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Abstract In the current investigation, hydromagnetic third grade pulsating nanofluid flow through a channel under the influence
of Brownian motion, thermophoresis, radiative heat has been inspected. The influence of viscous dissipation, chemical reaction,
and Ohmic heating is considered in the current investigation. The Buongiorno nanofluid model is implemented, and the analysis of
entropy generation is carried out. The present investigation may be applicable in the fields of biomedical engineering, manufacturing
industries as coolants, pressure surges, energy conservation, and nano-drug suspension in pharmaceuticals. The perturbation tech-
nique is employed on flow governing equations (partial differential equations (PDEs)) to convert into a set of ordinary differential
equations (ODEs). The shooting process along with the support of Runge–Kutta fourth-order method is employed to solve the set of
nonlinear ODEs. The impressions of dimensionless emerging physical parameters on pertinent flow variables are demonstrated by
using graphical illustrations. The results portrayed that intensifying the Hartmann number, non-Newtonian, frequency, and material
parameters decline the velocity of the nanofluid. Augmenting the Eckert number, Brownian motion, and thermophoresis parameter
enhance the temperature whereas accelerating the radiation parameter and Hartmann number reduces the temperature. The nanopar-
ticles concentration is enhanced for a rise in Brownian motion, while it decelerates for the higher values of Lewis number. The
entropy and Bejan number are accelerated with the increment in radiation parameter. The heat and mass transfer rates are raised for
augmenting the value of Brownian motion parameter.

1 Introduction

Nowadays, many researchers and scientists are concentrated on the nanofluid-oriented investigations because of the physical prop-
erties and applications of nanofluids in biomedical and manufacturing industries as well as in science and technology. Nanofluids
are used for nano-drug delivery, automobile applications, food production, solar energy, photodynamic therapy, space technology,
and nuclear reactors [1, 2]. To enhance the heat transfer rate and thermal conductivity of the conventional base fluids such as water,
engine oil, Ethylene glycol, blood, and lubricants, the nanosized particles are deployed into base fluids. Choi and Eastman [3]
noticed the abnormal development in heat transfer and thermal conductivity when nanoparticles are suspended into traditional base
fluids, and these fluids are called as nanofluids. A new nanofluid model was proposed and investigated the Brownian motion and
thermophoretic effects by Buongiorno [4]. Shah et al. [5] studied the effects of Brownian motion and thermophoresis on the third
grade nanofluid flow through the rotating parallel plates by applying the homotopy analysis technique. Kumar et al. [6] inspected
the radiative heat, magnetic field, thermophoretic, and Brownian diffusion effects on pulsatile Casson nanofluid flow in a vertical
permeable channel by utilizing Buongiorno nanofluid model. Hayat et al. [7] numerically analyzed the third grade nanoliquid flow
via nonlinear elastic surface with magnetic field, chemical reaction, activation energy, and Brownian diffusion impacts by using
NDSolve in Mathematica. Naz et al. [8] analytically studied the entropy on magnetohydrodynamic (MHD) flow of Carreau nanofluid
past a cylinder with Brownian and thermophoretic effects by using optimal homotopy analysis method. Chu et al. [9] examined
the effect of chemical reaction with activation energy on hydromagnetic third grade nanoliquid flow upon an elastic surface by
considering Buongiorno nanofluid model. Derikvand et al. [10] numerically investigated the entropy production and heat transfer
of H2O + Al2O3-based non-Newtonian nanoliquid in a permeable medium with flow injection and hydrophobic walls. Khan et al.
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[11] analytically inspected the mass and heat transfer using the theory of Cattaneo–Christov on non-Newtonian nanofluid flow via
enlargeable sheet under magnetic field, Brownian and thermophoresis effects by utilizing the homotopy analysis approach.

