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ABSTRACT
The current investigation is considered to determine the impact of
activation energy and bioconvection on the modified second-grade
nanofluid along the Riga pattern. And also, the effects of convective
boundary andnonlinear heat flux are included. The significant impor-
tance of the present study is the impact of the electrical field gen-
erated by the Riga plate. With the help of suitable transformations,
partial differential equations of the flow are reduced to a nonlin-
ear system of differential equations. The reduced model is solved by
the most powerful method: the finite element method (FEM). From
this study, an important observation is that heat source is the most
relative technique considering improvement in thermal act based
on coolants. Every outcome is validated by comparing it with avail-
able results in the literature. The parameter terms are varied and
also observations are noticed in the form of numerical solutions
and graphical representations. Therefore, if a nanofluid is desired to
turn down the shear thickening situation, it is suggested to increase
the thermal production of nano-structures . Using regression anal-
ysis, the Brownian movement and thermophoresis have negative
impacts, while the radioactive heat factor and thermal Biot number
have positive impacts on the estimate of heat transfer.
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Nomenclature

u1, v1 Velocity components (ms−1)

x1, y1 Cartesian coordinates (m)

T Temperature (K)

T∞ Ambient temperature (K)

g∗
1 Gravitational acceleration (ms−2)

q0 Current density (Am−2)

Nt Thermophoresis parameter
Nb Brownian parameter
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2 K. GANGADHAR ET AL.

C Nanoparticle volume fraction
Le Lewis number
DT Thermophoretic diffusion (m2s−1)

DB Brownian diffusion (m2s−1)

M Modified Hartman number
h1 Heat transfer coefficient
b1 Chemotaxis constant
Wc Cell swimming speed
Q0 Space-dependent heat source
Dm Microorganism diffusion (m2s−1)

km Mass transfer coefficient
Pe Peclet number
Rd Radiation parameter
qr Radiative heat flux (Wm−2)

cp Heat capacity (Jkg−1K−1)

Greek symbols

λ1 Mixed convection parameter
� Stream function (m2s−1)

σ ∗ Stefan–Boltzmann constant (Wm−2K−4)

ρ Density (kgm−3)

β∗
1 Thermal coefficient (K−1)

αf Thermal diffusivity (m2s−1)

ν Kinematic viscosity (m2s−1)

1. Introduction

The latest innovations in science and manufacturing technologies have produced several
results that were unthinkable in the past in the manufacturing of nano-scale particles due
to recent innovations in nanotechnology. The various methods established the synthe-
sis of fluids that contain nano-metallic structures by the thermal layout technology and
manufacturing of nanoscale solid particles. These fluids are defined as nanofluids. They
have high thermal conductivity to relate to the base fluid as thermal efficiency to work-
ing fluid could be deliberate close to the substructure of thermal conductivity. Nanofluids
have been sequentially used in thermal engineering applications, and many studies have
been conducted so far. These studies include both theoretical and experimental findings.
The relevant work has been described here. Liu et al. [1] explored the spreading dynamics
of nanofluid droplets coupled with thermal evaporation. They found that the concentra-
tion of nanofluids shows a transition with the viscosity force and a declined impact on the
velocity of spreading and receding. Zhang et al. [2] employed an experimental study on
the effectiveness of nanofluids on heat transfer improvement qualitatively. Seyyedi et al.
[3] accomplished both natural convection heat transfer and decline formation investiga-
tion on the hexagonal decay weighted with Cu-H2O nanofluid subjects in the balanced
magnetic field. Basalike et al. [4] solved a 3D midlife of water/nanofluid established Pho-
tovoltaic thermal/Phase change material numerically to examine the tendency’s fourth
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WAVES IN RANDOM AND COMPLEX MEDIA 3

system concealed by assorted parameters based on elements, flow, and Phase change
material. Preeti and Ojjela [5] calculated the consequence of the structure of nanoparticles
on Alumina-Silica hybrid nanofluid. Besides they discussed the heat transport phenom-
ena of nanoparticle volume fraction and thermofluidic parametric results. Tayebi et al. [6]
deliberated the effects of local thermal non-equilibrium for the natural convection to the
horizontal elliptical porous annulus saturated with nanofluid. The analysis of the bound-
ary layer of hydrodynamics and thermal build-up of water-based nanofluid flow with the
magnetic fieldwas carried out by Ferdows et al. [7]. Later, the activation energy and Coriolis
forceon the two-dimensional unsteady flowofCu-TiO2 water-basedhybridnanofluid in the
existence of heat absorption and nonlinear thermal radiation were discussed by Suganya
et al. [8]. RekhaSahoo [9] explored the detailed note on the theoretical model for shape and
nanoparticle concentration-based ternary hybrid nanofluid coolant on the thermal perfor-
mance of automotive radiators. On the basis of several appraisals, nanofluidflow and heat
transfer characteristics are investigated in [10–17].

