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ABSTRACT: A numerical study of MHD nanofluid flow with gyrotactic microorganisms due to a
stretching sheet embedded in a porous media is presented. The governing nonlinear Partial
Differential Equations (PDESs) are transformed into corresponding ordinary ones through a power
tool of similarity transformation. Impressions of important parameters on physical measures through
tables as well as figures are discussed. The applied magnetic field tends to rise the shear stress while
reducing the rates of heat transfer, nanoparticle volume fraction, and density of microorganisms.
The porous medium causes a reduction in velocity distribution while it grows other measures like
temperature, nanoparticle volume fraction, and microorganism’s density. The present work
has various applications in industry, technology, and biosciences.
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INTRODUCTION

Nanofluid is a type of medium that holds tiny and
microparticles are known as nanoparticles or microbes. These
tiny particles can contribute to enhancing thermal conductivity
when added to the base fluid. These particles support improving
heat transfer characteristics of nanofluid. There are voids
in a porous medium. Naturally, there are numerous porous
mediums accessible. Limestones, beach sand, rye dough,
dolomite & pumice, lung of human and injecting drugs through
human skin are a few examples of porous media. Flows passing
through the porous region have fascinated the researchers as well as
have provided a diverse field of research. MHD nanofluid flows
with gyrotactic microorganisms have well-known and mesmerizing
contributions in the fields of biomedical and industry. The swimming
of moving microorganisms creates a wonder is known
as bioconvection. The motile microorganisms are self-driven

but the nanoparticles move under influence of thermophoresis
impact & Brownian motion. In the reduction of greenhouse
impact, microorganisms have a positive role. In comparison
with trees, some microorganisms such as germs, dictums,
and foam absorbs more CO,. Previously, impacts of viscous
dissipation and heat transfer in nano liquid were investigated
by researchers. Further, the study of nanofluid-containing
microorganisms under influence of mixed convection
was also conducted in porous media. In our present work,
we have considered the flow problem of MHD nanofluid
having microorganisms through the porous medium.
This current study has various advantages in mechanical
engineering, biomedical science, and technology. For
example, this present investigation is advantageous in
materials of building insulation, permeation of medicine
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through human skin, solar heating, and cooling systems,
ventilation, devices of heat exchange, etc.

