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INSIGHT INTO THE EFFECTS OF THERMAL
RADIATION AND OHMIC HEATING ON CHEMICALLY
REACTIVE MAXWELL FLUID SUBJECT TO LORENTZ

FORCE AND BUOYANCY FORCE

D. J. SAMUEL! AND B. I. OLAJUWON

ABSTRACT. The objective of the present study is to inves-
tigate the effects of thermal radiation and Ohmic heating on
magnetohydrodynamic free convective flow of a chemically reac-
tive Maxwell fluid driven by exothermal plate. The temperature
dependent fluid viscosity and temperature dependent thermal
conductivity are considered. Also, Arrhenius kinetics is used
to model the exothermal surface reaction. The boundary layer
approach is engaged to analyze the model equations. The gov-
erning partial differential equations are transformed into system
of nonlinear ordinary differential equations by similarity trans-
formations. The Runge-Kutta Fehlberg method of order four
is employed to obtain numerical solutions of the resulting di-
mensionless non-linear equations. The impacts of dimension-
less parameters on the fluid velocity, temperature distributions,
skin friction coefficients and Nusselt number are demonstrated
through plots and tables. Also, the results elucidate that both
the skin friction coefficient and heat transfer rate are increasing
functions of Deborah number. The obtained results are com-
pared with published literature and the results are found to be
in excellent agreement.

Keywords and phrases: Maxwell fluid, Ohmic heating, natural
convection, Runge-Kutta Fehlberg.
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1. INTRODUCTION

Ohmic heating is a form of heating technology that employs elec-
trical current to generate heat within fluid products. It provides
microbiologically safe and high quality foods in food processing.
The study of fluid flow problems associated with Ohmic heating
and heat transfer has been widely investigated by many researchers.
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The process of Ohmic heating is one of the numerous electromag-
netic based methods such as capacitive dielectric, radiative dielec-
tric, inductive and radiative magnetic heating. Applications exist-
ing for Ohmic heating include blanching, thawing, on-line detection
of starch gelatinization, fermentation, peeling, evaporation, dehy-
dration, fermentation and extraction. Alwis and Fryer [1] carried
out a thorough review on different processes involved in the devel-
opment of direct resistance heating method and their advantages.
Marcotte et al. [2] investigated impact of salt and citric acid on
viscous fluid in the presence of electrical conductivities and Ohmic
heating. The Ohmic heating rates of fluids with same electrical con-
ductivity and identical amounts of solid particles in the presence of
variable fluid viscosity was investigated by Khalaf and Sastry [3].
It was reported that heating rate for fluid mixture with higher vis-
cosity is faster than that of the mixture with lower viscosity fluid in
the continuous flow Ohmic heater. Osalusi et al. [4] examined slip
effects on MHD flow of Newtonian fluid in the presence of variable
fluid properties. Study of heat transfer and boundary layer flow of
optically thick radiating nanofluid past an exponentially permeable
stretching sheet with Ohmic heating and chemical reaction in the
presence of applied magnetic field was presented by Rao et al. [5].
It was noticed that the temperature and concentration distribu-
tions of nanofluid increase with increasing values of Joule heating
parameter. Prakash et al. [6] analyzed the effects of variable mag-
netic field on mixed convective flow of an electrically conducting
nanofluid in a porous medium past an inclined nonlinear stretch-
ing permeable surface. Tsai et al. [7] numerically examined the
combined effects of Ohmic heating and heat transfer on hydromag-
netic boundary layer fluid flow with variable viscosity and thermal
conductivity past a continuously moving permeable sheet. Awasthi
[8] employed perturbation technique to analyze the importance of
Ohmic heating and thermal radiation effects on MHD convective
flow embedded in a porous medium along a vertical plate in the
presence of viscous dissipation. Muhammad et al. [9] presented
an analysis to study the impacts of chemical reaction and viscous
dissipation on hydromagnetic flow of Newtonian fluid past an expo-
nentially stretching sheet with Joule heating effect. Adegbie et al.
[10] analyzed natural convection flow over a moving porous surface
under the influence of Ohmic heating and magnetic field. Ohmic
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heating and variable viscosity effects on MHD flow of chemically re-
acting fluid subject to convective boundary conditions was modeled
by Samuel and Fayemi [11].

