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Abstract Electromagnetohydrodynamic (EMHD) is very important because of its numerous

advantages such as flow control in fluidics networks, fluid pumping, thermal reactors, mixing, fluid

stirring, liquid chromatography, and micro coolers. Based on the above applications in this article

discussed the electromagnetic forces on the SWCNT/water flow with microorganisms over a Riga

plate subject to slip effects. In addition, the uniform heat source/sink effect is used in the energy

equation, as well as the thermophoretic effect in the concentration equation. The governing nonlin-

ear system of partial differential equations (PDEs) was reduced to ordinary differential equations

(ODEs) by applying the appropriate similarity variables. Hence, Runge-Kutta-Fehlberg (RKF-

45) method was applied to numerically solve the extremely nonlinear system. Based on the analysis

of the results, it is worth concluding that raising the role of slip effects lowers the velocity, temper-

ature, and concentration curves, while increasing the solid volume fraction increases the tempera-

ture, concentration, and motile microorganism density.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The Riga plate is an electromagnetic actuator that includes an
assembly of electrodes and permanent magnets aligned with
the axis. Riga plate has a wide range of application in the field
of magnetic lubrication and sophisticated sensor projects. Riga
plate was first studied by Gailitis and Lielausis [1]. In that they

introduced the ‘‘Grinberg-term’’ for the surface parallel to
Lorentz force produced by moment of Riga plate. The key
term electromagnetic parameter used in Riga plate fluid

motion is recognized as the modified Hartmann number.
Recently, Rasool and Wakif [2] investigated numerically
EHMD convective flow of second grade type nanofluid on a

vertical Riga plate by the help of modified Buongiorno’s
model. Wakif et al. [3] analysed the innovative physical visions
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Nomenclature:

C Concentration

Q0 Uniform heat source/sink parameter
u; v Velocity components
M0 Magnetization of the permanent magnets
x; y Coordinate axes

k Thermal conductivity
l Dynamic viscosity
j0 Applied Current density in the electrodes

T1 Ambient temperature
T Temperature
N Concentration motile of Microorganisms

Pe Bioconvection Péclet number
qCp Heat capacitance
D Diffusivity
w Stream function

VT Thermophoretic velocity
Uw free stream velocity
g Independent coordinate

h Dimensionless temperature
CW Concentration at the wall
Shx Sherwood number

S1 Velocity slip parameter
S3 Concentration slip parameter

Tr Reference temperature

b Dimensionless parameter
Tw Wall temperature
f0 gð Þ Velocity of the liquid
Pr Prandtl number

v Dimensionless concentration
Q Local Hartmann number
C1 Concentration of the ambient fluid

q Density
S Heat source sink parameter
Lb Bioconvection Lewis number

r1 Bioconvection constant
Sc Schmidt number
Cfx Skin friction coefficient
s Thermophoretic parameter

Nux Nusselt number
/ volume fraction ofAl2O3

M Magnetic parameter

Re Local Reynolds number
nf Nanofluid
f Fluid

S2 Thermal slip parameter
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in to thermodynamic irreversibility within EMHD fluid flow
over a moving horizontal Riga plate considering wall suction
and joule heating effects. Abbas et al. [4] incorporate the flow
of modified nanofluid over a exponentially stretching Riga

plate. Basha et al. [5] explored the stability analysis on the flow
of hybrid nanofluid containing Ag-MgO particles over a
stretching/shrinking Riga wedge in the presence of stagnation

point. Ramesh et al. [6] numerically studied the EHMD flow of
Maxwell nanofluid on Riga plate.

Nanofluids are one of the important heat distribution pro-

cessing fluids formed by immersion of nanosized particles in a
base liquid. Usually nanomaterials exhibit high thermal distri-
bution property than convectional heat distribution liquids.

