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The study of nanofluid dynamics under the influence of bioconvection has valuable applications as the
nanofluids possess tremendous heat transfer capabilities in comparison to the ordinary fluids. Having
such amazing characteristics of nanofluids in mind, the objective of the present study is to analyze the
influence of bioconvective Micropolar nanofluid flow comprising gyrotactic microorganisms with the
thermal and solutal stratifications at the boundary surface. The novelty of the present study is enhanced
by adding the contribution of nonlinear thermal radiation with partial slip boundary condition. The
Homotopy Analysis Method (HAM) is employed to address the highly nonlinear system of differential
equations. This system of differential equations is an outcome of suitable transformations applied to
the mathematical model described by the system of partial differential equations. Illustrations depicting
influences of prominent parameters are supported by requisite discussions keeping in view their physical
significance. It is comprehended that the local density number is deteriorated for Peclet and bio-
convection Lewis numbers. It is also observed that fluid velocity is declined for growing estimates of bio-
convection Rayleigh number.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud 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 swimming trait of gyrotactic microorganisms is vital to
comprehend numerous ecological facts related to bioconvection.
It was Platt who floated the idea of ‘‘Bioconvection” i.e., dispersion
of gyrotactic microorganisms in shallow suspensions. Bioconvec-
tion is the macroscopic convective motion of fluid caused by the
density gradient and is created by the collective swimming of
motile microorganisms. The development of bioconvection
enhances mixing and slows down the settling of particles. Unlike
natural convection, bioconvection is caused by unstable density
stratification. Because of this, variation in density due to the move-
ment of motile microorganisms is suggested to the momentum
governing equation (Kuznetsov and Avramenko, 2004; Makinde
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and Animasaun, 2016; Makinde and Animasaun, 2016). Kuznetsov
(Kuznetsov, 2010) studied the characteristics of bioconvection
comprising gyrotactic microorganisms immersed in a nanofluid
flow using the Galerkin method. It is concluded in this exploration
that the inclusion of gyrotactic microorganisms always destabilizes
the nanofluid flow containing nanoparticles in comparison to the
nanofluid flow in the absence of gyrotactic microorganisms. Nayak
et al. (Nayak et al., 2020) numerically analyzed the flow of 3D bio-
convective Casson nanofluid with motile organisms and multiple
slips. The additional effects taken into account are thermal and
solutal stratifications and chemical species. The major outcome
of this exploration is that large estimates of Peclet number result
in a decline in the local Sherwood number. The water-based nano-
fluid flow comprising single and multi-walled carbon nanotubes
amalgamated with motile microorganisms over a vertical cone is
studied by Ramzan et al. (2019a–c). The conclusion of the model
reveals the velocity field is diminished for increasing estimates of
buoyancy ratio parameter and bioconvection Rayleigh number.
Recently, Waqas et al. (Waqas et al., 2020) extracted the numerical
solution of the Carreau–Yasuda nanofluid flow in the presence of
gyrotactic microorganisms and second-order slip using bvp4c
MATLAB function. The key observation of this research is that the
density of motile microorganisms is deteriorated for growing val-
ues of Peclet number and bioconvection Lewis number. The flow
of magnetized nanofluid owing to a paraboloid revolution under
the influence of gyrotactic microorganisms is studied by Khan
et al. (2020a,b). Some more studies highlighting gyrotactic
microorganisms may be found at (Kumar et al., 2019; Alshomrani
and Ramzan, 2019; Ramzan et al., 2017a–d; Khan et al., 2020a,b;
Shahid et al., 2018) and many therein.

