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Abstract
Entropy generation in form of heat dissipation destroys useful energy which accounts for the underperformance and 
decrease in the thermodynamic efficiency of a system. Since micropolar fluid is used as a working fluid in many techno-
logical and industrial processes, it is therefore necessary to examine the influence of all factors that can enhance entropy 
production so as to achieve the best energy systems design. In this paper, the influence of Hall current and ion-slip on 
the entropy generation rate of micropolar fluid is investigated. An applied uniform magnetic field acts in a perpendicular 
direction to the flow of fluid. The nonlinear coupled partial differential equations used to model the micropolar fluid flow 
are transformed to ordinary differential equations by using appropriate similarity variables. The differential equations 
obtained are solved by applying differential transform method. The results for velocity profiles, temperature profile and 
microrotation are used to determine fluid irreversibility and Bejan number. To get a clearer view of the study, the effects 
of various parameters such as Hall, ion-slip, magnetic field and coupling number on primary velocity, secondary velocity, 
temperature profile, microrotation, entropy generation and Bejan number are presented and explained via plots. The 
results show that entropy generation is reduced as coupling number and magnetic parameter increase, Bejan number 
receives a boost with increase in coupling number and magnetic parameter. Furthermore, heat irreversibility is more 
dominant than fluid friction irreversibility at the region close to the channel walls.
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List of symbols
(u,w)	� Components of dimensional velocities
(f , g)	� Components of dimensionless velocities
n2	� Micropolar parameter
N	� Coupling number
Gr	� Grashof number
Re	� Reynolds number
G	� Constant pressure gradient
B2
0
	� Uniform transverse magnetic field

U0	� Characteristic velocity

aj	� Micro-inertial parameter
Cp	� Specific heat capacity
R	� Suction/injection Reynolds number
h	� Channel width
kf 	� Thermal conductivity
m	� Hall current parameter
M	� Hartmann number
Pr	� Prandtl number
T 	� Temperature of fluid
T0	� Reference temperature
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Br	� Brinkman number
EG	� Local volumetric entropy generation rate
K 	� Rotation parameter
Be	� Bejan number
Ns	� Dimensionless entropy generation parameter

Greek letters
�	� Fluid density
�	� Viscosity
�	� Electrical conductivity
Ω	� Temperature difference
Ω∗	� Angular velocity
�	� Microrotation component
�	� Similarity variable

1  Introduction

Advancement in technology has led to a renewed interest in 
the investigation of non-Newtonian fluids because several 
important fluids available for engineering and industrial 
processes possess some flow properties that are not cap-
tured by Newtonian fluid model. As a result, various models 
have been proposed. Some of these are third grade fluid, 
couple stress fluid, micropolar fluid-a subclass of microfluids 
which was first investigated by Eringen [1]. Micropolar flu-
ids have distinguishing features such as the local structure 
effects, which are microscopic and micro-motion of the fluid 
elements, stresses due to couple, and so on. It has impor-
tant applications in exotic lubricants [2], animal blood [3], 
liquid crystals with rigid molecules [4], and some biologi-
cal fluids [5]. Excellent research analysis on the significance 
and applications of this type of fluid has been investigated 
over the past few decades. Boundary layer flow solution of 
a polar fluid was considered by Ebert [6]. Heruska et al. [7] 
considered micropolar flow past a porous stretching sheet. 
Khonsari and Brew [8] presented the study on finite journal 
bearing with micropolar fluid used as a lubricant. Chemical 
reaction effect on micropolar fluid through vertical surface 
was studied by Gorla [9], Desseaux and Kelson [10] pre-
sented micropolar fluid flow through a stretching sheet. 
Nazar et al. [11] discussed the stagnation point flow of a 
micropolar fluid towards a stretching sheet.

In recent times, research work in this direction has 
attracted the attention of investigators such as Mahmoud 
and Waheed [12] who presented hydromagnetic flow and 
heat transfer of a micropolar fluid. Oahimire and Olaju-
won [13] discussed the mixed convection hydromagnetic 
micropolar fluid. Perturbation technique was applied to 
tackle the dimensionless equations obtained from the gov-
erning equations. Olajuwon et al. [14] also investigated the 
unsteady case of viscoelastic mixed convection micropolar 
fluid with thermal radiation and Hall current effects.

