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ABSTRACT

Steady 2-D flow of stagnation point and heat transfer in a direction past a moving surface in the presence of
nanoparticles and gyrotactic microorganisms in a nanofluid, with the existence of a magnetic field applied
perpendicular to the surface is studied. Similarity analysis is applied to transform the model of non-linear
PDEs to non-linear ODEs. Results obtained are then discussed numerically with the help of the shooting
method. The result are shown graphically including velocity profiles, temperature profiles and density profiles
(of motile microorganisms) for different values of physical parameters like suction parameter, thermophoresis
parameter, Brownian motion parameter, Magnetic parameter and the stretching parameter, Lewis, Schmidt

and bioconvection Peclet number.

Keywords: Nanofluid, Stagnation Point, Thermophoresis, Brownian Motion, Stretching Sheet, Gyrotactic
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1. INTRODUCTION

A point in a flow field where the local velocity of
the fluid is zero is known as stagnation point. It exists on the
surface of items immersed in the flow field, where the fluid is
brought to rest by the item. The flow of stagnation describes
the motion of the fluid which is close to the region of
stagnation which occurs at all solid bodies flowing in a fluid
which encounter high level pressure, heat transfer and
maximum rates of mass deposition. Stagnation point flow has
now become an interesting area amongst the scientists and the
researchers because it plays a very important role in industrial
processes and has scientific significance as well. E.g. cooling
of electronic devices and the nuclear reactors, reduction in
drag, thermal oil recovery and most of the hydrodynamic
actions in engineering applications. Some of the work is
given in references [1-6].

Nanofluid holds nanometer-sized particles in which fluids
are emerged in the base fluid with poor thermal conductivity
such as water, ethylene glycol mixture and oils. Recently,
many researchers have been attracted to explore the problem
of heat transfer features in nanofluid and they claim that, in
the existence of nanoparticles within a fluid, the effective
thermal conductivity of the fluid rises up appreciably.
Example of such processes are fuel cells, microelectronics,
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chiller, hybrid powered industries and more in
pharmaceutical applications. Nanofluids was studied first by
Choi [7].Thermal conductivity of the fluid is increased by
adding a very little quantity of nanoparticles to conventional
heat transfer fluids which presented by Choi et al [8]. Later
on, a detailed survey of convective transport was given by
Buongiorno [9]. In recent years, many authors [10-16] have
contributed to the study of convective flows of nanofluids.
Bioconvection has remarkable importance in biological
systems, in bio-microsystems and biotechnology. The
nanofluid bioconvection deals with the study which gives the
density stratification and formation of impulse pattern which
is through the behavior of condensed self-propelled
microorganisms, buoyancy forces, and nanoparticles.

The presence of motile microorganisms in the system
increases the rate of mass transfer, heat transfer and improves
nanofluid stability. In the past decade, there was lot of work
done on the convective heat transport in nanofluids but
nanofluids  containing  nanoparticles and  gyrotactic
microorganisms have not been extensively investigated.
Kuznetsov and Avramenko [17] studied the different
characteristics of bioconvention issues in suspensions
containing solid particles. This phenomenon of bioconvection
is the formation of convective motion of fluid due to skyward
swimming microorganisms having mean density higher than




water (Pedley and Kessler [18]). Geng and Kuznetsov [19]
studied the impact of tiny suspended particles on the
development of bioconvection plumes and found that
particles affect the system and are the origin of transition of
bioconvection plume to a different steady state. Gyrotactic
movement is the typical behavior for algal suspensions.
Whenever these microorganisms are in a moving flow, their
line of swimming is controlled through the stability between
the gravity acting on the microorganisms and torques with
viscous drag appearing from shear flow (Pedley and Kessler
[20]). In the case of motile microorganisms, the
nanoparticles are not self-propelled, also they move because
of thermophoresis and Brownian motion occurring within
nanofluid as shown by Aziz et al. [21]. Different facet of
bioconvection problems are given by Kuznetsov [22-26].
Mutuku et al [27] studied the bioconvection effect past a
verticle plate in nanofluid in presence of gyrotactic
microorganisms. Because of the applications of MHD effects
in engineering, science and technology, the object of this
paper is to study the stagnation point flow past a moving
surface in a nanofluid containing gyrotactic microorganisms
in influence of magnetic field with suction by using similarity
transformation.