Over the past few years, the requirement to model and shape
the fluid that comprises rotating micro-constituents have given
rise to the Micropolar fluid theory. The fluids that couple the par-
ticle rotatory motion and macroscopic velocity field are known as
Micropolar fluids. Such fluids are made of stiff elements that are
cuddled in a sticky or viscous conduit. Examples of such fluids
are blood flow, bubbly liquid, and Ferrofluids. The industrial appli-
cations of these fluids are biological structures, lubricant fluids,
and polymer solutions. The notion of Micropolar fluid model is
originally floated by Eringen (Eringen, 1966). Later, numerous
investigations are conducted focusing on this important non-
Newtonian fluid. The flow of Micropolar fluid influenced by a
strong magnetic field past a heated/cooled extended spongy sur-
face with mixed convection is studied by Turkyilmazoglu
(Turkyilmazoglu, 2017). The exact analytical solution of the pro-
posed model is obtained using Mathematica software. The out-
come of the model divulges that the heat transfer rate is
decreased for the positive values of the material parameter, how-
ever, an opposite trend is witnessed for negative estimates. Ahmad
et al. (Ahmad et al., 2020) studied the Micropolar nanofluid flow
with Cattaneo-Christov heat flux, entropy generation analysis,
and slip condition at the boundary of a stretched surface. The solu-
tion of the envisioned mathematical model is obtained numeri-
cally. One of the salient results of the discussion is that the
magnetic effect strengthened the microrotation. The Micropolar
nanofluid flow in a permeable chamber with thermal radiation
and thermo-gravitational transmission under the effect of a uni-
form magnetic field is studied by Izadi et al. (Izadi et al., 2020).
Nadeem et al. (Nadeem et al., 2020) analyzed heat transfer analysis
in the 3D flow of Micropolar fluid through an exponentially
extended surface. The key observation of this study is that the tem-
perature and concentration of the fluid are improved for the
Micropolar parameter. Some other related work on Micropolar
fluid can be found in (Ramzan et al., 2016; Ramzan et al., 2017a–
d; Koriko et al., 2019; Ramadevi et al., 2020).
Heat transfer in nanofluid flows has drawn substantial attention
during the last two decades. Nanofluid is a liquid that is made by
the insertion of metallic particles with dimensions (<100 nm) in
a conventional fluid like water, engine oil, and ethylene glycol.
These conventional fluids have restricted heat transfer abilities
and are therefore unable to encounter today industrial cooling
necessities. Suspended nanoparticles in any base fluid can improve
the fluid heat transfer features. Researchers and scientists have
revealed interesting aspects of nanofluids. Gireesha et al.
(Gireesha et al., 2018) analyzed the dusty flow of a nanofluid with
Hall current effect over an extended surface. The numerical solu-
tion of the proposed model is analyzed via the RK Fehlberg integra-
tion scheme. It is disclosed in this study that Hall current and time-
dependency are major ingredients for the enhancement of heat
transfer rate. The time-dependent nanofluid flow comprising
engine oil as base fluid and TiO2 as nanoparticles with Hall current
effects, nonlinear thermal radiation, and exponential heat source
over an isothermal planar surface are examined by Mahanthesh
et al. (Mahanthesh et al., 2019). This study revealed that nanofluid
temperature is enhanced when the solid volume fraction of
nanoparticles is strengthened. Sheikholeslami (Sheikholeslami,
2019) used a new numerical scheme named Control Volume Based
Finite Element Method (CVFEM) to examine the nanofluid flow
under the influence of strong Lorentz force in a permeable media
with exergy and entropy analysis. It is discussed in this exploration
that exergy loss enhances when a strong magnetic field is applied.
The flow of MHD hybrid nanofluid comprising MoS2–Ag and
C2H6O2–H2O is studied numerically in the presence of Joule heat-
ing over an isothermal wedge by Mahanthesh et al. (Mahanthesh
et al., 2020). It is determined in this research that the viscosity of
the fluid is enhanced when the magnetic force is bolstered. Lu
et al. (2018a,b)) discussed the Micropolar nanofluid passed a linear
stretched surface under the effect of homogenous and heteroge-
neous reactions. A marvelous recent work in this regard is done
by Wakif et al. (Wakif et al., 2019) who designed a meta survey
of thermophoresis impact in various scenarios by discussing sixty
published papers. A similar work discussing the impact of Brown-
ian motion in the form of meta-analysis is performed by
Animasaun et al. (2019). Some interesting features of nanofluid
can also be seen in references (Gireesha et al., 2018; Hajizadeh
et al., 2020; Kumar et al., 2018; Tlili et al., 2020; Mahanthesh
et al., 2019; Alebraheem and Ramzan, 2019; Turkyilmazoglu,
2019; Turkyilmazoglu, 2018; Ahmad et al., 2017; Nayak et al.,
2019; Akbar et al., 2018; Nayak et al., 2017; Nayak et al., 2017;
Turkyilmazoglu, 2019).

