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ARTICLE INFO ABSTRACT

Keywords: The present article is aimed to investigate the impact of entropy generation on pulsating hydromagnetic flow
Pulsatile flow of a micropolar nanofluid between two vertical porous walls using the Cattaneo—Christov heat flux model.
Micropolar nanofluid

Here Fe;0,(magnetite) is taken as a nanoparticle and blood as micropolar fluid (base fluid). The significance
of viscous dissipation, Ohmic heating, and thermal radiation are considered. This model is noteworthy in
the field of magnetic bioseparation, pressure surges, magnetofection agent, biomedical engineering, cancer
therapeutic, artificial kidney, brain tumors, and nano-drug delivery in the arteries. The governing partial
differential equations are transformed into the system of ordinary differential equations by deploying the
perturbation process and then solved numerically by employing the fourth-order Runge-Kutta scheme with
the support of the shooting technique. The flow variables like velocity, microrotation, temperature, entropy
generation, and Bejan number are depicted graphically and discussed in detail. The heat transfer rate is
displayed through a table. The results depict that the velocity is diminishing with the enhancement of coupling
parameter, Hartmann number, and nanoparticle volume fraction. The temperature of micropolar nanofluid is
increasing with an increment of viscous dissipation, thermal radiation, and heat source while it is reducing with
the enhancement of magnetic field, thermal relaxation time, and heat sink parameter. The entropy generation
is diminished by increasing the values of Hartmann number, thermal relaxation, and coupling parameter.
Further, the Bejan number is enhanced by varying thermal radiation and nanoparticle volume fraction.

Entropy generation
Thermal radiation
Joule heating
MHD

1. Introduction micropolar nanofluid with microorganisms over a stretching sheet on a

three-dimensional unsteady forced bioconvective flow. Ellahi. [6] dis-

Nowadays, the micropolar nanofluid model is widely used in re- cussed the magnetohydrodynamic flow of non-Newtonian nanofluid in

search aspect. Such non-Newtonian fluids exhibit specific nano effects
and microstructures. The theory of micropolar fluid was initialized by
Eringen [1,2] later he extended that into thermo-micro stretch fluid and
bubbly liquids [3]. The particles in the micropolar fluid are rigid and
randomly oriented. For such a fluid, the spin vector and microinertia

a pipe with temperature dependent viscosity using homotopy analysis
method. Si et al. [7] studied the micropolar nanofluid flow and heat
transfer via channel with the effects of viscous dissipation in a channel
by using the Homotopy analysis method. Pal et al. [8] obtained the

tensor are also required so that stress moments can be supported by
body couplings. Micropolar fluids have the potential to have many
physical manifestations, including liquid crystals, bubbly liquids, polar
fluids, colloidal solutions, animal blood, polymeric fluids, and dumb-
bell molecules. Shah et al. [4] examined the Darcy—Forchheimer flow of
micropolar ferrofluid through Cattaneo-Christov heat flux model with
effects of thermal radiation, external electric field exposed to both suc-
tion and injection walls. Nadeem et al. [5] analyzed an incompressible

* Corresponding author.

influences of thermal radiation and heat source/sink on hydromagnetic
electrically leading on micropolar nanofluid flow through stretching
sheet by utilizing the Runge-Kutta Fehlberg approach along with shoot-
ing technique. Vasu et al. [9] deliberated the unsteady two-dimensional
pulsating micropolar blood flow in a tapered artery by employing the
finite element method. Also, this analysis is motivated by using nano-
drug delivery applications. Jaiswal and Yadav [10] investigated the
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two-phase model on a micropolar Newtonian in a blood flow artery
over a circular cylindrical tube including uniform magnetic field and
coupling parameter. This work is maybe suitable for various medical
reasons. Zeeshan et al. [11] dealt with the electromagnetic flow of
SWCNT/MWCNT of engine oil based carbon nanotubes over porous
media. Aslani et al. [12] explored the influence of micromagnetorota-
tion on hydromagnetic micropolar Poiseuille flow between two infinite
plates and this may be useful for various enormous applications like
bioengineering which contains micropolar fluids and industrials.

