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Abstract

In this paper we present a theoretical study of the combined effects of activation energy and
binary chemical reaction in an unsteady mixed convective flow over a boundary of infinite
length. The current study incorporates the influence of the Brownian motion, thermophoresis
and viscous dissipation on the velocity of the fluid, temperature of the fluid and concentration
of chemical species. The equations aresolved numerically to a high degree of accuracy using
the spectral quasilinearisation method. Brownian motion was noted as the main process
by which the mass is transported-out of the boundary layer. The effect of thermophoretic
parameter seems to be contrary to the expected norm. We expect the thermophoretic force
to ‘push’ the mass away from the surface thereby reducing the concentration in the boundary
layer, however concentartion of chemical species is seen to increase in the boundary layer
with an ingrease in the the thermophoretic parameter. The use of a heated plate of infinite
lengthdincreased the concentration of chemical species in the boundary layer. The Biot
number which increases and exceeds a value of one for large heated solids immersed in fluids
increases the concentration of chemical species for its increasing values.
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Brownian motion, Thermophoresis

1. Introduction

The study of boundary layer flow of a mixture of fluids with heat and mass transfer past a
continuous surface has a lot of applications in aerodynamics, extrusion of plastic and rubber
sheets, crystal growing and so on [1, 2]. The Arrhenius activation term was introduced in
1889 by Svante Arrhenius. It models the minimum energy which must be available to a
chemical system with potential reactants to produce a chemical reaction. Filippos et al. [3]
suggested that in a successful reaction, it is reasonable to assume that a reaction occurs with
a certain nonzero probability. In the study, the researchers.investigated the effect of varying
this probability on the rate of reaction. A binary chemical reaction is a reaction that occurs in
two steps. These types of reaction are common in deposition processes, both chemical vapour
deposition (CVD) and chemical liquid deposition (€LD). Chemical deposition has industrial
applications such as coating of metallic objects and glasses, manufacture of electronic devices
eg diodes and transistors, gas-permeation barriers and many other applications [4]. In a
binary chemical reaction, the activation energy has been shown to be a significant factor
[2]. During a chemical deposition process the reaction must occur on the surface of the
substrate [4]. Since the reactor chamber is heated from outside, some reactions may occur
away from the substrate surface leading to a processes known as the gas phase nucleation
and this presents a major problem [5]. In order to ensure that atomic layer deposition
(ALD) surface reactions take place and not the CVD-like reactions, one can execute a purge
step after each half-cycle to remove the residual precursor or reactants [6]. Despite not
being understood fully, the liquid phase deposition (LPD) or chemical liquid deposition is
superior to other deposition techniques because of low processing temperature, simplicity
of the equipment, high growth rate (12nm/h) and low operational cost [7]. In order to
improve/enhance thermal properties of fluid for industrial applications ordinary fluids are
normally replaced with nanofluids. The term nanofluid was coined by Choi in 1995 [8] to

describe fluids where nano-sized particles are added. The material used range from stable



metals, oxides, carbides, nitrates and non-metals [9, 10, 11, 12]. In this study we focus on the
flow of a binary chemically reacting fluid with Arrhenius activation energy and convective
boundary conditions. This study seeks to address the impact that activation energy and
frictional heating among other factors have on the flow of such fluids. An understanding of
the influence of frictional heating on a binary chemical reaction may help in the elimination
of premature reactions occurring away from the surface of the substrate and thus improve the
deposition. Heat transport in stretching or moving sheets and ambient fluid has become very
critical in most engineering applications [13]. In this study we consider the concentration of
one of the end products of the chemical reaction rather than tracking the concentration of
the reactants. The study of the combined effects of activation energy and binary chemical

reactions have been considered by several researcher [14, 15, 16, 17, 18, 19]

