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The present study examines the effects of the pulsatory flow of Casson nanofluid using Buongiorno's model in a vertical
channel. On the left wall, fluid is injected with some velocity and removed at the opposite wall at the same rate. The
solutions for velocity, temperature, nanoparticle concentration, heat, and mass transfer rates are calculated using the Runge-
Kutta 4™ order approach along with the Shooting method. The impact of different parameters, including thermophoresis,
chemical reaction, Lewis number, and heat source or sink parameter, are illustrated graphically. The results show that the
Brownian motion parameter increases the temperature profile, while the chemical reaction parameter decreases the
concentration profile. Further, a tabular representation of the steady and unsteady heat and mass transfer rates at the left wall
is provided. The higher values of the chemical reaction parameter result in an increase in both the steady and unsteady

Sherwood number distributions.
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Introduction

Nanofluids are different types of fluid made up of
convectional base liquids and nanometre-sized
particles. Nanofluid research is a significant scientific
field because of the wide range of potential
applications in mineral oil, water, solar energy, and
microelectronics. In chemotherapy, nanoparticles are
also utilised to kill cancer cells. Applications of
nanofluids in technology and engineering include
cancer therapeutics, vehicle thermal management,
nuclear systems cooling, intensified microreactors,
electronic coohng components, and many more' 10
Buongiorno'' created a nanofluid model by
submerging nanoparticles in a base fluid and
concluded that the nanofluid had higher thermal
conductivity and single-phase heat transfer than the
base fluid. He continued by saying that the
improvement in heat transfer coefficient outweighs
the influence of pure thermal conductivity. Ghasemi
et al."? examined the peristaltic flow of nanofluids in
drug delivery systems. Investigation of MHD Casson
nanofluid flow across an inclined porous stretching

surface was performed by Ghadikolaei et al."
Electro-osmotic transportation of nanofluid in a
channel has been inquired by Das er al.'*. Farooq
et al.” scrutinized the impacts of a two-dimensional
stream of Casson nanofluid across plate/cylinder
including bioconvection, motile microorganisms,
exponential thermal source/sink, and non-linear
thermal radiation.

There have been many studies on pulsatory flows in
channels and pipes'®*'. Still, very few studies on non-
Newtonian nanofluid flow with pulsating pressure
gradients have been documented in the literature. Dusty
liquid flow in a channel has been inquired by Datta
et al”* Rana & Murthy” demonstrated the analysis of
pulsation non-Newtonian fluid flow in a tube. Shit
et al.** numerically investigated the pulsatory blood flow
through a porous overlapping constricted artery. In a
vertical channel, pulsatile Casson nanofluid flow was
examined by Kumar et al.” using Buongiorno's model.
Vasu et al.”® studied the micropolar pulsatory blood flow
through a diseased tapered artery. Kumar and Srinivas *’
have examined the pulsation Casson fluid flow in a
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vertical channel. Ali ef al.” numerically investigated the
pulsatory Casson fluid flow through a double-constricted
channel. The pulsatory flow of nanofluid with heat
transfer in a permeable channel is discussed by
Govindarajulu and Reddy”. Wang ef al.** demonstrated
the pulsatory blood flow pass a small vessel under a
magnetic field. Srinivas er al®' has investigated the
cross-diffusion effects of pulsation Casson fluid flow in
a vertical permeable channel. There are numerous
significant technical issues concern the flow of
chemically reacting fluid mixtures. Many biological
fluid systems are examples of such mixtures. For
example, blood is a complex mixture of plasma,
proteins, cells, and a variety of other chemicals that is
modelled usually in a homogenized sense as a single
constituent fluid. Blood is an example of a Casson fluid.

