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Abstract

Bioconvective flows have attracted attention in recent years due to actual and potential applications.
In this paper, we consider a steady and laminar convective MHD flow of a nanofluid with heat, mass
and microorganism transfer with a heat source/sink present. In addition, we assume there exists a
first order chemical reaction. The governing partial differential equations (PDEs) are reduced to
ordinary differential equations (ODEs) using the scaling group transformation and the associated
boundary value problem is then solved. The influences of selected governing parameters on the
dimensionless velocity, temperature, nanoparticle concentration, density of motile microorganisms,
skin friction, heat transfer, mass transfer, and motile microorganism density rates are computed and

discussed.

Keywords: Bioconvection, Magnetohydrodynamics, Scaling group of transformations, Slip
boundary conditions, Chemical reaction

1. Introduction

Bioconvection is a process where microorganisms (denser than water) swim in an upward manner on
average causing the upper surface of the suspension to be very dense (due to the accumulation of
microorganisms), become unstable and sink. Resilient microorganisms swimming upwards maintain
this bioconvection pattern [1-3]. Several studies have been conducted to explain the mechanism of
directional motion of the different types of microorganisms [4—7]. It has been found that the resultant
large-scale motion of fluid containing self-propelling motile microorganisms enhances mixing,
preventing nanoparticle agglomeration in nanofluids [8—10]. Bioconvection control is essential for

certain biological and biotechnological processes. For instance, controlling populations of plankton
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communities in the ocean and separating vigorous swimming subpopulation of microorganisms in
laboratory experiments [11]. “Taxes” are the response to the movements. “Chemotaxis” means that
the swimming is due to chemical gradients whereas “phototaxis” means the movement along or
opposite the direction of light, “gravitaxis” refers to swimming under gravitational field, “gyrotaxis”
refers to swimming which results from the balance between the physical torques generated by
viscous drag and gravity operating on an asymmetrical distribution of mass within the

microorganism [12]. Finally, “oxytaxis” refers to swimming due to oxygen gradient.

Kuznetsov [13] developed a theory of nanofluid bioconvection in a horizontal porous layer heated
from below. Non-oscillatory and oscillatory convections were investigated. The obtained results
indicate that the effect of microorganisms on the stability of the suspension may depend on the value
of bioconvection Péclet number. Water-based nanofluid with heat and mass transfer along a wavy
surface with the presence of motile gyrotactic microorganisms were theoretically investigated by

[14,15]. The Buongiorno model with no-slip boundary conditions was employed.

MHD mixed convective heat transfer flow with chemical reaction has several applications. Example
includes polymer production and manufacture of ceramics [16], autocatalytic reactions in
biochemical reactions involving enzyme systems [17], dyeing technologies, moisture over
agricultural food processing [18], atmospheric and oceanic circulation [19]. This study investigates
the MHD flow of water-based nanofluid in the presence of microorganisms. The influence of
chemical reaction and the combined effects of heat generation/absorption and multiple slip boundary
conditions are considered. To the best our knowledge, no work thus far has dealt with the combined
effect of chemical reaction and heat source along with multiple slip boundary conditions on MHD
bioconvective nanofluid flow involving heat and mass transfer. This paper investigates the effect of
magnetic field and chemical reaction, heat generation/ absorption over a vertical plate in the presence
of microorganisms and multiple slip effect. It is an extension of the work of Mutuku and Makinde
[20] which did not consider chemical reaction, multiple slip boundary conditions and heat
source/sink. Further, in our paper, the coupled nonlinear governing PDEs governing the flow, heat,
mass and microorganism transfer have been reduced to a set of coupled nonlinear ODEs using

similarity transformation developed using the Lie group method (Scaling group of transformation).
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2. Mathematical Formulations of the Problem

