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This paper presents the analysis of thermal optimization in magnetic materials based on the entropy generation
in a mixed convective MHD flow of an electrically conductive nano liquid having motile microorganisms together
with a vertical cylinder. By using the convection boundary condition, the process of heat transport is examined
in detail. With coupled linear boundary conditions the related equations (continuity, momentuum and energy)
are reduced to five ODE’s. The RKF-4,5 method by shooting algorithm was employed to examine variation of
physical parameters under study. The resuts of vital physical parameters on the wall friction, Nusselt number,
mass flux, wall of motile microorganism flux, along with velocity profiles, temperature, concentration of nanopar-
ticles, and density of motile microbes, were studied in detail. It is detected that heat transport rate is 0.81%
greater for cylindrical surface compared to flat plate surface.
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1. INTRODUCTION
Recent research focuses primarily on nanofluid convective
heat transfer. The particles diameter in liquid suspension
are less than 50 nm are termed nanofluids. It was already
proved that base liquid thermal conductivity is raised to
50% (with a notable effect on convective heat transport
coefficient) for even below the 5% volume proportion of
nanoparticles. Buongiorno1 examined the several theories
which explain the enhancement of characteristic features
in heat transfer of nano-liquids. He mentioned that the
thermal diffusion marvel or enhance in turbulence inten-
sity escalated by nanoparticles’ presence. He has devel-
oped an analytical model for convective heat transport con-
templating thermophoresis and Brownian movement. The
natural convective nanofluid flow study on a vertical plate
Buongiorno’s model is used by Kuznetsov and Nield.2

Gholinia et al.3 inspected the impact of heat and mass
transport on hydromagnetic nanofluid flowing on a stretch-
ing sheet presenting graphical representations by applying
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the Runge-Kutta-method. Yin et al.4 discoursed heat trans-
fer of nanofluid flow boiling by molecular dynamic sim-
ulations. Several authors who tried to analyze the same
direction are quoted in Refs. [5–13]. The bioconvection
and heat transport of the flow of nano liquid over a stretch-
ing cylinder is significant. This problem is associated with
industrial applications: spinning of fiber, geothermal power
generation, the boundary layer flow over the stretching
cylinder, etc.
Then again, bioconvection has numerous applications

in biotechnology and related fields. The term bioconvec-
tion alludes to a visible convective movement of liq-
uid brought about by density slope inclination made via
aggregate swimming of gyrotactic microbes. Those self-
impelled microbes increment base liquid’s density through
swimming in a specific direction, consequently resulting
in bioconvection. For the later period, the aspect of bio-
convection in nanofluid convection is driven by denser
microorganisms hoarding outside of lighter-water. These
are recharged by microorganisms up-swimming, likewise
building up bioconvection measures inside the framework.
The framework is on the mesoscale aspect in which the
development of oxytactic microbes incites naturally Micro-
scopic movement (convection). The oxytactic microbes
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are self-impelled, but the nanoparticles are not like that.
Hence their movement in nanofluid is influenced by ther-
mophoresis and Brownian motion. Thus, the activity of
nanoparticles and motile microorganisms is not dependent
on each other. To avoid agglomerating and aggregating,
the nanofluid accelerates its stability as a suspension by
adding microorganisms.14

Aziz et al.15 have recorded the movement of nano-
liquid numerically with microbes on a free convective
boundary layer past a horizontal flat plate. They observed
that bioconvective parameters positively effect the rate
of heat, mass, and oxytactic microbes transport. Kotha
et al.16 discused the bioconvection in water-based nanoflu-
ids contains particles and oxytactic microbes in presence
of internal heat generation. They considered internal heat
generation, which is generated by the hydromagnetic flow.
Based on the mechanism of directional movement of dis-
tinct microbes, their bio convectional systems were studied
by several researchers, including.17–24 Their study aims to
enhance mixing and preventing nanoparticle agglomera-
tion in nanofluids. That contains gyrotactic microbes and
confirms that self-impelled oxytactic microbes cause the
fluid’s massive-scale motion.

