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The influence of thermophoretic transport of AloO3s nanoparticles on heat and mass trans-
fer in viscoelastic flow of oil-based nanofluid past porous exponentially stretching surface with
activation energy has been examined. Similarity technique was employed to transform the gov-
erning partial differential equations into a coupled fourth-order ordinary differential equations
which were reduced to a system of first-order ordinary differential equations and then solved
numerically using the fourth-order Runge-Kutta algorithm with a shooting method. The re-
sults for various controlling parameters were tabulated and graphically illustrated. It was found
that the thermophoretic transport of AloO3s nanoparticles did not affect the rate of flow and
heat transfer at the surface but it affected the rate of mass transfer of the nanofluid which
decayed the solutal boundary layer thickness. This study also revealed that activation energy
retards the rate of mass transfer which causes a thickening of the solutal boundary layer.
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NOTATIONS

(z, y) — Cartesian coordinates,
(u, v) — velocity components,
Ty — temperature of hot fluid,
Too — free-stream temperature,
T, — temperature of the sheet,

T — temperature of AloOj3 oil-based nanofluid,

ks — thermal conductivity of oil,

ks — thermal conductivity of AloOs,

C' — concentration of AlsO3 oil-based nanofluid,
Co — free stream concentration of AloOj3 oil-based nanofluid,
Dp — Brownian diffusion coefficient,

¢p — specific heat at constant pressure,

k' — permeability of the porous media,

K* — permeability parameter,

ko — coefficient of viscoelasticity,

Le — Lewis number,

hy — heat transfer coeflicient,

Pr — Prandtl number,

Cy — skin-friction coefficient,
Re — Reynolds number,

Nu — Nusselt number,

Sh — Sherwood number,

qw — wall heat flux,

qm — wall mass flux,

¢ — volumetric heat generation,

Bi — Biot number,

E — activation energy parameter,

Ec — Eckert number,
Us — free stream velocity of AlaO3 oil-based nanofluid,

n — fitted rate constant,

Vr — thermophoretic deposition velocity,

S — suction parameter.

Greek Symbols
Tw — wall shear stress,
tns — dynamic viscosity of AloO3 oil-based nanofluid,
vy — kinematic viscosity of oil,
pnyg — density of AloO3 oil-based nanofluid,
oy — thermal diffusivity of oil,
ps — density of oil,
ps — density of Al>Os,
¢ — solid volume fraction of Al,Osg,
(pep)ny — heat capacitance of Al,O3 oil-based nanofluid,
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1) — stream function,

a — variable viscoelastic parameter of AloOg3 oil-based nanofluid,
A — internal heat generation parameter,

B — chemical reaction rate parameter,

o — thermal conductivity parameter of Al;Og oil-based nanofluid,
I — thermophoresis parameter,

w — temperature difference parameter.

1. INTRODUCTION

Thermophoretic deposition of particles in lubricants is a major concern to
automobile engineers. The accumulation of these particles depletes the lifetime
performance of lubricants and increases their viscosity index leading to high fuel
consumption. Thermophoresis is a phenomenon observed in mixtures of mobile
particles where the different particle types exhibit different responses to the force
of a temperature gradient known as thermophoretic force. This force is used in
precipitators, manufacture of optical fiber in vacuum deposition processes and
transport mechanism in fouling [1]. In addition, tt is useful in accelerating drug
delivery, manipulating single biological macro-molecules and separating different
polymer particles in field flow fractionation [2].

Transport of thermophoretic particles occurs in many industrial and engi-
neering processes such as exhaust gas recirculation coolers, electrical conduction,
combustion chambers, and solar cells [3]. It is also common in tribological coat-
ing, thermoelectric devices, energy conservation and generation, semi-conductor
devices, ion plating, sputter deposition, metallized film, molecular vapor de-
position, magnetic films, diffusion barrier and lamp reflectors [4]. As a result,
current research is directed at studying the effects of thermophoretic particle de-
position phenomena and its impact on the heat and mass transfer characteristics
of flow.

