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Stretching Surface
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Abstract: This study focusses on the numerical investigations of boundary layer flow for
magnetohydrodynamic (MHD) and a power-law nanofluid containing gyrotactic
microorganisms on an exponentially stretching surface with zero nanoparticle mass flux
and convective heating. The nonlinear system of the governing equations is transformed
and solved by Runge-Kutta-Fehlberg method. The impacts of the transverse magnetic
field, bioconvection parameters, Lewis number, nanofluid parameters, Prandtl number
and power-law index on the velocity, temperature, nanoparticle volume fraction, density
of motile microorganism profiles is explored. In addition, the impacts of these parameters
on local skin-friction coefficient, local Nusselt, local Sherwood numbers and local
density number of the motile microorganisms are discussed. The results reveal that the
power law index is considered an important factor in this study. Due to neglecting the
buoyancy force term, the bioconvection and nanofluid parameters have slight effects on
the velocity profiles. The resultant Lorentz force, from increasing the magnetic field
parameter, try to decrease the velocity profiles and increase the rescaled density of motile
microorganisms, temperature and nanoparticle volume fraction profiles. Physically, an
augmentation of power-law index drops the reduced local skin-friction and reduced
Sherwood number, while it increases reduced Nusselt number and reduced local density
number of motile microorganisms.
Keywords: Bioconvection, gyrotactic microorganisms, magnetohydrodynamic, nanofluid,
boundary layer, power-law.
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1 Introduction
After nanofluids in 1995 [Choi and Eastman (1995)], the study of enhancement heat
transfer by adding suitable nanoparticles has received numerous attentions due to its wide
engineering applications. The review articles for enhancement heat transfer using
nanofluids and their applications can be found in Daungthongsuk et al. [Daungthongsuk
and Wongwises (2007); Trisaksri and Wongwises (2007); Wang and Mujumdar (2007);
Kakaç and Pramuanjaroenkij (2009); Özerinç, Kakaç and Yazıcıoğlu (2010); Kleinstreuer
and Feng (2011); Sarkar (2011); Sridhara and Satapathy (2011); Haddad, Oztop and AbuNada et al. (2012)].
The study of boundary-layer MHD flow which is resulting from the presence of magnetic
fields controls many systems using electrically conducting fluids. Moreover, there are
several applications for MHD flow including nuclear reactors, MHD generators and
geothermal energy extractions. Sparrow et al. [Sparrow and Cess (1961)] firstly
introduced the effects of magnetic field on natural convection flow. Chamkha et al.
[Chamkha and Aly (2010)] studied the MHD natural convection flow on boundary layer
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flow of a nanofluid along a permeable plate. Moreover, Chamkha et al. [Chamkha,
Mansour and Aly (2011)] investigated the presence of transverse magnetic field and Hall
current with the effects of chemical reaction and heat generation on unsteady free
convective along a porous plate.
Uddin et al. [Uddin, Khan and Ismail (2012)] studied numerically MHD laminar
boundary layer flows of an electrically conducting Newtonian nanofluid over a solid
stationary plate. Mabood et al. [Mabood, Khan and Ismail (2015)] adopted Runge-Kutta
Fehlberg fourth-fifth order method to study the MHD laminar boundary layer flow of a
nanofluid over a nonlinear stretching sheet.
The macroscopic convection motion of a fluid caused by the density gradient created by
collective swimming of motile microorganisms is called bioconvection [Avramenko and
Kuznetsov (2004); Hill and Pedley (2005); Kuznetsov (2006, 2011); Nield and
Kuznetsov (2006)]. Kuznetsov et al. [Kuznetsov (2010)] first introduced the