In the last two decades, researchers have endeavored the nanofluid
which plays a vital role in science, engineering, and technology for
impressive applications like cooling processes, mechanical systems,
biomedical, drug delivery, nanofabrication, oil recovery, and so on.
The term nanofluid was first proposed by Choi [13] and he estab-
lished the results of heat transfer fluids which can be engineered by
suspending metallic nanoparticles in conservative heat transfer flu-
ids and gives better heat transfer. Wahed et al. [14] studied the
Ohmic heating effect on Ferro-nanofluid fluid flow in a curved tube
with the impacts of hall current by employing Differential transforma-
tion method (DTM) with associated of Pade approximation technique.
Ghadikolaei et al. [15] studied an incompressible micropolar nanofluid
through the iron oxide, ferro-ethylene glycol nanoparticles on hydro-
magnetic boundary layer flow in a porous medium in a stretching
sheet with the presence of Ohmic heating and thermal effects. Sheik-
holeslami et al. [16] examined the influence of radiation effect on
MHD nanofluid flow and energy transfer with effects of Brownian
motion and thermophoresis. Shehzad et al. [17] examined the influence
of ferromagnetic and titanium allow nanoparticles in non-Newtonian
micropolar fluid flow and also in this model, the Cattaneo Chris-
tov heat flux model have explored for the reason of heat transfer
in a nanofluid. Hazarika et al. [18] examined the magnetohydrody-
namic fluid movement with water-based nanoliquid of Ferrous Ferric
Oxide, Copper (Cu), and Silver (Ag) nanoparticles past a stretchable
porous sheet with viscous dissipation, Soret number, and heat gener-
ation by using Runge—Kutta fourth-order approach along with shooting
technique. Venkatesan and Reddy [19] developed the pulsative mag-
netohydrodynamic fluid movement of Oldroyd-B nanofluid into the
dynamic forces of blood assigning alumina nanoparticles in a hor-
izontal channel over the impacts of thermal radiative and viscous
dissipation. Such work is significant in engineering and biological
aspects. Hassan et al. [20] discussed the nanoparticle shape factor
effects on ferrofluids flow and energy transport over low oscillating
magnetic field using HAM method. Hayat et al. [21] explored the
bioconvective and Hall current investigation of peristaltic nanofluid
over gyrotactic microorganisms with the impacts of chemical reac-
tive and Brownian motion in a channel walls such as symmetric and
elastic. Rajamani and Reddy [22] discussed the impacts of thermal
radiation, heat source/sink, and Ohmic heating on pulsating flow of
couple stress nanoliquid with blood carrying alumina nanoparticles in a
channel by approaching the perturbation process. This process is maybe
useful for nanodrug delivery, pharmaceutical, and various biological
motives. Shehzad et al. [23] explored the MHD flow on a multilayer
coatings fully developed with steady Newtonian and non-Newtonian
fluids through parallel inclined plates in a inclined rotating channel.
Sharma et al. [24] addressed with the heat transfer and entropy analysis
of hydromagnetic slip flow over hybrid nanoparticles such as alumina
and gold with the effects of viscous dissipation Ohmic heating, and
thermal radiation by applying Crank-Nicolson scheme.

In the past few years, researchers have been looking into pul-
satile flow due to its numerous innovative applications in engineering,
biomedical, and industrial operations. The considered flow is stud-
ied because by inducing the pressure gradient in circular pipes or
stenosed arteries and it causes to fluctuate sinusoidally. For example,
in real situations we considering various emerging applications such as
respiratory systems, circulatory systems, internal combustion engines,
the discharge of any piston pump, control systems, and so [25-32].
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Shit et al. [33] studied heat transfer and pulsating flow in a blood
based porous constricted artery over the impacts of imposed magnetic
field, viscous dissipation, and body force by taking Crank-Nicolson
finite approach. Kumar et al. [34] studied the pulsative magnetohy-
drodynamic flow of Casson nanofluid through vertical permeable walls
by utilizing Buongiorno’s nanofluid approach over the influences of
viscous dissipation and thermal radiative effects. This model is sig-
nificant in biomedical, science, and technological aspects. Rajkumar
and Reddy [35] studied the pulsating hydromagnetic of Au/SW CNT's
with blood-based micropolar nanoliquid flow along with impacts of
heat source/sink and viscous through a porous horizontal channel also
such work helpful for biofluid modeling, human cancer treatment, and
nano-drug transport. Kot and Elmabound [36] investigated the heat
transfer of unsteady pulsating blood flow over stenosed artery through
Cattaneo Christov model with the effects of body force, heat source,
and thermal radiation by utilizing Laplace and finite Hankel transfor-
mations approach. Govindarajulu and Reddy [37] Recently, inspected
the hydromagnetic hybrid third-grade nanofluid via a porous walls
including the impacts of viscous dissipation, thermal radiative, and
Joule heating effects by taking fourth-order Runge-Kutta procedure.
Such investigation is substantial in cancer therapeutic, and the purpose
of biomedical aspect for nano-drug delivery in arteries.

