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Parametric analysis of entropy generation
in magneto-hemodynamic flow in a
semi-porous channel with OHAM and DTM1
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Abstract. The magneto-hemodynamic laminar viscous flow of a conducting physiological fluid in a semi-porous channel
under a transverse magnetic field has been analyzed by the optimal Homotopy Analysis Method (OHAM) and Differential
Transform Method (DTM) under physically realistic boundary conditions first. Then as the main purpose of this study the
important designing subject, entropy generation of this system, has been analyzed. The influence of Hartmann number (Ha)
and transpiration Reynolds number (mass transfer parameter, Re) on the fluid velocity profiles in the channel are studied in
detail first. After finding the fluid velocity profiles, graphical results are presented to investigate effects of the Reynolds number,
Hartmann number, x−velocity of the moving plate, suspension height and dimensionless horizontal coordinate on the entropy
generation.
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Nomenclature

B strength of magnetic field
c nonlinear operator of the HAM
DTM differential transform method
Ha Hartmann number
OHAM optimal Homotopy analysis method
L linear operator of the HAM
l suspension height
Lx length of the moving plate
NG entropy generation parameter
P pressure
q mass transfer parameter (wall transpira-

tion velocity)
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Re Reynolds number
U dimensionless velocity in the x-direction
u dimensionless x−component velocity
u 0 x-velocity of the m
u∗ velocity component in the x direction
V dimensionless velocity in the y-direction
v dimensionless y−component velocity
v∗ velocity component in the ydirection
x dimensionless horizontal coordinate
x∗ distance in the x-direction parallel to the

plates
y dimensionless vertical coordinate
y∗ distance in the y-direction parallel to the

plates

Greek symbols

ρ biofluid density
ν kinematic viscosity of biofluid
σ electrical conductivity of biofluid
ε aspect ratio l

/
Lx

1. Introduction

Boundary-layer problem is one of the problems that
are described through nonlinear differential equations.
In most cases, nonlinear problems do not have precise
analytic solution. Boundary-layer flow and heat trans-
fer of viscous fluids over a stretching surface occurs
in many manufacturing processes, such as wire draw-
ing, metal extrusion, drawing of copper wires, hot
rolling, glass-fiber, glass blowing and metal spinning.
Magneto-hydrodynamics (MHD) is the study of the
interaction of conducting fluids with electromagnetic
phenomena [1]. The flow of an electrically conducting
fluid in the presence of a magnetic field is of impor-
tance in various areas of technology and engineering
such as MHD power generation, MHD flow meters,
MHD pumps, etc [2–4].

The conducting nature of blood has been con-
firmed to be generated by the presence of iron in the
hemeoglobin molecule as described in [5–7] and also
ionic content. The problem of control blood flow veloc-
ities in surgical procedures, magnetic drug targeting
[8] and evaluating the influence of strong magnetic
fields on the human circulation system. A number
of analytical and computational studies of magneto-
hemodynamic flows have been communicated. The