The key function of the thermal radiation is to control the trans-
fer of heat. By monitoring heat aspects to a particular range, one
can improve the quality of the refined product. In the transfer of
heat flow, the influence of thermal radiation is extremely signifi-
cant for a system operating at an above-average temperature
where radiation from heated walls and working fluid is different.
Sheikholeslami et al. (2019) explored the flow of Electrohydrody-
namic nanofluid in a wavy permeable chamber with thermal radi-
ation numerically. The Control Volume Based Finite Element
Method (CVFEM) is employed to handle the highly nonlinear sys-
tem. The major outcome of the presented study is that the thermal
transmission and convective circulation are improved for large val-
ues of permeability of the porous media. The impact of gyrotactic
microorganisms in a thermal radiative nanofluid flow with both
types of carbon nanotubes over a vertical cone in a spongy media
is explored by Ramzan et al. (2019). Turkyilmazoglu
Turkyilmazoglu (2019) analyzed the effect of thermal radiation
on heat transfer flow past a vertical extended sheet with free con-
vection and temperature-dependent heat generation/absorption in
a porous media. Exact closed-form solutions for the said problem



Fig. 1. Illustration of the flow pattern.
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are found. It is concluded that the heat transfer rate is enhanced in
the case of the sink and the opposite behavior is monitored for
source. The time-dependent rotational flow of nanofluid compris-
ing dust particles and carbon nanotubes past a vertical extended
surface with thermal radiation and Hall current in a Darcy-
Forcheimer permeable medium is studied by Bilal and Ramzan.
(Bilal and Ramzan, 2019). The problem is solved numerically using
MATLAB software. Some recent investigations highlighting the
thermal radiation effect are given at (Turkyilmazoglu, 2016;
Ramzan et al., 2017a–d; Li et al., 2019; Sheikholeslami et al.,
2018; Suleman et al., 2018; Lu et al., 2018a,b) and many therein.

The role of stratification in heat and mass transfer is essential.
In nanofluids, stratification occurs in layer formations due to vari-
ation in both heat and mass profiles. That is why the simultaneous
occurrence of both distributions is the key factor for thermal and
solutal stratifications. Industrial foods, subterranean water storage,
and the presence of heterogeneous amalgams in the atmosphere
are a few examples of stratification. The function of stratification
in lakes is vital as it maintains a balance between the oxygen
and hydrogen ratio by regulating the difference between tempera-
ture and concentration and keeping the environment favorable for
the evolution of species. Moreover, the role of thermal stratifica-
tion is vital in solar engineering as it is the main ingredient to boost
the efficiency of the system. Studies highlighting the different
aspects of stratification may be quoted in this regard. Waqas
et al. (2020) studied the flow of thixotropic nanofluid flow in a
stratified medium with nonlinear convection past a convectively
heated extended surface. It is analyzed that both stratified fields
are enhanced when values of Biot number is increased. The viscous
nanofluid flow with thermal stratification past a moving thin nee-
dle is analyzed by Ramzan et al. (2020). The key observation of this
study divulged that fluid temperature diminishes for large esti-
mates of the thermal stratification parameter. Ahmad et al.
(2020) deliberated the nanofluid flow with both types of carbon
nanotubes past a static wedge with double stratification. It is
observed in this exploration that both thermal and concentration
profiles are decreased for thermal and solutal stratifications
respectively. Some more recent explorations featuring stratifica-
tion are given at (Daniel et al., 2020; Khan et al., 2017; Naz et al.,
2020; Ramzan et al., 2016, 2019; Rosseland, 2013; Ramzan et al.,
2019c).