Consider a two-dimensional, steady, viscous incompressible, hydromagnetic laminar mixed
convective boundary layer slip flow of a nanofluid over a stationary plate with microorganism. The
effect of heat generation/absorption and chemical reaction are considered. The configuration of the
problem is shown in Fig. 1. Within the boundary layer, the fluid temperature, the nanoparticle
volume friction and the density of motile microorganisms are denoted by 7, C and n respectively. At
the wall, the temperature, nanoparticle volume friction and density of motile microorganisms are

represented by 7, ,C, and n,,(respectively) and far away from the wall they are denoted by 7, ,C,
and n_, (respectively). In addition, there are four different boundary layers formed near the plate

includes (i) velocity boundary layer, (ii) concentration boundary layer, temperature boundary layer
and microorganism’s boundary layer (In general in Figure 1, they are not the same). The surface of
the plate is subjected to boundary conditions with multiple slip conditions. The velocity components

along the X and y directions are denoted by u and v respectively. A magnetic field of variable field
strength B(%) is applied in the positive direction of the ) -axis. We have incorporated first order

chemical reaction in the concentration equation. We also included heat generation/absorption in the
energy equation. By using these assumptions, the following five field equations representing the
conservation of mass, momentum, thermal energy, nanoparticle volume friction and density of

motile microorganisms are [20].
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Where E_ = i_+ V-V is the material derivative, V = O_i +5 J, V?: Laplacian operator. 7 is the
X

dimensional time, F =F, +F (F,,, =buoyancy force, F,  =magnetic force).
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By applying boundary layer approximations, we obtain:
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The relevant amended boundary conditions are [21],

ﬁle(sz(a—ﬁj, V=0, T=TW+D1(—j(aTJ C=C + E[ )[a_CJ
L) \y L)\ oy L)\ oy
n=nW+Fl(%j(%j at y=0, (11)

where u, is the dimensional external fluid velocity, p,, is the ambient fluid density, S is the
volumetric thermal expansion coefficient of the base fluid, v is the kinematic viscosity, 4 is the
dynamic viscosity, g is the acceleration due to gravity, p,is the nanoparticles mass density, O is the
fluid density, ) is the average volume of a microorganism, p, is the microorganisms density, o is

the electric conductivity, L is the plate characteristics length, ¢ is the specific heat at constant
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pressure, b is the chemotaxis constant, ¥, is the maximum cell swimming speed, , is the thermal

is the ratio of heat capacities, @ (i) is the variable heat
L

(),
diffusivity of the fluid, 7=
(00);

generation/absorption, % (%

X

j is the variable reaction rate, NI(LJ is the velocity slip factor,

D, (%) is the variable thermal slip factor, E, (%J is the variable solutal slip factor, F, (%J is the

variable microorganism slip factor, D, is the Brownian diffusion coefficient, D, is the
thermophoretic diffusion coefficient, D, is the microorganisms diffusion coefficient. K. is a
constant and K, =0 represents for free convection flow while K_ =1 represents for mixed

convective flow where thermal buoyancy, concentration buoyancy, motile microorganism’s
buoyancy and pressure gradient terms are existing in the momentum equation. The following

dimensionless variables are used in order to express the governing equations in dimensionless form,

1

zz,nyRa“’u: L_lLI,V= VLI’ue(x)chﬁel ’0=T—Tw,
L L aRa®>  aRa* aRa? Lt (12)
_C-C, _n—n,
¢_CW—CQO’ _nw—nw’
(1-C)gfp. ATL | . |
where = is the Rayleigh number based on characteristic length which

o

. oy . .
represents by L. The stream function, defined as u = 2 and v=—a—w is introduced. The stream
X

function is applied in order to reduce the number of equations and number of independent variables.
Hence, the transformed dimensionless momentum, energy, concentration and microorganism
equations are as follows:
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and the corresponding boundary conditions becomes:
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The parameters involved in the above dimensionless Eqns. (13)-(17) are Prandtl number defined as
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3. Applications of scaling group of transformations

