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ABSTRACT

In the current research, the effect of thermophoretic motion combined with temperature-dependent thermal conductivity on natural con-
vection flow around the surface of a sphere at several circumferential locations has been presented. The modeled nonlinear governing partial
differential has been transformed into a dimensionless form with the help of appropriate non-dimensional variables. Later, the finite differ-
ence method is applied to solve the proposed model. The effect of controlling parameters, such as thermal conductivity variation parameter
y, Prandtl number Pr, Schmidt number Sc, thermophoretic coefficient k, and thermophoresis parameter N; on the velocity field, temperature
distribution, mass concentration, skin friction, rate of heat transfer, and rate of mass transfer has been highlighted. The estimations of the
emerging parameters on the physical properties are displayed in graphical and in tabular forms. It has been predicted that the rise in y, Ny, Sc,
Pr, and k increases the velocity distribution, but the reverse behavior has been seen in the temperature field. The enhancement in Ny, Sc, Pr,
and k boosts up the curves of mass concentration, and the rise in y suppresses the concentration function. It has been observed that an increase
in y reduces the skin friction and the rate of mass transfer but opposite behavior of the rate of heat transfer occurs. Furthermore, increasing
values of Sc cause the skin friction to lose the dominance in the rate of heat and mass transfer. It has been also noticed that increasing values
of N; strengthen the skin friction and rate of heat transfer, and attenuation occurs in the case of the rate of mass transfer.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0018674

NOMENCLATURE C (kg m™ ) mass concentration in boundary layer
1 =1 .
&n primitive variables for velocity components in x and y Cp (I kg” K ) specific heat at constant pressure
directions CW( kg m_3) surface mass concentration
a(m) sphere’s radius Coo (kg m73) ambient mass concentration
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Dy(m? s"l) mass diffusion coefficient