historical development of this subject was first pre-
sented by Bég [9] and Prasad et al. [10]. Keltner
et al. [11] conducted one of the first significant anal-
yses of magneto-hemodynamic flow, considering the
pressure changes in vessels of the human vascular
system. Sud and Sekhon [12] modeled the hydro-
magnetic blood flow via a rigid tube network using
finite elements, showing that both the intensity and
orientation of a magnetic field have substantial effects
on flow profiles. Rao and Deshikachar [13] used a
vorticity formulation to study oscillatory effects on
hydromagnetic blood flow in variable cross-section
channels, showing a distinct reduction in flow inten-
sity with applied magnetic field. Mustapha et al. [14]
studied axisymmetric magnetohydrodynamic blood
flow through the arteries having irregular shaped
multi-stenoses using the marker and cell (MAC) and
successive-over-relaxation (SOR) numerical methods,
aimed at evaluating magneto-therapy procedures. They
identified that the flow separation region contin-
ues to diminish with the increasing intensity of the
magnetic-field and vanishes for high Hartmann num-
bers. Newtonian viscous flows simulate accurately the
transport in larger blood vessels [15]. Further Newto-
nian viscous hydromagnetic physiological flow studies
have been communicated by Ramamurthy and Shanker
[16] and Takhar et al. [17]. Pulsatile heat transfer in
magnetic blood flow be studied by Bhargava et al.
[18]. Pandey and Tripathi [19] studied the hydro-
magnetic peristaltic flow in a conduit. Similar studies
were reported by Mekheimer [20] and Pandey and
Tripathi [21]. The numerical solution of magneto-
hydrodynamic (MHD) signal produced by moving
conductive blood flow in the great vessels of the heart,
under a static magnetic field done by Kainz et al. [22].
Das and Saha [23] studied magnetohydrodynamic pul-
sating blood flow in a rough thin-walled distensible
conduit. A analysis of a dusty model for the axi-
symmetric flow of blood through coaxial tubes such
that the outer tube with an axially nonsymmetreic has
been done by Mekheimer and Kot [24]. Porous tubes
by viscous non-conducting hemodynamic flow have
also received much attention in recent years owing to
applications in dialysis of blood in artificial kidneys
[25–27]. An exact solution of the Navier-Stokes equa-
tions for steady two-dimensional laminar flow of a
viscous, incompressible fluid in a channel with par-
allel, rigid, porous walls driven by uniform, steady
suction (or injection) at the walls be presented by
Berman [28]. More recently, Desseaux [29] extended
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Berman’s study to analyze the influence of a mag-
netic field on laminar viscous flow in a semi-porous
channel. Mekheimer et al. [30] studied the peristaltic
transport of an incompressible viscous fluid due to an
asymmetric waves propagating on the horizontal side-
walls of a rectangular duct under long-wavelength and
low-Reynolds number assumptions.

Most scientific problems and phenomena such as
Boundary-layer problem can convert to a nonlinear
systems of ordinary or partial differential equations.
In the present work we employ Berman’s similarity
transformation and study Berman-Desseaux flow i.e.
magneto-hemodynamic flow in a semi-porous chan-
nel. This allows the reduction of the governing partial
differential equations into a set of coupled nonlinear
ordinary differential equations. We have difficulty usu-
ally in finding their exact analytical solutions. Explicit
solutions to the nonlinear equations are of fundamental
importance. Except a limited number of these prob-
lems that have precise analytical solution, most of
them do not have analytical solution, so these nonlin-
ear equations should be solved using other methods.
In recent decades, much attempt has been done to
the newly developed methods to introduce an analytic
solution of these equations; one of these is pertur-
bation method [31] that is strongly dependent upon
the so-called “small parameters Thus, it is worthwhile
developing some new analytic techniques independent
of small parameters. In the other hand, the perturba-
tion method cannot provide us with a simple way to
adjust and control the convergence region and rate
of given approximate series. Another one method is
differential transform method that has been used in
resent years frequently, such as [32, 33]. In 1992, Liao
introduced the basic ideas of the homotopy in topol-
ogy to propose a general analytic method for nonlinear
problems, namely homotopy analysis method (HAM),
[34] that does not need to any small parameter. This
method has been successfully applied to solve many
types of nonlinear problems by others [35–37]. Based
on homotopy of topology, the validity of the HAM is
independent of whether or not there exist small param-
eters in the considered equation. Therefore, the HAM
can overcome the foregoing restrictions and limita-
tions of perturbation methods [38]. This method also
provides us with great freedom to select proper basic
functions to approximate solutions of nonlinear prob-
lems. Using one interesting property of homotopy, one
can transform any nonlinear problem into an infinite
number of linear problems.

In addition, another powerful semi-numerical
method, the differential transform method (DTM),
which is based on Taylor series expansion. The con-
cept of the DTM was first proposed by Zhou [39],
who solved linear and nonlinear problems in elec-
trical circuit problems. Chen and Ho [40] developed
this method for partial differential equations and
Ayaz [41] plied it to a system of differential equa-
tions. Jang et al. [42] presented the two-dimensional
DTM for the solution of partial differential equations.
This method has been successfully applied to var-
ious application problems. Other interesting studies
employing DTM simulation include Kumaz et al. [43]
and Rashidi et al. [44] for nanofluid heat and mass
transfer. Basiri Parsa et al. [45] presented the semi-
numerical techniques known as OHAM and DTM
for solution of the governing equations of present
problem.

