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Abstract

In this paper, the double-diffusive convective flow along an inclined semi-infinite wavy plate in a nanofluid saturated
non-Darcy porous medium is investigated numerically. Following Prandtl’s transposition theorem, a coordinate
transformation is used to transform the irregular wavy surface into a smooth surface. The convective type thermal
boundary condition is taken into account and also the Brownian motion and thermophoresis effects are considered into
the present nanofluid model. The governing transport equations are initially reshaped into a system of coupled ordinary
differential equations by choosing suitable similarity transformations and then solved numerically by using the Spectral
Local Linearization Method (SLLM). The effects of various flow influenced parameters on the fluid flow, heat and
mass transfer characteristics are explored and exhibited graphically.
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1. Introduction

The double-diffusion is one of the interesting topics in fluid dynamics and it arises in oceans
where the convection process is generated by two different density gradients. The double-
diffusive natural convection in a Darcy and non-Darcy porous medium has been investigated by
Nithiarasu et al. (1997). Khanafer and Vafai (2002) discussed the double-diffusive mixed
convection flow in a non-Darcy porous medium. An exhaustive report on the heat and mass
transfer due to various fluid flows in a porous medium (both Darcy and non-Darcy models) has
been presented by Nield and Bejan (2013).

Most of the authors have analyzed the convective flows with heat transfer over various
geometries by assuming the fluid as Newtonian. But, nowadays, the problem of convective flows
with heat transfer of non-Newtonian fluids has been one of the active areas in the computational
fluid dynamics and one of such fluids is Nanofluid. A suspension of nano-sized fibres or solid
particles in conventional fluids (ethylene glycol, water, oil, etc.) is called nanofluid and it is
recommended by Choi and Eastman (1995). Both the experimental and theoretical studies have
been carried out by several researchers to get enhanced heat transfer rate and higher energy
efficiency in various thermal exchange systems for numerous industrial applications. Buongiorno
(2006) explored seven slip mechanisms such as fluid drainage, thermophoresis, inertia, Magnus
effect, Brownian diffusion, diffusiophoresis, and gravity settling. With this experimentation, he
found that the Brownian diffusion and thermophoresis are more significant effects to investigate
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the nanofluid flows. A detailed review of nanofluids and their relevant applications have been
presented by Das et al. (2007), Das and Stephen (2009), Kakac and Pramuanjaroenkij (2009).

The study of heat and mass transfer over irregular bodies (wavy or non-uniform or rough
surfaces) is essential for various heat transfer applications such as flat plate condensers and
collectors in refrigerators. The effect of cross diffusion in natural convection flow of a Newtonian
fluid along a vertical wavy plate embedded in a Darcy porous medium has been studied by
Lakshmi Narayana and Sibanda (2010) whereas Mahdy and Ahmed (2012) considered the
problem of laminar natural convective flow along a wavy plate in a porous medium saturated
with nanofluid. Further, the natural convection heat and mass transfer over an inclined wavy plate
is generally experienced in various devices like electroplating, solar water heaters, processing of
heavy metals, etc. The double diffusive natural convection over an inclined wavy plate embedded
in a porous medium has been studied by Cheng (2010) and also he investigated the free
convection and heat transfer along a wavy inclined surface in a porous medium (see Cheng
(2013)). The numerical solutions to natural and mixed convective flows of a nanofluid over an
inclined wavy surface in a Darcy porous medium have been presented by Srinivasacharya and
Vijay kumar (2015, 2016).

The present numerical study aims to investigate the double-diffusive convection in a nanofluid
flow over an inclined wavy plate in a non-Darcian porous medium. Pseudo-spectral collocation
method along with local linearization technique is employed to solve the present problem
numerically [for more details, see Canuto et al. (2006), Motsa (2013), Motsa and Animasaun
(2015)]. The effects of relevant physical parameter on the nanofluid fluid flow, heat and mass
transfer characteristics have been discussed and shown graphically.

