dimensionless form, the rate of heat transfer in terms of Nusselt number is given as

N (dG)
u= —|—
dy y=0
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2.1.3 Sherwood number

Also, the rate of mass transfer in terms of Sherwood number in dimensionless form is given as

Sh = (dC)
dy/,_,

3. Results and Discussions

To get the outlook of the physics behind the flow regime, the numerical results are interpreted
with the help of the graphs. The non-dimensional fluid velocity u, the temperature of the fluid 8 and
the fluid concentration C have been studied for different values of various parameters such as
Schmidt number (S.), magnetic parameter(M), porosity parameter (K), Grashof number (G,),
modified Grashof number (G.), Soret number (S,), Dufour number (Du), Prandtl number (Pr) and
Radiation parameter(R).

Also, the variation of Skin friction, rate of heat transfer in terms of Nusselt number (Nu) and rate
of mass transfer in terms of Sherwood number (Sh) for different values governing parameters are
displayed in the graphs.

3.1 Effect of the Governing Parameters on the Velocity

In Figure 2 to 6, the effect of various governing parameters on the velocity of the fluid has been
presented. The solid line in all the figures represents the motion of the plate in the backward
direction while the dashed line gives the motion of the plate in the forward direction. In Figure 2, the
effect of magnetic parameter (M?) on the velocity of the fluid is analysed. It is found that the velocity
of the fluid shows a decrease with the increasing values of magnetic parameter M for both the
moving plate in forward as well as backward direction. This is because in an electrically conducting
fluid with the application of a magnetic field, a drag-like force called Lorentz force is produced. So,
there is reduction in the velocity of the fluid within the boundary layer because the magnetic field
causes an opposition to the transport media. A kind of friction is generated on the velocity of the
fluid with the effect of the Lorentz force. Figure 3 depicts the variation in the fluid velocity under the
influence of the porosity parameter(K). It is remarked that the velocity of the fluid shows an
enhancement with the increasing values of the porosity parameter K for both the motion of plate in
backward as well as forward direction. Figure 4 exhibits the effect of Grashof number (G,.) on the
velocity of the fluid. The velocity of the fluid u shows an increase with the enhancing values of the
Grashof number (G,.) for the moving plate both in backward and forward direction. This is due to the
Grashof number acting like a favourable pressure gradient resulting in the acceleration of the fluid
within the boundary layer. As a result, the fluid velocity increases with G,. The Grashof number
symbolizes the free convection current effects. Figure 5 reveals the effect of modified Grashof
number (G.) on the velocity of the fluid. It is seen that because of the presence of thermal and solutal
buoyancy, there is an increase in the velocity of the fluid with enhancing values of the modified
Grashof number (G,). From Figure 6, the distinction of the velocity of the fluid with respect to Dufour
number is elucidated. It is found that the velocity of the fluid increases with the increase in the values
of the Dufour number (Du).
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3.2 Effect of the Governing Parameters on Temperature

Figure 7 to 9 shows the effect of the various governing parameters on the temperature of the
fluid. Figure 7 depicts that the temperature of the fluid elevates with the increasing values of Dufour
number (Du). Figure 8 describes that the rise in the values of Prandtl number (Pr) leads to the fall in
the temperature of the fluid. Also, the temperature of the fluid increases as the radiation parameter
(R) increases which is illustrated in Figure 9. With the increase in the radiation parameter, the heat
energy from the flow region is released. There is a decrease in the Rosseland radiation absorption
parameter k* due to decrease in the values of R for given k,r and T,,.The rate of radiative heat
transfer of the fluid shows a rise because of the increase in the divergence of radiative heat flux
leading to the increase in the temperature of the fluid.
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Fig. 9. Effect of R on temperature with Du = 1,
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3.3 Effect of Governing Parameters on Concentration

Figure 10 and 11 represents the effect of various governing parameters on the concentration of
the fluid. The Schmidt number symbolizes the ratio of the momentum diffusivity to the species(mass)
diffusivity. It is used to characterize fluid flows in which there are simultaneous momentum and mass
diffusion convection processes. It physically relates the relative thickness of the hydrodynamic layer
and mass transfer boundary layer. Figure 10 illustrates the effect of Schmidt number on fluid
concentration. The concentration of the fluid decreases as the value of the Schmidt number (S,)
enlarges while in case of Soret number (S,) as shown in Figure (11), a reverse effect on fluid
concentration is observed with the increasing values of Soret number. The Soret effect recognizes
the mass transfer from lower to the higher rate of concentration due to temperature gradient.
Therefore, concentration is enhanced due to the increment in the values of the Soret number.