The consideration of the Cattaneo—Christov heat flux pattern is the
purpose of effective heat transfer enhancement in the field of engineer-
ing and industrial processes. Cattaneo [38] established Fourier’s model
for the enrichment of energy transport and approaching different ma-
terials for having various thermal relaxation times. Also, Christov [39]
proposed an invariant formulation of Maxwell-Cattaneo law for the
relaxation rate of the heat flux. Such a model is suitable for the analysis
of larger heat transfer rate. Rauf et al. [40] studied the unsteady
hydromagnetic flow of a micropolar fluid through a periodic oscillation
of a rotating disk with Cattaneo—Christov heat flux model by using suc-
cessive over-relaxation approach along with finite difference scheme.
Majeed et al. [41] examined the energy transport behavior over porous
media of magnetite (Fe;0,) nanoparticle suspended over conventional
fluids by adopting the similarity transform procedure and then solving
by an effective shooting algorithm. Yahya et al. [42] investigated the
consequence of the Bio-convection and Cattaneo—Christov model on
Williamson nanofluid via stretching surface with radiation heat flux,
and convective boundary conditions. Thermal radiation influence is
obtained in many different fields, including solar and power technolo-
gies, energy transporters, nuclear reactors, spacecraft, etc. [43-46]. The
presence of heat source/sink is significant in various fields like chem-
ical engineering, biomedical reasons like metallic sheets cooling, oil
retrieval, and so on. Wahed [47] studied the impacts of ferromagnetic-
nanofluid on a boundary layer fluid flow in a stretching sheet over
the impacts like Ohmic dissipation, non-linear thermal radiation and
hall current parameters. Khaled et al. [48] explored the applications of
heat source/sink for thermal significances of the Brinkman micropolar
nanofluid in the existence of micro-organisms.

Entropy generation analysis is widely used in engineering, biology,
and industry. Such an assessment is useless because it only initiates
the critical level of irreversibility in a thermal system, which requires
a significant amount of energy to achieve. Different mechanisms, such
as solar thermal energy, natural convection, electro-chemical, and air
filters, all result in a decrease in entropy creation. Generally, Ohmic
heating, viscous dissipation, and non-linear or linear thermal radia-
tion can be applied for entropy generation (irreversibility) in thermal
progressions [49,50]. Yusuf et al. [51] examined the irreversibility
process in micropolar fluid with a semi-analytical solution in a heated
inclined porous space following slip conditions. Hayat et al. [52] in-
vestigated the entropy analysis of hydromagnetic flow via rotating disk
by utilizing of viscous dissipation and Joule heating effects. Chen and
Jian [53] performed an analytical study for two immiscible fluids in
a heat transfer scheme based on an entropy generation minimization
approach.

o

.
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Fe,O, +blood

Ferrofluid

Fig. 1. Physical model of the flow problem.

Above stated studies witness that, the researchers have investigated
the magnetohydrodynamic flow of various non-Newtonian nanofluid
flow with some effects but the impacts of hydromagnetic pulsating
micropolar nanofluid with ferromagnetic nanoparticles have not con-
sidered so far. So, the current study aims to analyze the entropy
generation on pulsating magnetohydrodynamic of ferromagnetic blood-
based micropolar nanofluid flow between two porous vertical walls
in the presence of viscous dissipation, Joule heating, thermal radi-
ation, and heat source/sink. Such nanoparticle magnetite (Fe;0,) is
an excellent candidate in the biomedical point of view like mag-
netic bioseparation, magnetofection agent, DNA molecule detection,
hyperthermia, tissue engineering and targeted drug delivery. Here
Cattaneo-Christov radiative heat flux model is utilized to examine the
behavior of thermal relaxation, Bejan number and entropy generation
for an irreversibility process in the energy equation. This model ef-
fectively plays a vital role in science, engineering, and medical fields
like cancer treatment, nano-drug delivery in arteries, coronary artery
disease, injecting medicine into the veins blood, and pharmaceuticals.
Here, the perturbation process is used to turn the flow regulating partial
differential equations into a system of ordinary differential equations,
which is then solved using the fourth-order Runge-Kutta approach with
the help of the shooting technique. The numerical outcomes were taken
into account for influences of velocity, microrotation, temperature,
entropy analysis and heat transfer rate. Finally, this is because of
their tremendous modern applicability, this new type of research will
fascinate many more scientists, encouraging us to smash down the
existing conflict.

