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Abstract. This article studies the magnetohydrodynamic flow of non-Newtonian ferro nanofluid
subject to time-dependent pressure gradient between two vertical permeable walls with Cattaneo–
Christov heat flux and entropy generation. In this study, blood is considered as non-Newtonian fluid
(couple stress fluid). Nanoparticles’ shape factor, Joule heating, viscous dissipation, and radiative
heat impacts are examined. This investigation is crucial in nanodrug delivery, pharmaceutical
processes, microelectronics, biomedicines, and dynamics of physiological fluids. The flow
governing partial differential equations are transformed into the system of ordinary differential
equations by deploying the perturbation process and then handled with Runge–Kutta 4th-order
procedure aided by the shooting approach. Hamilton–Crosser model is employed to analyze
the thermal conductivity of different shapes of nanoparticles. The obtained results reveal that
intensifying Eckert number leads to a higher temperature, while the reverse is true for increased
thermal relaxation parameter. Heat transfer rate escalates for increasing thermal radiation. Entropy
dwindles for intensifying thermal relaxation parameter.

Keywords: entropy generation, Cattaneo–Christov heat flux, couple stress ferro nanofluid, MHD,
pressure gradient, thermal radiation.

1Corresponding author.

© 2023 The Author(s). Published by Vilnius University Press
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source
are credited.

https://orcid.org/0000-0002-4493-5356
https://orcid.org/0000-0002-0061-7460
https://orcid.org/0000-0002-8335-3121
https://orcid.org/0000-0002-3666-981X
https://orcid.org/0000-0003-0417-8626
mailto:sraja199317@gmail.com
https://www.vu.lt/leidyba/en/
https://creativecommons.org/licenses/by/4.0/


2 A. Subramanyam Reddy et al.

1 Introduction

In engineering, science, and industries, non-Newtonian fluids taking the body couple
stress into consideration are widely used, and they are relevant particularly in common
engineering fluids where tiny ingredients are crucial like polymer extrusion, dissolvent,
crystallization of liquids, lubricants, biofluids, and synovial fluids [7, 24, 25]. To account
for the mechanical interactions between fluid particles, Stokes [26] developed a couple
stress theory that relied on a continuum concept. The author analysed the kinetic charac-
teristics of electrically conductive couple stress fluid on hydromagnetic field. By adopting
the modified Adomian decomposition method, Adesanya and Makinde [1] examined the
significance of couple stresses on incompressible viscous fluids flowing through perme-
able channel with regard to entropy analysis. A blood flow analysis with the inspection
of rhythmic flow in non-Newtonian hybrid nanofluid considered body couples between
parallel permeable walls in the presence of radiative heat flux, Ohmic and viscous dissi-
pations by employing Runge–Kutta 4th-order procedure aided by the shooting approach
is done by Rajamani and Reddy [19]. Nowadays many investigators and researchers
are greatly acknowledged the field of thermal and mass transport due to its episodes
in laser treatments, heat exchangers, and food processing. Fourier [9] concept of heat
diffusion signifies that the temperature equation is parabolic, and it is imprecise due
to the temperature gradient with shortcomings (zero-time lag). Cattaneo [3] modified
the Fourier’s heat conduction model with thermal relaxation time, which permits the
thermal distribution from the beginning to end with the constrained rapidity. But the
thermal relaxation factor differs for materials invariance. To address this inconvenience,
Christov [6] developed the Oldroyd’s upper convected derivatives for the Cattaneo’s heat
flux model with the terminology of Cattaneo–Christov heat flux model. Waqas et al. [30]
examined the entropy analysis and Cattaneo–Christov theory on nanofluid flow in a rocket
engine nozzle under the influence of radiative heat flux.