bioconvection term for nanofluid. Siddiqa et al. [Siddiqa, Gul and Begum et al. (2016)]
studied the bioconvection flow of a nanofluid and gyrotactic microorganisms along a
wavy cone. Khan [Khan (2018)] introduced the second grade nanofluid thin film flow
with bioconvection.
Recently, the collections of the magnetic field, microorganisms and nanoparticles present
interesting fluid dynamics problems [Khan and Makinde (2014); Khan, Makinde and
Khan (2014); Ahmed and Mahdy (2016); Makinde and Animasaun (2016); Alsaedi, Khan
and Farooq et al. (2017); Khan, Waqas, Hayat et al. (2017); Ramzan, Chung and Ullah
(2017); Waqas, Hayat and Shehzad et al. (2018)]. Ahmed et al. [Ahmed and Mahdy
(2016)] studied the MHD natural convection flows in a nanofluid and gyrotactic
microorganisms over a wavy surface.
For non-Newtonian fluids, Raju et al. [Raju and Sandeep (2016)] carried our numerical
analysis using Runge-Kutta-Felhberg method for MHD double-diffusive of gyrotactic
microorganisms in a Casson fluid along a vertical rotating cone/plate. Khan et al. [Khan
and Khan (2016)] studied the MHD boundary layer flow of power-law nanofluid over a
non-linear stretching sheet. Salem et al. [Salem and Abd El-Aziz (2013)] studied the
impacts of the temperature jump on the hydromagnetic non-Darcian free-convective flow
of a non-Newtonian fluid. Abd El-Aziz et al. [Abd El-Aziz and Afify (2016); Afify and
Abd El-Aziz (2017)] adopted Lie group analysis for heat transfer of non-Newtonian
nanofluid and a power-law fluid over a stretching surface with different boundary
conditions. Very recent studies, Salem et al. [Salem and Abd El-Aziz (2019)] studied the
convective heat transfer and entropy generation of the radiated non-Newtonian powerlaw fluid past an exponentially moving surface in the presence of slip effects. Abd ElAziz et al. [Abd El-Aziz and Saleem (2019)] simulated the impacts of variable heat
source and heat flux on entropy generation of a power-Law flow over a permeable
exponential stretched surface.
From these investigations, it is noted that there are no studies related to MHD boundary
layer flow of a power-law nanofluid containing gyrotatic microorganisms in a stretching
surface. Then, the results of the current work are new and this work is an extension for
the recent studies of Saleem et al. [Saleem and Abd El-Aziz (2019)]. Runge-KuttaFehlberg method will be used to study the MHD boundary layer flow of a power-law
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nanofluid containing gyrotatic microorganisms over an exponentially stretching surface.
It is found that, the power law index is considered an important factor in this study. The
rescaled density of motile microorganisms increases as the bioconvection Péclet number,
bioconvection constant and magnetic field parameter are increase. The nanoparticle
volume fraction increases as thermophoresis parameter, generalized Biot number and
magnetic field parameter are increase. The reduced local skin-friction coefficient has the
higher values at lower magnetic field parameter and power law index. The reduced
Nusselt number is decreasing with an increase on the magnetic field parameter and
thermophoresis parameter. The reduced Sherwood number is increasing according to an
increase on the magnetic field parameter, Lewis number and Brownian motion parameter.
The reduced local density number of the motile microorganisms increases as the Prandtl
number, magnetic field parameter and power law index are increase.
2 Problem formulation
The two-dimensional steady MHD boundary layer flow of a power-law nanofluid
containing gyrotactic microorganisms over an exponentially stretching surface is
considered. The flow is originated by virtue of exponentially stretching of the sheet. At a
lower surface, the sheet is heated convectively with temperature Tf and a heat transfer
coefﬁcient hf. The ambient temperature and concentration are T∞ and C∞. Fig. 1 presents
the initial schematic diagram of the current problem.
y, v