g(m s_z) gravitational acceleration

k thermophoretic coefficient

N: thermophoresis parameter

Pr Prandtl number

Sc Schmidt number

T (K) fluid temperature in boundary layer

T (K) surface temperature

T (K) temperature of the ambient fluid

UV primitive variables for dimensionless axes X and Y

u, v x and y components of the velocity filed

Uso (m 57! ) free stream velocity

Vi primitive variable for dimensionless thermophoretic
velocity v¢

Vi dimensionless thermophoretic velocity

Greek symbols

p(X7)
p(K)
y

concentration expansion coefficient

thermal expansion coefficient
thermal conductivity variation parameter

I. INTRODUCTION

The phenomenon observed in mixtures of moving submicron
particles in which these particles move away or come toward the
surface due to temperature gradient is termed nanoparticle motion
commonly known as thermophoresis. This phenomenon takes place
at the scale of 1 mm or even smaller. The force through which these
particles gain the momentum is known as the thermophoretic force.
Different types of particles give different responses to that force. Curl
Ludwing was the first one to observe the thermophoresis in liquid
mixtures in 1856, and in gas mixtures, it was reported in 1870. The
thermophoretic force is used in the precipitators used commercially
such as electrostatic precipitators. This can be used in the transport
phenomenon of fouling. Thermophoresis has also been used to facil-
itate drug discovery. The thermophoretic force is used to separate
the mixed particles. It has been used in dust-collecting devices, air
pollution control, and capturing and removing small particles from
the gas streams. There are other several practical applications in dif-
ferent fields. A mode of heat transfer that governs the fluid motion
by density differences in the fluid due to the temperature gradient is
termed free or natural convection. Natural convection and the ther-
mophoresis phenomenon have motivated the research community
due to their huge applications in engineering and natural sciences.
Due to its significance in interdisciplinary research, we focus on the
community engaged in this field. Epstein and Ellison' carried out
the study of the correlations between the rate of aerosol deposition
and instantaneous aerosol suspended species concentration. Particle
deposition in the laminar tube flow in the presence of thermophore-
sis has been discussed by Park and Kim.” Chamkha and Pop’
focused on the convective heat and fluid flow mechanism with the
consideration of deposition effects over the vertical surface embed-
ded in a porous medium. Rajabi" discussed the homotopy pertur-
bation method for fin efficiency of convective straight fins with
the contemplation of the influence of variable thermal conductivity.
Attia” discussed the unsteady dusty fluid flow between two parallel
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plates for variable thermal conductivity and viscosity. Grosan et al.’
analyzed the effect of thermophoretic motion on fully developed
free convection heat transfer in a vertical channel. Kuznetsov and
Nield” studied the behavior of free convective heat transfer over a
vertical plate for nanofluid. Ozering et al.” examined the fully devel-
oped laminar forced convection flow through nano-fluids inside
the circular tube under convective boundary conditions. Pal and
Mondal’ analyzed the mechanics of heat transfer in the presence of
combined temperature-dependent viscosity, and Soret and Dufour
effects. Kuznetsov and Nield'’ examined the revised model of the
free convection boundary layer flow of nano-fluids over a vertical
plate discussed in Ref. 7. Goodarzi et al.' investigated the heat and
mass transfer phenomenon and the pressure drop mechanism in a
corrugated surface heat exchanger by using the multiwalled carbon
nanotubes in nanofluid. Goshayeshi et al.'* performed the experi-
mental study on the use of Fe,Cs/kerosene nanofluid for the copper
oscillating heat pipe under the effect of magnetic field. The effects of
variable thermal conductivity and temperature-dependent viscosity
in the presence of thermal radiation along the surface of the wedge
have been concluded in Ref. 13. In this study, the authors claimed
that the intensification of the estimations of the viscosity variation
parameter or thermal conductivity increases the local skin friction
coefficient and reduces the local Nusselt number. Ashraf et al.'* pro-
posed the model of convective flow over a magnetized surface by
taking the effect of variable viscosity and temperature-dependent
thermal conductivity. The effects of variable parameters on forced
convection boundary layer flow along the permeable wedge have
been illustrated by Alam et al."” numerically. Li et al.'® discussed the
model of force convection flow of the power-law of non-Newtonian
fluid through semi-infinite parallel plates with the consideration of
variable thermal conductivity. Malik et al.'” studied the effect of
variable thermal conductivity on heat transfer and fluid flow mech-
anism in Sisko fluid in the presence of an applied magnetic field.
The characteristics of Williamson fluid in the energy mode for vari-
able thermal conductivity and heat generation have been explored
by Malik et al."® The effect of viscous dissipation on periodic mixed
convection flow around a sphere has been simulated numerically
by Ashraf et al.”’ Later, the solutions for time-dependent shear
stress and heat transfer rate around various points of sphere asso-
ciated with the fluid dissipation have been demonstrated in Ref. 20.
Khan et al.”' studied magneto-hydrodynamics heat and fluid flow
principle of Carreu nanofluid with temperature-dependent thermal
conductivity over a permeable stretching/shrinking sheet under the
action of the heat source and sink. Alrashed et al.”* proposed the
model of laminar fluid flow and heat transfer of water/functional
multiwalled carbon nanotube nanofluid. They used the finite vol-
ume method to solve the proposed model numerically. Later, Ashraf
et al.”’ presented the nano-fluid heat transfer through natural con-
vection around a sphere and in the plume region developed above
the sphere. That work focused on the influence of the effective
Prandtl number on the bio-convection flow of thermally developed
magnetized tangent nanofluid with the incorporation of the slip flow
condition and gyrotactic microorganisms in Ref. 24. Sheikholeslami
et al.”’ considered the heat transfer mechanism in the ferro-fluid
in the cavity having double moving walls by taking into account
the effect of the electric field. The authors concluded that there
is an augmentation in the temperature gradient corresponding to
the enhancement in the electric force. Shah et al.”® proposed the

AIP Advances 10, 085005 (2020); doi: 10.1063/5.0018674
© Author(s) 2020

10, 085005-2


https://scitation.org/journal/adv

AIP Advances ARTICLE

study of the influence of viscous dissipation, Joule heating, and
Hall current on the three-dimensional flow of couple stress nano-
fluid past a surface stretching exponentially using the Cattaneo—
Christov heat flux model. The natural convection flow process
through the subclass of non-Newtonian nano-fluid known as the
Casson nano-fluid along the surface stretching non-linearly has
been presented by Ullah et al.”” The authors encountered the effect
of a magnetic field, Brownian motion, and thermophoresis under
convective boundary conditions. Gheynani et al.”* focused on the
influence of diameter and concentration of nanoparticles on the
material properties in non-Newtonian nanofluid through the three-
dimensional micro-tube. They performed their study on the non-
Newtonian carboxymethylcellulose and copper oxide nanofluid.
Ghasemi et al.”’ used curve fitting and neutral network methods
to investigate the experimental data related to nano-antifreezing
containing carbon nanotubes for the prediction of thermal conduc-
tivity of the considered fluid by introducing two-variable correla-
tion. Abbas et al.”’ examined the combined mechanism of mixed
convection and thermophoretic transportation at different points
around the surface of a sphere. Later, Abbas and Ashraf’' stud-
ied the combined effects of mixed convection and thermophore-
sis on the physical properties with the inclusion of variable vis-
cosities around the sphere. Some new related work can be studied
in Refs. 32-35.