From the above literature review, it is revealed that less atten-
tion is paid towards the consequence of gyrotactic microorganisms
on Micropolar nanofluid flow. However, no work is done so far on
bioconvective MHD flow of Micropolar nanofluid in attendance of
nonlinear thermal radiation in a thermal and solutal stratified
medium with partial slip. The present analysis aims to fill this
gap and scrutinized the influence of nonlinear thermal radiation
on bioconvective MHD flow of Micropolar nanofluid with partial
slip and double stratification at the boundary. The analytical solu-
tion of transformed governing equations is attained via the Homo-
topy Analysis Method. The results are displayed graphically and
discussed accordingly.

The present study facilitates the existing literature to answer
the following critical questions:

i. How bioconvection Rayleigh number affect the velocity and
the Motile density fields?

ii. What are the effects of the Brownian motion and ther-
mophoresis parameters on the fluid’s temperature?

iii. Why fluid velocity is diminished due to growing estimates of
suction parameter?

iv. How local density number behave for Peclet and bioconvec-
tion Lewis numbers?

v. What are the impacts of thermal and solutal stratifications
on the respective heat and mass transfer phenomena?
2. Mathematical Formulation:

Consider a two-dimensional, MHD Micropolar incompressible
nanofluid flow along a preamble stretched surface having slip con-
dition at the boundary. The behavior of flow is under the influence
of the uniform electric and magnetic field. The induced magnetic
field effects are ignored owing to small Reynolds number. The
non-Newtonian nanofluid flow is under the impact of the Biocon-
vective boundary layer with gyrotactic microorganisms and ther-
mal and solutal stratifications (Fig. 1).

Using the approximations of the boundary layer, governing
equations representing the envisioned model are as follows
(Ramzan et al., 2017a–d; Naz et al., 2020):
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Here, ðu;vÞ;l; k;qf ; E0;B0; b�; c�; j;C;C1; T; T1; and grepresent

velocity components in x- and y-directions, dynamic viscosity, vor-
tex viscosity, nanofluid density, applied electric field, applied mag-
netic field strength, coefficient of volumetric volume expansion of
Micropolar nanofluid, spin gradient viscosity, micro-rotation or
angular velocity, the concentration of nanoparticles, free stream
concentration of nanoparticles, temperature of the fluid, ambient
temperature and gravity respectively. Furthermore,
ðb1; d1; e1; b2; d2; e2Þqm;N; s;DB;DT ; ðqcÞf ; qr ;Wc; Tf ; T0; Cf ; C0; nf ; n0;

and n1;Dm;depict the constants, density of motile microorganisms,
angular velocity, the ratio of effective heat capacity of nanoparti-
cles to the base fluid, Brownian diffusion coefficient, thermophore-
sis diffusion coefficient, heat capacity of the fluid, radiative heat
flux, maximum cell swimming speed, Convective fluid tempera-
ture, fluid reference temperature, Convective fluid concentration,
reference concentration of nanoparticles, Convective fluid microor-
ganism, reference concentration of microorganism, and ambient
concentration of microorganisms, microorganism diffusion coeffi-
cient respectively. Eq. (6) represents the boundary layer equation
for bioconvective flow. The radiative heat flux qrconsidering Rosse-
land assumption (Rosseland, 2013) is given by:
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Here, r�and k�are the Stefan–Boltzmann constant and the
mean absorption coefficient respectively. Assuming the tempera-
ture difference flow takes the form in such a way that T4 is
expanded about T1in Taylor’s series form. i.e.,
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Invoking Eq. (9) into Eq. (8), we obtain
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Now, plugging in values of qrfrom Eq. (10) into the Eq. (4), we
obtain
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Dimensionless form of the above mathematical model is
obtained by utilizing the following transformations:
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with U is the free stream velocity (Khan et al., 2017) and