Gyrotactic
microorganisms
Nanoparticles

Boundary layers

x, u
O

Figure 1: Initial schematic diagram of the problem
Here, the x-axis is taken along the exponentially stretching surface and y-axis is normal to
it. As shown in this figure, the transverse non-uniform magnetic field with strength is
taken as parallel to the y-axis. The governing equation are:
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(1)
(2)
(3)
(4)
(5)

The imposed boundary conditions are:

at

(6)

Introducing the following similarity transformations [Abd El-Aziz and Afify (2016);
Afify and Abd El-Aziz (2017)]:

(7)

Then, the velocity components are:
(8)
The dimensionless forms of the governing equations are:
(9)
(10)
(11)
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(12)
With the boundary conditions:

,
where,

,

,

(13)

is applied magnetic field,
is Prandtl number,

bioconvection Péclet number,
is thermophoresis parameter,
bioconvection constant,

is magnetic field parameter,
is Lewis number,

is

is Brownian motion parameter,
is Bioconvection Lewis number,

is the

is the generalized Biot number.

The skin fraction coefficient, local Nusselt number, local Sherwood number and local
density number of the motile microorganisms are given by:

(14)

(15)
(16)
(17)
where,
and

is surface heat flux,
is the surface motile microorganisms flux.

is the surface mass flux
is shear stress.

3 Numerical method
In this section, the numerical procedure for solving the similar nonlinear Eqs. (9)-(12) with
boundary conditions (13) are introduced. The Runge-Kutta-Fehlberg method with shooting
technique, which introduced by Abd El-Aziz et al. [Abd El-Aziz and Saleem (2019);
Saleem and Abd El-Aziz (2019)] is applied to solve the nonlinear equations as followings:
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The nonlinear Eqs. (9)-(12) are transformed into set of first-order ordinary differential
equations as:

(18)

Using Eq. (18) into the system (9)-(12), hence the nonlinear equations are converted to
the first order differential equations as:
(19)
(20)
(21)
(22)
with the boundary conditions:

(23)

Finally, the shooting technique is used to estimate disappeared initial conditions
and by a stepwise process.
The step size in Runge-Kutta-Fehlberg method for solving initial value problem (Eqs.
(19)-(22)) is
.
The computed values at
with boundary conditions at , are fixed by NewtonRaphson method to give a superior estimation for the required solution.
The iterative process is repeated until getting the results with correction up to 10−6.
4 Results and discussion
For getting clear insight of the current physical problem, the graphical illustrations were
displayed for the numerical results. The computations of the physical parameters were
carried out including magnetic field parameter
, bioconvection Péclet
number
, bioconvection constant
, Brownian motion
, thermophoresis parameter
, bioconvection
parameter
Lewis number
, generalized Biot number
, Prandtl number
, Lewis number
, and power-law index
.
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The profiles of the rescaled density of motile microorganisms under the effects of
bioconvection Péclet number, and magnetic field parameter at two values of a power
law index n=0.7 and n=1.2 have been shown in Figs. 2 (a) and 2(b). It is observed that, the
rescaled density of motile microorganisms within the boundary layer increases as both of
the bioconvection Péclet number and magnetic field parameter are increase. The rescaled
density of motile microorganisms is lower at higher value of power law index n=1.2.
Moreover, the boundary layer thickness is shrinking as power index n is increasing from
0.7 to 1.2. Fig. 3 presents the rescaled density of motile microorganisms under the impacts
of bioconvection Lewis number , and bioconvection constant at two values of power
law index n=0.5 and n=1.2. The rescaled density of motile microorganisms decreases as
increases from 0.5 to 2. In addition, the rescaled density of motile microorganisms
increases as bioconvection constant increases. Moreover, the boundary layer thickness is
shrinking as power law index n is increasing from 0.5 to 1.2.

(a) Effects of bioconvection Péclet number
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(b) Effects of magnetic field parameter
Figure 2: Profiles of rescaled density of motile microorganisms under the effects of (a)
bioconvection Péclet number, and (b) magnetic field parameter
at two values of a
power law index n=0.7 and n=1.2

(a) Effects of bioconvection Lewis number
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(b) Effects of bioconvection constant
Figure 3: Profiles of rescaled density of motile microorganisms under the effects of (a)
bioconvection Lewis number
, and (b) bioconvection constant at two values of
power law index n=0.5 and n=1.2

(a) Effects of Brownian motion parameter
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(b) Effects of thermophoresis parameter
Figure 4: Profiles of nanoparticle volume fraction under the effects of (a) Brownian
motion parameter, and (b) thermophoresis parameter at two values of a power law index
n=0.5 and n=1.2

(a) Effects of generalized Biot number
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(b) Effects of magnetic field parameter
Figure 5: Profiles of nanoparticle volume fraction under the effects of (a) generalized
Biot number at two values of power law index n=0.5 and n=1.2, and (b) magnetic field
parameter at two values of power law index n=0.7 and n=1.2
The profiles of nanoparticle volume fraction under the effects of Brownian motion
parameter
, thermophoresis parameter
, generalized Biot number , and magnetic
field parameter at two values of power law index have been shown in Figs. 4 and 5.
, generalized
The nanoparticle volume fraction increases as thermophoresis parameter
are increase and it decreases as
Biot number , and magnetic field parameter
increases. In addition, the nanoparticle volume fraction
Brownian motion parameter
has the higher values at lowest values of a power law index n for all of the cases. In
addition, Fig. 6 shows the profiles of the nanoparticle volume fraction under the effects of
Prandtl number and Lewis number at two values of power law index n=0.5 and n=1.2.
The profiles of the nanoparticle volume fraction are decrease as the Prandtl number and
Lewis number are increase.
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(a) Effects of Prandtl number