Thermophoresis and chemical reaction effects on magnetohydrodynamic
(MHD) Darcy-Forchheimer mixed convection in a fluid saturated porous media
with thermal-diffusion and diffusion-thermo effects were studied and reported
in [5]. The effects of Brownian motion and thermophoresis on MHD mixed con-
vection stagnation-point flow of a nanofluid toward a stretching vertical sheet
in porous media with variable viscosity reacting flow were presented in [6]. The
thermophoretic effect on a rotating cone in a porous medium with thermal radi-
ation was reported in [7]. The effect of Brownian motion and thermophoresis on
a nonlinear stretching permeable sheet in a nanofluid was reported by FALANA
et al. [8]. RAJU et al. [9] investigated the thermophoresis effect on a radiating
inclined permeable moving plate in the presence of chemical reaction and heat
absorption.
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Activation energy is a requirement in the initiation of a chemical reaction.
It is the minimum amount of energy a reactive species must possess in order to
undergo a specific reaction and is a very useful concept in chemical, geothermal
and petrochemical engineering processes. The problem of heat and mass transfer
mechanisms with activation energy has attracted the considerable interest of
researchers. The boundary layer flow of Maxwell fluid in rotating frame with
binary chemical reaction and activation energy was studied in [10], the effects of
exothermic chemical reaction with Arrhenius activation energy in [11] and the
non-uniform heat source or sink on MHD stagnation point flow of a Casson fluid
over a nonlinear stretching sheet with variable fluid properties and slip conditions
in [12]. The MHD mixed convection stagnation point flow with binary chemical
reaction and activation energy over an inclined stretching sheet and Carreau
fluid was presented in [13].

In the automobile industry, the depositions of particles into lubricants occur
as a result of soot seeping into the engine oil sump through the piston rings. The
high concentration of particulate in the engine oil erodes lubricated surfaces,
imparting on the heat transfer within the lubrication boundary due to increase
viscosity and friction effects. This causes severe engine wear which could lead to
low engine performance. With the discovery of nanotechnology [14], the thermo-
physical properties of fluids are improved by introducing nano-sized particles
into the fluid [15]|. Similarly, the effect of Brownian motion and thermophore-
sis on nanofluids stretching in Jaffrey fluid model was discussed in [16] while
the activation energy in Couette-Poiseuille flow of a nanofluid in the presence
of chemical reaction and convective boundary conditions was reported in [17].
Variable thermophysical properties of thermophoretic viscoelastic fluid flow past
a vertical surface were reported in [18].

From the available literature, the influence of thermophoretic particle depo-
sition on heat and mass transfer characteristics of oil-based nanofluid is limited.
The convectional thermophoresis particle depositions in oil lead to low thermal
conductivity, particle sedimentation and excessive pressure drop.

This study examines the impact of thermophoretic transport of AloO3 nano-
particles on heat and mass transfer in a viscoelastic flow of oil-based nanofluid
over an exponentially stretching porous surface with activation energy.

2. MATHEMATICAL MODEL

Consider a two-dimensional steady incompressible flow of dielectric and chem-
ically reacting viscoelastic AloOg oil-based nanofluid over a permeable exponen-
tially stretching plate with heat and mass transfer by convection in the presence
of thermophoretic transport and activation energy. The z-axis is taken along
the direction of the porous exponentially stretching plate while the y-axis is
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taken normal to it (Fig. 1). A stream of cold AlyO3 oil-based nanofluid at the
free stream temperature T, moves over the upper surface of the plate with
a uniform free stream velocity Uy, and free stream concentration C,, while the
lower surface of the plate is heated by convection from a hot fluid at temperature
Ty (TW =Tsw + Toe‘”/ 2L), which provides a heat transfer coefficient iy with con-
centration Oy = Cs + Cpe® 2L, The Aly03oil-based nanofluid in contact with
the lower surface of the plate generates heat internally at a volumetric rate ¢.
The velocity of the exponentially stretching plate is w,(x) = Upe®™ !’ directed
along the z-axis.

_Solutal boundary layer

Thermal boundary layer

Momentum boundary layer

Ty, ht X

Fia. 1. Schematic diagram of the flow problem.