Mahat et al. [1] numerically studied boundary layer
mixed convection flow of viscoelastic nanofluid through
circular cylinder while considering convective boundary
condition. Mass, as well as heat transfer features in MHD
squeezing flow of nanofluid between two plates,
were examined numerically by Husseinzadhe et al. [2].
Muhammad et al. [3] investigated the impact of thermal
radiation on the MHD bioconvection flow of nanofluid
on a parallel plate. Aziz et al. [4] scrutinized the heat
transfer characteristics in flow of nanofluid past an
unsteady stretching sheet. Igbal et al. [5] have investigated
heat and mass transfer in an unsteady incompressible
viscous hydromagnetic nanofluid between two orthogonally
moving coaxial porous disks under the influence of suction
parameter. The impact of EMHD in nanofluid flow
over a Riga porous plate is numerically investigated
by Abbas et al. [6] in the presence of Lorentz force that acts
parallel to the wall of the Riga surface. Sibanda and Khidir [7]
inspected the flow of electrically conducting nanofluid
past a nonlinearly stretching sheet with viscous dissipation
as well as discussed influences of thermophoresis, Brownian
motion and nanoparticle volume fraction on convective
heat transfer. The stimulus of combined double-diffusive
and viscous dissipation due to a vertical semi-infinite
plate embedded in a porous non-Darcy medium by using
non-uniform boundary conditions was numerically
evaluated by Aghbari et al. [8]. Kumar and Mishra [9]
examined the effect of thermal radiation, viscous
dissipation, injection/suction, and Joule heating on MHD
flow of nanofluids on a stretching flat sheet in a porous
medium with water as a base fluid. Yusuri et al. [10]
numerically analyzed the natural convection flow of nano
liquid in a square. They found the solution of discretized
equations by using SIMPLE procedure. Ashraf et al. [11]
employed the Runge-Kutta scheme to compute the
numerical solution of the problem of micropolar fluid flow
in a porous Darcy-Forchheimer channel. Kumara et al. [12]
scrutinized nonlinear radiation’s influence on heat transfer
as well as boundary layer Casson nanofluid flow due to
nonlinearly elongating sheet involving chemical reaction
and gained outcomes numerically by employing representative
software of MAPLE. Kumar and Pandey [13] numerically
observed the impact of mass transfer and heat on the flow
of nanofluid flow over an enlarging sheet with the
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contribution of viscous dissipation, radiation, and generation
[absorption of heat. The upshot of bioconvection in magneto-
nano liquid due to a stretched-out sheet with gyrotactic
microorganisms under velocity slip of second-order was surveyed
by Sampath et al. [14]. Sheikholeslami et al. [15] inspected the
hydrothermal conduct of refrigerant-based nanofluid with
CuO and R600a chosen as nanoparticle and base fluid during
compression inside a horizontal tube as well as the quality of
vapor, mass flux, and concentration of nanoparticles. The
investigation to estimate the enrichment of nanofluid heat
transfer in a twisted pipe with the involvement of an alternate
axis using twisted tape was performed by Jafaryar et al. [16].
Rashad and Nabwey [17] addressed the experimental analysis
of bioconvection in a nanofluid with microorganisms through
a circular horizontal cylinder and evaluated the impacts of
thermophoresis, Brownian motion parameter as well as
buoyancy ratio in fluid flow. Ahmad et al. [18] described
the problem of micropolar fluid flow under influence of thermal
radiation through porous media and found the numerical solution of
resulting coupled ODEs by quasi-linearization.

This contemporary analysis of MHD nanofiuid flow with
gyrotactic microorganisms past a porous region has eminent
practical applications in various fields. The purpose of this research
is not only to observe the impact of numerous parameters on MHD
nanofluid flow on a stretching sheet with gyrotactic
microorganisms while the magnetic field is applied but also
to provide an easy method to numerically solve a coupled system
of nonlinear differential equations. Governing differential
equations of our flow problem are altered into a system of self-
similar equations by employing suitable transformations. Further,
these self-similar forms are solved by the numerical method
of quasi-linearization because it has fast convergence. Moreover,
we have solved this flow problem in a single phase. The outcomes
of our research are explained with the assistance of tables and
figures of various physical measures employed in flow problems
under consideration via the computing tool of MATLAB.

THEORETICAL SECTION
Mathematical derivation

Consider two-dimensional steady MHD nanofluid flow
on a sheet with gyrotactic microorganisms in a porous
medium. The flow has laminar conduct. The velocity has
form Uy = agx with x is the coordinate computed along
stretching surface and ag is a constant. The magnetic field
is applied to flow in a positive y-direction. The geometry
of the current problem is given below in Fig. 1:
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Fig. 1: The geometry of flow problem.

By following Kausar et. al [19], the governing Partial
Differential Equations (PDESs) for problem of flow are:
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Where u and v are velocity components, kinematic
viscosity is v, fluid temperature is T, oc is electric
conductivity, « is the thermal diffusivity, B, is the
magnetic field strength, coefficient of thermophoresis
diffusion is denoted by Dy, Dy is Brownian coefficient,
Dn is the microorganism diffusion coefficient,
chemotaxis constant is ben, Wes is maximum swimming
speed of cell (bcnWes is constant), ppr is particle’s
density, px is fluid’s density, n denotes microorganisms’
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concentration, volume fraction of nanoparticles is denoted
by ¢, ©=(pC)pr / (pC)n is the ratio of effective heat
capacity of the particle to the fluid. It is essential
to point out that we have ignored the second-order
inertial term in Eq. (2) because it involves a function
that depends on Reynolds number which is small
in the case of laminar fluid flow [20, 21].