The study of heat and mass transfer problems with
chemical reactions are of great importance in many
applications such as polymer production, drying,
distribution of temperature and moisture over
agricultural fields and groves of fruit trees, damage of
crops due to freezing, evaporation at the surface of a
water body and energy transfer in a wet cooling tower
and flow in a desert cooler’>™’. Rauf et al.*® explored
the Casson nanofluid's three-dimensional boundary
layer flow in the presence of a chemical reaction.
Raju et al® numerically examined the chemical
reaction and heat source behaviour of Casson fluid
towards the stretching surface. Combined influences of
chemical reaction and radiation absorption onto the
unsteady hydromagnetic Casson fluid flow through an
infinite inclined absorbent plate was examined by
Swarnalathamma ez al.*’. Asogwa et al.*' demonstrated
the radiative characteristics of EMHD Casson
nanofluid over a stretchable electromagnetic plate.
Yousef et al.** reported on hydromagnetic Casson-
Williamson nanofluid flow through a slippery
stretching sheet under the impact of a chemical
reaction. Devi & Srinivas* demonstrated the combined
impacts of chemical reaction and heat source on the
flow of two-layered viscoelastic liquids in a vertical
porous channel. Very recently, Srinivas et al*
investigated the hydromagnetic flow of a Powell-
Eyring nanofluid with the oscillatory pressure gradient
through the horizontal channel under the impact of a
chemical reaction.

The primary goal of this work is to study the
numerical analysis of hydromagnetic Casson nanofluid
using Buongiorno's model in a vertical porous channel
generated by a pulsating pressure gradient.

Fig. 1 — Flow model of the problem

Modelling and formulation
Consider a fully developed laminar pulsatory flow of
an electrically conducting Casson nanofluid between

two parallel walls separated by a distance / . On the left
wall, fluid is injected with a velocity Vv, and removed at

the opposite wall at the samerate. A uniformly strength
magnetic field B, is applied orthogonal to the walls

(see Fig. 1). Here T}, , C, represents the temperature and
concentration at the left wall, while the uniform
temperature and concentration, 7;, C,, are considered

on the right wall. The rheological equation of the non-
Newtonian Casson fluid model is defined as

2(ug + Py* I\27. ey, 7. >7
Ty = (1)

2(,uB+Py*/\/27z)eij, T >,

The governing equations are
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2 *
+v, 8C* =D, 0 (52 +—=L Dy o —k,C” ..(4)
oy T \ oy”

subject to the boundary conditions

u (0)=0,T°(0)=T,, C"(0)=C,; u" (h)

=0, T (h) =T, C"(h) =C, ..(5)
where @, indicates the heat source (or sink), x,

is the dynamic viscosity, 7,, is mean temperature,
.
(@)

component of the strain rate tensor,(pC,),is the

is the thermal conductivity,e;is the

effective heat capacity of the nanoparticles, 7 = e;

denotes the product of the component of the strain

rate tensor, p is dimensional pressure, D is
thermophoretic  diffusion coefficient, 7_.is the
critical value of this product based on the

non-Newtonian fluid, v ’ is the kinematic viscosity,

Py - is the yield stress of the fluid, o, is electrical

conductivity, f4,is the plastic dynamic viscosity of
the non-Newtonian fluid, D, is Brownian diffusion

coefficient, 7; is the (, j)'h component of the stress

tensor, 7", C" represent the dimensional temperature
and concentration of the fluid,(poC,), is the heat

capacitance of nanofluid,z=(pC),),/(pC,),,C,is

the form of drag coefficient, 3, is the coefficient of
concentration expansion, gis the acceleration due to

gravity, B = #B HoN2Te is Casson fluid parameter, 3, is

the coefficient of thermal expansion, ® and k are the
porosity and permeability of porous medium,{ is

time, p,is density of the fluid, u"is dimensional

velocity in x"direction and & is 1* order chemical
reaction rate(k; <0 for generative reaction, k >0
for destructive reaction, k; =0 for no reaction). The

radiative heat flux, on using Rosseland
approximation, reduces to
4(or™ o’
PR LI L ..(6)
Ny )x

where, y represents the coefficient of Rosseland
the Stefan-Boltzmann constant
and 7™ = 477" -37;'. Therefore,

mean absorption,
represented by o
Eq. (3) becomes

* * * * 2
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By introducing non-dimensional variables,