T ¼ T1 1þ hw � 1ð Þh½ �; ð13Þ
where

hw ¼ Tf
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with hw is the temperature ratio parameter, Here, the satisfaction of
equation (1) is inevitable. However, Eqs. (2), (3), (5), (6), (11), and
(12) take the form:
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The parameters in dimensionless form mention above
Lb; Le; Pe;X; Pr; E; S;a;Nt;Nb; P;Q ; b;x;

Rb;K;Ha; Rd; and f w are Bioconvective Lewis number, Lewis
number, Bioconvection Peclet number, Microorganisms concentra-
tion difference parameter, Prandtl number, Electric parameter,
thermal stratification parameter, slip parameter, Thermophoresis
parameter, Brownian motion parameter, Concentration stratifica-
tion parameter, Motile density stratification parameter, buoyancy
parameter depending on volumetric expansion coefficient of
Micropolar nanofluid due to temperature, Buoyancy ratio, Biocon-
vection Rayleigh number, Material parameter, Hartmann number,
Radiation parameter, and Suction parameter respectively. The val-
ues of these distinct dimensionless parameters arising in the above
equations are characterized as:
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Local Sherwood number, Skin friction coefficient, the local den-

sity of motile microorganisms and local Nusselt of the motile
microorganisms are given by:



Table 1
Series solution convergence for the assorted order of estimates when Nt ¼ 0:2;a ¼ 0:5; Rd ¼ 0:6; d ¼ 0:4; Pr ¼ 1:6; Lb ¼ 1:0;and Ha ¼ E ¼ 0:7;
hw ¼ 1:01; b ¼ 0:1;x ¼ 0:1; andRb ¼ 0:1

Order of approximation �f 00ð0Þ �g00ð0Þ �h0ð0Þ �/0ð0Þ �n0ð0Þ
1 0.44635 0.08543 0.22612 0.56251 0.90410
5 0.45601 0.08784 0.23234 0.56718 0.91824
10 0.46343 0.09877 0.31419 0.56843 0.92260
15 0.47901 0.09882 0.36242 0.57309 0.93545
20 0.47919 0.09910 0.38927 0.57724 0.93909
25 0.47924 0.09987 0.39210 0.58054 0.94410
30 0.47924 0.09987 0.39210 0.58054 0.94410
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Dimensionless forms of Skin friction coefficient, Nusselt & Sher-

wood numbers, and motile microorganism density are appended
as follows:
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with Rex ¼ u0x2

v is the local Reynolds number.

3. HAM solution:

The acceptable preliminary approximations and corresponding
linear operators are defined as:

f 0 gð Þ ¼ f w þ 1
1þa 1þKð Þ 1� e�gð Þ; g0 gð Þ ¼ n

1þa 1þKð Þ e
�g;

h0 gð Þ ¼ 1� Sð Þe�g;
/0 gð Þ ¼ 1� Pð Þe�g; n0 gð Þ ¼ 1� Qð Þe�g:

ð25Þ

Lf ¼ f 000 � f 0; Lg ¼ g00 � g; Lh ¼ h00 � h;

L/ ¼ /00 � /; Ln ¼ n00 � n:
ð26Þ

The above-mentioned linear operators obey the below-
mentioned properties:
Fig. 3. Response of f 0ðgÞ versus varied estimates of a ¼ 0:0;0:7;1:4;2:0.

Fig. 2c. �h- curves for n.



Fig. 4. Response of f 0ðgÞ versus varied estimates of K ¼ 0:0;0:8;1:6;2:5.

Fig. 5. Response of f 0 ðgÞ versus varied estimates of f w ¼ 0:0;0:5;1:0;1:5.