Entropy generation is a significant area in researchers’
focus and is mainly studied in industries in systems’ sta-
bility. Entropy in fluid flow calculates a system’s “thermal
energy per unit temperature” i.e., unobtainable to do ben-
eficial work Entropy gives in the system the amount of
molecular disorder as work is accomplished from well-
ordered molecular motion. A lot of researches have stud-
ied various fluids in this field, which are given as follows.
Kotha et al.25 looked at entropy minimization on the con-
vectively heated surface of casson fluid. In existence of
entropy generation, Akbar and Abbasi26 investigated the
problem of variable viscosity on the peristaltic motion. In
wavy cross channels with fluid-solid coupled heat trans-
port, Shi et al.27 studied entropy generation.Through inter-
nal heat generation or absorption in nanofluids, Tayebi
et al.28 tested entropy generation and natural convective
flow. Wang et al.29 carried out studies on entropy genera-
tion influenced by heat transport in MHD flow subject to
variable thickened surface. Mixed convection MHD flow
and entropy generation of Al2O3 water-based nano liq-
uid in a channel is investigated by Sachica et al.30 Ref-
erences [31–38] cites the recent relevant attempts on this
problem. MHD flow related studies are in Refs. [39–48].

The detailed literature survey shows that an analysis of
the MHD flow conduction in gyrotactic microorganisms
containing nanofluids around a convectively heated vertical
cylinder has not yet been carried out. Theoretical work is
carried out in motile gyrotactic microorganisms to examine
the entropy generation. The magnetohydrodynamic flow of
water-based nano liquid, the heat and mass transport, and
vertical cylinder is considered. At boundaries of the cylin-
der zero mass flux conditions are applied. Implementation

of such situations gives us a physical problem that is more
realistic. The literature available deals mostly with the con-
centration of nanoparticles and surface temperature, which
are assumed constant. The equations related to the conti-
nuity, momentum, and energy were reduced with coupled
linear boundary conditions to a set of five ODE’s using
boundary layer conditions and impacts of convective heat
and mass flux conditions of zero nanoparticles. Efficient
numerical methods are utilized for solving the non-linear
system. The technique applied here in the problem is the
fourth-fifth order RKF and the shooting algorithm. As per
our knowledge, this problem is not studied to date. Hence
the results are original and novel.

2. MATHEMATICAL FORMULATION
The present analysis is done using a cylindrical coordi-
nate system �r� z�. The two-dimensional electrically con-
ducting nanofluid flow with the swimming of gyrotac-
tic microorganisms is considered, which is stretched with
velocity Ww =W0z over an infinite vertical cylinder. The
geometrical approach is given in Figure 1. A constant mag-
netic field B0 is used transverse to cylinder. Stimulated
field is flouted based on assumptions of a small magnetic
Reynolds number. The zero-mass flux condition on the
surface is addressed.
Surface temperature is influenced by the convective

heat, which is owing to the heat transport coefficient
hf and liquid temperature Tf . For microorganisms, their
swimming velocities and the direction of their swimming
are assumed to be in no way affected by the existence of
nanoparticles. This assumption is reasonable only if the
nanoparticles are diluted in the nanofluid suspension (con-
centration of nanoparticles in the fluid is less than 1%). On
the other hand, when the nanoparticles are in high concen-
tration, bioconvection is suppressed due to large suspen-
sion viscosity. Only when the suspension of nanoparticles
is dilute, Bioconvection-induced flow occurs, validating
the Oberbeck-Boussinesq approximation. The combined

Fig. 1. Physical diagram.
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influences of Brownian motion, thermophoresis, convec-
tive heating, buoyancy force are used in the given prob-
lem, neglecting the pressure gradient’s external forces and
effects. The governing equations of boundary layer expres-
sions of present flow analysis are:12�35
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The Eqs. (1)–(5) have the subsequent constructive bound-
ary conditions under the supposition of no-slip conditions
(7)–(13):

w�z� r�=Ww� u= uw�z�� −�T
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N = N�� as r →� (7)