Makinde and Olanrewaju’s [1] study focused on the‘bueyancy parameter, i.e. thermal and
solutal Grashof number. They showed that the momentum boundary layer thickness gener-
ally decreased with increasing buoyancy parameter values. Reverse flow within the boundary
layer was shown to occur with increasing buoyancy values. Wall suction causes the momen-
tum boundary layer to decrease while injection causes the momentum boundary layer to
increase. An increase in the Damkohler parameter was shown to increase the temperature
of the fluid. An increase in‘the Damkohler parameter reduced the concentration of chemical
species in the boundary layer. The Schmidt number was however shown to have a reverse
effect on the boundary layer. An increase in the Schmidt number causesd the species con-
centration to inerease within the boundary layer. Results from [15] show that a reverse flow
within the boundary layer is enhanced with an increase in the intensity of buoyancy forces,
injection, destructive chemical reaction, radiation absorption, and thermo-diffusion effect
and a decrease in the diffusion-thermal effect and also that fluid temperature increases. The
species concentration decreases with an increase in Soret number and a decrease in Dufour
number. Abbas et al. [16] conclude that increasing values of non-dimensional activation
energy enhances the concentration profile within the boundary layer. Maleque [17] found

that a small decrease in temperature profile is found for increasing values of the preexposure



parameter for exothermic reaction, but opposite effects are found for endothermic reaction.
The chemical reaction rate decreases with increasing activation energy. He further con-
cluded that the velocity and temperature profiles increase with increasing chemical reaction
rate constant for exothermic reaction, but opposite effects are found for endothermic reac-
tion. Buoyancy and heat generation/absorption were shown to have marked effects on the
boundary layer and velocity profile in [18]. The effect of heat generation coefficient is to
expand the boundary layer thickness and opposite effect is found for heat absorption. Thus,
the heat generation/absorption coefficient has the same effects on skin-friction coefficients.
The effect of rotation was studied by Awad et al. [20]. He showed that for small values
of the rotation rate parameter a monotonic exponential decay in the velocity profiles was

observed and an oscillatory decay for large values.

The objective of this study is to investigate the unsteady flow with activation energy and
binary chemical reaction over a boundary of infinite length. The temperature condition at
the boundary depends on the Biot number. The model equations are solved numerically
using a recently developed spectral quasi-linearization method. The second objective is to
explore the accuracy and convergence of the method through the evaluation of the residual
errors norms, and to investigate the impact of flow parameters on the transport processes.
The results may give insights as to the choice of parameter values that may be used in
engineering applications. The influence of pertinent parameters on the physical quantities

has been examined graphically.

2. Mathematical Analysis

Consider the flow of an unsteady one dimensional viscous nanofluid over an infinitely long
flat plate moving with velocity Uj in a binary chemical mixture. Since the plate is infinite and
the motion is unsteady all the flow variables depend only on y and time t. The temperature

and concentration far from the wall are T, and C.
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Figure 1: Flow configuration and coordinate system

The geometry of the problem is chesen in the Cartesian coordinate system (z,y) such that
the velocity component u is parallel to the plate and is taken to be the x-axis while v is
perpendicular to the plate and is taken to be in the y-axis. The flow is assumed to be parallel

to the plate, that is, along the x-axis. The geometry of the problem is given in Figure 1.

The system of equations for the flow of a nanofluid with thermophoresis and a binary chemical

reaction with Arrhenius activation energy can be written as follows.
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The boundary conditions for equations (1)-(4) are given in the form:

orT oC DpoT
= U —ki— =h (T =T Dp—+ ——=0 t =0, t>0
u 0> fay f( ! )7 Bay +Too ay ;, at Yy )
u—0, T—T, C—Csx as y—oo, t>0 (5)