It is often computationally expensive and complicated to directly solve the PDEs numerically[22]. A
common approach is to convert the PDEs to ODEs and then solve the ODEs numerically. There are
several types of group methods including (a) group method followed by boundary layer concepts, (b)
deductive group method, (c) linear group of transformation, (d) scaling group of transformations and
(e) Lie group analysis. Linear group of transformations is used to combine coordinates of x and y into

a single independent variable called 77 and hence this transformation leads to ODEs. Scaling group

transformation is one of the group methods where it is based on the invariance PDEs with relevant
boundary conditions and hence used it to determine the similarity solution. Invariant solution of
those equations is solved under an appropriate one (or more) parameter group of transformations
[23,24]. Therefore, to carry out scaling group of transformations, we scale all independent and

dependent variables as:

fa,
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Here & is a parameter and (i =1,2,...14) are all arbitrary real constant with not all zero. By
considering Egs. (13)-(17) and boundary conditions Eqn. (13) in (*) form are:
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with corresponding boundary conditions:
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Apply the scaling group transformation Eqn. (18) into Eqns. (19-23), the following relationship

among the exponents are found to be invariants if ¢,'s are related as follows:
-a,—20,+2a,=2a,-a, =3a,ta,=a,=a;=a, =, +ta,—a, =a,, +a,,
-a,—-a,+o,+a,=-2a,+a,="2a,+a,+a, =-2a, +2a, =-4a, +a,,, (24)
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and for boundary conditions:
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Relationship among « are:
o =40, & =0 =0 =0y =0y, o =30, &, =a;=0,=0, &; =2, 6)
oy, =04y =0y =20,
Using Eqn. (26), transformations in Eqn. (18) become:
[ix =xe ™,y =ye " =pe* .0 =0,¢ =p,y = y.u, =u,e™,
N, =N,e*,D =D’ E = Ee"™ F =Fe™,Q =Qe " k" =ke™™, (27)
BZ* — Be*2€a2 .

Expanding using the Taylor’s series in power of & by neglecting the higher power of
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x =x(l+4dea,), v =y(l+ea,), v =y(+3ea,), 8 =0(1+0), ¢ =¢(1+0),
7 = x(1+0), u =u,(+2¢ea,), N,'=N,(1+ea,), D =D,(1+¢a,),

E'=E(+ea,),F =F(+ea,), Q" =0(1-2¢a,), k =k(1-2¢ea,), (28)
B" = B(1-2¢a,).

Differential form of expression in (23) is:

s _dy _ldy _d0_dp_dy 1du _dN,_dE _dF _

4x y 3w 0 0 0 2u, N E K 29)

1dO(x) _ 1dk(x) _ 1dB(x)
2 0(x) 2 k(x) 2 Bx)
From Eqn. (29), by solving one by one, the following transformations are obtained:

n==>,y=rax*, =00, p=9m), x=x0) u,=x>, N,=x*(N,).,

1 1

1 1 1
D =x*(D,),, E,=x*(E))., F,=x* (Fl) , O(x)=x 2Q., k(x)=x *k.,
B(x)=x ?B., (30)
where 7] is the similarity independent variable, f(77),X7),#(n7) and (7)) are the dimensionless

velocity, temperature, nanoparticle volume fraction functions and microorganisms, respectively.

(]\{) is the constant velocity slip factor, (Q) is the constant thermal slip factor, (E{) is the constant

mass slip factor, (E) is the constant microorganism slip factor, @, is the constant heat

generation/absorption, k, is the constant reaction rate, B, is the constant magnetic field strength.