1 T T T T T T T T T 105, T T
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025k
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W O5E w
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Fig. 10. Effect of S, on concentration with Du =3, Fig. 11. Effect of S, on concentration with Du = 3,
Sy=1,M*=9,K=04,G,=6,G.=6,A\=1,R=4&  S.=0.44, M?>=9,K = 0.4, G,=4, G,= 6, \=1, Pr=1.9
Pr=1.9 &R=4

3.4 Effect of Governing Parameters on Rate of Mass Transfer at the Plate (Sherwood number)

The non-dimensional rate of mass transfer at the plate y = 0 is presented numerically in Figure 12
to 14 for various parameters such as Soret number (S,), Schmidt number (S.) and Dufour number
(Du). Figure 12 and 13 reveals the variation of Sherwood number with the effect of Soret number(S,)
and Schmidt number(S,). It is seen that the rate of heat transfer at the plate decreases with the
rising values of the Soret number as well as Schmidt number. Figure 14 displays the effect of
Sherwood number with respect to the Dufour number showing that the rate of mass transfer rises
with the rise in the values of the Dufour number.
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3.5 Effect of Governing Parameters on the Rate of Heat Transfer at the Plate (Nusselt number)

5

The values of non-dimensional rate of heat transfer for the motion of the plate in forward
direction at A=1 is exhibited in Figure 15 to 17 for different values of Dufour number (Du), Radiation
parameter(R) and Prandtl number (Pr). As radiation parameter (R) shows an elevation, the rate of

heat transfer decreases as is evident from Figure 15 while with the increasing values of Dufour

number (Du) and Prandtl number (Pr), a reverse effect is observed as shown in Figure 16 and 17.
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=0.6&Pr=0.9

3.6 Effect of Governing Parameters on Skin Friction (Shear Stress at the Plate)

The non-dimensional skin friction is presented numerically in Figure 18 to 21 under the influence
of various parameters such as Grashof number (G,), modified Grashof number (G.), porosity
parameter(K) and Dufour number (Du). From Figure 18 and 19, it is seen that the skin friction for the
plate decreases with the enhancement in the values of Grashof number (G,-) and modified Grashof
number (G,.). This is due to the reason that the fluid in the boundary layer undergoes acceleration
because of the positive buoyancy forces which act like a favourable pressure gradient, as an outcome,
the hot fluid near the plate surface passes away faster as the Grashof number (G,.) increases and so
the shear stress at the plate is reduced. The effect of porosity parameter(K) on the shear stress of the
plate has been shown in Figure 20. It is observable that the shear stress decreases for decrease in the
values of porosity parameter. The influence of Dufour number (Du) on shear stress of the plate is
noticed from Figure 21. It is found that the shear stress shows a reduction with the increasing values
of the Dufour number.
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Fig. 20. Effect of K on skin friction with Du = 2,  Fig. 21. Effect of Du on skin friction with S, = 6, S.=
S.=2.5,M?=3,G,=10, G.=12,S,=6,R=7 & 2.5,M?=3,K=0.5,G,=10,G,=12,R=7&Pr=9
Pr=9

3.7 Comparison of Results
Our study is consistent with the existing study in literature as is evident from the Figure 22 and
23 where our results have been found in conformity with the results obtained by Reddy et al., [14].

The comparative results of the rate of heat transfer with that of the results of Reddy et al., shown by
these figures are found to be compatible.
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Fig. 22. Comparison of the results. Effect of R on Fig. 23. Comparison of the results. Effect of Pr in
temperature in the absence of Dufour number (Du) the absence of Dufour number (Du)

4. Conclusions

The main aim of present study is to bring out the influence of Soret and Dufour effect on the flow
of a radiating Nanofluid past a moving porous plate. The main conclusions of the study is as follows

i.  Arisein the values of porosity parameter (K), Grashof number (G,.), modified Grashof
number (G.) and Dufour number (Du) enhanced fluid velocity whereas reverse effect is
observed in case of Magnetic parameter (M?).

ii. The temperature of the fluid increases for the increasing values of Dufour number (Du)
and Radiation parameter (R) whereas an opposite trend is seen in case of Prandtl
number (Pr).

iii.  Anincrease in Soret number (S,) results to an enhancement in the concentration of the
fluid whereas the study the opposite trend with Schmidt number (S,).

iv.  The rate of mass transfer (Sherwood number) is intensified with the enlargement in
Dufour number (Du) and it decreases for increasing values of Soret number (S,) and
Schmidt number (S,).

v. The rate of heat transfer (Nusselt number) rises with the enlarging values of Dufour
number (Du) and Prandtl number (Pr) whereas it shows a decline with the increasing
value of radiation parameter(R).

vi.  The skin friction i.e., the shear stress reduces for increasing value of Grashof number
(G,), modified Grashof number (G,), porosity parameter (K) and Dufour number (Du).
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