2. Formulation of the problem

In this work, we considered a laminar and incompressible pulsatile
flow of electrically processed micropolar nanofluid between two ver-
tical porous walls with the presence of Cattaneo—Christov heat flux
model. In this segment magnetite (Fe;O,) taken as nanoparticle and
blood is treated as base fluid which is non-Newtonian. A coordinate
system and flow model of the problem is shown in Fig. 1. The X-axis
coincides with the left wall while the y-axis is normal to the walls. An
applied magnetic field of strength B, is imposed consistently normal
to both the walls. The induced magnetic field is neglected. 7| and T,
are temperature at the right and left walls accordingly (7}, < T}). Under
these assumptions the governing equations are [20,26,28,31,34,37]

~ 2
LI gy (S e L
of = 09y pyy 0x Py ) O Py
gpPns . K, 0N
+ 2 gy 4 LN o)
Pnf Pnf ay
_ _ R ) -
6_]Y+ oa—]Y=— 1‘2K1N——l‘a—lf+L,a—£V, 2)
ot oy Pufl Pugd OV Pusi 0y?
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Table 1
The physical and thermal features of Fe;O, nanoparticle and
blood [45,47].

Property Fe;0, Blood
C, (J/(kg K)) 670 3617
k (W/(mK)) 6 0.52
» (kg/m?) 5200 1050
o (Q m)™! 25000 0.8
p (1/K) 1.3x107° 1.8 x 1070
7 7 2F 2F 2F k 2
£+vo£+iz <ﬂ+’-’é£ +2U0—0~T~> = il g
of 9y or o2 9501 ) = 0Cpuy a2
+l4nf+K1 <%>2 O',,fBg 2
(/’Cp)nf 95 <pCP>nf
7] -
RS R ) ®)
(/’Cp)nf 4 (/’Cp)nf

Here, P is the fluid pressure, & is velocity in %-direction. k,;, (0C,), -
Hufs &pBygs puys and o, ¢, thermal conductivity, effective specific heat,
dynamic viscosity, thermal expansion coefficient, density of nanofluid,
and electrical conductivity of nanofluid accordingly. K, is coupling
parameter, j is microinertia parameter, g, is the radiative heat flux, T is
the temperature of nanofluid N is microrotation vector, 4, is thermal
relaxation time, 7 dimensional time, Q, is the coefficient of the heat
source/sink.

The appropriate boundary conditions(B.Cs) are

u*(0) =0,
u*(h) =0,

N*©0)=0, T*©0)=T,, 4

N*(h)y=0, T*(h)=T,. (5)

The distance between the walls is denoted as 4 here.

The thermal properties of ferro-nanofluid are defined as follows: [18,
24],

(0Cs = (1 = )(PC,) s + B(pC,)y:
pnf = (1 - ¢)pf +¢ps;

-
T A= gps
Wy = (1= DoP)y + o) | ©
ons (& -1

It
or (G +D-(C-De
knp kg4 2ky =2k, — k)
ki~ kg+2kp+ gk —k)’

here, the subscripts nf, f, and s represent the nanofluid, base fluid, and
solid nanoparticles respectively. ¢ is the nanoparticle volume fraction.
The thermal features of base fluid and nanoparticles are shown in
Table 1. Presently, by utilizing the Rosseland approximation towards
the radiative heat flux gr accordingly [24,34] and Eq. (3) becomes,

£+v£+ <62—T+11262—T+21)—02T>— oy ﬂ
of %05 P\ar " 0o 0950t ) ~ (0Cpus oy2
1 (168,002 |t t K (0_>2

(0Cpuy | 3k ' gy2 (pCp)nf 9y

%us B3 2 Q9
(pCP)nf (/’Cp)nf

Here, Stefan—-Boltzmann constant is &, and the mean absorption coeffi-

T - Ty). )

cient is k.
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Fig. 2. (a) Impact of M on u, (b) Impact of K on u, (c) Impact of Gr on u, (d) Impact of ¢ on u,.

Now, by applying the succeeding dimensionless parameters,

u:l’ XZE, y:X7 N:N—h, t:a)f, P_hP7
vy h h v HUy
R vgh G 8B, (T = To)h’ p T-T, ®
e=—, r= — = .
vy v? T, - Ty
Egs. (1),(2), and (7) becomes,
sz" R@=_L£+ A+K ﬁ_ﬁ 2+K‘)N 9
ot dy Ay ox A 02 A A, day’
2 A
20N (gON _ 2N noou 1 PN 6(Gr)9, 10)
ot ay P/A,  P/A dy P/A 9> A \Re
2 2
122 g% 45 (g2 %0 RP0 00
ot dy o2 H? ay dyot
(%, 4Rd) 1%
“\4, 734, ) Proy
A 2 /A
(2 0k ) Ee (%) +(28) Eemr + Lo an
A, ay A, A,
Where, A, = (1_¢)+¢//;_;, Ay = m, Ay = (1 - ¢) +
2tk (-1
(pc,,)s’ , = kg+2k =2k —ky) s=1+ / Ag = (1 -

ky+2k +p(k p—ky)

(0C); E-Eh’