An extensive range of hypothetical results affiliated with the bioconvection in nanoflu-
ids described the phenomenon of bioconvection performed in different times of biological
biotechnology and sciences. Normally, bioconvection determines the ascending action
based on the microorganisms’ average. The applications of biomicrosystems, such as
enzyme biosensors and biotechnology, involve the Bioconvection phenomenon. Abdel-
malek et al. [18] proposed numerically unsteady volatile finite flow of the upper film
transmitted by rate-type nanofluid due to the horizontal spinning disk in the presence
of gyrotactic motile microorganisms. Rana et al. [19] studied the bioconvection bound-
ary layer flow and analyzed every effect of fluid and heat transfer possessions. Rao et al.
[20] inspected every combined effect away from a chemical reaction and also convective
condition close to a nanofluid flow over an isothermal vertical cone fixed to the pervious
surface. Azam [21] studied the erratic bioconvection flow of chemically reactive Sutterby-
nanofluid under the impact of gyrotacticmicroorganisms andnonlinear radiation. Ijaz Khan
and Alzahrani [22] proposed the bioconvection phenomena in the passage of viscoelastic
fluid carrying nanoparticles over a blockwith a reducing process. Habib et al. [23] examined
the appearance of double diffusion and activation energy on different nanofluids due to a
stretched surface.Waqas et al. [24] considered combined effect themagnetic field and acti-
vation energy in laminated mixed radiative couple-stress nanofluid flow along the survival
of microorganisms. Muhammad et al. [25] marked the laminated bioconvection transport
of Jeffery nanofluid. Theproblemof activation energy andbioconvection in the time-reliant
nanofluid on the existence of magnetic and electric fields was studied by Habib et al. [26].
Khan et al. [27] investigated that flow and heat transfer characteristics for influence the
Williamson nanoliquid by motile organisms and variable thermal conductivity. Sajid et al.
[28] analyzed numerically for implementing significant parameters of mass transfer, motile
density, and heat transfer of microorganisms.

A contemporary magnetic mechanism coordinated with the adjustment to the collec-
tion for regular magnets and substitute electrodes by a plane surface is called a Riga plate.
The above establishment is used to the fluid flow sketch for influence that results in Lorentz
forces along the system. The particular forces of Lorentz are produced with span-wise
adjustment to the magnets for optional electrodes parallel toward the wall surface and
deterioration augmented by the rearrangement raised abroad for the plate. Waqas et al.
[29] established the numerical solution as a second-grade nanofluid with a Riga plate with
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4 K. GANGADHAR ET AL.

bioconvectionaspects. Rasool andWakif [30] scrutinized themathematicalmodel for EMHD
(Electro-magneto hydrodynamic) mixed convective flow of nanofluid through the vertical
Riga plate by a modified Buongiorno’s nanofluid illustration. Bhatti and Michaelides [31]
developed an innovative mathematical model for Arrhenius activation energy on thermo-
bioconvection nanofluid promoted by a Riga pattern. Zari et al. [32] utilized the analytical
technique, namely the homotopy analysis method (HAM) to study the Marangoni con-
vection on Cassonnanofluid due to the Riga pattern with suction and injection impacts.
Shamshuddin and Satyanarayana [33] observed the influence of Joule heating and distrac-
tion on the MHD compresses the flow among two Riga patterns. Eid [34] investigated the
constant three-dimensional flow of CMC base fluid by Cu-nanoparticles for the Riga sur-
face. Fatunmbi and Adeosun [35] numerically examined the nonlinear radiation effect on
the Eyring-Powell nanofluid flow forward to the perpendicular Riga plate about expanding
differing viscosity. Shah et al [36] reported the mixed convective radiative fourth condition
nanofluid flow previous to the flexible Riga wall for the subsistence of viscous dissipation.

Engineering progressions that deal with the heat transfer mechanism importantly
depend on the heat source/sink. The above process demonstrates the balance of the flow
of inferior discussion. Thus, the thermophysical character of the fluid could be extremely
afflicted by adding to the heat source governing the proper transformation of mass flux.
In this context, the procedure is greatly concerned with the chemical equipment dis-
pensation. The applications are greatly dealt with in neoprene sheets, fabrication of the
malleable, storing of food, removal of the transported radiations by static fossils, explod-
ing the bed appliance, and many more. The cluster of works as may be established in
the new areas involves orderly and unreliable heat source/sink. For example, Mumraiz
et al. [37] observed the non-uniform heat source in entropy production on the MHD
hybrid flow of nanofluid in an electric field. Oke et al. [38] reported a theory on heat
source/sink effects over a uniform surface for 47 nm alumina nanoparticles. Rao et al. [39]
explored the boundary layer flow of heat and mass transfer for the nanofluid flow and
the inconstant penetration inferior to impact heat source/sink. Ramesh and Madhukesh
[40] explored the influence of heat source/sink on the flow of hybrid carbon nanotubes.
Mahanthesh et al. [41] reported a subtle investigation of the flow of nanofluid with con-
vective heat conditions on shifting heat sources. Gangadhar et al. [42] presented a the-
oretical investigation on the MHD boundary layer flow that the Williamson fluid past a
stretchable surface including entropyminimization. Recent investigations have beenmade
in [43–46].

In the literature, numerous studies are found involving stretching sheets and EMHD,
but a limited number of studies are available that involve the Riga plate in bioconversion
transport mechanism and boundary layer formulations. Here, we emphasize the impact of
space-dependent heat generation on second-grade nanofluid flow alongside a Riga plate
with multiple convective conditions. The influence of Lorentz force is shown by the Grin-
berg term. In linewith the aforementioned aim, it is important to provide proper answers to
some interesting research questions during the comprehensive discussion of the present
scientific manuscript. For example, but not limited to

(1) What do the essential second-grade fluid parameter, modified Hartman number,
heat source factor, thermal and mass Biot numbers, Brownian movement, ther-
mophoresis parameter, bioconvection Lewis, and Piclet numbers on the stable
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EMHD mixed convective flow over a convectively heated moving the Riga plate of
the existence for bioconvection and activation energy?

(2) In which position problem the exponential heat generation or absorption might be
integrated into the energy equation for rheological fluid flows by moving the Riga
plate?

(3) What is the appropriate interpretation of exponential heat source or sink?
(4) What are the proper expressions for thermal and mass convective conditions?
(5) What is the prerequisite of accepting a Riga plate on the heat, mass, and motile

density rates?
(6) How can we assign the finite element method to determine the current flow por-

trait?
(7) Does there any change in the certainty of outcome, whenever the present issue is

solved by the FEM?