Nanofluids play an important role as a heat transfer medium in biomedical appli-
cations (nanodrug delivery, imaging and sensing, cryopreservation, nano-cryosurgery,
cancer therapies), lubrication, electronics, desalination, detergence, machining, building
heating, heat exchangers, and radiators [12, 16, 20]. Choi [5] pioneered the concept of
nanofluids by adding the nano-size (1−100 nm) particles into the base fluid (conventional
fluid) and witnessed the outstanding performance of heat transfer fluid. Hamilton and
Crosser [14] investigated the effect of particle shape, structure, and interparticle interac-
tion on the thermodynamic properties of a heterogeneous mixture with continuous and
discontinuous forms. Sheikholeslemi et al. [23] examined the heat transfer flow of ferro
nanofluid in a pair of moving permeable walls by employing the control volume based
finite element method in the presence of shape factor effect. Hosseinzadeh et al. [15]
focused on the flow of ferro nanofluid with various base fluids by adopting Runge–Kutta
5th-order scheme in the presence of magnetic field with shape factor analysis. Timofeeva
et al. [27] investigated the viscosity and thermal conductivity of different nanoparti-
cles’ shapes of alumina-ethylene glycol+water nanofluid by employing Hamilton–Crosser
model with experimental data accompanied by theoretical modelling. Entropy is often
thought of to measure the power that is ineffective for productive work. Entropy analysis
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MHD flow of non-Newtonian ferro nanofluid 3

is useful in solar energy, coolers, nuclear reactors, and air chillers. Kumawat et al. [17]
studied the entropy analysis on hydromagnetic blood flow in a stenosed artery by adopting
finite difference scheme. Sharma et al. [21] investigated the entropy generation of blood
based fusion of gold-alumina nanofluid in a tapered multi-stenosed artery with radiative
heat flux and magnetic field by employing Crank–Nicolson scheme. Basha and Sivaraj [2]
adopted the weighted residual scheme for the application of blood flow in wounded
tissues by studying the heat transmission and entropy analysis of ferro-blood nanofluid
in a circular permeable tube.

Pulsatile flow is characterized by the combination of steady and rhythmic time fluctu-
ating components. With only oscillation (i.e., steady flow component is zero), the pulsat-
ing flow becomes oscillating flow. Studying pressure-induced pulsatile flow is crucial be-
cause it occurs in bioindustrial equipment, pulse jet engines, dynamics of bio and synovial
fluids, coastal environments [4,8,13,18,28,31]. Shawky [22] made an attempt to analyse
the pulsatile flow of Ree–Eyring fluid via channel by employing Lightill approach in
the presence of Ohmic and viscous dissipations. Gad [10] inspected the pulsating flow of
magneto nanofluid between the pair of parallel walls with the aid of perturbation approach
with Hall effect. Wang et al. [29] examined the pulsating hydromagnetic non-Newtonian
fluid flow in a small vessel by using finite difference algorithm with Ohmic and viscous
dissipations. Under the influence of radiative heat flux and Joule heating, Govindarajulu
and Reddy [11] utilized Runge–Kutta 4th-order procedure aided by the shooting approach
to model the rhythmic hydromagnetic flow of 3rd-grade hybrid nanofluid between parallel
permeable walls.

The aforementioned studies reveal that there is no study so far related to magneto-
hydrodynamic (MHD) non-Newtonian ferro nanofluid flow subject to time-dependent
pressure gradient between two vertical permeable walls with Cattaneo–Christov heat flux
and entropy generation. In this analysis, the blood and Fe3O4 are preferred as the non-
Newtonian (couple stress fluid) conventional fluid and nanoparticles, respectively. The
purpose of this work is to explore the simultaneous influence of radiative heat flux, Ohmic
and viscous dissipations on pulsatile hydromagnetic couple stress ferro nanofluid between
a vertical permeable parallel walls subject to Cattaneo–Christov theory with the analysis
of shape factor and entropy generation. By deploying the perturbation approach, the flow
model equations (partial differential equations) are reduced to set of ordinary differential
equations and handled with Runge–Kutta 4th-order procedure aided by the shooting tech-
nique. The present work is significant in the field of nanodrug delivery, pharmaceutical
processes, dynamics of physiological fluids, and biomedicines. The profiles of tempera-
ture, entropy generation, Bejan number, and phase lag analysis for various values of perti-
nent parameters are drawn graphically and discussed in detail. Heat transfer rate of couple
stress ferro nanofluid for various emerging parameters is tabulated and explained in detail.

