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Abstract
Bioconvection in magneto-nanoliquid embedded with gyrotactic microorganisms across an elongated sheet with velocity

slip of second order is addressed. Nonlinear thermal radiation and chemical reaction aspects are retained in energy and

concentration equations. Numerical simulations for the modeled problem are proposed via Runge–Kutta–Fehlberg-based

shooting technique. Special attention is given to the impact of involved parameters on the profiles of motile microor-

ganisms, nanoparticle volume fraction, temperature and velocity. Our simulations figured out that assisting flow generates

more heat transfer than the opposing flow situation. The motile microorganism’s boundary layer decayed for higher

bioconvection Peclet and bioconvection Lewis numbers.
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Introduction

The topic ‘‘nanoliquid/nanotechnology’’ is significant in

the field of thermal sciences due to their greater capabilities

on the enhancement of heat transfer properties. The

nanoliquid’s thermal diffusivity, thermal conductivity,

viscosity and convective heat transfer coefficient are

advanced relative to the traditional heat transfer fluids.

Therefore, the nanoliquids are useful in various industrial

and technological processes such as the cooling of elec-

tronic devices, biomedicine, vehicle cooling, transformer

cooling, heat exchanger and nuclear reactor. Choi [1]

demonstrated that the nanofluid is more efficient to use in

the heat transfer mechanisms than conventional fluid. The

mathematical model of nanomaterials by considering the

thermophoretic and Brownian transition aspects was

introduced by Buongiorno [2]. Boundary layer approxi-

mations to nanoliquid flow due to elongated sheet were first

introduced by Khan and Pop [3]. Kuznetsov et al. [4]

reported the analytical solutions for the natural convective

flow of a nanoliquid across a vertical plate. They have

employed the mechanisms of thermophoresis and Brown-

ian transition to integrate the nanofluid model. Hayat et al.

[5] presented the series solutions for three-dimensional

magnetohydrodynamic flow of nanofluid in the presence of

nonlinear thermal radiation. MHD boundary layer flow of

Maxwell nanomaterial saturating a non-Darcy porous

medium has been investigated by Muhammad et al. [6].

Sheikholeslami [7] studied the magnetic field on nanofluid

flow in free convection with an open porous cavity by

using lattice Boltzmann method. The improvement of
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nanofluid heat transfer inside a porous cavity by means of a

non-equilibrium model in the existence of Lorentz forces

has been investigated by Sheikholeslami et al. [8]. They

presented the solutions by employing control volume-based

finite element method. Sheikholeslami [9] reported the

numerical simulation of magnetic nanofluid natural con-

vection in porous media by a control volume finite element

method. Later on, investigations of nanoliquid flow have

been considered by the various researchers [10–20].

The bioconvection is the most ubiquitous event that

includes the macroscopic movement of upwardly swim-

ming motile microorganisms such as oxytactic bacteria and

algae. It has many engineering, biological and biotechno-

logical applications such as in the design of biocells, bio-

conjugates and biomicrosystems. The bioconvective flow

with the suspension of small solid particles containing

gyrotactic microorganisms was first investigated by

Kuznetsov et al. [21, 22]. Their new idea was extended by

several investigators [23–25]. The MHD slip flow con-

taining gyrotactic microorganisms packed with nanoparti-

cles through a vertical plate was studied by Khan et al.

[26]. Khan and Makinde [27] examined the magneto-

nanoliquid transport past an elongated surface with the

effect of bioconvection with the gyrotactic microorganism.

The bioconvection flow of nanoliquid packed with gyro-

tactic microorganisms with Soret aspect was explored by

Shaw et al. [28]. Das et al. [29] examined bioconvection

nanoliquid flow packed with gyrotactic microorganisms

across a permeable vertical plate. Chamkha et al. [30]

explored the aspect of bioconvective radiated transport of

nanoliquid with gyrotactic microorganisms past a vertical

plate.

Navier [31] introduced the phenomenon of slip bound-

ary condition which states that the component of the fluid

velocity tangential to the boundary walls is proportional to

tangential stress. Martin and Boyd [32] analyzed the slip

boundary condition on Blasius boundary layer problem.

