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Abstract In this study we investigated unsteady mixed convection flow and heat transfer of radiating and
reacting nanofluid with variable transport properties in a microchannel filed with a saturated porous medium
by taking into account the convective boundary conditions. The Buongiorno’s nanofluid flow model is used
to study the effects of the Brownian motion and the thermophoresis. The governing highly nonlinear partial
differential equations corresponding to the momentum, energy and concentration profiles have been formu-
lated and solved numerically by utilizing the semi-discretization finite difference method. The effect of each
governing thermophysical parameters on the microchannel hydrodynamic and thermal behaviors is discussed
with the usage of graphs. The numerical results indicate that the velocity and temperature profiles show an
increasing behavior with the variable viscosity parameter, Eckert number, thermal Grashof number, solutal
Grashof number, Prandtl number and chemical reaction parameter, whereas the concentration profile increases
with increasing values of variable thermal conductivity parameter, porous medium shape parameter, Forch-
heimer number, Brownian motion parameter, Schmidt number, Biot number and radiation parameter. Moreover,
the result reveals that the skin friction coefficient increases with suction/injection Reynolds number, porous
medium shape parameter, thermal Grashof number, Schmidt number and Brownian motion parameter but
decreases with Eckert number, thermophoresis parameter, Biot number and radiation parameter. Both the heat
transfer and the mass transfer rates at both sides of the microchannel walls are higher for large values of suc-
tion/injection Reynolds number, porous medium shape parameter and variable viscosity parameter, while both
are lower for large values of Eckert number, variable thermal conductivity parameter and radiation parameter.
Besides, Grashof number, Schmidt number and Biot number indicate an increasing effect on both the heat
transfer and mass transfer rates at the cold wall of the microchannel. The numerical simulation also reveals
that Brownian motion parameter and thermophoresis parameter show an opposite effect on both heat transfer
and mass transfer rates at both sides of the microchannel walls.
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List of symbols

a Microchannel width

o* Stefan Boltzmann constant

Dy, Brownian diffusion coefficient

k* Rosseland mean absorption coefficient
Dt Thermal diffusion coefficient

qr Thermal radiative heat flux

u Axial nanofluid velocity

Ec Eckert number

Vv Constant wall suction/injection velocity
A Dimensionless nanofluid pressure

g Acceleration due to gravity

Re  Suction/injection Reynolds number
w(T) Temperature-dependent nanofluid dynamic viscosity

y Dimensionless variable viscosity parameter

Ho Initial nanofluid dynamic viscosity

A Dimensionless variable thermal conductivity parameter
Y1 Viscosity variation parameter

Pr  Prandtl number

I Density of nanofluid

Gt Thermal Grashof number

C Nanoparticles concentration

Gt Solutal Grashof number

Cp Specific heat at constant pressure

S Porous medium shape parameter
K Permeability parameter
F Forchheimer number

k(T) Temperature-dependent thermal conductivity of nanofluid
Nb  Brownian motion parameter

ko Initial nanofluid thermal conductivity

Nt Thermophoresis parameter

%) Thermal conductivity variation parameter
R Radiation parameter

hy  Convective heat transfer coefficient

o Chemical reaction parameter

r Heat capacity ratio

Sc Schmidt number

Ty Initial temperature

Bi Biot number

Ty Right wall temperature

Cy Coefficient of skin friction

Ty Nanofluid temperature heating microchannel surface
Nusselt number/heat transfer rate
Temperature of nanofluid

Dimensionless microchannel width
Pressure of nanofluid

Dimensionless axial nanofluid velocity
Time

Dimensionless time

Porous inertial resistance coefficient
Dimensionless nanofluid temperature
Darcy number

Dimensionless nanoparticles concentration
Rate of reaction

Sherwood number/mass transfer rate
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1 Introduction

Nowadays, the convective flows and heat transfer characteristics in microchannels are attracting important
research interests due to the wide range of industrial and engineering applications including electronic cool-
ing, cooling of computer chips, automotive heat exchangers, laser equipment, aerospace technology, heat
sinks of MEMS-based devices, environmental control, pharmaceutical and biotechnological applications such
as drug delivery and DNA sequencing [1-3]. Consequently, a number of research studies have been commu-
nicated comprising the analysis of fluid flow and heat transfer phenomena in microchannels. To mention few,
Reddy et al. [4] investigated the combined effects of wall slip, viscous dissipation and Joule heating on MHD
electro-osmotic peristaltic motion of Casson fluid through a rotating asymmetric microchannel. Meanwhile,
the explanation of the influence of slim obstacle geometry on the flow and heat transfer in microchannels is
given by Kmiotek and Kucab-Pietal [5]. Moreover, similar studies can be found in the literature [6-8].