Attention of several researchers has been drawn to the 
significance of Hall current and Ion slip in the past few dec-
ades, due to the fact that several physical situations such 
as magnetohydrodynamic generators, Hall accelerators, 
flight magnetohydrodynamics, electrostatic precipitation 
require the inclusion of Hall current. It occurs in the pres-
ence of strong magnetic field or low density in an electri-
cally conducting fluid.

In Hall current, the induced current in the fluid is con-
ducted by electrons and collide vigorously with other 
neutral or charged particles. The collision of these charged 
particles resulted in the reduction of conductivity parallel 
to the electric field while it enhances the conductivity in 
the direction normal to both electric and magnetic fields.

Meanwhile studies have revealed that Coriolis force 
cannot be ignored due to its significant influence on fluid 
dynamics of the system. It induces secondary flow in the 
flow field. Its applications are found in the estimation of the 
flight path of rotating wheels and spin-stabilized missiles, 
monitoring the movement of oil and gas through the reser-
voirs, rotating heat exchangers, manufacturing of turbines 
and turbo mechanics. Further applications are in the studies 
of maintenance and secular variations in Earth’s magnetic 
field due to motion of Earth’s liquid core, internal rotation 
rate of the Sun, structure of the magnetic stars, solar and 
planetary dynamo problems, turbo machines, rotating MHD 
generators and rotating drum separators for liquid metal.

In view of the above, several investigations have been 
conducted. The first significant work on Hall-magnetohydro-
dynamic was carried out by Sato [15], the result shows that 
fluid flow becomes secondary in nature. Seth [16] presented 
the influence of Hall currents on unsteady hydromagnetic 
flow in a rotating channel with oscillating pressure gradient. 
Furthermore, Linga and Rao [17] considered the effect of 
Hall current on temperature distribution in a rotating ion-
ized hydromagnetic flow between parallel walls. Bég et al. 
[18] studied the combined effects of Ohmic dissipation, 
Hall current and ionslip on transient MHD flow in a porous 
medium channel. Recently, Seth et al. [19] investigated the 
effects of Hall current and rotation on unsteady MHD cou-
ette flow in an inclined magnetic field. Very recently, Ani-
masun et al. [20] investigated the significance of Lorentz 
force and thermoelectric on the flow of 29 nm cuo–water 
nanofluid on an upper horizontal surface of a paraboloid 
of revolution. It was posited that at higher values of Hall 
parameter the domain of cross-flow velocity can be signifi-
cantly reduced. Other related studies are [21–25].

However, the irreversibility analysis of micropolar fluid 
has not been adequately considered despite the fact that 
the performance of thermal devices is always affected by 
fluid irreversibility which usually results in the enhancement 
of entropy generation and reduction of thermal efficiency. 
Since the introduction of second law of thermodynamics 
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for irreversibility analysis by its proponent, Bejan [26], the 
approach has found application in several fluids flow such 
as third grade fluid [27–29], couple stress fluid [30–33], 
nanofluid [34], Couette flow [35], Poiseuille flow [36] and 
even micropolar fluid [37, 38], others are found in Refs. 
[39, 40]. Motivated by Srinivasacharya and Bindu [38], this 
work seeks to analyse the entropy generation due to Hall-
magnetohydrodynamics and Coriolis effects on micropo-
lar fluid flow. The solutions of the governing equations are 
obtained by an efficient and rapidly convergent differential 
transform method (DTM). The convergence of this technique 
is addressed in the following references [41–43].

1.1 � Mathematics analysis

A steady magnetohydrodynamic incompressible, viscous 
and electrically conducting micropolar fluid between 
two infinite vertical plates of distance 2h is investigated. 
The coordinate system chosen is such that the x-axis is 
along the vertical upward direction, the y-axis is along the 
width of the plate and the z-axis is taken normal to the 
plane of the plate, as depicted in Fig. 1. Assumption that 
the physical quantities depend on y only is also taken. In 
addition, a magnetic field of constant strength B0 is intro-
duced in a direction parallel to z-axis in a perpendicular 
direction to the fluid flow. The effect of fluid polarization 
is not significant due to the assumption that applied or 
polarized voltage is not introduced corresponding to case 
where there is no addition or removal of energy from the 
fluid by any electrical means. It is further assumed that the 
entire system rotates about the normal axis to the plate 
with an angular velocity of Ω∗ and the plate is subjected to 
a constant suction such that v0 > 0 is the velocity for suc-
tion and v0 < 0 is the velocity of injection. The equations 
governing the flow of fluid under the usual Boussinesq 
approximation are given by