Later, many researchers [33–35] have done their work with

Navier [31] boundary condition on boundary layer flow

with different effects. However, these are all work done on

fluid flow characteristics with only first-order slip condi-

tion. Wu [36] is the first author to introduce the second-

order slip velocity model which was valid for the arbitrary

Kundsen number. Recently, Fang et al. [37],

Nandeppanavar et al. [38], Rosca and Pop [39], Mabood

and Mastroberardino [40] and Mabood and Das [41]

investigated the impact of second-order velocity slip with

different fluid flow configurations.

Convective heat transfer has also mobilized substantial

interest owing to its importance in industrial and environ-

mental technologies including energy storage, gas turbines,

nuclear plants, rocket propulsion, geothermal reservoirs

and photovoltaic panels. Ishak [42] presented the similarity

solutions for the flow and heat transfer over a permeable

surface with convective boundary condition. The buoyancy

effects on boundary layer flow and convective heat transfer

over a vertical plate have been studied by Makinde and

Olanrewaju [43]. Aman et al. [44] presented the dual

solutions for MHD mixed convection flow at stagnation

point toward a vertical plate immersed in a micropolar fluid

with a convective boundary condition. Hayat et al. [45]

reported the analytical solutions for MHD three-dimen-

sional flow of nanofluid over a convectively heated non-

linear stretching surface by using HAM method. The

nonlinear convective flow of tangent hyperbolic liquid

under the influence of thermal radiation due to the stretched

surface has been investigated by Mahanthesh et al. [46]

who reported the numerical solutions using the Runge–

Kutta method.

The bioconvection flow of magneto-nanofluid packed

with gyrotactic microorganisms across an elongated plate

with second-order velocity slip and convective conditions

has been explored in the present work. Numerical solutions

are presented through graphical and tabular illustrations.

The physical consequence of scheming parameters on the

density of motile microorganisms, velocity, temperature

and concentration fields are scrutinized and deliberated

graphically.

Formulation of the problem

Microorganisms flow past a convectively heated elongated

surface with suspended nanoparticles is considered. The

sheet is stretched with velocity uw(x) = ax, where a is

constant and x is the coordinate measured along the elon-

gated sheet. Further, the flow field is exposed to the

influence of an external transverse magnetic field of

strength B0 (along y-axis) and the gravitational force is

acting opposite to the fluid motion as shown in Fig. 1. The

terms Tw and T1 are surface and free stream temperatures.

The relevant equations for the undertaken problem are:

r � v~¼ 0; ð1Þ

qf v~�rð Þ � v~¼�rpþlr2v~þ J~�B~

þ CqP þ 1�Cð Þ qf 1�b T �T1ð Þ½ �f g½ �
þ n� n1ð Þc�rq�g; ð2Þ

v~�rð ÞT ¼ ar2Tþ s DBrC �rTþ DT

�T1

� �
rT �rT

� �

� 1

qcp

rqr; ð3Þ

1948 P. B. Sampath Kumar et al.

123



v~ � rð ÞC ¼ DBr2C þ DT

T1

� �
r2T � k0 C � C1ð Þ; ð4Þ

r � j~¼ 0; ð5Þ

where v~¼ u; vð Þ—velocity, (T ;C)—temperature and con-

centration, m—kinematic viscosity, r—electrical conduc-

tivity, J~—current density vector, B~¼ 0;B0; 0ð Þ—magnetic

induction vector, B0—magnetic field strength, n—number

density of motile microorganisms, j~—microorganisms flux,

p—pressure, g—acceleration due to gravity, qf—density of

fluid, qP—density of nanoparticles, l—viscosity, b—vol-

umetric volume expansion coefficient, a = kf/qfcP—ther-

mal diffusivity, k—thermal conductivity of the fluid,

s ¼ qcð Þp= qcð Þf—parameter with (qc)p being the heat

capacity of the nanoparticle and (qc)f being the heat

capacity of the nanofluid, DB—coefficient of Brownian

transition, DT—coefficient of thermophoretic diffusion,

Dq = qcell - qf!—density difference between a cell and

base fluid density at far field, c*—average volume of a

microorganism, qr—radiative heat flux, Cw and C1—sur-

face and free stream volume fraction of nanofluid and k0—

chemical reaction coefficient.

Now, by following Ref. [15], one can expand the flux of

microorganisms j~ as:

j~¼ nvþ n~v� DmDn; ð6Þ

here Dm—diffusivity of microorganisms and ~v—average

swimming velocity of the oxytactic microorganism defined

by:

v~¼ bWc=DCð ÞDC; ð7Þ

in which b—chemotaxis constant and Wc—maximum cell

swimming speed.