2. Mathematical formulation

Let us consider the steady flow of the concentrated generalized second-level fluid by the
Riga plate of existence for gyrotactic microorganisms. The Riga plate was located by y1 = 0
and it has the effects of both magnetic and electric fields. The exponential heat genera-
tion and activation energy are too used in the relevant definition. The Riga plate velocity is
considered as U1 = cxt1, where c > 0 is denoted for the thickness of the stretching rate and
t > 0 is the power law exponent. Initially, the surface is affected by temperature T = Tf as
the heated fluid for constant as the plate against beside the model, basic concentration of
nanoparticles C = Cf , and initial motility of the microorganisms n = nw . T∞ is the moving
thermal state and C∞ is the ambient nanoparticle concentration in the greater area outside
of the surface Riga pattern. Figure 1 shows the flow pattern. τ is defined as an extra stress

Figure 1. Image explanation of the EMHD fluid flowmodel.
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tensor to convert second-level fluid (Rahman et al. [17])

τ = −PI + μf X
m/2A1 + α1A2 + α2A

2
1, (1)

where the identity tensor is represented by I, μf is the fluid viscosity, P is the pressure, m
is the power law index, and α1,α2 are the material moduli, while X = ∣∣ 1

2 trA
2
1

∣∣ with the first
and the secondRivlin – Erickson tensors are shownbyA1,A2, respectively. The abovemodel
estimates the shear – thinning (m < 0), shear-thickening (m > 0), and normal stress con-
sequences beneficially. Furthermore, the second-grade fluid is associated with = 0, α2 =
α1 = 0 shows thepower lawmodel,whilem = α2 = α1 = 0 coincideswith the viscous fluid
model.

By the Boussinesq and boundary layer approximations with constant viscosity (ν), ther-
mal conductivity (k) , and specific heat (cp), the governing boundary layer equations are
(Rasool and Wakif [30], Bhatti and Michaelides [31])

∂u1
∂x1

+ ∂v1
∂y1

= 0, (2)

u1
∂u1
∂x1

+ v1
∂u1
∂y1

= ν(1 + m)
∂2u1
∂y21

(
−∂u1

∂y1

)m

+ α1

ρf

(
v1

∂3u1
∂y31

+ u1
∂3u1

∂x1∂y21
+ ∂u1

∂x1

∂2u1
∂y21

− ∂u1
∂y1

∂2u1
∂x1∂y1

)

+ πq0M0

8ρf
exp

(
− π

a1
y1

)
+ 1

ρf

⎡
⎣(1 − C∞)g∗

1ρfβ
∗
1 (T − T∞)

−(ρp − ρf )g∗
1(C∞ − C)

−(ρp − ρf )r∗1g
∗
1(n − n∞)

⎤
⎦ , (3)

u1
∂T

∂x1
+ v1

∂T

∂y1
=
(

αf + 16σsT3∞
3k∗(ρc)f

)
∂2T

∂y21

+ (ρc)p
(ρc)f

[
DB

∂C

∂y1

∂T

∂y1
+ DT

T∞

(
∂T

∂y1

)2
]

+ Q0

(ρc)f
(T − T∞) exp

(
−y1
x1

Re
1

2+m

)
,

(4)

u1
∂C

∂x1
+ v1

∂C

∂y1
= DB

∂2C

∂y21
+ DT

T∞
∂2T

∂y21
− Kr2(C − C∞)

(
T

T∞

)n

exp
(−Ea

κT

)
, (5)

u1
∂n

∂x1
+ v1

∂n

∂y1
+ b1Wc

(Cf − C∞)

[
∂

∂y1

(
n

∂C

∂y1

)]
= Dm

∂2n

∂y21
, (6)

The appropriate boundary conditions are

u1 = U1 = cx21, v1 = 0, −k
∂T

∂y1
= h1(Tf − T), −DB

∂C

∂y1
= km(Cf − C), n = nw , at y1 = 0,

(7)

u1 → 0,
∂u1
∂y1

→ 0, T → T∞, C → C∞, n → n∞ as y1 → ∞. (8)

where ρm is the motile microorganism particle density, g∗
1 is the gravity, ρp is the nanopar-

ticle density, C is the nanoparticle volume friction, T is the temperature of the nanofluid,M0
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is the permanent magnet magnetization, αf is the thermal conductivity, (ρc)f is the heat
capacity to the liquid, (ρc)p is the effective heat capacity of nanoparticles, a is themagnetic
and electrode width, Ea is the activation energy coefficient, k∗ is themean absorption coef-
ficient,σ ∗ is the StefanBoltzmann constant,h1 is the convective heat transfer coefficient,DB

is the Brownian diffusivity, κ is the reaction rate constant, km is the convectivemass transfer
coefficient,Q0 is the space-dependent heat source, b1 is the chemotaxis constant,Wc is the
greatest cell swimming speed, and Dm is the microorganism diffusion coefficient.

Equations (3) – (8) could be issued to the dimensionless models as the establishment
(Waqas et al. [29])

� = x1U1x1e
−1
2+m f1(η), η = y1

x1
Re

1
2+m , θ1(η) = T − T∞

Tf − T∞
,

φ1(η) = C − C∞
Cf − C∞

,χ1(η) = n − n∞
nw − n∞

. (9)

Later they indicated raised transforms, and the coordinate dimensionless forms of Equa-
tions (3) – (8) yield.