Even though microchannels possess large heat transfer coefficients, a challenging limitation of microchan-
nels is that these higher convection heat transfer coefficients come at the cost of greater pressure drop per unit
length and hence greater requirement of pumping power in the microchannels flow geometries [9]. Besides,
common heat transfer fluids or base fluids such as water, oils and ethylene are poor in heat transfer capabilities
due to their low thermal conductivity. Because of the aforementioned reasons, novel technologies with the
potential of improving the fluid transport properties such as thermal conductivity of the working fluid are of
great interest for flows in microchannels once again. From this perspective, utilization of nanofluids is among
the convection heat transfer augmentation techniques. The term nanofluid was first pioneered by Choi [10] in
1995 to indicate that nanofluids are engineered suspension or dispersion of nanometer-sized particles (1-100
nm) into the common base fluids. Nanofluids have higher thermal conductivity, better absorption capacity and
wonderful stability.

The flow of nanofluids in microchannels has large-scale utilization particularly as coolants in industrial and
technological processes such as electronics cooling, transportation (engine cooling/vehicle thermal manage-
ment), space and nuclear system cooling, defense applications (cooling military devices and systems), cooling
in chillers and refrigerators, cancer therapy, air conditioning, CPU, MEMS, drug delivery applications [11,12].
Consequently, there are many researchers for instance [ 13—18] who are currently reporting their research works
in line with flow and heat transfer phenomena of nanofluids in microchannels.

Further augmentation of heat transfer rates in microchannels as well as in heat exchangers can be achieved
by the syndication of nanofluids with porous media. Porous medium is a solid matrix which is characterized by
the presence of void spaces called pores which are interconnected by a network of channels where a fluid can
move. Fluid flow and heat transfer in channels filled with porous media occur in a numerous areas of applications
including storage of radioactive nuclear waste, transpiration cooling, filtration, geothermal extraction, crude
oil extraction, heating and cooling in buildings, systems, underground water movement, biomedical sciences
and so on [19-21]. Therefore, during the last decades the study of nanofluid flow in microchannels filled with
porous media has been receiving prodigious interests by many researchers including [22-25].

Moreover, convective flows with simultaneous heat and mass transfer under the influence of thermal
radiation field and chemical reaction arise in many branches of science and engineering applications such
as chemical industry, drying and dehydration operations in chemical food processing plants, oxidation of
solid materials, manufacturing of ceramics/glassware, petroleum industries, in space technology, solar power
technology, electrical power generation, nuclear power plants and various propulsion devices for aircraft,
missiles, satellites and cooling towers [26—28]. Such studies are presented by several authors [29-33].

The related literature reviewed above can establish that the analysis of nanofluid flow and heat transfer
phenomena in microchannels has been presented. However, many of such studies were modeled through a
single-phase flow model by neglecting the slip velocity between the particle and base fluid. Therefore, more
investigations of nanofluids as a two-phase flow which is also known as the Buongiorno model [34] should
be considered because the slip velocity between the particle and base fluid plays important role on the heat
transfer performance of nanofluids particularly from the industrial applications point of view. There are few
research articles in which the Buongiorno model was utilized to study nanofluids flow and heat transfer in
microchannels filled with porous media. For instance, Rundora and Makinde [35] investigated buoyancy effects
on unsteady reactive variable properties fluid flow in a channel filled with a porous medium. Similarly, very
recently the analysis of unsteady mixed convection flow of variable viscosity nanofluid in a microchannel filled
with a porous medium is presented by [36].

Microchannel flow usually exhibits high frictional resistance which causes high-temperature generation
within the coolant fluid as a consequence of which thermal conductivity and dynamic viscosity of the fluid are



102 B. H. Rikitu et al.

u=0 | u=20
v=V v=V
r=1, l7-1.
Injection | | Suction
| I >
— | |/
i [
Vv L 0 A 4 ! = a
Z
=

Fig. 1 Physical flow model with coordinate system

more likely to depend on temperature. Therefore, the above literature review is the motivation behind the main
emphasis of this paper which is to examine the influence of porous material, convective boundary conditions,
heat radiation and chemical reaction on unsteady mixed convection flow of nanofluid with variable transport
properties past a permeable microchannel. Indeed, the work in the present paper is an extension of the work in
[36]. The nonlinear function of thermal radiation is linearized with the use of Taylor series expansion, and the
numerical solutions of modeled partial differential equations were obtained by means of semi-discretization
finite difference method. Moreover, the influences of various pertinent parameters on the velocity, temperature,
nanoparticles concentration, coefficient of skin friction, Nusselt number and Sherwood number are illustrated
through graphs.