« PU * * *
P il e aT-T), i =uU, y
h 0]
=yh, x =xh, C =C,+#C,~C,) e (8)
where, @is frequency, u, 6, @represents the
velocity, temperature and  concentration  in

dimensionless form. Transforming the Egs (2), (4)
and (7) by using Eq. (8), we obtain

2
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where, g, - S/ (Forchheimer number), o
(frequency  parameter), p._ "/ (Prandtl ~ number),
a

__ay* _ (heat source/sink parameter), .. -n)

(pCp)/ Vy - Tmy s
(thermophoresis parameter), b (Reynolds
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U’ (Eckert number),
C, (L -Ty)

73 -
_4% 1 (radiation parameter), np- 258G -%)
KrX s
. . kyh? .

(Brownian motion parameter), y=-— (chemical

V 3

S
U (characteristic velocity),

Grashof number), g -

Rd

reaction parameter),
1 __ kG 1= % (Lewis number), .
v(G-Cp) Dp (PC,),
(thermal diffusivity), p, - ( k ) (Darcy number of the
oh’
porous media), ¢, :M (Grashof number),
V/'
R=2ot (cross flow Reynolds number, ,, :M
Vf \/;
(Hartmann number).
The transformed conditions are
u(0) =0, 6(0) =0, ¢(0) = 0; u(1)
=0, () =1, ¢(1)=1. ..(12)

Method of solution

To get the solution of Eqs (9)-(11), a perturbation
approach has been assumed in the form:

oP

_EZAO‘*‘?AW”; u=uy(y)+eu(y)e”, 0=0(y)

+e6,(1)e". 0= d(»)+ eh(y)e".
and omitting higher orders.
Substitute Eq. (13) into Egs. (9)-(11) and on
comparing the coefficients of same powers of s, we
obtain

1) . | 2 1
I+— |ug—Rug—| M~ +— |uy +
( ﬁjo 0( Da]oAﬂ

.(13)

+g90+@¢0—FsReu§ =0 (1)
Re Re
141 u, — Ruy —| M? LIS u1+A1+ﬂ¢91
p Da Re
+@¢1 —2FsReugu; =0 - (15)
Re

[1 + %Rdj 0y — R Pr 6, + QPré, + NbPrlyg, + NtPr(6,)*

+(1+%)E0Pr(u6)2+M2EcPru§=0 -+ (16)

(H% Rdj 6 — RPr 6, +(QPr—iH*Pr)6, + Nb(Gyh

+6,¢h)) Pr+2NtPr,0), +2(1+%}Ecpmgu;

+2M?EcPrugu, =0 (17

¢(; —LePrR%—yLePr% +(%j«9& —K,LePr=0 ---(18)

¢, —LePrRg — LePr(iH?* + y)¢, + (%} 6, =0---(19)
The corresponding boundary conditions are
u1(0)=0, u5(0) =0, 1 (1) =0, uy(1) = 0; 6,(0) =0, 6,(0)
=0, 6(D=0,6,()=L¢(0)=0, ¢(0)=0, 4(1)=0,
(=1 -++(20)
Further, the non-dimensional rate of mass transfer

(Sh), and heat transfer rate (Nu) at the channel

boundaries can be obtained from

and Sh = a9
dy

Nu :ﬁ
dy

- (21

y=0.1 y=0.1

Numerical analysis

With the use of the R-K 4™ order method along
with the Shooting technique, the numerical findings
established to the coupled non-linear ODE's (14)-(19)
and the associated conditions Eq. (20) are solved
using the shooting method. The step size is fixed as
0.001 (i.e., Ay=0.001) precision is static for the
convergence criteria. The system of ODEs is changed
into a collection of first-order ODEs. By using the
equations, we can now define a new set of variables:

”o:§1a”6:§2»”1:§3»”i:§47 00:§5506:§69912§750£
=§8,%:§9,¢i):§107¢1 :fllaézglz -+(22)

Putting Eq. (22) in Eqs (14)-(19) results in the
simplified equations listed below:

1 G
, 1 R§z+[M2+EJ§1—Ao—R—Z§5
&= 7 G -(23)
1+— ||_2¢ 2
ﬂ Re§9+FSR€§1
| | R§4+(M2+Dia+iH2j§3—Al
2 el | +(24)
L r c
1+ﬂ —E§7—E§11+2FSR€’§1§3
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RPrlg—OPrés — NbPréglyy — NiPré?
g = 1 -+(25)
A Ra —(1 +lJEcPr§22 — M?EcPr¢?
3 B
, 1 RPr L —(QPr—iH?Pr)¢y = Nb($6i
gg = 7 +¢3810)Pr—2NtPré ey -(26)
l+§Rd

—2[1 + %] EcPréyy —2M? EcPréy s

Cio= {Le PrR¢, o +yLePréy — (%} Co + KlLePr} - (27)

o= {LePrRé’lz + LePr(iH? + 7)), _(%) 48'} . (28)

with the boundary conditions

€1(0)=0, £3(0)=0, £5(0) =0, £5(0) =0, £4(0) =0, £;,(0)
=0,¢,(1)=0,53(1)=0,Z5(1) =1, 57 (1) =0,
So()=1,¢6,,(1)=0.

Throughout the calculations, the considered parametric
values are Nt=02,Le=1, y=1, K =0.001,Nb=0.2,
Pr=21, H=2, =2, M=2, t=n/4, Ge=7, Gr=5,
Re=1, Fs=0.5, Da=05,R=1, 4, =1, 4, =1, £=0.001,
Rd=2,0=-05, Ec=0.4unless otherwise stated.

-+(29)

Results and Discussion

The influences of several relevant parameters on
flow variables have been addressed in the current
section with the aid of graphical results. The
behaviour of Fs, Da, Gr, Ge, M, and f on the velocity
profile is plotted in Figs 2(a) to 2(f). Fig. 2(a) depicts
how the Forchheimer number impacts the velocity
field. It is clear that » decreases when Fs rises. Fig.
2(b) depicts the impact of Da on u. Here, the
velocity profile « increases by rising the porosity
parameter. The impact of the Gron the velocity field
is depicted in Fig. 2(c). The outcome demonstrates
that a rise in Grashof number causes an increase in the
velocity field because buoyancy forces increase.
Analysing the effect of various solutal Grashof
number values on « yields a similar result (Fig. 2(d)).
Fig. 2(e) elucidates the effect of M on the velocity
field. The applied magnetic field produced a drag
force opposing the flow direction. It seems that the
larger values of M lead to a fall in velocity. The
Casson fluid parameter impact on the Casson fluid
flow wvelocity is depicted in Fig. 2(f). Physical
relationships between the Casson fluid parameter and

fluid viscosity cause the fluid viscosity to rise as the
Casson fluid parameter rises. Increased viscosity
results in decreased velocity.

Fig. 3(a) depicts the wvariations in temperature
distribution with Nb. It is obvious that rising Nb will
significantly rise the fluid's temperature. Fig. 3(b)
describes the wvariation of unsteady temperature
distributions for various values of Nb. Further, it is
noted that the unsteady temperature fluctuates with
rising Nb, and the maximum is located closer to the
walls. By changing N: on @, similar behaviour can
be observed (see Figs 4(a) and 4(b)). As the Brownian
motion strengthens, this leads to effective movement
of nanoparticles from the walls to the fluid. Because
of this reason, the dimensionless temperature &
increases with an increase in Nb. It may be noted that
the parameters Nband Nt characterize the strengths of
Brownian motion and thermophoresis effects. The
larger values of Nband Nt, the larger the strength of
the corresponding effects. Thus Nband Ntcan take
any value in the range of 0<Nb,; Nr<1. Fig. 5(a)
depicts the impact of Rdon 6. Here, the temperature
profile #increases by increasing Rd. Fig. 5(b)
illustrates how the unsteady temperature oscillates
with rising Rd and shifts its maximum to be close to
the walls. Fig. 6 depicts how influences unsteady
velocity and temperature fields. It is clear that the
unsteady temperature and velocity fields oscillate as
they rise.