(1 + t + 2mt)f1 f
′′
1 + (m + 2)[(m + 1)f ′′′1 (−f ′′1 )

m − t (f ′1)
2]

− α[(3t − 1)(f ′′1 2 − 2f ′′′1 f ′1) + (1 + t + 2mt)f iv1 f1]

+ λ1(θ1 − Nrφ1 − Rbχ1) + M exp(−Bη) = 0, (10)

(
1 + 4

3
Rd

)
θ ′′
1 + Pr

(
1 + t + 2mt

m + 2

)
f1 θ ′

1 + Pr(Nbθ ′
1 φ′

1 + Ntθ ′
1
2 + Q θ1 exp(−η)) = 0,

(11)

φ′′
1 + Pr Le

(
1 + t + 2mt

m + 2

)
f1 φ′

1 +
(
Nt

Nb

)
θ ′′
1 − Pr Le σ(1 + δθ1)

n exp
( −E

1 + δθ1

)
φ = 0,

(12)

χ ′′
1 + Lb

(
1 + t + 2mt

m + 2

)
f1 χ ′

1 − Pe(φ′′
1 (χ1 + δ1) + χ ′

1 φ′
1) = 0, (13)

with transmuted boundary conditions

f1 = 0, f ′1 = 0, θ ′
1 = −Bi1(1 − θ1), φ′

1 = −Bi2(1 − φ1), χ1 = 1 at η = 0, (14)

f ′1 → 0, θ1 → 0, φ1 → 0, χ → 0 as η → ∞, (15)

where α = α1Re
2

2+m

ρf x
2
1

is the generalized second-grade parameter, λ1 = g∗
1β

∗
1 (1−C∞)(Tf−T∞)x31

c2r2t−1
1

is the mixed convection parameter, B = (
π
b

) ( x1

Re
1

2+m

)
is the dimensionless parameter,

M = πq0M0

8ρcr2t−1
1

is the modified Hartman number, Rb = γ (ρm−ρf )(nw−n∞)x31
ρf (1−C∞)cr2t−1

1 β∗
1 (Tf−T∞)

is the biocon-

vection Rayleigh number, Rd = 16σ ∗T3∞
3k∗k is the radiation parameter, Pr = U1x1Re

− 2
2+m

(k/ρcp)
is the

Prandtl number,Q = Q0
c(ρc)f

is the heat generation parameter, Bi1 = h1
k

√
ν
c is the heat trans-

fer Biot number, Bi2 = DB
km

√
ν
c is the mass transfer Biot number, Nt = (ρc)pDT (Tf−T∞)

(ρc)f T∞ν
is the
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8 K. GANGADHAR ET AL.

thermophoresis parameter, Nb = (ρc)pDB(Cf−C∞)

(ρc)f ν
is the Brownian motion constant, Le = ν

DB

is the Lewis number, Lb = ν
Dm

is the bioconvection Lewis number, E = Ea
κT∞ is the activation

energy, and Pe = b1Wc
Dm

is the Peclet number.
The following mathematical relation expresses the consequences of wall shear stress

Cfx = τw

0.5ρU2
1

,

τw =
(

μ

∣∣∣∣∂u1∂y1

∣∣∣∣
m

∂u1
∂y1

+ α1

{
u1

∂2u1
∂x1∂y1

+ v1
∂2u1
∂y21

+ 2
∂u1
∂x1

∂u1
∂y1

})
y1=0

, (16)

τw is the wall shear stress. Absorbing dimensionless against in Equation (16) taking

Cf = −1
2
CfxRe

1/m+2
x = 1

m + 2
[{1 − (7 + 2m)t}α]f ′′1 (0) + [−f ′′1 (0)]m+1, (17)

Moreover, the local Sherwood number, motile density number, and local Nusselt number
are related as follows.

Nux = − x1
(Tf − T∞)

(
k + 16σ ∗T3∞

3k∗

)
∂T

∂y1

∣∣∣∣
y1=0

,

Shx = − x1jw
DB(Cf − C∞)

, jw = −DB

(
∂C

∂y1

)
y1=0

,

Nhx = − x1jn
DB(nw − n∞)

, jn = −DB

(
∂n

∂y1

)
y1=0

, (18)

The above quantities in the dimensionless form are

Nu = Re
−1
m+2Nux = −

(
1 + 4

3
Rd

)
θ ′

1 (0),

Sh = Re
−1
m+2 Shx = −φ′

1 (0),

Nh = Re
−1
m+2Nhx = −χ ′

1 (0). (19)

3. Methodology

3.1. FEM formulation

Several numerical approaches are applied to clarify the boundary value problems (BVPs).
Some of them are the finite element method (FEM), the finite difference method (FDM),
and the finite volumemethod (FVM). These complicationswhatever doonly inbottled com-
pose solved by the finite volume method and the finite difference method do suitable as
non-conservative problems of contain a few inconveniences; furthermore, i.e. in the cur-
rent research work, the process is unstable with less accuracy and slow convergence for
complex geometries. Apart from these approaches, the FEM (finite elementmethod) is sta-
ble with non-conservative complication, fast convergence, and more precise for complex
geometries.
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As the current effort, we clarify to model steps for implementation are given as Pre-
processing:

This includes all the steps involved before code progression and simulation and it
consists of

(1) A computational domain about physical flow complication was discretized to lim-
ited subdomains or line segments. Every line segment has two nodes, its end is
called a component.

(2) The given flow problem is transmuted from strong to weak establishment. In the
present establishment, the mass functions are multiplied by a differential equation.
After that, relative to the anemic form of the complication establish the rigidity
element matrix.

(3) To apply the association mechanism, obtained rigidified components are pre-
scribed. A global rigidify matrix is collected that executes the nonlinear system of
equations.

(4) These linearized equations are interpreted iteratively to attain the nodal character
of unexplored environs.