2. PROBLEM FORMULATION

Consider the steady 2-D stagnation point flow of a
nanofluid in direction to the stretching surface coinciding
with plane y =0 at near stagnation point at x =0 in the

nanofluid see fig 1. uy(x) the stretching velocity and
Ue (x) which is the ambient fluid velocity is supposed to

extend to uy, (x) —oxMand Ue (x) — axM where a,c,mare

constants with a > 0and m > 0 whereas ¢ > Ocorresponds to
stretching sheet.

Also assumed that, at the surface of sheet, the nanoparticle
fraction C , the temperature T and the uniform concentration of
microorganisms N takes constant values

CW,TWand NWrespectiver however, the values of C,T and N

when y —coare indicated by C o, T.nand N, respectively.
Consider the following model of equations in vector

Equation of Continuity:
V.v=0 1)

Equation of Momentum:
2 2
P (V.Vv) =-Vp+ V°v+oB (ug —u) 2)

Energy Equation:

V.VT = aV°T + {DBVC.VT {?T jVT .VT:| A3)

0

Nanoparticle VVolume Fraction

V.VC = DgV°C + (_I[_)TJVZT )

o0

Equation of Conservation for Microorganisms
V.j=0 (5)
where j is the flux of microorganisms, given by
j=Nv+Nv-D,VN (6)

~ = . _ bWC
and Vis given by as v = ( AC)VC (7

where p, density the base fluid, x is dynamic viscosity, &
the electrical conductivity, p is the density, C is the
nanoparticles volume fraction, Pp is density of the particle,

(,oc)f is the heat capacity of the fluid and (,oc)p is

effective heat capacity of the nanoparticle material,

a= K is diffusivity of thermal, Dy is Brownian
(pC) ¢

diffusion coefficient, D; is coefficient of thermophoresis

diffusion, uniform magnetic field the base fluid is given
m-1

by B(x):BoxT, B, >0 and is assumed to be applied
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normally to the surface, 7 = i
(Pc)f

capacity of heat and the base fluid, b is the chemotaxis
constant and bW is the maximum cell swimming speed.
Associated with boundary conditions are:

the ratio of nanoparticles

y=0:u=ty(X)=c"v=v,(x),T=T ,C=C, N=N, @
8

o u=l(x)=ax", C=C,, T=T N=N,

where vy (X) is the mass flux velocity with v, (x) <0 for

suction and v, (x) > O for injection.

—+—=0 9)

2 2
u obB;y

u +V— +—(Ug —U) (10)
ox oy dx oy Ps

2
T T
5 €@ +DT(6J

Uu—-+v—-=o — 11
ox ? "y oy T, oy )
oC  oC o°C D, (8T
u+v=DBZ+T[2j (12)
TOO
AN oN 0 %N
U—+v—+—(N?)=D, — (13)
oX oy



B bW% oC . . )
where v_( AC) Y Also v is the kinematic

viscosity.

microorganism
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Figure 1. A Sketch of the physical problem.

Applying the stream function
T-T c-C
uzal, 2_67'/’, = © 4= S and
oy OX Tw—Two Cw—Cw
N_Noo . . .
y =———— in equation (9-13) then we get following
NW_ 0
equations.
oy oyox  ox oy Cdx  oy° 14)
+ 0 Ug ——
Ps oy
2
oy 00 oy a0 %0 0¢ 00 00
VOV o e DB¢+DT() (15)
oy ox oxoy oy ooy T\
oy o oy o & 2°0
—V/—(ﬁ——l//l:DB—f-i—&—z (16)
oy ox Ox oy T,
oy dy owoy o 0
ll_ilJri(Zq):Dn% (17)
o ox ox oy oy oy

along with the following conditions

oy
= , 0: = :1 =0
b~ Vi (%) g=y=1laty

W _

X,
¥ (18)

0
—W:ue(x):axm,eao,qﬁ—)O,;(—masy—>oo

oy

Following [28] we introduced the similarity variables as

v = Jue (x)wxf (1), =
¢(77)=C—COO, )((7])= N —Ng

AC AN
Using equation (19) we get

ueviX)y’ o(n)=""1*

AT (19)

27

u=ug (x) f'(n),

__m+1 ’ue(x)v m-1 _,
e 2 X [f(ﬂ)ij+1mc (77)}
Here we assume VW(X):—mZJrl«/ue(X)VS , the mass
X

flux velocity to obtain the similarity solution where S is the
parameter of mass flux velocity with S < O for injection and
S > Ofor suction.

