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The present paper has conducted the numerical analysis of a nanofluid consisting of
microorganisms on the isothermal linear stretching sheet. The problem has been modeled
under the influences of partial slip and heat absorption/generation at the sheet surface. The
governing equations are converted to ordinary differential equations through a series of
similarity transformations. Using a finite difference method, the resulting equations are
discretized, and also they are linearized by applying the linearization technique of Newton.
Results of temperature, velocity, concentration of nanoparticles, motile microorganisms’
density and also coefficient of reduced skin friction, reduced Nu, reduced Shr, and reduced
density numbers of the microorganisms are graphically demonstrated and a detailed
description is given. The microorganisms dimensionless density increases as & increase,
while decreases with increasing the values of Pe, Lb, Gr and Q. Also, boundary layer
thickness for motile microorganisms declines by increasing Lb and Q. Finally, when the
rates of heat generation(A>0) and absorbsion (A<0) increase, the microorganisms density
increases and decreases, respectively.

1. INTRODUCTION

In recent decade, a relatively new topic called nanofluids
that are very important for many practical applications in the
modern industry has attracted numerous researches [1-7]. The
evaluation of flow and heat transfer on the stretching surfaces
has attracted numerous researchers and experts at world-wide.
different industrial application of such process are optical
fibers, paper cooling, rubber sheet and plastic stretching,
cooling of metallic sheets, crystal growing, vulcanite sheets
and polymer extrusion [8-10]. The rate of stretching and
cooling, in the process, has incontrovertible effects on the

quality of the resulting product.

Analysis of boundary layer flow passing a plate with an
invariable velocity started by Sakiadis [11]. Later, numerous
papers studied the flow of boundary layer over the stretching
surfaces by taking into account various phenomena, including
blowing or suction, porosity and magnetic field and various
type of fluids, for example: polar, Newtonian, and non-
Newtonian. Le Erickson et al. continued Sakiadis’s work.
They examined the influence of heat exchange, suction and
blowing on flow. First, Crane [13] checked out the boundary
layer flow passing on a moving plate that over it; the distance
from the slit edge was proportional to velocity. Char [14]
conducted the investigation of fluid’s flow and heat exchange
passing on a permeable stretching surface.

Assessment of flow and heat transfer in a composed

boundary layer with considering the passing of nanofluids
over a stretching surface contains the broad scope of recent
investigations. The most significant subject in the boundary
layer flow is the characteristic of heat exchange namely the
surface’s heat transfer rate. Because the final product’s quality
is proportional to the rate of heat transfer. However, traditional
heat-transfer fluids, for example engine oil, and water, have a
rather low thermal conductivity. in order to solve this problem,
the use of high thermal conductive solid nanoparticles
dispersed in the base-fluid, has been selected by many
researches. The presence of these nanoparticles within the
resulting fluid is likely to improve the thermal conductivity.
Kuznetsov and Nield [15] conducted an analytical
investigation of the free convective heat exchange of a
nanofluid passing a vertical sheet. In simulation,
thermophoresis influences and Brownian motion were taken
into account. Khan and Pop [16] assessed the boundary layer
flow of a nanofluid passing an isothermal stretching surface.
In another study, Khan et al. [17] investigated the flow and
heat transfer of ferrofluid on a flat surface considering the
influence of the slip velocity. Makinde and Aziz [18]
performed a numeric investigation on nanofluid flow passing
a stretching sheet. Ibrahim and Shankar [19] evaluated the
flow and heat exchange in a boundary layer of a magnetic
nanofluid along a continuous stretching sheet. Ferdows et al.
[20] analyzed the nanofluid flow passing stretching surface
under the influences of radiation and magnetic field. Vajravelu
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et al. [21] checked out the flow of Cu-water and Ag-water
nanofluid passing a continuous stretching solid surface.
Mabood and Das [22] conducted investigation of the magneto-
hydrodynamic flow and also heat exchange of a melting
nanofluid passing a stretching surface by addressing heat
radiation and second order slip model. Entropy generation of
a nanofluid flow on a nonlinear stretching inclined surface in
a permeable media under the variable magnetic field, viscous
dissipation, and solar radiation is numerically analyzed by
Dehsara et al. [23]. Some other relevant researches have
discussed various sights of nanofluids passing a stretching
sheet [24-30].