In recent years, many studies have been published
on the entropy generation as an important thermody-
namic factor in theoretical and industrial applications.
Entropy generation analysis, which is a thermody-
namic approach, is used to optimize the thermal
engineering devices for higher energy efficiency [46].
The performance of engineering equipment in the pres-
ence of the irreversibilities is reduced and entropy
generation is a measure of the level of the available
irreversibilities in a process. Entropy generation can
be used as a quantitative measure of irreversibilities
that is associated with a process, because of this fact
that; the greater the entropy generation indicates the
greater the extent of irreversibilities.

Aiboud and Saouli [47] illustrated the applica-
tion of the second law analysis of thermodynamics
to viscoelastic magneto-hydrodynamic flow over a
stretching surface analytically using Kummer’s func-
tions. Rashidi et al. have been derived the entropy
generation equation for the steady MHD flow due
to a rotating porous disk in a nanofluid [48]. Also
the entropy generation in off-centered stagnation flow
towards a rotating disc has been analyzed parametri-
cally by Rashidi et al. [49].

In the present article, we review briefly the funda-
mentals of OHAM and the DTM and then apply both
methods to solve the transformed coupled nonlinear
ordinary differential equations for laminar magneto-
hemodynamic, viscous flow in a semi-porous channel.
The main goal of the present study is to analyzing the
entropy generation in this case. For this propose, results
of OHAM and DTM are used.
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Fig. 1. Schematic diagram of the problem.

2. Mathematical formulation

Present problem is laminar two-dimensional station-
ary flow of an electrically conducting incompressible
viscous fluid in a semi-porous channel consisting of a
long rectangular plate of length Lx in uniform trans-
lation in the x∗ direction and an infinitely long porous
plate situated at a vertical distance l above the first
plate. The distance between the two plates is l. The
physical fluid properties are constant. Lateral mass flux
is permitted i.e. a normal transpiration velocity, q, is
present at the porous plate. A uniform magnetic field
B is imposed in the y*-direction. The physical regime
is shown in Fig. 1 [29].

In the case of a short circuit the electrical field and
perturbations to the basic normal field can be neglected,
and furthermore in the absence of gravity forces, the
governing equations are as follows [50, 51]:

∂u∗

∂x∗ + ∂v∗

∂y∗ = 0, (1)

u∗ ∂u∗

∂x∗ + v∗ ∂u∗

∂y∗

= − 1

ρ

∂P∗

∂x∗ + ν

(
∂2u∗

∂x∗2 + ∂2u∗

∂y∗2

)
− u∗ σB2

ρ
, (2)

u∗ ∂v∗

∂x∗ + v∗ ∂v∗

∂y∗ = − 1

ρ

∂P∗

∂y∗ + ν

(
∂2v∗

∂x∗2 + ∂2v∗

∂y∗2

)
.

(3)
The appropriate boundary conditions for the veloc-

ity field are:

y∗ = 0 : u∗ = u∗
0, v∗ = 0, (4)

y∗ = h : u∗ = 0, v∗ = − q. (5)

The mean velocity U is evaluated by means of the
following relation:

U × h =
∫ h

0
u∗ × dy∗ = Lx × q. (6)

The following transformations:

x = x∗

Lx

, y = y∗

l
, (7)

u = u∗

U
, v = v∗

q
, Py = P∗

ρ.q2 . (8)

Now the two key dimensionless hydrodynamic
parameters namely the Hartmann number Ha (for mag-
netohydrodynamic body force effects) [29] and the
transpiration Reynolds number, Re for the lateral mass
flux and dynamic forces are defined:

Ha = Bl

√
σ

ρ.ν
, (9)

Re = lq

ν
. (10)

Substituting Equations (6–10) into Equations (1 and
3) leads to the dimensionless mass and momentum
conservation equations:

∂u

∂x
+ ∂v

∂y
= 0, (11)

u
∂u

∂x
+ v

∂u

∂y

= −ε2 ∂Py

∂x
+ v

lq

(
ε2 ∂2u

∂x2 + ∂2u

∂y2

)
− u

Ha2

Re
, (12)

u
∂v

∂x
+ v

∂v

∂y
= −∂Py

∂x
+ v

lq

(
ε2 ∂2v

∂x2 + ∂2v

∂y2

)
. (13)