Initially, Choi and Eastman [7] explored the significance of
nanofluid and its properties. Recently, Turkyilmazoglu [8]
studied the thermal analysis of moving substrate due to nano-
liquid film flow. Kotresh et al. [9] studied the impact of activa-

tion energy in the presence of nanofluid over a rotating disc.
Khan et al. [10] analyzed thermal analysis numerically in the
presence of nanoliquid over a rotating disk. Turkyilmazoglu

[11] investigated the natural convection effect over a vertical
plate in the presence of nanofluid considering radiation effect.
Madhukesh et al. [12] deliberated the Newtonian heating effect

in hybrid nanofluid based aluminium alloys over a curved
stretching sheet. Turkyilmazoglu [13] obtained the multiple
analytical solutions of heat and mass transfer of MHD slip

flow containing two different types of viscoelastic fluids over
a stretching surface. Generally, nanoparticles used in the
preparation of nanoliquid are typically made by oxides, car-
bides, metals or carbon nanotubes. Carbon nanotubes (CNTs)

are the cylindrical shaped tubes contain carbon atoms in

frames having diameter 0:7� 50ð Þ � 10�9m. CNTs are widely
used in conductive plastics, air purification process, sensors,
nanotechnology, hardwater purification, storage of gases,
biosensors, flat panel displays, extra-long fibres and so on.
The main idea of CNTs was first introduced in 1991 by Lijima

[14]. CNTs are further divided into two categories based on the
number of concentric coats of graphene sheets. SWCNTs (sin-
gle wall carbon nanotubes) and MWCNTs (multi wall carbon

nanotubes) are two types of carbon nanotubes (MWCNTs).
These CNTs have special features like electrical, thermal, vis-
cous and mechanical characteristics. Shafiq et al. [15] examined

the Marangoni effect over a Riga plate in the presence of
CNTs. Ahmed et al. [16] analysed the influence of viscous dis-
sipation and thermal radiation effects on Riga plate in the

combination of CNTs and water. Kumar et al. [17] examined
the single and multi-wall carbon nanotubes in Maxwell nan-
otubes with magnetic dipole effect.

Generally internal heat generation/absorption can be classi-

fied into two types. In the first type, the internal heat source/
sink is uniformly dependent on temperature. The second type
is the internal heat source/sink dependent on temperature and

space is called non-uniform heat source/sink. It removes addi-
tional heat generated by a system and diffuses the additional
heat away from the system. Many researchers scrutinized the

heat transfer and flow of liquids by considering heat source
or sink. Heat source/sink in moving fluids has extensive appli-
cations in metal waste, spent nuclear fuel, reactor safety anal-

ysis, combustion analysis. Recently many researchers working
on the heat source/sink. Ramesh et al. [6] examined the heat
source sink effect in the presence of Maxwell nanofluid over
a Riga plate. Turkyilmazoglu [18] obtained the closed form

solution for MHD natural convection in saturated porous
media in the presence of heat source sink and thermal radia-
tion. Pal and Mandal [19] investigated the flow of Jeffery nano-
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fluid over a stretching sheet with the effects of thermal radia-
tion and non-uniform heat source/sink. Ramesh et al. [20] dis-
cussed the effect of heat source/sink past a cylinder under

aluminium alloys and magnetite graphene oxide. Oke et al.
[21] scrutinised how heat was transferred from the domain to
a heat sink, where it was diffused; however, the Coriolis force

has the ability to alter the process. They also discovered that
the Coriolis force and heat source/sink had a significant impact
not only on motion but also on temperature distribution and

nanofluid concentration.
Thermophoresis is a phenomenon observed in mixture of

particle suspended in a gas, subjected to the temperature gra-
dient, drift from the hot to the cold zone of the gas. Ther-

mophoresis particle play important role in variety of
engineering and industrial application such a nuclear reactor
safety, design of thermal precipitation and physical vapour

deposition. Shezad et al. [22] studied the forced convection
and thermophoretic particle motion in a Maxwell fluid over
rotating disk. Kumar et al. [23] investigated the heat, mass

transfer and thermophoretic particle deposition of Casson
nanofluid over a thin needle. The particle deposition of nano-
liquid flow across a porous media was studied by Albojamal

and Vafai [24]. Rauf et al. [25] examined the features of ther-
mophoretic particles deposition in time dependent magneto
flow over oscillatory spinning disk.