The non-Newtonian fluids have received much attention in the research community due to their applications and rheological
characteristics. The major applications of non-Newtonian fluids in the fields of industries, science, and technology such as paper
production, wiring coating, food processing, nourishment preparing, crystal growth, cosmetics, coal slurries, clay mixture, oil
recovery, rubber, and plastic sheet drawing. Based on the various rheological properties of non-Newtonian fluids, it is difficult
to give a unique constitutive relation for non-Newtonian fluids. So, they are classified into three types namely, integral, rate, and
differential. The third grade fluid falls into the subclass of differential type that shows both shear thinning and thickening behavior
[12–15]. Hussain et al. [16] numerically scrutinized the MHD third grade nanoliquid flow over a stretchable sheet with Ohmic heating,
solar radiation, thermophoresis, and Brownian motion effects by applying the homotopy analysis method. Abbasi et al. [17] inspected
the impacts of thermal radiation, chemical reaction, Brownian and thermophoretic diffusions on third grade nanofluid stagnation
point flow past a vertically lubricated surface by applying the Keller box method. Henda et al. [18] analyzed the hydromagnetic
bioconvection stagnation dot flow of third grade nanoliquid past an expandible cylinder with the effects of radiative heat, Brownian
motion, activation energy, and thermophoresis by using Buongiorno model. Xu et al. [19] numerically explored the influence of
activation energy, induced magnetic field, Brownian diffusion, and non-uniform heat generation/absorption on third grade nanofluid
flow in a stretching plate by applying shooting procedure. Recently, Govindarajulu and Reddy [20] numerically inspected the impacts
of viscous dissipation, magnetic field, and thermal radiation on third grade hybrid nanoliquid flow in a penetrable channel with
pulsatile pressure gradient.

The pulsatile flow concerning investigations in a pipe or channel create a huge intention among scientists and researchers because
of its practical applications in the areas of biomedical, industries, and mechanical engineering. For example, respiratory systems,
thermal insulation, urine flow in the ureter, the cooling of electronic components, circulatory systems, air conditioning, IC engines,
vascular diseases, geothermal systems, reciprocating pumps, and blood dialysis process in an artificial kidneys [21–24]. Shawky
[25] inspected the heat transfer of non-Newtonian dusty nanoliquid flow via channel with the impacts of magnetic field and pulsatile
pressure gradient by using Lighthill method. Qomi et al. [26] explored the two kinds of heat source on hydromagnetic pulsatile
hybrid nanoliquid flow through microchannel by using the transient approach. Venkatesan and Reddy [27] analytically scrutinized
the pulsatile flow of non-Newtonian nanoliquid via permeable channel under magnetic field, dissipative viscous, Ohmic heating, and
thermal radiation impacts by utilizing the perturbation procedure. Ahmed and Xu [28] investigated the pulsatile hybrid nanoliquid
flow through microchannel with the effects of magnetic field and radiative heat by employing the perturbation method. Kardgar
[29] numerically inspected the non-Newtonian oscillating nanoliquid flow through a cavity under the external magnetic field by
employing the finite volume method. Here, the authors analyzed their study without considering the viscous dissipation and Ohmic
heating impacts. Rajkumar and Reddy [30] explored the influence of applied magnetic field, Ohmic heating, radiative heat, and
viscous dissipation on electrically induced pulsatory non-Newtonian nanoliquid flow through permeable channel by applying the
Runge–Kutta forth-order procedure. Esfe et al. [31] made a critical review to explore the thermal and hydraulic properties of
pulsatory flow of classical heat transfer liquids and inventive nanoliquids. Venkatesan and Reddy [32] analytically inspected the
magnetohydrodynamic pulsatile non-Newtonian nanoliquid flow via channel in the presence of thermal radiation, viscous dissipation,
and Ohmic heating by employing the perturbation procedure.