2 Mathematical model formulation

We consider unsteady mixed convective flow of Newtonian incompressible nanofluid in a microchannel filled
with a saturated porous medium having permeable walls placed at y = 0 and y = a as shown in Fig. 1, where
a denotes the distance between two permeable walls of the microchannel.

It is assumed that the flow is driven by the combined actions of axial pressure gradient together with
fluid body forces due to solutal and thermal buoyancy variations. Furthermore, a nanofluid injection into the
microchannel takes place through the left wall (y = 0), while a nanofluid suction out of the microchannel
occurs at the right wall (y = a). Attime ¢ = 0, the fluid temperature is maintained at 7Ty and the fluid is in the
static position. For large time (¢ > 0), the flow occurs only when the nanofluid starts to move with the time
within the microchannel flow regime and is subjective to a convective heat exchange with the surrounding
boundaries.

We also impose no-slip conditions for axial velocity at the walls, and the wall temperature is taken to be
non-uniform where the left micro-channel wall is placed at temperature Ty, while the right wall is placed at
temperature Ty, such that 7y < T,,. Both the temperature and concentration are initially zero within the fluid
except at the walls where the constant values are maintained.

The nanofluid dynamic viscosity is assumed to be an exponential decreasing function of temperature and
hence givenas j(T) = po e~ ~Tw) where y/ is a viscosity variation parameter and /4 is the initial nanofluid
dynamic viscosity at temperature 7j. Besides, the thermal conductivity of the nanofluid is also assumed to be
an exponential increasing function of temperature and hence given as k(7)) = kg 2T =Tw) where y, is the
thermal conductivity variation parameter and k¢ is the initial nanofluid thermal conductivity at temperature
To. The axial convection terms are also assumed to be very small in the model equations and are neglected
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as compared to the normal convection terms and thus 2 W < (g % < %—S, o < d“ Therefore, by

considering the above assumptions and using the Darcy—Forchheimer flow model, the governing equations of
continuity, linear momentum, energy and concentration under the usual Oberbeck—Boussinesq approximation
are presented in the following form.
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where u is the axial velocity, V is constant wall suction/injection velocity, p is the nanofluid density, P is
nanofluid pressure, 7 is the nanofluid temperature, C is the nanoparticles concentration, C p is specific heat at
constant pressure, I" is the heat capacity ratio which is the ratio of heat capacity of the nanoparticle and heat
capacity of base fluid, K is the porous medium permeability, g is gravitational acceleration, D p is the Brownian
diffusion coefficient, D7 is thermal diffusion coefficient, &y is convective heat transfer coefficient, T is the
temperature of the nanofluid heating the surface of the microchannel, ¢ is the reaction rate, g, is the thermal
radiative heat flux vector, and b is the second-order dimensionless (porous inertia) resistance coefficient also
known as the dimensionless Forchheimer constant such that b = 0 corresponds to the Darcy law.

Radiation is a process which involves energy transfer by electromagnetic wave propagation which can occur
in vacuum as well as in a medium. Experimental evidence indicates that radiant heat transfer is proportional to
the fourth power of the absolute temperature, whereas conduction and convection are proportional to a linear
temperature difference. From the Rosseland approximation, the radiative heat flux ¢, in energy equation (3)
is given by
40* 3T*
3k* dy
where o* and k* represent the Stefan Boltzmann constant and the Rosseland mean absorption coefﬁcient,

respectively. The temperature difference within the flow is also assumed to be sufﬁmently small so that 7% in
Eq. (6) can be eas1ly linearized about Tj) by using the Taylor series expansion as 7% = TO + 4T0 (T —Ty) +

qr = — (6)
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aT T 1 0 dC T  Dr (3T \* T) (ou\* T)u?
o L yor _ ()— r|pp 2SOy Pr (OTAT]  w) (Bun®  wd)
at ay ,oC 8y dy dy Ty \ 0y pCp \ dy pCpK
bu? 1 166*T3 3°T
L ®)

+ + —
C,WK pCp 3k* 9y



104 B. H. Rikitu et al.

3 Non-dimensional formulation

In order to non-dimensionalize governing Eqs. (1)—(5) and (8), we introduce the following dimensionless
variables.

t T—T, C-C Zp aP*
n:X7X:£7W:ﬂ7T=M_079:—wv¢: O’P*z’oa 7A:__7
a a o pa? Ty — Ty C;—Cy ng D¢
R pVa (T — To). A (T — T0). § a® P ba . ahy epa’®
e=—"V=WN — 10 =" — 1o =, Ir=—=,b1=—F——,00= )
Ho K’ oV K ko Ho ©)
3 2.3 %3
Ty Ci—C D 160 T,
Gt — Bigp’a’( )ikzhwagl wN_J;QT_%) Ly
12 12 T 3k*ko
2
C
Nb=TDy(Ci — Co) -, Ec = 510 pr=1%r g HO
Ho a=Cp(Ty — To) ko pDp

Using the dimensionless variables defined in (9) into Egs. (1)—(5) and (8) yields the following dimensionless
governing equations.