In Equations (12 and 13), the quantity ε is defined as
the ratio of the distance l and a characteristic length Lx

of the moving plate. This ratio is normally small [29].
Berman’s similarity transformation is used to eliminate
the aspect ratio ε from the momentum Eqns,

v = − V (y) , u = u∗

U
= u0 U (y) + x

dV

dy
. (14)

Substituting Equation (14) in the second momen-
tum equation (13) shows that quantity ∂Py

/
∂y does not
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depend on the longitudinal variable x. Inspection of the
first momentum equation, also reveals that ∂2Py

/
∂x2

is independent of x. Separation of variables (omitting
the asterisks) leads to

V ′2 − VV ′′ − 1

Re
V ′′′ + Ha2

Re
V ′

= ε2 ∂2Py

∂x2 = ε2 1

x

∂Py

∂x
, (15)

UV ′ − VU ′ = 1

Re

[
U ′′ − Ha2U

]
. (16)

The right-hand side of Equation (15) is constant. So,
this equation with respect to y can be derived.

VIV = Ha2 V ′′ + Re
[
V ′ V ′′ − VV ′′′] , (17)

where primes denote differentiation with respect to y

and asterisks have been omitted for simplicity. The
velocity boundary conditions become:

y = 0 : U = 1, V = 0, V ′ = 0,

y = 1 : U = 0, V = 1, V ′ = 0.
(18)

3. HAM and DTM solutions

3.1. HAM

The basic ideas of HAM are documented in [34].
From Equations (17 and 16) and with boundary condi-
tions (18), the initial approximations of V (y) and U(y)
are chosen as V0(y) = y − (1/2π) sin(2πy),U0(y) =
1 − y. Selection criteria of initial approximations is
satisfaction of boundary conditions, thus they are not
unique. The linear operators are defined as:

L [V (y; p)
] = ∂4V (y; p)

∂ t4 , (19)

L [U(y; p)
] = ∂2U(y; p)

∂ t2 . (20)

Furthermore, Equations (17 and 16) suggest the fol-
lowing definitions of the nonlinear operators:

N [
V (y; p)

] = ∂4V (y; p)

∂y4 − Ha2 ∂2V (y; p)

∂y2

−Re(
∂V (y; p)

∂y

∂2V (y; p)

∂y2 −V (y; p)
∂3V (y; p)

∂y3 ), (21)

N [
U(y; p)

] = U(y; p)
∂V (y; p)

∂y
− V (y; p)

∂U(y; p)

∂y

− 1

Re

(
∂2U(y; p)

∂y
− Ha2U(y; p)

)
. (22)

Using the above definition, with assumption auxil-
iary functions (see Ref [45]) HV (y) = 1, HU (y) = 1,

we construct the zero-order deformation equation:

(1 − p)L [ϕ(x; p) − u0(x)
] = Hϕ(x)p ~ N [

ϕ(x; p)
]
.

(23)
Differentiating the zeroth - order deformation equa-

tion (23) m times with respect to p, and finally dividing
by m!, generates the mth - order deformation equation:

L [Vm(y) − χm Vm−1(y)
] = ~ Rm( �Vm−1), (24)

L [Um(y) − χm Um−1(y)
] = ~ Rm( �Um−1), (25)

subject to the initial conditions:

Um = 0, Vm = 0, V ′
m = 0 at : y = 0,

Um = 0, Vm = 0, V ′
m = 0 at : y = 1,

(26)

where

Rm( �Vm−1)

= ∂4Vm−1(y)

∂y4 − Ha2 ∂2Vm−1(y)

∂y2

−Re(
m−1∑
j=0

∂Vj(y)

∂y

∂ 2Vm−1−j(y)

∂y2

−
m−1∑
j=0

Vj(y)
∂3Vm−1−j(y)

∂y3 ), (27)

Rm( �Um−1)

=
m−1∑
j=0

Uj(y)
∂Vm−1−j(y)

∂y
−

m−1∑
j=0

Vj(y)
∂Um−1−j(y)

∂y

− 1

Re

(
∂2Um−1(y)

∂y2 − Ha2Um−1(y)

)
. (28)

The solution of the mth - order deformation equa-
tions (24) and (25) for m ≥ 1 can be done simply.