All the above authors based their investigations on Newtonian
fluids in their areas of study. But in recent times, the investiga-
tions of non-Newtonian fluid flow are very popular subject among
researchers [12, 13, 14, 15, 16, 17, 18]. Studies of non-Newtonian
fluid flow are of great importance in the industrial and engineering
processes like petroleum drilling, food processing, manufacturing
of plastic sheets e.t.c. There are several proposed non-Newtonian
fluid models. One of such model is the Maxwell fluid. At high Deb-
orah number, Maxwell fluid exhibits solid-like behavior and fluid-
like behavior at low Deborah numbers [19]. A considerable interest
has been shown by different researchers in studying Maxwell fluid
with Ohmic heating effects due to its wide range of applications.
A numerical study on optically thick radiating Maxwell fluid flow
past a stretching sheet under the influence of chemical reaction and
Joule heating was presented by Shah et al. [20]. Hayat and Qasim
[21] examined viscous dissipation and chemical reaction effects on
Maxwell fluid free convective flow through a porous medium in the
presence of Ohmic heating. Zhao et al. [22] have investigated the
influence of Ohmic heating and viscous dissipation on unsteady
two-dimensional Maxwell fluid flow over a vertical plate. Noor [23]
discussed chemical reaction effect on boundary layer flow of an in-
compressible Maxwell fluid in a porous medium with Joule heating.
Sohail et al. [24] examined the impact of thermal radiation on the
flow of steady incompressible Maxwell nanofluid in the presence
of heat source/sink and magnetic field. Numerical investigations
of heat transfer with convective boundary condition at the wall for
Maxwell hybrid nanofluid flow over a porous surface in the presence
of velocity slip and Joule heating have been carried out by Aziz
et al. [25]. Their findings revealed that greater concentration of
nanoparticles raised the heat transfer rate. Hsiao [26] numerically
examined the effects of Ohmic heating and buoyancy on stagna-
tion point flow of Maxwell fluid with chemical reaction. Zaidi and
Mohyud-Din [27] studied the influence of Joule heating on the flow
of two-dimensional steady incompressible upper convected Maxwell
fluid flow through a vertical slit. They have also considered the ef-
fect of convective heat transfer and obtained numerical solution
of the proposed model. Chemical reaction and Ohmic heating ef-
fects on natural convective MHD flow of optically thick radiating
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Maxwell fluid through porous medium with heat source was stud-
ied by Arifuzzaman et al. [28]. Shateyi [29] numerically examined
the flow and heat transfer of MHD Maxwell fluid flow over a linear
stretching sheet considering Ohmic heating effect. Khan et al. [30]
studied the impacts of chemical reaction on boundary layer flow
and heat transfer of Maxwell fluid between two stretching disks un-
der the influence of Joule heating.

The objective of the present study is to investigate the impacts of
Ohmic heating and thermal radiation on MHD flow of a chemically
reactive Maxwell fluid past a catalytic surface in the presence of
thermo-physical parameters. Using similarity transformations, the
governing partial differential equations are transformed into sys-
tem of non-linear ordinary differential equations which are solved
numerically. Graphical and tabular results for various values of per-
tinent parameters are discussed. It is worth noting that the study
provides logical answers to the following research questions:

(1) What is the increasing effects of activation energy parameter
and reactant consumption parameter on the Maxwell fluid
flow?

(2) How does large values of variable viscosity parameter, Deb-
orah number and radiation parameter affect the local skin
friction coefcients, heat transfer rate, and mass transfer
rate? and

(3) What is the significance of thermal radiation.

2. THE MATHEMATICAL FORMULATION

Consider a two-dimensional, laminar and incompressible flow of
Maxwell fluid over an exothermic surface as illustrated in Fig. 1.
The flow is taken to be steady and the magnetic Reynolds number
is taken to be very small so that the induced magnetic field can
be neglected in comparison to the applied magnetic field. In the
present study, u,(x) = azx denotes the velocity of the stretching
sheet. Also, Ohmic heating and radiation effects are put into con-
sideration. Following Merkin and Mahmood [31], it was assumed
that the exothermic surface reaction generated heat to the Maxwell
fluid and it is described by the following first order non-isothermal
reaction given below