W _ 0 (10)
X
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T 0 In? an an
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— 4+ Re— 4 R|— 4+ Nb—— + | Nt 1| —
37.'+ 877 Pr[ + ]817 + 877817+|: +P an
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n
3 L0 1[3% Nt d%0
3¢ + R % _ e —a¢ (13)
AT 877 ~ Se 877 Nb 817
The corresponding dimensionless initial and boundary conditions are:
W(0,7) =0, 282 = —Bi[l —6(0, 7)],
9¢(0,7) 2000,7) _
W(1.0) = 0,0(7.0) = 0,¢(n,0) = 0and V075, + Nt == =0, for > 0
W(,7)=0,0(1,7) =1,
o(l,7)=1
(14)

where t is dimensionless time, Re is the suction/injection Reynolds number, Gt is the Grashof number due to
thermal buoyancy effect, G ¢ is the Grashof number due to solutal buoyancy effect, Ec is the Eckert number, Pr
is the Prandtl number, A is dimensionless axial pressure gradient parameter, y is the dimensionless viscosity
variation parameter, A is the dimensionless thermal conductivity variation parameter, S is the porous media
shape factor parameter, and F is the Forchheimer number also called the Forchheimer inertial resistance which
is the second-order porous media resistance parameter, R is radiation parameter, Sc is the Schmidt number,
Nb is the Brownian motion parameter, Nt is the thermophoresis parameter, « is dimensionless reaction rate
parameter, and Bi is the Biot number for the microchannel.

Other physical quantities of practical significance in this study are the skin friction coefficient C 7, the local
Nusselt number Nu and the local Sherwood number S#, and thus, Cr, Nu, Sh at the microchannel walls take
the following dimensionless form.

dw do d
Cr=e7 — , Nu=—— , Sh= 4 (15)
n=0,1 dn |,—0,1 d77 n=0,1
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Fig. 2 a Velocity and b temperature profiles with transient and steady-state solutions
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Fig. 3 Concentration profile with transient and steady-state solution

4 Method of numerical solution

0.6 0.8 1

The finite difference numerical method adopted to tackle obtained model initial boundary value problem (IBVP)
(11)—(14) is the method of lines. The method is numerically stable with a high level of accuracy based on the
well-known fourth-order Runge—Kutta integration scheme [37]. The numerical approach includes transforming
the obtained IBVP into initial value problem (IVP) by discretizing centrally in space only. Thereafter, the
obtained IVP is numerically solved using the fourth-order Runge—Kutta integration scheme. Thus, the semi-
discretization scheme for the velocity, temperature and concentration fields is recorded as follows.



106 B. H. Rikitu et al.

1 4=1,Re=0.1,Gr=0.1,Gc=0.1,y=0.1,
A=0.1, S=1,F=0.1, Pr=10, Nb=0.1,
Nt=0.1,S¢=0.1,R=1,Bi=1,

A=1,Re=0.1,Gt=0.1, Ge=0.1,y=0.1, 1.5 1
rA=0.1, S=1,F=0.1,Pr=10, Nb=0.1,
Nt=0.1,5¢=0.1,R=1,Bi=1,

0 0.2 0.4 0.6 0.8 1
n n
(a) (b)
Fig. 4 a Velocity and b temperature profiles with varying Ec¢ and «
11 1.00
051 Re=0.1,A=1, Gt=0.1,Gc=0.1, Ec=1,

