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Abstract: This study considers the influence of exothermic — endothermic chemical reaction on the forced convection flow of a
non-Newtonian fluid based hybrid nanofluid. In the cause of the study, thermal radiation and temperature dependent fluid
parameters were put into consideration. Similarity transformation method was used to convert the governing equations of the
problem to coupled ordinary differential equations and numerical solution thereafter was obtained. Effects of exothermic and
endothermic reaction and radiation are then discussed based on the numerical solution.
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1. Introduction

Heat transfer and fluid flow driven by an external source is an important concept in many of engineering applications.
This is because the design and operation of evaporators, condensers, water-tube boilers and many other major items of
chemical and power plants and water-cooled nuclear reactors is dependent on the knowledge of fluid dynamics and heat
transfer process occurring during forced convective boiling [1]. In view of these, a sizeable number of experiments have
been conducted in this direction. Trombetta [2] investigated the forced convection of a fully developed lamina flow in an
eccentric annulus. The boundary layer flow together with heat transfer generated by the forced convection on a flat plate
embedded in a porous medium was investigated by Beckermann and Viskanta [3]. Later, Childs and Long [4] analyzed
the forced convective heat transfer in both stationary and rotational annuli. Forced convection near a forward stagnation
point of an infinite plane wall powered by Newtonian heating was examined by Salleh et al. [5]. In company of chemical
reaction, Moshizi [1] studied the forced convection heat and mass transfer of MHD nanofluid flow inside a porous
channel.

The global demand for more energy was partly met by what is today known as nanofluid. By nanofluid, this refers to fluid
with a nanoparticle of metal or oxide of metal infused in it. The idea is to increase the heat transfer ability of the fluid and
develop substance of better efficiency. Nanofluid have wide use in electronics cooling, solar thermal systems, lubrication
in mechanical systems, medical diagnostic imaging, catalytic converters, fuel cells, energy storage and so on. A new
variant of nanofluid has been developed which is known as hybrid nanofluid. The hybrid nanofluid in its own case has
more than one metallic nanoparticles in a base fluid. Findings have shown that the hybrid nanofluid displays a higher heat
transfer rate and more efficiency than the conventional nanofluid. The first notable work on nanofluid can be accredited to
Choi [6] when he discussed the use of nanoparticles in enhancing fluid thermal conductivity. The properties of Hybrid
nanofluid and its heat transfer phenomenon was analyzed by Suresh et al.[7]. Thereafter, Nadeem et al. [8] deliberated on
the importance of hybrid nanofluid over simple nanofluids. The impacts of magnetic dipole on hybrid nanofluid flow was
studied by Gul et al.[9]. The flow of Cu-Al203 hybrid nanofluid over a moving permeable surface was examined by
Aladdin et al.[10]. Taking a heated chamber as a case study, Rashidi et al. in [11] simulated the energy transference of a
hybrid nanosuspension.
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Chemical reaction is an important concept in numerous activities like combustion, filtration, absorption of substance in
living organism, fermentation, food processes, polymer production and so on. Often times, chemical reaction is
accompanied by energy. There is either a release of energy into the surrounding which is termed “exothermic” or
absorption from the surrounding known as endothermic. The exothermic reaction finds place in production of energy for
powering engines through the burning of coal, oil, gas; domestic heating and cooking; explosives in mining, construction
and military operations. While endothermic on the other hand find solace in cooling sytems like refrigerating and air
conditioning units, instant cold packs for first aid and sport injuries, photosynthesis and so on. These applications have
enticed research to embark on some level of research on these phenomenon. Abdul Maleque Kh. [12] discussed the effects
exothermic/endothermic chemical reactions on MHD free convection flow in presence of radiation.

Entropy generation minimization of higher order endothermic/exothermic chemical reaction on MHD mixed convection
flow over stretching surface was investigated by Sharma et al.[13].

To the best of our knowledge, the influence of exothermic — endothermic chemical reaction on the forced convective flow
of a third grade hybridnano fluid have not been investigated before hence the motivation to undertake this work. However,
the main focus of this work is to establish the existence and uniqueness of solution to this problem.

2. Mathematical Formulation

A two-dimensional, steady, boundary layer flow of a hybrid nanofluid made up of Ag/Au nanoparticles is considered with
a sodium alginate considered as the base fluid and the fluid flow past a half infinite plate moving in a uniformly free flow,
U as shown in Fig.1. Casson fluid model is used to express the properties of sodium alginate. The system is simulated in a
way that the x-axis is aligned to the plate surface while the y-axis is the coordinate taken to be normal to the plate. The
components of the hybrid nanofluid are assumed to be in thermal equilibrium with no slip condition. In addition, the
ambient fluid velocity of the plate is considered to be u,, = §Ux where § is the parameter for plate velocity [3]. The
hybrid nanofluid’s thermophysical characteristics are engraved on Table 1.
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Fig 1: Flow configuration of the model