Fig. 6. Response off 0ðgÞ versus varied estimates of Ha ¼ 0:0;0:7;1:2;1:8.

Fig. 7. Response of hðgÞ versus varied estimates of S ¼ 0:0;0:2;0:4;0:6.
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Lf H1þH2e�gþH3egf g¼0; Lg H4e�gþH5egf g¼0; Lh H6e�gþH7egf g¼0;
L/ H8e�gþH9egf g¼0; Ln H10e�gþH11egf g¼0:

ð27Þ

where Hi ¼ i ¼ 1 to 11ð Þ; represent the arbitrary constants.
4. Convergence analysis

The Homotopy Analysis technique is utilized to find the analyt-
ical solution and is subject to the auxiliary parameters
�hf ; �hg ; �hh; �h/ and �hn. These parameters are essential to control and
normalize the convergence zone of series solutions. The admissible
ranges of these parameters are �1:4 � �hf � �0:3;�1:4 � �hg

� �0:3;�1:1 � �hh � �0:25;�1:2 � �h/ � �0:25 and �0:9 � �hn �
�0:2: The values obtained in Table 1 are in total consensus to the
curves shown in Figs. 2(a)–2(c). An excellent concurrence between
the graphical and numerical outcomes is seen. Table 1 expresses
the series solutions’ convergence for momentum, energy equation,
concentration, and bioconvection and demonstrates that the

25thorder of guesstimates is adequate for the convergent series
solution that is in good agreement to the graphical illustration
shown in Figs. 2(a)–2(c).
Fig. 8. Response of hðgÞversus varied estimates of Rd ¼ 0:0;0:6;1:2;2:0.
5. Results and discussion

This section is earmarked to analyze the impacts of numerous
parameters on associated profiles. The values of the involved
parameters are fixed asNt ¼ 0:2;a ¼ 0:5;Rd ¼ 0:6; d ¼ 0:4;Pr ¼ 1:6;
Lb ¼ 1:0;Ha ¼ E ¼ 0:7;hw ¼ 1:01:b ¼ 0:1;x ¼ 0:1; Rb ¼ 0:1;unless
stated. Fig. 3 is drawn to witness the relationship between the slip
parameter aand the velocity of the fluid. It is seen that velocity in
on decline for higher estimates of a. The slip boundary condition at
the wall is employed when the viscosity effect of the fluid at the
wall is negligible. More resistance is encountered in transferring
the stretching velocity to the fluid flow owing to the weak bond
between fluid and the wall as of the partial slip. Thus, velocity
diminishes for large estimates of slip parameter. Fig. 4 portrays
the connection between the material parameterKand the velocity
profile. It is noticed that velocity distribution is decreasing function



Fig. 9. Response of h gð Þ versus varied estimates of Nt ¼ 0:3;0:5;0:9;1:4.

Fig. 10. Response of h gð Þ versus varied estimates of Nb ¼ 0:1;0:3;1:3;2:0.
Fig. 13. Response of n gð Þ versus varied estimates of Pe ¼ 0:0;0:3;0:6;1:0.

Fig. 12. Response of n gð Þ versus varied estimates of Q ¼ 0:0;0:2;0:4;0:6.