A — B+ Heat,rate = AgCe /BT (1)
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the expressions above are known as Arrhenius kinetics, where B is
the product species, C' is the concentration of reactant A, R is the
universal gas constant, Aj is the rate constant, E is the activation
energy and 7' is the temperature. The surface reaction produces
heat which give rise to a convective flow in the neighborhood of the
surface. The boundary layer equations for the considered problem
are

ou Ov
e T 2
5 T 9 0, (2)
u@%—v%—l—)\ UZ@—HJ?@—I—ZUU Oul _
ox dy T oa2 Oy? oxdy |

10 ou o By? ou
;a—y(w)a—y) + 95 (T — ) = 22 <u+ma—y), 3)

or or 1 90 or 1 dq, 0By’
U + V= = ——(K(T)—) S e
ox 0y  pc, Oy Ay pc, Oy PCp
A
e 0
PCp
along with the boundary conditions
orT
U = Uy(x), v=0, —kooa— = QCyApe 7T, at y = 0, (5)
Y
u—0,T— Ty, asy — 0. (6)

In the above expressions, u and v represent the velocity components
in z and y directions, respectively, p is the fluid density, A\ is the
relaxation time parameter of the fluid, T is the fluid temperature,
By is the constant magnetic field, ¢, is the specific heat capacity
of the fluid at constant pressure, g, is the relative heat flux, T,
is the ambient temperature, v is the kinematic viscosity, S is the
coefficient of thermal expansion, g is the acceleration due to gravity,
o is the fluid electrical conductivity, u,(z) is the surface velocity, @
is the heat of reaction, C is the initial concentration of the reactant
species, K(T') is the variable thermal conductivity of the fluid and
it is expressed as [10]

K(T) = koo[1 +&(T = Too )], (7)
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here, K(T') is the temperature dependent thermal conductivity, ko
is the fluid free stream thermal conductivity and £ is a constant.
Eq. (7) can be further expressed as

K(T) = koo (1 + AO). (8)

In Eq. (8) above, A = % is called the thermal conductivity
parameter and # is the dimensionless temperature.

The mathematical model for temperature dependent viscosity is
defined as [32]

(T) = poce 1) = pioge™, (9)
where 8 denotes variable viscosity parameter.

The Rosseland approximation term for optimally thick fluid is writ-
ten as [33]

40* OT*

3k* Oy’
where ¢* is the Stefan-Boltzman constant and x* is the mean ab-
sorption coefficient. Following Koriko et al. [34], it is assumed
that the temperature difference within the flow regime is sufficiently
small such that 7% can be expressed as a linear function of the free
stream temperature of the flow. By invoking Taylor’s series, Eq.
(10) is linearized by expanding T% about the free stream tempera-
ture T,,. Neglecting higher order terms, the following approxima-
tion is obtained

T ~ AT, T — 3T..°, (11)
Eq. (10) and Eq. (11) yield

dq, 40* O°T*  160°T° 9°T

oy 3r* Oy2 3k*  Oy?’
using the following dimensionless variables for the heat and flow
equations

(12)

0 = ) baf ) = (g, 0= ZE 2,
o _ o 1
U= a_y - axf (77)7 v= a_x - (ﬂooa) f(n)v (13)

the continuity Eq. (2) is identically satisfied and the governing Eqgs.
(3)-(4) become
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FI1GURE 1. Flow geometry of the problem.
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The corresponding boundary conditions reduced to:

n=0: f(0)=0, f(0)=1, §'(0) = —ye*, (16)

n—oo: f(00) =0, 8(c0) = 0, (17)
here f’ represents an ordinary derivative with respect to n, G, =
gﬁégf is the Grashof number, M = "B;Oa is the magnetic parame-

ter, R, = 2% f‘x’ is the radiation parameter, {2 = A\ja is the Deborah

number, P, = £=% is the Prandtl number, £, = RE“;,“ > the Eckert
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the activation energy parameter, v =

. AoE __£
actant consumption parameter, § = %6 RTe the Frank-
o0 oo

Kamenetskii parameter and g = % is the variable viscosity
parameter.

The important physical quantities of interest in this problem are
the skin friction coefficient and the local Nusselt number, defined

as follows:

2Tw FEzxq,

Cr=—, N T T o 2
f b RT.

o (18)

where 7, is the wall shear stress and ¢, represents the heat flux,
given by:

ro = (1 +9) (g—;) (19)
Gw = —Fk (Z—ZDFO + (¢r)y=0, (20)

using Eq. (13) in Eqgs. (18)-(20) gives

1

ReZC; = 2(1 + Q)e=70) 1" (0),

Re Nug = —(1+ AB(0) + 5 R)F(0), (21)

where Re, = 7% denotes the local Reynolds number.
3. NUMERICAL COMPUTATIONS

The coupled non-linear ordinary differential Eqgs. (14)-(15) subject
to the boundary conditions (16)-(17) are solved in the symbolic
computation software MATLAB numerically using Runge-Kutta
fourth order scheme with shooting techniques. The strongly cou-
pled boundary value problem in Eqgs. (14)-(15) are reduced to a
system of first order differential equations as follows:

f=h =/, ["=fs, 0="fo, 0 =f (22)
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where,
fi=r
fo=1s
f?/, = (W) [5f5f3 — Pl (29f1f2f3 -