2 Formulation of the problem

In this study, an incompressible, laminar, electrically conducting MHD flow of couple
stress ferro nanofluid induced by time-dependent pressure gradient in a vertical porous
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Figure 1. Coordinate system of the current flow.

channel is deliberated. Blood is picked up as couple stress fluid (non-Newtonian base
fluid), and Fe3O4 is picked as nanoparticle. Radiative heat flux, Ohmic and viscous
dissipations are considered. The physical sketch of the current study is presented in Fig. 1.
Flow is induced by applying a magnetic field of equal intensityB0 normal to the nanofluid
flow. T1 and T0 are the wall temperatures at right and left walls, correspondingly (T0 <
T1). The Cattaneo–Christov heat flux model is incorporated with the energy equation.
With the same velocity v0, the fluid is driven past the left wall and drawn from the right
wall. Under these hypotheses, the governing equations of the current model are [6,25,26]

∂ũ

∂t̃
+ v0

∂ũ

∂ỹ

= − 1

ρnf

∂P̃
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+
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2
0
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ũ+
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∂T̃

∂t̃
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∂ỹ
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+ 2v0

∂2T̃
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+ v20

∂2T̃

∂ỹ2

]
=

knf
(ρCp)nf

∂2T̃

∂ỹ2
+

µnf

(ρCp)nf

(
∂ũ

∂ỹ

)2
+

η

(ρCp)nf

(
∂2ũ

∂ỹ2

)2
− 1

(ρCp)nf

∂q̃r
∂ỹ

+
σnfB

2
0

(ρCp)nf
ũ2, (2)

where ũ is the velocity component of x̃ direction, µnf , ρnf , (ρCp)nf , σnf , knf represent
the viscosity, density, heat capacitance, electrical conductivity, and thermal conductivity
of the nanofluid, and the subscripts nf , f , and s denote nanofluid, base fluid (blood), and
Fe3O4 nanoparticles, respectively. T̃ is the temperature of nanofluid, η is coefficient of
couple stress viscosity, λ2 is the relaxation time for heat flux, and the radiative heat flux
is denoted as q̃r. The pertinent boundary conditions (B.Cs) are given by [1, 7, 26]:

ũ = 0,
∂2ũ

∂ỹ2
= 0, T̃ = T0 at ỹ = 0,

ũ = 0,
∂2ũ

∂ỹ2
= 0, T̃ = T1 at ỹ = h.
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Table 1. The thermophysical characteristics of
Fe3O4 nanoparticles and blood [2, 15].

Property Fe3O4 Blood
ρ [kg/m3] 5200 1050
k [W/(mK)] 6 0.52
Cp [J/(kgK)] 670 3617
σ [1/(Ωm)] 25000 0.8
β [1/K] 1.3 × 10−5 1.8 × 10−6

Table 2. Sphericity, shape factor and viscosity intensification coefficients β1 and
β2 for various shapes of nanoparticles [15, 27].

Nanoparticles’ Aspect Sphericity Shape factor β1 β2
shapes ratio ξ n = 3/ξ

Bricks 1 : 1 : 1 0.81 3.7 1.9 471.9
Cylinders 1 : 8 0.62 4.9 13.5 904.4
Blades 1 : 6 : 1/12 0.36 8.6 14.6 123.3
Platelets 1 : 1/8 0.52 5.7 31.6 612.6

The thermal and physical characteristics of blood (conventional fluid) and Fe3O4 nanopar-
ticles are prearranged in Table 1, and shape factor details of various shapes of nanoparti-
cles are listed in Table 2 and are given as [2, 15, 21]

ρnf = (1− φ)ρf + φρs, (ρCp)nf = (1− φ)(ρCp)f + φ(ρCp)s,

(ρβ)nf = (1− φ)(ρβ)f + φ(ρβ)s,
σnf
σf

= 1 +
3( σs

σf
− 1)φ

( σs

σf
+ 2)− ( σs

σf
− 1)φ

.

The dynamical viscosity of nanofluid is given by [14, 27]:

µnf =

{
µf

(1−φ)2.5 (spherical case),

µf (1 + β1φ+ β2φ
2) (nonspherical case).

(3)

Thermal conductivity of nanofluid is calculated by Hamilton–Crosser model [14, 27]
and is given by

knf
kf

=
ks + (n− 1)kf − (n− 1)φ(kf − ks)

ks + (n− 1)kf + φ(kf − ks)
. (4)

By adopting the Rosseland estimation for thermal radiative flux (q̃r) and following
[21, 30], Eq. (2) becomes
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ũ2, (5)

where ℵ is mean absorption coefficient, and σ̃ is Stefan–Boltzmann constant.

