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Abstract

This research work examines the influence of thermal radiation on the flow of a reactive hydromagnetic couple stress
fluid flowing through a passable channel under the drive of heat source. The analytical expressions for the momentum
and heat transfer are obtained to find the entropy generation rate using the modified Adomian decomposition method
(mADM). The results are correlated with previously obtained results in the bid to ascertain and verity the efficacy of the
mADM and mostly for end users to be able to predict the safe and unsafe situations. In addition to that, the effects of
thermal radiation and other thermophysical parameters on fluid motion, energy transfer and rate of entropy generation
are shown and discussed in tables and graphs.

Keywords Thermal radiation - Hydromagnetic - Couple stress - Reactive fluid - Heat source - Porous medium - Modified
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1 Introduction

Lately, researchers have been immersed on the study of
flows on non-Newtonian fluids such as the chemically
reactive and hydromagnetic fluids, conductive couple
stress under the impact of thermal radiation because of
its applicability in modern technology and industries. As
explained in [1], such fluids are important in the explora-
tion of crude oil from petroleum products, solidification of
liquid crystals, cooling of metallic plates in bath to men-
tion few. Furthermore to this, Eegunjobi and Makinde [1]
in the analysis done on the hydromagnetic flow of couple
stress fluid with radiative heat in a channel filled with a
porous medium whereby it significantly interpreted the
various factors affecting fluid matters, thermal energy
transfer and rate of entropy generation of the flow regime.

Nonetheless, Adesanya and Makinde [2] investigated
the natural irreversibility in thin flow of a viscous incom-
pressible couple stress fluid down an inclined heated plate
with adiabatic free surface flow where the aftermath of
increasing values of couple stress parameter are observed
to curtail the flow motion and temperature distributions.
In addition to this, the couple stress fluid theory general-
ises the classical viscous Newtonian fluids which allow the
maintenance of couple stresses and body couples in the
fluid medium as explained in [3]. Likewise, many hydro-
magnetic reactive flow are often supplemented with heat
transfer in many technological applications where differ-
ent kinds of fluids are used as grease and oil. As a conse-
quence of these, Adesanya et al. [4] delved into the rate of
entropy generation in a reactive couple stress fluid flow
through a passage saturated with porous materials. Also,
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Hassan et al. [5] investigated the effect of temperature-
dependent fluid density on a reactive couple stress fluid
flowing steadily in a vertical channel saturated with porous
materials. Other studies carried out lately that shows the
usefulness of couple stress fluid can be found in [5-10].

However, the significant impact of magnetic influ-
ence on any fluid flow can not be neglected. For example,
Sheikholeslami et al. [11-16] devoted all their studies on
the influence of variable magnetic field strength both on
external and internal impact on fluid flow passing through
porous cavity and on its solidification. In addition to that,
Sheikholeslami and Zeeshan [17] analysed the flow and
heat transfer in water based nanofluid due to magnetic
field in a porous enclosure with constant heat flux and
a rise in heat transfer augmentation is observed with
increase of inclination angle and magnetic field strength
parameter. Other related studies that showed the signifi-
cant influence of magnetic field on flow regime can be
found in literature such as [18, 19].

At the same time, the impact of thermal radiation on
fluid flow cannot be overlooked owing to the substantive
role it plays in space engineering as in [15, 20-22]. Most
importantly, Mukhopadhyay [23] highlighted that thermal
radiation impacts can play a vital role in monitoring heat
transfer in polymer processing industries where the fea-
ture of the end product depends on the heat controlling
factors determine the end product. The impact of thermal
radiation on fluid motion and energy transfer problems are
extensively mentioned in [24-28] but Mukhopadhyay and
Layek [29] stated that very limited aspect on the impact
of thermal radiation is studied. Also, the influence of ther-
mal radiation and electric field on nanofluid hydrothermal
treatment is presented in [22] together with [15] where the
impact of external magnetic source is considered.