(20)

Putting equation (19) to equations (14)-(17) we get

f'"+mz+l ff "+ m—mf *+M(1-f')=0 (21)
0"+ P, [m;l f0'+N0'¢'+ NtH'Zj =0 (22)
m+1 Nt
UL ITE. (T
"+ 5 Le ¢+Nb9 0 (23)
;("+m;1$cf;('—Pe [¢'2+(c+2)¢"]=0 (24)
with boundary value conditions as
f'(0)=24, f(0)=5, 8(0)=¢(0)=x(0)=1 o5

() =1 0(e) =0, 9() =0, 2() =0

c . . v
Here 1 =—>0is stretching parameter, Lg =D— the
a B

. Vv ch .
Lewis number, P, = — the Prandtl number, By =—is
a Dg

v
bioconvention Peclet number, S, =D— is Schmidt number,

n
_ 7 DgAg

14

is the of Brownian

D AG

vl

o0

parameter

Np

motion, N, = is parameter of thermophoresis,

oBy .

Py @

N, . . .
o =—=2is the dimensionless parameter and M =
AN

the magnetic parameter.

3. NUMERICAL APPROCH

The equations (21)-(24) along with the boundary condition
(25) are a coupled nonlinear boundary value problem. Fourth
order Runge—Kutta scheme with shooting method is applied
to examine the flow geometry for the system of above
equations. This method transforms equations into a group of



initial value problems with unknown initial values, which can
be obtained by guessing. Then, the fourth order Runge—Kutta
scheme is applied to integrate the group of initial value
problems till the given boundary conditions are fulfilled.

These coupled ODEs third order in f , second order
ind,pand y are reduced to a system of nine simultaneous

equations for nine unknowns. This system can be solved
numerically with Runge—Kutta scheme, we need nine initial

conditions but two in f one in each of 8,¢and y are known
and at 77 —oo values of f ', @,¢and y are known to us. By

using these four conditions we can construct both not known
initial conditions at 77 = 0 with the help of shooting method

technique. The way that section titles and other headings are
displayed in these instructions, is meant to be followed in
your paper.

The important step to select the proper finite value of 77, .

Hence to obtain 7, we began with initial guesses and solve
the BVP having the set of equations (21)-(24) to get f *(0),
49(0),¢(0) and x(0) .We repeated same process by

considering other larger value of 77 till two of the

consecutive values of f "(0), 9(0),¢(0) and y(0)vary only
after required significant digit. For numerical computations,
the thickness of boundary layer i.e. 7, which is to be
obtained by applying to boundary conditions (25). We
obtained the value 7., =8 is adequate for all profiles to
fulfil the infinite boundary conditions (25) asymptotically.
Using step size h=0.001we found the numerical solution
with 771ax and convergence criteria of 10_7 is used.
Now we define following variables as

fl:f,fzzf', f?’:f", f4:9’ f5:9'

fo=¢ T, =¢" fo=2 fo=x (26)

The equations (21)-(24) which are coupled order
differential equations along with boundary conditions (25)
which are transformed by equation (26) as

- 1
fy :_(m;j f1f3—m+mf22+M(f2 —1) (27)
. _pr(mTﬂ i+ N foF, 4 N, f72) (28)
' m+1 N, !
fo=—| —Leff +—Lf (29)
7 ( 5 117 N, sj
' 1 !
f :—(m;Sc f1f9j+ Pe|:f7f9+(a+ fs)fJ (30)

where prime represents derivative with respect to 7 and
initial boundary conditions:

4
) =1 f (0) =ay (31)

where a;,a,,3,5,3, are the assumed initial conditions for
shooting method.

4. RESULT AND DISCUSSION

The main characteristics of fluid flow which are heat
transfer, nanoparticle volume fraction and density of motile
microorganisms are obtained and outcomes are shown
graphically. The obtained outcomes and numerical values are
presented in figs 2-6. A detailed discussion of the resulting
parameters like bioconvection Péelet number Pe, Brownian
motion parameter Nb, thermophoresis parameter Nt,
Magnetic parameter M, Lewis number Le, the parameter of
suction S on velocity, temperature, nanoparticles volume
fraction and the motile microorganism profiles and the
stretching parameter A is also presented. Here all
computations are calculated for the constant value Pr=6.2
and A =2 (Stretching sheet).