The purpose of introducing entropy production is to estimate the amount of irreversible and unavailable energies in the system. This
kind of analysis helps to accelerate the thermal efficiency and creates a necessity to utilize the energy. The entropy generation plays
a significant role in nuclear reactors, coolers, power plants, heat engines and pumps, air chillers, and solar energy systems [33–36].
Hayat et al. [37] scrutinized the entropy production on MHD third grade nanoliquid flow through a permeable stretching surface
with chemical reaction, thermophoresis, and Brownian diffusion impacts. Loganathan et al. [38] analyzed the entropy optimization
on third grade nanofluid flow past a stretchy sheet in the presence of magnetic field, thermal radiation, and Brownian motion
effects. Khan et al. [39] numerically studied the impacts of chemically reactive species, magnetic field, and Darcy Forchheimer
on non-Newtonian nanoliquid flow over a nonlinear expandable sheet with entropy production by utilizing the Runge–Kutta fifth-
order scheme. Li et al. [40] numerically explored the Marangoni solutal convective Casson hybrid nanofluid flow past a disk under
entropy production with radiative heat, nonlinear heat source/sink, and viscous dissipation effects by employing bvp4c in MATLAB.
Ahmad et al. [41] inspected the stagnation point flow of micropolar nanofluid over an elastic nonlinear surface under partial slip,
buoyancy effect, and entropy with Cattaneo–Christov heat flux model by applying the finite difference scheme along with bvp4c
from MATLAB.

The main objective of the current investigation is to inspect the MHD pulsatile flow of third grade nanofluid with the impacts
of viscous dissipation, Joule heating, thermophoresis, radiative heat, and Brownian motion in a channel. The aforementioned
literature survey reveals that there has been no study concerning this kind of investigation yet. The Buongiorno nanofluid model is
implemented with entropy production in the present study. The impacts of chemical reaction, Joule heating, Brownian diffusion,
thermophoresis, and heat source/sink on MHD pulsating third grade nanoliquid through a channel with entropy generation by
applying Buongiorno model is the main novelty of the current analysis. This investigation is noteworthy in many fields such as solar
energy, dynamics of physiological fluids, space technology, defence and military, biomedicine, and cancer therapeutic as well as in
industrial processes. The flow governing PDEs are transmitted to a set of ODEs through the perturbation approach, then numerically
solved by implementing shooting procedure together with the Runge–Kutta fourth-order procedure. The impacts of numerous
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Fig. 1 Physical sketch of the
problem

pertinent physical parameters on velocity, concentration, and temperature are described graphically. Owing to the importance of this
kind of problem, the present analysis aims to manifest answers to the following research questions:

(i) What are the impacts of frequency parameter and Hartmann number on velocity distribution of nanofluid? (ii) How do the
temperature distribution profile of nanofluid influenced by the Brownian motion, thermophoresis diffusion, thermal radiation, and
heat source/sink? (iii) What are the impact of chemical reaction and Lewis number on concentration distribution profile of third
grade blood-based nanofluid? (iv) What is the importance of analyzing entropy generation rate and Bejan number? (v) What is the
significance of magnetic field, thermophoresis, and Brownian motion on heat and mass transfer rate of third grade nanofluid?

2 Formation of the problem

We consider an electrically conducting incompressible, laminar, hydromagnetic pulsating flow of third grade nanofluid through
horizontal parallel plates with Joule heating, Brownian motion, and thermophoresis effects. The influence of viscous dissipation,
thermal radiation, and chemical reaction rate is considered into the account. As presented in Fig. 1, a coordinate system is chosen
as follows: The x∗-axis is along with the bottom wall of the channel, and the y∗-axis is orthogonal to the walls, and h is the distance
between the walls. A magnetic field of strength B0 is uniformly applied orthogonal to the flow direction. The top and bottom walls of
the channel maintain the constant temperatures T1, T0 (T1 > T0) and concentrationsC1,C0 (C1 > C0), respectively. The constitutive
equation for third grade fluid model is [14, 15].

Si � − pI + μB∗
1 + α1B

∗
2 + α2B

∗2
1 + β1B

∗
3 + β2

(
B∗

1 B
∗
2 + B∗

2 B
∗
1

)

+ β3
(
tr B∗2

1

)
B∗

1 , (1)

here, p is the pressure, I is the identity tensor, μ is dynamic viscosity, and α1, α2, β1, β2, and β3 are material constants. B∗
1 , B∗

2 , and
B∗

3 are the first three Rivlin–Ericksen (kinematic) tensors and are defined as follows:
for n � 1, 2, 3, ...