It is assumed that both the oil and AlsO3 nanoparticles are in thermal equi-
librium with no slip between them. The variation of density in the AlyO3 oil-
based nanofluid is taken into account using the Boussinesq approximation. The
continuity, momentum and energy equations modeling the flow problem are
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where u and v are x and y components of velocities respectively, j, s is the dy-
namic viscosity of Al;O3 oil-based nanofluid, k,, ¢ (T') is the temperature-dependent
thermal conductivity of AloOg3 oil-based nanofluid, p, s is the density of AlyO3
oil-based nanofluid, k" is the permeability of the porous media, kg is the coeffi-
cient of viscoelasticity, 7" is the temperature of AlyO3 oil-based nanofluid, (pcp )y s
is the heat capacitance of Al;O3 oil-based nanofluid, C is the concentration of
Al Og3 oil-based nanofluid, Dpg is the Brownian diffusion coefficient, and V7 is
the thermophoretic deposition velocity. The term K2 (C' — Cx) (%)n (- %¥7)
in Eq. (2.4) denotes Arrhenius expression where K2 is the chemical reaction rate
constant, F, is the activation energy, K* = 8.61-107° eV /K is the permeability

parameter, and n is the fitted rate constant which lies in the range —1 < n < 1.
The boundary conditions on the surface of the plate are

u(x,0) = Upe™ ™, v(x,0) = —vy, —kfa—T(x, 0) = hy[Tw — T(z,0)],
(2.5) 9y

c=C, at y=0.
The boundary conditions far away from the surface of the plate are

u(z, 00) — 0, du(z, 0)

(2.6) 9y

C—Cx, as y— 0.

— 0, T(x,00) = T,

The temperature-dependent thermal conductivity k,(T) and the thermal
thermophoretic deposition Vr are defined respectively as
T—-Ty
Tw - Too

> and Vr =—v v 0T

(2.7) kg (T) = kng (1 +Q T, 9y

where &, is the thermal conductivity oil-based nanofluid, + is the thermophore-
sis coefficient, and vy is the kinematic viscosity of the oil. The properties of the
nanofluid with spherical sized AloO3 nanoparticles are defined in [19] as

pgp = P g s+ 2hp) = 20 (ky = k)
(2.8) RO kp (ks +2ky) + ¢ (kp — ks)

(pcp)nf =(1-9) (pcp)f + e (pep)s pny = (1 =) ps+ ¢ps,
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where py and ps are the densities of the oil and solid volume fraction of AloO3
respectively, ¢ is the solid volume fraction of AlyOg3, kf and ks are the thermal
conductivities of the oil and AlyO3 nanoparticles respectively, and py = vypy is
the dynamic viscosity of the oil.

3. SIMILARITY TRANSFORMATIONS

The stream function ¥ (z,y) is defined in the usual way as

oY o
3.1 = — d = ——.
(3.1) u 3y and v o
Equation (3.1) satisfies the continuity Eq. (2.1) automatically.
A similarity solution of Eqs (2.1)—(2.5) is achieved by defining an independent
dimensionless variable 7, a stream function v, in terms of a dependent variable

f(n), a dimensionless temperature 6(7) and a dimensionless concentration ¢(n) as

U,
n=y,| sr—e/k, ¥ = \/2LogUof (n)e"/?F,
2va
(3.2)
T -Tw
- Toex/2L’

-0
- Coem/ZL'

0(n) é(n)

Substituting relevant terms into Eqs (2.1)—(2.5) yields the coupled ordinary
differential equations as

Pf " 1" 2
3.3 -2
(3:3) (L=9)* [(1 = @)ps + ©ps] fradr =2
_ 2K"py '
(1= @) [(1 = @)ps + wps]
_ pro 3////_§//2_1 ml—
A= or v |7 720 7207 ’

(ks +2kp) = 20 (ky — k)

1 " /2
(ke 2k) + o by — o) [(1+00)0" + 00"

(L =) (pcp) ;s + @ (pcp),
(Pcp)f

Pr (f6' — 1'6)

+ (113_1'32)625]0”2 + PrEca (gf/fla - ;ff”f”/> +2Xe™" = 0’
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(35)  ¢" —PrLef'é+ PrLef¢ —2PrLeB(1 + wd) e e ¢

+ PrLel” (0'¢' +¢0") =0
subject to the boundary conditions:

56 f(0)=1, f(0)=5, ¢(0)=-Bi(1-0(0), ¢0)=1, at n=0,
' f'(00) =0, f"(0) =0, 6(cx)—=0, ¢(c0)—=0, as n— oo,

where the prime symbol denotes differentiation with respect to n, K* = k/;ofﬁ
is the permeability parameter, a = % is the local viscoelastic parameter,