The bio-convection macroscopically means the convective
motion of a fluid that is subjected to the generated gradient of
density through plural swimming and also movement of
microorganisms  [31-34]. The self-impelled motile
microorganisms boost the density of host fluid in a specific
orientation so that results in the bio-convection flow. In
general, it can be said that the microorganisms swimming is a
reaction to the external force field, for instance, gravity or
biochemical stimulus such as oxygen concentration gradient
[34]. Nanoparticles are not self-impelled, quite contradictory
to motile microorganisms, and their movement is the result of
the effects of Brownian movement and thermophoresis in
nanofluid. Kuznetsov [35-37] was among the first people who
proposed the matter of bio-convection through nanofluids.
Kuznetsov [35] confirmed that using nanofluids containing
gyrotactic microorganisms increases the mixing of fluid as a
result of fluid macroscopic motion created by self-impelled
motile microorganisms and prevents the nanoparticles
accumulation in nanofluid. Aziz et al. [38] checked out the
flow of boundary layer in a permeable media saturated by
nanofluid  consisting of  motile  microorganisms.
hydromagnetic flow of combined Nanofluids-microorganisms
passing vertical permeable surface is studied by Mutuku and
Makinde [39]. Khan et al. [40] evaluated the natural
convection of non-Newtonian  nanofluid  including
microorganisms in a porous media. Most recently, considering
existence of a magnetic field behavior of a nanofluid consists
of microorganisms over stretching surface is numerically
examined by our group [41].

The no-slip condition of viscous fluids means the fluid
andsolid boundaries have the same velocity. The no-slip
boundary condition is in fact the main principle of the Navier—
Stokes theorem. However, there are exceptions that the
condition is not true. Specifically, the no-slip boundary
condition is not a proper one for a lot of non-Newtonian fluids
and nanofluids [42—44]. In some usages such as Teflon coating,
artificial heart valves polishing and the internal cavities
withstanding adhesion, it is not possible to hold the no-slip
boundary condition inflict on the tangential velocity. In
addition, due to roughness or permeability of some surfaces,
equivalent slip happens [45]. Moreover, for rarefied gases,
there is a hydrodynamic boundary slip regime when the
pressure of the flow is extremely low [46]. An extensive
number of researches were accomplished to include slip
condition. Navier [47] discussed the slip boundary condition
of fluid in which the velocity of slip linearly depends on shear
stress. Fang et al. [48] perused the MHD viscous flow by
considering the slip of fluid passing from the stretching sheet.
Also, boundary layer and heat exchange along a stretching
surface with the second-order slip boundary condition is
analyzed by some researchers [49-54] employed a partially
slip boundary condition in order to investigate the fluid flow
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passing stretching surface. The boundary layer flow resulting
from the movement of fluid over a stretching surface with
thermal and hydrodynamics partial slip is performed by Aziz
[55]. Noghrehabadi [56] conducted the study on the entropy
generation of a nanofluid passing a stretching surface under
the effects of heat generation/absorption. Most recently, some
important researches have been done in this field [57-59].
The present paper deals with the effect of the heat
generation/absorption presence and partial slip on flow and
thermal indexes through boundary layer of combined
nanofluid-microorganisms past a stretching surface. This work
has, for the first time, examined the transport phenomenon in
a nanofluid including gyrotactic microorganisms in the
presence of partial slip and the process of convective cooling.
The Brownian movement and thermophoresis of nanoparticles
are taken into account. To prove the validity, numeric
solutions are provided and a comparison with literature
Noghrehabadi [60] is included as well. Employing a finite
difference method, a novel collection of equations is analyzed,
and by Newton linearization method, they are linearized.
Afterwards, results for different physical variables are
explained in graphical form and characterized with details.

2. DEFINING THE PROBLEM AND GOVERNING
EQUATIONS

The steady state, laminar and 2D boundary layer of a
nanofluid consisting of motile gyrotactic microorganisms over
a stretching surface under heat generation/absorption and
partial slip was numerically investigated. The suspension of
the nanoparticles is stable so that no nanoparticle
agglomeration and accumulation occur. Moreover, the
assumption is that the nanoparticles do not affect the direction
and velocity of swimming microorganisms. The assumption is
reasonable when the nanofluid is dilute. If the volume fraction
of nanoparticles be under 1%, it is considered as dilute
suspension [39]. Bio-convection only arises when there is a
dilute nanofluid, because a large volume fraction of
nanoparticles increases the fluid viscosity and hence the flow
of bio-convection becomes suppressed.
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Figure 1. Physical model of the problem and Cartesian
coordinate [41]

Figure 1 illustrates the physical model of present problem.
Temperature (Tw), nanoparticles volume fraction (Cw) and



microorganisms concentration (nw) are constant over the
stretching surface. The surface velocity is linearly taken as
u=ax. The ambient temperature, nanoparticles volume fraction
and microorganisms concentration are respectively Too, Coo
and noo. Also, it is considered the Oberbeck-Boussinesq
approximation is acceptable.