As a consequence of the above literature survey, it is noted that
no attempt toward the study of combined effects of variable thermal
conductivity and thermophoretic motion has been made so far. We
have focused on the study of the physical behavior of the combined
effects of nanoparticle motion and variable thermal conductivity
on natural convection flow around a sphere for different values of
parameters involved in the flow model, and they are displayed in the
tabular form as well as graphically.

Il. MATHEMATICAL MODEL AND COORDINATE
SYSTEM

This section demonstrates the representation of the physical
model given in a schematic in Fig. 1. We consider two-dimensional,
steady, viscous, and incompressible fluid flows around a sphere. The
sphere is maintained at a temperature T, and has a temperature
greater than the surrounding temperature Too. In Fig. 1, the x-axis
is taken along the surface of the sphere, the y-axis is considered nor-
mal to it, and 7 is the radial distance from the symmetric axis to the
surface of a sphere, where a is the radius of the sphere. By following
Ref. 30, the dimensionless boundary layer equations representing the
heat and fluid flow model are given as

O(sinxu) . O(sinxv) 0

s 1
Ox oy )
ou  du Ou . .

ua+v8—y = 8—yz+0smx+¢smx, 2)

96 96 (1+y0) 96 1y (06
" ox +v8y T P Oy? TP ay )’ &

2

9% + @ - l@ _ 8(w¢). (4)

" ox V(?y T Sc 9y? dy
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FIG. 1. Coordinate system and flow configuration.

The dimensionless variables are given as

X j/Gr% Gr2ail Gr tav
x==,y= , U= , V= ,
a a v v
Griav, T-Too C-Cw
= , 0 = , ©)
T T-T. ?"C—ca

K = koo (1 + y*ATH).

D
thermal conductivity variation parameter with y* as a constant,
and Schmidt number, respectively. The thermophoretic velocity
appeared in Eq. (4) is expressed as

Here, Pr = ;:, y = y*AT, and Sc = % are Prandtl number,

koo
9+Nt 8)/’

Vi =

where N; = ?—T and k represent the thermophoresis parameter and

thermophoretic coefficient, respectively. The boundary conditions
subject to the coordinate system are given as

u=0,v=0,0=1,¢=1aty=0,

u—>0,0-0,¢—0,asy— oo.

(6)

lll. SOLUTION METHODOLOGY

The set of dimensionless governing equations (1)-(4) under
associated boundary conditions expressed in Eq. (5) are transformed
into a suitable form for integration by using suitable transformation
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variables as follows:”’
u(xy) = x:UEn), v(xy) =2 V(En),
n= x_%}’, §=x v(xy) = X Vi(&n), ?)
0(x.y) = 0(& 1), ¢(x.y) = ¢ (& 1).

The transformed system of field equations for further solutions is
given as

ou

__1,1@
& alon .o

H av! psiné =0, (8)
+5U+3_11}

EUcosf+{

W L ()OO
£U85+2U +(V 2 )og = oy +0siné +¢sing,  (9)

90 nU\O8  (1+90) 9%  y (08)’
fUaf +( 2 )371 P O T an)’ (10)
9 RUNOG 1 0% A(Vid)
v (v ). 22 ) 11
¢ a£+( 2)811 Scop oy (11)
where V; = —ﬁmg—s.
The corresponding transformed boundary conditions are
given as
U=0,V=0,0=1,¢=1,aty=0,
¢=1aty (12)

U—-0,0-0,¢—>0asn— oo.