(5) The feeble establishmentwas collected as acceptingweighted enduring fundamen-
tals. Eqn (10)-(13) on the prospect to weighted residuals these are

∫ η (e+1)

η (e)
W1[f ′1 − g]dη = 0, (20)

∫ η (e+1)

η (e)
W2[g′ − h]dη = 0, (21)

∫ η (e+1)

η (e)
W3

[
a1f1h + a2[a3h′(−h)m − t g2] − α(a4h2 − 2h′g + a1h′′f1)
+λ1(θ1 − Nrφ1 − Rbχ1) + Me−βη

]
dη = 0,

(22)∫ η (e+1)

η (e)
W4[b1θ ′′

1 + b2f1 θ ′
1 + b3θ

′
1 φ′

1 + b4θ
′2
1 ]dη = 0, (23)

∫ η (e+1)

η (e)
W5

[
φ′′
1 + c1f1 φ′

1 + c2θ
′′
1 − Pr Leσ(1 + δθ1)

n exp
( −E

1 + δθ1

)
φ1

]
dη = 0,

(24)

∫ η (e+1)

η (e)
W6[χ ′′

1 + d1f1χ
′
1 − Pe{φ′′

1 (χ1 + δ1) + χ ′
1 φ′

1}]dη = 0. (25)

wherea1 = 1 + t + 2mt, a2 = m + 2, a3 = m + 1, a4 = 3t − 1, b1 = 1 + 4
3Rd, b2 =

Pr
(
1+t+2mt
m+2

)
, b3 = PrNb, b4 = PrNt, c1 = PrLe

(
1+t+2mt
m+2

)
, c2 = Nt

Nb , d1 = Lb
(
1+t+2mt
m+2

)
.

Here, mass functions are Wi(i = 1, 2, 3, 4, 5, 6), f ′1(= g), g′(= h) is the Galerkin acces-

sion, the shape function is �i

(
= (−1)i−1 η−ηj+1

ηi−ηj−1
, j = 1, 2

)
, the unknown variables are f1 =
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(
2∑

j=1
fi�j

)
, g =

(
2∑

j=1
gi�j

)
, h =

(
2∑

j=1
hi�j

)
, θ1 =

(
2∑

j=1
θi�j

)
,φ1 =

(
2∑

j=1
φi�j

)
,

χ1 =
⎛
⎝ 2∑

j=1

χi�j

⎞
⎠ .

Assemble the equations: it involves boundary vector, stiffness matrix, and source vector
using the size of (TE + 1) × 1 subsequently and (TE + 1) × (TE + 1), here TE represents
the total number of elements. Attaining the universal stiffnessmatrix by accumulation pro-
cess, a linear system of differential equations is formed later. So Equations (10) – (13) are
linearized over the Picard linearization method. Moreover, the local stiffness elements are
estimated by the Galerkin approximation concept. Hence linearization

K11
ij =

η(e+1)∫
η(e)

�i

(
d�j

dη

)
dη, K12

ij =
η(e+1)∫
η(e)

�i�jdη, K13
ij = 0, K14

ij = 0, K15
ij = 0, K16

ij = 0, b1i = 0,

K21
ij = 0, K22

ij =
η(e+1)∫
η(e)

�i

(
d�j

dη

)
dη, K23

ij =
η(e+1)∫
η(e)

�i�jdη, K24
ij = 0, K25

ij = 0, K26
ij = 0, b2i = 0,

K31
ij = 0, K32

ij = −
η(e+1)∫
η(e)

a2 t g̃�i�j dη, K34
ij =

η(e+1)∫
η(e)

λ1 Nr�i�j dη,

K33ij =
η(e+1)∫
η(e)

{
a1 f̃ �i�j + a2a3(−h̃)

m
�i

d�j

dη
− αa4h̃�i�j + 2αg̃�i

d�j

dη
+ αa1 f̃

d�i

dη

d�j

dη

}
dη,

K35ij = −
η(e+1)∫
η(e)

λ1 Nr�i�j dη, K36ij = −
η(e+1)∫
η(e)

Rb λ1 �i�j dη, b3i = −
η(e+1)∫
η(e)

Me−βη dη,

K41ij = 0, K42ij = 0, K43ij = 0, K45ij = 0, K46ij = 0, b4i = 0,

K44ij =
η(e+1)∫
η(e)

{
−b1

d�i

dη

d�j

dη
+ b2 f̃�i

d�j

dη
+ b3φ̃′ �j

d�j

dη
+ b4θ̃

′ �i
d�j

dη

}
dη,

K51ij = 0, K52ij = 0, K53ij = 0, K54ij = 0, K56ij = 0, b5i = 0,

K55ij =
η(e+1)∫
η(e)

{
− d�i

dη

d�j

dη
+ c1 f̃�i

d�j

dη
− c2

d�i

dη

d�j

dη
− c3ẽ

(
− E

1+δθ

)
�i

}
dη,
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K61ij = 0, K62ij = 0, K63ij = 0, K64ij = 0, K65ij =
η(e+1)∫
η(e)

Pe δ1
d�i

dη

d�j

dη
dη, b6i = 0,

K66ij =
η(e+1)∫
η(e)

{
− d�i

dη

d�j

dη
+ d1 f̃�i

d�j

dη
+ Pe φ̃′ �j

d�j

dη
− Pe φ̃′′ �i�j

}
dη.

3.2. Post-processing

The process, in which the finite element method is implemented and simulations are
performed, is known as post-processing. The convergence analysis is implemented in
post-processing. In order to investigate the thermal performance of bioconvection in sec-
ond–grade nanofluid, parametric simulations are performed. Outcomes are illustrated
through graphs, shear stresses, motile density number, heat, and mass fluxes.

3.3. Convergence criteria

The error is computed according to Eer = |π j − π j−1| and convergence is achieved under
toleranceMax|π j − π j−1| < 10−9.

4. Code validation

The accurateness of the present results is strengthenedmore by comparing themwith the
previous outcomes obtained by Rahman et al. [17] and Waqas et al. [29] for the reduced
quantities−f ′′(0), as listed in Table 1. A quantitative comparison of the tabular data gener-
ated for−f ′′(0) certifies that the executed present numerical code leads to very satisfactory
numerical outcomes, which lead to the credibility of the present investigation.