(b) Effects of Lewis number
Figure 6: Profiles of nanoparticle volume fraction under the effects of (a) Prandtl
number, and (b) Lewis number at two values of power law index n=0.5 and n=1.2
Figs. 7 and 8 present the temperature profiles under the effects of thermophoresis parameter,
magnetic field parameter , generalized Biot number and Prandtl number at two values
of power law index. Here, the temperature profiles as well as isothermal boundary layer
thickness are increase according to an increase on thermophoresis parameter, magnetic field
parameter and generalized Biot number. While, the temperature profiles are decrease as the
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Prandtl number increases. The reason return to less thermal conductivity at higher Prandtl
number. In addition, the power law n index plays an important role on controlling the
thickness of the thermal boundary layer and their profiles. The thermal boundary layer
thickness decreases as the power law index increases to n=1.2. The temperature profiles
have the higher values at lower power law index n at all cases.

(a) Effects of thermophoresis parameter

(b) Effects of magnetic field parameter
Figure 7: Profiles of temperature under the effects of (a) thermophoresis parameter at
two values of power law index n=0.5 and n=1.2, and (b) magnetic field parameter at
two values of power law index n=0.7 and n=1.2
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(a) Effects of generalized Biot number

(b) Effects of Prandtl number
Figure 8: Profiles of temperature under the effects of (a) generalized Biot number , and
(b) Prandtl number at two values of power law index n=0.5 and n=1.2
Fig. 9 shows the velocity profiles under the effects of magnetic field parameter at two
values of power law index n=0.7 and n=1.2. Due to Lorentz force, that suppresses the
velocity, then velocity profiles are decrease with an increase on the magnetic field
parameter. Moreover, the velocity profiles decrease slightly as power law index increases.
In addition, due to neglecting the buoyancy force terms in the momentum equation, the
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bioconvection parameters and nanofluid parameters have slight effects on the velocity
profiles. Fig. 10 depicts the profiles of the rescaled density of motile microorganisms
under the effects of Prandtl number at two values of power law index n=0.5 and n=1.2.
The rescaled density of motile microorganisms reduces as Prandtl number increases and
it has the lowest values at higher power law index n=1.2.

Figure 9: Profiles of velocity under the effects of magnetic field parameter
values of power law index n=0.7 and n=1.2

at two

Figure 10: Profiles of rescaled density of motile microorganisms under the effects of
Prandtl number at two values of power law index n=0.5 and n =1.2
Fig. 11 shows the variations of the reduced local skin-friction coefficient with magnetic
field, power law index along thermophoresis parameter. It is observed that, the reduced
local skin-friction coefficient has the higher values at lower magnetic field parameter
and lower power law index n=0.7. The reduced local skin-friction coefficient is
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slightly change according to an increase on thermophoresis parameter.

Figure 11: Variation of reduced local skin-friction coefficient with magnetic field, power
law index along thermophoresis parameter
The variations on the reduced Nusselt numbers under the effects of several parameters
are shown in Fig. 12. In Fig. 12(a), the reduced Nusselt number is decreasing with an
increase on the magnetic field parameter and thermophoresis parameter. This is relevant
to the fact that magnetic field parameter reduce the velocity and increase the temperature
within the boundary layer and then the reduced Nusselt number decreases as magnetic
field parameter increases. In addition, the reduced Nusselt number has the higher values
at higher power law index n=1.2. In Fig. 2(b), the reduced Nusselt number is increasing
as the Prandtl number, generalized Biot number and power law index are increase.

(a)
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(b)
Figure 12: Variations of reduced Nusselt number with different parameters
The variations on the reduced Sherwood numbers under the effects of several parameters
are shown in Fig. 13. In this figure, the reduced Sherwood numbers are increasing
according to an increase on the magnetic field parameter, Lewis number and Brownian
motion parameter. Moreover, the reduced Sherwood numbers are decreasing, as the
Parndtl number, power law index and generalized Biot number are increase. It is
important to observe that, an increment rate on the reduced Sherwood number is higher
at Brownian motion parameter (0.1-0.5) compare to Lewis number (1-5).