where (u,v) are the velocity components along (x,y) directions, respectively, u is the viscos-
ity, pfs is the density of the base fluid, g is the acceleration due to gravity, 5 is the volumetric
thermal expansion coefficient of the nanofluid, p, is the density of nanoparticle, 7" is the tem-
perature, C' is the concentration of the fluid, « is the thermal diffusivity of the base fluid,
¢y is the specific heat at constant pressure, 7 is the ratio of the effective heat capacity of
the nanoparticle material and heat capacity of the fluid,.Dp is the Brownian diffusion coef-
ficient, Dy is the thermophoretic diffusion coefficient, k;, is the thermal conductivity, (pc)
is the heat capacity of the base fluid and (pc), is the effective heat capacity of the nanopar-
ticle material, k2 is the chemical reaction rate constant, (T/T.)" Exp (—FE,/kT) (C — Cy)

is Arrhenius function, n is a constant'exponent and F, is the Activation energy.

3. Transformation of equations

The velocity components are given by [17, 18]

VoV

u=Uyf(n) and v:—@, (6)

where 1 is the similarity variable (77 = %), 0(t) is a scaling parameter, f represents the

scaled wvelocity and vy is the suction/injection velocity.

The temperature and concentrations are represented as
T=To+ Ty —Tx)0(n) and C=Cx+(Cy—Cx)o(n) (7)

6(n) is the dimensionless temperature and ¢(n)) is the dimensionless concentration. On using



Egs. (6) and (7), Egs. (2)-(4) transform into the following boundary value problem

G
F" 4 (An + o) f 4+ 2= (6 = Nrg) = 0, (8
0" 4+ Pr(An+v) 0 + PrEcf? + PrNb0'¢/ + PrNtd? =0, (9
Nt
1" I 2 . N
¢" + Sc(An+vg) ¢ — SeA (1+n7«9)Exp( 1+70)¢+Nb6 0, 10

fO)=1, f(o00) =0,
0 (0) = —Bi(1 — 0(0)), 6 (00) — 0,
Nbg' + Nt0' (0) =0, ¢ (00) — 0.

The prime denotes differentiation with respect to 7. The parameters in equations (8)-(13)
are the unsteadiness parameter A, scaling parameter o, Grashof number Gr whic is the
ratio of the buoyancy to viscous force acting on a fluid, Reynolds number Re which is the
ratio of inertial forces to viscous forces, Buoyancy ratio parameter Nr which is an upward
force exerted on an object that is immersed in a fluid, Prandtl Pr, a ratio of momentum
diffusivity to thermal diffusivity, Eckert number E'¢ which is ratio of advective transport to
heat dissipation potential, Brownian motion parameter Nb the random movement of particles
in a fluid, thermophoresis parameter Nt which is the movement of microscopic particles due
to a force of a temperature gradient, Schmidt number Se¢, a ratio of momentum diffusivity
and mass diffusivity, the‘dimensionless chemical reaction rate constant A%, the temperature
relative parameter -5 the dimensionless activation energy £ and Biot number Bi which is the
ratio of the heat transfer resistances inside of and at the surface of a body. These parameters

are defined as;
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4. Heat and mass transfer coefficients

The heat transfer rate from the surface of the plate is given by

oT
w=—k || . 14
q lay]yzo ( )

The local Nusselt number is defined as

0w
Nu=——"——. 1
! k (Tf - TOO) ( 5)
Nu=—6(0). (16)
The mass flux at the surface of the wall is given by
oC
qm = —Dn, [—] 17
. (17)
The local Sherwood is defined as
Om
Sh= . 18
Using Eq. (17) in Eq. (18) the‘dimensionless Sherwood number obtained as
Sh=—¢(0). (19)