Nanoparticle concentration is supposed to be dilute with

Oberbeck–Boussinesq approximations Eq. (2) which

yields:

qf v~ � rð Þ � v~¼ �rpþ lr2v~þ J~� B~

þ qP � qfð Þ C � C1ð Þ � 1 � C1ð Þ½
� qfb T � T1ð Þ þ n� n1ð Þ � qc��g; ð8Þ

Under boundary layer approximations, the pertinent equa-

tions will become: (see Khan et al. [26]–Shaw et al. [28])

ou

ox
þ ov

oy
¼ 0; ð9Þ

u
ou

ox
þ v

ou

oy
¼ m

o2u

oy2

� �
� rB2

0

qf

u

þ 1

qf

g 1 � C1ð Þqfb T � T1ð Þf

�g qP � qfð Þ C � C1ð Þ � g n� n1ð ÞDqc�g;
ð10Þ

u
oT

ox
þ v

oT

oy
¼ a

o2T

oy2
þ s DB

oC

oy

oT

oy
þ DT

T1

oT

oy

� �2
" #

� 1

qcp

oqr

oy
; ð11Þ

u
oC

ox
þ v

oC

oy
¼ DB

o2C

oy2
þ DT

T1

� �
o2T

oy2
� k0 C � C1ð Þ;

ð12Þ

Gyrotactic microorganisms

Nanoparticle

Boundary layers

g

O y , v

∂T

x , u

B0

∂y– k = hf Tw –T ⎡
⎣

⎡
⎣

Fig. 1 Geometry of the problem
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u
on

ox
þ v

on

oy
þ bWC

Cw � C1

o

oy
n
oC

oy

� �
¼ Dm

o2n

oy2
: ð13Þ

The boundary conditions are taken to be (see

Mabood et al.’s [40, 41])

u ¼ uw þ uslip; v ¼ 0; �kf

oT

oy
¼ hf Tw � Tð Þ;

C ¼ Cw; n ¼ nw at y ¼ 0; u ! 0;

T ! T1; C ! C1; n ! n1 as y ! 1; ð14Þ

The radiative heat flux is

qr ¼ � 4r�

3k�
oT4

oy
¼ � 16r�

3k�
T3 oT

oy
; ð15Þ

here r* and k* are the Stefan–Boltzmann constant and

mean absorption coefficient. In view of Eq. (15), Eq. (11)

reduces to:

u
oT

ox
þ v

oT

oy
¼ a

o2T

oy2
þ s DB

oC

oy

oT

oy
þ DT

T1

oT

oy

� �2
" #

þ 16r�

3qfcpk�
T3 o

2T

oy2
þ 3T2 oT

oy

� �2
" #

: ð16Þ

The velocity slip is (see [34]):

uslip ¼ 2

3

3 � a1l
3

a1

� 3

2

1 � l2

Kn

� �
k
ou

oy

� 1

4
l4 þ 2

K2
n

1 � l2
� �� �

k2 o
2u

oy2

¼ A
ou

oy
þ B

o2u

oy2
; ð17Þ

In the above equation l ¼ min 1=Kn; 1ð Þ; a1—momentum

accommodation coefficient with 0� a1 � 1 and k—

molecular mean free path, A ¼ 2
3

3�a1l
3

a1
� 3

2
1�l2

Kn

� 	
k and

B ¼ � 1
4

l4 þ 2
K2

n
1 � l2ð Þ

� 	
k2. According to the definition of

l and for any given value of Kn (Knudsen number

Kn ¼ k=lÞ, we have 0 B l\ 1; therefore, A([ 0) and

B(\ 0) are constants.

By introducing stretching transformations,

g ¼
ffiffiffiffiffiffi
uw

mx

r
y; u ¼ axf 0 gð Þ; v ¼ �

ffiffiffiffiffi
am

p
f gð Þ;

