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ABSTRACT

In this paper, an analysis is presented the effettariable thermal conductivity and radiation tire flow and heat
transfer of an electrically conducting micropolaamofluid over a continuously stretching surfacehwitarying
temperature in the presence of a magnetic fielgsicamed. The surface temperature is assumed toaseypower-
law temperature. The governing conservation eguatiof mass, momentum, angular momentum and eneegy a
converted into a system of non-linear ordinary etéhtial equations by means of similarity transfation. The
resulting system of coupled non-linear ordinaryeatintial equations is solved by implicit finitdfdrence method
with the Thomas algorithm. The results are analyipedhe effect of different physical parameterstsas magnetic
parameter, microrotation parameter, Prandtl nhumbeagliation parameter; Eckert number, thermal contiltity
parameter, Brownian motion parameter, Thermophargsarameter, Lewis number, and surface temperature
parameter on the velocity, angular velocity, tenapere and concentration fields are presented thioggaphs.
Physical quantities such as skin friction coeffitjdocal heat, local mass fluxes are also computed are shown

in table.
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INTRODUCTION

The enhancement of thermal conductivity in nand8uhas attracted the interest of many researcHdrs.
Boungiorno[1] model, Kuznetseov and Nield[2] stubline influence of nanoparticles on a natural cotive
boundary layer flow passing a vertical plate. Thepnsidered the temperature and nanoparticle fradiath to be
constant along the wall and concluded that the qediiNusselt number is a decreasing function ofndr@ofluid
numbersNr, Nb and Nt. The mixed convection boundary layer flow passingertical flat plate embedded in a
porous medium filled with a nanofluid was studigddhmad and Pop.[3] Furthermore, Eastman et alif¢ld pure
copper nanoparticles of size less than 10nm angbat an increase of 40 in thermal conductivity éoty 0.3
volume fraction of the solid dispersed in ethyldgeal. Hwang et al.[5] studied a detailed discussabout the
effects of thermal conductivities under static atydamic conditions, energy transfer by nanopasdidipersion,
particles migration due to viscosity gradient, nonform shear rate, Brownian diffusion and thermamgisis on the
enhancement of the convective heat transfer casfficwhich are discussed to understand convebidat transfer
characteristics of water based nanofluids flowimgptigh a circular tube.

The study of boundary layer flow and heat tranefesr a stretching surface particularly in the fiefchanofluid has
achieved a lot of success in the past years beadutsehigh thermal conductivity and large numbégpplications
in industry and technology. After the pioneeringrivby Sakiadis , a large amount of literature igikable on
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boundary layer flow of Newtonian and non-Newtonfands over linear and nonlinear stretching surfacehe
problem of laminar fluid flow which results frometstretching of a flat surface in a nanofluid wagestigated
numerically by Khan and Pop. Hassani investigatedioundary layer flow problem of a nanofluid pastretching
sheet analytically. Both the effect of Brownian mmotand thermophoresis were considered simultahgdushis
case. A numerical investigation on boundary laj@wfinduced in a nanofluid due to a linearly sthétg sheet in
the presence of thermal radiation and induced ntegfield was conducted by Gbadeyan et al. (2018rinivas
Maripala and Kishan Naikoti[6], investigated thdeefs of heat source/sink on MHD convection slipaflof a
thermosolutal nanofluid in a saturated porous med& a radiating stretching sheet.

Modeling and analysis of the dynamics of micropdlaids has been the field of very active resedmhthe last
few decades as this class of fluids representshamadtically , many industrially important fluidscsuas paints,
body fluids, polymers, colloidal fluids, suspensifinids etc. These fluids are defined as fluids sisting of
randomly oriented molecules whose fluid elementdengo translational as well as rotational motidriee theory of
micropolar fluids was developed by Eringen [7] andellent reviews about the applications of mictapdluids

have been written by Airman et al. [8,9]. Recenitigstafa A.A.Mahmoud [16] studied the thermal réidia effects
on MHD flow of a micropolar fluid over a stretchirsyirface with variable thermal conductivity on th@undary
layer flow and heat transfer of an electrically doating micropolar nanofluid over a semi infinitentinuously
stretching sheet with power-law variable variatiothe surface temperature in the presence oftradia

2. Basic equations.

Consider a steady two-dimensional micropolar nandfllow of an incompressible, electrically condagt subject
to a transverse magnetic field over a semi-infigiteetching plate with variable temperature in finesence of
radiation. The x-axis is directed along the corimai stretching plate and points in the directiomation. The y-
axis is perpendicular to x-axis and to the directid the slot (the z-axis) whence the continuoustshing plate
issues. It is assumed that the induced magnetit died the Joule heating are neglected. The floigpgrties are
assumed to be constant, except for the fluid thiecaoreductivity which is taken as a linear functiohtemperature.
Then under the usual boundary layer approximatitimes,governing equations for the problem can bdtewrias
follows [10]:

z—;‘+z—;=0 1) (

uz—:+vg—z=v3%+ 13—;—%511 (2)