5. Numerical Solution using Spectral Quasi-linearization Method

The set of ordinary differential eqs. (8)-(10) together with the boundary conditions (11)-(13)
are solved using spectral quasi-linearization method to get a high accuracy. The fundamental
principle of spectral collocation methods is that, given discrete data on a grid, interpolate
the data globally and, then evaluate the derivatives of the interpolant on the grid (Trefethen
[21] and Canuto et al. [22]). The quasi-linearization method (QLM) is a generalization
of the Newton-Raphson method (Bellman and Kalaba [23]). The derivation of the QLM

is based on the linearization of the nonlinear components of the governing equations using



the Taylor series assuming that the difference between successive iterations, that is at r + 1,
and r is negligibly small. We solve the nonlinear system of ordinary differential equations
with boundary conditions (11)-(13) using the spectral quasi-linearisation method (SQLM).
The nonlinear components of the system of ordinary differential equations give the following
iterative sequences of linear differential equations. First define functions F', © and @ for the

equations (8)-(10) respectively as;

G
F=f"+ (A +w)f + 2-(0 = Nrg), (20)
O = 0" + Pr(An+ v)0 + PrEcf” + PrNb'¢' + Prito”, (21)
Nt
N o 2 _ Y
O = ¢" + Sc(An + vo)¢" — ScA*(1 + nvy0)Exp ( o 70) ¢+ Nbe . (22)

We construct the errors from the iterative process.for the the equations (8)-(10) as given by

(23)-(25) respectively

aor froq + a1y 4y + @001 + ase by — F = Ry, (23)
bOr@:fH + a’]-?"91/”+1 + b2rf7{+1 + b3r¢;+1 — O = Ry, (24)
cwgb;fﬂ <8 Clr¢;+1 + Cgr¢r+1 + 037,0;,_’_1 -+ C47«9r+1 —® = R¢. (25)

subject to the boundary conditions

frJrl(O) = 17 frJrl(OO) — 0 (26)
0,41(0) = =Bi(1 = 6(0)), 6r41(c0) =0 (27)
Nbg,1(0) + Nt 1(0) =0, ¢rp1(c0) = 0 (28)



where the coefficients in (23)-(25) are given as;

Gr GrNr
r:17 r:A s r— 55 r— s bT:17
o, ar, (An +wo), ay, e as, e 0,
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The initial guesses are selected as functions that satisfy the boundary conditions, and these

were chosen as

Bi Nt = Bi

f0(77> = 6*77’ 00(77) = 1+ Bieina ¢0(77) 4 Nb( + BZ) e (30)

In order to apply the SQLM to solve the system of nonlinear ordinary differential (23)-
(25) we transform the domain from 0 < n < L, to =1 < 2 < 1 using the transformation

n=L,(z+1)/2 [24]. We use the Gauss-Lobatto collocation points defined by

xizcos(%>, i=0,1,2 -, N (31)

The spectral collocation method uses a differentiation matrix (D) to approximate the deriva-
tive of unknown variables at the collocation points as a matrix vector product. The D-matrix
is constructed for the domain [—1, 1] so we scale this matrix for the domain [0, L,| by taking

D1 =2D/L,, so that

dF“)
Zlenk D1F,, j=0,1,2,--, N (32)

where F' = [f(no), f(m), f(m), ---, f(nn)]" represent the vector function at the colloca-

tion points. Higher order derivatives are given as powers of the scaled differentiation matrix

F®) = DIPF,. (33)
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Using the scaled differentiation matrix on (23)-(25) we obtain;

A fry1 + Al + A1z = Ry
Aor fro1 + Aol 1 + Aszrgr = Ry
Azt fro1 + Asolr 1 + Az = Ry

In matrix for this can be written as

A A A fra1 Ry
Agp Ay A 01 = | Ry
A1 Ay Asg Ors1 Ry

where

All = diag(ao,)D2 + diag(a, ) D1, A12 = diag(as, )1, A13 = diag(as, )]
A21 = diag(by, ) D1, A22 = diag (b, ) D2 + diag(by,) D1, A23 = diag(bs,)D1

A31 = Zeros(N + 1, N + 1), A32 = diag(cs,) D2+ diag(cs )],
A33 = diag(co,) D2 + diag(cy,) D1 + diag(cay )