The final approximate solution can be obtained
Va pp =∑n

i=0 Vi, Ua pp =∑n
i=0 Ui. In general, by

means of the so-called ~ - curve by Liao [34], the valid
region of ~ is the horizontal line segment. To see the
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Fig. 2. The �-curve of V
′′
(0) given by the 10th-order approximate

solution, for various values of Re and Ha, [45].

range of admissible values of the auxiliary parameter
~, for various values of Re and Ha, the curves of ~

are plotted in Figs. 2 and 3 associated with the 10th-
order approximation. The optimal value of auxiliary
parameter is obtained as follow:

EV,m = 1

K

K∑
i=0

[
NV (

m∑
i=0

Vi(i	x))

]2

, (29)

EU,m = 1

K

K∑
i=0

[
NU (

m∑
i=0

Ui(i	x))

]2

, (30)

where 	x = 10
/
K and K = 20. For a given order

of approximatio, m, the optimal values ~ are given by
the minimum of Em, corresponding to the following
nonlinear algebraic equations:

dEV,m

d~
= 0 ,

dEU,m

d~
= 0. (31)

Table 1 shows the optimal values obtained for the
auxiliary parameter ~ [45]. To see the accuracy of the
solutions, the residual errors are defined for the system
as follows:

REV = VIV
n (y) − Ha2 V ′′

n(y) + Re
[
V ′

n(y) V ′′
n(y)

−Vn(y) V
′′′
n (y)

]
, (32)

Fig. 3. The �-curve of U ′(0) given by the 10th-order approximate
solution, for various values of Re and Ha, [45].

REU = Un(y) V ′
n(y) − Vn(y)U ′

n(y)

− 1

Re

[
U ′′

n(y) − Ha2Un(y)
]
, (33)

where Vn(y) and Un(y) are the HAM solutions for
V (y) and U(y). Figures 4 and 5 show the residual error
for the case when Re = 1.0, Ha = 1.0 given by 10th-
order approximation [45]. These figures show that
a 10th-order approximation yields the best accuracy
for the current problem. Also, Figs. 6–8 respectively,
show V (y), V ′(y) and U(y) obtained by various order
of the OHAM and numerical method (fourth-order
Runge–Kutta quadrature with a shooting method) for
a special case when Re = 1.0, Ha = 1.0, [45].

3.2. DTM

The transformation of the kth derivative of a function
f in one variable is as follows [39]:

F (k) = 1

k!
[
dkf (x)

dxk
]x=x0 , (34)

and the inverse transformation is defined by:

f (x) =
∞∑

k=0

F (k) (x − x0)k. (35)

The fundamental mathematical operations per-
formed by the differential transform method (DTM)
are listed in Ref [39]. Taking the differential transform
of (16) and (17), [45] we obtain:
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Table 1
The optimal values of � for different values of Re and Ha

series solution Re 1.0 1.0 10.0

Ha 0.0 1.0 1.0

V (y) �Optimal = −0.8552 �Optimal = −0.7163 �Optimal = −0.5434
U(y) �Optimal = 0.3361 �Optimal = 0.4594 �Optimal = 0.1884

Fig. 4. The behavior of the solutions Res10( V ) obtained by the HAM
for various � when Re = 1.0 and Ha = 1.0, [45].

Fig. 5. The behavior of the solutions Res10( U) obtained by the HAM
for various � when Re = 1.0 and Ha = 1.0, [45].

Fig. 6. Comparison of V (y) obtained by various orders of the HAM
with numerical solution, when Re = 1.0 and Ha = 1.0, [45].

Fig. 7. Comparison of V ′(y) obtained by various orders of the HAM
with numerical solution, when Re = 1.0 and Ha = 1.0, [45].
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Fig. 8. Comparison of U(y) obtained by various orders of the HAM
with numerical solution, when Re = 1.0 and Ha = 1.0, [45].

k∑
k1=0

(k − k1 + 1) G (k1) F (k − k1 + 1)

−
k∑

k1=0

(k − k1 + 1) F (k1) G (k − k1 + 1)

= 1

Re
((k + 1) (k + 2) G (k + 2) − Ha2G(k)), (36)

(k + 1) (k + 2) (k + 3) (k + 4) F (k + 4)

= Ha2 (k + 1) (k + 2) F (k + 2)

+Re[
k∑

k1=0

(k1 + 1) (k − k1 + 1)

(k − k1 + 2) F (k1 + 1) F (k − k1 + 2)