2. Mathematical Analysis
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Figure 1. Flow configuration
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Consider the laminar, incompressible and 2-D flow over a semi-infinite wavy inclined surface in
a nanofluid. The 2-D co-ordinate system is exhibited in Figure 1. Let A (0° < A<90°) be the

inclined angle of the wavy surface and the surface of the wavy inclined plate is given by
Y=o (% = &sin(z % L) in which 2L and & are the characteristic length and amplitude of the

wavy surface. The wavy surface kept at uniform wall concentration (%)v and it assumed to be
greater than the ambient concentration @/SO at any arbitrary reference point in the medium.

Further, the ambient temperature and solid volume fraction are considered as 'f’{? and é/g
respectively.

By assuming Oberbeck-Boussinesq approximation and using standard boundary layer
approximations, the governing equations can be written as

o o%6_ "
6 %
1- oK 7t
oo M, CVK g0 %8—%:( TN mAio—cosAa-P
Y6 N ﬂ/pfx 8% %o H 2
1-#g9K K _
A-#Kop fe (.o o) Kalp,—p (. o of
7 0 %o U Yo %o
%
%aioweajo a V¢ DBv&Wf/%&vf/sv% +0D, V& 3)
Ko oY T,
9’9—+%—8/ DV & TVZ'F/ (4)
o Yo
0
efeagweag £ D,V £ D,V ()
e G,

where (%) are the Darcy velocities in (%90 -directions, T, ¢, C are the temperature, solid
volume fraction, regular concentration, g is the acceleration due to gravity, K is the
permeability, C is the Forchheimer’s porous inertia constant, ¢ is the porosity, o is the
electrical conductivity, «,, =k/(pc), is the thermal diffusivity, z=e&(oC),/(pC), is the

nanofluid heat capacity ratio and v = x/ pf, is the kinematic viscosity. Further, o, , 1,k , B
and f. are the density of the base fluid, viscosity, thermal conductivity, volumetric thermal and
solutal expansion coefficients, while p, is the nanoparticles density, (oC), and (oC); are the

heat capacity of the nanoparticles and base fluid. Finally, Dg,Dg,D;.,D; and D.; are the

Brownian diffusivity, solutal diffusivity, Dufour type diffusivity, thermophoretic diffusivity, and
Soret type diffusivity, respectively.
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Next, the stream function P4¥% 99 with &= —— 89/ ” is utilized to satisfies Eq. (1)
0

automatically and also we introduce the following dimensionless variables
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Using Eq. (7), the governing equations (1)-(5) takes the following form
2 2 * 2 2
Py Oy G {za—"’a—“’—za—"’a—‘”} Ra(sm%_ccg;\“j

ox* oy* Ral| oy oy*  ox ox’ OX @)
+RaNc smA@—cosAac —RaNr sinAa¢ cosAa¢

oy OX oy OX
W T _ OV T _Gor | NbVAVT + NEVT VT + Nd V2C ©)
oy Ox OX oy
a_w%_a_w%zivz¢+iﬁva (10)
oy ox ox oy Ln Ln Nb
W 0w 1y, gryer (12)

oy ox ox oy Le

where  Ra=[(1-¢%)p, koL g, (P0—F0)/[ua,], Sr=[cDc; (FO-F0)/ [, (& - &)1,
Nd =[oD;c (88— 0)1/ e, Po-P0)1,  Nr=[(p,—p, ) #1/[p, B @—F)(Po—T)],
Nt =[zD; (P0—PO)1/[e, P9, Nc=[4. (& -€0)/[8, (F0-P0)], Nb=[D,#/[a,],
Gr' =[C,VK &, Ra]/[vL], Lh=¢, /D, and Le=¢,, /Dy defines the local Rayleigh

number, Soret number, modified Dufour number, nanoparticle buoyancy ratio, thermophoresis
parameter, double-diffusive type buoyancy ratio, Brownian motion parameter, non-Darcy
parameter, nanoparticle and regular Lewis numbers, respectively.