However, it is known that temperature may criti-
cally change the substantial properties of fluid and this
becomes quite difficult to predict the safe and unsafe
situations. In order to predict the flow behavior with the
influence of thermal radiation, this research objectively
examines the impact of thermal radiation on a reactive
hydromagnetic heat generating couple stress fluid flow-
ing steadily through a porous medium. The dimension-
less expressions for fluid velocity and heat transfer are
achieved using modified Adomian decomposition method
(mADM). This method is very productive in such a way that
it does not require any of linearisation, discretization and
the use of guess value or perturbation technique as dis-
cussed in [20]. Moreso, the literature is rich on the mADM
and investigation are readily available in [30-33] includ-
ing the convergence with size-able iteration in [34, 35].
The comparison of the accuracy and its convergence were
prepared in tables with respect to exact solution of fluid
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motion and discussed quantitatively the other thermo-
physical parameters present in the flow system.

2 Mathematical formulation

Consider a reactive MHD fluid of unidirectional flow of a
combustible couple stress fluid through a porous channel
with isothermal walls situated at y = 0 and y = h with the
effect of heat source and thermal radiative flux as shown in
Fig. 1.The flow is activated by a regular pressure gradient in
the direction of the fluid flow under the influence of attrac-
tive magnetic field strength B,,. Neglecting the consumption
of the reactant, the internal heat generated is assumed to be
a linear relation of temperature and the thermal radiation,
following [4, 20], the equations governing the fluid motion
and heat transfer are given in non-dimensionless form as:

0o=_dP ﬂdz_a_ﬁa_ ﬂ_G_BSU 1)
dx d)_/z K d)74 p
2T E =\ 2 632
0= kd—z +QC,Ae 7 +u<d—ﬂ> + A7 4 o7
dy dy K p
5\ 2 q (2)
+1 d__Lzl +QO<T_T0>__q—r
dy dy

subject to the following boundary conditions

-/

w0)=u"(0)=u"(hy=tuh)=0 and TO) =Th) =T,

3)
Notably, the seventh and the last terms in Eq. (2) are
respectively the heat source within the flow system as
stated in [36-38] and the compelling aspect of the radia-
tive energy transfer as discussed extensively in [20, 23, 39].
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Fig. 1 The physical geometry of the flow regime
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Meanwhile, the Rosseland approximation for thermal
radiation is given as:

40* dT

[

q, = 4
! 3k* d}_/ @

where 6* represents the Stefan-Boltzmann constant and k*
stands for the mean absorption coefficient. A familiar infer-
ence with the difference in the temperature for the flow
regime is such that T% is expanded in Taylor series about
the free-stream temperature, T and by disregarding the
higher forms as accomplished in [20, 40] yield:

T*=4T2T - 3T (5)
and with that, the last term in (2) becomes:
dg,  160*T3 §T
dy 3k g

(6)

Additionally, the illustration representing the rate of
entropy generation of the fluid regime due to heat transfer
with appreciable radiative heat flux and the local entropy
for viscous dissipation, effect of porosity, couple stress
and magnetic field strength as discussed in [20] together
with [41, 42] where entropy generation of nanofluid with
numerical approach is hereby given as:

=\ 2 *T3 —\ 2
k (dT 1667T 1 <du> U—2
Ec=—=|— 1+ + = — ) +=u
G rg<dy/> l kk* T |“\ oy K

7)

In Egs. (1-7), p stands for pressure, u represents dimen-
sional axial velocity, T represents dimensional fluid tem-
perature and K is the porous medium permeability con-
stant, u stands for viscosity of the fluid, n represents the
couple stress coefficient, o is the electrical conductivity, p
denotes fluid density evaluated at the mean temperature
and h is the channel width. Also, k stands for thermal con-
ductivity of the fluid, T, represents the wall temperature,
Q is the heat of the reaction term, C is the reactant spe-
cies initial concentration, (x, y) respectively represent the
distance measured in the axial and normal direction, A is
the rate of reaction, E is the activation energy, U stands for
fluid characteristic velocity, R is the universal gas constant
and E. is the dimensional entropy generation rate.

Introducing the following dimensionless parameters and
variables in Egs. (1-7):

T E(T-T,)

y
= -, = , 9:—,
Y=h YT om RT2
h? dp _ RT,
uUdx" ~ E’
CQEAGH e oBIN
 RTZk ]
) (8)
7 1 K
= -, | = —, = e~ D = —,
=7 \/; P=Voa P"=p
5 U2 a2 QRT; &
T oA | YT QAECkS
166*T3 h2E2E,
Tk M T e

using the parameters and variables mentioned in Eq. (8)
into (1)-(7), thereby obtaining the following boundary
valued problems as:

+(B% + H*)u?| + wf) =0

subject to the boundary conditions

u@ =u"0)=u"(1H)=u(1)=0 and 6O0)=06(1)=0
(1)

and the rate of entropy generation dimensionless formis:

do\> &4 (du>2 1<d2u>2
N.=(1+ — ] +—= — ) +- =
o= a)<dy> e( dy/ = r\dy? (12)
+(A+H?)u?)

where u and 0 respectively stand for the motion and tem-
perature of the fluid. Also, a, v, 4, ¢, 8, f and w are respec-
tively parameters for conduction-radiation, the inverse
of couple stress, Frank-Kamenetskii, activation energy,
viscous heating, the porous medium permeability and
heat source. Additionally, / is a relation representing the
fluid molecular dimension, Da stands for Darcy number,
H is the Hartman number for the magnetic strength and
N, represents the dimensionless entropy generation rate.
Moreover, the solutions of Egs. (9—-11) exist naturally in a
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physical state, if and only if y # 0. Also, the present work
is the same as [4] when a, H and w are all equal to zero.

3 Method of solution

In order to seek the solutions of the dimensionless equations
(9) and (10) four and two times subject to boundary condi-
tions (11) to obtain the followings:

Ao 5 7 4 yoryoy
u(y):b0y+—y + ==y +y///

24 0 0 0
/y d’u
0

dy2

[ e (%)

+1 d'u)’ + (B +H*)u? | + w0 | dY dY
r \dy?

wherea, = u"’(0),b, = u’(0)and ¢, = 6’(0)which are to be
ascertained by making use of the other boundary condi-
tions stated in (11).

However, to obtain the solution to the governing equa-
tions (13) and (14), we introduce an infinite series solutions
in the pattern of

(13)

- (B + Hz)u(y)]dY dy dy dv

0(y) = coy —
(14)

uy)= Y u,y) and 0y) = 6,) (15)
n=0 n=0

The series in (15) is replaced in Egs. (13) and (14), to obtain
the following:

y 3, ¥ a4 N A 4
U(y)=boy+—y o)ty
0 0 0

d2
/ lwl dy dy dy dy
0

y y y
_ 2 2
) O]
y (o9
/0<r§)un(y)>deYdeY

(16)
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(Zn Od"(y))
0(y) = coy — e / / 1e(Zpg o))
oo 2 2 00 2
45 d(zn:o up¥)) + 1 d (Zn:O uy(¥)) dv d
dy /4 dy?

(s 2 [Se]
A
- +a[ 5(p% + H?) (Z n(y)> +w(r§)0n(y)>]dY dy

(17)

However, to make use of ADM, the non-linear termsin (16)
and (17) are thereby represented as:

d (Zn 0 n(y))

ZA ¥ =—=0

(Z,, =0 gn(y))

z B (,V) _ e1+s(2 F)n(y)),

ZCW) < (Zn(,ynw)), a8)

n=0 dyz

o0 [so] 2
2 EW) =<2 u,,<y>>
n=0 n=0

where the respective components Ay A A, ...,
By, By,B,, ... Co, Gy, Gy .. Dy, Dy, Dy, ...and Ey, E B, ... are
referred to as Adomian polynomials. As s result of that,
Eg. (18) is expanded to obtain the following:

Ay =ug (), Ay = Uiy, Ay =d) (), .
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00 el (y)+1
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With (18), the momentum and energy equations respec-
tively reduce to:

U(y)=boy+%y3+ =y +y/ / /
y (o)
/ <2An(y)>dY dy dy dy
0 n=0

ﬂ2+H2////<Zun0/)>deYdeY

(20)
y) y v | & e
1+a/O /0 [;Bn(ma(gocn(y)
'l [¢]
+ ZDn(y)>] dy dvy
- T[ (P +H?) <ZE (y)> +w<26 (y))]deY

(21)

0) = coy -

Therefore, following iterative relation with the zeroth com-
ponent as demonstrated in [32, 34, 43, 44] are obtained
as follows:

Y
24

y y y y
u1(y)=y////(A0(y))deYdeY
0 0 0 0
y y y y
—y(ﬂ2+H2)////(uo(y))deYdeY
0 0 0 0
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(24)
and
Oo(y)=0 (25)
0,(y) = coy = _/ / [BO(Y) + 5<Co(,V) + —Dy(y)