The impact on concentration distribution is seen in
Fig. 7(a). With a rise in y, it is seen that the

distributions ~ of  nanoparticle = concentrations
decrease. The  largest  unsteady  nanoparticle
concentration is found closer to the walls and changes
with increased y (see Fig. 7(b)).Similar results are

obtained when different Lewis number values are
examined in relation to concentration distribution
(see Figs 8(a) and 8(b)).

Table 1 displays the steady and unsteady Nusselt
number distributions ( Nu_ and Nu,) at the left wall

for various values of Rd, O, M , Ec, Nb, and Nt.

The steady and unsteady heat transfer rates are said to
decrease by rising the values of the Brownian motion
parameter and Hartmann number, while the increasing
heat source or sink parameter, radiation parameter,
Eckert number, and thermophoresis parameter exhibit
rising behaviour. The steady and unsteady Sherwood

number distributions (Sh and Sh,) at the left wall
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Fig. 2 — Velocity distribution under the (a) influence of Fys, (b) influence of Da , (¢) influence of Gr,(d) influence of Gc , (e) influence

of M and (f) influence of f.
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Fig. 3 — Influence of Nb on temperature distribution

for different values of B, M ,Le,y, Nt, and Nb
are presented in Table 2. According to Table 2, the
higher values of the chemical reaction, Hartmann

number, and Casson fluid parameter result in an
increase in both the steady and unsteady mass transfer
rate distributions. One can notice that for a given
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Table | — Distributions of Nu (6, ") and Nu, (&6, 'exp(it) ) for different values of Rd , 0, Ec, M, Nb,and Nt at Le =1,
y=1,K =0001,Pr=21, H=2, f=2,t=7/4,Gc=7,Gr=5,Re=1, Fs=0.5, Da=0.5, R=1,
4,=1,4=1,£=0.001

Rd 0 Ec M
1
2
3
4
-0.3
-0.1
0.1
03
0.1
0.2
0.3
0.4
0
1
1.5
2

Nb

0.1
0.2
0.3
0.4

Nt

0.1
0.2
0.3
0.4

Nu

s

0.084224
0.152704
0.246218
0.338486
0.173144
0.199512
0.234989
3.137998
0.056169
0.083344
0.115032
0.152704
0.205706
0.189731
0.172536
0.152704
0.157856
0.152704
0.157731
0.164455
0.108297
0.152704
0.219503
0.320813

Nu,

0.000716
0.000772
0.000821
0.000847
0.000819
0.000874
0.000941
0.003146
0.000159
0.000337
0.000540
0.000772
0.001110
0.001008
0.000898
0.000772
0.000796
0.000772
0.000782
0.000799
0.000643
0.000772
0.000946
0.001181

Table 2 — Distributions of Sh_(¢,') and Sh, (&¢, 'exp(it)) for different values of 8, M , Nb, Nt , y and Le at K, =0.001,
Pr=21,H=2,t=n/4,Gc=7,Gr=5,Re=1, Fs=0.5,Da=05, R=1, 4,=1, 4,=1,£=0.001, Rd =2,