(a)
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(b)

(c)
Figure 13: Variations of reduced Sherwood number with different parameters
The variations on the reduced local density number of the motile microorganisms under
the effects of several parameters are shown in Fig. 14. It is observed that, there are almost
no changes on the reduced local density number of the motile microorganisms under the
variations of the thermophoresis parameter (0.1-1.0) and generalized Biot number (0.11.0). In addition, the reduced local density number of the motile microorganisms
increases as the Prandtl number, magnetic field parameter and power law index are
increase. The bioconvection parameters impacts on the reduced local density number of
the motile microorganisms are shown in Fig. 14(c). It is known that, the bioconvection
numbers are related to the diffusivity of microorganisms. In this figure, the reduced local
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density number of the motile microorganisms decreases as the bioconvection Péclet
number increases, while it increases as Bioconvection Lewis number increases.

(a)

(b)
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(c)
Figure 14: Variations of reduced local density number of the motile microorganisms
with different parameters
5 Conclusion
This study investigated the steady natural convection MHD boundary layer flow of a
power-law nanofluid containing gyrotactic microorganisms over an exponentially
stretching surface. The nonlinear system of the governing equations is transformed into
dimensionless similar equations, which are solved numerically using Runge-KuttaFehlberg method. The effects of the governing parameters such as transverse magnetic
field, bioconvection parameters, nanofluid parameters, Prandtl number, Lewis number
and power-law index on the velocity, temperature, nanoparticle volume fraction, density
of motile microorganism’s profiles as well as the local skin-friction coefficient, local
Nusselt, local Sherwood numbers and local density number of the motile microorganisms
are explored. The main findings of this work are reported:
• The rescaled density of motile microorganisms increases as the bioconvection Péclet
number, bioconvection constant and magnetic field parameter are increase.
• The nanoparticle volume fraction increases as thermophoresis parameter, generalized
Biot number and magnetic field parameter are increase.
• Due to Lorentz force, that suppresses the velocity, velocity profiles are decrease with an
increase on the magnetic field parameter.
• The reduced local skin-friction coefficient has higher values at a lower magnetic field
parameter and a lower power law index.
• The reduced Nusselt number is decreasing with an increase on the magnetic field
parameter and thermophoresis parameter.
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• The reduced Sherwood number is increasing according to an increase on the magnetic
field parameter, Lewis number and Brownian motion parameter.
• The reduced local density number of the motile microorganisms increases as the Prandtl
number, magnetic field parameter and power law index are increase.
Acknowledgment: The authors extend their appreciation to the Deanship of Scientific
Research at King Khalid University for funding this work through Big Group Research
Project under grant number (R.G.P2/16/40).
Conflicts of Interest: The authors declare that they have no conflicts of interest to report
regarding the present study.
References
Afify, A. A.; Abd El-Aziz, M. (2017): Lie group analysis of flow and heat transfer of
non-Newtonian nanofluid over a stretching surface with convective boundary condition.
Pramana, vol. 88, no. 2, pp. 1-31.
Ahmed, S. E.; Mahdy, A. (2016): Laminar MHD natural convection of nanofluid
containing gyrotactic microorganisms over vertical wavy surface saturated non-Darcian
porous media. Applied Mathematics and Mechanics, vol. 37, no. 4, pp. 471-484.
Alsaedi, A.; Khan, M. I.; Farooq, M.; Gull, Hayat, T. (2017): Magnetohydrodynamic
(MHD) stratified bioconvective flow of nanofluid due to gyrotactic microorganisms.
Advanced Powder Technology, vol. 28, no. 1, pp. 288-298.
Avramenko, A.; Kuznetsov, A. (2004): Stability of a suspension of gyrotactic
microorganisms in superimposed fluid and porous layers. International Communications in
Heat and Mass Transfer, vol. 31, no. 8, pp. 1057-1066.
Chamkha, A.; Mansour, M. A.; Aly, A. M. (2011): Unsteady MHD free convective
heat and mass transfer from a vertical porous plate with Hall current, thermal radiation
and chemical reaction effects. International Journal for Numerical Methods in Fluids,
vol. 65, no. 4, pp. 432-447.
Chamkha, A. J.; Aly, A. M. (2010): MHD free convection flow of a nanofluid past a
vertical plate in the presence of heat generation or absorption effects. Chemical
Engineering Communications, vol. 198, no. 3, pp. 425-441.
Choi, S. U.; Eastman, J. A. (1995): Enhancing thermal conductivity of fluids with
nanoparticles, Argonne National Lab., IL (United States).
Daungthongsuk, W.; Wongwises, S. (2007): A critical review of convective heat transfer
of nanofluids. Renewable and Sustainable Energy Reviews, vol. 11, no. 5, pp. 797-817.
Abd El-Aziz, M.; Afify, A. A. (2016): Lie group analysis of hydromagnetic flow and
heat transfer of a power-law fluid over stretching surface with temperature-dependent
viscosity and thermal conductivity. International Journal of Modern Physics C, vol. 27,
no. 12, pp. 1650150.