Residual error analysis

We validate the accuracy and convergence of the SQLM by performing a residual error

analysis. We tabulate the residual errors in Table 1 and Figure 2.
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Table 1: Residual error for different iterations

—e

f(n)

0(n)

o(n)

© oo N O Ot ks W N

—_
]

7.867129 x 1071
3.159872 x 10~
8.640200 x 10~
8.753887 x 10~
9.731593 x 10~
1.182343 x 10710
7.753442 x 10~
5.161382 x 10711
3.808154 x 10~
8.185452 x 10~

3.191528 x 107 ¢
7.612455 x 10~*
4.233677 x 107°
9.773146 x 10~
2.188154 x 1071
7.860722 x 1071
3.279255 x 1071
3.652539 x 1071°
3.276447 x 1071
5.311367 x 1071

2.535005 x 1071
1.025387 x 1073
4.432544 x 1077
2.045453 x 1071
6.840795 x 10~
2.582401 x 10~
5.194600 x 10~
4.351142 x 10711
5.004180 x 107!
2.323225x- 1071

From Table 1 we note that the smallest values for residual errors were attained after 2
iterations for f(n) and 4 iterations for 6(n) and ¢(n). This shows that the SQLM is an
accurate method awith a good convergence rate. In order to have clearer picture on the

convergence rates we plot the residual errors against number of iterations in Figure 2.
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Figure 2: Residual errors for velocity, temperature and concentration profiles

6. Discussion of Results

In this paper we investigate the impact that the activation energy has on a binary chemical
reacting nanofluid with convective boundary conditions. We investigate the influence that
the thermal and chemical parameters have on the velocity, temperature and concentration
of the fluid in the boundary layer. We begin by investigating how the drag, heat transfer
and mass transfer on the solid boundary are affected by certain parameters. We do so by

varying a parameter of interest while keeping the rest constant and note the changes to the
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local skin friction coefficient (C), local Nusselt (Nu) number and local Sherwood number

(Sh). The results are given in Table 2.

Table 2: Effect of varying parameters on skin friction coefficient (Cy), local Nusselt number (Nu) and local
Sherwood number (Sh) and vg =2, Gr = 1.5, Re =1, Bi = 100, Ec=0.2,y=1,n=1, Pr = 6.8

A 'S¢ Nr Nb Nt E X —f(0) =000  —¢(0)

0.0 0.6 05 03 01 1.0 50 1.912449 9.865404 -2.739898

05 06 05 03 0.1 1.0 5.0 2.126137 9.941617 -2.759319

1.0 0.6 05 03 0.1 1.0 5.0 2293911 10.037429 -2.785280

1.0 03 05 03 0.1 1.0 5.0 2322190 10.238323 -2:987516

1.0 00 05 03 0.1 1.0 5.0 2.789233 10.291383 " -3.400554

1.0 0.6 025 03 0.1 1.0 50 2.269238 10.052712 =2.790421

1.0 06 0.0 03 0.1 1.0 5.0 2244563 10.067812 -2.795502

1.0 06 05 0.2 01 1.0 50 2318582 10.021971 -4.170131

1.0 06 0.5 0.1 0.1 1.0 5.0 2392579 79.974499 -8.292432

1.0 06 0.5 03 0.2 1.0 5.0 2332045 9.108249 -4.947295

1.0 06 05 03 03 1.0 50 2367588 8.191294 -6.501718

1.0 06 05 03 0.1 0.5 5.0 2.283544 9.900079 -2.607755

1.0 0.6 05 03 0.1 0.0 5.0 2274071 9.751707 -2.413290

1.0 0.6 05 0301 1.0 2.5 2322548 10.342466 -3.182157

1.0 06 05 03 0.1 1.0 0.0 2346528 10.524261 -3.413481

In Table 3 we give a summary of the parameter values in the model and the sources from

which they were obtained.
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Table 3: Parameters in the model and their values