)+ = VP pp = ’:\; is the frequency parameter, R = —h is cross flow

0By’
Ec = Ué

Reynolds number, [(GAPGED)

is the Eckert number, § = w4,

is thermal relaxation time parameter, M = Byh Z—f is Hartmann
\ #

K h* . . K . .
number, n = = is gyration parameter, K = = is coupling parameter,

PCp) vy, 46T3
= 2277 s the Prandtl number, Rd i
ks krk

L is the radiation

parameter, Q = T ?")h 5 is the heat source/sink parameter, P; = ’%
is micro-inertia pararneter

The appropriate B.Cs are,
u0)=0, N@O)=0, 600)=0, (12)
ul)=0, N(1)=0, 01)=1. 13)

3. Solution of the problem

Since the flow is driven by the pressure gradient, the dimensionless
pressure gradient is taken as

oP
i = Ao +ede.

14

Now that the pressure gradient induces the pulsatile flow described in
Eq. (14), the velocity u, microrotation N, and temperature 6 are taken
as,

u = uy(y) + euy (y)e', (15)
N = Ny(») +eN (e, (16)
0 = 0y(y) + €6, (y)e". a7

By taking the Egs. (14)-(17) in Egs. (9)-(11) and equating the corre-
sponding coefficients of ¢ (¢ < 1) for different powers of ¢, we can attain
the set of ordinary differential equations

A2+K " / A 2 A6 K
— Ru M-u — (=) (6, —N
( A ) A, A ( )(°)+

A+ K\ ,
< 1, )”1 — Ru

A Ag (Gr
2. 5 2 6
L= (i, - <A_1> Mo+ 3 (_e>(91)
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Fig. 3. (a) Impression of M on u, (b) Impression of K on u, (c) Impression of Gr on u, (d) Impression of ¢ on u, (e) Impression of ¢ on u,.

+A£ N]’ + j_l =0, (19) The appropriate B.Cs are
1 1
uy=0,Ny=0,0,=0; u;=0,N;=0,0,=0 at =0, 24)
()~ - (RN == (2 ) =0, 0TON0 TR M m A AN ’
A, A, A, uy=0,Ng=0,0p=1, u;=0,N;=0,0,=0 at y=1. (25)
1 2n . n
(A_]> N{, - (P/R) N{ - A_](Nl) - (PJHZ’) N, - A_lu,l =0, 2 The significant physical amount of heat transfer rate at the walls is
given in terms of the non-dimensional Nusselt number as,
| (As  4Rd R\, O (A 22 Nu=(A;+3Rd) <@> (26)
— (2 +222-5(=) )0+ =60,-RO,+ | =2 ) EcM 4
Pr <A3 3 A, < w2 ) )0 T a0 T PTG, ) Fe 3 9/ =
. <ﬁ N K) Ee (i) )2 -0, 22) Now, using MATLAB software and th.e Rung?—Kutta'fourth order ap-
As proach, the system of Egs. (18)-(23) in associated with B.Cs (24) and
1 (Ay 4Rd R? " , o 0 (25) is numerically determined. The step size has been set to 0.001
sl t3 0 5z ) ) o — ROy - 2RO + (- ) 6y _ S ) 10
r \A; 3 A3 H?2 A (4y = 0.001). For the converging criteria, the accuracy is set at 1x107'°.
_SiH? To ensure the precision of the current outcomes a comparison has
SiH%(0)) P p
. A, ., As ) been done between the current outcomes and the outcomes attained
—6iI"H™(8)) +2 (A_3 + K) Ec (uyuy) +2 <A_3> MZugu; =0. (23) by NDSolve using MATHEMATICA which are prearranged in Table 2.
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Fig. 4. (a) Impression of K on N, (b) Impression of R on N, (c) Impression of n on N, (d) Impression of P; on N,.

Table 2

Comparison of present findings and the outcomes of NDSolve for (6;) at
the wall (y = 0) when 7 = %, 0=05 K=05, Pr=21, H=3, Rd =1,
e=0.1, R=1,5=05 M =05, ¢ =005 Ec=05, 4,=1, and 4,=1.

Parameter Values Present results NDSolve
(07,0 (0)y=o
0.1 0.01284863 0.01284878
Ec 0.3 0.03646625 0.03646624
0.5 0.06241876 0.06241877
1 0.06241876 0.06241877
Rd 2 0.10616575 0.10616575
3 0.18652950 0.18653816

It is witnessed that there is a worthy settlement between the current
outcomes and the outcomes attained by NDSolve. It can be seen that
there is a worthy limitation between the current outcomes and the
NDSolve outcomes.