By substituting Eqns. (30) into Eqns. (13) -(17), the similarity transformation equations obtained in

term of ODEs are as follows:

3 1 ., 1 M
mp S " 4K —+O0-Nrg—Rby——(f'—K.) =0, 31
f 4Prﬂ 2Prf 3pr r¢—Rby Pr(f ) (31)
0"+% fO'+ NbO'¢'+ Nt0*+Q.6 =0, (32)
3 Nt
"+ 2 Lef¢'+ — 0" LeK ¢ =0, 33
¢ 2 ef ¢ b eK¢ (33)

;("Jr%Lbf;('—Pe[(;(JrQ)¢"+¢';(']=O, (34)
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and the boundary conditions become:
F(0)=0, f'(0)=a f'(0), A0)=1+b 60), #0)=1+c ¢'(0),
\ \ (35)
20)=1+d 7'0), (@) =K,, O(0)=¢(0) = () =0.
1
(M,). vRa?
Here, prime ( )' denotes ordinary differentiation with respect to 77, a :T is the velocity
1 1
(D,), vRa* (E,).vRa*
slip parameter, b :T is the thermal slip parameter, ¢ :T is the mass slip
1
(F}). vRa*
parameter and d = — 7 is the microorganism slip parameter.

It is interesting to note that in the absence of the microorganism equation (Eqn. 34), magnetic field
M, heat generation/absorption Q and chemical reaction K, our problem reduce to Uddin et al. [25]

with the same similarity equations and boundary conditions.

4 Numerical solutions and validation

The set of nonlinear ODEs, Egs. (31)-(34) with boundary conditions in Eq. (35) will be been solved
numerically by using Runge-Kutta-Fehlberg fourth-fifth numerical method under Maple 2017 for
various values of the flow controlling parameters. This method has been successfully applied by [26-

30] and [31] and has generated accurate results. For the purpose of validation, the values of —6'(0) in

present study was compared with the values of Uddin et al. [25] in Table 1. This table shows the

comparison our result for values of —6'(0) with various a when ignore for microorganism equation,

M=0 =K=b=c=0 and Pr=1,Nr = Nb=Nt=107.

Table 1: Values of —6'(0) in the case of ignore microorganism equation, iso-thermal and iso-

solutal plate (b=c=0) with Pr=1,Nr=Nb=Nt=10" and M =Q, =K =0.

-0'0) a=0 a=0.5 a=3
Uddin et al. [25] 0.40135 0.46823 0.49989
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Khair and Bejan 0.401 - -
[32]
Kuznetsov and 0.401 - -
Nield [33]
Present 0.40103 0.46842 0.49989

5. Physical quantities

The quantities of practical interest in this study are the skin friction C,, Nusselt number My,

Sherwood number S/ and the density number of motile microorganisms Nn. defined as:

C oo Nu=—TTo g = Ny T

= R = R n=——, (36)
pu: ! k(Tw_Too) ) DB(CW_CDO) Dn(nw_noo)

where 7, q,, q, and g, represents the skin friction, surface heat flux, surface mass flux and the

surface motile microorganism flux and defined by:

ou oT oC oC

TW:,Lli b qW:_k_ 7qm:_DBa_ H n__DBa_ (37)
Y, W, g V2

Substitute Eqns. (32) into (31) we obtain,

C, =Re*C, = f"(0), Nu, = Re " Nu =-0'0), Sh, = Re_"? Sh = -¢"(0),

Nn, =Re."> Nn=—y'(0). (38)

6. Results and discussion

Comprehensive computations have been carried out to better comprehend the physical situation. The
numerical results are presented in the form of dimensionless velocity, temperature, nanoparticles
volume fraction and microorganisms. For our numerical calculation, the transformed systems depend
on these 16 parameters, namely Pr, Rb, Nb, Nr, Nt,Q., Le, K, Lb, Pe,Q,M ,a,b,c,d . However, this paper
does not explicitly examine the influence of parameters Pr, Rb, Nb, Nr, Nt, Le, Lb, Pe and Q since
they have been considered in many previous studies and their effects are well documented [15,34—

35]. Here we aim to exhibit the effects of parameters M,0.,K,a,b,c,d on flow, heat and nanoparticle
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volume fraction transfers, and microorganisms transfer characteristics. For present study, the values
are fixed at Pr=6.2, Nb=Nt=Rb=0.1, Pe=Lb=1, Le=3,€2=0.In this study we consider water-based
nanofluids to be at (Pr=6.2) [36,37].