S=1,F=0.1,Pr=10, Nb=0.1, Nt=0.1,

095] Sc=0.1,R=1,Bi=1,a=0.1
Re=0.1,Gt=0.1,Gc=0.1,y=0.1,

L,
0.1, S=1,F=0.1,Pr=10, Nb=0.1,
049 Nt=0.1,8¢=0.1,R=1,Bi=1,

061 A=
A=

A=0.1,0.3,0.5 71y
o .
.'l
0.85-
0804 ~. T =0 ..
) T~ y=0.1
'''''' Y=0.5
1 ‘ 02 04 0.6 038 I
n
(b)
Fig. 5 a Effects of Ec and o and b y and A on the concentration profile
dw; Wiv1 — Wi
“ A= ReEL TEL O SW, — FW2 4 Gt + Gegy
dr 2An
St Wit —2Wi 4+ Wiy J/91'+1 — b1 Wig1 — Wi (16)
(An)? 2An 2An
do; _ _R69i+1 —0i1 n s ML R Oi—1 —26; +6; 11 n Nb¢i+1 — i1 Oiy1 — iy
dr 2An Pr (An)? 2An 2An
1 5o [0 — 621 o [ Wis1 = Wit 2 3
+|:NI+E)»€ ’][T + Ece 7Y Tr] + SEce V’Wi +FECWl~ (17)
do; i1 — i 1 i—1 — 2¢; i Nt 01 —26; +6;
ﬂz_Re‘PH—l o 1+_ i1 i + Giti N Uil i + 0i+1 —ag; (18)
dr 2An Sc (An)? Nb (An)?



Unsteady mixed convection of a radiating and reacting nanofluid

107

0.20

0.15

0.10+

0.05 1

R SN
——y=0.1 e F AN
=0 s ASN
’Y_ 0 5 o, .\\
4 v

A=0.1,0.3,0.5

Re=0.1,4=1, Gt=0.1,Gc=0.1,
Ec=1,5=1,F=0.1, Pr=10,
Nb=0.1,Nt=0.1,Sc=0.1,R=1,
Bi=1,0=0.1

1.18

1.16
4

1.144

0 1.10
1.08
1.061
1.04

1.02 1

A=0.1,0.3,0.5

Re=0.1,4=1, Gt=0.1,Gc=0.1,
Ec=1,8=1,F=0.1, Pr=10,
Nb=0.1,Nt=0.1,Sc=0.1,R=1,

1.00 %
0

Bi=1,0=0.1

0.2 0.4 0.6 0.8

1.20

0.2 0.4 0.6 0.8 1
n
(a)
Fig. 6 a Velocity and b temperature profiles with varying y and A
—
LT ——Ge=03
Gr=0,01,02 7, 0= N7 Ges

0.20

0.15

0.10

0.05

§=1,F=0.1,Pr=10, Nb=0.1, N¢t=0.1,
Sc=0.1,R=1,Bi=1,a=0.1

n
(a)

1.05 1

1.00 %

-
1.15
s

Re=0.1,A=1, y=0.1,2=0.1,Ec=1,
S=1,F=0.1,Pr=10, Nb=0.1,Nt=0.1,
Sc=0.1,R=1,Bi=1,a=0.1

Fig. 7 a Velocity and b temperature profiles with varying Gt and G¢

The initial conditions are

0.2 0.4 0.6 0.8

(b)

Wi(0) =0, 6;(0)=0, ¢;(0)=0

19)

where W;(t) = W(n;, 1), 0i(t) = 0(ni, ), ¢i(t) = ¢ (n;, ) and the spatial interval [0, 1] partitioned into N
equal sub-intervals. The grid size and the grid points are defined as An = % and n; = ﬁ forl <i < N+1.

5 Results and discussion

This section presents the detailed overview of numerical outcomes and physical interpretation of the effects
of various embedded parameters such as A, Re, Ec,Gt, Gc, S, F, y, A, Nt, Nb, Pr, Sc, «, Bi, R on the flow
field variables (W, 6, ¢) as well as on the physical quantities of engineering interests (C s, Nu, Sh). Suitable
ranges for these governing flow parameters are: 1 < A < 1.3,0.1 < Re < 1,0.1 < Ec <1.6,0.1 < y,
A<050<Gt <0201 <Ge<1,01<8S,F <35,0001 <Nt <0.1,0.1 < Nb < 0.25,
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Fig. 9 a Velocity and b temperature profiles with varying S and F

7<Pr<10,0.1<Sc<17,01 <o <3,1<Bi <2,0.3 < R < 1. The reason of selecting such values
for the parameters is to enable the effects of increasing or decreasing each of the embedded parameters on the
radiating and reacting nanofluid flow structure and heat transfer enhancement capability in the microchannel.
Moreover, for engineering and industrial applications, the regulation of the embedded parameters is necessary
for optimal performance of the system.

5.1 Transient and steady-state profiles

The transient and steady-state profiles for the fluid velocity, temperature and concentration are portrayed
in Figs. 2a, b and 3, respectively. From these figures it can be observed that the velocity, temperature and
concentration profiles show a parabolic shape with transient increase and attain the steady states at about
T > 1.9. In addition, Fig. 2a shows that the velocity profile attains its maximum value around the microchannel
center line region and then reduces to zero because of the no-slip boundary conditions. Figure 2b demonstrates
that the temperature profile attained its lowest value at the cold wall and gradually increasing toward the hot
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Fig. 11 a Effects of Pr and Nt and b effects of Sc and Nb on the concentration profile

wall where it attained its maximum value, whereas Fig. 3 indicates that the concentration profile attained its
maximum value at the cold wall and starts declining gradually toward the hot wall where it attains its lowest
value.