3.1. Analysis of entropy generation

] (o) (22) (2)
3kk, | \ 99 Ty 9y
2
o By \ o
+ i 27
( T i (27)
The rate of dimensionless entropy generation is in the form

2 2 2
AsM?*EcP A,EcPrK
NG:A4(1+—4Rd><—()0> 2 ¢ ru2+< kbt )(—au> ,
3 dy n n dy

(28)

K,
Ns = i [1+
h

where, 5 = LT i the temperature difference, On aspect of Eq. (10),

the impression] for NG can be defined as.

NGy = NGy(») + eNG,(»)e, (29)

Since by taking Egs. (15), (16), (17), and (29) into Eq. (27), and taking
the coefficients power of ¢ into consideration, we get

4Rd
NG, = 4, (1 + T) O +

AsM?EcPr A,KEcPr
3 , - , @p?  (30)

2AsM2EcPr 2A,EcPrK
NGI=2A4(1+%)9601+ 3 ugly + 2 ué)u/l,
n n

(31)

2

4Rd a0

A1+ 4) (5)

Be=———— 7 "7 (32)

NG

4. Results and discussion

In this segment, the impacts of Hartmann number (M), coupling
parameter (K), Grashof number (Gr), gyration parameter (n), cross-flow
Reynolds number (R), micro-inertia parameter (P;), viscous dissipation
(Ec), thermal radiation (Rd), heat source/sink (Q), frequency parame-
ter (H), Bejan number (Be), entropy generation (NG) on steady and
unsteady distributions of velocity, microrotation, temperature distri-
bution, heat transfer rate, entropy generation and Bejan number for
blood-based micropolar nanofluid with Fe;O, nanoparticles are pre-
sented graphically and discussed in detail Figs. 2-10. For the simulation
of numerical outcomes, we have taken the standard values adjusted
at H = 3,R = 1,M = 05,Rd = 1,6 = 05,Pr = 21,Gr = 3,t =
n/4,Rd = 2,Ec = 05,n =054 =4 =1=P, =K =1,0=05
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Fig. 5. (a) Impression of K on N, (b) Impression of R on N, (c) Impression of n on N, (d) Impression of P; on N, (e) Impression of 7 on N,.

and ¢ = 0.05. Apart from changing the parameters’ values as shown
in the appropriate figures and tables, these standards are kept constant
throughout the study. The influences of the steady velocity distribu-
tion in the walls are presented graphically in Fig. 2(a)-(b). Fig. 2(a)
demonstrates that the steady velocity (u,) is trending down with an
augmentation of the Hartmann number. This could be addressed by
the Lorentz force, which is produced by an applied magnetic field
and behaves perpendicularly to the direction of the flowing stream.
Consequentially, steady velocity is reduced. Fig. 2(b) depict that the
variations for steady velocity (i) is lessening as the coupling parameter
value increases This is because the coupling factor is conflicting the
flowing fluid. Thus, the behavior of steady velocity leads to decreasing
tendency. Fig. 2(c) exhibit the impression of steady velocity (1) which
is increasing by boosting up the Grashof number. Due to the buoyant
force’s effectiveness in resisting gravity and it leads to boosts the fluid
flow. Fig. 2(d) shows the influence of steady velocity (u;) which is
reduced with an increment of the nanoparticle volume fraction. This is
due to the density extension of the base fluid with nanoparticles which
dignified to decelerate the fluid flow.

The variations of unsteady velocity (u,) for numerous parameters
such as Hartmann number (M), coupling parameter (K), Grashof num-
ber (Gr), volume fraction of nanoparticles (¢), and time (r) are por-
trayed graphically in Fig. 3(a)-3(e). Fig. 3(a) reveal the unsteady
velocity (u,) of micropolar nanofluid is diminished with an amplifying
Hartmann number. Since the retarding forces produced by a magnetic
field, which responds as a conductive drag force and causes the un-
steady velocity (u,) of nanofluid to slow down. By increasing of coupling
parameter then the unsteady velocity is in the stage of reducing ten-
dency which is given in Fig. 3(b). The opposite behavior have obtained
due to enhancing the values of Grashof number which is presented in
Fig. 3(c). In Fig. 3(d) demonstrates the effect of unsteady velocity (u,),
which increased as the nanoparticle volume fraction increased. This is
due to the addition of nanoparticles to the base fluid, which increases
density and elevates the fluid flow. Fig. 3(e) reveal that the unsteady
velocity (u,) oscillates with varying the values of time (7).