=

M Nb Nt

AW N~

/4

0=-05, Ec=0.4

Le

Sh

s

-0.139034
0.005432
0.006468
0.006819

Sh

t

-0.000688
-0.000119
-0.000101
-0.000094

(contd.)
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Table 2 — Distributions of Sk (¢, ') and Sh, (&g, 'exp(ir)) for different values of 5, M, Nb Nty and Le at K, =0.001,
Pr=21, H=2,t=7/4,Gc=7,Gr=5,Re=1, Fs=0.5,Da=05, R=1, 4,=1, 4, =1, £=0.001, Rd =2,
0=-05,Ec=04 (cona)

p M Nb Nt V4 Le
0
1
1.5
2
0.1
0.2
0.3
0.4
0.1
0.2
0.3
0.4
-3
-1
1
3
0.5
1
1.5
2

Sh, Sh,

-0.004629 -0.000203
-0.001314 -0.000176
0.001992 -0.000149
0.005432 -0.000119
0.009872 -0.000242
0.005432 -0.000119
0.003832 -0.000080
0.002979 -0.000061
0.000832 -0.000050
0.005432 -0.000119
0.014021 -0.000219
0.026102 -0.000381
0.012964 -0.000201
0.007327 -0.000139
0.005432 -0.000119
0.004423 -0.000106
0.025686 -0.000250
0.005432 -0.000119
0.001935 -0.000076
0.000723 -0.000056

Table 3 — Comparison of the current results to those of Radhakrishnamacharya and Maiti'’ and to the outcomes of ND Solve for (90')

y=0

and (90') for the Newtonian fluid in the absence of nanoparticle concentration, thermophoresis parameter, Brownian motion parameter,
y=1

Grashof number, solutal Grashof number, heat source/sink parameter, thermal radiation, applied magnetic field, and Darcian and non-
Darcian porous medium

EC (90 )_V:O (90 )y:l
Radhakrishnamacharya & Present results NDSolve Radhakrishnamacharya & Present results NDSolve
Maiti'’ Maiti'’

1 0.233 0.2315 0.2315 -1.440 -1.4398 -1.4410

2 0.308 0.3058 0.3058 -3.199 -3.1997 -3.1989

5 0.531 0.5288 0.5288 -8.993 -8.9937 -8.9999

increase in NbD, Sh, decreases and Sh, increases at

the left wall. By changing Le, the identical behaviour
can be observed. One can infer that for a given rise in

Nt, Sh, increases and Sh, decreases at y=0.

Additionally, the results of Radhakrishnamacharya
and Maiti'’, which are shown in Table 3, are in good
accord with the findings of the current study when
taken as a limiting case.

Conclusion

In this study, MHD pulsatile flow of electrically
conducting Casson nanofluid in a vertical porous
channel in the presence of viscous dissipation, and
Ohmic heating has been analysed using Buongiorno
model. Buongiorno nanofluid model is focused to

view the Brownian movement and thermophoretic
influences. The effect of chemical reaction parameter
is taken into the account. The present work is
significant in the field of nano-drug delivery,
dynamics of physiological fluids, and biomedicines.
Particularly the pulsatile flow in a porous channel is
important in the dialysis of blood in artificial kidneys.
The influence of Ohmic heating and thermal radiation
on chemically reactive pulsatile flow of Casson
nanofluid in a vertical porous channel embedded in
non-Darcy porous medium is the novelty of the
present study. The governing partial differential
equations are changed into system of ordinary
differential equations by employing the perturbation
method, then solved by adopting fourth-order Runge—
Kutta method along with the aid of shooting
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technique. The following are the key conclusions
from this investigation:

(i) The velocity is decreased by a rise in the
Casson nanofluid parameter & Forchheimer number,
whereas a rise in the Grashof number increases the
velocity.

(il)) As the parameters of the Lewis number and
chemical reaction rise, then a noparticle concentration
distribution decreases.

(iii) Heat transfer rate is an enhancing function of
Eckert number and radiation parameters while it is a
lowering function of Brownian motion parameter.

(iv) By taking M =0, as a limiting case, the
results corresponding to the problem for the
hydrodynamic case can be captured.

(v) The results of Radhakrishnamacharya and
Maiti'” for the case of Newtonian fluid can be
captured from the present analysis by taking
Nb=Nt=Q=Rd=M=Gr=Gc=Da=Fs=0 in the
absence of nanoparticle concentration.
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