S = \/TVW is the local suction parameter, Pr = Z—’; is the Prandtl num-
0_ez/2L
2 vf

. h . . Lquen .
ber, Bi = ———=L—— is the local Biot number, A = ——2L_ is the local
k Ug x/2L kaoer x/
f 2vae
: , LK? . . :
internal heat generation parameter, § = oer/T 18 the local chemical reaction
. . @/2L .
rate parameter, Le = =L is the Lewis number, o = Q1€ is the local ther-
’ Dp ’ Tow—Too
.. /L~ . .
mal conductivity parameter, I = % is the local thermophoresis parameter,
T

z/2L . .
w = To;i is the local temperature difference parameter, £ = kﬁ,‘f is the

o0 o0

UgeSz/2L

activation energy parameter, and Ec = TGS is the local Eckert number.
The parameters of engineering importance are the skin-friction coefficient
(CY¢), the Nusselt number (Nu) and the Sherwood number (Sh) which are defined
respectively as
Tw Lqw

Tldm
(3.7 I o2 Tk (Te —Too)” Dp(Cow — Co)’

where 7, is the wall shear stress, g, is the wall heat flux, and ¢,, is the wall
mass flux which are given respectively by:

T —|:M 6u_|_k0<u 82u +U82u_28u8v>]
oy T ey \Conoy T 0y Coyoy )|,
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(3.8) quw = nf 8y )
y=o
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Substituting Eq. (3.8) into Eq. (3.7) yields

= \/; [((1 —1¢)2'5 Tai- SO;QPf + s%)) o

as "
FI(ErrETNd O)]’

(3.9)
ks +2k¢) — 20 (kr — k "
Ny = & (ks +2ky) =29 (kg — ks) [Re 9 (0),
L (ks +2k¢) + @ (ky — ks) 2
Rex
h= 2
S =248 g1(0),
where Re; = vaf is the local Reynolds number.

4. NUMERICAL PROCEDURE

The coupled order nonlinear ordinary differential equations were reduced to
a system of first-order ordinary differential equations by letting

f:xla f/:an f”:ZL'3, f”/:x4a

(4.1)
0 = Z5, 9/ = T, Qb = 7, ¢/ = Ig.

Substituting into Eqgs (3.3)-(3.6) yields the required first-order system of
ordinary differential equations as

f = /1: x2,
"=y = a3,
F" ==,

(4.2)

2 3 1-—
=gl = 2 |:3:E2$C4 _ 7:6% _ ( ©) pf+ ¢ps
1 2 pro

. <$4 + (1 _ 80)2.5 Klp_f 90) i * gops] (xll’g — 21’%) - QK*«TQ)] ’
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9/ = T,
1 ks + 2k ki — kg
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subject to the boundary conditions

1'2:1, T = S1, 136:—Bi(1—d), :L‘7:1,
(4.3)
T2 = S2, I3 = 53, T5 = 84, Z7 = S5.

The unknown boundary conditions s1, s2, S3, S4, S5 Were approximated using
the Shooting technique and the resulting initial value problem solved using the
fourth order Runge Kutta integration scheme. Numerical computations were
done using MAPLE 16 software package.

5. RESULTS AND DISCUSSION

The embedded parameters controlling the flow dynamics are the thermal
conductivity parameter (o), internal heat generation parameter (\), suction pa-
rameter (), Biot number (Bi), fitted rate constant (n), Eckert number (Ec),
Prandtl number (Pr), Lewis number (Le), permeability parameter (K*), solid
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volume fraction of AlaO3 (), viscoelastic parameter («), thermophoresis pa-
rameter (I"), activation energy parameter (E), reaction rate parameter (3), and
temperature difference parameter (w).

The effects of these parameters on the velocity profile, temperature profile,
skin friction coeflicient (C), Nusselt number (Nu) and Sherwood number (Sh)
were studied. The solid volume fraction of AloOs was varied within the range
0 < ¢ < 0.1. The thermophysical properties of oil and Al,O3 are presented in
Table 1.

Table 1. Thermophysical properties of oil-based fluid and nanoparticle.