B∗
n � dB∗

n−1

dt
+ B∗

n−1(gradV ) + (gradV )t B∗
n−1. (2)

Here, B∗
0 � I ,V is velocity field and d

dt is material time derivative. Now, considering Eq. (1) is compatible with the thermodynamics,
and the following constraints are employed,

μ ≥ 0, α1 ≥ 0, β1 � β2 � 0, β3 ≥ 0, and |α1 + α2|≤
√

24μβ3. (3)

Now, using Eq. (3), Eq. (1) becomes
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With these concerned considerations, we derived the flow governing equations as
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123

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



  416 Page 4 of 14 Eur. Phys. J. Plus         (2023) 138:416 

Here, u∗ is the velocity component in the x∗- direction, P∗ is the fluid pressure, ρ f is density of the fluid, μ f is the viscosity of
fluid, α1, β3 are material constants, σ f is electrical conductivity of the fluid, k f is thermal conductivity, and

(
ρCp

)
f is effective

specific heat of the fluid. T ∗ is the temperature, C∗ is the concentration of nanoparticles, qr is the radiative heat flux, τ � (ρCp)p
(ρCp) f

,
(
ρCp

)
p is the effective heat capacity of the nanoparticles, Q0 is heat source/sink coefficient, DB and DT are Brownian diffusion

and thermophoretic diffusion coefficients, respectively, Tm is mean temperature, and k1 is the first order chemical reaction.
The corresponding boundary conditions (B.Cs) are

at y∗ � 0 ⇒ u∗ � 0, T ∗ � T0,C
∗ � C0, (8)

at y∗ � h ⇒ u∗ � 0, T ∗ � T1,C
∗ � C1. (9)

By applying the Rosseland approximation for radiative heat flux (qr ), Eq. (6) becomes
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here, κ∗ is Rosseland mean absorption coefficient, and σ ∗ is Stefan–Boltzmann constant.
Now, the dimensionless parameters and variables are chosen as follows:

u � u∗

U
, x � x∗

h
, y � y∗

h
, t � t∗ω, P � hP∗

μ f U
, θ � T ∗ − T0

T1 − T0
, φ � C∗ − C0

C1 − C0
. (11)

By utilizing Eq. (11), Eqs. (5), (7), and (10) are converted to:
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here, H �
√

ωh2

ν f
is frequency parameter, U is characteristic velocity, 
1 � β3U2

μ f h2 is non-Newtonian coefficient, γ � α1ω
μ f

is the

material parameter for third grade fluid, Pr � (ρCp) f ν f

k f
is Prandtl number, M � B0h

√
σ f
μ f

is Hartmann number, Rd � 4σ ∗T 3
1

κ∗k f
is the

radiation parameter, Ec � U2

(Cp) f (T1−T0)
is the Eckert number, Nb � τDB (C1−C0)

ν f
is Brownian motion parameter, Nt � τDT (T1−T0)

Tmν f

is thermophoresis parameter, Q � Q0h2

(ρCp) f ν f
is heat sink/source parameter, Le � k f

DB(ρCp) f
is Lewis number, γ1 � k1h2

ν f
is chemical

reaction parameter, K1 � k1C0h2

ν f (C1−C0)
is constant, and ω is frequency.

The appropriate BCs are

at y � 0 ⇒ u � 0, θ � 0, φ � 0, (15)

at y � 1 ⇒ u � 0, θ � 1, φ � 1. (16)

3 Solution of the problem

Since the flow is induced by the pressure gradient, the dimensionless pressure gradient is taken as follows:

−∂P

∂x
� λ0 + ελ1e

it . (17)

On basis of Eq. (17), the solutions for u, θ , and φ are expressed as follows:

u � u0 + εu1e
it , (18)
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θ � θ0 + εθ1e
it , (19)

φ � φ0 + εφ1e
it . (20)

Now, taking Eqs. (17), (18), (19), and (20) into Eqs. (12), (13), and (14) and by equating the corresponding coefficients of ε (ε � 1)
for different powers of ε, we can obtain the set of ordinary differential equations:
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The primes denote differentiation with respect to y.
The appropriate B.Cs are

u0(0) � 0, u1(0) � 0, θ0(0) � 0, θ1(0) � 0, φ0(0) � 0, φ1(0) � 0, (27)

u0(1) � 0, u1(1) � 0, θ0(1) � 1, θ1(1) � 0, φ0(1) � 1, φ1(1) � 0. (28)