I. Tlili et al. / Journal of King Saud University – Science 32 (2020) 2741–2751 2747
ofK. The material parameters allow altering the design of the mate-
rial without having to restructuring the material. It can be compre-
hended from the figure that the velocity of the fluid is high in the
vicinity of the wall and diminishes as it moves away from it due to
increased estimates ofK:The impression of the suction parame-
terf won the velocity profile is portrayed in Fig. 5. It is compre-
hended that velocity is a diminishing function off w. The suction
is the process of sucking owing to the formation of a vacuum in
a cavity or a surface. In fact, velocity is weaker versus large esti-
mates off w. Furthermore, the velocity boundary layer becomes
thinner near the wall due to increment in the suction parameter.
Fig. 11. Response of /ðgÞversus varied estimates of P ¼ 0:0;0:1;0:2;0:3.
Fig. 6 illustrates the association of the Hartmann numberHawith
the velocity field. Velocity is weakened owing to large estimates
ofHa:The Hartmann number is the quotient of the electromagnetic
force and the viscous force. Stronger Lorentz force hinders the
movement of the fluid motion and consequences in the form of
weaker velocity. The relationship between the thermal stratifica-
tion parameterSand the temperature is depicted in Fig. 7. Thermal
stratification is the creation of two discrete layers of water in a lake
at different temperatures. Higher values ofSproduce more temper-
ature differences between the surfaces and ultimately reduce the
Fig. 14. Response of n gð Þ versus varied estimates of Lb ¼ 0:0;0:5;1:0;1:5.



Fig. 18. Effect of NnxRe
�1=2
x versus varied estimates ofPe and Lb.Fig. 15. Effect of Cf xRe

1=2
x versus varied estimates ofE and Ha.
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temperature of the fluid. Fig. 8 is drawn in connection with the
radiation parameterRdversus the temperature field. Thermal radia-
tion is the discharge of electromagnetic waves from some material.
Higher estimates ofRdboosts the temperature. More heat is trans-
ferred asRdis strengthened and this act raises the temperature.
The behavior of temperature profile versus varying estimates of
the thermophoresis parameterNtand Brownian motion parame-
terNbis illustrated in Figs. 9 and 10 respectively. Thermophoresis
is defined as the process with tiny moving particles in mixtures
that show distinct responses to the temperature gradient force.
Whereas Brownian motion is the random movement of the parti-
Fig. 16. Effect of NuxRe
�1=2
x versus varied estimates of Nb andNt.

Fig. 17. Effect of ShxRe
�1=2
x versus varied estimates of Le and Nt.
cles in a fluid owing to the collision between atoms or molecules.
The temperature rises for both parameters. Larger estimates ofNt-
shift the fluid molecules to the colder zone from the hotter one that
eventually boosts the temperature of the fluid. The correlation of
the solutal stratificationPwith the concentration profile is dis-
played in Fig. 11. It is noticed that the concentration of the fluid
is on the drop for larger estimates ofP. The concentration decreases
when the ratio of surface to nanoparticles i.e., the volumetric frac-
tion has waned. Fig. 12 is drawn to reflect the relationship between
the motile density stratification parameterQand the density pro-
file. It is witnessed that the density profile is a dwindling function
ofQ : The microorganisms’ concentration difference at the surface
Fig. 19. Response of f 0ðgÞ versus varied estimates ofRb ¼ 0:0;0:2;0:4;0:6.

Fig. 20. Response of nðgÞ versus varied estimates ofRb ¼ 0:0;0:2;0:4;0:6.



Table 2
Comparison of �f 00ð0Þwith Andersson (Andersson, 2002) in limiting case while taking
all extra parameters as zero.

a (Andersson, 2002) Present results

0.0 1.0000 1.000000
0.1 0.8721 0.872092
0.2 0.7764 0.776387
0.5 0.5912 0.591198
1.0 0.4302 0.430182
2.0 0.2840 0.283991
5.0 0.1448 0.144881
10.0 0.0812 0.081211
20.0 0.0438 0.043792
50.0 0.0186 0.018614
100.0 0.0095 0.009521

Table 3
Numerically calculated values of Nusselt number for varied estimates of Rd,Pr,Nb,Nt,
and S.

Rd Pr Nb Nt S NuxRe
�1=2
x

0.4 1.1 0.2 0.2 0.2 0.000334284
0.6 0.000377515
0.8 0.000416589

1.1 0.000504542
1.3 0.000618111
1.6 0.000819048

0.1 0.000504147
0.2 0.000512373
0.3 0.000583608

0.2 0.000504542
0.4 0.000655114
0.6 0.000703184

0.2 0.000374193
03 0.000446036
0.4 0.000504542

Table 4
Numerically calculated values of Sherwood number for varied estimates of
Rd,Pr,Nb,Nt, and S.