G L2260 - = 3
ay ay

pep ( uz—i+v3—;) =;—y(k z—;)+p(3—’;)2 - 1—‘;’+1[D33—53—;+‘;—z (Z—DZ] @)

z—f+uz—i+vg—§=D3227§+ ?—:SZTZ (5)

where v=(u+S)/p Iis the apparent kinematic viscosity, is the coefficient of dynamic viscosity, S is a
constant characteristic of the fluisljs the microrotation componeri; = S/p(> 0) is the coupling constar@, (>

0) is the microrotation constant,is the fluid density,u and v are the components of velocity alongand y
direction, respectively. T is the temperature effinid in the boundary layefT,, is the temperature of the fluid far
away from the platef,, is the temperature of the platés is the thermal conductivityg, is the specific heat at
constant pressure, is the electric conductivity,B, is an external magnetic field agdis the radiative heat flux.

is the temperature, C is the concentration of thiel fC, is the specific heaty, is the radiative heat fluxT,, and
C,, - the temperature and concentration of the shigethd C,- the ambient temperature and concentratign,
the Brownian diffusion coefficienD); the thermophoresis coefficiel}y - the magnetic inductioripC),, - the heat
capacitance of the nanoparticlés() .- the heat capacitance of the base fluid, and (pC),/(pC); is the ratio
between the effective heat capacity of the nanmbastmaterial and heat capacity of the fluid.

The boundary conditions of the problem are given by
y=0u=xxv=0T=T,(x)c=0
y—>o,u >0, T->T,0 -0 (6)
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The wall temperature is assumed to vary along ke according to the following power-law
Tw - Toc = Bxy (7)

wherep andy (the surface temperature parameter) are constemsfluid thermal conductivity is assumed to vary
as a linear function of the temperature in the ffij
k =k, [1+b[(T—-T,)] 8

where b is a constant depending on the natureeofltid andk,, is the ambient thermal conductivity. In general,

b>0 for air and liquids such as water, while b<bffaids such as lubrication oils. Using Rosselapproximation
[12] we have

= (—40* 3k 2L ©)
Gr = (40" /3k") 5
wheres* is the Stefan Boltzmann constant d@ids the mean absorption coefficient. In this stuslg, consider the
case where the temperature differences withinltve &re sufficiently small. Expandiri®fin a Taylor series about
T,, and neglecting higher order terfif], we have
T* = 4T3 T — 3T} (10)

Using Eq.(8), Eq.(4) becomes
aT 6T) a

pcp( u—+v

160*T3 82T acoT . Dr (ar)z] 11§
ax ay

9 (" Oty o or ocor | Dr (9T
_6y(k 6y)+u(6y) + 3k* Byz—I—T[DBayay—l—TOO ay

by using the following similarity transformations
1 1
n= gffp/v)?y v Y= (av)zx f(n),

u=2 v==20 o= (@/v)2xgm), 60D =

T-T,,
Tyw—Ty'

k= k,(1+56) (12)
Substituting from Eq.(12) into Egs.(1)-(3) an@),lwe have

"+ ff =+ Gg —Mf'=0 (13)
Gg'-Q2g+fH=0 (14)
[4 + 3F(1+S6)]0"+ 3FPr[f0 —yf'0 + Ec(f")? + 3FS(8")? + Pr[Nb 8'¢ + Nt 6°] = 0 (15)
@' —Lefo'+-0"=0 (16)

Where
G, = K, /v (coupling constant parameter)
M = (0,B3)/pa (magnetic parameter)
G = G, «</v ( microrotation parameter)
P, = (uc,)/k. (Prandtl number)
F = (k,k*)/(40*T2) (Radiation parameter)
Ec = — _(Eckert number)
cp(Tw—Tw)
S =b(T,, — T,) (thermal conductivity parameter)
Nb =t Dg(C,, — C,) /v (Brownian motion parameter)
Nt =1 Dy(T, — T,,) /vT, (Thermophoresis parameter
Le = v/Dg (Lewies number)
v = Surface temperature parameter

For air 3<5<6, for water S<0.12 and for lubrication oils -0s8<0 [13]
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The transformed boundary conditions are given by

f(0)=0,f(0)=1, 6(0)=1,9(0)=0,
f(©)=0,(»)=0,9(x)=0 (17)

In the above equations a prime denotes differéotiatwith respect tg. In the case of Newtonian fluid,

From the velocity field we can study the wall shetaessz,, as given by [14]:

Ty = —| (M+S)Z—;+Sa|aty=0 (18)
The skin frication coefficient, is given by

2 - "
o= (5m), = ~2R"'O) (19)

where R,, = ax/v is the local Reynolds number. Eq. (19) showssitie frication coefficient does not contain the
microrotation term in an explicitly way.