Further, the dimensionless Nusselt (Nu) and Sherwood (Sh) numbers, i.e., heat transfer rate and mass transfer rate, respectively, at
the channel walls are defined as follows:

Nu �
(

1 +
4Rd

3

)(
θ ′

0 + εθ ′
1e

it
)

y�0,1
, Sh �

(
φ′

0 + εφ′
1e

it
)

y�0,1
. (29)

The shooting technique with the aid of Runge–Kutta fourth-order scheme is employed to solve the set of ODEs (21)–(26) with the B.Cs
(27)–(28). The solution criteria for convergence are set to 1×10−10 precision, and the step size is fixed with 0.001(i.e.,
y � 0.001).

3.1 Analysis of entropy generation

Entropy generation is calculated with the aid of thermodynamics second law and is defined as [34, 37].
Local entropy generation rate (EG) � mass and heat transfer irreversibility + fluid friction irreversibility + Joule heating irre-

versibility.

EG � k f

T 2
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Using Eq. (11) in Eq. (30), the non-dimensional local entropy generation rate is
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here, EG0 � k f

T 2
1

(
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h

)2
is characteristic entropy generation rate, δ � T1−T0

T1
is temperature difference, ξ � C1−C0
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difference, and Λ � DB
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Table 1 Comparison of present
results with NDSolve at y � 0
when H � 3, M � 2, 
1 � 1,
Pr � 21, Ec � 1, Nb � 0.5,
Nt � 0.5, Rd � 2, t � π/3,
λ0 � 3, λ1 � 2, γ � 1, γ1 � 1,
Le � 1, K1 � 0.001, Q � −0.5,
and ε � 0.1

Parameter Values Present results NDsolve

Nu Sh Nu Sh

M 2.3 20.0024676348 − 3.1130298998 20.0024761653 − 3.1130322187

3.5 18.8385898451 − 2.8424915165 18.8386290385 − 2.8425019269

4.7 17.4715666286 − 2.5461306202 17.4715709334 − 2.5461318722

1 1 20.2092541117 − 3.1647550976 20.2092673390 − 3.1647600833

2 19.1643956401 − 2.9444497841 19.1643955884 − 2.9444497738

3 18.5642139668 − 2.8183275108 18.5563358915 − 2.8183269530

Nt 0.2 10.7868678222 − 0.3929965886 10.7869620538 − 0.3930060945

0.4 16.3607795081 − 1.8175350682 16.3607811517 − 1.8175354085

0.6 24.8583539808 − 5.1225858767 24.8583538098 − 5.1225858301

Fig. 2 Steady velocity profiles:
a effect of M, b effect of 
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)(
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(
ξ
δ

)2(
∂φ
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)2
+ Λ

(
ξ
δ

)(
∂φ
∂y

)(
∂θ
∂y

)

NG
. (33)

Table 1 presents the comparison between the present results and results obtained by NDSolve. To examine the rationality of
the current model, we analyzed the outcomes of this work using two different inbuilt mathematical software due to the lack of
experimental studies related to present model. The resulting table values reveal that there exists a good agreement in between the
outcomes.