In view of the above presumptions along with ideas from past works [1,14,15], the governing equations for the model
takes the form:
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where the component of velocity for x and y axes are u and v respectively, u, stands for the free stream velocity, § is the
parameter for plate velocity, B represents the magnetic parameter, S is the exothermic parameter,u is the fluid viscosity, k
stands for thermal conductivity, B, is the casson parameter, g, stands for radiative heat flux, k, is the chemical reaction
rate constant, T,, represents the free stream temperature, T,, is the wall temperature, Dg,stands for the diffusion coefficient,

T is the fluid heat capacity ratio, C,, is the ambient fluid concentration while C,, is the concentration at the wall,
E

(L)ne(ﬁ) denotes the Arrhenius function. In addition, the density of hybrid nanofluid pj,;, viscosity of hybrid

Too
nanofluid up,f, heat capacity of hybrid nanofluid (pCp)hnf, thermal conductivity of hybrid nanofluid K, are as follows
[16,17]:

_ Ky
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Py = (1 — ‘*)2)[(1 —wy)pr + 001Ps1] + W3052,

(pCp)hnf =(1-wy) [(1 - wl)(pCp)f + wl(pCp)Sl] + mz(pCp)sz,

kSZ + anf - sz(knf - kSZ) x kSl + zkf - 2(1)1(kf - kSl)
kg + 2knp + wa(kny — ksp)  ksg + 2kf + w0y (kp — kgq)

Khnf = X kf‘ (6)

where pgq, w4, (pCp)Sl, k¢, are the thermophysical properties for gold nanoparticle, ps,, @, (pCp)sz, k,, are the
thermophysical properties for silver nanoparticle, p, iy, (pC,,)f, k; are the thermophysical properties for the base fluid.

Table 1. Thermophysical Properties of some nanofluids [17, 18]

Material Density Specific Heat | Thermal Conductivity K(W /mk)
(kg/m?3) Capacity
C,J/KgK)
Sodium 989 4175 0.6376
Alginate
Gold (Au) 19300 129 318
Silver (Ag) 10500 235 429

The Roseland approximation for radiation [19]:

4g* 9T* ;
3k* dy ’ (7)
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Using Taylor’s series and neglecting higher order terms for the expansion of T* about T,,, we finally have the radiation

term in equation (3) to be

dqr _ [ 160°T3 9°T
ay 3k, 0y?

(8)

Introducing the established similarity variables and stream function i as used by Animasaun [20], Prasad et al.[21] as
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For this study, the fluid viscosity and thermal conductivity are taken to be linear function of temperature [20 — 22] in the

form

u(T) Te)]

3 Method of Solution

=u'[14b(T, -T)], k=K[1+y(T -

Using equations (1) — (5), and variables (6) —
equations reduced to the following ordinary differential equations:
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(10), the continuity equation (1) is automatically satisfied and the governing
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Subject to the boundary conditions

df (0)

dn 6(0) =1,

=6, f(0)=0, $(0) =1,
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KGR 0() - 0, ¢(0) - 0 (14)

k?

—- . activation energy parameter E; =-——, Local magnetic parameter
0 0fo0

Here, Chemical reaction rate parameter C, =

2
H, = ;LU , Temperature dependent thermal conductivity parameter € = y(T,, — T, ), Temperature dependent viscosity
fUo

parameter ¢ = b(T,, — T,), Lewis number L, = Di , Brownian motion parameter N, = :;D—B(CW — Cy) , thermophoretic
B
(pcp)fﬂ

parameter N, = TD—T(T —T,), Prandtl number P. = , Radiation parameter R, = T , temperature difference

(w Teo)

[}

parameter T; = , exothermic/endothermic parameter 8* = B(C,, — Cs).

The physical qualities of engineering interest in this study are the skin friction coefficientc, local Nusselt number Nu,and
Sherwood number S, which are defined as

TW X qW x]W

szw 'N”xzkf(TW—Tm)’Sth(CW—Cm)’ (15)
and
ou oT ac
w = Hhnf <@)y=0 » Qw = —Kpny <@)y=o +(@r)y=0, Jw=—Dg <a_)y=0 (16)

3. Numerical Solution

The coupled ordinary differential equations (11) — (13) and their corresponding boundary conditions (14) are first reduced
to a system of first order equations using the method of superimposition [23]. The following variables are often being
employed in the method of superimposition:

f=fuf=fHf"=(R0=f0=f ¢=Ff ¢ =f. 17)

Based on (17) above, equations (11) — (13) reduce to

A A § H,
fi = — fof = fifi + ( ﬁc>f3fs 1425 (- D) 18)
(@a+(1- 9)5)(1+ﬁ) 2
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,_ 3R, A5 . (19)

fs 4+ 3R,(1+ fre) P.B*C.(1+ Tdﬁ;)”e(m>fs
_ T

d?¢ N, . %
d_le =—Lfif7 — N_bfs + LeCrfé(l + Tdﬁl) e(( df4)> (20)
subject to

f2(0) =6, f1(0) =0, f4(0) =1, f5(0) =1, fr(0) > 1,f4(0) >0, fs(0) > 0 (21)

where Ay = (1= 0,)25(1 = 0,25, 4; = {(1 = ) [ (1 = o) + 22| 4 2222},
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This system of equations (18) — (21) are thereafter solved numerically using the Matlab bvp5c solver.