The bioconvection is caused by development of patterns

due to suspension of microorganisms like algae and bacteria.
The main resource is the moment of the microorganisms in
the fluid. The fluid property is affected self-oriented microor-

ganisms. Bioconvection has varity of applications in numerous
fields such as bio microorganisms, bio fuel, fertilizers, ethanol
and bio microsystems. Saleem et al. [26] studied the magneto

Jeffery nanofluid bioconvection due to gyrotactic microorgan-
isms occurs in the presence of rotating vertical cone. Makinde
and Animasaun [27] examine the thermophoresis and Brown-

ian motion effects on MHD bioconvection nanofluid flow over
an upper horizontal surface of a paraboloid of revolution con-
sidering quartic chemical reaction and nonlinear thermal radi-
ation effects. Acharya et al. [28] investigated the effects of solar

radiation on MHD bioconvection nanofluid flow. In the pres-
ence of bioconvection, Tlili et al. [29] examined the MHD
Micropolar nanoliquid behaviour flow with the impact of par-

tial slip and double stratification. Makinde and Animasaun
[30] examined the MHD bioconvective nanofluid flow in the
presence of nonlinear thermal radiation and quartic autocatal-

ysis chemical reaction over an upper surface of a paraboloid of
revolution.

Three novel aspects of our motivation in current attempts
are covered. First, the Electromagnetohydrodynamic SWCNT

with water base liquid flowing over a slipped Riga plate is to be
modelled and analysed. Second, the heat and mass transfer
attributes is to be investigated, taking into the account of heat

source/sink and thermophoretic effects. Third, nanofluid is to
be applied to investigate bio-convection phenomena with gyro-
tactic locomotion of microorganisms. The manuscript is

divided into four sections: the first section explains the context
and implementation, the second section describes the mod-
elling and formulation of the problem, the third section dis-

cusses the problem from a physical perspective, and the
fourth section summarizes the results. The current research is
applicable to industrial production systems that fabricate
nano-biomaterials.
The purpose of this investigation is to obtain answers to the
following study questions:

What is the effect of increasing the solid volume fraction
and slip on velocity, temperature, concentration, and
bioconvection?

What are the impacts of increasing the heat source/sink as
well as the thermophoretic impacts on temperature and
concentration profiles?

What effect does raising the local Hartmann number and
magnetic parameter have on SWCNT/water motion over
a Riga plate?

2. Mathematical modelling

Consider a laminar, incompressible, steady two-dimensional
flow of an electro-magneto hydrodynamic SWCNT/water fluid
flow over a Riga plate. Magnetic effects, uniform heat source/
sink, thermophoretic particle deposition, gyrotactic microor-

ganism and velocity, temperature and concentration slip effect
are considered. Further, it is assumed that Riga plate is mov-
ing in a free stream velocity Uw ¼ cx and Tw;T1 represents the

uniform and ambient temperature, Cw;C1 denotes the uni-
form and ambient concentration and Nw;N1 denotes the uni-
form and ambient concentration of gyrotactic microorganism

(see Fig. 1). The governing equations under above mentioned
assumptions are given as follows (see Ramesh et al. [6], She-
hzad et al. [31], Shateyi [32], Shafiq et al. [33], Ibrahim and
Shankar [34]).
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Thermophoretic velocity is given by VT ¼ � Kmf
Tr

Tw � T1ð Þ.
Here, Tr is Reference temperature and K is thermophoretic
coefficient. Boundary conditions are provided by

u ¼ Uw þ L1

@u

@y
; v ¼ 0;T ¼ Tw þ K1

@T

@y
;

C ¼ CW þ K2

@C

@y
;N ¼ NW at y ¼ 0 ð6Þ

u ¼ 0 T ! T1; C ! C1; N ! N1 as y ! 1 ð7Þ
Where, Uw ¼ cx; Tw ¼ T1 þ b x

l

� 	2
; CW ¼ C1 þ d x

l

� 	2
, l is

the reference length of the Riga plate. L1, K1 and K2 are the
velocity, thermal and concentration slip factors respectively.