4 Results and discussion

The variations in the pertinent physical parameters on flow variables are deliberated through the detailed graphical illustration
in this section. Figures 2, 3, 4, 5, 6, 7, 8, and 9 depict the variations of non-Newtonian parameter (
1), Hartmann number (M),
material parameter (γ ), Eckert number (Ec), frequency parameter (H), Radiation parameter (Rd), Brownian motion parameter (Nb),
thermophoresis parameter (Nt), heat source/sink parameter (Q), chemical reaction parameter (γ1), Lewis number (Le) on velocity,
temperature, concentration of nanoparticles, entropy generation (NG), and Bejan number (Be) of third grade nanofluid. To investigate
the effect of various physical parameters, the values of pertinent parameters are taken based on the literature survey as M � 2,
Pr � 21, Ec � 1, H � 3, Rd � 2, γ� 1, 
1=1, λ0� 3, λ1� 2, Nb � 0.5, Nt � 0.5, Q � −0.5, γ1=1, t � π/3, Le � 1, K1=0.001,
Λ=0.1, δ=0.1, ξ=0.15, ε=0.1. Figure 2a, b shows the impacts of Hartmann number and non- Newtonian parameter on the steady
velocity (us) of third grade nanoliquid in a channel. Figure 2a depicts that us is declined by augmenting the Hartmann number.
When magnetic field is applied to the nanofluid flow creates a resistance drag force called Lorentz forces (retarding forces) that
oppose the flow direction. A similar nature can be seen in Fig. 2b for rising values of non-Newtonian parameter because magnifying
the non-Newtonian parameter supports the viscoelasticity which reduces the velocity of the flow.

The unsteady velocity (ut ) profiles of third grade nanoliquid are portrayed in Fig. 3a–e. These figures illustrate the effects of H,
M, 
1, γ , and t on the unsteady velocity. Intensifying H escalates the hight of the oscillations, due to this ut slows down with the
enhancement of H (see Fig. 3a). The effect of Hartmann number on flow velocity is presented in Fig. 3b which reveals that ut is
decelerated for rising values of M because the applied magnetic field creates resistance drag forces that opposes the flow direction.
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Fig. 3 Unsteady velocity profiles:
a effect of H, b effect of M,
c effect of 
1, d effect of γ ,
e effect of t
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The influence of non-Newtonian and material parameters on velocity is displayed in Fig. 3c–d. From these figures, one can infer
that magnifying the non-Newtonian and material parameters reduce the velocity because the viscoelasticity of the nanofluid rises
for the higher values of 
1 and γ which declines the velocity. The impact of time on velocity profile is depicted in Fig. 3e which
shows that there is an oscillating behavior in ut for various values of time, and the supreme is near the center of the channel.

The steady temperature profiles (θs) of third grade nanoliquid are depicted in Fig. 4a–g and shown the effects of viscous dissipation,
Hartmann number, Brownian motion parameter, thermophoresis parameter, non-Newtonian parameter, radiation parameter, and heat
source/sink parameter. Figure 4a presents that enhancement in Eckert number upsurges θs . Since the Ec is defined as the ratio of
heat enthalpy to kinetic energy particles, enhancing the values of Eckert number reduce the heat enthalpy factors by enhancing the
kinetic energy particles that result a rise in temperature. The opposite behavior can be seen in Fig. 4b for the escalation of Hartmann
number. Since the velocity of the nanoliquid is declined for rising values of M leads that the thermal energy transportation due
to advection is declined from the channel walls to the fluid region. Figure 4c reveals that θs is accelerated for a rise in Brownian
motion parameter because intensifying Nb boosts the random speed of nanoparticles in the fluid domain that produces additional
energy by collide between fluid molecules and particles as results gain in temperature. The similar nature can be found by enhancing
the thermophoresis parameter (see Fig. 4d). Since the thermophoresis parameter involves a temperature gradient that supports the
energy particles to transport the energy from high-level temperature place to low-level temperature area. Figure 4e displays that θs
is diminishing for the escalation of non-Newtonian parameter due to a rise in viscoelasticity. Figure 4f illustrates that an increment
in radiation parameter causes a decrement in temperature of the nanofluid because the thermal boundary layer thickness becomes
thinner for higher values of radiation parameter. Figure 4g elucidates that θs upsurges for growing values of heat source parameter
(Q> 0), whereas the opposite behavior can be noticed for rising values of heat sink parameter (Q< 0).