5.2 Parameter dependency of solutions

From Fig. 4a, b it is observed that as the magnitude of the Eckert number Ec increases, both the nanofluid
velocity and temperature profiles increase. From the literature, the studies in [38,39] reported similar results.
However, the concentration profile shows a retarding trend with increasing values of the Eckert number Ec¢
as presented in Fig. 5a. This result is similar to the one obtained in [40]. Figure 4a, b also displays that both
the nanofluid velocity and temperature profiles increase with the chemical reaction parameter «. References
[40,41] reported similar findings. Unlike, from Fig. 5a it is observed that an increment in o shows a retarding
effect on the concentration profile. This is because of the fact that the reactants are consumed during the
homogeneous reaction and thus a decrease in the concentration is observed.
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Figure 6a, b pictures that as the dimensionless variable viscosity parameter y increases, a significant rise
in the fluid velocity and temperature profiles is observed. This is the case because an increase in y reduces the
fluid viscosity since u(7T') = woe"?. So, the fluid becomes less viscous and hence friction between fluid layers
decreases due to which fluid velocity remains at higher levels for higher values of y. The research works in
[39,41] indicated similar results. However, increasing the values of the variable thermal conductivity parameter
A decreases the nanofluid velocity and temperature. A similar outcome was reported in [41]. Figure 5b shows
the opposite trend for the concentration profile.

Figure 7a, b displays the effects of the thermal Grashof number Gt and the solutal Grashof number G¢ on
velocity and temperature profiles. The velocity and temperature profiles increase with Gt and G¢ as shown in
Fig. 7a, b. This is the case because as the values of Gt and G¢ enhanced, the body forces acting on the fluid
(thermal and solutal buoyancy forces) also get enhanced which also enhance the velocity that in turn increases
the viscous heating, hence increasing the fluid temperature. The study in [39,40] revealed similar results. The
opposite scenario is demonstrated in Fig. 8a for the concentration profile.
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Figure 9a, b depicts the effects of the porous medium parameters S and F on the velocity and temperature
profiles. Figure 9a, b portrays that both the velocity and temperature profiles decrease significantly as the
porous medium shape parameter S increases. The reason behind this result is the fact that as the value of S
increases, the porous medium permeability decreases which should naturally dampens the fluid flow and thus
the observed decline in the magnitude of fluid velocity which also results in the decrement of viscous heating
which in turn decreases the magnitude of fluid temperature. Besides, from the same figures it is observed
that the fluid velocity and temperature profiles decrease with increasing values of the Forchheimer number F
which is also known as inertial resistance parameter. Physically, large values of F imply the stronger resistant
inertial force in the direction normal to the fluid flow which is due to the intensive dimensionless drag force
coefficient b since F' = pb“K. For higher values of b stronger resistivity inertial force is effective within the
fluid flow so that the velocity becomes lessen and consequently the fluid temperature decreases. These results
are similar to the findings in the works of [42]. On the contrary, Fig. 8b reveals that as both S and F' increase,
the concentration profile decreases.




112 B. H. Rikitu et al.

1.7 A=1,Re=1,y=0.1,A=0.1, 1951 A=1,Re=1,y=0.1,2=0.1,
Gt=1,Gc=1, Ec=1,S=1, Gt=1,Gc=1, Ec=1,8=1,
F=0.1,Pr=10,Nt=0.1,Nb=0.1, F=0.1,Pr=10,Nt=0.1,Nb=0.1 -
1.6 Sc=0.1,a=0.1 19p] S¢=01,a=01 o
~ N '/
NN
e 1.851
Cf, N & 1.5
141 NSO
\.§: 1.801
Bi=0.11,0.12,0.13,0.14
1.31
1.751 )
4
I/
121 —R=1 2.7
- . _R-15 ;7" Bi=0.11,0.12,0.13,0.14
: B 17017
0 02 04 06 038 1 0 02 04 06 038 1
Re Re
(a) (b)
Fig.16 aCf atn =0and b Cf at n = 1 with varying Bi, R and Re
L6, i EE —
NN A=1,Re=1,Gt=1,Gc=1,y=0.1, 14’:,, ——————————— — T~
N NN _ _ _ JE N N L i R - T~
Y, A=0.LF=0.1,Pr=10,Nb=0.1, Ry Tl
L4 NNV =01, R=1,Bi=1,5¢=0.1,0=0.1 B= T - Te=._ "
SINININL Tme—l
\::: 12 —S= )
Y ——5=2
A=1,Re=1,Gt=1Gc=1,y=0.1,
A=0.1,F=0.1, Pr+10,Nb=0.1,
Nt=0.1,R=1,Bi=1,5¢=0.1,a=0.1
Ec=1,15,2,2.5
02 04 06 038 1
Re
(b)