Continuity equation

Momentum equation in x-direction

Momentum equation along y-direction

Angular momentum equation

Energy equation

and the boundary conditions:

The following dimensionless variables are introduced

It is obvious that the continuity Eq. (1) is satisfied by 
using (7) and (2)–(6) yield
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Fig. 1   Diagrammatic representation of the problem
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In this work, primes are used to denote differentiation 
with respect to �.

1.2 � Differential transform solution procedure

The basic principle of differential transformation method 
(DTM) is introduced in this section. Consider a function, 
f (y) , then the differential transform of the k th derivative 
of f (y) is given by

(9)

1

1 − N
g�� + Rg� − K2f +

N

1 − N
h� +

M2

(

1 +m2
) (mf − g) = 0
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(
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)

]

= 0

(12)

f = 0, g = 0, h = 0, �� = 1; � = 1 ∶ f = 0,

g = 0, h = 0, �� = 0; � = −1

(13)F(s) =
1

s!

[

dsf (y)

dys

]

y=0

The inverse differential transform of F(s) is given by

Some of the basic DTM theorems that are applicable in 
this paper are as follows:

Theorem 1  If f (y) = p(y) ± q(y) , then F(s) = P(s) ± Q(s).

Theorem 2  If f (y) = �p(y) , then F(s) = �P(s) , where � is a 
given constant.

Theorem  3  If f (y) = dnp(y)

dyn
 , then F(s) = (s + 1)(s + 2)…

(s + n)P(s + n).

Theorem 4  If f (y) = p(y)q(y) , then F(s) =
∑s

r=0
P(r)Q(s − r).

By applying DTM and relevant theorems from Theorems 
1, 2, 3 and 4, one obtains the following iterative schemes:

(14)f (y) =

∞
∑

s=0

ysF(y)

(15)

F(s + 2) = −
1 − N

(s + 1)(s + 2)

[

R(s + 1)F(s) + K2G(s) −
N

1 − N
(s + 1) +

Gr

Re
Θ(s) − A +

Gr

Re
Θ(s) +

M2

(

1 +m2
){F(s) +mG(s)}

]

(16)G(s + 2) = −
1 − N

(s + 1)(s + 2)

[

R(s + 1)G(s + 1) − K2F(s) +
N

1 − N
(s + 1)H(s) +

M2

(

1 +m2
){mF(k) − G(s)}

]

(17)H(s + 2) =
n2

(2 − N)(s + 2)!

[

aiR
(

1 − N

N

)

(s + 1)H(s + 1) + 2H(s) + (s + 1)F(s + 1)

]

(18)

Θ(s + 2) =
1

(s + 1)(s + 2)

[

RePr(s + 1)Θ(s + 1) −
Br

1 − N

{

s
∑

r=0

(r + 1)(s − r + 1)F(r + 1)F(s − r + 1)

+

s
∑

r=0

(r + 1)(s − r + 1)G(r + 1)G(s − r + 1) + 2N

(

H(r)H(s − r) +

s
∑

r=0

H(r)(s − r + 1)F(s − r + 1)

)

+
N(2 − N)

n2

s
∑

r=0

(r + 1)(s − r + 1)H(r + 1)H(s − r + 1) +M2(F(r)F(s − r) + G(r)G(s − r))

}]

where F(s) , G(s) , H(s) and Θ(s) are the differential trans-
formed functions of f (�) , g(�) , h(�) and �(�) respectively.
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Let us designate

whose values  are  to  be determined us ing 
f = g = h = 0, �� = 1, � = 1 and f = g = h = �� = 0, � = −1.

The approximants for f (�) , g(�) , h(�) and �(�) can now 
be obtained using the iterative formulas in Eqs. (15)–(18).