−
k∑

k1=0

(k − k1 + 1) (k − k1 + 2)

(k − k1 + 3) F (k1) F (k − k1 + 3)], (37)

where F (k) is the differential transform of V (y) and
G(k) is the differential transform of V (y). Transform
of the boundary conditions are

F (0) = 0, F (1) = 0, F (2) = α, F (3) = β,

G(0) = 1, G(1) = γ,
(38)

where α, β and γ are constants. The problem is solved
with initial conditions (38) and then the boundary con-
ditions (18) are applied:

V (1) = 1 or

N∑
k=0

F (k) = 1,

V ′(1) = 0 or

N∑
k=0

(k + 1) F (k + 1) = 0,

U(1) = 0 or

N∑
k=0

G(k) = 0.

(39)

4. Entropy generation

It has been shown [52–54] the volumetric rate of
local entropy generation in the presence of magnetic
field, can be described as:

Ṡ′′′
gen = k

T 2 [∇T ]2+ µ

T
+ 1

T
[(J−QV ) . (E+V × B)] ,

(40)
where in a two dimensional Cartesian coordinates we
have:

[∇T]2 =
[(

∂T

∂x

)2

+
(

∂T

∂y

)2
]

, (41)

 = 2

[(
∂u

∂x

)2

+
(

∂v

∂y

)2
]

+
(

∂u

∂y
+ ∂v

∂x

)2

, (42)

J = σ (E + V × B) . (43)

Since the electric force per unit charge, as compared
to V × B is negligible and also the electric current is
much greater than QV , and since the magnetic effect
is in y−direction only, the Equation (40) can be further
simplified as:

Ṡ′′′
gen = µ

T

{
2

[(
∂u

∂x

)2

+
(

∂v

∂y

)2
]

+
(

∂u

∂y
+ ∂v

∂x

)2
}

︸ ︷︷ ︸
Fluid friction irreversibility

+ σB2

T

(
u2
)

︸ ︷︷ ︸
Joule dissipation irreversibility

, (44)
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and based on the velocity component Equation (14),
the mentioned derivations also have been obtained as:

∂u

∂x
= V ′,

∂v

∂y
= − V ′,

∂u

∂y
= u0 U ′ + x V ′′,

∂v

∂x
= 0.

(45)
So the Equation (44) can be simplified as:

Ṡ′′′
gen = µ

T

{
2
[
2 V ′2

]
+ (u0U

′ + xV ′′)2
}

+σB2

T
(u0U + xV ′)2,

Ṡ′′′
gen = µ

T

{
2
[
2 V ′2

]
+ (u0U

′ + xV ′′)2
}

+µ

T

σB2l2

µ

1

l2
(u0U + xV ′)2,

Ṡ′′′
gen = µ

T

({
4 V ′2 + (u0U

′ + xV ′′)2
}

+Ha2 1

l2
(u0U + xV ′)2

)
. (46)

By defining the new entropy generation parameter,
NG, as below we have:

NG = Ṡ′′′
gen/

µ

T
, (47)

NG = (4 V ′2 + u2
0 U ′2 + x2 V ′′2 + u0xU ′ V ′′)

+Ha2

(
u2

0 U2

l2
+ x2 V ′2

l2
+ u0x UV ′

l2

)
. (48)

5. Result and discussion

The governing two-dimensional partial differential
equations for problem of steady laminar flow of an
electrically conducting fluid in a two dimensional
channel are transformed to ordinary differential equa-
tions by the Berman similarity transformation. The
OHAM and the DTM have been applied successfully
to derive the semi-numerical solutions under appropri-
ate boundary conditions. Then the entropy generation
parametric analysis has been done.

Firstly, for the comparisons between 10th-order
approximation of the OHAM and 20th-order approx-
imation of the DTM, also the physical interpretation
of the magneto-hemodynamics studied in the present
problem, the OHAM solutions for the effects of suction
Reynolds number and Hartmann number are presented

Fig. 9. The profile V (y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Re, when Ha = 0.0, [45].

Fig. 10. The profile V ′(y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Re, when Ha = 0.0, [45].

in Figs. 9–11 and 12–14, respectively. Also the numer-
ical comparisons between 10th-order approximation
of the OHAM, 20th-order approximation of the DTM
and the numerical quadrature solutions for Re = 1.0
and Ha = 0.0 are tabulated in the Tables 2–4 [45].