With respect to the above-mentioned considerations, the
governing equations [41] can be represented as:
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the pressure term deduced from momentum equations. By
integrating of the equation in y-direction and using boundary

condition at infinity [41], the simplified form of momentum
equation can rewrite as follow:
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The related boundary conditions can be express as following
form:
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du
u=U,(x)+L—,
dy

n=n, at x =0,
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In the above equations, u and v are the components of
nanofluid velocity in x and y directions, respectively. pp, pr and
pm are the density of nanoparticles, the host-fluid density and the
microorganisms density, respectively, T and P are temperature
and pressure, u, a and S are the dynamic viscosity, thermal
diffusion and volumetric expansion coefficient of base fluid,
respectively, g is the gravity acceleration, C and n are the
concentration of nanoparticles and microorganisms density,
respectively. Also, y is the mean volume of a microorganism, z is
the ratio of nanoparticles to the base fluid effective heat capacity,
Dr, Dg and Dpn are the thermophoresis, Brownian and
microorganisms diffusion coefficients, respectively, Q is heat
generation/absorption, L is the partial slip coefficient and finally,
bWe, b and Wc are the constant, chemotaxis constant and
maximum cell swimming speed, respectively.
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In Equation (9), w(x,y) indicates the stream function is
defined by the following relations:

(14)

The boundary conditions in the similarity space can be
stated as:

(15)



In the above equations, Gr is Grashof number, Nr is the
bouncy ratio, Rb is the bio-convection Rayleigh number, Pr is
the Prandtl number, Nb and Nt are Brownian movement and
thermophoresis parameters, Ec, A, Le, Lb, Pe, Q and & are
respectively Eckert number, heat generation/absorption
coefficient, Lewis number, bio-convection Lewis number,
bio-convection Peclet number, difference of the concentration
of microorganisms parameter, and slip factor. Shear stress,
heat flux, mass flux and motile microorganisms flux on wall
surface are respectively tw, gqw, gm and gn, and can be
demonstrated as below:

ou oT
Ty = H(@)Fo' qw = —k(@)yw

qm = _DB(Z_;)y=Or qn = _Dn(g_;)y=0 (16)
In the present work, Cx (local skin friction), Nux(local Nusselt

number), Shy (local Sherwood number) and Nny (local density
number of motile microorganisms) are defined as:
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Combination of equations (14) and (15) results in:

Cfr= Reszx = £"(0), Nur = Re;ENux =-6'(0),

Shr = Re;l/zth =—¢'(0), Nnr = Re;l/ZNnx =—x'(0) (18)

In which, Rex=Uwx/v, Cfr, Nur, Shr and Nnr are local
Reynolds number, reduced skin friction coefficient, reduced
Nusselt number, reduced Sherwood number and reduced density
number of the motile microorganisms, respectively.

3. THE METHOD OF SOLUTION AND VALIDATION

The systems of non-linear, coupled and ordinary differential
Equations (10)-(13) with considering the boundary conditions
from Equation (15) has been solved by the method of iterative
finite difference. Before we discretize the Equations (10)-(13),
Equation (10) is reduced into a set of following equations:

f'=z (19-a)
2"+f2'~(z2) +Gr(6-Nrp—Rby)= (19-b)’

Due to that the exact value of f is known in the first node,
Equation (19-a) is discretized by backward difference
approximation. By central difference approximation, Equations
(11)-(13) and (19-b) are discretized and Newton’s method is
applied to linearize the non-linear terms. Therefore, ordinary
differential Equations (11)-(13) and also (19-b) are transformed
to a tri-diagonal set of algebraic equations which can be solved
using the algorithm of Thomas. The step size and tolerance of
error have been respectively chosen 10 and 105, In order to
validate the study, the results acquired by the present code and
those achieved by Noghrehabadi [60] have been compared (see
Table 1). As it is noticed, there is great agreement for the data,
hence, there is a great confidence to utilize the current code.