IV. NUMERICAL PROCEDURE

The set of dimensionless transformed equations (8)-(12) is
approximated by the finite difference technique, the central differ-
ence along the y-axis, and the backward difference along the x-axis
from where we obtain the following system of the algebraic form of
the conservation equations:

A 1
Vivj = {Vi—l,j - 2fiA—Z(Ui,j - Uij-1) + Zﬂj(Um,j - Ui1j) - A"]Ui,j}

scitation.org/journal/adv

A] U(i—l,j) + B] U(I,]) + Cl U(i+1,j) = D], (14)
A29<i_1J) + Bze(i,j) + Cze(i_',l,j) =Dy, (15)
Asd(iorjy + Bsd(ijy + C3d(irn) = Ds. (16)

Here, A1, B1,C1, Az, By, Cy, Az, B, and C; are coefficient matrices,
and the discretized thermophoretic velocity is
ko BG) —86-1p)

Viaij) =

The corresponding boundary conditions are
Uj) =0, Vaiy) =0, 8ijy =1, ¢y =1, as 1 =0,

UGy = 0, 8y = 0, dgijy — 0, (17)

}11'—)00.

Here, U;j),8(ij)> and ¢(;j) are unknown physical quantities rep-
resenting velocity, temperature, and mass concentration profiles,
respectively. The derivatives of the above mentioned material prop-
erties around a sphere at different locations are also computed and
then tabulated. We solved Egs. (13)-(16) and the boundary condi-
tions (17) by using the Gaussian elimination technique numerically.
We use Fortran-95, and, then, the obtained data are uploaded by
using Techplot-360 to generate graphs.

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we the highlight the graphical and tabular form
of the effect of several dimensionless numbers such as thermophore-
sis parameter, Ny, Schmidt number, Sc, thermophoretic coefficient,
k, thermal conductivity variation parameter, y, and Prandtl number,
Pr, on the velocity field, U, temperature field, 6, and mass concentra-
tion, ¢. Furthermore, the effect of these parameters is also estimated
by skin friction, %, rate of heat transfer, g—:, and rate of mass trans-
fer, g—;’;, along the prescribed geometry. Figures 2(a)-2(c) present the
effect of various values of y on flow velocity, temperature field, and

mass concentration. We can observe that as y is increased, the veloc-
ity distribution and temperature field are increased but mass concen-

0S fi
X 2805 iné; e, (13) tration is reduced for the same variations of y at the same positions.
0.6p 1.0
. Y Y
{ &=0.1 1.0 0.8 £=0.1 1.0
------- 2.0 X
0.4 =T 1.0 0.6 1.0
=1.5 .
....... . : =1.
S) 2.0 o SRl g
— 1.0
ool \ - 2.0 0.4 — 1.0
T\ PR T 2.0
0.2
0.0 . . 0.0 . . 4
00 50 10.0 150 20.0 00 20 40 60 80 10.0
(@) M (b) 1

FIG. 2. Graphs of physical quantities (a) U, (b) 6, and (c) ¢ for various values of y, when Pr=7.0, Sc = 10.0, Nt = 20.0, and & = 1.0.
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It is noteworthy that the velocity of the fluid exhibits prominent
growth behavior at point £ = 1.5 for y = 2.0. On the other hand,
temperature field and mass concentration obtain maximum values
for y = 2.0 and y = 1.0 at the same position £ = 0.1, respectively. This
behavior was expected because an increase in y is due to the high
temperature difference according to the definition of y, which helps
the fluid to conduct more heat resulting in the rise in temperature of
the fluid flow domain. The enhancement in the temperature of the
fluid flow as water is considered lessens the fluid viscosity; hence, the
velocity of the fluid flow domain augments. Figures 3(a)-3(c) illus-
trate the difference in the behavior of quantities, U, 8, and, ¢, for,
N; = 1.0, 20.0. It is noted that the velocity field and the mass con-
centration grow significantly and the temperature field declines with
very minor difference when N is drastically increased. Results show
that the velocity field contribution is prominent for £ = 1.5. The tem-
perature and mass distributions are notably very near to the leading
edge, that is, at & = 0.1. It confirms to the reality that as N; is aug-
mented, the temperature gradient takes the increasing effects, which
provoke the submicron particles causing the intensification in flow
velocity and mass concentration. The numerical results of the veloc-
ity field, temperature field, and mass distribution for diverse values
of Pr are illustrated graphically in Figs. 4(a)-4(c). It is noted that
the velocity field and mass concentration increase with increasing

ARTICLE scitation.org/journall/adv

Prandtl number, but no significant change is observed in temper-
ature distribution for the same variations and at the same points.
Furthermore, the increasing behavior of velocity is not for & = 1.5,
but the other two quantities maintain their largest values at a trail-
ing point & = 7. Physically, for this phenomenon, it is true because
an increase in Pr is due to a decrease in thermal conductance of the
fluid that leads to a decrease in the temperature distribution with
minor difference.