Figure 2 represents the graph of velocity with different
values of suction parameter S, magnetic parameter M and all
other parameters remaining fixed. In the presence of the
magnetic field, Lorentz force and velocity field are affected.
Thus, Magnetic parameter and Suction parameter increase,
resulting in an increase of the retarding force and so the
velocity and thickness of boundary layer decrease. It is
clearly noted that the profiles of velocity, temperature,
nanoparticles and motile microorganism density satisfy
asymptotically the far field boundary conditions [Equation
(25)]. Figure 3 represents the effect of the Nb (Brownian
motion parameter), Nt (thermophoresis parameter) and the
dimensionless parameter o on velocity profile.

1

Figure 2. Velocity profile for different values of M and S
forPr=62,Nt =Nb =05, Pe=Sc=0=1Le=2 whenm=1and
A=2

Eaf 4
By

Ni=Nb=0203.05

o=012 4

L
+

Figure 3. Velocity profile for different values of Nt = Nband
parameter o forM =1, Pe=Sc=1Le=2 when m=1and
A=2



Figures 4-5 shows the change in temperature with the
parameters like suction parameter S, magnetic parameter M,
Nb (Brownian motion parameter) and Nt (thermophoresis
parameter). Increasing the suction parameter S, causes a
reduction in the temperature and the thickness of thermal
boundary layer as represented in figure 4, which shows that
increasing suction parameter S results in more nanofluid
sucked out thus reducing the temperature. From application
view, enhanced rate of heat transfer on the surface is vital
because it has a bearing in metallurgical processes. Figure 5
represents the impact of the change of magnetic parameter M,
Nb (Brownian motion parameter) and Nt (thermophoresis
parameter). Increasing M, Nt = Nb increases the temperature
and thickness of boundary layer. As shown, the presence of
nanoparticles in the base fluid increases the thermal
conductivity which results in increased temperature and
thickness of thermal boundary layer.

Figure 4. Temperature profile with different values of S for
Pr=62,Nt=Nb=05M=1le=2 Pe=Sc=c=1Whenm=1a
nd 1=2

Figure 5. Temperature profile with different values M and
Nt = Nb forPr=6.2,Le=2 Pe=Sc =0 =1When m=1and
A=2

Figure 6 represents the effects of the different parameters
on the dimensionless density of motile microorganisms. This
profile is mostly affected by Sc and Pe. The point to note is
that, when we increase Sc, S, Pe and o , it decreases the
dimensionless density of microorganism concentration
thickness and also motile microorganism density.

Figure 6. Motile microorganism density profile with different
values of S, Pe, Sc,afor Pr=62,Nt=No=05M =1Lle=2
whenm=1and 2 =2
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5. CONCLUSION

Similarity solution of stagnation-point flow and heat
transfer past a moving surface which contains nanoparticles
and gyrotactic microorganism in the existence of uniform
magnetic field with suction is obtained. The governing model
of PDEs are transformed into non-linear ODEs by
appropriate similarity technique. It is found the convective
process is controlled by the parameters Lewis number Le,
bioconvection parameters Pe, the Brownian motion parameter
Nb and the thermophoresis parameter Nt. Also, as suction
increases, it increases the heat transfer rate at the surface.

ACKNOWLEDGMENT

One of the author Govind R Rajput would like to thank
NMIMS Deemed-to-be University for the finacial support
under Minor Research Project.

REFERENCES
[1]  Gorder V., Robert A., Vajravelu K., Pop I. (2012).
Hydromagnetic stagnation point flow of a viscous fluid
over a stretching or shrinking sheet, Meccanica, Vol.
47, No. 1, pp. 31-50. DOI: 10.1007/s11012-010-9402-
0

Labropulu F., Li D. (2008). Stagnation-point flow of a
second-grade fluid with slip, International Journal of
Non-Linear Mechanics, Vol. 43, No. 9, pp. 941-947.
DOI: 10.1016/j.ijnonlinmec.2008.07.004

Ali AH. (2007). Stagnation point flow towards a
stretching surface through a porous medium with heat
generation, Turkish Journal of Engineering and
Environmental Sciences, Vol. 30, No. 5, pp. 299-306.
DOI: 10.1115/j1.4006246

Manisha P., Timol M.G. (2011). Magneto
hydrodynamic orthogonal stagnation point flow of a
power-law fluid toward a stretching surface, American
Journal of Computational Mathematic, Vol. 1, No. 2,
pp. 129-133. DOI: 10.4236/ajcm.2011.12013
Malvandi A., Hedayati F., Ganji D.D. (2014). Slip
effects on unsteady stagnation point flow of a
nanofluid over a stretching sheet, Powder Technology,
Vol. 253, pp. 377-384. DOl:
10.1016/j.powtec.2013.11.049

Malvandi A., Hedayati F., Domairry G. (2013).
Stagnation point flow of a nanofluid toward an
exponentially stretching sheet with nonuniform heat
generation/absorption, Journal of Thermodynamics,
Vol. 2013. DOI: 10.1155/2013/764827

Choi S.U.S. (1995). Enhancing thermal conductivity
of fluids with nanoparticles, ASME-Publications-Fed,
Vol. 231, pp. 99-106.