Here �u�w� denotes velocities �r� z� (cylindrical polar
coordinates system), � is fluid kinematic viscosity, 

is dynamic viscosity, �f fluid density, �m is density of
microorganisms, �p is nanoparticles density, DB and DT

are Brownian motion and thermophoresis coefficients, b
is chemotaxis constant, Wc is cell swimming speed, kf is
fluid thermal conductivity, Dm is microorganisms diffusion
coefficient, N� is surrounding microorganisms concentra-
tion, Nw is surface concentration of microbes, 	∗ is average
volume of microorganisms, g is gravity acceleration, N is
resealed density of motile microorganisms.
According to Ref. [49], the radiative heat flux term is
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where �∗ represent Boltzmann constant and k∗ represents
Rosseland mean absorption coefficient.
Appropriate similarity variables are as follows:12
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Here � is similarity variable,  represents stream func-
tion and is denoted as u = −�1/r��/�r� while Eq. (1)
is satisfied by = �1/r��/�z , prime shows the derivative
concerning �. On the application of similarity transforma-
tions (11) on Eqs. (2)–(8), we get following five ODE’s.
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Skin friction, local Nusselt, Sherwood, density numbers
of microbes are given below:
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The dimensionless forms of expressions (18) are:
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3. SECOND LAW OF ENTROPY
Entropy generation is defined as degree of irreversibil-
ity for a specific procedure .The volumetric ratio of local
entropy generation SG is given as follows.31�32
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Here � is viscous dissipation. Applying boundary layer
approximations, Eq. (21) will be of the form:
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Equation (22) shows the cause of irreversibility in
present problem, and it involves a magnetic field, heat

transport, mass transfer, and fluid friction. Finest values of
entropy generation at which thermodynamic optimisation
of the system are attained by characterized entropy rate
SG0.
The ratio of SG to SG0 determines entropy generation

number Ns, which can be given as
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Entropy generation number is
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Using Eqs. (22) and (23) we get
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Where �= �T /T� is dimensionless temperature and � =
RDC�/kf is the constant diffusion parameter.
The Bejan (Be) number is written as
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Bejan number range is (0, 1), If Be= 0, owing to magnetic
field and fluid friction entropy dominates, If Be = 1, irre-
versibility heat transport outcome dominates, If Be = 0�5,
entropy for both magnetic field and fluid friction will be
equal.

4. COMPUTATIONAL TECHNIQUE
The coupled non-linear governing boundary layer
Eqs. (12)–(15) along with boundary conditions (16)–(17)
are solved by R–K–F technique with the aid of shooting
technique numerically. Firstly, Eqs. (12)–(15) converted
into first order ODE’s. Then by applying Newton’s shoot-
ing approach, missing initial conditions are obtained and
are described as below:
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where the initial guesses are s1� s2� s3 and s4. The itera-
tion process is continued until the convergence criterion is
10−6.

4.1. Validation of the Result
Results computed for −�′(0) are studied in comparison
with the earlier works in a specific case for � = 0 for var-
ious Prandtl numbers Pr of Newtonian liquid (Nb = Nt =
0) and outcomes in absence of radiation and viscous dis-
sipation (Rd = Ec = 0) in Table I just to authenticate the
present solution using Numerical methods. It is seen that
the current steady flow results and the results of Wang50

and Khan and Pop11 are in good agreement.

5. RESULTS AND DISCUSSION
Linear regression slope method �Slp� is being used to
inspect more realistically the variation of the behav-
ior of rescaled velocity, temperature, nano-particle vol-
ume fraction, rescaled oxytactic microbes dispersions,

Table I. Comparison of −�
′
�0� for various values of Pr .

Khan and Present
Pr Wang50 Pop11 outcome

0.2 0.1691 0.1691 0.169097
0.7 0.4539 0.4539 0.453916
2.0 0.9114 0.9114 0.911358
7.0 1.8954 1.8954 1.895403
20.0 3.3539 3.3539 3.353904
70.0 6.4622 6.4622 6.462200

entropy generation, Bejan number, and the physical prop-
erties. According to Animasaun et al.51 and Acharya,13

the method works efficiently to calculate and differ-
entiate several parameters. In this procedure, the val-
ues of parameter are considered as Pr = 7�2�Nb =
0�2�Le = 2�Nt = 0�2�Ec = 0�1�M = 0�5�Ri= 0�1�Nr =
0�1�Nc = 0�1�� = 0�2� � = 0�5� Pe = 0�5�Lb = 2� and
Bi = 0�5.
Figures 2 and 3 highlight the comparison of nanofluid

for a flat plate �� = 0� and cylindrical surface �� = 1�
for fixed values of

√
w0� = 10� r1 = 5. It is noticed that

for � = 0 the streamlines appear to be more twisted and
concentrically less close than those for the cylindrical
surface.
In Figures 4 and 5, variation in dimensionless veloc-

ity is illustrated along with the temperature for different
values of M and Ri where M is the magnetic parameter

Fig. 2. Streamlines for the nanofluid flat surface.