To transform the irregular surface into a regular surface, we further introduce the co-ordinate
transformations as follows

X=X, ¥ =Ra”’[y-o(X)], ¥ =Ra ™"y (12)
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Using the above transformations (12) and taking Ra— oo, the equations (8)-(11) takes the
following form

oy oy (GT NCQ—NF ¢j(sinA+c§cosA) (13)
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Furthermore, we recommend the following similarity variables to reduce the coupled system of
PDEs (13)-(16) into a coupled system of ODEs

=X = 7 =& () (17)
(1 (&-)61/2

Using Eq. (17), we obtain the following equations

f"+2Gr* (+a) fren [T “+ NcC'—Nr ¢'] (sin A+a%o0s A) =0 (18)
(1+a%)*

T"+%f'T '+ NbT'¢'+ NtT?+NdC"=0 (19)

1 1 1 Nt

— " +=fp'+——T"=0 20

Ln ¢ 2 - Ln Nb (20)

iC"+1fC'+SrT“=0 (21)

Le 2

and the reduced B.C. are
f =0, T':—Bi§1’2(1+a§)(1—T), Nbg'+Nt T'=0,C=1 at 77:0}

(22)
f'=0,T=0,¢=0,C=0 as n—o>w

Y% .
The non-dimensional local Nusselt number Nuy, = —W , hanoparticle Sherwood number
f '

NSh,, = q"”% and regular Sherwood number Sh,, = 0 %0 are given by
* D T D@ -)
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Nu,, 1 , NSh,, 1 , Sh,, 1 ,
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where @, =-k A.v P 0, =—Dg AV and q,, =—Ds AV are the heat, nanoparticle and

regular mass fluxes at the wavy plate and i =(—a&( J1+6%,1/ \/1+<&) is the unit outward

normal to the wavy surface.

3. Results and Discussion

The non-dimensional momentum, energy, solid volume fraction and regular concentration
equations (18)-(21) related to the boundary conditions (22) are non-linear and coupled ordinary
differential equations for which the analytical solution is out of the scope and thus we solved
numerically. In this present work, the governing equations (18)-(21) are solved numerically by
using the spectral local linearization method (SLLM) developed by Motsa (2013), Motsa and
Animasaun (2015).

The numerical solutions for dimensionless velocity, temperature, solid volume fraction and
regular concentration profiles along with the local Nusselt number, local nanoparticle Sherwood
number and regular Sherwood number have been evaluated and shown in Figures 2-5. To explore
the effects of various physical parameters on the nanofluid flow, heat and mass transfer
characteristics, the computations are performed for Nc = 0.3, Nr = 0.3, Ln =5.0, Le =5.0, £ =

0.2,Nt=0.1, Nb=0.1, Nd=0.2and Sr = 0.2.
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Figure 2. Effects of Gr* and A on the velocity Figure 3. Effects of Gr* and A on the Temperature
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Figure 4. Effects of Gr* and A on the solid volume Figure 5. Effects of Gr* and A on the regular
fraction concentration
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Figure 6. Effects of Bi and a on the velocity Figure 7. Effects of Bi and a on the temperature

Figures 2-5 exhibit the influence of inclined angle (A) and non-Darcy parameter (Gr”) on the non-
dimensional velocity (f "), temperature (&), solid volume fraction (¢) and regular concentration

(S). As limiting cases, the equations for horizontal and vertical surfaces are regained for A=0° and
A=90°, respectively. As A increases, the velocity enhances near to the wavy surface but the
temperature and regular concentration diminish whereas, the solid volume fraction increases near
the surface and decreases far away from the surface as plotted in Figures 2-5. The largest
temperature and regular concentration profiles are noticed for horizontal surface case, whereas
the smallest values are captured for the vertical surface case. On the other hand, an increase in the
non-Darcy parameter leads to decelerate the fluid velocity and increase the temperature in the
medium. But, the solid volume fraction profiles decrease near to the surface and increases the
regular concentration with increase of Gr”.
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Figure 8. Effects of Bi and a on the solid volume Figure 9. Effects of Bi and a on the regular
fraction concentration