Fig.17 a Nu atn =0 and b Nu at n = 1 with varying Ec, S and Re

Figure 10a, b is double graphs that display the effects of the Prandtl number Pr and the thermophoresis
parameter Nt on the velocity and temperature profiles. According to Fig. 10a the larger values of Pr lead to
a significant increase in the velocity and temperature profiles since Pr is the ratio of momentum diffusivity
to thermal diffusivity; therefore, the elevated values of Pr enhance the momentum diffusivity that results in
enhancement of the velocity and temperature profiles. From the literature, [41,43] indicated similar findings.
On the other hand, thermophoresis is a mechanism in which small particles are pulled away from hot region to
cold one and thus Fig. 10a, b declares that as the value of Nt enhances, the velocity and temperature profiles
decline. The reason behind this argument is that an enhancement in N yields a stronger thermophoretic force
which allows deeper migration of nanoparticles from hot nanofluid to the cold surface resulting in lower fluid
temperature. Figure 11a shows that the concentration profile decreases with both the Prandtl number Pr and
the thermophoresis parameter Nz. Actually, these outcomes confirm the results reported in [40,41,43].

Figure 11b is also a double graph that portrays the effects of Sc and Nb on the concentration profile.
This figure displays that the concentration profile increases with the Schmidt number Sc. Physically, larger
values of Schmidt number Sc indicate less mass diffusion which causes the concentration of nanoparticles
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to remain larger in the fluid. The same results were obtained in the references [41,43,44]. The concentration
profile also shows an increasing behavior for larger values of the Brownian motion parameter Nb as shown in
Fig. 11b. The argument behind this result may be when the magnitudes of Nb increase, arbitrary disorganized
motion and also collision of the nanoparticles in the fluid increase which may enhance the concentration of
the nanoparticles in the fluid. The same result was presented by [40].

The effects of the radiation parameter R and the Biot number Bi on the nanofluid temperature and concen-
tration profiles are displayed in Fig. 12a, b, respectively. Consequently, from Fig. 12a it is observed that the
temperature profile decreases as R increases due to the fact that when a large value of radiative heat is absorbed
by the nanofluid, the buoyancy force decreases which retards the flow rate, thereby retarding the temperature
profiles. Thus, R quite effectively controls the microchannel temperature distribution and flow transport which
plays a significant role in cooling the system. These types of applications can be used in pseudoscientific
alternative medicine to control blood pressure through the process of magnetoelectric machine therapy. The
results obtained in this paper are similar to the one obtained in [41,43,44]. From the same figure, it is also
noticed that the temperature distribution declines with increased values of the Biot number Bi. This is the
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case because increment in Bi results in enhanced convective heat transport that results in the lowering of the
temperature field. In the contrary, the radiation parameter R and the Biot number Bi indicate rising effects on
the concentration profile as displayed in Fig. 12b. These results are the same as the result reported in the work

of [39].

5.3 The wall shear stress, wall heat transfer and mass transfer rates

This subsection comprises the effects of flow parameters on the wall shear stress, wall heat and mass transfer
rates. Indeed, the graphical results that are illustrated in this subsection for the skin friction coefficient C ¢, the
Nusselt number Nu and the Sherwood number S# are plotted for large time, say t > 1.9 (steady state) and
thus the results obtained may not be affected by time increasing for all parameters values as a consequence of

the results obtained in Sect. 5.1.
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5.3.1 The wall shear stress: skin friction coefficient
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The effects of pertinent parameters on the wall shear stress at the cold wall n = 0 and at the hot wall n = 1 are
illustrated in Figs. 13a, 14, 15 and 16b. Consequently, from these graphs it is observed that the coefficient of
skin friction C  at both cold and hot walls shows an increasing behavior with increasing values of the thermal
Grashof number Gt, the Schmidt number Sc, the Brownian motion parameter Nb and the porous medium
shape parameter S for varying scaled values of the suction/injection Reynolds number Re. However, the Eckert
number Ec, the thermophoresis parameter Nt, the radiation parameter R and the Biot number Bi indicate a
decreasing effect on C s at both walls of the microchannel.