Choi S.U.S., Zhang Z.G., Yu W., Lockood F.E.,
Grulke E.A. (2001). Anomalous thermal conductivity
enhancement in nanotube suspensions, Applied physics
letters, Vol. 79, No. 14, pp. 2252-2254. DOI:
10.1063/1.1408272

Buongiorno J., Hu W. (2005). Nanofluid coolants for
advanced nuclear power plants, Proceedings of
ICAPP, Seoul, pp. 15-19.

Norfifah B., Ishak A., Pop I. (2010). Boundary-layer
flow of nanofluids over a moving surface in a flowing

(2]

(3]

[4]

[5]

(6]

[7]

(8]

(9]

[10]


http://dx.doi.org/10.1016/j.ijnonlinmec.2008.07.004
http://dx.doi.org/10.4236/ajcm.2011.12013
http://dx.doi.org/10.1016/j.powtec.2013.11.049

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

fluid, International Journal of Thermal Sciences, Vol.

49, No. 9, pp. 1663-1668. DOl:
10.1016/j.ijthermalsci.2010.01.026
Kuznetsov A.V., Nield D.A. (2010). Natural

convective boundary-layer flow of a nanofluid past a
vertical plate, International Journal of Thermal
Sciences, Vol. 49, No. 2, pp. 243-247. DOI:
10.1016/j.ijthermalsci.2009.07.015

Wang L.Q., Wei X.H. (2009). Heat conduction in
nanofluids, Chaos, Solitons & Fractals, Vol. 39, No.
5, pp. 2211-2215. DOI: 10.1016/j.chaos.2007.06.072
Weerapun D., Wongwises S. (2007). A critical review
of convective heat transfer of nanofluids, Renewable
and Sustainable Energy Reviews, Vol. 11, No. 5, pp.
797-81. DOI: 10.1016/j.rser.2005.06.005

Rajput G.R., Krishnaprasad J.S.V.R., Timol M.G.
(2016). Group theoretic technique for MHD forced
convection laminar boundary layer flow of nanofluid
over a moving surface, International Journal of Heat
and Technology, Vol. 34, No. 1, pp. 1-60. DOI:
10.18280/ijht.340101

Kakac S., Pramuanjaroenkij A. (2009). Review of
convective  heat transfer  enhancement  with
nanofluids, International Journal of Heat and Mass
Transfer, Vol. 52, No. 13, pp. 3187-3196. DOI:
10.1016/j.ijheatmasstransfer.2009.02.006

Sivakumar A., Alagumurthi N., Senthilvelan T.
(2015). Experimental and numerical investigation of

forced convective heat transfer coefficient in
nanofluids of Al,Os; /water and CuO/EG in a
serpentine  shaped  microchannel  heat  sink,

International Journal of Heat and Technology, Vol.
33, No. 1, pp. 155-160. DOI: 10.18280/ijht.330121
Kuznetsov A.V., Avramenko A.A. (2004). Effect of
small particles on this stability of bioconvection in a
suspension of gyrotactic microorganisms in a layer of
finite depth, International communications in heat and
mass transfer, Vol. 31, No. 1, pp. 1-10. DOI:
10.1016/S0735-1933(03)00196-9

Pedley T.J., Kessler J.0. (1987). The orientation of
spheroidal microorganisms swimming in a flow
field, Proceedings of the Royal Society of London B:
Biological Sciences, Vol. 231, No. 1262, pp. 47-70.
DOI: 10.1098/rspb.1987.0035

Geng P., Kuznetsov A.V. (2005). Settling of
bidispersed small solid particles in a dilute suspension
containing gyrotactic micro-organisms, International
Journal of Engineering Science, Vol. 43, No. 11, pp.
992-1010. DOI: 10.1016/j.ijengsci.2005.03.002
Pedley T.J., Kessler J.O. (1990). A new continuum
model for suspensions of gyrotactic micro-organisms,
Journal of Fluid Mechanics, Vol. 212, pp. 155-182.
DOI: 10.1017/S0022112090001914