Nonlinear Anal. Model. Control, 28(Online First):1–17, 2023

https://doi.org/10.15388/namc.2023.28.32127


6 A. Subramanyam Reddy et al.

Now, with the aid of below dimensionless parameters and variables,

x̃ = xh, ỹ = yh, t̃ =
t

ω
, ũ = Uu, P̃ =

PµfU

h
,

T̃ = T0 + θ(T1 − T0), H =

√
ωh
√
νf
, M = B0h

√
σf
µf
, δ = λ2ω,

Pr =
νf (ρCP )f

kf
, Ec =

U2

(CP )f (T1 − T0)
, R =

v0h

νf
,

Re =
Uh

νf
, Rd =

4σ̃T 3
1

ℵkf
, λ =

η

µfh2
, Gr =

gβf (T1 − T0)h3

ν2f
.

Equations (1) and (5) become

∂u

∂t
+

R

H2

∂u

∂y

= − 1

A1H2

∂P

∂x
+
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∂2u

∂y2
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∂y4
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2
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θ, (6)

∂θ
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∂2θ

∂t∂y
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∂2θ

∂y2

]
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(A4 +
4
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)2
+
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(
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)2
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A5EcM

2
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u2. (7)

Here

A1 = (1− φ) + φ
ρs
ρf
, A2 =

1

(1− φ)2.5
,

A3 = (1− φ) + φ
(ρCp)s
(ρCp)f

, A4 =
ks + (n− 1)kf − (n− 1)φ(kf − ks)

ks + (n− 1)kf + φ(kf − ks)
,

A5 = 1 +
3( σs

σf
− 1)φ

( σs

σf
+ 2)− ( σs

σf
− 1)φ

, A6 = (1− φ) + φ
(ρβ)s
(ρβ)f

,

Ec is the Eckert number, R is cross flow Reynolds number, M is Hartmann number, Pr
is the Prandtl number, H is frequency parameter, Gr is the Grashof number, Re is the
Reynolds number, Rd is radiation parameter, λ is couple stress parameter, δ is thermal
relaxation parameter, φ is the volume fraction of nanoparticles.

The B.Cs are as follows:

u = 0,
∂2u

∂y2
= 0, θ = 0 at y = 0,

u = 0,
∂2u

∂y2
= 0, θ = 1 at y = 1.
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2.1 Analysis of entropy generation

The entropy generation of the present work in dimensional form is given as [1, 21, 30]

Ns =
knf
T 2
0

(
1 +

16

3

σ̃T 3
1

ℵkf

)(
∂T̃

∂ỹ

)2
+
µnf
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(
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∂ỹ
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+

η

T0

(
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∂ỹ2

)2
+
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2
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ũ2,

Ns = Nt +Nv +Nj .

Here

Nt =
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T 2
0

(
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16

3

σ̃T 3
1
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)(
∂T̃

∂ỹ

)2
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(
∂ũ

∂ỹ

)2
+

η

T0

(
∂2ũ

∂ỹ2

)2
,

Nj =
σnfB

2
0

T0
ũ2

represent thermal irreversibility, fluid friction (viscous and couple stress) irreversibility,
and Joule heating irreversibility, respectively.

The nondimensional form of entropy is

NG = A4

(
1 +

4

3
Rd

)(
∂θ

∂y

)2
+
A2EcPr

Ω

(
∂u

∂y

)2
+
λEcPr

Ω

(
∂2u

∂y2

)2
+
A5M

2EcPr

Ω
u2. (8)

Here NG = T0h
2Ns/((T1 − T0)2kf ) is the characteristic entropy production rate, Ω =

(T1−T0)/T0 is the temperature variance measuring parameter. The Bejan number (Be) is
elucidated as the ratio between the thermal irreversibility and the total entropy generation,
and it is expressed as

Be =
A4(1 +

4
3Rd)(

∂θ
∂y )

2

A4(1 +
4
3Rd)(

∂θ
∂y )

2 + A2EcPr
Ω (∂u∂y )

2 + λEcPr
Ω (∂

2u
∂y2 )

2 + A5M2EcPr
Ω u2

.