The Boundary Conditions (BCs) associated with
Egs. (1)- (5) are given here:

v=0, u=AU_, T=T, ,c=c,, n=n_,fory=0 (6)

u—>0, T>T,c>c,n>n , wheny—o @)

f?’ f?’

Where A denotes a constant term, for stretching A>0
and for shrinking A<0. The subscript w shows the values
at the boundary and the subscript f represents values
far from the boundary. The governing (PDESs) are converted

into a simpler form by employing variables of similarity
which have the following mathematical form:

(a
M= k_OJ aou)l/zxf(n), (8)
v
T—Tf c-c;
0(n)= 0 (n)=
Tw_Tf CW_Cf
n-n
x(n):n B
w f
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The velocity components u = LAV A &

oy OX

assist to

develop stream function w and 7 denotes the
dimensionless similarity variable. The components u and v
help to satisfy Eq. (1) in form of y. The transformation
specified in (8) can be exploited to convert Egs. (2) — (5)
into ODEs given below:

e fE —f P - M(F)—y(f) =0, 9
i(e")+fe'+e'{Nb¢’+N[e’}:o (10)
Pr
N
0"+ —L0"+Le(fp") =0, (11)
Nb
x"-%—Sc(fx')—Pe[x'¢'+¢"(x+c7)]:0 (12)

Also, BCs written in (6) as well as (7) have
dimensionless form:

f=0,f=1,0=1¢=1y=1 atn=0 (13)

£'=0, =0, $=0, x =0, as n— ® (14)

Where primes symbolize derivative w.r.t 7. Further,
M is a magnetic parameter, Le is Lewis number, N; is
thermophoresis parameter, Pr is Prandtl number, Sc is
Schmidt number, Ny is Brownian motion parameter,
Pe signifies Peclet number, o is a constant term and y
is a porosity parameter, which has mathematical forms as:

L
N, = N, = Pr=—, (15)
v L a
2
v v c B b W
Sc= Le=—, M=—"2 pe--—th ¢
Dm Db aopfl Dm
nf v
c = , Y=
(nw_nf) aoko

The nonlinear ODEs (9)-(12) accompanying with BCs
specified in (13)-(14) are numerically explained by
employing a procedure grounded on quasi-linearization.

In the process of quasi-linearization, we will develop

sequences (), (1), (6@),(¢")) and ().
Moreover, Eq. (9) is linearized to construct (f(z)) by

considering only the terms of the first order.
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By operating on Eq. (9), we assume:

E(f f f ") =f"+ff" —F 7 -MFf —yf, (16)

0E

E (f(Z)yf(Z)/Yf(Z)n'f(Z)w)+ (f(2+1) _f(Z)) .

af®)

<f<z+1)_f(z)m) oE

f(z+1)m +f(z+1}”f(z) 7f(z+1)’ (M Fy+ 2f(z)/)Jr
(0 (@ _ (2 (2)

In order to find the solution of ODEs, central difference
approximations are operated to replace derivatives.

Consequently, a linear system to produce sequence ( £ )
is:
s(t*™)=7 where s—s(t"*) and T -7 (1)

By linearization of Eq. (10), we obtained:

1 z+1)p z+1), z z),

— o (1 N g 2N ) 17)
Pr

N e(z)l¢(z+1)I: N e(z)y(p(z),

b

Likewise, we can put Eq. (11) as well as Eq. (12)
in form:

N
¢(Z+1)n _te(z+1)n + Lef(z+1)¢(z+1)y -0 (18)
N
b
X(Z”')”+SCf(Z+1)x(Z+1)'f (19)

Pe [X(z+1),¢(z+l), . ¢(z+1),, (x(z+1)

The steps which pay a role in computational technique
to derive sequences (f(”),(f'(“),(e‘”),(q)(”) and (1)

are:

I. Exploit given initial guesses ‘' 0 4 and

+© which will satisfy the boundary conditions explained
in Egs. (13)- (14).
I1. Utilize the given initial guesses in order to generate

the new quantities f@ 1/ 0@ & ¢@ .