The unsteady temperature profiles (θt ) of third grade nanoliquid are portrayed in Fig. 5a–g. These figures present the effects of H,
M, Ec, Nb, Nt, Rd, and t on θt . Figure 5a reveals that intensifying the frequency parameter tend to cause an oscillating character in
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Fig. 4 Steady temperature
profiles: a effect of Ec, b effect of
M, c effect of Nb, d effect of Nt,
e effect of 
1, f effect of Rd,
g effect of Q
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θt , and the supreme is near to the upper wall. A similar nature is observed for the higher values of M on θt (see Fig. 5b). The impact
of Eckert number on θt is presented in Fig. 5c. From this figure, one can infer that magnifying the Ec accelerates the temperature of
nanofluid and the supremum is found near to the upper wall. Accelerating Brownian motion parameter and thermophoresis parameter
show a wavering nature in θt due to the random movement of particles (see Fig. 5d, e). Figure 5f displays the impact of radiation
parameter on θt . From the same figure, one can found that there is a wavering character in θt for the higher values of Rd. For various
t values, there exists an oscillating behavior in θt and the maximum temperature is near the center of the channel (see Fig. 5g).

Figure 6a–d presents the impact of chemical reaction parameter, Lewis number, Brownian motion parameter, and thermophoresis
parameter on steady nanoparticles concentration (φs). Figure 6a depicts that the concentration of nanoparticles decelerating for
augmenting values of chemical reaction parameter. A similar nature is observed by upsurging Lewis number on φs because the rate
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Fig. 5 Unsteady temperature
profiles: a effect of H, b effect of
M, c effect of Ec, d effect of Nb,
e effect of Nt, f effect of Rd,
g effect of t
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of mass transfer is improved for high values of Le that reduces the nanoparticles concentration (see Fig. 6b). Figure 6c illustrates
the concentration profiles for the Brownian motion parameter. From this figure, one can infer that accelerating Nb enhances the
concentration of nanoparticles due to the random movement of particles helps to move particles in an entire fluid domain which
boosts φs , whereas the reverse trend is noticed for rising values of Nt on φs (see Fig. 6d). The unsteady concentration profiles (φt )
are depicted in Fig. 7a–d, and these figures show the effects of γ1, Le, Nb, and Nt on φs . Figure 7a displays that an increment in γ1

shows the oscillating character in φt . The similar kind of nature can be found in φt for growing values of Le, Nb, and Nt (Fig. 7b–d).
Figure 8a–f elucidates the effects of dimensionless parameters Rd, M, Ec, δ, 
1, and ξ on entropy generation rate (NG).

Figure 8a reveals that magnifying the radiation parameter accelerates the entropy generation because augmenting Rd boosts the
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Fig. 6 Steady concentration
profiles: a effect of γ1, b effect of
Le, c effect of Nb, d effect of Nt
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Fig. 7 Unsteady concentration
profiles: a effect of γ1, b effect of
Le, c effect of Nb, d effect of Nt
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thermal conductivity of the nanofluid. Figure 8b displays the impression ofM on NG. From this figure, one can found that the entropy
generation rate is decreasing at channel walls for rising values of M. Since the flow is applied by the magnetic field produces the
Lorentz forces as a result entropy reduces. Figure 8c depicts that the entropy generation upsurges with the enhancement of viscous
dissipation due to the frictional heating between fluid molecules and particles with channel walls. The opposite nature is elucidated
for rising values of non-Newtonian parameter because the viscoelasticity rises for higher values of 
1 (see Fig. 8d). Figure 8e
illustrates that an enhancement in the temperature difference reduces the entropy generation, whereas intensifying the nanoparticle
concentration difference accelerates the entropy generation rate (see Fig. 8f).
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Fig. 8 Entropy production:
a effect of Rd, b effect of M,
c effect of Ec, d effect of 
1,
e effect of δ, f effect of ξ
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The impressions of dimensionless parameters of Rd, M, Ec, 
1, δ, and ξ on Bejan number (Be) are presented in Fig. 9a–f.
Intensifying radiation parameter accelerates the Bejan number, and the profiles show the wavering nature (see Fig. 9a). Figure 9b
clarifies that improving the Hartmann number accelerates the Bejan number owing to the Lorentz forces, i.e., delaying forces created
by an applied magnetic field. Figure 9c depicts that enhancing viscous dissipation reduces the Bejan number due to the frictional
forces in the fluid domain. Augmenting the non-Newtonian parameter accelerates the Bejan number (see Fig. 9d). The similar
behavior can be noticed for the upsurging values of δ and ξ (see Fig. 9e, f).