Figure 9 illustrates the evolution of fluid veloc-
ity profiles across the channel width (0 ≤ y ≤1) for
Ha = 0.0 (Lorentzian hydromagnetic drag and viscous
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Fig. 11. The profile U(y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Re, when Ha = 0.0, [45].

Fig. 12. The profile V (y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Ha, when Re = 1.0, [45].

force in the flow are equal and the flow is therefore
weakly magnetic) obtained by OHAM and DTM. As
Re increase suction at the upper plate increase. Increas-
ing lateral mass flux out of the upper plate will drag the
fluid towards the upper plate. This will serve to enhance
momentum in the y-direction and deplete momentum
in the x-direction. As a result the V (y) component of
blood velocity will be enhanced, as shown in Fig. 9.

Fig. 13. The profile V ′(y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Ha, when Re = 1.0, [45].

Fig. 14. The profile U(y) obtained by the 10th-order approximation
of the HAM and 20th-order approximation of the DTM for different
values of Ha, when Re = 1.0, [45].

Also it is observed that results of the OHAM are very
close to the DTM which confirm the validity of these
methods. Similarly velocity gradient, V ′(y) i.e. dimen-
sionless transverse shear stress component, will be
boosted in the channel initially, (Fig. 10) as testified
by the first half of the plots, where for Re = 20.0,

velocity gradient is maximized. This trend is however
reversed as we approach the upper channel, since the
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Fig. 15. Variation of entropy generation parameter, NG(y), with
respect to y for different values of Reynolds number.

Fig. 16. Variation of entropy generation parameter, NG(y), with
respect to y for different values of Hartmann number.

imposition of a suction effect here, while boosting the
velocity, can simultaneously depress the rate of change
of velocity, as indicated by Skalak and Wang [55] and
also by Quaile and Levy [56] for the non-conducting
cases (Ha = 0.0).

Figure 11 shows that increasing suction Reynolds
number values from 1 through 10 to 20, lead to a strong
deceleration in the x-direction velocity, U(y). Evans
and Skalak [57] also identified this trend and explained
that in oxygen diffusion processes.

Fig. 17. Variation of entropy generation parameter, NG(y), with
respect to y for different values of x−velocity of the moving plate.

Fig. 18. Variation of entropy generation parameter, NG(y), with
respect to y for different values of suspension height.

Figure 12 shows the y-direction velocity, V (y)
for Re = 1.0 and various quantity of Ha obtained
by OHAM and DTM. It should be noted that as
the magnetic field is applied transverse to the chan-
nel length, the Lorentz force component generated
will be perpendicular to the y-direction. This implies
that magnetohydrodynamic drag will not substantially
influence the transverse velocity distribution, V (y),
and will serve to principally influence the longitudinal
flow, U(y). With a rise in Ha from 0 (non-conducting
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Fig. 19. Variation of entropy generation parameter, NG(y), with
respect to y for different values of dimensionless horizontal
coordinate.

Table 2
Comparison of values of V (y) obtained by various orders of the

HAM with numerical solution, when Re = 1.0 and Ha = 1.0

y V (y)

HAM order 10 DTM order 20 Numerical

0.0 0 0 0
0.1 0.0296593 0.0296302 0.029608
0.2 0.109451 0.109735 0.10944
0.3 0.225821 0.227135 0.225922
0.4 0.365433 0.368652 0.365612
0.5 0.515204 0.521106 0.515428
0.6 0.662495 0.671318 0.662796
0.7 0.795347 0.80611 0.795761
0.8 0.902645 0.912303 0.90308
0.9 0.974092 0.976717 0.974323
1.0 1 0.986173 1

Table 3
Comparison of values of V ′(y) obtained by various orders of the

HAM with numerical solution, when Re = 1.0 and Ha = 1.0

y V ′(y)

HAM order 10 DTM order 20 Numerical

0.0 0 0. 0
0.1 0.570067 0.57064 0.569789
0.2 1.0032 1.00549 1.00417
0.3 1.30196 1.30655 1.30303
0.4 1.46843 1.46982 1.46895
0.5 1.50589 1.50733 1.50639
0.6 1.41997 1.42699 1.42103
0.7 1.21855 1.22689 1.21952
0.8 0.910285 0.91097 0.909457
0.9 0.502562 0.503716 0.499552
1.0 0 0 0