M(fz - Qflf3> — R+ fifs + Grf4):|
fi =f

r —1 2 2
= (i) [0+ P +

Pofafy+ 65

In the present study, eleven parameters emerged and the effects of
these parameters are investigated to compute the numerical values
of the skin friction coefficient f”(0) and the Nusselt number ¢'(0) as
shown in Table 2. Also, graphical solutions are presented in Figs.
2-14.

4. RESULT AND DISCUSSION

Our aim in this section is to describe the behavior of skin fric-
tion, Nusselt number, velocity and temperature distributions un-
der the influence of pertinent physical parameters such as Frank-
Kamenetskii parameter §, Grashof number G,., magnetic parameter
M, radiation parameter R,, Deborah number €2, Prandtl number
P., Eckert number FE., thermal conductivity parameter A, activa-
tion energy parameter e, reactant consumption parameter vy and
variable viscosity parameter §. The values of the parameters are
fixed as G, = 0.25, M = 1.0, R, = 2.0, Q = 0.5, P, = 0.71,
E.=01, A=10,¢ =02, v =0.01,6 = 0.1, B = 0.5 unless
otherwise specified. In order to verify the accuracy of our numeri-
cal computations, comparison of the present results with those ob-
tained by Prasad et al. [18] is given in Table 1. It is clear from the
values obtained that the present results is in excellent agreement
the existing results. In Table 2, the numerical values of — " (0) and
—0'(0) are given for different values of physical parameters. Results
showed that the values of —f"(0) decrease and —6'(0) increase as
E. increases. Also, the higher value of 3, R,, P, and () enhances the
skin friction coefficient —f"(0). In addition, it is elucidated that
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TABLE 1. Comparison of the present results of
—f"(0) with those obtained in [18] as the magnetic
parameter is varied

Prasad et al. [18] Present study

M -f"(0) —f(0)
0.0 1.0002 1.0014
0.5 1.2248 1.2249
1.0 1.4142 1.4142
1.5 1.5811 1.5811
2.0 1.7321 1.7321

TAaBLE 2. Computed values of Skin Friction Coeffi-
cient f"(0) and local Nusselt Number 6’ (0) for Several
Values of E., R,, P., and €2 when G, = 1.0, M =
02, A=10, e=0.2, v=0.1and § = 0.1.

E. R, P B __Q -f1M0) -0(0)
05 075 071 05 05 11502 1.4569

1.0 1.1400  1.4926
2.0 1.1181 1.5667
0.5 1.1319  1.5154

1.0 1.1502  1.4569

2.0 1.1685  1.3967

0.71 1.1502  1.4569

1.0 1.1588  1.4356

2.0 1.1823  1.3780

0.1 1.0606  1.4561

0.3 1.1047  1.4565

0.5 1.1502  1.4569

0.2 1.0741 1.4558
0.3 1.0995  1.4562
0.4  1.1249  1.4565

—#'(0) increases for increasing 3 and 2 but decreases for increasing
R, and P.,.

Figs. 2 present the effects of Eckert number on temperature pro-
file. According to Fig. 2, increasing values of Eckert number sig-
nificantly enhance the temperature profile. Physically, this is true
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owing to the fact heat energy is being generated within the fluid
due to the presence of frictional heating. The impact of Prandtl
number P, on the fluid temperature is presented in Fig. 3. It is no-
ticed that for the larger values of Prandtl number, the temperature
profile decreases. Physically, larger values of P, lowers the thermal
diffusivity which results in the decrease of energy transfer ability.
This finding is in agreement with the result obtained by Hsiao [26].
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FIGURE 2. Temperature profile for various values of
Eckert number F,.

Fig. 4 describes the impact of Frank-Kamenetskii parameter ¢
on the fluid flow. From the graph, it is seen that increase in Frank-
Kamenetskii parameter raises the fluid temperature. In Fig. 5, the
influence of Grashof number G, on the velocity profile is presented.
It is observed that an increase in the Grashof number leads to in-
crease in the velocity field. Physically, GG, > 0 represents heating
of the fluid or cooling of the boundary surface, while G,. < 0 means
cooling of the fluid or heating of the boundary surface and G, =0
corresponds to the absence of natural convection current. Hence,
a large value of G, indicates small viscous effects in the momen-
tum equation and thus, leads to increase in the fluid velocity. The
behavior of the temperature profile for various values of reactant
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consumption parameter 7 is plotted in Fig. 6. It is obvious that the
temperature profile increases as the values of reactant consumption
parameter increases.
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FIGURE 4. Temperature profile for various values of
Frank-Kamenetskii parameter 4.