Table 2 shows the Nusselt number (Nu) and Sherwood number (Sh) distributions for different parameter values of M, 
1, Ec,
Nb, Nt, and Rd at lower wall. From the tabulated values, one can observe that the rate of heat transfer is accelerated for the higher
values in Eckert number, Brownian motion, and thermophoresis parameter, while Nu is reduced for escalation values of M, 
1, and
Rd. Further, from the same Table, it is clearly noticed that a rise in M, 
1, Nb, and Rd intensifies the mass transfer rate, whereas
magnifying the values of Ec and Nt slow down the mass transfer rate of the third grade nanoliquid.

5 Conclusion

In the present study, the MHD pulsating flow of third grade nanofluid in a channel with Brownian motion, thermophoresis, Joule
heating impacts has been analyzed. The analysis of entropy generation is performed and used the Buongiorno model for nanofluids.
The results of this study could be useful in several fields such as biomedical engineering, manufacturing industries as coolants, energy
conservation, pressure surges, dynamics of physiological fluids, biomedicines, and nano-drug suspension in pharmaceuticals. The
perturbation technique is employed on flow governing equations (PDEs) to convert into a set of ODEs. The shooting process
along with the support of Runge–Kutta fourth-order method is utilized to solve the set of ODEs. The effects of dimensionless
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Fig. 9 Bejan number distribution
profiles: a effect of Rd, b effect of
M, c effect of Ec, d effect of 
1,
e effect of δ, f effect of ξ
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emerging physical parameters and pertinent variables are discussed using graphical presentations. The main investigated outcomes
are summarized as follows:

• Accelerating the non-Newtonian parameter, Hartmann number, frequency parameter, and material parameter decline the velocity.
• Enhancement in viscous dissipation, heat source parameter, Brownian motion parameter, and thermophoresis enhances the steady

temperature of the nanofluid, while the temperature reduces for the higher values of M and Rd.
• The unsteady temperature distributions of Ec, Rd, M, H, Nb, and Nt show the oscillating behavior.
• Augmenting the chemical reaction parameter, Lewis number, and thermophoresis parameter decelerate the steady concentration

of nanoparticles, whereas a rise in Brownian motion parameter encourages the nanoparticles concentration.
• The entropy generation rate enhances with a rise in Rd, Ec, and ξ , whereas the entropy generation rate declines for high values

of M, 
1, and δ.
• Intensifying Rd, M, ξ , 
1, and δ encourage the Bejan number.
• A rise in Eckert number, Brownian motion parameter, and thermophoresis parameter enhances the heat transfer rate.
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Table 2 Variations in heat and
mass transfer rates at y � 0 for
various physical parameters when
H � 3, M � 2, 
1 � 1, Pr � 21,
Ec � 1, Nb � 0.5, Nt � 0.5,
Rd � 2, t � π/3, λ0 � 3, λ1 � 2,
γ � 1, γ1 � 1, Le � 1,
K1 � 0.001, Q � −0.5, and
ε � 0.1

Parameter Values At bottom wall y � 0

Nu Sh

M 2.3 20.0024676348 − 3.1130298998

3.5 18.8385898451 − 2.8424915165

4.7 17.4715666286 − 2.5461306202

1 1 20.2092541117 − 3.1647550976

2 19.1643956401 − 2.9444497841

3 18.5642139668 − 2.8183275108

Ec 0.1 13.4220059635 − 1.7408784583

0.3 14.8252262901 − 2.0321053024

0.6 17.0384921239 − 2.4949033338

Nb 0.1 16.7810369158 − 12.7479326406

0.3 18.6064976246 − 4.7915146408

0.6 20.9391132677 − 2.7480535579

Nt 0.2 10.7868678222 − 0.3929965886

0.4 16.3607795081 − 1.8175350682

0.6 24.8583539808 − 5.1225858767

Rd 0 29.8138146928 − 26.2774103188

0.5 25.9660193757 − 12.4136209534

1 23.0524037488 − 7.0538587661

• Sherwood number is accelerated for the higher values of M, 
1, Nb, and Rd.
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