MHD Boundary Layer Flow of a Power-Law Nanofluid Containing Gyrotactic

547

Haddad, Z.; Oztop, H. F.; Abu-Nada, E.; Mataoui, A. (2012): A review on natural
convective heat transfer of nanofluids. Renewable and Sustainable Energy Reviews, vol.
16, no. 7, pp. 5363-5378.
Hill, N.; Pedley, T. (2005): Bioconvection. Fluid Dynamics Research, vol. 37, no. 1-2.
Kakaç, S.; Pramuanjaroenkij, A. (2009): Review of convective heat transfer
enhancement with nanofluids. International Journal of Heat and Mass Transfer, vol. 52, no.
13-14, pp. 3187-3196.
Khan, M.; Khan, W. A. (2016): MHD boundary layer flow of a power-law nanofluid
with new mass flux condition. AIP Advances, vol. 6, no. 2, 025211.
Khan, M. I.; Waqas, M.; Hayat, T.; Khan, M. I.; Alsaedi, A. (2017): Behavior of
stratification phenomenon in flow of Maxwell nanomaterial with motile gyrotactic
microorganisms in the presence of magnetic field. International Journal of Mechanical
Sciences, vol. 131, pp. 426-434.
Khan, N. S. (2018): Bioconvection in second grade nanofluid flow containing
nanoparticles and gyrotactic microorganisms. Brazilian Journal of Physics, vol. 48, no. 3,
pp. 227-241.
Khan, W.; Makinde, O. (2014): MHD nanofluid bioconvection due to gyrotactic
microorganisms over a convectively heat stretching sheet. International Journal of
Thermal Sciences, vol. 81, pp. 118-124.
Khan, W.; Makinde, O.; Khan, Z. (2014): MHD boundary layer flow of a nanofluid
containing gyrotactic microorganisms past a vertical plate with Navier slip. International
Journal of Heat and Mass Transfer, vol. 74, pp. 285-291.
Kleinstreuer, C.; Feng, Y. (2011): Experimental and theoretical studies of nanofluid
thermal conductivity enhancement: a review. Nanoscale Research Letters, vol. 6, no.1,
pp. 229.
Kuznetsov, A. V. (2006): The onset of thermo-bioconvection in a shallow fluid saturated
porous layer heated from below in a suspension of oxytactic microorganisms. European
Journal of Mechanics-B/Fluids, vol. 25, no. 2, pp. 223-233.
Kuznetsov, A. V. (2010): The onset of nanofluid bioconvection in a suspension
containing both nanoparticles and gyrotactic microorganisms. International
Communications in Heat and Mass Transfer, vol. 37, no. 10, pp. 1421-1425.
Kuznetsov, A. V. (2011): Bio-thermal convection induced by two different species of
microorganisms. International Communications in Heat and Mass Transfer, vol. 38, no. 5,
pp. 548-553.
Kuznetsov, A. V. (2011): Non-oscillatory and oscillatory nanofluid bio-thermal convection
in a horizontal layer of finite depth. European Journal of Mechanics-B/Fluids, vol. 30, no.
2, pp. 156-165.
Kuznetsov, A. V. (2011): Nanofluid bioconvection in water-based suspensions containing
nanoparticles and oxytactic microorganisms: oscillatory instability. Nanoscale research
letters, vol. 6, no. 1, pp. 100.