INSIGHT INTO THE EFFECTS OF THERMAL RADIATION ...

——G, =005
-—--G,=0.15 |
——— G,=025 |

Gr =0.35
0.7 r B

0.9

0.8

04F \ 1
0.3 W |
0.2 N\ 1

0.1+ L ,

FiGURE 5. Velocity profile for various values of
Grashof number G,.

05F -

v=0.01
0.45 -——-y=0.02 {

L. —==y=0.03
041 s 7=0.04 1
0.35 [~ ~ _ \\ N 4

~< o
0.3 RN o .
~ N
~ N,
~ N,
= 0.25¢ AN 1
\\ N
~ N,
02+ AN |
NN
\\ .
N
0.15 F N .
NN
NN
0.1 \i'\‘ )
3N
AN

0.05 - NG

\&

0 : : : : : : :

0 0.5 1 1.5 2 25 3 35 4

FIGURE 6. Temperature profile for various values of
reactant consumption parameter ~.



40 D. J. SAMUEL AND B. I. OLAJUWON

The impacts of magnetic parameter M on velocity and temper-
ature distributions are depicted in Figs. 7 and 8. It is observed
in Fig. 7 that growing values of magnetic parameter decreases
the velocity profiles. Physically, the magnetic parameter produces
Lorentz force which slows down the flow of the fluid. Fig. 8 ex-
hibits the impact of magnetic parameter on temperature profile.
Obviously, growing values of magnetic parameter M increases the
temperature profile. In Fig. 9, the influence of Deborah number )
on the velocity profile is shown. It is noticed that the velocity of
the fluid decreases with increasing values of Deborah number. This
observation corroborates the report of Zaidi and Mohyud-Din [27].
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F1GURE 7. Velocity profile for various values of mag-
netic parameter M.
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FIGURE 14. Temperature profile for various values

of activation energy parameter e.

Fig. 10 discusses the variation of thermal field versus variable ther-
mal conductivity parameter when v = 0.1. The fluid temperature
enhances when variable thermal conductivity parameter is incre-
mented. Obviously this is anticipated since thermal conductivity is
a direct linear function of temperature.

Fig. 11 depicts the impact of radiation parameter R, on tempera-
ture profile. it is observed that the enhancement of R, reduces the
fluid temperature. This is due to the emission of heat to the plate
by the fluid.

The influence of variable viscosity parameter S on the flow of
Maxwell fluid has been demonstrated in Fig. 12. Here, a decrease
in the fluid flow is noticed due to larger values of variable viscosity
parameter. Also, Fig. 13 demonstrates a decrease in temperature
distribution for various values of variable viscosity parameter. Fig.
14 illustrates the behavior of temperature profile for different val-
ues of activation energy parameter €. It is observed that the tem-
perature of the fluid decreases as the activation energy parameter
increases.
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5. CONCLUSION

In this study, numerical solutions for steady boundary layer flow
and heat transfer along a stretching sheet are examined for chem-
ically reactive Maxwell fluid in the presence of Ohmic heating and
thermal radiation. The governing non-linear problem is solved nu-
merically via Runge-Kutta Fehlberg method. The findings of this
study are as follows::

(1) Fluid velocity is a decreasing function of magnetic parame-
ter, Deborah number and variable viscosity parameter whereas
larger values of Grashof number increases the fluid velocity;

(2) the temperature profiles increase in the presence of Frank-
Kamenetskii parameter, reactant consumption parameter,
Eckert number, thermal conductivity parameter and mag-
netic parameter whereas a reverse effect is noticed in the
presence of thermal radiation parameter and activation en-
ergy parameter;

(3) the Skin friction coefficient enhances with larger values of
variable viscosity parameter, radiation parameter, Deborah
number and Prandtl number but decreases with increase in
Eckert number; and

(4) the numerical values of local Nusselt number are larger when
values of physical parameters Eckert number, Deborah num-
ber and variable viscosity increases whereas reverse trend is
observed with larger values of Prandtl number and radiation
parameter.
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