Fig. 3. Streamlines for the nanofluid over a cylinder.

306 J. Nanofluids, 9, 302–312, 2020
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Fig. 4. Deviation in the velocity field for district values of M and Ri.

and Ri is the Richardson number. For more significant
magnetic parameters, it seems that velocity diminutions
though the temperature upsurges. This is attributed to the
reason that as the B0 enhances, the fluid flow momentum
is reduced due to retarding nature of Lorentz magnetic
body force result. It decreases speed of the nanofluid and
rises the thickness of boundary layer. As B0 increases, it
positively influences the temperature of the nanofluid flow.
Such observation is due to the additional work extended in
moving the nanofluid against the magnetic field’s action,
degenerate as thermal energy. The stronger the magnetic
field greater will be the TBL thickness. Natural convection
is seen for low values of Ri�′′1�, forced convection for high
values of Ri�′′10�� and mixed convection for values of
Ri�1<Ri < 10�. Since our study is focused on the mixed
convection effect on nanofluid flow, we have used Ri =
1�4� and 8. From Figures 4, 5, we observe that velocity
and temperature are suppressed as the Richardson number

Fig. 5. Deviation in the temperature field for district values of M and
Ri.

Fig. 6. Deviation in the temperature field for district values of Ec and
Rd.

increases. We can conclude that the higher Richardson
number decreases velocity of fluid and cools nanofluid
boundary layer. We also observe that momentum boundary
layer rises and reduces the thickness of TBL.
Figure 6 predicts the influence of viscous dissipa-

tion and radiation parameters on temperature profile. As
Eckert number �Ec = 0�0�0�1�0�2�0�3�0�4� increases, it
is observed that there is a noticeable temperature rise. Ec
calculates energy loss due to flow configuration. In this,
we correlate fluid particles enthalpy variance and kinetic
energy. We see that for all Ec values, the variance between
the temperatures at the surface of the cylinder is decreas-
ing. Due to frictional heating, an additional amount of
kinetic energy is added to fluid particles, and hence the
thermal boundary layer had increased for higher Ec. It is
displayed from the fig that Rd rises the temperature and

Fig. 7. Deviation in the temperature field for district values of Bi and
�.

J. Nanofluids, 9, 302–312, 2020 307
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Fig. 8. Deviation in the concentration field for district values of Nt and
Nb.

thickness of the boundary layer. We interpret that as the
value of Rd upsurges, the absorptivity of Rosseland radi-
ation k∗ decays. This, in turn, rises the radiative heat flux
�qr/�r = −�4�∗/3k∗��T 4/�r and consequently enhances
the rate of radiative heat transported to the liquid; hence
we see an elevation of fluid temperature.
Figure 7 parades the result of Biot number Bi on the

dimensionless temperature profile for both flat plate �� =
0�, cylinder �� = 0�5�. It is seen that for high values of ,
temparature of liquid rises since increment in Bi maintains
high convection in heat transfer of the fluids and lowers
the thermal resistance in the cylinder. When Bi < 0�1� the
internal thermal resistance is visibly lower than the sur-
face resistance and the internal resistance to heat transport
is insignificant,the values of kf is comparatively higher
than hf � Also, when Bi → �, there will be a reduction

Fig. 9. Deviation in the motile microorganisms’ distribution for district
values of Lb and Pe.