/ gð Þ ¼ C � C1
Cw � C1

;

v gð Þ ¼ n� nw

nw�n1

; T ¼ T1 1 þ hw � 1ð Þhð Þ; ð18Þ

into Eqs. (10), (12), (13) and (16), one can have

f 000 � f 0ð Þ2þ ff 00 �Mf 0 þ k h� Rbv� Nr/ð Þ ¼ 0; ð19Þ

h00 þR 1þ hw �1ð Þhð Þ3h00 þ3 hw �1ð Þh02 1þ hw �1ð Þhð Þ2
h i

þPr fh0 þNbh0/0 þNth02
� �

¼ 0; ð20Þ

/00 þ LePr f/0ð Þ þ Nt

Nb
h00 � b1/ ¼ 0; ð21Þ

v00 þ PrLb fv0ð Þ � Pe /0v0 þ /00 vþ rð Þ½ � ¼ 0; ð22Þ

with

f gð Þ ¼ 0; f 0 gð Þ ¼ 1þ dðf 00 gð ÞÞþ c f 000 gð Þð Þ;
h0 gð Þ ¼�Bi 1� h gð Þð Þ; / gð Þ ¼ 1; v gð Þ ¼ 1 at g¼ 0 and

f 0 gð Þ! 0; h gð Þ! 0; / gð Þ! 0; v gð Þ! 0 as g!1:

ð23Þ

Involved physical parameters are:

M ¼ rB2
0

qfa
; Rex ¼

u2
w

ma
; k ¼ Grx

Re2
x

;

Grx ¼ 1 � /1ð Þ Tw � T1ð Þgu3
wb

m2a3
;

Nr ¼ qP � qfð ÞDCw

qfb 1 � /1ð ÞDTw

; Rb ¼ c�DnwDq
qfb 1 � /1ð ÞDTw

;

Le ¼ a
DB

; Pr ¼ m
a
; Sc ¼ m

DB

;

b1 ¼ k0Sc

a
; Lb ¼ a

Dm

; Pe ¼ bWC

Dm

; r ¼ n1
Dnw

;

d ¼ A

ffiffiffi
a

m

r
; c ¼ B

a

m

� 	
;

Bi ¼ hf

kf

ffiffiffi
m
a

r
; R ¼ 16r�T3

1
3k�k

;

Nb ¼ sDB Cw � C1ð Þ
m

; Nt ¼ sDT Tw � T1ð Þ
T1m

; ð24Þ

where M—magnetic parameter, Rex—local Reynolds num-

ber, k—mixed convection parameter,Grx—Grashof number,

Nr—buoyancy ratio parameter,Rb—bioconvection Rayleigh

number, Le—traditional Lewis number, Pr—Prandtl num-

ber, Sc—Schmidt number, b1—chemical reaction parameter,

Lb—bioconvection Lewis number, Pe—bioconvection Pec-

let number, r—bioconvection constant, d and c first-order

and second-order slip parameters, respectively, Bi—Biot

number, R—radiation parameter, Nb—Brownian motion

parameter and Nt—thermophoresis parameter.

The skin friction coefficient Cf, local Nusselt number

Nux, local Sherwood number Shx and the local density

number of the motile microorganisms Nnx are:

Cf ¼
sw

qU2
w

; Nux ¼
xqw

a Tw � T1ð Þ ;

Shx ¼ xqm

DB Cw � C1ð Þ ; Nnx ¼ xqn

DB nw � n1ð Þ ; ð25Þ

where sw; qw; qm and qn are
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sw ¼ l
ou

oy

� �
y¼0

; qw ¼ �k
oT

oy
þ qr

� �
y¼0

;

qm ¼ �k
oC

oy

� �
y¼0

; qn ¼ �k
on

oy

� �
y¼0

: ð26Þ

Using Eqs. (18) and (26), Eqs. in (25) can take the fol-

lowing form:

Re1=2
x Cf ¼ f 00 0ð Þ; Re�1=2

x Nux ¼ � 1 þ Rh3
w

� �
h0 0ð Þ;

Re�1=2
x Shx ¼ �/0 0ð Þ; Re�1=2

x Nnx ¼ �v0 0ð Þ: ð27Þ

Solution of the Problem

The set of nonlinear ordinary differential Eqs. (19)–(22)

are converted to linear ordinary differential equations

system through the following process. Set x1 ¼ f ; x2 ¼
f 0; x3 ¼ f 00; x4 ¼ h; x5 ¼ h0; x6 ¼ /; x7 ¼ /0; x8 ¼ v and

x9 ¼ v0. Accordingly, we have (see Nandeppanavar and

Shakunthala [50])

x01 ¼ x2; x02 ¼ x3; x04 ¼ x5; x
0
6 ¼ x7 and x08 ¼ x9;