548

CMC, vol.62, no.2, pp.525-549, 2020

Mabood, F.; Khan, W. A.; Ismail, A. I. M. (2015): MHD boundary layer flow and heat
transfer of nanofluids over a nonlinear stretching sheet: a numerical study. Journal of
Magnetism and Magnetic Materials, vol. 374, pp. 569-576.
Makinde, O.; Animasaun, I. (2016): Bioconvection in MHD nanofluid flow with
nonlinear thermal radiation and quartic autocatalysis chemical reaction past an upper
surface of a paraboloid of revolution. International Journal of Thermal Sciences, vol. 109,
pp. 159-171.
Nield, D.; Kuznetsov, A. (2006): The onset of bio-thermal convection in a suspension of
gyrotactic microorganisms in a fluid layer: oscillatory convection. International Journal
of Thermal Sciences, vol. 45, no. 10, pp. 990-997.
Özerinç, S.; Kakaç, S.; Yazıcıoğlu, A. G. (2010): Enhanced thermal conductivity of
nanofluids: a state-of-the-art review. Microfluidics and Nanofluidics, vol. 8, no. 2, pp.
145-170.
Raju, C. S. K.; Sandeep, N. (2016): Heat and mass transfer in MHD non-Newtonian
bio-convection flow over a rotating cone/plate with cross diffusion. Journal of Molecular
Liquids, vol. 215, pp. 115-126.
Ramzan, M.; Chung, J. D.; Ullah, N. (2017): Radiative magnetohydrodynamic
nanofluid flow due to gyrotactic microorganisms with chemical reaction and non-linear
thermal radiation. International Journal of Mechanical Sciences, vol. 130, pp. 31-40.
Abd El-Aziz, M.; Saleem, S. (2019): Numerical simulation of entropy generation for
power-law liquid flow over a permeable exponential stretched surface with variable heat
source and heat flux. Entropy, vol. 21, no. 5, pp. 484.
Saleem, S.; Abd El-Aziz, M. (2019): Entropy generation and convective heat transfer of
radiated non-Newtonian power-law fluid past an exponentially moving surface under slip
effects. European Physical Journal Plus, vol. 134, no. 4, pp. 184.
Salem, A. M.; Abd El-Aziz, M. (2013): Hydromagnetic non-Darcian free-convective
flow of a non-Newtonian fluid with temperature jump. Mathematical Problems in
Engineering, vol. 2013, pp. 1-10.
Sarkar, J. (2011): A critical review on convective heat transfer correlations of nanofluids.
Renewable and Sustainable Energy Reviews, vol. 15, no. 6, pp. 3271-3277.
Siddiqa, S.; Gule., H.; Begum, N.; Saleem, S.; Hossain, M. A. et al. (2016): Numerical
solutions of nanofluid bioconvection due to gyrotactic microorganisms along a vertical
wavy cone. International Journal of Heat and Mass Transfer, vol. 101, pp. 608-613.
Sparrow, E. M.; Cess, R. D. (1961): The effect of a magnetic field on free convection
heat transfer. International Journal of Heat and Mass Transfer, vol. 3, no. 4, pp. 267-274.
Sridhara, V.; Satapathy, L. N. (2011). Al 2 O 3-based nanofluids: a review. Nanoscale
Research Letters, vol. 6, no. 1, pp. 456.
Trisaksri, V.; Wongwises, S. (2007): Critical review of heat transfer characteristics of
nanofluids. Renewable and Sustainable Energy Reviews, vol. 11, no. 3, pp. 512-523.
Uddin, M. J.; Khan, W. A.; Ismail, A. I. (2012): MHD free convective boundary layer
flow of a nanofluid past a flat vertical plate with Newtonian heating boundary condition.
PLoS One, vol. 7, no. 11, e49499.

MHD Boundary Layer Flow of a Power-Law Nanofluid Containing Gyrotactic

549

Wang, X. Q.; Mujumdar, A. S. (2007): Heat transfer characteristics of nanofluids: a
review. International Journal of Thermal Sciences, vol. 46, no. 1, pp. 1-19.
Waqas, M.; Hayat, T.; Shehzad, S.; Alsaedi, A. (2018): Transport of
magnetohydrodynamic nanomaterial in a stratified medium considering gyrotactic
microorganisms. Physica B: Condensed Matter, vol. 529, pp. 33-40.