5. Results and discussion

In this paper, the problem of EMHD bioconvection flow of an incompressible electri-
cally conducting second-grade nanofluid over a convectively heated Riga plate is inves-
tigated numerically by considering the significant impacts of thermal radiation and heat
generation. It is worth noting that in all subsequent sections, it is noted that the val-
ues t = 5.0,α = 2.0,M = 1.0, B = 0.2, Pr = 7.0, Rd = 0.1,Nt = 0.2, Le = 2.0, σ = 1.0,Nb =
0.2, δ = 0.1, δ1 = 0.1, E = 0.1, Pe = 0.5, Lb = 2.0, λ1 = 2.0,Nr = 0.5, Rb = 0.5,Q= 0.1, Bi1=

Table 1. Comparison results for−f ′′(0)when λ1 = Nr = Rb = M = m =
0 and t = 1.

α Rahman et al. [17] Waqas et al. [29] Present results

0.5 0.8165116 0.8165120 0.81651258
1.0 0.7071617 0.7071619 0.70716784
1.5 0.6325767 0.6325777 0.63257312
2.0 0.5775573 0.5775570 0.57758834
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1.2 and Bi2 = 1.2 are taken as default parameters unless otherwise stated in the other tabu-
lar and graphical illustrations. Furthermore, the whole analysis has been performed in view
of the shear-thinning case (m = −0.5), second-grade fluid (m = 0.0) , and shear-thickening
(m = 0.5).

Figures 2 and 3 analyze the impact of numerous fluid parameters on liquid movement
alongside the surface of the plate. In particular, the influence of modified Hartman number
M is shown inFigure2 for different valuesof power law indexm = −0.5, 0.0, 0.5. After a care-
ful analysis of this figure, it is found that the velocity profile f1

′ exhibits a sharp increasewith
an escalation in the thickness of themomentumboundary layerwith themodifiedHartman
numberM upsurged progressively from 0.1 to 1.5. This result is more consistent with those
of Waqas et al. [29]. Physically, the effective Lorentz forces instigated by the Riga pattern in
the direction parallel to fluid flow along the x1-axis enhance the flow momentum and the
connected boundary layer thickness. This increment even more fluctuates for the shear-
thinning cases. Figure 3 shows the impact of second-grade nanofluid parameter α on fluid
movement. In that, the numerical values of α are higher, the velocity of the fluid is insignif-
icant. This happened due to the enhancement in the elastic tendency of the viscoelastic
fluidicmediumas compared to thedampingviscous trendwhen the fluidparameterα takes
large values. For m = −0.5, 0.0, 0.5, the minimum estimate of fluid movement is noticed
and also out-of-momentum boundary layer is analyzed.

Figures 4–8 are the plots of graphical results noted for various fluid parameters versus
the thermal distribution. Here, the reported observations are carried out under features of
shear-thinning (m < 0), second-grade (m = 0.0), and shear-thickening (m > 0). Increas-
ingly, to also uncertain temperature distribution moved threshed since m = 0.0 and m =
0.5. In particular, Figure 4 harmonizes the behavior of temperature distribution versus

Figure 2. Variation ofM on f1
′.
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Figure 3. Variation of α on f1
′.

Figure 4. Variation of Rd on θ1.

the alteration of the new radiation parameter Rd. It is seen that the increase in radia-
tion parameters causes the temperature of the fluid to increase. The radiation parameter
is expanded and the consumption of radiated heat away from the heated plate releases
extra heat energy for the fluid; moreover, the outcoming temperature rises. Every consid-
eration of the impact of the thermophoresis elements on the thermal state of the fluid
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Figure 5. Variation of Nt onθ1.

Figure 6. Variation of Nb onθ1.

is shown in Figure 5. An incremental tendency is recorded. Physically related fact for the
thermophoresis phenomenon are convincing to thermophoresis are calculated because
nanoparticles moment against the approximately low heated surface beingwhatever tem-
perature is approved that. Figure 6 shows results on Brownian diffusion for the thermal

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



WAVES IN RANDOM AND COMPLEX MEDIA 15

Figure 7. Variation of Q on θ1.

Figure 8. Variation of Bi1 on θ1.

state. An improvement in the temperature field is observed as long as diffusion improves.
The strengthened Brownianmotion factor improves abnormal movement of the nanofluid
molecules almost outcome in the additive nature of the temperature field including the
similar boundary layer thickness.
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Figure 9. Variation of Le on φ1.

Figure 10. Variation of Nt on φ1.

Figure 7 discloses the temperature characteristics for the effects of heat source/sink con-
straint. It is investigated that the thermal curves of the liquiddepict ascending trend for heat
source parameter (Q > 0), while it depicts the descending behavior of the heat sink con-
straint (Q < 0). The reason is simple, i.e. when the effect of any source of heat is augmented
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Figure 11. Variation of Nb on φ1.

Figure 12. Variation of Pe on χ1.
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Figure 13. Variation of Lb on χ1.

Figure 14. Variation ofm andM on Cf .

in the system surelymore quantity of heat sums up in the system due to which thermal dis-
tribution of the fluid ascends, and in contrast to this, when we escalate the values of heat
sink constraint, thenmore amount of heat waves leave the system, then obviously the tem-
perature of the systemdepreciates.We observe that the range of heat sources can be taken
between 0.5 and 1.0 for the present investigation. Figure 8 is the display of the thermal Biot
factor Bi1 versus the thermal profile. An elevation is noticed in the thermal profile for larger
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Figure 15. Variation of α andm on Cf .

Table 2. Variation in Nu for Rd,Nt,Nb,Q and Bi1.