+(B2 + H2)Eg(y)) + @ O5(y)] dY dY
(26)
Yy y
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Therefore, Egs. (22)-(27) are thereby programmed in a soft-
ware package to secure the approximate series solutions
used and discussed in the next section as

k k
uy) =Y u,ly) and 6(y)= Y 6(y) (28)
n=0 n=0

However, to resolve the rate of entropy production rate
within the fluid particles channel which are continuous
due to transfer of heat and motion of the fluid. For easy
computation, we split-up N, in (12) as follows:

2 2
do oA du
N1 =(1+(1)<@> and N2=?(<@>
2 2
RIEH

where N, indicates the irreversibility due to heat transfer
with considerable radiative flux and N, is the restricted
entropy generation due to the outcome of viscous dissi-
pation, couple stress, porous permeability and magnetic
strength of the flow regime system.
In addition to that, the irreversibility distribution is

defined as (¢) and is given as:

N,
b= N_1 (30)
which shows that the heat transfer dominates when
0 < ¢ < 1land fluid friction dominates when¢ > 1.This
is used to determine the contribution of heat transfer in
many engineering designs. As an alternative to the irre-
versibility distribution parameter, the Bejan number (Be)
is defined as

Ny 1

Be = =——, where 0<Be<1
N, T+ (31)

Table 1 Rapid convergence of the series solution for a,, by and ¢,

n ag by G

€e=6=A=w=y=01,=H=1,a=05

0 —0.05 0.0041667 0

1 —0.049509 0.00411760 0.0330610

2 —0.049506 0.00411717 0.0332465

3 —0.049506 0.00411717 0.0332464

4 —0.049506 0.00411717 0.0332464

5 —0.049506 0.00411717 0.0332464
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Table2 Comparison of

- . u(y) Exact solutions mADM Absolute error
analytic result of velocity
profile obtained using mADM n=5y=1 f=H=0.1
0.0 0 0 0
0.1 0.003714710556602588 0.003714710555696317 9.06272 x 107"3
0.2 0.007024634023810835 0.007024634022067255 1.74358 x 10712
0.3 0.009612672016164964 0.009612672013677754 248721 x 107"2
0.4 0.011254570816901918 0.011254570813847566 3.05435 x 107"2
0.5 0.011816671865781496 0.011816671862366825 3.41467 x 10712
0.6 0.011254570817331508 0.011254570813837066 3.49444 x 1072
0.7 0.009612672016903929 0.009612672013685293 3.21864 x 10712
0.8 0.007024634024623323 0.007024634022058159 256516 x 10712
0.9 0.003714710557162858 0.003714710555703685 145917 x 1072
1.0 0 1.056312866202 x 10714 1.05631 x 1074
B=H=1} {6=5,A=05,(6=01)=€=01,=H=w=1}
u(y) o(y)
____________ »¥=03
e - Y=0.:; N 0.030 /”’ o S »y=02
e u . ’ »y=0.1
0.003 | /,' sv=02 N 0.025 / y
\ N
/ \ 0.020 \
L 4 \
0.002 // eor \ 0.015
/ \
7 R 0.010
0.001f  / \
4 \\ 0.005
0.2 0.4 0.6 0.8 107 0.2 0.4 0.6 0.8 10”7
Fig.2 Effects of y on u(y) Fig. 4 Effects of y on 6(y)
B=y=1 {6=5A=05a=€=w=01,=y=1}
u(y) o(y)
0.012} ” e ,sz 0.04} e - »H=3
0.010 Y TN\ H=3 O e
ya \ 0.03f W
0.008 Vs “\ J
V3 \\: V4
4 N J
0.006 | 002l 7/
0.004 |
0.01}
0.002 |
02 04 06 08 107 ‘ ‘ ‘ ‘ y
- - : : - 0.2 0.4 0.6 0.8 1.0
Fig. 3 Effects of H on u(y) Fig.5 Effects of Hon 6(y)
4 Results and discussion

In this section, we discuss the physical impact of impor-

tant parameters on the

rate of entropy generation using tables and graphs. The

impact of thermal radiati

heat generating couple stress fluid flow through a porous
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channel is explained. In other words, our present result

fluid velocity, temperature and

on on a reactive hydromagnetic

here were discussed in [4].

shall be coequal to [4] when the conduction-radiation
parameter (a), magnetic strength parameter called Hart-
man number (H) and internal heat source parameter (w)
are all zero. Other effects of thermophysical parameters
present in the fluid flow system that are not mentioned
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Fig. 8 Effects of Hon N,