4. Results and Discussion

In order to analyze the results, numerical computation has been carried out for various values of Hartmann number (H,),
fluid material parameter (B.), Lewis number (L.), Prandtl number (P,), thermal conductivity parameter (¢),
thermophoretic parameter (N.) and velocity parameter (&), using the numerical scheme discussed in the previous section.
The numerical values obtained from the result are plotted in Figures 2 —12.

The influence of velocity ratio parameter on fluid velocity was graphically illustrated in Figure 2. It was observed that at
both § <1 and § > 1, fluid velocity increases with velocity ratio. At § = 1, which means stretching and free stream
velocities are equal, no boundary layer is formed. Physical interpretation of § < 1 is that stretching velocity exceeds free
stream velocity while § > 1 means the free stream velocity surpasses the stretching velocity. The variation in velocity with
respect to Casson fluid parameter (B8.) was graphically illustrated in Figure 3. The figure also showed that the hybrid
nanofluid performed better in increasing the velocity than the conventional nanofluid and conventional fluid. The figure
showed that velocity profile increases with Casson fluid parameter. An increase in Casson fluid parameter implies a
decrease in yield stress and a resultant increase in plastic viscosity which leads to decrease in velocity but the decrease in
velocity which is expected is overpowered by high temperature due to the kind of reaction in the system. This observation
is similar to Figure 2 reported by Animasaun [20].

The effect of radiation parameter on the fluid temperature is illustrated in Figure 4. The figure revealed that temperature
reduces for increase in radiation parameter. The reason for this decrease in temperature is because large values of radiation
parameter correspond to an increase in dominance of conduction over radiation, thus decreasing the thickness of the
thermal boundary layer and increasing the heat loss to the ambient. Similar decrease in temperature due to increase in
radiation parameter was reported in Figure 7 by Abdul Maleque [12], Figure 12 of Koriko et al [24] and Figure 13 by Zaib
et al.[19]. Figure 5 illuminates the variation in concentration caused by a change in thermophoretic parameter. The figure
demonstrated that the concentration field is an increasing function of thermophoretic
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Figure 2: Variation in velocity ratio parameter with Velocity

55



Figure 4: Variation in Radiation
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Figure 5: Variation in thermophoretic parameter(N,) with Concentration

parameter. This observation is in good harmony with Fig. 14 reported in Shehzad et al. [22]. Variation in thermal
conductivity with velocity is being exhibited in Figure 6. The figure revealed that the fluid flow increases with thermal
conductivity. The reason for this behavior is that thermal conductivity (¢) is linearly proportional to temperature. So, as the
€ causes temperature to rise, the fluid viscosity reduces, hence fluid motion increases.

Figure 7 illuminates the impact of chemical reaction on temperature. The figure exhibited that chemical reaction reduces
fluid temperature. This observation is in harmony with Figure 5 reported by Abdul Maleque [12]. The influence of
chemical reaction parameter on fluid concentration is graphically represented in Figure 8. The figure revealed that
chemical reaction parameter suppresses fluid concentration. The physical significance of this, is that the number of solute
molecules undergoing chemical reaction increases as chemical reaction parameter increases although other
parameters(conditions) are constant, this therefore results in decrease in the concentration profile. This is in good
agreement with Figure 15 reported by Kiran Kumar et al. [25], Fig. 3 reported by Kalaivanan et al.[26] and Figure 12
reported by Mahanthesh et al. [27]. The influence of activation energy parameter (E;) on velocity is elucidated in Figure 9.
The figure showed that activation energy increases fluid flow. Figure 10 revealed the impact of activation energy on fluid
concentration. The figure elucidated that activation energy enhances the concentration profile. This is because an higher
energy activation and weaker temperature leads to lower rate of reaction, which results in lesser chemical reaction and thus
fluid concentration increases. This is in good agreement with Figure 13 in Kiran Kumar et al.[25] and Fig. 7 reported by
Azam et al. [28].

The influence of exothermic reaction parameter (8) on fluid velocity was graphically represented in figure 11. The figure

showed that exothermic reaction aids fluid flow. A similar effect was shown in Figure 12 on temperature fueled by the
exothermic reaction.
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Figure 7: Variation in Chemical reaction parameter (C,.) with Temperature
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Figure 12: Variation in Exothermic parameter () with Temperature

5. Conclusion

The analysis on the exothermic chemical reaction on the forced convection flow of a thermally radiative non-
Newtonian based hybrid nanofluid have been conducted and the following obtained:

(1) Fluid flow increases by increasing any of velocity ratio, thermal conductivity, activation energy, Casson fluid,
exothermic reaction parameters.

(2) Chemical reaction and radiation parameters force a reduction in fluid velocity for an exothermic reaction of a
non-Newtonian hybrid nanofluid.

(3) Thermophoresis increases fluid concentration but chemical reaction reduces fluid concentration.

(4) Hybrid nanofluid showed better performance over conventional nanofluid and convectional fluid in test
involving fluid parameter, thermal conductivity, activation energy, exothermic reaction and velocity.
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