Le Pe Nt Nb ShxRe
�1=2
x

0.8 0.1 0.2 0.1 0.00106851
1.0 0.00298939
1.2 0.00303741

0.1 0.00099662
0.2 0.00106851
0.3 0.00114015

0.2 0.00610151
0.4 0.00056006
0.6 0.00052607

0.1 0.00129005
0.2 0.00086227
0.3 0.00018829
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and away from the surface is on the decline. That is why density
profile in diminished. The response of Motile density field versus
Peclet numberPeis displayed in Fig. 13. It is detected that higher
estimates ofPedwindled the Motile density field. As Peclet number
is the quotient of heat transfer by fluid motion to the heat transfer
through thermal conduction and the microorganism’s diffusivity is
an inverse relationship with Peclet number. That is why Motile
density field is on the decline for large estimates ofPe: The relation-
ship between bioconvection Lewis numberLband the motile den-
sity is presented in Fig. 14. It is noted that the motile density is
the dwindling function ofLb. The diffusivity of the microorganisms
is on the decline for larger estimates ofLbthat ultimately lowers the
motile density of the fluid. This behavior is linked with the feeble
diffusivity of microorganisms. Figs. 15–18 portray the impact of
distinct parameters on the Skin friction coefficient, Nusselt, Sher-
wood, and local density numbers. It is comprehended that for lar-
ger estimates ofEandHa; the Skin friction coefficient is augmented.
Further, it is understood that Nusselt number is also escalated for
growing estimates ofNt;andNb: An opposite trend is witnessed in
case of Sherwood number for mounting values ofLeandNt: Also,
Nusselt number is increased for higher estimates ofPeandLb: The
effects of bioconvection Rayleigh numberRbversus velocity profile
and the Motile density field are displayed in Figs. 19 and 20 respec-
tively. In Fig. 19, it is observed that the velocity of the fluid is on the
decline for escalating estimates ofRb: This is due to the increase in
the ambient nanoparticle volume fraction and with the buoyancy
force owing to bioconvection which hinders the fluid velocity. It
is also comprehended that velocity is maximum whenRb ¼ 0: Sim-
ilar behavior for Motile density field is observed forRbin Fig. 20.

Table 2 is comprised of numerically calculated values of �f 00ð0Þ
for varied estimates of the slip parameterain limiting case. The
obtained values for �f 00ð0Þ are compared with Andersson
(Andersson, 2002). From the tabulated estimates, it is observed
that an excellent synchronization is obtained between the two
comparable results. Tables 3 and 4 are also numerically calculated
for Nusselt and Sherwood numbers respectively. It is examined
that the numerical calculations are in total harmony with Figs. 16
and 17.

6. Concluding remarks

This exploration discusses the MHD bioconvective Micropolar
nanofluid flow with motile microorganisms in a stratified medium.
The flow analysis is conducted in the attendance of nonlinear ther-
mal radiation and partial slip condition at the boundary. The
Homotopy Analysis Method is used to solve the highly nonlinear
system of differential equations. The significant observations of
the analysis are:

� Motile density field is on the decline for large estimates of bio-
convection Lewis number and Peclet number.

� The fluid velocity is diminished for growing estimates of bio-
convection Rayleigh number.

� Velocity is on the decline for higher values of slip and material
parameters.

� Hartmann’s number large estimates lower the velocity of the
fluid.

� Thermal stratification and radiation boost the temperature of
the fluid.

� For thermophoresis and Brownian motion parameters higher
estimates, temperature profile rises.

� The velocity is a diminishing function of the suction parameter.

The present exploration may be extended considering some
other non-Newtonian fluid. Boundary conditions may be changed
to melting heat amalgamated with convective conditions at the
surface. The concentration equation may be improved by the addi-
tion of chemical reaction effects.
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