Figures 5(a)-5(c) display the results for material quantities, U,
0, and ¢ for Sc = 1.0, 50.0 at three different points. It is worthy to note
that enhancement in Sc increases U and ¢, but dilutes the effective-
ness of 0. Furthermore, the attitude of velocity participation in flow
field is dominant in this range of appropriate choice of the above
said parameter at location £ = 1.5; but, on the other hand, the tem-
perature and mass distributions are dominant at the trailing edge.
On the ground of physical reasoning, this phenomenon supports the
arguments that increase in Sc is due to the decrease in the mass dif-
fusion coefficient causing the reduction in resistance. Therefore, this
reduced resistance allows the fluid to maximize its speed and con-
sequently enhance the mass concentration. The numerical solutions
of main quantities, U, 6, and ¢ for diverse values of k, are displayed
in Figs. 6(a)-6(c). In these figures, substantial enhancement in the
velocity field and the mass concentration is observed, but reverse

0.6p 1.0
Nl
0.8 1.0
oaf v Tmee-2000 0 PR SR 20.0
0.6 1.0
= o IV Smetee- 20.0
0.4
0.2 1.0
------- 20.0
0.2
000 50 100 150 200 00— T
: : - : : . 2. 4, . . 10.
) o (b 00 20 40,60 80 100
FIG. 3. Graphs of physical quantities (a) U, (b) 6, and (c) ¢ for various values of N;, when Pr=7.0, Sc =2.0, y = 0.2, and k = 1.0.
0.5r . 1.0 Pr
0.71
0.4 0.71 0.8 &0l . 7.0
"""" 70 0.71
0.3 0.71 0.6 =15 :
SHN B S 7.0 @ e f\e, o TTTTTTT 70
0.2 0.71 0.4 e 231
------- 7.0 Tttt
0.1 0.2
0.0 L 0.0 0.0 S L |
@ 0.0 5.0 1%0 15.0 20.0 b 00 20 4.0 n 60 80 10.0 © 0.0 0.2 04 01.]6 0.8 1.0 1.2

FIG. 4. Graphs of physical quantities (a) U, (b) 8, and (c) ¢ for various values of Pr, when Sc = 10.0, y = 0.05, N; = 20.0, and k = 1.0.
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FIG. 5. Graphs of physical quantities (a) U, (b) 6, and (c) ¢ for various values of Sc, when Pr=7.0, y = 0.8, N; = 20.0, and k = 2.0.
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b O ) 0,6
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FIG. 6. Graphs of physical quantities (a) U, (b) 6, and (c) ¢ for various values of k, when Pr=7.0, Sc = 10.0, y = 0.4, and N; = 20.0.

behavior in the temperature field is seen as k is increased. More-
over, it can be noted that the velocity field has the maximum value at
point & = 1.5. Temperature and mass distributions obtain maximum
at point & = 7 in the fluid flow regime. Physically, it is valid that
an increase in the thermophoretic coefficient incites the submicron
particles to move with greater thermophoretic velocity that leads

to increase in the mass concentration. Table I shows the numer-
auU 98

sundry values of y at stations & = 0.1,1.0,1.5,2.0,2.5, 7 of a sphere.
In Table I, it is concluded that quantities ?9_171] and g—‘; are increased,

while g—g reduces with an increase in y. It is a point of interest to
note that all of the three aforementioned quantities obtain maximum
values at locations & = 1.5, 2.0. Table II illustrates the numerical
results for the same properties mentioned earlier in Table I for the

ical results for the chief physical quantities, 7., 5, and g—‘;, for same values of Sc around different locations of a sphere. Table II
TABLE I. Numerical solutions for physical quantities g—;’, %’, and g—‘f; for various values of y at different points on the sphere,
when N; = 20.0, Sc = 10.0, k = 1.0,and Pr=7.0.