Fig. 10. Deviation in the entropy generation for district values of M .

in heat transfer due to external resistance, the difference
b/w surface and surrounding temperature are negligible. A
noticeable enhancement in temperature to the center arises
from the stretching cylinder’s surface.
Figure 8 highlights impact of Nt and Nb on nanofluid

concentration ����. It is found in this figure; we observed
that nanofluid constants had undone effects on nano-
particle volume fraction profile by strengthening the ther-
mophoresis constant, nanoparticles’ concentration, and the
related boundary layer thickness increases. The values of
���� tend to decrease for higher rates of the Brownian
movement component. The larger thermophoresis values
and energy value denote that the nano-particles are moving
from hot to cold parts, increasing the number of nanopar-
ticles. We also see that enhancing the Brownian movement

Fig. 11. Deviation in the Bejan number for district values of M .
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Fig. 12. Deviation in the entropy generation for district values of Br .

constant reduces the diffusion of nano-particles into the
liquid region apart from the surface, ���� diminishes in
the boundary layer. Such consequences are supported by
Acharya.13

The density of motile microbes is influenced by both
bioconvection Péclet number (Pe) and Lewis number (Lb)
as depicted in Fig. 9. It is observed that thickness of
the motile microorganism boundary layer, in this case, is
smaller, which indicates that the rescaled motile microor-
ganism diminishes with the enhancement of Pe and Lb
numbers.

The effects of magnetic Parameter M on entropy gener-
ation Ns is showed in Figure 10. We see that the magnetic
field positively influences entropy generation. As mag-
netic field rises at cylinder’s surface within the proximity,

Fig. 13. Deviation in the Bejan number for district values of Br .

Fig. 14. Deviation in the entropy generation for district values of Ri.

entropy generation also increases. On physical interpreta-
tion, we observe that the Lorenz force restricts the fluid’s
momentum at boundary layer, which enhances the velocity
of liquid leads to an increase in entropy, which concludes
that M enhances entropy.
In Figure 11, we study the impact of M and the behav-

ior of Be. It is noted that M is directly proportional to Be.
Figure 12 gives us the relation between entropy generation
Ns and the Brinkman number Br . It is seen that increasing
Brinkman number enhances entropy, which is due to the
generation of more heat by viscous dissipation. The impact
of Brinkman number Br on Bejan number Be is shown in
Figure 13. It is noticed that Be exhibits an inverse nature
for high values of Br . The dominancy nature of M and
viscous irreversibly on conductive irreversibility is visible.
Further, the impact of heat on the entropy generation is

Fig. 15. Deviation in the Bejan number for district values of Ri.
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significant when fluid moves farther away from the cylin-
der’s boundary.
Figure 14 represents the influence of mixed convec-

tion parameter Ri on entropy generation Ns. As Ri value
increases Ns value decreases on the cylindrical surface, but
opposite trend is noticed further from cylinder. Figure 15
depicts the impact of Ri on Bejan number Bi. The greater
value of Ri, even if laminar (Ri ranging from 1 to 5),
decelerates the Bejan number.ss
Table II provides information about the values of the

magnitude of skin friction and heat transport rate against
different physical parametric values in both flat plate and
cylinder. It is perceived that skin friction enhances by
augmentation of the variations of M�Nt� while reduces
for Ri�Nb�Ec� and Rd. A +ve sign indicates the linear
regression slope in Table II approves that the skin fric-
tion is enhanced at the rate 0�418669 for a flat plate and
0�447246 for a cylinder in case of the magnetic field. Slope
analysis of the table shows an increase in skin friction at
the rate of 0�000718 for a plate and 0�001611 for a cylinder
with the increased values of Nt from 0�2 to 0�6. Negative
values indicate slope in Table II confirms decreases in skin

Table II. Numerical outcomes of skin friction and heat transfer for
relevant parameters.

� Cfr � Nur

M Ri Nt Nb Ec Rd � = 0 � = 0�5 � = 0 � = 0�5

0.1 1 0.2 0.2 0.1 0.5 0.973048 1.153221 0.552465 0.556950
0.2 1.017416 1.201108 0.547238 0.551080
0.3 1.060001 1.246721 0.542146 0.545410
0.4 1.101003 1.290348 0.537176 0.539922
0.5 1.140589 1.332224 0.532315 0.534596
Slp 0.418669 0.447246 −0.05036 −0.05587

1.3 0.951240 1.129071 0.553951 0.558776
1.6 0.929809 1.105446 0.555381 0.560522
1.8 0.915720 1.089970 0.556305 0.561646
2 0.901783 1.074700 0.557207 0.562740
Slp −0.07128 −0.07854 0.004744 0.005792