Appropriate similarity conditions are given by.



Fig. 1 Geometry of fluid flow problem.

Table 2 Validation of the problem for f0ð0Þ when

S1 ¼ Q ¼ / ¼ 0:

Parameter Akbar et al.

[37]

Chu et al.

[38]

Present

result

CPU

Time

M �f00ð0Þ �f00ð0Þ �f00ð0Þ sec

0.0 1.0000 1.0000 1.0000 0.12

1.0 1.41421 1.41423 1.41421 0.14

5.0 2.44948 2.44946 2.44948 0.18

Table 1 Thermophysical properties (Alsagri [35], Devi and

Devi [36]).

Material q Cp k r

SWCNT 2600 425 6600 106 � 107

Water 997.1 4179 0.613 0.05
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w ¼ x
ffiffiffiffiffiffi
cmf

p
f gð Þ; g ¼

ffiffiffiffi
c

mf

r
y; u ¼ cxf0 gð Þ;

v ¼ � ffiffiffiffiffiffi
cmf

p
f gð Þ; h gð Þ ¼ T� T1

TW � T1
; v gð Þ ¼ C� C1

CW � C1
;

u gð Þ ¼ N�N1
NW �N1

: ð8Þ

The equations (1–5) are reduced into (9–12) by using (8) are

f000 gð Þ
A1A2

þ f00 gð Þf gð Þ � f0 gð Þ2 þ Q

A2

exp �gbð Þ � rnfM f0 gð Þ
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¼ 0 ð9Þ

knf
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Pr

þ A3f gð Þh0 gð Þ � Sh gð Þ ¼ 0 ð10Þ

A1v
00 gð Þ þ Sc f gð Þv0 gð Þ � sSc h00 gð Þv gð Þ þ h0 gð Þv0 gð Þð Þ ¼ 0

ð11Þ

u00 þ Lbfu
0 � Pe v0u0 þ v00 r1 þ uð Þð Þ ¼ 0 ð12Þ

Boundary conditions (6–7) are reduced into

f0 0ð Þ ¼ 1þ S1f
00ð0Þ, f 0ð Þ ¼ 0,h 0ð Þ ¼ 1 þ S2h

0 0ð Þ,
v 0ð Þ ¼ 1þ S3v0 0ð Þ ,u 0ð Þ ¼ 1. at g ¼ 0

f0 1ð Þ ¼ 0; h 1ð Þ ¼ 0; v 1ð Þ ¼ 0;u 1ð Þ ¼ 0: as g ! 1 ð13Þ

Here, A1 ¼ 1� /ð Þ2:5, A2 ¼ 1� /þ / qs
qf

� �
,

A3 ¼ 1� /þ / qCpð Þs
qCpð Þf

� �
,M ¼ rfB

2
0

qfc
is the magnetic parameter,

Q ¼ pj0M0

8qfUwc
is local Hartmann number, b ¼

ffiffiffiffiffiffi
p2mf
a2c

q
is the dimen-

sionless parameter, Pr ¼ lfCpf
kf

is Prandtl number, S ¼ Q0

qfCpfc
is

the heat source sink parameter, Sc ¼ mf
Df

is Schmidt number,

s ¼ � K Tw�T1ð Þ
Tr

is the thermophoretic parameter, r1 ¼ N1
NW�N1ð Þ

the bioconvection constant, Lb ¼ mf
Dm

is bioconvection Lewis

number, Pe ¼ bWc

Dm
is bioconvection Péclet number.