Research Article



Iran. J. Chem. Chem. Eng.

MHD Nanofluid Flow with Gyrotactic Microorganisms ...

Vol. 40, No. 5, 2021

Table 1: Comparison between values of present & previous research due to numerous M.

4 " CfReX%=—f”(O) NuxRe;%:—G'(O) )
Aman et. al [22] Present Aman et al. [22] Present
0 0 0 3.5583 3.5627
1 -2.8508 -2.8589 3.4822 3.4892
15 -4.5000 -4.5071 3.4589 3.4665
\ 2 -6.2749 -6.2803 3.4415 3.4497 /
Table 2: Values of f'*(0), &(0), ¢'(0) & x'(0) due to numerous M with Np = 0.5, 1 =0.5, Pr=4.6, Le = 2.7, Sc = 0.6,
y=16,Pe=02,Ni=0.2 0=0.1
4 M r0) ) r© )
0 -0.7232 -0.2315 -0.5947 -0.3897
0.3 -0.7730 -0.2256 -0.5786 -0.3822
0.6 -0.8196 -0.2198 -0.5648 -0.3758
0.9 -0.8638 -0.2142 -0.5529 -0.3701
1.2 -0.9057 -0.2087 -0.5426 -0.3652
K 15 -0.9457 -0.2035 -0.5335 -0.3601 j

I11. Engage the recently obtained quantities £ ® as well as

¢ to solve the linear system found from finite difference
discretization of Eq. (19) to get value 5 .

IV. In the same way, use the values @ '® @ ¢@®

1)

and @ as initial guesses to repeat the procedure in order

to find a new iteration. In conclusion sequences

(f(”),(f'(”),(e‘”),(q)(z)) and (x*) are attained that

converge to f,f’,0,¢ and y correspondingly.

V. The technique is continued to attain new iterations
until
X

[en g0

o) _g(k)

”f (K1) (k)

)
L, L,
: -7

<10

Validation of code

To evaluate the effectiveness of the code used in our
problem, a table showing a comparison between the
repercussions of present and previous literature is developed
(see Table 1). The comparison is found to be in good
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agreement. So, it confirms the accuracy of our numerical
solution technique.

RESULTS AND DISCUSSION

We portrayed velocity f(7), temperature &(r), motile
microorganism’s density y(77) as well as the volume fraction
of nanoparticles ¢(7) and observed behaviors of their profiles
under the impact of various parameters in the flow problem.
We also inspected the influence of numerous parameters
on the shear stress f'(0), heat transfer rate d(7), rate of
nanoparticle volume fraction ¢(0) as well as density rate of
microorganisms #'(0) with the aid of tables. Table 1 describes
a comparison between values of previous research outcomes
of '(0) and #(0) with current results. This association
illustrates the convergence of numerical code.

It is noticed that when the magnetic field strength is
higher than fluid density then shear stress on the sheet
surface is enhanced and heat transfer rate decreases on the
solid edge. One may notice that as compared to other
measures, shear stress is significantly affected by magnetic
parameter. Hence, Table 2 shows that as values of magnetic
parameter M increase, f"(0) is growing while other three
quantities #(0), ¢'(0) and #(0) are reducing.
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Table 3: Values of f'(0), (0), ¢'(0) & #'(0) due to numerous ywith Npb =0.5,4=0.3, Pr=4.4, Le = 2.7,

Sc=05M=0.7,Pe=04,Nt=0.2, 0=0.1.