3 Solution of the problem

It is presupposed that the current flow is persuaded by the pulsatile pressure gradient, and
it is presumed in the following form [16, 18]:

− ∂P

∂x
= λ0 + ελ1e

ıt. (9)

Here P is the dimensionless fluid pressure, ε (� 1) is a positive quantity, t is dimention-
less time, and λ0, λ1 are steady and unsteady magnitudes of pulsatile pressure gradient.

On account of Eq. (9), the solution terms for u and θ can be considered as

u(y, t) = u0(y) + εu1(y) exp(ıt), (10)
θ(y, t) = θ0(y) + εθ1(y) exp(ıt). (11)
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Now, by substituting Eq. (9)–(11) into Eqs. (6), (7) and likening the coefficients of like
powers of ε, one can attain

A2
d2u0
dy2

− λd
4u0
dy4

−A1R
du0
dy
−A5M

2u0 +
A6Gr

Re
θ0 + λ0 = 0, (12)

A2
d2u1
dy2

− λd
4u1
dy4

−A1R
du1
dy
−A5M

2u1 − iA1H
2u1 +

A6Gr

Re
θ1 + λ1 = 0, (13)

(A4 +
4
3Rd)
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dy2

− A3δR
2
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dy2
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(
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)2
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2Ecu20 = 0, (14)
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4
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d2θ1
dy2
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2

H2

d2θ1
dy2

− (2ıδ + 1)A3R
dθ1
dy
− (i− δ)A3H

2θ1

+ 2A2Ec
du0
dy

du1
dy

+ 2λEc
d2u0
dy2

d2u1
dy2

+ 2A5M
2Ecu0u1 = 0. (15)

The associated B.Cs are

u0(0) = 0,
d2u0
dy2

(0) = 0, θ0(0) = 0,

u0(1) = 0,
d2u0
dy2

(1) = 0, θ0(1) = 1,

u1(0) = 0,
d2u1
dy2

(0) = 0, θ1(0) = 0,

u1(1) = 0,
d2u1
dy2

(1) = 0, θ1(1) = 0.

(16)

On account of Eq. (9), the expression for NG can be considered as

NG(y, t) = NG0(y) + εNG1(y)e
ıt.

Now, by substituting Eqs. (10), (11) into Eq. (8) and likening the coefficients of like
powers of ε, one can attain

NG0 = A4

(
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4

3
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)(
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)2
+
A2EcPr

Ω

(
∂u0
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Ω
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2EcPr

Ω
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NG1 = 2A4

(
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4

3
Rd

)(
∂θ0
∂y

)(
∂θ1
∂y

)
+

2A2EcPr

Ω

(
∂u0
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)(
∂u1
∂y

)
+

2λEcPr

Ω

(
∂2u0
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)(
∂2u1
∂y2

)
+

2A5M
2EcPr

Ω
u0u1.
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Table 3. Comparative study between the current results and
NDSolve for Nu at y = 0 for influence of Ec, λ, and Rd
when M = 2, R = 1, λ = 0.2, δ = 0.1, H = 3, Pr = 21,
Ec = 0.6, Rd = 2, Gr = 4, Re = 1, ε = 0.001, and
t = π/4.

Parameter Values Present results NDSolve
(Nu)y=0 (Nu)y=0

Ec 0.2 0.118706028 0.118706066
0.4 0.187939861 0.187941234
0.6 0.277138365 0.277148189

λ 0.5 0.148679025 0.148679035
1 0.103431075 0.103438085
1.5 0.088973029 0.088973356

Rd 1 0.063282946 0.063283620
1.5 0.135393587 0.135393591
2 0.277138365 0.277138365

An essential physical parameter, the dimensionless Nusselt number, is delineated at the
walls as [16, 18, 30]

Nu =

(
A4 +

4

3
Rd

)(
∂θ

∂y

)
y=0,1

.

Now, the set of Eqs. (12)–(15) along with the B.Cs (16) are deciphered numerically with
the shooting approach aided by Runge–Kutta 4th-order procedure. The step extent is taken
as 0.001, precision is static for the convergence criteria.

To ensure the precision of the current outcomes, we done a comparision between the
current outcomes and the outcomes attained by NDSolve using MATHEMATICA, which
are prearranged in Table 3. It is witnessed that there is a worthy settlement between the
present results and the outcomes attained by NDSolve.