6.1 Effect of velocity slip (a)

Figure 2(a) shows profiles for dimensionless velocity and velocity gradient, while Figure 2(b) shows
profiles for temperature, nanoparticle volume fraction/concentration and microorganism. It is
observed from Figure 2(a) that the dimensionless velocity profiles increase with the increase of the
velocity slip parameter. The fluid axial velocity at the plate surface is zero when the velocity slip
parameter a=0 (no-slip case). The velocity of fluid at the environs of the plate has some non-zero
values because of the velocity slip boundary condition at the plate, and therefore the thickness of the
hydrodynamic boundary layer diminutions. Physically, as the velocity slip parameter increases, the
entrance of the stagnant surface through the fluid purview subsides leading to a decrease in the
hydrodynamics boundary layer — which was the same finding as that of Uddin et al. [38]. Rising of
slip factor may be viewed as a miscommunication between the stationary plate and the moving fluid.
In Figure 2(a), the velocity gradient decreases as the velocity slip increases due to the increase in the
slip conditions at the stationary surface plate. This is because as slip conditions increase, the
existence of the stationary plate will go unnoticed by the flow and hence the rate of heat transfer
decreases. In Figure 2(b), dimensionless temperature is found to decrease with the growing of the
velocity slip parameter. The physics behind it is that as the velocity slip parameter increases; more
flow will infiltrate the boundary layer due to the slipping effect. As a result, hot plate heats more
volumes of fluid and this pointers to the shrinkage in the temperature profiles. However, as velocity

slip increases, effect on the dimensionless concentration and microorganism also slightly decreases.

6.2 Effect of thermal slip (b)

Figure 3 illustrates the variation of the thermal slip parameter, » on the dimensionless velocity,
velocity gradient, temperature and temperature gradient. It is retrieving that amplifying the thermal
slip parameter directs to a reduction in dimensionless velocity, velocity gradient and temperature
profiles. Physically, as the thermal slip parameter increases, heating effects of the plate will go
unnoticed by the fluid in boundary layer resulting in a lesser amount of heat to be transferred from
the hot plate to the fluid. This results in the decrease of the velocity, velocity gradient and

temperature. Temperature gradient increases with the decrease of dimensionless temperature. The
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boundary condition relating to the dimensionless temperature to the temperature gradient in Equation

(35) i.e. (0)=1+b 6'(0) shows that a positive increase in b, decreases the temperature gradient

throughout the boundary layer regime. Notice that the thermal slip effect on the dimensionless

concentration and microorganism is insignificant.

6.3 Effect of mass slip (¢)

Figure 4 illustrates the influence of mass slip on the nanoparticle volume fraction, nanoparticle
volume fraction gradient, microorganism and microorganism gradient. Nanoparticle volume fraction
and microorganism profiles are found to decrease with an increase in mass slip parameter. In the case

of iso-solutal plate (c =0), nanoparticle volume fraction shows the maximum value. Nanoparticle

volume fraction and microorganism gradients however increase with increasing mass slip. The
decrease in nanoparticle volume fraction and microorganism concentration in the boundary layer
results in enhanced migration of nanoparticles and microorganisms to the sheet surface, resulting in a

boost of mass and microorganism transfer rates at the wall.

6.4 Effect of microorganisms slip (d)

Figures 5(a)-(b) show representative profiles for dimensionless velocity, velocity gradient,
temperature, temperature gradient, microorganism, and microorganism gradient. It is observed from
Figure 5(b) that the microorganism profiles decrease with the increase of microorganism slip
parameter. The fluid axial microorganism at the plate surface is maximum when the microorganism
slip parameter is at d=0 (conventional no-slip case). It can be seen that for the no-slip case, the
boundary condition and the microorganism parameter is between zero to one. The microorganism
parameter approaches to zero asymptotically which means that the solution satisfies the graph
obtained. In Figure 5(b) microorganism transfer rate however increases with increasing mass slip. A
decrease in microorganism in the boundary layer results in enhanced migration of microorganism

species to the sheet surface, resulting in a boost of microorganism transfer rates at the wall.