Parameter Symbol Value Source
Grashof number Gr (0.1, 5) 1]
Reynolds number Re 1 assumed
Buoyancy parameter Nr (0.3, 1.2) [25]
Prandtl number Pr (6.8, 7.2) [16]
Eckert number Ec (0.1,0.4) [26]
Brownian motion parameter Nb 0.5 [27]
Thermophoresis parameter Nt 0.5 [27]
Schmidt number Sc 0.6 1, 17]
Chemical reaction constant A2 5 (1,17, 18]
temperature relative parameter -~y (0, 5) [20]
Activation energy E 1 1, 17, 20]
Biot number Bi (0.1, 100) [28, 29, 30]
suction/injection parameter Vo (=3, 3) 1, 17]
Steadiness parameter A (0, 1) [17]
Constant exponent n (-1, 1) (17, 20]

The unsteady parameter A isinvestigated in Figure 3 by plotting the velocity, temperature
and concentration profiles for different values of the parameter. Increasing the unsteady
parameter from the steady value of 0, led to a decrease in the velocity, temperature and
concentration in the boundary layer. As the fluid transition from laminar flow to turbulent
flow the velocity, heat transfer and mass transfer all decrease. Results from the current
study are consistent with results from [17]. The overshoot in the concentration profile can
be attributed other factors not the unsteady parameter. The effect of the unsteady parameter

is analyzed by comparing the curves for different values of the unsteady parameter.

15
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Figure 3: Effect of unsteady parameter A

We note that the velocity and temperature are not affected by most parameters and as such
we turn our focus to parameters that are associated with the activation energy and chemical
reaction. The graph for effect of different parameters on the concentration profiles are given
in Figure 4. An increase in the activation energy parameter F and the thermophoretic pa-
rameter Nt leads to an increase in the chemical species concentration at the boundary layer.
The observation on the thermophoretic parameter is not consistent with the expected out-
comes. Thermophoresis leads to a net movement of particles from a hotter region to a colder

region. This has applications in removing small particles from gas streams and determining

16



exhaust gas projectiles. Results from [31] showed that the concentration of the nanopar-
ticles was higher on the cold wall(nanopartcle accumulation) and lower near the adiabatic
wall(nanoparticle depletion). Similar results were obtained by Malvandi ans Ganji [32] who
showed that the concentration of nanoparticles in the core of the microchannel was higher
than near the heated wall. In this study the results are contrary to the expected results, that
is, the concentration is seen to increase with increasing values of thermophoretic parameter
in the boundary layer. This observation can be attributed to the confounding effect of the
thermophoretic parameter and activation energy. An increase in the thermophoretic param-
eter is associated with an increase in temperature Figure 5, which is also associated with
an increase in activation energy thereby increasing the rate of chemical reaction leading to
a high concentration in the boundary layer. Similar results can be found in [33]. However
increasing the constant exponent n, Brownian motion-parameter Nb and the chemical reac-
tion constant A causes a decrease in the chemical species within the boundary layer. These
results are consistent with the expected results. The Brownian motion parameter increases
the ‘indecisive’ random movement of molecules. Increasing the Brownian motion increases
the the movement of molecules in and out of the boundary layer and the free stream. Since
the free stream is relatively large compared to the boundary layer some of the molecules
that enter the free stream may not ‘come back’ into the boundary layer resulting in a net
decrease in concentration of molecules in the boundary layer. Similar results for Brownian

were drawn by Mustafa et al. [34] and Mabood et al. [33].
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Figure 4: Concentration profiles for different parameters
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The viscous dissipation is analyzed by making obsrvations of changes in the temperature
profile for varying values of the Eckert number Fc in Figure 5. Increasing the Eckert number
increases the temperature of the fluid leading to thickening of the thermal boundary layer
which is consistent with heat generation due to the frictional effects of the fluid. These
observations are consistent with those found in literature such as [35, 36]. We also‘observe
the positive correlation between the temperature and the thermophoretic force. Increasing

the temperature of the fluid will result in an increase in the thermophoretic parameter.
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Figure 5: Temperature profile for the Eckert number and thermophoresis