The differences of steady microrotation (N,) is depicted by utilizing
the different physical parameters such as cross-flow Reynolds number
(R), coupling parameter (K), gyration parameter (n) and micro-inertia
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(P;) are portrayed in Fig. 4(a)-4(d). Fig. 4(a) exhibits a continuous
microrotation that ascends near to the left wall and descends over to
the left wall as the coupling parameter is increased. This is because
such an influence opposes the fluid flow and causes variations in the
flow. Fig. 4(b) depicts that the steady microrotation is rising at the left
wall and dwindling in the right wall with the increment of the cross-
flow Reynolds number. The opposite nature is happened by boosting
the gyration parameter. Since this micro-gyration vector is related to
shear stress once fluid is substantiated, it causes to oscillating in the
fluid flow. which is plotted in Fig. 4(c). Fig. 4(d) exhibits the steady
microrotation is gradually decreasing with the enhancement of the
micro-inertia parameter.

The influences of unsteady microrotation (Nt) by utilizing the dif-
ferent physical parameters such as cross-flow Reynolds number (R),
coupling parameter (K), gyration parameter micro-inertia (P;) and time
(t) are portrayed on Fig. 5(a)-5(e). Figs. 5(a) and 5(b) shows the
unsteady microrotation is reduced at the lower wall, similarly, it is
rising gradually at the right wall with the enhancement of coupling
parameter and cross-flow Reynolds number. Fig. 5(c) presents the
unsteady microrotation is wavering and decreasing at the left wall also

escalating at the right wall by growing the gyration parameter value.
The enhancement of micro-inertia then the unsteady microrotation
of micropolar nanofluid is oscillating consequently which is given
in Fig. 5(d). In Fig. 5(e) exhibits that the unsteady temperature is
oscillating periodically by varying the values of time (7).

The influences of steady temperature () exhibited by varying the
values of emerging physical parameters of thermal radiation (Rd),
Hartmann number (M), viscous dissipation (Ec), heat source/sink (Q),
thermal relaxation parameter (§), and frequency distribution (H) are
displayed in Fig. 6(a)-6(f). In Fig. 6(a) depicts that the steady tem-
perature is amplified by rising values of thermal radiation due to such
parameter playing an effective role in conducting the heat on the wall
and its states to enhance the temperature effect. Fig. 6(b) shows that
magnifying the Hartmann number decreases the steady temperature
of micropolar nanofluid. The reason is retarding force is generated to
create an applied magnetic field that play a role as a frictional drag
force and it causes to reduce the steady temperature. Fig. 6(c) reveals
that the stable temperature is falling with higher values of the viscous
dissipation parameter. This is because the increased Eckert number
dissipates greater energy in the system. In Fig. 6(d) reveal that the
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unsteady temperature is increasing in according to increment of heat decreasing due to an increase in the thermal relaxation effect. Because
source (Q > 0), similarly, the temperature is increasing by boosting up computable particles have a larger likelihood of giving heat to their
the heat sink values (Q < 0). The temperature of micropolar nanofluid is nearby particles as the relaxation time parameter of heat flux increases,
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energy is lowered, as seen in Fig. 6(e). The same behavior is obtained
in Fig. 6(f) with an enhancement of cross-flow Reynolds number.

The influences of unsteady temperature (6,) are demonstrated by
applying various physical parameters of thermal radiation (Rd), Hart-
mann number (M), viscous dissipation (Ec), heat source/sink (Q),
thermal relaxation parameter (6), frequency distribution (H), and time
(1) are portrayed in Fig. 7(a)-7(g). In Fig. 7(a) shows that the unsteady
temperature is oscillating and increasing near to the right wall with
an increment of the thermal radiation parameter. By enhancing the
Hartmann number then, the unsteady temperature is ascending at the
left and right wall at the same time it is descending in the middle
of the channel which is presented in Fig. 7(b). The opposite nature
has obtained by rising the values of viscous dissipation as plotted in
Fig. 7(c). In Fig. 7(d) shows that the unsteady temperature is dwindling
when accelerating heat source (Q > 0) while it is amplifying with the
decrement of a heat sink (Q < 0) parameter. Fig. 7(e) depicts that
the unsteady temperature is diminishing and oscillating periodically
by the enhancement of the thermal relaxation effect. Fig. 7(f) portrays
that the unsteady temperature of micropolar nanofluid is wavering and
increasing in the center of the channel by accelerating the cross-flow
Reynolds number. By varying time (t) then the unsteady temperature
of micropolar nanofluid is oscillating periodically which is presented in
Fig. 7(g) accordingly.