6.5 Effect of the magnetic field parameter (M)
Figure 6 displays the dimensionless velocity, temperature, velocity gradient and temperature gradient
distribution for different values of magnetic field strength, M.The effect of M on the dimensionless

nanoparticles volume fraction and microorganism profiles is insignificant. In this study, the presence

of M introduces a Lorentz force which gives a drag-like force on the velocity when M is applied
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perpendicular to the wall. Therefore, in Figure 6, application of M tends to increase the movement of
the fluid which increases the velocity near the surface and hence velocity gradient (shear stress) also
increases. Meanwhile, temperature gradient decreases with the increasing of M. Also, notice that the

value of f'<1 and therefore magnetic field term will always enhance the velocity in momentum

equation.

6.6 Effect of heat generation/absorption parameter (Q)

Figure 7(a) shows velocity and velocity gradient, Figure 7(b) illustrates temperature and temperature
gradient, Figure 7(c) displays nanoparticles volume fraction and nanoparticles volume fraction
gradient and Figure 7(d) portrays microorganism and microorganism gradient distribution for

different values of heat source and sink (. A rise value of heat source, Q from 0 to 0.4 clearly

increases both in velocity and temperature. Physically, this situation occurs due to the increase of
buoyancy force when heat is generated, inducing the flow rate to increase and hence increase the
velocity profiles. In terms of temperature, Rajotia and Jat [39] found that the rising of internal heat
generation/absorption parameter () have the tendency to attribute the presence of an exponentially
decaying internal heat generation/absorption to the flow system which results in an increase of the
thermal boundary layer thickness. Therefore, higher value of internal heat generation/absorption
parameter Q implies higher surface heat flux. Meanwhile, the concentration and microorganism

show a decreasing trend as the heat generation/absorption, Q 1is increased.

6.7 Effect of chemical reaction parameter (K)

For different values of the chemical reaction parameter K, the concentration and microorganism
profiles are plotted in Figures 8(a)-(b). The size of fluid concentration decreases with the rise of
chemical reaction parameter. A similar conclusion was also drawn by Idowu et al. [40]. It is obvious
that as the values of chemical reaction K increases the concentration and microorganism distribution
across the boundary layer decreases. The concentration boundary surfaces get thicker as the reaction

parameter goes up.

Next, Table 2 shows the summary of the results for each effect of parameters on skin friction,
Nusselt, Sherwood numbers and density number of motile microorganisms. Multiple slips give

different effects on heat transfer, temperature, nanoparticle volume fraction and microorganism rates.
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Thus, it can be shown that an increase of velocity (momentum) slip parameter @ increases heat

transfer, temperature, nanoparticle volume fraction and microorganism rates but decreases skin

friction/velocity gradient. Increasing thermal slip parameter b causes the numerical results to
decrease in skin friction, and temperature, nanoparticles volume friction and motile microorganism
rates. Table 2 also shows increasing mass slip parameter ¢ causes the numerical results to increase

in skin friction and heat transfer but decrease in nanoparticle volume fraction and microorganism

rates. Next, increasing microorganism slip parameter d causes the numerical results to increase in

skin friction, heat transfer and nanoparticle transfer rates but decrease in microorganism transfer rate.

Meanwhile, increasing heat generation/absorption parameter (), causes the numerical results to
decrease in heat transfer rate but increase in skin friction, motile microorganism and nanoparticles
volume friction rates. Magnetic field effect M and heat generation/absorption parameter Q,
however give variety of observations on heat transfer rate. It can be shown that increasing chemical

reaction parameter K causes the numerical results to increase in skin friction, heat transfer, and

nanoparticles volume friction and motile microorganism rates.