4 Result and discussion

The present segment explores the influence of nanoparticle’s shape factor, viscous dis-
sipation, applied magnetic field, Cattaneo–Christov heat flux, Joule heating, and thermal
radiation on the flow variables of couple stress ferro nanofluid between permeable parallel
walls with the help of graphical results, which are present in Figs. 2–4. In this study, the
values of pertinent parameters are considered as M = 2, λ = 0.2, δ = 0.1, R = 1,
H = 3, Pr = 21, Ec = 0.4, Rd = 2, Gr = 5, Re = 1, ε = 0.001, and t = π/9.

In this analysis, θs, θt, Nus, Nut represent steady temperature, unsteady temperature,
steady heat transfer rate, and unsteady heat transfer rate of couple stress ferro nanofluid,
respectively. The influence of different shapes of ferro nanoparticles on temperature,
heat transfer rate, entropy generation, and Bejan number is depicted in Figs. 2(a)–2(d).
Figure 2(a) shows that the spherical shape of ferro nanoparticles has greater influence on
temperature of nanofluid compared to other shapes. The spherical shape nanoparticles has
performed well on heat transfer phenomena compared with other shapes (see Fig. 2(b))
due to their high binding capacity and dispersibility. The spherical shape has an advantage
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Figure 2. Shape factor effect on (a) temperature, (b) heat transfer rate (against H), (c) entropy generation,
(d) Bejan number.

on entropy generation and Bejan number near to the injection wall, whereas the platelet
shape has the domination tendency on entropy generation and Bejan number near to the
suction wall (see Figs. 2(c), 2(d)).

Fiures 3(a)–3(f) present the influence of viscous dissipation, thermal relaxation pa-
rameter, nanoparticles’ volume fraction, applied magnetic field, radiative heat flux, and
frequency parameter on steady temperature of couple stress ferro nanofluid. Figure 3(a)
shows that the temperature is augmenting for the magnification in viscous dissipation
due to the increment in Eckert number reasons the more energy dissipation in the fluid
because the enthalpy factor dwindling from the kinetic energy boosts up the thermal
boundary layer thickness. Figure 3(b) depicts that the temperature is dwindling for the
higher values of thermal relaxation parameter due to the increment in thermal relaxation
parameter exceeding the energy transmission time between the particles which leads
the fall in temperature. Figure 3(c) elucidates that the magnification in volume fraction
of nanoparticles encouraging the temperature due to the higher thermal conductivity of
nanoparticles. Figure 3(d) presents that the magnifying Hartmann number dwindles the
temperature because the hindering forces caused by the applied magnetic field slow down
the flow which leads the fall in temperature. Figure 3(e) displays that the temperature is an
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Figure 3. (a) Impression of Ec on θs, (b) impression of δ on θs, (c) impression of φ on θs, (d) impression of
M on θs, (e) impression of Rd on θs, (f) impression of H on θs.

increasing function of thermal radiation because the increment in thermal radiation helps
to improve the heat transfer from the walls to the working fluid due to the conductivity of
the fluid. Figure 3(f) portrays that the acceleration in frequency parameter encourages the
amplitude of the temperature.

Figures 4(a), 4(b) elevate the importance of nanoparticles’ volume fraction and Hart-
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Figure 4. (a) Impact of φ on θt, (b) impact of M on θt.
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Figure 5. (a) Impression of Ec on NG , (b) impression of δ on NG , (c) impression ofM on Be, (d) impression
of λ on Be.

mann number on unsteady temperature. Figure 4(a) shows the magnifying nanoparti-
cles’ volume fraction rising the temperature due to the good thermal conductivity of
nanoparticles. Figure 4(b) illustrates that an increment in Hartmann number dwindles
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Figure 6. (a) Effect of Ec on phase lag of θ, (b) effect of Rd on phase lag of θ, (c) effect of Ec on phase lag of
Nu (against H), (d) effect of Rd on phase lag of Nu (against H).

the temperature. From Figs. 4(a), 4(b) one can observe that the unsteady temperature
profiles are showing oscillating nature for intensifying nanoparticles’ volume fraction
and Hartmann number, further, the maximum temperature is noticed in the vicinity of
injection wall.