The rate of heat transfer is given by

qW:—k(g—;)atyzo (20)
The local heat transfer coefficient is given by

h(x)= qy /Ty — Ty (21)
The local Nusselet number is known as

Ny = = —R%xe'(O) (22)
The couple stress is given by

M- G (5) = Rex (29) 9 © (23)

Table 1: Valuesof —f"(0), g'(0) , —0'(0) , —¢'(0) with G =0.1, Pr 0.72, Ec=0.1, G =3,Le=0.1, Nb=Nt=0.1

MIFly | S|=fO] g© —00) | —¢(0)

0.0| 1.0| 1.0 | 0.1 | 1.12845| 0.261526| 0.369843| 0.35294

3.0|3.0| 15| 0.2 | 1.52926| 0.294128| 0.291427| 029129

5.0] 5.0] 2.0] 0.5] 2.30121] 0.351692| 0.243161| 0.24321

RESULTSAND DISCUSSION

In order to solve the non-linear coupled equatid@® - (16) along with boundary conditions (17)ianplicit finite
difference scheme of Cranck-Nicklson type has keeployed. The computations have been carried owaidous
flow parameters such as magnetic paramitemicrorotation parametés, Prandtl numbePr, radiation parameter
F, Eckert numbeEc, thermal conductivity paramet& Brownian motion parameté&tb, Thermophoresis parameter
Nt, Lewies numberLe, Surface temperature parameteron the velocity, angular velocity, temperature and
concentration fields are presented through graPhgsical quantities such as skinfrication coeffitig’(0), the
couple stress coefficiertg'(0), local nusselet numbér(0), and Sherwood parameter'(0) are also computed
and are shown in table. It is evident that with itherease of magnetic paramekéy radiation parametd¥, surface
temperaturey and thermal radiative paramet8y increases skin frication coefficigfit(0), and couple stress
coefficient-g'(0), decreases the local nusselet nunsb@) and Sherwood parameje(0).
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It is observed from Figure 1(a)-1(d),that an inse2a magnetic parametelleads to a decrease in velocity profiles
f"and angular velocity. The velocity boundary layer thickness becomamtir asM increases. This is due to the
fact that applications of a magnetic field to aecéiically conductivity fluid produce a drag-likerte called Lorentz
force. This force causes reduction in the fluidoe@y. The thermal boundary layer thickness inoesawith
increasing the magnetic paramdtéhas shown in figure 1(c). The reason for this bihas that the Lorentz force
increases the temperature. The concentration esadite increased with the increase of magnetit fiatameteM,

is observed from Figure 1(d). Figure 2 shows th&eBcnumberEc effect on velocity, angular velocity and
concentration profiles in the micropolar fluid flowlt can be see Figures 2(a), 2(b) and 2(c) thatelocity,
angular velocity and temperature curves increaske thie increase of Eckert number Ec. The effedBraiwnian
motion parameteNb on velocity, temperature and concentration prsfidge shown in figures 3(a) - 3(c). The
velocity profiles are decreased with the incredsBrownian motion parametédb. Figure 3(b), illustrates that the
temperature profiles are increased as Brownian anoparameterNb increases. Concentration profiles are
decreased, when Brownian motion parambiieicreases is observed from the Figure 3(c).

Figures 4(a) - 4(c) present typical profile for ferature and concentration for various values efrtfophoretic
parametelNt. It is observed that an increase in the thermagtiioparameter leads to increase in fluid tempeeatu
and nanoparticle concentrations. The microrotaparameterG effects are explained in Figures 5(a) and 5(b).
Velocity and angular velocity distribution profilese increased when microroatation paraméténcreases. Same
phenomenon is observed in 6(a) and 6(b). Thateictupling constar®1 effect is to increase velocity and angular
velocity profiles. Figures 7(a) and 7(b) depict parature profiled and concentration profile, for different values
of Prandtl numbePr. One can find that temperature of nanofluid pleticdecreases with the increas®irfor both
the case$=2 andS=0.5 which implies viscous boundary layer is thickear the thermal boundary layer and the
reverse phenomenon is observed from Figure 7(bat T the concentration profiles are decreasedraadf
numberPr increases. Fig. 8hows the effect of the thermal conductivity pareeng on the temperature. From this
figure it is noticed that the temperature decreagts the increasing 0B The variation of the temperatufiewith
respect ton for different values of is plotted and shown in Fig.9. From Fig.9 one siwed the temperature
decreases witld increasing the radiation parameterThe reason of this trend can be explained asvisll The
effect of radiation is to decrease the rate of gnéransport to the fluid, thereby decreasing tragerature of the
fluid. Fig.10 illustrates the effect of the surfamsnperature parametgron the temperature distributigh From
Fig.10, it is observed that the temperature deeseasy increases. Lewies numbke effects are seen in Figurell,
that is the Lewies numbée, decreases the concentration profiles when ieeses.

5. Graphs:
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