Nu

Rd Nt Nb Q Bi1 m = −0.5 m = 0.0 m = 0.5

0.1 0.2 0.2 0.1 1.2 0.89818121 0.96966857 1.00231206
0.2 0.99337892 1.07290826 1.10941269
0.3 1.08670840 1.17436347 1.21478020
0.4 1.17830588 1.27415740 1.31853139
0.5 1.26828821 1.36263967 1.42076719
Slope 0.925141 0.987191 1.046029
0.1 0.3 0.86544984 0.94401899 0.97986673

0.4 0.82964501 0.91588633 0.95526096
0.5 0.79064618 0.88503874 0.92825860
0.6 0.74850531 0.85128953 0.89863341

Slope −0.37416 −0.29574 −0.25897
0.2 0.3 0.87482866 0.95119234 0.98609367

0.4 0.85062885 0.93197754 0.96921627
0.5 0.82562488 0.91203288 0.95167947
0.6 0.79987038 0.89137287 0.93348681

Slope −0.24583 −0.19575 −0.17206
0.2 −1.0 0.98053740 1.02281834 1.04440135

−0.5 0.94865839 1.00132854 1.02707619
0.0 0.90781000 0.97548919 1.00679670
0.5 0.85294332 0.94365508 0.98264586
1.0 0.77378242 0.90315243 0.95325285

Slope −0.10185 −0.0594 −0.04535
0.1 0.5 0.47441092 0.49110914 0.49834031

1.0 0.79901986 0.85328528 0.87769228
1.5 1.02231998 1.11986107 1.16537225
2.0 1.17990280 1.31850416 1.38525269
2.5 1.29472300 1.46939473 1.55572798

Slope 0.404301 0.484358 0.524467
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values of the said factor. A significant strength due to convective heating results in the rise
of the temperature for a larger thermal Biot number. As long as the values are closer to
0, the case is known as an iso-flux situation but for larger values of thermal Biot number,
the isothermal state is achieved. Furthermore, it is visualized that the variation inm decays
nanoparticle temperature.

To investigate the nanoparticle concentration variation φ1 for the Lewis number Le,
thermophoresisfactor Nt, and Brownian motion parameter Nb, Figures 9–11 are shown.
For various values of Le, the nanoparticle concentration is shown (see Figure 9). Phys-
ically, the decrement of nanoparticle concentration is attained as the Lewis number
gains a reverse affinity for mass diffusivity. Anyhow, the solutal rate of change is rela-
tively slower when shear-thinning effects are dominant. Figure 10 gives the influence
of augmented values of thermophoretic force on the concentration of nanoparticles.
The stronger thermophoretic force enhances the in-predictive movement of the liq-
uid particles resulting in more gaps for the nanoparticles. Moreover, a reverse direc-
tion move was noticed in concentration distribution as long as exalted conduct about
Brownian movement Nb, as shown in Figure 11. Physically, the enhancement in param-
eter Nb refers to occur the collision between nanoparticles, as a result of which the
species between nanoparticles diminishes, which leads to a decrease in the concen-
tration distribution. Here m = 0.5, the reduction in nanoparticle concentration is more
accurate.

Table 3. Variation in−φ′
1 for Le,Nt,Nb, Lb and Bi2.

−φ′
1

Le Nt Nb Lb Bi2 m = −0.5 m = 0.0 m = 0.5

1 0.2 0.2 2 1.2 0.89463350 0.91414790 0.92578014
2 0.98200931 0.99788031 1.00696968
3 1.02153530 1.03546488 1.04327059
4 1.04524433 1.05789631 1.06488382
5 1.06146369 1.07318313 1.07946233
Slope 0.03969 0.037809 0.036528
2 0.3 0.98149907 0.99261541 0.99985467

0.4 0.98818250 0.99338488 0.99813100
0.5 1.00191517 1.00035000 1.00202624
0.6 1.02218495 1.01349888 1.01166376

Slope 0.100767 0.038972 0.01156
0.2 0.3 0.99356739 1.01038182 1.01962679

0.4 0.99945099 1.01671903 1.02603091
0.5 1.00305945 1.02058866 1.02993299
0.6 1.00552503 1.02322243 1.03258298

Slope 0.056524 0.060891 0.061533
0.2 1 0.98199835 0.99787395 1.00696555

2 0.98200931 0.99788031 1.00696968
3 0.98201322 0.99788246 1.00697105
4 0.98201523 0.99788354 1.00697172
5 0.98201647 0.99788417 1.00697211
Slope 0.00000422 0.00000237 0.00000152
2 0.5 0.44930785 0.45203546 0.45384920

1.0 0.83975425 0.85105132 0.85763470
1.5 1.18232542 1.20596576 1.21930097
2.0 1.48540358 1.52378213 1.54517911
2.5 1.75550270 1.81008118 1.84038001

Slope 0.651608 0.677764 0.692121
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The results of the Peclet number Pe and bioconvection Lewis number Lb on motile
density figure χ1 are shown in Figure 12 and 13, respectively. It could be noticed that
this change Pe impacted the refusing motile density profile. Identical observed values are
recorded as alteration about Lb, i.e. motile density profile convert weaker. Stay another
approved suchmodification inmotile density figure onmore providing asm bring ultimate
integrity.

Figure 14 shows the influence of augmented observations of the power law index m
and the modified Hartman number M on the skin friction coefficient. Obviously, the drag
force enhances improving the power law index and decreases the nature of the Hartman
number. The effects of second-grade fluid parameters on wall drag force are presented in
Figure 15. It leads to an increment in the valueof the second-gradeparameter. Interestingly,
ever stronger drag force is beaten away asm = 0.0 andm = 0.5.