ou felil 9
( on );7:0 (3'1)17:0 (6’1 );7:0
£ y=0.1 y=2.0 y=0.1 y=2.0 y=0.1 y=2.0
0.1 0.32472 0.32533 0.478 26 0.47283 0.000 34 0.000 35
1.0 1.60670 1.609 68 0.81528 0.806 02 0.00052 0.000 54
1.5 1.82527 1.828 66 0.85071 0.841 04 0.000 54 0.000 56
2.0 1.702 87 1.706 03 0.83124 0.821 80 0.00053 0.000 55
2.5 1.244 39 1.24670 0.748 68 0.74017 0.000 49 0.00051
/4 0.16821 0.168 52 0.38390 0.37954 0.00027 0.00028
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TABLE II. Numerical solutions for physical quantities
sphere, when N; = 20.0, k = 2.0, and y and Pr=7.0.

scitation.org/journal/adv

, and g—‘f; for various values of Sc at different points on the

au 28 94

( on ),,:0 (6'7),1=0 (3’7);1=0
3 Sc=1.0 Sc =50.0 Sc=1.0 Sc=50.0 Sc=1.0 Sc =50.0
0.1 0.367 47 0.33033 0.52387 0.48372 0.000 85 0.00001
1.0 1.81825 1.63442 0.89298 0.82249 0.001 40 —0.00001
1.5 2.065 60 1.85676 0.93180 0.86042 0.00145 —0.00001
2.0 1.92708 1.73224 0.91047 0.84073 0.001 42 —0.00001
2.5 1.40825 1.265 86 0.82003 0.75722 0.001 30 0.000 00
s 0.190 24 0.17111 0.42045 0.38829 0.000 69 0.00001
TABLE Ill. Numerical solutions for physical quantities 3—517, %’, and g—‘: for various values of N at different points on the
sphere, when Sc = 2.0, k = 1.0,y = 0.2,and Pr=7.0.

fel% 28 9

( on )qzo 6’7);1:0 (aﬂ)qzo
3 N;=1.0 N; =200 N:=1.0 N; =200 N:=1.0 N; =20.0
0.1 0.28247 0.34124 0.456 81 0.503 67 0.306 11 0.00171
1.0 1.39709 1.68812 0.778 63 0.858 45 0.52319 0.000283
1.5 1.58708 1.91776 0.81247 0.89576 0.546 12 0.002 94
2.0 1.48068 1.78916 0.793 88 0.87525 0.53352 0.002 88
2.5 1.08213 1.307 46 0.71503 0.788 32 0.480 14 0.002 62
4 0.146 32 0.176 79 0.366 69 0.404 41 0.24563 0.00138

U 28

predicts that quantities on° oy
increased. It is interesting to note that these quantities obtain the
maximum values at positions & = 1.5. Table [II demonstrates the
results of the same material properties considered in previous two
tables for N; = 1.0,20.0 at several points £ = 0.1,1.0,1.5,2.0, 2.5, and
m. It is observed that as N; is intensified, the reduction in the rate
of mass transfer is seen at all the chosen locations. Interestingly, the
rate of heat transfer and the skin friction increase under the same
parametric conditions at the same circumferential points. All of the
three quantities are at the peak position at & = 1.5.

, and g—j are reduced as Sc is

VI. CONCLUDING REMARKS

In the current study, the effect of nanoparticles’ motion along
with temperature-dependent thermal conductivity on free convec-
tion flow around the surface of a sphere is taken for investigation
numerically. The characteristics of the velocity field, temperature
field, and mass distribution, as well as skin friction heat transfer rate
and mass transfer rate for different controlling parameters are exam-
ined. The findings of our numerical results of the proposed model
are outlined in this section. It is predicted that the velocity field
increases with increasing values of y, Ni, Sc, Pr, and k. The veloc-
ity distribution obtains a maximum value at the position £ = 1.5.
The temperature field increases as y increases and decreases when Sc

and k increase. No significant changes in the behavior of the tem-
perature field are seen at points & = 0.1,1.5, and 7 as Pr and N;
are increased. The mass concentration decreases as y is increased
but increases for the increasing values of Ni, Pr,Sc, and k. Mass
concentration is prominent at & = 0.1 for various values of y and
N¢. It is maximum at € = 7 for various values of Pr, Sc, and k.
It is noted that all three aforementioned quantities obtain highest
values at £ = 1.5.

It is concluded that the skin friction, rate of heat transfer,
and mass transfer rate reduce as Sc is increased, and the growth
of these quantities is maximum at £ = 1.5. It is observed that
as N; is enhanced, attenuation takes place in the mass transfer
rate, and the reverse phenomenon occurs for the skin friction and
the heat transfer rate. All three quantities reach peak positions
até =1.5.
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