The impact of Biot humber (Bi) and wavy amplitude (a) on the non-dimensional velocity (f"),
temperature (¢), solid volume fraction (¢) and regular concentration (S) are illustrated in

Figures 6-9. It is noted that as a increases, the profiles of velocity and volume fraction increase
whereas the temperature and regular concentration decreases. Further, an increase in the Biot
number causes to accelerate the fluid velocity near to the wavy surface and decelerate the regular
concentration as shown in Figures. 6 and 9. The temperature of the fluid enhances whereas the
solid volume fraction profile gets increase near to the wavy surface and then decreases far away
from the wavy surface.

The influence of non-Darcy parameter (Gr”) and angle of inclination (A) on the streamwise
distribution of local Nusselt number (Nuy)/(£“’Ra*?), local nanoparticle Sherwood number

(Nshy,)/(£"?Ra"?) and local regular Sherwood number (Shy,)/(£"°Ra"?) is shown in Figures 10-

12. These figures reveal that the angle of inclination of the wavy surface enhances the buoyancy
force and also assists the fluid flow and then subsequently it leads to an increase in the local
Nusselt and regular Sherwood numbers. Whereas a reverse tend is seen in the case of local
nanoparticle Sherwood number. As Gr” increases, the energy is dissipated as a heat and it
increases temperature in the fluid and hence the Nusselt number decreases. Further, the
nanoparticle Sherwood number increase and regular Sherwood number decreases with the
increasing values of non-Darcy parameter.
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Figure 10. Effects of Gr* and A on local Nusselt Figure 11. Effects of Gr* and A on local
number nanoparticle Sherwood number
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Figure 12. Effects of Gr* and A on local regular Figure 13. Effects of Bi and a on local Nusselt
Sherwood number number

Figures 13-15 depict the significance of amplitude of the wavy surface (a) and Biot number (Bi)
on the streamwise variations of non-dimensional local Nusselt number (Nuy)/(&*Ra?), local

nanoparticle Sherwood number (NSh%)/(él’zRal’z) and local regular Sherwood number

(Sh%)/(é“zRal’z). These figures show that an increase in the wave amplitude leads more

fluctuations in the local Nusselt, local nanoparticle and regular Sherwood numbers. In general, it
is clear that the wavy surface turns into more roughened for enhancing values of wave amplitude.
Moreover, a remarkable development in the local Nusselt number is noticed for increasing values
of Biot number as plotted in Figures 13. But, the local nanoparticle Sherwood number gets
decrease whereas the local regular Sherwood number gets increase.
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4. Conclusions

In this paper, the double-diffusive type nanofluid flow over an inclined wavy plate in a non-Darcy
porous medium is investigated. The spectral local linearization method is employed to obtain the
numerical solutions for various values of non-Darcy parameter, Biot number, inclined angle and
amplitude. The main outcomes are:

e With an increase in the angle of inclination, the velocity, solid volume fraction, local
Nusselt, and regular Sherwood numbers increase and an opposite trend is detected for
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Figure 15. Effects of Bi and a on local
regular Sherwood number

temperature, regular concentration and local nanoparticle Sherwood number.

e An increase in the wave amplitude enhances the velocity, solid volume fraction, whereas
the temperature and regular concentration reduce. Also, the sinusoidal variations are
noticed in the Nusselt and Sherwood numbers.

e An increase in the values of Gr” significantly reduces the velocity, local heat, and regular

mass transfer rate, while the temperature and regular concentration increase.

e As Biot number enhances, the velocity, temperature, volume fraction, local Nusselt and
regular Sherwood numbers enhance whereas the local nanoparticle Sherwood number

diminishes.
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