The Table 1 indicates the rapid convergence of the
series solution for the constants mentioned in Egs. (20)
and (21) with fewer iterations due to the mADM used
to obtain the series solutions. Also, Table 2 showed the
comparison of the series solution from mADM for veloc-
ity profile together with the exact solution. As observed,
the absolute error of an average order of 1072 shows the
efficiency and accuracy of mADM as alternative method

(6=5A=05w=e=a=01,H=8=1)}

0.2 0.4 0.6 0.8 1.0 Y
Fig.9 Effects of y on N,
(6=w=51=05¢e=a=01,H=8=1}
N
0.8}
0.7}
0.6
y »a=0.1
0.5 - »a=05
= »a=1 b
‘ : : : y
0.2 0.4 0.6 0.8 1.0

Fig. 10 Effects of e on N

{6=5,a=A=w=05,e=01,y=2,=1}

Fig. 11 Effects of H on Be

to obtain approximate solutions to differential equations
with either linear or non-linear terms or both.

The velocity distributions of fluid system with varia-
tion in inverse couple stress parameter (y) and magnetic
strength parameter (H) are respectively illustrated in Figs. 2
and 3. It is clearly seen that, the fluid velocity rises with
anincrementin (y) in Fig. 2 while the reverse is noticed in
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{y=6=w=5A=€=01,H=8=1}

0.06

0.04

0.02f

Fig. 12 Effects of « on Be

{(6=5a=A=w=€=01,H=p=1}
Be

0.25f ““
0.20
0.15[
0.10

0.05f

Fig. 13 Effects of y on Be

Fig. 3 as H increases which is due to the retarding effect of
magnetic strength in nature.

The temperature distributions of the fluid regime are
shown in Figs. 4, 5, 6 and 7 with respect to inverse couple
stress parameter (y) in Fig. 4, magnetic strength param-
eter (H) in Fig. 5, heat source parameter () in Fig. 6 and
conduction-radiation parameter (a) in Fig. 7. Clearly, it
is observed that the fluid temperature of the fluid rises
with rising values of (y) in Fig. 4 and H in Fig. 5. The fluid
property is due to the occurrence of Joules heating in heat
equation thereby enhancing the increment in fluid tem-
perature. Meanwhile, the converse is noticed in Figs. 6 and
7 where the increasing values of w in Fig. 6 and « in Fig. 7
bring about a reduction in fluid temperature due to the
thickness of fluid caused by inverse couple stress param-
eter and under the influence of thermal radiation.

The analysis of entropy generation in flow regime are
displayed in Figs. 8, 9 and 10. In Fig. 8, the maximum rate
of entropy generation occurs at the centreline of the flow
channel and reduces with rising values of the magnetic
strength parameter (H) while the maximum entropy gen-
eration rate occurs at the centreline of the flow channel
as well but rises with increasing value of inverse couple
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stress parameter (y) in Fig. 9. Interestingly, the entropy
generation rate occurs at the walls of the plate channel
and hereby slows down with the rising values of conduc-
tion-radiation parameter (). This shows that the impact
of thermal radiation only affects the rate of disturbance at
both upper and lower plates of the channel.

The Bejan number of fluid flow systems are displayed
in Figs. 11, 12 and 13. The irreversibility distribution ratio
occurs at the centreline of the flow regime. In Fig. 11, an
increment is noticed in Bejan number with rising values
of Hartman number (H). Meanwhile, the Bejan number
reduces with increasing values of conduction-radiation
parameter («) in Fig. 12 and inverse couple stress param-
eter (y) in Fig. 13.

5 Conclusion

In the present work carried out, the impact of thermal
radiation on a reactive hydromagnetic couple stress fluid
through a saturated channel filled with porous materials
under the control of internal heat generation is inves-
tigated. The equations which govern momentum and
energy are obtained using infinite series solutions in the
form of mADM. The expressive impact of thermal radia-
tion is broadly shown on the motion with the retarding
effect of magnetic strength, reduction in fluid tempera-
ture due to thickness of fluid caused by inverse couple
stress parameter, the rate of disturbance at both upper
and lower plates and Bejan number of the fluid; which is
a great insight to its application in industries and engi-
neering fields which cannot be underestimated.
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