7. Conclusion

MHD flow for steady two-dimensional laminar mixed convection boundary layer slip flow of
nanofluid containing microorganisms past a vertical surface is investigated numerically. The
momentum, temperature, concentration/nanoparticle volume fraction and microorganism equations
are transformed into a set of ordinary differential equations and solved numerically. The convective
process is controlled by the parameters M,Q.,K,a,b,c,d . We compared our numerical results with
previous literature for some limiting cases. Based on the numerical results, the following summary is

arrived where, we observed that:

e The skin friction number is increase with increasing mass slip parameter ¢, microorganism slip

parameter d, magnetic field effect M, heat generation/absorption effect O, and chemical


http://dx.doi.org/10.20944/preprints201810.0097.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2018 d0i:10.20944/preprints201810.0097.v1

16

reaction effect X but decreases with increasing velocity (momentum) slip parameter a and
thermal slip parameter b.

e The local Nusselt number is increase with increasing thermal slip parameter b and heat
generation/absorption effect O, but decrease with increasing velocity (momentum) slip
parameter a mass slip parameter ¢ microorganism slip parameter d, magnetic field effect M
and chemical reaction effect K .

e The Sherwood number is increase with increasing thermal slip parameter b and mass slip
parameter ¢ but decrease with increasing velocity (momentum) slip parameter a

microorganism slip parameter ¢, magnetic field effect M, and chemical reaction effect k¥ and
heat generation/absorption effect Q..

e  The number density of motile microorganism is increase with increasing thermal slip parameter
b, mass slip parameter ¢ and microorganism slip parameter d but decreases with increasing
velocity (momentum) slip parameter a magnetic field effect M, and chemical reaction effect

K and heat generation/absorption effect Q..

8. Future Research

In future, this study may be extended for unsteady boundary value problems of various non-
Newtonian fluids (such as power law fluid, micropolar fluids, viscoelastic fluids, second grade and
third grade fluid) over horizontal surface of paraboloid of revolution [41,42]. Furthermore, bio-nano-
particle geometric effects also certified more detailed analysis with different approach of numerical
method i.e. a new pseudo-spectral technique called paired quasi-linearization method (PQLM) and

these will be discovered [43].
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Table 2 Results of skin friction, Nusselt, Sherwood numbers and density number of motile
microorganisms for various values of parameters at Pr=6.8, Pe=Lb = Le = 0.5, Nb = Nt =0.1.

a |b |c |[d [M|K |Q —f"(0) | =¢'(0) | —#'(0) | —x'(0)

0.1({01/01]0.1{0.1]0.1{0.1 |1.1026 |0.3904 |0.8491 | 1.0641

02(01/01]0.170.1]0.1|0.1 |{0.2088 |0.4125 |0.8768 |1.1022

03(01/01(01{0.1/0.1]0.1 [0.9910 |0.4320 | 0.9011 |1.1355

0.1/02/01(01]0.1(0.1]0.1 |1.0705 |0.3721 | 0.8456 | 1.0582

0.1{03/01]0.1{0.1{0.1|0.1 |1.0461 |0.3561 | 0.8430 |1.0536

0.1/01/02(0.1{0.1/0.1}0.1 |1.0981 |0.3916 |0.7784 |1.0175

0.1{01/03]0.1{0.1{0.1|0.1 |1.0990 |0.3934 |0.7191 | 0.9789

0.1/01/01]02{0.1/0.1]0.1 |1.1014 |0.3902 | 0.8488 |0.9615

0.1{01/01]03]0.1(0.1|0.1 |1.1050 |0.3906 | 0.8493 | 0.8775

0.1(01/01]01|5 [0.1]0.1 |1.3244 |0.4091 | 0.8694 |1.0926

0.1/01/01(0.1]|10 |0.1]0.1 |1.5038 |0.4218 | 0.8838 | 1.1126

0.1{01/01]0.170.1(0.5|0.1 |1.1098 |0.3904 | 1.2404 | 1.3523

0.1{01/01}0.170.1{1 0.1 |1.1187 |0.3911 | 1.5781 |1.5902

0.1/01/0.1(0.1]0.1/0.1]-0.4]0.9362 |0.6692 |0.6070 | 0.8555

0.1{01/01(0.1(0.1{0.1/04 |1.2295 |0.1661 |1.0286 |1.2110

Nomenclature
L
4
¢ velocity slip parameter (Nl)oL—URa )
1
(D) , URa*
b thermal slip parameter — ()