From Fig. 8(a)-8(d) presents the impressions total entropy gener-
ation for various parameters such as thermal radiation (Rd), viscous
dissipation (Ec), Hartmann number (M), and nanoparticle volume frac-
tion (¢). Fig. 8(a) shows that the variations of entropy is upsurged by
giving higher values of thermal radiation, due to the thermal radiation’s
relative commitment with the conductive heat energy. Fig. 8(b) depict
that entropy is enhanced by increasing the values of viscous dissipation.
The same behavior is obtained with the rise of viscous dissipation.
Because the entropy generation is enhanced due to the frictional re-
sistance supposed to act on high fluid flow, the collision of liquid
flowing serves to enhance entropy. The similar nature is obtained with
the growth of Hartmann number, due to magnetic field produces drag

forces. and it causes to changes in entropy generation which is given in
Fig. 8(c). Fig. 8(d) exhibits the entropy is diminished by accelerating
nanoparticle volume fraction.

The impacts of temperature related Bejan number (Be) is incorpo-
rated in Fig. 9(a)-9(d) in addition of viscous dissipation, thermal radi-
ation, Hartmann number, and nanoparticle volume fraction. Fig. 9(a)
designate the effects of Bejan is accelerates for giving higher values of
thermal radiation. Fig. 9(b) shows that the Bejan number is diminishes
over to rise of viscous dissipation effect and it is dominating the impacts
of fluid non-reversibility process in the walls. Fig. 9(c) explains the
effects of the Hartmann number on the Bejan number, it discovered
that the increasing nature caused by the Lorentz force acting on the
flow results in an increment in the Bejan number. The same nature
obtained with giving higher values of nanoparticle volume fraction
which is shown in Fig. 9(d).

The influences of heat transfer rate (Nu) of micropolar nanofluid
at the left wall (y = 0) against H for different physical parameters
such as M, Rd and Ec are given in Fig. 10(a)-10(c). Evidently, one can
notice that the heat transfer rate is increasing with the enhancement
of Hartmann number against frequency parameter which is given in
Fig. 10(a). In Fig. 10(b) shows that total heat transfer rate is up-
surged by amplifying the thermal radiation. Fig. 10(c) depicts that the
heat transfer rate is accelerates by increasing the values of viscous
dissipation against frequency parameter.

The dispersion of heat transfer rate (Nusselt number) for steady and
unsteady impacts for the left wall (y=0) with the different parameters
such as Rd, K, Ec, and M have been presented in Table 3. In given ta-
ble, the influences of steady (Nu,) and unsteady Nusselt number (Nu,)
are accelerated by intensifying the Hartmann number, and coupling
parameter in the micropolar nanofluid while they are diminished with
an enhancement of Rd and Ec.

5. Conclusion

The current work investigates that the entropy generation of hy-
dromagnetic pulsating flow of a micropolar nanofluid in between two

11



iranpaper 1=} Downloaded from https://iranpaper.ir

D. Rajkumar et al.

Table 3

Distributions for steady and unsteady heat transfer rates for
M,Ec,K,Rd,m and 6§ when ¢ = 0.1, t = %, Ec=05, Pr=21, K =1,
H=36=05R=1,Ri=1,0=05M=05,n=05, 4, =1, and
A, =1 at the wall (y=0) .

Parameter Values (Nu)),g (Nup),—o
0.5 0.112404 0.001238
M 1 0.104658 0.001185
1.5 0.093560 0.001104
0.1 0.021125 0.000234
Ec 0.3 0.065314 0.000721
0.5 0.112404 0.001238
1 0.112404 0.001238
K 2 0.079633 0.000976
3 0.061570 0.000790
2 0.206432 0.001999
Rd 3 0.516833 0.003409
4 1.151402 0.005449

vertical porous walls with the occurrence of Cattaneo—Christov heat
flux model, viscous dissipation, Ohmic heating, and thermal radiation.
Here, blood is considered as base fluid and Fe;O, as nanoparticle. The
addressed model is essential in the investigation of nano-drug delivery,
pharmaceuticals, polymer engineering, and biological fluid modeling.
The obtained results are accomplished by using a shooting approach
with the aid of fourth-order Runge-Kutta scheme. The variations of
velocity, microrotation, temperature profiles, heat transfer rate, en-
tropy generation and Bejan number of micropolar nanofluid which are
explained by revealing figures. The most important outcomes are given
below.

The steady velocity is diminishing with the enhancement of Hart-
mann number, and nanoparticle volume fraction while it is am-
plifying for the higher values of Grashof number.

The impacts of unsteady microrotation is rising over to the left
wall and decreasing over to the right wall by increasing cou-
pling parameter, cross-flow Reynolds number and micro-inertia
parameter.

By the enhancement of radiation parameter, and viscous dissipa-
tion then steady temperature is increased.

The nanoparticle volume fraction of micro-rotation is reduced
with the increment of angular momentum.

A total entropy is mounting up by accelerating the values of
viscous dissipation and thermal radiation.

The impacts steady Nusselt number which is magnifying with
an intensification of Hartmann number, coupling parameter, and
thermal relaxation time parameter.
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