Vol. 40, No. 5, 2021

4 y () 00) ¥0) £(0) )
0.5 -0.3669 -0.1640 -0.4802 -0.4070
1 -0.4235 -0.1513 -0.4619 -0.3948
15 -0.4733 -0.1408 -0.4488 -0.3858
2 -0.5183 -0.1322 -0.4385 -0.3788
25 -0.5595 -0.1249 -0.4303 -0.3731
\_ 3 -0.5979 -0.1188 -0.4234 -0.3684 )
Table 4: Values of (0), (0), ¢'(0) & z'(0) due to numerous A with Np =0.5, Pr=4.4,Le =2.8,Sc=0.6, y=1.6,
M=0.8,Pe=04,Nt=0.2, 6=0.2.
4 A () 0 0) §0) @ )
0.1 -0.1578 -0.0565 -0.3363 -0.3184
0.3 -0.4918 -0.1354 -0.4538 -0.4060
0.5 -0.8493 -0.2140 -0.5721 -0.4926
0.7 -1.2292 -0.2749 -0.6987 -0.5820
0.9 -1.6303 -0.3227 -0.8234 -0.6694
\_ 11 -2.0517 -0.3632 -0.9407 -0.7524 )

In our problem, we have considered small values of
porosity parameter »in fluid flow. This confirms that there
are small voids in the porous region. This is why vorticity
in the neighborhood through pores has an impact on the
flow. Therefore, the porosity parameter has an effect on all
quantities discussed in Table 3. We can find out from
Table 3 that with the upsurge in the values of porosity
parameter y , shear stress is increasing but €(0), ¢'(0)

as well as #'(0) are showing decaying behavior.

When the sheet is stretched along x the direction, it has
an effect on flow parameters. It may be noted from Table 4 that a
rise in values of the stretching parameter 4 causes an upsurge
in values of all physical quantities f*(0), £(0), #(0) and #(0).

Figs. (2-5) depict the stimulus of magnetic parameter
M on f'(77),&Xn), ¥(n) and ¢(n). It is observed that with the
enhancement in both electric conductivity of fluid and
strength of the magnetic field, the magnetic parameter
boosts. Fig. 2 portrays that with the increase in M, the
velocity profiles have decreasing conduct. Figs. 3 & 5
confirm that with the upsurge in M values, the curves of
temperature and motile microorganisms’ density are rising.
It is evident from Fig. 4 that with the rise in M values,
nanoparticles’ volume fraction profiles are growing.
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We have perceived that there are two possibilities for
A, itis either positive or negative. As the sheet is stretched
out, the flow velocity upsurges. It may be observed from
Figure 6 that the growth of stretching parameter A tends to
enhance velocity distribution. Figure 7 makes us clear that
as A rises, profiles of &(77) downturn. Similarly, it is shown
in Figures 8 & 9 that enhancement in values of stretching
factor leads to uplift curves of ¢(7) as well as y(7).

Figs. 10-13 illustrate the impact of porosity parameter
yon the profiles of physical quantities involved in the flow
problem. It can be seen from Figure 10 that an upsurge
in porosity parameter yleads to adrop in velocity distribution.
Fig. 11 demonstrates that as the values of y rise, profiles
of &(n) are escalating. One may observe from Fig. 12 that
with the enhancement in the values of the porosity
parameter the profiles of ¢(7) are inclining. Fig. 13
portrays that as y values grow, the profiles of
nanoparticles’ volume fraction are inclining.

CONCLUSIONS

We have numerically surveyed MHD nanofluid flow
with gyrotactic microorganisms due to a sheet embedded
in porous media. We have illustrated impressions of
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f(n)

Fig. 2: f'(n) profiles due to numerous M and A = 0.6, Pr = 4.3,
Le=16,Sc=1.2,y=0.02,Nt=0.7,Pe=0.2, Nb = 0.3, 0=0.2.
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Fig. 3: 8(n) profiles due to numerous M and 4 = 0.6, Pr = 4.3,
Le=16,Sc=1.2,y=0.02,N;t=0.7, Pe = 0.2, Nb = 0.3, 0=0.2.