The entropy generation expression for an incompress-
ible micropolar fluid can be stated as [26] 

and the dimensionless form is obtained by using (7) in 
(20) to give

The entropy generation distribution is determined by 
Bejan number (Be) , this is stated as

where
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The Bejan number ratio in Eq. (22) is an indication of 
Bejan number variation from 0 to 1 which reveals that vis-
cous dissipation irreversibility is dominant when Be = 0 
and heat transfer irreversibility dominates entropy produc-
tion at Be = 1 . However, equal contribution from viscous 
dissipation irreversibility and heat transfer irreversibility to 
entropy production is noted when Be = 0.5.

To validate the results obtained using the differential 
transform technique described above, the results are com-
pared with Srinivasacharya and Bindu [38] as shown in 
Table 1 at N = 0.1 , n = 1 , A = −1 , R = 0 , � = 0 , K = 0 , Gr = 0 , 

Table 1   Comparison of the 
solution of the velocity and 
microtation profiles with 
Srinivasacharya and Bindu [38] 
at N = 0.1 , n = 1 , A = −1 , R = 0 , 
� = 0 , K = 0 , Gr = 0 , M = 0

η Velocity profile f(η) Microrotation profile h(η)

Srinivasacharya and 
Bindu [38]

Present Srinivasacharya and 
Bindu [38]

Present

− 1 0 − 6.9889 × 10−18 0 − 1.4374 × 10−18

− 0.8090 1.557 1.557 − 0.0204 − 0.0204
− 0.6129 0.2817 0.2817 − 0.0275 − 0.0275
− 0.4258 0.3696 0.3696 − 0.0248 − 0.0248
− 0.2181 0.4302 0.4302 − 0.0147 − 0.0147
0 0.4518 0.4518 0 − 1 × 10−18

0.2181 0.4302 0.4302 0.0147 0.0147
0.4258 0.3696 0.3696 0.0248 0.0248
0.6129 0.2817 0.2817 0.0275 0.0275
0.8090 1.557 1.557 0.0204 0.0204
1 0 − 6.9869 × 10−18 0 − 2.5645 × 10−18

M = 0 are presented. The approximate solutions for the 
velocity (8) and micrototation (10) profiles are obtained as 
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Fig. 2   Velocity profiles for 
Hall curent (m), ion-slip (K), 
coupling number (N) and mag-
netic field (M) parameter
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(24)
f (�) = 0.45179445044303724 − 0.45353088643367002�2 + 1.7543859649122807 × 10−20�3

+ 0.0016794436743871474�4 + 8.7719298245614035 × 10−22�5 + 0.000055981455812904913�6

+2.0885547201336675 × 10−23�7 + 9.9966885380187337 × 10−7�8 + 2.9007704446300936 × 10−25�9 +…

Fig. 3   Temperature profiles for Hall curent (m), ion-slip (K), coupling number (N) and magnetic field parameter (M)
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and

2 � Results and discussion

The equations governing the motion of a micropolar 
fluid as shown in Eqs.  (7)–(11) are analytically tackled 
using differential transform technique. The effects of vari-
ous physical parameters governing the flow on primary 
velocity, secondary velocity, temperature, microrotation, 
entropy generation and Bejan number are carried out for 
1 ≤ M ≤ 2 , 0.1 ≤ N ≤ 0.5 , 1 ≤ K ≤ 6 and 0.3 ≤ m ≤ 1 while 
n = 2 , A = −1 , Gr = 1 , s = 1 , aj = 0.001 , Pr = 0.71 , Br = 0.5 
are fixed.

In Fig. 2 the response of fluid velocity to variation in 
Hall current parameter, ion-slip parameter, coupling num-
ber and magnetic field parameter is displayed. In Fig. 2a, 
b primary velocity decelerates and reached minimum at 
� = 0 while secondary velocity is enhanced and attained 
maximum at � = 0 . The boost in secondary velocity is 
due to the reduction in the damping effect of magnetic 
field as the values of Hall parameter rise. This implies that 
higher values of Hall parameter reduce the resistive force 
imposed by the applied magnetic field. It is observed in 

(25)
h(�) = −1 × 10−18 + 0.070617728673400420� − 5.2631578947368422 × 10−19�2

− 0.057177746975485895�3 − 4.3859649122807017 × 10−20�4 − 0.0033588873487742948�5