Figures 5(a), 5(b) display the influence of viscous dissipation, and thermal relaxation
parameter on entropy generation. Figure 5(a) elucidates that the increment in viscous
dissipation encouraging the entropy because the frictional warming from the collision of
fluid molecules. Figure 5(b) shows that the rise in thermal relaxation parameter delays
the energy transfer between the particles, which leads the fall in entropy. From Figures
5(a), 5(b) one can infer that the maximum entropy is noticed in the vicinity of suction
wall. Figures 5(c), 5(d) portray the importance of Hartmann number, and couple stress
parameter on Bejan number. The augmenting trend can be noticed in Bejan number
by magnifying Hartmann number (see Fig. 5(c)), and the similar trend is true for the
intensification in couple stress viscosity (see Fig. 5(d)).

The variations of phase lag of temperature and heat transfer rate (against H) are given
in Figs. 6(a)–6(d) for the different values of viscous dissipation and thermal radiation.
The increment in viscous dissipation boosts up the fluid inertia forces to influence for the
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Table 4. Distributions of Nus and Nut at y = 0 for various
values of λ, M , Ec, δ, Rd , and φ when M = 2, λ = 0.2,
δ = 0.1, R = 1, H = 3, Pr = 21, Ec = 0.4, Rd = 2,
Gr = 5, Re = 1, ε = 0.001, and t = π/9.

Parameter Values (Nu)s (Nu)t

λ 0.2 0.769085 0.000077
0.3 0.626158 0.000053
0.4 0.548605 0.000039

M 0 0.898780 0.000099
1 0.861728 0.000093
2 0.769085 0.000077

Ec 0.2 0.492996 0.000037
0.3 0.614719 0.000057
0.4 0.769085 0.000077

δ 0.2 0.680262 0.000064
0.3 0.594857 0.000053
0.4 0.513836 0.000045

Rd 1 0.047496 0.000027
1.5 0.109578 0.000038
2 0.238112 0.000050

φ 0.00 0.395090 0.000045
0.01 0.440701 0.000051
0.02 0.496578 0.000057

reduction in the phase of temperature (see Fig. 6(a)), whereas the reverse behaviour can
be found increasing the thermal radiation (see Fig. 6(b)). Figures 6(c), 6(d) present the
phase of heat transfer against H dwindles for magnifying viscous dissipation, and it rises
for intensifying thermal radiation. From Figs. 6(a)–6(c) it is noticed that the maximum
phase lag is found in the vicinity of suction wall. From Figs. 6(c), 6(d) one can observe
that the phase lag is augmenting with amplifying frequency parameter.

The distributions of Nus and Nut at the injection wall (y = 0) for the influences of
couple stress parameter, applied magnetic field, viscous dissipation, thermal relaxation
parameter, thermal radiation, and volume fraction of nanoparticles are listed in Table 4.
From this table one can infer that both the steady and unsteady Nusselt numbers are
increased for magnifying viscous dissipation, thermal radiation, and the nanoparticles’
volume fraction, whereas the decreasing tendency can be seen for increasing couple stress
parameter, Hartmann number, and thermal relaxation parameter.

5 Conclusion

The present investigation concerned with the entropy analysis on magnetohydrodynamic
couple stress ferro nanofluid flow induced by time-dependent pressure gradient between
vertical porous walls with Cattaneo–Christov theory. Blood is considered as non-Newto-
nian fluid (couple stress fluid). The influences of Ohmic heating, viscous dissipation, and
thermal radiation are considered. The present work is significant in the field of nanodrug
delivery, pharmaceutical processes, dynamics of physiological fluids, microelectronics,
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and biomedicines. The numerical outcomes for various parameters are presented by uti-
lizing the shooting process with the support of the 4th-order Runge–Kutta procedure. The
major results of the current investigation are shortened here:

• Spherical shape nanoparticles have high heat transfer rate compare to other shapes.
• The increment in thermal relaxation parameter declines the temperature, whereas

the reverse behavior can be found with intensifying viscous dissipation, thermal
radiation, and frequency parameter.

• Heat transfer rate increases with the boost up in viscous dissipation, and thermal
radiation, while it decreases with the increment in couple stress parameter and
Hartmann number.

• Entropy escalates for intensifying viscous dissipation, whereas the opposite trend
can be found for the high values of thermal relaxation parameter.

• Bejan number is enhancing with the escalation in Hartmann number and couple
stress parameter.

• Phase lag of heat transfer rate reduces with magnifying viscous dissipation, and it
enhances with intensifying thermal radiation.
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