Table 1. Comparison of reduced Nusselt number and reduced Sherwood number when Le=Pr=10. The results reported by
Noghrehabadi et al. [60] are expressed in brackets

Nb Nt Nur Shr
0=0.0 0=0.5 0=0.0 0=0.5

0.1 0.1 0.952493[0.952377] 0.799376[0.799317] 2.129151[2.129394] 1.786886[1.787171]
0.3 0.520173[0.520079] 0.436560[0.436495] 2.528152[2.528638] 2.121653[2.122251]
0.5 0.321125[0.321054] 0.269514[0.269457] 3.034519[3.035142] 2.546491[2.547353]

0.2 0.1 0505699[0.505581] 0.424399[0.424328] 2.381710[2.381871] 1.998861[1.999070]
0.3 0.273173[0.273096] 0.229261[0.229206] 2.655204[2.655459] 2.228344[2.228691]
0.5 0.168131[0.168077] 0.141108[0.141064] 2.888032[2.888339] 2.423684[2.424144]

0.3 0.1 0.252242[0.252156] 0.211687[0.211631] 2.409896[2.410019] 2.022519[2.022696]
0.3 0.135567[0.135514] 0.113773[0.113735] 2.608648[2.608819] 2.189290[2.189547]
0.5 0.083334[0.083298] 0.069940[0.069911] 2.751676[2.751875] 2.309288[2.309612]

4. RESULT AND DISCUSSION

The effects of different variables on the dimensionless
velocity are pictured in Figures 2-4. Figure 2 indicates that the
heat generation >0 makes an increment in dimensionless
velocity, while the heat absorption A<0 and Nr diminish the
velocity over the flat plate. The velocity enhancement with A>0
agrees with our expectations, since the viscosity of nanofluid
decreases with 2>0 which results in increasing its mobility and
vice versa. Also, Figure 2 indicates that these variables have no
effect on the momentum boundary layer thickness. From Figure
3, it is clear that increasing in Grashof number Gr enhances the
dimensionless velocity. Figure 3 also represents that when slip
factor & is zero, the dimensionless velocity is unit on the
stretching sheet and diminishes with increment in 3. The
difference velocity between the stretching sheet and the neighbor
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fluid increases as increasing the partial slip of nanofluid, thus the
augmentation of & decreases the velocity in boundary layer flow.
The figure also states that increasing in Gr reduces the impact of
& on slow down. Figure 4 illustrates the effects of bio-convection
Rayleigh number Rb and Eckert number Ec variables on the
velocity inside boundary layer flow. As Rb increase, the
convection strength due to bio-convection augments as a
resistance force against buoyancy force. Therefore, flow velocity
reduces with an increment in Rb. Figure 4 confirm the above
discussion.

Figure 4 also illustrates that an increment of Eckert number
terminates to an enhancement in the velocity. Indeed, the
increase of heat dissipation by increasing Ec results in decreasing
viscous resistance which leads to more mobility of the nanofluid.
The effects of various thermophysical variables on the variation
of temperature profiles are pictured in Figures 5-7. The collection



of these figures states that according to the dimensionless
parameter’s value, the maximum temperature happens at the
sheet surface or at different vertical distances from sheet. Figure
5 depicts that A<0 and A>0 causes respectively the decrease and
increase of dimensionless temperature. It is obvious that for both
Ec values and in 2=0.3, the maximum temperature of nanofluids
is at specified distance not zero. This observation conforms to
our expectations.
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Figure 4. The effects of Rb and Ec on velocity

The temperature of nanofluid is high in the region near the
sheet. In addition, A>0 increases the temperature; therefore, it is
natural that the maximum temperature happens not at the surface
of sheet, but in the neighborhood of it. On the contrary, A<0
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causes the decrease of nanofluid temperature and consequently,
the distribution of temperature profiles in A<0 occurs lower than
the distribution of temperature profiles in A=0. Both of the
thermal and flow boundary layer thickness and also the
dimensionless temperature increase with increment in Ec. This
arises from the fact that increasing in Ec enhances the additional
heating due to the viscous dissipation.
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Figure 5. The effects of Ec and A on temperature

Figure 6 illustrates that as o increase, the temperature slightly
enhances. The difference in velocity of the stretching sheet and
the neighbor fluid increases as ¢ enhances, hence, the increase of
o0 decreases the velocity within boundary layer flow. A reduction
in velocity terminates to a decrement in the heat exchange rate
and thereupon, causes the enhancement of temperature. As well,
it can be seen that an increment in Le enlarges the temperature of
nanofluid close to the plate so little and reduces the temperature
in the farther distance from the surface. As indicated in Figure 7,
thermal boundary layer thickness and temperature, both enhance
with the increment of Nb and Nt. The extra heating generated by
interaction between the nanoparticles and host fluid as a result of
the Brownian movements and thermophoresis influences
augments the temperature and the thermal boundary layer
thickness.
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Figure 6. The effects of Le and 6 on temperature