− 1.4619883040935672 × 1021�6 − 0.000079973508304149875�7 − 2.606934001670843 × 10−23�8

Fig. 2c, d that primary velocity decelerates while secondary 
velocity receives a boost as rotation parameter increases 
in magnitude. This observation is attributed to the dom-
inance effect of Coriolis in the area close to the wall of 
rotation which consequently accelerates secondary fluid 
velocity. Figure 2e, f, g, h depict that fluid motion deceler-
ates as both coupling number and magnetic field parame-
ter increase. The reduction in fluid motion is caused by the 
resistive force produced as a result of the applied magnetic 
field to the electrically conducting fluid which tends to 
slow down fluid velocity as displayed in Fig. 2g, h.

Fluid temperature behaviour to variation in Hall param-
eter, ion slip parameter, coupling number and magnetic 
parameter are illustrated in Fig. 3. A significant reduction 
in fluid temperature as Hall parameter, coupling number 
and magnetic parameter increase in values as displayed in 
Fig. 3a, c, d while ion slip parameter enhances fluid tem-
perature considerably in Fig. 3b. Furthermore, Fig. 4a illus-
trates that increase in coupling number reduces mirorota-
tion profile. This observation is attributable to the 
reduction in fluid Newtonian viscousity since N represents 
the coupling of the Newtonian viscousity (�) and rota-
tional viscousity (�) 

(

N =
�

�+�

)

 such that 0 < N < 1. 

The effects of magnetic parameter and coupling num-
ber on the entropy generation and Bejan number are pre-
sented in Figs. 5 and 6. It is noted in Fig. 5a that there is no 
significant change in entropy generation as Hall parameter 
values vary. However, reduction in entropy generation is 
observed as Ion-slip parameter, magnetic parameter and 
coupling number increase in magnitude as depicted in 
Fig. 5b, c, d. The result of this work could be utilised to 
scale down entropy generation rate in systems design and 
manufacturing industries. It further reveals that entropy 
generation minimisation (EGM) goal is realisable. Finally, 
in Fig. 6a, b the Bejan number is enhanced as magnetic 
field parameter and coupling number increase. However, 
the rise in Bejan number is more significant at the channel 
walls region, this indicates the dominance of heat transfer 
irreversibility over fluid friction irreversibility. Generally, it 
is observed that the plots for the entropy generation and 
Bejan number are parabolic and as N → 0 the entropy 
generation is drastically reduced at the channel walls but 
becomes less pronounced at the centre line.

Fig. 4   Microrotation profile for coupling number (N)



Vol.:(0123456789)

SN Applied Sciences (2020) 2:18 | https://doi.org/10.1007/s42452-019-1783-7	 Research Article

3 � Conclusion

In this study, investigation has been conducted on the 
entropy generation of Hall and ion-slip effects on MHD 
micropolar flow past a vertical plate. The differential trans-
form technique was employed to obtain the solutions of 
the velocity, temperature and microrotation profiles. The 
solutions are substituted in the expressions for the entropy 
generation and Bejan number. The results are presented 

and explained using Figs. 2, 3, 4, 5 and 6. The main findings 
of this present investigations are outlined below.

	 (i)	 Increase in Hall effect, ion-slip parameter, coupling 
number and magnetic parameter increase primary 
velocity;

	 (ii)	 Secondary velocity increases with Hall and ion-slip 
effects while coupling number and magnetic field 
reduce secondary velocity;

Fig. 5   Entropy generation for Hall curent (m), ion-slip (K), coupling number (N) and magnetic field parameter (M)
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	 (iii)	 Temperature profile is reduced as Hal parameter, 
coupling number and magnetic parameters are 
increased while ion-slip e parameter increased fluid 
temperature;

	 (iv)	 Coupling number reduced microrotation;
	 (v)	 Entropy generation is reduced as coupling number 

and magnetic parameter are increased;
	 (vi)	 Bejan number is enhanced with increase in cou-

pling number and magnetic parameter;
	 (vii)	 Heat irreversibility is more dominant than entropy 

generation due to fluid friction at the region close 
to the wall channels than at the centreline.
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