¢ (m)

Fig. 4: ¢(n) profiles due to numerous M and 2 = 0.6, Pr = 4.3,
Sc=12,Le=1.6, y0.02, Nt=0.7, Pe = 0.2, Nb = 0.3, 0=0.2.
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0.9} M=04r

x(m)

Fig. 5: z(n) profiles due to numerous M and A4 = 0.6, Pr = 4.3,
Sc=12,Le=16,y=0.02,Nt=0.7,Pe =0.2, Nb = 0.3, 0=0.2.
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Fig. 6: (1) profiles due to numerous A >0 and Pr=1.7, N, =0.7,
Le=23,Nt=0.7,M=0.9, y=0.02,Sc=1.2, Pe =0.2, 0=0.2.
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Fig. 7: &n) profiles due to numerous A >0 and Pr=1.7, Ny =0.7,
Le=23,Nt=0.7,M=0.9, y=0.02,Sc=1.2, Pe = 0.8, 0=0.2.
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Fig. 8: @(n) profiles due to numerous A >0 and Pr=1.7, Ny=0.7, Fig. 11: &(n) profiles due to numerous yand Ny = 0.3, Pe = 0.2,

Le=23,Nt=0.7,M=0.9, y=0.02,Sc=1.2, Pe = 0.8, 0=0.2. A=051Le=23,Pr=37,M=0.9,Nt=0.7,Sc=1.2, 6=0.2.
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Fig. 9: g() profiles due to numerous A >0 and Pr=1.7, Ny =0.7, Fig. 12: ¢() profiles due to numerous yand Ny = 0.3, Pe = 0.2,

Le=2.3,Nt=0.7,M=0.9, y=0.02,Sc = 1.2, Pe = 0.8, 6=0.2. A=05Le=23,Pr=37,M=09,Nt=0.7,Sc=12, 6=0.2.
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Fig. 10: f'(7) profiles due to numerous yand Np = 0.3, Pe = 0.2, Fig. 13: x(n) profiles due to numerous yand N» = 0.3, Pe = 0.2,
A=05Le=23,Pr=37,M=09,Ni=07,Sc=12, 6=0.2. A=05Le=23,Pr=37,M=09,Nt=07,Sc=12, 0=02.
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different parameters on physical measures with the assistance
of tables as well as figures. The important discoveries of
eminent parameters of our problem are as follows:

e The applied magnetic field tends to rise the shear stress
while reducing heat transfer rate, rate of nanoparticles volume
fraction, and microorganism’s density rate.

e The porosity parameter causes a reduction in velocity
distribution while it grows profiles of the other three measures.

e The magnetic parameter demotes the velocity distribution
while the stretching parameter boosts the velocity profiles.

e The porosity parameter and stretching parameter A>0
enhance the shear stress.

e The magnetic parameter and stretching parameter
significantly elevate the temperature distribution, whereas
an upsurge in the porosity parameter drops temperature
profiles.

Nomenclature

u Velocity in the x-direction
v Velocity in the y-direction
n Dynamic viscosity
L Kinematic viscosity
pri Fluid's density
Ppr Particle's density
T Temperature
Cp Specific heat
o Positive constant
Dt Thermophoresis diffusion coefficient
Dy Brownian coefficient
Dnm Microorganism diffusion coefficient
Gec Electric conductivity
Wos Maximum swimming speed of cell
Ko Thermal conductivity
Veh Chemotaxis constant
o Thermal diffusivity
Bo Strength of magnetic field
n Microorganisms' concentration
c Volume fraction of nanoparticles
M Magnetic parameter
Pr Prandtl number
Le Lewis number
Sc Schmidt number
Nb Brownian motion parameter
[\ Thermophoresis parameter
Pe Peclet number
c Constant term
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A Stretching parameter
Porosity parameter
Dimensionless variable
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