Figure 6 illustrates that as o increase, the temperature slightly
enhances. The difference in velocity of the stretching sheet and
the neighbor fluid increases as ¢ enhances, hence, the increase of
o decreases the velocity within boundary layer flow. A reduction
in velocity terminates to a decrement in the heat exchange rate
and thereupon, causes the enhancement of temperature. As well,



it can be seen that an increment in Le enlarges the temperature of
nanofluid close to the plate so little and reduces the temperature
in the farther distance from the surface. As indicated in Figure 7,
thermal boundary layer thickness and temperature, both enhance
with the increment of Nb and Nt. The extra heating generated by
interaction between the nanoparticles and host fluid as a result of
the Brownian movements and thermophoresis influences
augments the temperature and the thermal boundary layer
thickness.
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Figure 7. The effects of Nt and Nb on temperature

As clearly shown in Figure 8, an increment in Ec boosts
boundary layer thickness of the nanoparticles concentration as
the nanoparticles concentration reduces. This figure also
illustrates that A<0 and A>0 make the decrease and increase of
nanoparticles concentration near the sheet, respectively. As
pointed out earlier, the velocity augments with Ec and A>0 which
causes the decrement of nanoparticles concentration.

Nb=Nr=Nt=Rb=0=0.1, §=0.3
Gr=Lb=Pe=1.0, Le=5.0

2=-0.3,0.0,0.3

Figure 8. The effects of Ec and A on nanoparticles
concentration

Figure 9 illustrates the effects of 6 and Le on nanoparticles
distribution. As Le enhances, the concentration and the thickness
of boundary layer extremely decrease. To justify this observation,
it should be pointed out that as Le increases, the convection of
nanoparticles increases against the mass diffusion and Brownian
motion, hence; both of the concentration and the nanoparticles
boundary layer thickness decreases. The nanofluid forced
convection decreases as ¢ increases, therefore it is perspicuous
the nanoparticles concentration is increased by increasing d.
Increasing Nt, increases both of the concentration and
nanoparticle concentration layer thickness, whereas increment of
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Nb has the reverse effect of declining on both of them as is shown
in Figure 10.
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Figure 10. The effects of Nb and Nt on nanoparticles
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Figure 11. The effects of 6 and Pe on density of
microorganisms

The effects of different pertinent variables on the non-
dimensional density of microorganisms are presented in Figures
11-13. It can be observed increasing Pe, Lb, Gr and 2 decreases
both the dimensionless density of motile microorganisms and its
thickness, whereas ¢ makes the increase of the dimensionless
density of motile microorganisms within boundary layer.

Figure 12 also indicated that A<0 and A>0 decreases and



increases the density of microorganisms, respectively. It is
noteworthy that A has not a significant influence on the thickness
of boundary layer for motile microorganisms.
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Figure 12. The effects of A and Lb on density of microorganism
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Figure 13. The effects of Q and Gr on density of
microorganisms
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Figure 14. The effects of A, Gr and Nr on the reduced skin
friction coefficient

The diffusion of microorganisms decrease with enhancing Pe
and Lb, hence, it is envisaged that both of density and thickness
of boundary layer for microorganisms decreases with an increase
in Pe and Lb. Also, it can be stated that decreasing the fluid
velocity due to the presence of ¢ and 2>0 enhances the
dimensionless density of microorganisms. In addition, there is a

reverse observation when A<0. The convection caused by the
buoyancy force rises with increasing Gr and as a result the
density number of the microorganisms declines with an
increment in Gr.

An increasing in Gr and Nr decreases and increases Cfr,
respectively. Also, it can be observed that the influence of 1 on
the reduction or enhancement of Cfr increases as Gr amplifies.
The variations of Cfr with 8, Ec and Le are pictured in Figure 15.
As observed, an increasing in Le, Ec and 6 causes the declines of
Cfr.
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Figure 15. The effect of ¢, Le and Ec on the reduced skin
friction coefficient
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Figure 16. The effect of A, Ec and Nt on the reduced Nusselt
number
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Figure 17. The effect of 8, Le and Nb on the reduced Nusselt
number
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Figure 18. The effect of Pe, Nr and Rb on the reduced Nusselt
number
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Figure 19. The effect of A, Ec and Le on the reduced Sherwood
number

As depicted in Figures 16 and 17, Nur the representative of
heat transfer rate, diminishes with increasing Ec, Nt, Nb, o, Le
and X>0, while increases with A<0.