Table 4
Comparison of values of U(y) obtained by various orders of the

HAM with numerical solution, when Re = 1.0 and Ha = 1.0

y U(y)

HAM order 10 DTM order 20 Numerical

0.0 1 1 1
0.1 0.85134 0.839368 0.839368
0.2 0.708228 0.692234 0.692213
0.3 0.573 0.560475 0.560339
0.4 0.450177 0.444584 0.444081
0.5 0.343064 0.34404 0.342701
0.6 0.252133 0.257632 0.254742
0.7 0.175302 0.183744 0.178368
0.8 0.109373 0.120592 0.111631
0.9 0.0515228 0.0664037 0.0526971
1.0 0 0 0

case) through 1 to 2.0, there is no tangible variation in
the velocity component, V (y). According to Fig. 13, a
slight reduction in velocity gradient, V ′(y) is observed.
In Fig. 14 a substantial deceleration in longitudinal
velocity U(y), is induced with increasing Ha through
the depth of the channel. Clearly further increase in Ha

and Re will further induce a stronger retardation in the
longitudinal flow and the present computations demon-
strate that by micro-machining the upper plate properly
and imposing stronger magnetic fields, biomedical
engineering surgeons can achieve even greater control
of blood flow during operations. Also from Figs 9–14,
it is observed that results of the OHAM are very close to
the DTM which confirm the validity of these methods.

The importance of this study is entropy generation
parametric analysis. So second, effect of all different
mentioned effective parameters on the entropy genera-
tion has been analyzed. In all of these figures constant
parameters, except which ones that highlighted in
each figure, have the values as Re = 10, Ha = 1, u0 =
0.2, l = 0.1, x = 0.5.

At first the effect of Reynolds number on NG(y) has
been presented in Fig. 15. As can be seen in this figure
for all values of Re, NG(y) has the same trend respect
to increasing in y, it increases to a maximum value
and then decreases. Along with the mentioned maxi-
mum value, NG(y) has its minimum value at y = 1.

As can be seen in this figure, by increasing in Re, the
maximum value of NG(y) is nearly constant but the
position of these maximums are in the smaller values
of y. Besides, the minimum values at y = 1 decreases
with increasing in Re. Figure 16 shows the effect of
Hartmann number on NG(y). As can be seen in this
figure by increasing in Ha the curves of NG(y) are quite
similar except for Ha = 0. It is clear that the bound-
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ary values of NG(y), it means NG(y) at y = 0 and 1,

are independent from the variation of Ha and the only
effect of increasing in Ha on NG(y) is the increasing in
its maximum values. Figure 17 presents the effect of
changing in x-velocity of the moving plate on NG(y).
The maximum vales ofNG(y) are aty = 0 for the cases
with about u0 > 1.0 m/s, whereas for u0 < 1.0 m/s

the maximum values are in y > 0 with different values
for each case. As another study, the effect of suspen-
sion height on the NG(y) has been illustrated in Fig. 18.
As can be seen this parameter’s effect is noticeable
at l < 0.5 m. Finally the effect of dimensionless hor-
izontal coordinate has been analyzed as presented in
Fig. 19. It can be seen that by increasing in x all the
curves are same nearly and they shift to the higher val-
ues only. It means that the trend of these curves is the
same but their values change.

6. Conclusions

In this paper, as the prerequisite of the entropy
generation study, the problem of laminar viscous
magneto-hemodynamic flow in a semi-porous chan-
nel under a transverse magnetic field has been solved
using two powerful techniques, namely the optimal
homotopy analysis method (OHAM) and the differen-
tial transform method (DTM). The importance of this
paper is parametric analysis of entropy generation of
this problem. After finding the solutions of OHAM and
DTM, entropy generation of this system has been ana-
lyzed and effects of the Reynolds number, Hartmann
number, x-velocity of the moving plate, suspension
height and dimensionless horizontal coordinate on the
entropy generation have been studied. The importance
of this study is its use for minimizing entropy genera-
tion in the industrial applications. The present analyses
have provided some further insights into the thermo-
dynamics of proposed problem, because the main goal
of this research is to consider this important thermody-
namics phenomenon in calculations of such systems.
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