0.3 0.973122 1.153381 0.550963 0.555503
0.4 0.973195 1.153543 0.549433 0.554028
0.5 0.973266 1.153704 0.547874 0.552524
0.6 0.973335 1.153865 0.546285 0.550991
Slp 0.000718 0.001611 −0.01545 −0.0149

0.3 0.972370 1.152422 0.552600 0.557124
0.4 0.972035 1.152028 0.552666 0.557210
0.5 0.971835 1.151793 0.552706 0.557262
0.6 0.971702 1.151636 0.552732 0.557296
Slp −0.00323 −0.0038 0.00064 0.00083

0.2 0.936230 1.104477 0.493843 0.489098
0.3 0.901663 1.059501 0.439756 0.427643
0.4 0.869073 1.017702 0.389677 0.371662
0.5 0.838237 0.978634 0.343168 0.320439
Slp −0.33678 −0.43595 −0.52276 −0.59046

0.7 0.963226 1.143238 0.629880 0.638885
0.9 0.953740 1.133640 0.705061 0.719244
1.1 0.944570 1.124436 0.778204 0.798182
1.3 0.935698 1.115631 0.849480 0.875837
Slp −0.04668 −0.04699 0.371177 0.398536

friction at the rates 0�07128�0�00323�0�33678�0�04668
for flat plate and 0�07854�0�0038�0�43595�0�04699 for a
cylinder with the increased values of Ri�Nb�Ec� and Rd
respectively.
From Table II, it is detected Nusselt number rises by

the growth of variations of Ri�Nb� and Rd, decreases for
M�Nt� and Ec. Thermophoresis number is called as the
ratio of thermophoretic diffusion because of a temperature
gradient to momentum dispersal in nano liquid flow. Nano-
particles reviews force in a path contrary to the imposed
rise of temperature called as a thermophoretic force. As
Nt increases, nano-particles close to the hot surface being
driven in the direction of ambient fluid. Finally encourages
nano liquid thermal diffusivity of thermal layer thickness
increases. Ticker temperature field yields a low heat trans-
fer rate. A +ve sign of regression slope in the Table II
confirms enhancement in heat transport rate. Linear regres-
sion slope in a Table II shows the parameters Ri�Nb�
and Rd produce a heat transfer rate of 0�004744�0�00064�
and 0�371177 for flat plate and 0�005792�0�00083� and
0�398536 for the cylinder. In Table II, negative values rep-
resent a reduction in heat transfer. Linear regression slope

Table III. Numerical outcomes of mass transfer and density number of
motile microorganisms for relevant parameters.

� Shr � �nr

M Le Ri Pe Ln � � = 0 � = 0�5 � = 0 � = 0�5

0.1 2 1 0.5 2 0.5 0.331479 0.334170 0.709688 0.871901
0.2 0.328343 0.330648 0.702142 0.862764
0.3 0.325288 0.327246 0.694986 0.854246
0.4 0.322306 0.323953 0.688180 0.846289
0.5 0.319389 0.320758 0.681690 0.838839
Slp −0.030217 −0.03352 −0.069958 −0.0826

2.5 0.331380 0.334082 0.706829 0.868329
3 0.331301 0.334011 0.704500 0.865416
3.5 0.331235 0.333951 0.702548 0.862973
4 0.331179 0.333899 0.700877 0.860881
Slp −0.000149 −0.00013 −0.004380 −0.00548

1.3 0.332371 0.335265 0.711592 0.874285
1.6 0.333229 0.336313 0.713463 0.876613
1.8 0.333783 0.336988 0.714693 0.878136
2 0.334324 0.337644 0.715911 0.879639
Slp 0.002845 0.003475 0.006223 0.007739

0.6 0.331512 0.334214 0.749647 0.909993
0.7 0.331546 0.334257 0.789688 0.948189
0.8 0.331578 0.334300 0.829812 0.986487
0.9 0.331611 0.334342 0.870017 1.024887
Slp 0.00033 0.00043 0.400823 0.382466