As noted in Figures 4-7, the fluid temperature in the boundary
layer increases with increment of Ec, Nt, Nb, 8, Le and A>0 and
decreases with A<0 and as a result Nur decreases with Ec, Nt, Nb,
3, Le and 2>0 and increases with 2<0. Fig. 18 illustrates that the
increase of Pe rises the heat transfer rate at the sheet, whereas an
increment in Nr and Rb decline reduced Nusselt number Nur.
Indeed, this is for the dimensionless temperature enhances
because of the decrease of velocity with Rb and Nr.

The variations of reduced Sherwood number Shr with various
parameters are illustrated in Figures 19 and 20. It is obvious that
Shr increases with an increasing in Ec, Le, Nb and A>0 and
decreases with Nt, 6 and A<0. The influences of the different
variables on the reduced density number of the motile
microorganisms Nnr are displayed in Figures 21 and 22. As it is
shown, Nnr increases with an increasing in Gr, Lb, Pe, Q and
>0 while an increasing in 6 and A<0 causes the decrease of Cfr.
As mentioned before, the augmentation of Lb and Pe amplifies
the convection of motile microorganisms against their diffusion,
accordingly, the microorganisms concentration reduces and the
concentration gradient rises near the flat plate with increasing Lb
and Pe. Also was said that ¢ and A<0 reduce the dimensionless
velocity and increase the density of motile microorganisms in
boundary layer. Consequently, Cfr decreases with an increase in
¢ and A<0.
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Figure 20. The effects of 4, Nb and Nt on the reduced
Sherwood number

Increasing the dimensionless velocity in boundary layer due
to enhancement Gr diminishes the density of motile
microorganisms and as a result increases the motile
microorganisms transfer rate from the stretching plate.
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Figure 21. The effects of A, Lb and Pe on the reduced density
number of the motile microorganism
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Figure 22. The effects of 3, £ and Gr on the reduced
densitynumber of the motile microorganisms

5. CONCLUSION

Behavior of a nanofluid consisting of gyrotactic
microorganisms passing a stretching sheet with considering
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the impacts of heat absorption/generation and partial slip at the
surface is numerically conducted in current investigation. The
governing partial differential equations are shifted to a system
of the non-linear, coupled and ordinary differential equations
using transformations a system of similarity and are solved by
the finite difference method with linearization technique of
Newton. Numerical results of velocity, temperature,
concentration of nanoparticles and density of microorganisms
as well as reduced skin friction coefficient Cfr, reduced
Nusselt number Nur, reduced Sherwood number Shr and
reduced density number of the microorganisms Nnr are
represented and discussed in detail. The major findings of this
study are outlined below:

l. The dimensionless velocity of nanofluid increases with
the increment in Ec, Gr and A>0 while reduces with 5, Rb, Nr
and A<0. Also, it is found that these parameters have no impact
on the thickness of momentum boundary layer.

Il.  The dimensionless temperature of nanofluid increases
as Ec, Nb, Nt, 8 and 2>0 increases and decreases in the presence
of A<0. Also, it is seen that as Le increases the temperature
increases near the stretching plate so little and reduces in the
farther distance from the surface.

1. The nanoparticles concentration increases as 8, Nt and
<0 increase while decreases with the increase of Nb, Le, Ec and
2>0. An increase in Le and Nt extremely enhance the
concentration boundary layer thickness. Additionally, it is
observed that the nanoparticles concentration boundary layer
thickness slightly boosts with an enhancing in Ec.

IV. The dimensionless density of motile microorganisms
increases as & and A>0 increase while decreases as Pe, Lb, Gr, Q
and A<0 increase. It is also observed that thickness of boundary
layer for motile microorganisms declines with Lb and Q.

V. As Cr, Le, Ec, 8 and 2>0 increase, the reduced skin
friction coefficient decreases while augments with the increment
of Nr and A<0.

VI. The reduced Nusselt Nur decreases with increasing Ec,
Nt, Nb, 8, Le, Rb, Nr and A>0, while increases with Pe and A<0.

VII. An increasing in Le, Ec, Nb and 2>0 cause the
enhancement of the reduced Sherwood Shr while increase in 8,
Nt and A<0 cause the reduction of Shr.

The reduced density of the motile microorganisms Nnr
increases as Gr, Q, Lb, Pe and A>0 increase and decreases as &
and A<0 increase.
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