x
0

3 ¼ x2
2 � x1x3 þMx2 � k x4 � Rbx8 � Nrx6ð Þ ð28Þ

x
0

5 1þR 1þ hw�1ð Þx4ð Þ3
n o

¼�3R hw�1ð Þx2
5 1þ hw�1ð Þx4ð Þ2

�Pr x1x5þNbx5x7þNtx2
5

� �
ð29Þ

x
0

7 ¼ �LePr x1x7ð Þ þ Nt

Nb
x
0

5 ð30Þ

x
0

9 ¼ �PrLb x1x9ð Þ þ Pe x7x9 þ x
0

7 x8 þ r1ð Þ
n o

ð31Þ

x1 0ð Þ ¼ x2 0ð Þ � 1 þ dx3 0ð Þ þ cx
0

3 0ð Þ
� 	

¼ x3 0ð Þ � m1 ¼ 0;

x4 0ð Þ � m2 ¼ x5 0ð Þ þ Bi 1 � x4 0ð Þð Þ ¼ x6 0ð Þ � 1 ¼ 0;

x7 0ð Þ � m3 ¼ x8 0ð Þ � 1 ¼ x9 0ð Þ � m4 ¼ 0: ð32Þ

Here m1;m2;m3 and m4 are estimated via shooting tech-

nique. Afterward, the resultant initial value problems are

solved numerically via RK–Fehlberg method. The con-

vergence criteria and step size are chosen as 10-6 and

rg = 0.001. In order to check the validity of present

numerical results with available data as reported by Wang

[33], Gorla et al. [34] and Khan and Pop [35] for different

values of Pr in the absence of nanofluid and convective

boundary condition and M ¼ k ¼ b1 ¼ R ¼ d ¼ c ¼ 0 is

presented in Table 1. It is observed that comparison results

are found to be an outstanding agreement.

Results and Discussion

In this section, the influence of various physical parameters

on the different flow field characteristics is discussed. The

influence of k with buoyancy ratio parameter Nr for both

assisting Nr[ 0 and opposing Nr\ 0 flows on velocity

profile is displayed in Fig. 2. It is noted that the greater

values of k increase the velocity profile for both Nr[ 0

and Nr\ 0 flows. Physically, the buoyancy force acts like

an encouraging pressure gradient and it enhances the

velocity profile within the boundary layer. Figure 3 dis-

plays the effect of magnetic parameter M on velocity

profile f 0 gð Þ. It is observed that the momentum boundary

layer thickness decreases with increasing values of M for

both Nr[ 0 and Nr\ 0 flows. Physically speaking, the

magnetic force is in the opposite direction of the flow

which increases leading to stationary fluid absorption on

the stretching surface as well as decrease in the fluid

motion. The influence of d on f0(g) is illustrated in Fig. 4.

Opposite behavior is observed on the surface. Near the

surface, f0(g) decreases, and it enhances far away from the

surface.

The variation of temperature profile h(g) for different

values of Biot number Bi is illustrated in Fig. 5. Here h(g)

increases for greater values of Biot number for both

assisting and opposing flows. Physically, Bi is stated as the

convection at the surface of the body to the conduction

within the surface of the body. Figure 6 indicates the

higher values of R, and the thermal boundary layer thick-

ness enhances. Since more heat is provided to the working

fluid through radiation phenomena hence results thermal

boundary layer becomes thicker. Figure 7 demonstrates the

effect of thermophoresis parameter Nt on h(g) with Nr[ 0

and Nr\ 0 flow. It shows that the higher values of Nt

increase h(g) significantly in both Nr[ 0 and Nr\ 0

flows. The phenomenon describes the fact that the ther-

mophoretic force due to temperature gradient creates a fast

flow away from the surface. Accordingly, more heated fluid

is flowed away from the surface, so that the temperature

increases.

The variations of h(g) for the effect of Nb are shown in

Fig. 8. Here, h(g) increases as Nb increases in both cases.

Physically, the random motion of nanoparticles increases

by increasing the values of Nb; hence, the kinetic energy in

both molecular and nanoparticle levels enhances which

will convert into an increase in h(g). The behavior of Pr on

h(g) is shown in Fig. 9. Greater values of Pr rapidly shift

the h(g) toward the boundary causing a diminution in the

thickness of thermal boundary layer for both Nr[ 0 and

Nr\ 0. This is because larger values of Pr have a rela-

tively lesser thermal conductivity. As a result, the tem-

perature filed notably decreases for large values of Pr.
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Figure 10 shows the effect of bioconvection constant

parameter with buoyancy ratio on /(g). Here rising values

of r minimizes /(g) because less nanoparticles are move

form high to low concentration. From Fig. 11, we observed

that /(g) profile decreases for rising values of the

bioconvection Lewis number Lb for Nr[ 0 and Nr\ 0.