B, uniform magnetic field strength (Tesla)
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D (x)
(D)o
E,(x)
(&)
S
£X)

(£

mass slip parameter | ¢ =

J
specific heat at constant pressure { ]
kg K

nanoparticles volume fraction (—)
wall nanoparticles volume fraction (—)

ambient nanoparticle volume fraction (—)

1

(£1), vRa*

microorganism slip parameter | ¢ =
L

)

2

. . . . m
Brownian diffusion coefficient (—]
K

2
thermophoretic diffusion coefficient (m_j
s

local thermal slip factor (m)

constant thermal slip factor (m)
local mass slip factor (m)

constant mass slip factor (m)
dimensionless stream function (—)
local microorganism slip factor (m)

constant microorganism slip factor (m)

2

. . [m
acceleration due to gravity (—j

s
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Le

N (x)

(Ao

Mt

Pe

2

reaction rate parameter | —— |(—)

aRa?

nondimensional constant (—)

plate characteristics length (m)

a
bioconvection Lewis number [Lb = DJ -)

Lewis number (Le = Di =)

B

2
magnetic field parameter ok BO] )

paRaE

local velocity slip factor (S)
m

constant velocity slip factor (S)
m

Brownian motion parameter ( Nb = tD,AC j )
a

buoyancy ratio parameter (Nr =

(P, =P )AC )
(1-C,)p,.BAT

tDAT
g ) )

0

thermophoresis parameter (Nt =

number of motile microorganism (—)

ambient motile microorganism (—)

/4
bioconvection Péclet number (Pe = < J )

Prandtl number (Pr = Zj (-)
a

N
pressure | —-
m
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, . r
0. constant heat generation/absorption | ————Q, ( 3'; J
aRa? pc, mas
1-C ATL
Ra Rayleigh number (Ra = 4=C.)ehp, ](—)
av
— 0. A
Rb bioconvection Rayleigh number | Rb = (P = P )7 )
T nanofluid temperature (K)
T, wall temperature (K )
T, ambient temperature (K)
u velocity components along the X — axis (mj
s
u dimensionless velocity component along the , _ axis (—)
u, external fluid velocity [m]
S
u, dimensionless external fluid velocity (—)
v velocity components along the y — axis (m)
S
v dimensionless velocity component along the Y — axis (—)
/4 maximum cell swimming speed [m]
S
X dimensional coordinate along the plate (m)
x dimensionless coordinate along the plate (—)
y coordinate normal to the plate (m)

) dimensionless coordinate normal to the plate (—)


http://dx.doi.org/10.20944/preprints201810.0097.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2018 d0i:10.20944/preprints201810.0097.v1

32
Greek letters
m2
a effective thermal diffusivity (—j
s
a; constants (—)
B volumetric thermal expansion coefficient of the base fluid [;{j
(1) dimensionless number of motile microorganism (—)
o(n) dimensionless nanoparticles volume fraction (—)
V4 average volume of a microorganism
N independent similarity variable (—)
S | kg
H dynamic viscosity of the fluid | —
ms
0(n) dimensionless temperature (—)
. . kg
p or p; fluid density | —=-
m
bient fluid density [ X
P e ambient tluid density ?
. . kg
P, nanoparticles mass density | —=
m
. . : ( kg j
jo. microorganisms density —=
m
o electric conductivity (m)
m
T ratio of the effective heat capacity of the nanoparticle material to the fluid heat

capacity (—)
m2
L kinematic viscosity (j
s

7% stream function (_)
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Subscripts

( )* transformed variables

() ordinary differentiation with respect to 5
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