S1 ¼ L1

ffiffiffi
c
mf

q
,S2 ¼ K1

ffiffiffi
c
mf

q
and S3 ¼ K2

ffiffiffi
c
mf

q
are the velocity, ther-

mal and concentration slip parameters, respectively.
The thermophysical properties of nanofluid are presented in

Table 1.
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The efficient engineering coefficients are given as:
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Table 3 Statistical values of drag coefficient, Nusselt number, Sherwood number and density number of motile microorganism for

different parameters.

/ M Q b S Sc s �Re0:5Cfx Re�0:5Nux Re�0:5Shx Re�0:5Nnx

0.01 0.13976 0.30173 0.17285 0.50375

0.03 0.14964 0.32489 0.16605 0.47270

0.05 0.16019 0.34987 0.15939 0.09674

0.1 0.13976 0.30173 0.19592 0.50375

0.3 0.15788 0.30089 0.19047 0.44842

0.5 0.17318 0.30015 0.18512 0.39613

0.1 0.20533 0.29847 0.17078 0.26159

0.3 0.16981 0.30032 0.18679 0.41199

0.7 0.11304 0.30288 0.20227 0.50375

0.3 0.12601 0.30238 0.20153 0.55983

0.5 0.13976 0.30173 0.19592 0.50375

1 0.15454 0.30100 0.18883 0.43534

�0.5 0.13976 0.06173 0.19138 0.49857

0 0.13976 0.28191 0.19554 0.50327

0.5 0.13976 0.30173 0.19592 0.50375

0.8 0.13976 0.30173 0.19592 0.50375

1.2 0.13976 0.30173 0.21408 0.50580

1.5 0.13976 0.30173 0.22333 0.50725

0.3 0.13976 0.30173 0.17829 0.50646

0.5 0.13976 0.30173 0.18336 0.50891

0.8 0.13976 0.30173 0.19035 0.51221

Table 4 Statistical values of drag coefficient, Nusselt number, Sherwood number and density number of motile microorganism for

different parameters.

r1 Lb Pe S1 S2 S3 �Re0:5Cfx Re�0:5Nux Re�0:5Shx Re�0:5Nnx

0.8 0.139765 0.301738 0.195929 0.267458

1.2 0.139765 0.301738 0.195929 0.122043

1.5 0.139765 0.301738 0.195929 0.012981

0.8 0.139765 0.301738 0.195929 0.32447

1.2 0.139765 0.301738 0.195929 0.503759

1.5 0.139765 0.301738 0.195929 0.608228

0.5 0.139765 0.301738 0.195929 0.535151

1.0 0.139765 0.301738 0.195929 0.503759

1.5 0.139765 0.301738 0.195929 0.478068

0 0.735436 0.305785 0.208829 0.656877

1 0.298324 0.303023 0.200152 0.551284

2 0.190004 0.302167 0.197355 0.519543

3 0.139765 0.301738 0.195929 0.503759

0 0.139765 2.316181 0.214087 0.511877

1 0.139765 0.718112 0.200141 0.505653

2 0.139765 0.424929 0.197204 0.504333

3 0.139765 0.301738 0.195929 0.503759

0 0.139765 0.301738 0.493206 0.312216

1 0.139765 0.301738 0.327547 0.430017

2 0.139765 0.301738 0.245192 0.477916

3 0.139765 0.301738 0.195929 0.503759
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Re0:5Cfx ¼ f00 ð0Þ
ð1�/Þ2:5 ;Re

�0:5Nux ¼ � knf
kf
h0ð0Þ;Re�0:5Shx ¼ � 1� /ð Þ2:5v0ð0Þ

Re�0:5Nnx ¼ � 1� /ð Þ2:5u0ð0Þ

9>=
>;

ð17Þ

where, Re ¼ cx2

mf
is Local Reynolds number.
3. Results and discussion

3.1. Analysis of results

In this section, the effects of the slip parameter, magnetic

parameter, local Hartmann number, heat source/sink



Fig. 2 Impact of / over f0 gð Þ.