We analyze the effect of'Biot number on the temperature and concentration in Figure 6. It
is shown that increasing the Biot number will result in a increase in both the temperature
and concentration in. the boundary layer. Since we considered a plate of infinite length,
this means the length scale is long enough so that the the Biot number exceed one. This
implies-that heat resistance offered at the surface is less than heat resistance offered within
the solid plate. Temperature gradients within the solid are no longer negligible, we can no
longer assume constant temperature within the solid. This is so since the plate is heated to
maintain a constant temperature yet it is constantly being cooled at the surface by the fluid
it comes in contact with. The transfer of thermal energy from the solid to the fluid results in
an increase in the thermal energy of the fluid leading to an increase in the fluid temperature

and concentration of the chemical species as a result of an increase in the chemical reaction.
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The result on the effect of Biot number on concentration in this study concurs with result

by Makinde and Aziz [37]. They showed that concentration increased for increasing values

of the Biot number.
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Figure 6: An analysis of the influence of Biot number on temperature and concentration profiles

Figure 7 seeks to give an analysis of the chemical reaction constant A by taking values
from 0 to 1 in the step of 0.1. It is shown that the chemical reaction constant causes the

concentration to decrease in a nonlinear pattern in the boundary layer. Pal and Mondal [38]
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also drew similar conclusion for this parameter. The analysis is done for different values of
Brownian motion Nb and thermophoresis Nt by fixing values for one parameter and varying
the other parameter in three steps (0.1, 0.2 and 0.3). The least concentration occurs when
both Nb and Nt have values of 0.3 and is highest when both parameters have values of 0.1.
For fixed values of Nb (0.3) and varying Nt the concentration increases with increasing values
of Nt and this is consistent with observation made earlier on the influence of thermophoresis
on concentartion. The concentration showed a decreasing trend for increasing values of Nb
and fixed values of Nt (0.1). This too is is consistent with earlier observation made for effect

of Brownian motion on concentration.
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(a)Concentration profile for chemical reaction rate

constant \

Figure 7: Analysis of the effect of chemical reaction parameter (\) on the concentration for different values

of Nb and Nt

Figure 8 seekto give an analysis of the effect of varying the Eckert number on the tempera-
ture for different values of the Brownian motion parameter and thermophoresis parameter.
Increasing the thermophoresis parameter increases the temperature while the Brownian mo-
tion has no effect on the temperature. This observation is consistent with the previous
observation that we made, the thermophoretic force is in the direction of a lower tempera-
ture and this will result in temperature increase in that region and Brownian motion is by

a random process that has no bearing on the temperature difference of any two regions and
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thus it does not affect the temperature.
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Figure 8: Temperature profile for the Eckert number with varying Nt and Nb

7. Conclusion

In this paper we considered the effect of activation energy, Brownian motion and ther-
mophoresis on a binary chemical unsteady nanofluid with convective boundary conditions.
The governing nonlinear partial differential equations are reduced to second order nonlin-
ear ordinary differential equations using an appropriate similarity transformation and solved

using the spectral quasi-linearization method. The following observations were made.

e The unsteady parameter reduces the velocity and temperature of the fluid while on the

other hand inereases the concentration of the chemical species in the boundary layer,

e The activation energy and thermophoresis parameters increase the concentration of the
chemical species in the boundary layer while the Brownian motion and the chemical

reaction constant reduces the concentration of the chemical species in the same region.

e The Eckert and the thermophoresis parameters are found to increase the temperature

of the fluid.
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Highlights:

¢ Combined effects of activation energy and binary chemical reaction are proposed.
e Spectral quasi-linearization method (SQLM) is used for computer simulations.

e Use Arrhenius activation energy in the chemical species concentration.

e Validate the accuracy and convergence using residual error analysis.
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