2.2 0.331673 0.334413 0.767769 0.929857
2.4 0.331837 0.334624 0.823131 0.985524
2.6 0.331977 0.334808 0.876116 1.039048
2.8 0.332099 0.334969 0.927002 1.090583
Slp 0.000772 0.000996 0.271487 0.273278

0.6 0.331468 0.334155 0.696571 0.859495
0.7 0.331457 0.334139 0.683454 0.847091
0.8 0.331445 0.334124 0.670338 0.834687
0.9 0.331434 0.334109 0.657223 0.822285
Slp −0.000113 −0.00015 −0.131163 −0.12404
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discloses the decrement in heat transport for increment in
parameters M�Nt� and Ec at the rates 0�05036�0�01545�
and 0�52276 for flat plate, whereas it is 0�05587�0�0149�
and 0�59046 for a cylinder. Thus, we can observe higher
heat diffusion for the cylinder.

The outcomes of Sherwood and density numbers of oxy-
tactic microbes are seen in Table III. Sharewood number
declines high magnitude of M�Le and � at the slope
rate of 0�030217�0�000149 and 0�000113 for flat plate
and 0�03352�0�00013 and 0�00015 for cylinder using lin-
ear regression slope method, while it increases for Ri�Pe
and Ln at the slope rates 0�002845�0�00033 and 0�000772
for flat plate and 0�003475�0�00043 and 0�000772 for the
cylinder. Also, Table III shows that the density of microor-
ganism declines for the high magnitude of M�Le� and �,
even as surge up for Ri�Pe� and Ln. Péclet number Pe is
directly proportional to cell swimming speed, which gen-
erates a reducing trend in motile microorganisms’ concen-
tration, yielding a higher density number of microorgan-
isms. The slope analysis shows an increment in the density
number of motile microbes at rates of 0.006223, 0.400823,
and 0.271487 for flat plate and 0.007739, 0.38246666, and
0.27327878 for a cylinder with Ri�Pe� and Ln. The slope
analysis displays the decreases in density number of motile
microbes at rates 0�069958�0�00438� and 0�131163 for flat
plate and 0�0826�0�00548� and 0�12404 for a cylinder with
M�Le� and �.

6. CONCLUSION
This paper focuses on the entropy generation on hydrother-
mal variations of the motion of electrically charged par-
ticles in nanofluid over a vertical cylinder with gyrotactic
microorganisms. Convected heat and convected constraints
are added to have more pragmatic results. Resulting non-
linear ODE’s are solved using RKF-4, 5 method. Few
graphs, streamlines, and tables are illustrated to disclose
results. Heat and mass transfer charecters are predicted,
discussed. Given detailed investigation, a few key features
need particular interest as follows.
(1) Nanofluid flow decelerated for the magnetic param-
eter. The flow is increased for the mixed convection
parameter.
(2) Skin friction accelerated for magnetic and ther-
mophoresis parameters but decreased for mixed convec-
tion, Brownian motion, Eckert number, and radiation
impact. Comparatively, the maximum effect is contributed
by the cylindrical surface.
(3) Entropy generation increases with magnetic parameter
and Brinkman number. Simultaneously, it decreases with
growing mixed convection parameter (Richardson num-
ber) near the cylinder’s leading-edge, whereas the reverse
conclusion is detected further from the cylindrical surface.
(4) Bejan number is accelerated with increasing magnetic
parameter whereas it is decreased with grater Brinkman
number and Richardson number.

(5) The temperature rises with the high magnetic param-
eter, radiation parameter, Biot number, and curvature
parameter, reduces with greater values of mixed convec-
tion parameter.
(6) Heat transfer rate decelerated with an accelerated
magnetic parameter, thermophoresis parameter, and Eckert
number. The heat transfer rate is raised with the higher
value of the mixed convection parameter, Brownian
motion parameter, and radiation parameter.
(7) Reduced Sherwood number increases with an upsurge
in mixed convection parameter, Péclet number, and bio-
convection Lewis number, decrease as magnetic parameter
increases.
(8) The rescaled density of oxytactic microbes decreases
the magnetic and bioconvection constant while raising
Lewis and Péclet bio-convections.
(9) The present outcomes have been prominent to under-
stand when diverged from Refs. [11, 50] under some
exceptional cases.
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