Aziz A., Khan W.A,, Pop I. (2012). Free convection
boundary layer flow past a horizontal flat plate
embedded in porous medium filled by nanofluid
containing gyrotactic microorganisms, International
Journal of Thermal Sciences, Vol. 56, pp. 48-57. DOI:
10.1016/j.ijthermalsci.2012.01.011

Kuznetsov A.V. (2011). Bio-thermal convection
induced by two different species of
microorganisms, International Communications in
Heat and Mass Transfer, Vol. 38, No. 5, pp. 548-553.
DOI: 10.1016/j.icheatmasstransfer.2011.02.006
Kuznetsov A.V., Nield D.A. (2010). Natural
convective boundary-layer flow of a nanofluid past a

30

vertical plate, International Journal of Thermal
Sciences, Vol. 49, No. 2, pp. 243-247. DOI:
10.1016/j.ijthermalsci.2009.07.015

[24] Kuznetsov A.V. (2011). Nanofluid bioconvection in
water-based suspensions containing nanoparticles and
oxytactic microorganisms: oscillatory instability,
Nanoscale Research Letters, Vol. 6, No. 1, pp. 1-13.
DOI: 10.1186/1556-276X-6-100

[25] Kuznetsov A.V. (2010). The onset of nanofluid
bioconvection in a suspension containing both
nanoparticles and  gyrotactic  microorganisms,
International Communications in Heat and Mass
Transfer, Vol. 37, No. 10, pp. 1421-1425. DOI:
10.1016/j.icheatmasstransfer.2010.08.015

[26] Kuznetsov A.V. (2006). The onset of thermo-
bioconvection in a shallow fluid saturated layer heated
from Dbelow in a suspension of oxytactic
microorganisms, European Journal of Mechanics-
B/Fluids, Vol. 25, No. 2, pp. 223-233.

[27] Nduku M.W., Makinde O.D. (2014). Hydromagnetic
bioconvection of nanofluid over a permeable vertical
plate due to gyrotactic microorganisms, Computers &
Fluids, Vol. 95, pp. 88-97. DOl:
10.1016/j.compfluid.2014.02.026

[28] Zzaimi K., Ishak A., Pop I. (2014). Stagnation-point
flow toward a stretching/shrinking sheet in a nanofluid
containing  both  nanoparticles and  gyrotactic
microorganisms, Journal of Heat Transfer, Vol. 136,
No. 4. DOI: 10.1115/1.4026011

NOMENCLATURE

a postive constant

A velocity ratio parameter

B variable magnetic field

b chemotaxis constant

M dimensionless magnetic number

T temperature of the fluid

u velocity component along x-axis

v velocity component along y-axis

T temperature of the fluid in the free

stream

Tw temperature of the fluid at surface

C nanoparticle volume fraction

Cw nanoparticle volume fraction at the

surface

Cy nanoparticle volume fraction in the free

stream

c constant

Pr Prandtl number

D+ Thermophoresis diffusion coefficient

Ds Brownian diffusion coefficient

Dn diffusivity of microorganisms

i flux of microorganism

m positive exponent

Nb Brownian motion parameter

Nt Thermophoresis parameter

p pressure

Nw wall concentration of microorganism

Pe bioconvection Peclet number

S suction/injection parameter

Sc Schmidt number

Ue(X) ambient fluid velocity

uw(X) stretching/shrinking velocity
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maximum cell swimming speed A stretching/shrinking parameter
.a,,a,,a, Cconstants 74 stream function
%%, 8,,8, o thermal diffusivity of the nanofluid
AC characteristic ~ nanoparticle  volume
Greek symbols fraction
. . S . characteristic motile microorganisms
n dimensionless similarity variable AN density di
. - ensity difference
o gl_ectrlc_al CIOHdUCtIVIIy - ratio of the effective heat capacity of the
0 Imensionless temperature nanoparticle to that of the fluid
¢ dimensionless  nanoparticle  volume
fraction Subscripts
M dynamic viscosity o
Vv kinematic viscosity o condition at free steam
ot nanofluid density w condition at the surface
(p0) heat capacity of the fluid Superscripts
(pe)p heat capacity of the nanoparticle material ' differentiantion with respect to 7
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