Fig. 3 Impact of S1 over f0 gð Þ.

Fig. 4 Impact of M over f0 gð Þ.

Fig. 5 Impact of Q over f0 gð Þ.
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parameter, Schmidt number, thermophoretic parameter, bio-
convection constant, bioconvection Lewis number, bioconvec-
tion Péclet number on the various fluid profiles are discussed.

By applying the appropriate similarity transformations, the
system of partial differential equations stated in equations
(2) to (5) is transformed into a collection of nonlinear ordinary

differential equations (9–12). These resulted equations are
solved with the help of Runge-Kutta-Fehlberg 45 order along
with shooting technique. Table 1 displays the various thermo-

physical properties of the SWCNT/water. Further, numeri-
cally solved with the aid of mathematical software by setting
parameters 0:01 6 / 6 0:05; 0:1 6 M ¼ Q 6 0:5; Pr ¼ 6:3;
0:5 6 b 6 1:1; �0:4 6 S 6 0:4; 0:8 6 Sc 6 1:2; 0 6 s 6 0:5;
0:5 6 r1 6 1:5; 0:8 6 Lb ¼ Pe 6 1:5;0 6 S1 ¼ S2 ¼ S3 6 5 and
graphs are plotted for various parameters. Table 2 is drawn

to compare the present results with previously published by
Akbar et al. [29] and Chu et al. [30]. The important engineering
coefficients are illustrated in three dimensional figures for dif-

ferent parameters. Table 3 and 4 are explains the behaviour of
different pertaining parameter on drag coefficient, Nusselt
number, Sherwood number and density number of motile

microorganism. The drag coefficient increases as the values
of /;M;b and S1 grow, while the drag coefficient reduces when
the value of Q increases. The Nusselt number, with the excep-
tion of M andQ, follows the same pattern. Furthermore,



Fig. 6 Impact of b over f0 gð Þ.

Fig. 7 Impact of / over h gð Þ.

Fig. 8 Impact of S2 over h gð Þ.

Fig. 9 Impact of S over h gð Þ.
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Sherwood number and density number of motile microorgan-
ism exhibit opposing behaviour. It is important to note that
larger slip coefficients lower drag friction, Nusselt number,

Sherwood number, and density number of motile
microorganism.

3.2. Discussion of Results.

The variance of solid volume fraction /over a nanofluid veloc-

ity curve is portrayed in Fig. 2. The velocity f0 gð Þ in the curve
decreases as the increase of solid volume fraction. This is
because the addition of nanoparticles increases the thickness
of the boundary layer, which opposes fluid motion. In addi-
tion, the absence of the velocity slip parameter S1 causes the

fluid velocity to decrease more rapidly. Fig. 3 illustrates the

variation of S1overf
0 gð Þ. Rise in the values of S1initially

decreases the velocity but gradually increases. Fig. 4 portraits

the variation of magnetic parameter Mð¼ 0:1; 0:3; 0:5Þover
f0 gð Þin the presence slip parameter and also absence of slip

parameter. Upsurge in the mag decreases the fluid velocity.
Physically a drag force called Lorentz force acts on the fluid
opposes the fluid motion. Fig. 5 shows the influence of local

Hartmann number Q over f0 gð Þ. Slight increase in the values
of Q generates an exterior electric field which enhances veloc-

ity. The influence of dimensionless parameter b over f0 gð Þ is



Fig. 10 Impact of / over v gð Þ.

Fig. 11 Impact of S3 over v gð Þ.

Fig. 12 Impact of Sc over v gð Þ.

Fig. 13 Impact of s over v gð Þ.
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exhibited in Fig. 6. It is seen from the drawn figure that f0 gð Þ
decreases with improvement in b.