5.3.2 The wall heat transfer rate: Nusselt number

The effects of pertinent governing flow parameters on the wall heat transfer rate at the cold wall n = 0 and
at the hot wall n = 1 are portrayed in Figs. 17a, 18, 19, 20 and 21b. Consequently, from these graphs it can
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be seen that the wall heat transfer rate, the Nusselt number Nu at both cold and hot walls show an increasing
behavior with increasing the values of the variable viscosity parameter y, the Brownian motion parameter
Nb and the porous medium shape parameter S for varying scaled values of the suction/injection Reynolds
number Re. Nevertheless, the variable thermal conductivity parameter A, the thermophoresis parameter N¢,
the radiation parameter R and the Eckert number Ec¢ show a decreasing effect on Nu at both walls of the
microchannel. As presented in Figs. 20a, b, 21a, b, the Nusselt number Nu increases with increasing values
of the Schmidt number Sc, the Grashof number Gt and the Biot number Bi, respectively, at the cold wall of
the microchannel = 0, but the reverse trend is observed at the hot wall n = 1 of the microchannel.

5.3.3 The wall mass transfer rate: Sherwood number

The effects of embedded governing flow parameters on the wall mass transfer rate at the cold wall n = 0
and at the hot wall n = 1 are displayed in Figs. 22a, 23, 24, 25 and 26b. As a result, these graphs indicate
that the wall mass transfer rate, the Sherwood number S& at both cold and hot walls show an increasing
behavior with increasing values of the porous medium shape parameter S, the variable viscosity parameter
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y and the thermophoresis parameter Nt for varying scaled values of the suction/injection Reynolds number
Re. However, the Eckert number Ec, the variable thermal conductivity parameter X, the Brownian motion
parameter N b and the radiation parameter R show a decreasing effect on S/ at both walls of the microchannel.
Figures 25a, b, 26a, b present that the Sherwood number S# rises with rising values of the Schmidt number
Sc, the Grashof number Gt and the Biot number Bi, respectively, at the cold wall of the microchannel n = 0,
but the opposite is observed at the hot wall 7 = 1 of the microchannel.

6 Conclusion

Radiating and reacting nanofluids flow in microchannels with non-uniform permeable walls temperature and
filled with porous media plays an important role in the modern industrial and engineering applications. The
applications include electronics cooling, engine cooling, cooling towers, aecrospace technology, cancer therapy,
drug delivery applications, solar cell panels, geothermal extraction, crude oil extraction, underground water
movement, chemical industry, drying and dehydration operations, oxidation of solid materials, manufacturing
of ceramics and glassware, nuclear power, missiles, satellites and so on.

Therefore, this paper presented the investigation of hydrodynamical characteristics and heat transfer prop-
erties of radiating and reacting nanofluid with variable transport properties in a microchannel filed with a
saturated porous medium by taking into account the convective boundary conditions. The flow medium was
considered to be porous with the combination of Darcy—Forchheimer medium. The Buongiorno’s nanofluid
flow model was also used to study the effects of the Brownian motion and the thermophoresis. The governing
highly nonlinear partial differential equations were solved numerically by utilizing the semi-discretization
finite difference method. Graphs were used to analyze the effects of the emerging thermophysical parameters
on the nanofluid velocity, temperature and nanoparticle concentration as well as on the coefficient of skin fric-
tion, heat transfer and mass transfer rates. Consequently, the following are important findings of the present
study.

— Both the velocity and temperature profiles of the nanofluid show an increasing behavior with increasing
values of variable viscosity parameter y, Eckert number Ec, thermal Grashof number Gt¢, solutal Grashof
number Gc, Prandtl number Pr and chemical reaction parameter .

— The concentration profile indicates an increasing trend with increasing values of variable thermal con-
ductivity parameter A, porous medium shape parameter S, Forchheimer number F, Schmidt number Sc,
Brownian motion parameter Nb, radiation parameter R and Biot number Bi.

— The skin friction coefficient C r is large for higher values of suction/injection Reynolds number Re, porous
medium shape parameter S, thermal Grashof number G¢, Schmidt number Sc¢ and Brownian motion
parameter Nb on both sides of the microchannel walls.
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— The heat transfer and mass transfer rates on both sides of the microchannel walls indicate an increasing
behavior for increasing values of suction/injection Reynolds number Re, porous medium shape parameter
S, variable viscosity parameter y but a decreasing behavior for increasing values of Eckert number Ec,
variable thermal conductivity parameter A and radiation parameter R.

— Grashof number G¢, Schmidt number Sc and Biot number Bi indicate an increasing effect on both the
heat transfer and mass transfer rates at the cold wall of the microchannel.

— The Brownian motion parameter Nb and the thermophoresis parameter Nt show an opposite effect on the
heat transfer and mass transfer rates on both sides of the microchannel walls.
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