Applying the slope of linear regression over the data points, the behavior of heat
transfer coefficient for the variations of certain physical parameters such as Rd,Nt,Nb,Q
and Bi1 is analyzed in Table 2. It is depicted that the numerical values of the Nusselt
number increase gradually with radiation parameter Rd and thermal Biot number
Bi1 at the rates 0.925141 and 0.404301 for m = −0.5, 0.987191 and 0.484358 for
m = 0.0 and1.046029, and 0.524467 for m = 0.5. However, the thermophoresis con-
stant, Brownian motion factor, and heat source/sink factor decrease the heat trans-
fer rates at the rate −0.37416,−0.24583,−0.10185 for the shear-thinning fluid case,
−0.29574,−0.19575,−0.0594 for the second-grade fluid case, and −0.25897,−0.17206,
−0.04535 for the shear-thickening fluid case.

Table 4. Variation in−χ ′
1 for Le, Pe, Rb, Lb and δ1.

C−χ ′
1

Le Pe Rb Lb δ1 m = −0.5 m = 0.0 m = 0.5

1 0.5 0.5 2 0.1 2.23337940 2.62943577 2.86034469
2 2.29169204 2.68778683 2.91842667
3 2.32124724 2.71754418 2.94814526
4 2.34023510 2.73671491 2.96732086
5 2.35386648 2.75049697 2.97990709
Slope 0.028952 0.029105 0.028802
2 1.0 2.74404671 3.13891945 3.36966934

1.5 3.20066055 3.59440618 3.82526653
2.0 3.66133702 4.05406417 4.28504488
2.5 4.12588630 4.51771591 4.74883576

Slope 0.917136 0.915001 0.915239
0.5 1.0 2.29127857 2.68757784 2.91829346

1.5 2.29086411 2.68736866 2.91816019
2.0 2.29044869 2.68715930 2.91802686
2.5 2.29003221 2.68694975 2.91789345

Slope −0.00083 −0.00042 −0.00027
0.5 1 1.73712379 2.01350296 2.17472137

2 2.29169204 2.68778683 2.91842667
3 2.72006440 3.20841821 3.49252742
4 3.08257244 3.64888250 3.97815799
5 3.40276497 4.03785108 4.40696671
Slope 0.412216 0.500979 0.552422
2 0.5 2.44612630 2.84038282 3.07042110

1.0 2.63916806 3.03112739 3.26041391
1.5 2.83220866 3.22187150 3.45040646
2.0 3.02524809 3.41261513 3.64039874

Slope 0.386082 0.381489 0.379985
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The local Sherwood number increases at the rates 0.03969, 0.100767, 0.056524, 0.0000
0422 and 0.651608 for Le,Nt,Nb, Lb and Bi2 in the case for m = −0.5, 0.037809, 0.038972,
0.060891, 0.00000237and0.677764 for the caseofm = 0.0, furthermore0.036528, 0.01156,
0.061533, 0.00000152 and 0.692121 for the case of shear-thickening fluid (see Table 3).

It is noticed from Table 4 as the local motile density number enhances since greater val-
ues of Le, Pe, Lb and δ1 at the rates 0.028952, 0.917136, 0.412216 and 0.386082 for their cais-
son shear-thinning fluid case, 0.029105, 0.915001, 0.500979 and 0.381489 second-grade
fluid case, 0.028802, 0.915239, 0.552422, and 0.379985 for the case of shear-thickening fluid
case . Finally, the motile density number decreases at the rate of −0.00083 for m = −0.5,
−0.00042 form = 0.0, and −0.00027 form = 0.5.

6. Conclusions

In this article, the bioconvection consequences of generalized second-gradenanofluid over
a convectively heated Riga plate under the influence of activation energy and heat genera-
tion are analyzed. The impact of convective heat and mass transport by the Riga pattern is
also an important aspect of this study. Themodeledproblemyields partial differential equa-
tions which are further compacted in dimensionless forms. Later on, the numerical solution
is foundwith the finite elementmethod. Variations in fluidmovement, thermal distribution,
concentration distribution, and motile density distribution of the nanoparticles have been
noted for various fluid parameters. The results are tabulated and plotted graphically. Some
major observations are as follows:

(1) An augmented tendency for modified additional beliefs of both Hartman element
andmodified second-gradeparameters shownby the velocity field and the identical
layer (boundary).

(2) Simultaneously, a summarized second-grade fluid figure is used to envision shear
thinning/thickening and normal stress features.

(3) The temperature distribution is reduced for the heat sink parameter but it increases
to the level of maximum variation of heat source and thermophoresis parameters.

(4) An improvement is observed modern thermal profile for the expanded ideal of the
thermal Biot number. Symbolic energy along with convective heating chain rela-
tion increases away from temperature because of a greater Biot number. Because
the values are close to zero, every examination is called an iso-flux position as
long as greater values of the Biot number, this iso-thermal category is entirely the
temperature field.

(5) The concentration of nanoparticle profile declines for increased values about the
Lewis number and Brownian motion but a dual nature is observed for the ther-
mophoresis factor.

(6) Both bioconvection Lewis number and Peclet number decreasemotile microorgan-
ism.

(7) The heat flux strengthens for raised values of radiation parameter and thermal Biot
number although it decreases for Brownian motion and heat source parameter.

(8) An improvement current decreases mass transfer rate move recalled as greater
values about Brownian motion, Lewis number, and thermophoresis factors.
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(9) This local motile number enhances during higher values about bioconvection and
Peclet Lewis numbers, but it reduces for bioconvection Rayleigh number.

The present study reveals and exposes the shear thinning/thickening and normal stress
behavior on second-grade nanofluids containing microorganisms. It is hoped that the
present studywill enhance theunderstandingas it providesphysical insights into themixed
convection boundary layer problems of second-grade nanofluid under various parameters.
Further studywill focus on exploring the complex interaction betweenmomentum transfer
and nonlinear convection of heat and mass on third-grade nanofluids.
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