The variation of solid volume fraction / over temperature
profile h gð Þ is illustrated in Fig. 7. Addition of solid nanopar-

ticles enhances the thermal distribution in the system. Physi-
cally, upsurge in the solid volume fraction enhances the
boundary layer which results in enhancement in the tempera-
ture distribution. One can also see in this figure that thermal

distribution is more in the absence of temperature slip param-
eterS2. Fig. 8 represents the temperature slip parameter’s vari-
ation S2 over h gð Þ. In the absence of S2 thermal distribution is

more, slight increase in the values of S2 thermal distribution
gradually decreases. The variation of heat sink/ source param-
eter S over h gð Þ is drawn in Fig. 8. This profile plays a domi-
nant role where heat distribution is major key aspect in

engineering. Figure is shown for three different cases, i.e., case
(1) S ¼ 0 absence of heat source/sink parameter, case (2) S < 0
presence of heat sink parameter and case (3) S > 0 presence of

heat source parameter. Heightening in the values of Senhances
the thermal distribution in the system. Furthermore, thermal
distribution is more in the absence of S2. (SEE Fig. 9.)

The variation of / over concentration profile v gð Þ is illus-
trated in Fig. 10. Concentration of the profile increases with
addition of solid nanoparticles to the system. The addition
of solid volume enhances the thickness of the boundary layer.

The variation of concentration slip S3over v gð Þ is displayed in



Fig. 15 Impact of Lb&Pe over u gð Þ.

Fig. 16 Impact of r1 over u gð Þ.

Fig. 17 Variation of CfxoverQfor different values of S1.

Fig. 14 Impact of / over u gð Þ.
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Fig. 11. Rise in the values of S3 decreases the concentration.

The influence of Schmidt number Scover v gð Þ is drawn in
Fig. 12. Enlarging in the values of Scdecreases the concentra-
tion as variation in Scdecreases the mass diffusion which

results in decrease of the concentration. Impact of ther-
mophoretic parameter s on v gð Þ is shown in Fig. 13. Upsurge
in the values of sreduces the concentration.

The variation of solid volume fraction /over bioconvection
profile u gð Þ is illustrated in Fig. 14. Increase in the solid vol-
ume fraction rises the motile microorganism’s concentration

in the system. This happens because the densities of the
microorganisms are larger than the nanofluid, bioconvection
occurs as the mobile organisms collapse. As a result, microor-
ganisms increase. The variation of bioconvection Péclet num-
ber Peand bioconvection Lewis numberLb on u gð Þ is shown
in Fig. 15. It is noted that increase in the values of Lb decreases
the micro-organisms concentration, reverse trend is seen in the

case of Pe. Fig. 16 plotted to show the influence of r1 biocon-
vection constant on the profile u gð Þ. Rise in the values of bio-
convection enhances the microorganism’s concentration.

The numerical outcomes on important engineering coeffi-
cients are displayed in the Figs. 17-20. The variation of Cfx
over Q for different values of S1 is drawn in Fig. 17. With

increasing slip parameter values, the surface drag force contin-
ues to increase S1. Fig. 18 displays the nature of Cfx overM for
different values of Q. Rise in the values of local Hartmann

number enhances the surface drag force. Fig. 19 depicts the
variation of Nux over / for various values of S. Increases in
the values of Sand / improve the rate of heat transfer.
Fig. 20 depicts the difference in Shx over s for various values



Fig. 19 Variation of Nux over / for different values of S.

Fig. 20 Variation of Shx over s for different values of Sc.

Fig. 18 Variation of Cfx over M for different values of Q.
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of Sc. With increasing values of Sc, the rate of mass transfer
increases.

4. Final remarks

The following are the main outcomes of this research:

1. Higher values of the solid volume fraction improve the tem-
perature distribution, concentration and bioconvection

profile while lowering the velocity profile.
2. Higher of local Hartmann number accelerate the velocity

while magnetic parameter decelerate.

3. Enhancement of slip parameters decreases the curves of
fluid velocity, temperature and concentration.

4. Thermal distribution increases as the heat source/sink

parameter values increase, while the thermophoretic
parameter reduces the concentration distribution.