Physical property | Cp [J/(kg-K)] | p [kg/m?| | k [W/mK]
Oil 1670 920 0.138
Al O3 765 3970 40

5.1. Numerical results

Results of the present work for the Nusselt number denoted by (—6'(0)) were
compared with the work of BIDIN and NAzAR [20] for varying Prandtl number
(Pr) and Eckert number (Ec) when A\ = K =n=w=E=0=1 = =
S =Bi=¢=Le =a=K"=0 with the boundary condition #(0) = 1 for
non-convective flow. The excellent agreement of the results up to three decimal
of places validated the present work (see Table 2).

Table 2. Computations showing comparison with BIDIN and NAzZAR [20]
for \=K=n=w=E=0c=I=Le=p=5S=Bi=p=a=K"=0.

BIDIN and NAzZAR [20] Present work
Ec-0 Ec-0.9 Ec-0 Ec-0.9
Pr -0’ (0) —6' (0) -0’ (0) —6' (0)
0.9547 0.5385 0.9548 0.5386
1.4714 0.7248 1.4715 0.7248
1.8691 0.8301 1.8691 0.8301

The impact of the various thermo-physical parameters on the skin friction
coefficient (f”(6)), Nusselt number (6'(0)) and Sherwood number (¢(0)) are pre-
sented in Table 3.

It is observed in Table 3 that the intensity of the thermophoresis parameter
did not influence both the skin friction coefficient and Nusselt number but in-
creased the magnitude of the Sherwood number. This is because a rise in the
thermophoresis parameter leads to a higher mass transfer of AlsO3 nanoparticles
in the oil due to convective mass transport. A similar trend was observed with
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changes in fitted rate constant, temperature difference parameter, Lewis number
and chemical reaction rate parameter. However, the activation energy parameter
depletes the Sherwood number as a result of the enhancement of the diffusive
mass transport of AloOg nanoparticles.

Furthermore, it is noted that the combined impact of the Biot and Prandtl
numbers enhanced both the Nusselt and Sherwood numbers due to convective
heat and mass transfer of AloO3 oil-based nanofluid at the surface of the plate.
By contrast, the thermal conductivity parameter decreases both the Nusselt
and the Sherwood numbers. An increase in the thermal conductivity parameter
corresponds to a rise in the temperature of the AloO3 oil-based nanofluid. Since
temperature is inversely proportional to viscosity, the AloO3 oil-based nanofluid
becomes more viscous thereby retarding the rates of heat and mass transfer
at the surface of the plate. Furthermore, a simultaneous rise in both the Eckert
number and internal heat generation parameters deteriorates the Nusselt number
but tends to enhance the Sherwood number due to the decaying of the heat and
improvement in the rate of mass transfer near the surface of the plate.

Additionally, the high solid volume fraction of AlyO3 depreciates the skin
friction coefficient but tends to enhance the magnitude of both the Nusselt and
Sherwood numbers due to the ballistic collision of the nanoparticles. Increasing
the viscoelastic, permeability and suction parameters leads to the decreased skin
friction coefficient, Nusselt number and Sherwood number.

5.2. Graphical results

5.2.1. Velocity profiles. The influence of various thermophysical parameters
on the velocity profiles is illustrated in Figs 2-5. The effect of the viscoelastic

1.0 4
+
o4 % a=1.0
0.8‘*-*‘ ooo a=1.1
o, e a=12
L +++ =13
°
.+
061 o .*
’ * +
f(n) 1 -
0.4
0.2
AlL03-oil
. .
* ° STt
0 ***t**:gggm? Py .;tt*"'-:ttttt**_.. ’
0 0.5 1 1.5

n
FiG. 2. Velocity profile for varying values of viscoelastic parameter for Pr = 100, S = 0.1,
Bi=01, K*=01,A=1,Le=01,06=01,E=01,3=01n=1w=01I = 0.1,
Ec =0.1, and ¢ = 0.01.
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parameter on the velocity of the Al;O3 oil-based nanofluid within the boundary
layer is depicted in Fig. 2. It is observed that the viscoelastic parameter increases
the flow of the oil-based nanofluid as a result of the reduction in its viscosity.
Higher values of the viscoelastic parameter make the AlyOg oil-based nanofluid
more elastic and viscous, but the internal heating of the nanofluid decreases
its viscosity resulting in an increased velocity within the boundary layer which
makes the momentum boundary layer thicker.
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Figures 3 and 4 illustrate the velocity profiles for increasing values of the
permeability and suction parameters respectively. The velocity profiles of these
figures follow a similar trend as that of Fig. 2 due to viscous dissipation. However,
Fig. 5 shows that higher values of the solid volume fraction of AlyO3 nanopar-
ticles retard the velocity of the AlsOgs oil-based nanofluid within the boundary
layer as a result of the clustering of the AloOs nanoparticles. This causes a de-
terioration of the momentum boundary layer thickness.