The effect of Lewis number on concentration profile is

shown in Fig. 12. It is reported that the increasing values of

Le decreases the nanoparticle concentration for Nr[ 0 and

Nr\ 0. Physically speaking, Le is the ratio of thermal

Table 1 Comparison results of

Nusselt number for different

values of Pr with the existing

literature

Pr Wang [47] Kahan and Pop [49] Gorla et al. [48] Present results

0.07 0.06560 0.06630 0.06562 0.06562

0.2 0.16910 0.16910 0.16912 0.16912

0.7 0.45390 0.45390 0.45348 0.46248

2 0.91140 0.91130 0.91142 0.91085

3 – – 1.15970 1.16467

7 1.89540 1.89540 1.89046 1.89446

10 – – 2.30350 2.30675

20 3.35390 3.35390 3.35391 3.35159

50 – – 5.42474 5.42280

70 6.46220 6.46210 6.46221 6.45456

0
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Fig. 2 Velocity profile for various values of k
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diffusivity to mass diffusivity, increase in Le means

increase in thermal diffusivity as compared to mass diffu-

sivity, and so by increasing Le, nanoparticle concentration

decreases. Figure 13 demonstrates the effect of Nt on /(g)

profile with assisting and opposing flows. It shows that the

higher values of Nt increase the concentration of

nanoparticle and its boundary layer thickness significantly

in both assisting and opposing flows.

The analysis of Peclet number with buoyancy ratio on

the rescaled density of motile microorganisms is presented

in Fig. 14. The ratio of maximum cell swimming speed to

the diffusivity of microorganisms is titled as a Peclet

number. As the increasing Peclet number follows an

increase in cell swimming speed. In this fact, the increase

in bioconvection Peclet number decreases the density of

motile microorganisms for high Nr[ 0 and low Nr\ 0

buoyancy ratio. It is noticed from Fig. 15 that the density

of motile microorganisms decreases in both the cases of
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assisting flow and opposing flow with the increase in the

values of Lb since the density of motile microorganisms

depends upon Lb. The density of motile microorganisms

boundary layer for opposing flow is thinner than that of

assisting flow because of strength of thermal conductivity

and diffusivity of the nanofluid.

The effect of bioconvection parameter r on the density

of the motile microorganism is shown in Fig. 16. We

observed that the reduction in the boundary layer thickness

of motile microorganism for rising values of bioconvection

parameter r for both assisting flows Nr[ 0 and opposing

flow Nr\ 0 cases.

Table 2 presents the numerical results of �f 00 0ð Þ;� 1þð
Rh3

wÞh0 0ð Þ;�/0 0ð Þ and - v0(0) fields for various values of

Bi in assisting and opposing flows. Table 2 reveals that the

Nusselt number, Sherwood number and density of motile

microorganism profiles are smaller in assisting flow than

the opposing flow. It is also observed that Nusselt number,

Sherwood number and density of motile microorganism’s

fields are increasing functions of Bi and skin friction

coefficient decreases for increasing values of Bi.

Conclusions

The present work investigated the MHD bioconvection

flow of nanofluid with containing gyrotactic microorgan-

isms which is flowing through a convectively heated

stretching sheet. The effects of second-order slip model,

nonlinear thermal radiation and chemical reaction are also

taking into account. Key results obtained are

• The assisting Nr[ 0 flow generates more heat transfer

than the opposing Nr\ 0 flow.

• The dimensionless velocity is an increasing function of

mixed convection parameter, and magnetic field param-

eter leads to deceleration of the fluid velocity near the

boundary layer region for both assisting Nr[ 0 and

opposing Nr\ 0 flows.

• Thermal boundary layer thickness increases rapidly

with the increase in Bi;R;Nb and Nt.

• Nonlinear thermal radiation might play a significant

role in controlling heat transfer system.

• Nanoparticle concentration boundary layer thickness

decreases rapidly with the increase in bioconvection

constant parameter r, bioconvection Lewis number Lb

and Lewis number Le.

• Diminution occurs in the density of motile microor-

ganisms with larger Peclet number, bioconvection

Lewis number and bioconvection constant parameter.
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