5. Lewis number decreases the motile microorganism density

but Péclet number increases the motile microorganism
density.
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Appendix:. Dimension analysis of the parameters

rf ¼ kg�1m�3C2s, B0 ¼ kgs�1C�1, B2
0 ¼ kg2s�2C�2,

qf ¼ kgm�3, c ¼ s�1

Magnetic parameter M ¼ rfB
2
0

qfc
¼ kg�1m�3C2s � kg2s�2C�2

kgm�3 � s�1 ¼ 1

j0 ¼ Am�2, M0 ¼ kgs�2A�1, qf ¼ kgm�3, Uw ¼ xc ¼ ms�1,

c ¼ s�1

Modified Hartmann number Q ¼ pj0M0

8qfUwc
¼ p

8

Am�2 � kgs�2A�1

kgm�3 � ms�1 � s�1

h i
¼ p

8
¼ Const

a ¼ m, a2 ¼ m2, c ¼ s�1,mf ¼ m2s�1

Dimensionless parameter b ¼
ffiffiffiffiffiffi
p2mf
a2c

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2m2s�1

m2 � s�1

q
¼

ffiffiffiffiffi
p2

p
¼

Const

lf¼kgm�1s�1, Cpf¼Jkg�1K�1¼m2s�2K�1, kf¼kgms�3K�1

Prandtl number Pr ¼ lfCpf
kf

¼ kgm�1s�1 � m2s�2K�1

kg m s�3K�1 ¼ 1

Q0 ¼ Wm�3K�1 ¼ Js�1ð Þm�3K�1 ¼ kgm�1s�3K�1,

qf ¼ kgm�3,Cpf ¼ Jkg�1K�1 ¼ m2s�2K�1, c ¼ s�1

Heat source sink parameter S ¼ Q0

qfCpfc
¼

kgm�1s�3K�1

kgm�3 � m2s�2K�1 � s�1 ¼ 1

mf ¼ Df ¼ m2s�1

Schmidt number Sc ¼ mf
Df
¼ m2s�1

m2s�1 ¼ 1

K ¼ Const, Tw ¼ T1 ¼ Tr ¼ Tw � T1ð Þ ¼ K

Thermophoretic parameter s ¼ � K Tw�T1ð Þ
Tr

¼ � Const � K
K

¼
Const

N1 ¼ NW ¼ N1 ¼ NW �N1ð Þ ¼ molm�3

Bioconvection constant r1 ¼ N1
NW�N1ð Þ ¼ mol m�3

mol m�3 ¼ 1
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mf ¼ Dm ¼ m2s�1

Bioconvection Lewis number Lb ¼ mf
Dm

¼ m2s�1

m2s�1 ¼ 1

Dm ¼ m2s�1;Wc ¼ ms�1; b ¼ m

Bioconvection Péclet number Pe ¼ bWc

Dm
¼ m � ms�1

m2s�1 ¼ 1

L1 ¼ K1 ¼ K2 ¼ m; c ¼ s�1; mf ¼ m2s�1

Velocity slip parameter S1 ¼ L1

ffiffiffi
c
mf

q
¼ m

ffiffiffiffiffiffiffiffiffi
s�1

m2s�1

q
¼ m

ffiffiffiffi
1
m2

q
¼

m
m
¼ 1

Thermal slip parameter S2 ¼ K1

ffiffiffi
c
mf

q
¼ m

ffiffiffiffiffiffiffiffiffi
s�1

m2s�1

q
¼ m

ffiffiffiffi
1
m2

q
¼

m
m
¼ 1

Concentration slip parameter S3 ¼ K2

ffiffiffi
c
mf

q
¼ m

ffiffiffiffiffiffiffiffiffi
s�1

m2s�1

q
¼

m
ffiffiffiffi
1
m2

q
¼ m

m
¼ 1
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