5.2.2. Temperature profiles. The effects of thermophysical parameters on
the temperature profiles are presented in Figs 6-14. The impact of the solid vol-
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F1a. 6. Temperature profile for varying values of solid volume fraction of Al,O3 nanoparticles
for Pr =100, o =1, K* =0.1, Bi=01,A=1,Le=0.1,0 =01, E=0.1, 3= 0.1, n = 1,
w=0.1,I"=0.1, Ec=0.1, and S = 0.1.
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FiG. 8. Temperature profile for varying values of internal heat generation parameter for Pr =
100, =1, K* =0.1, BEc = 0.5, Bi=0.1, Le=0.1,0 = 0.1, E=0.1, 3=0.1,n =1, w = 0.1,
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ume fraction of AloO3 nanoparticles on the temperature is depicted in Fig. 6. The
solid volume fraction increases the temperature within the boundary layer lead-
ing to a thicker thermal boundary layer. A similar trend is observed in Figs 7-9
with increasing the values of the Eckert number, internal heat generation pa-
rameter and thermal conductivity.
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In practice, an increase in the viscoelastic parameter corresponds to a rise
in temperature, but the temperature within the boundary layer region decreases
due to the retarding rate of heat transfer. This is as a result of the sucking away
of the nanofluid through the porous media. Figures 9-11 illustrate the influ-
ence cof the Prandtl number and suction parameter on the thermal boundary
layer thickness. Higher values of these parameters make the thermal bound-
ary layer thinner due to the deterioration of the thermal diffusivity.
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5.2.8. The concentration profiles. Figures 12-18 depict the influence of var-
ious thermophysical parameters on the concentration boundary layer. Figures 12
and 13 show that thermal conductivity and the viscoelastic parameter enhance
the solutal boundary layer thickness. This means that an increase in thermal con-
ductivity of the nanofluid enhances particle mobility resulting in an increased
chemical reaction within the boundary layer.
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F1a. 12. Concentration profile for varying values of thermal conductivity parameter

for Pr =100, a =1, K* =0.1, Ec= 0.1, Bi=0.1, Le=0.1, A= 1, E = 0.1, 8 = 0.1,

n=1,w=0.1,I"=0.1, p =0.01, and S =0.1.
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It can be observed in Figs 14-18 that the solutal boundary layer thickness
diminishes with increasing values of the thermophoresis parameter, Lewis num-
ber, reaction rate parameter, reaction constant and Biot number. The Lewis
number degrades the molecular diffusion rate while the chemical reaction rate
parameter dilutes the concentration of the AloO3 oil-based nanofluid. Similarly,
the chemical reaction rate parameter accelerates the rate of mass transfer to in-
crease the concentration gradient which deteriorates the solutal boundary layer
thickness.
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@(n)
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for Pr =100, a = 1, K* = 0.1, Ec=0.01, A\=1, Le = 0.1, 0 = 0.1, E = 0.1, Bi = 0.1,
n=1,w=0.1,I'=0.1, p =0.01, and S =0.1.

6. CONCLUSIONS

The influence of thermophoretic transport of AlsOs nanoparticles on heat
and mass transfer of viscoelastic flow of oil-based nanofluid past a porous expo-
nentially stretching surface with activation energy has been discussed. The study

revealed that:
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F1a. 18. Concentration profile for varying values of Biot number for Pr = 100, « = 1, K* = 0.1,
Ec=001,A=1,Le=0.1,0=0.1, E=0.1,5=01,n=1,w=0.1, '=0.1, ¢ = 0.01, and
S =0.1.

1) The viscoelasticity and permeability of the flow can be used to control the
nanofluid kinematics.

2) The internal heat generation and the thermal conductivity are important
parameters to control the thermal dynamics of the flow.

3) The thermophoresis parameter and the reaction rate parameter are impor-
tant when it is desired to reduce the chemical reaction during the flow of
the Al;O3 nanoparticles in the oil-based nanofluid.
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