Available online at www.pelagiaresearchlibrary.com

4 4 ~] ) 3

~ ' : Pelagia Research Library
I — Advancesin Applied Science Resear ch, 2013, 4(2):190-202

Library

Library
I SSN: 0976-8610
CODEN (USA): AASRFC

Radiation effects on MHD free convective boundary layer flow of nanofluids
over a nonlinear stretching sheet

T. Poornima and N. Bhaskar Reddy

Department of Mathematics, Sri Venkateswara UniterSirupati

ABSTRACT

The present study focuses on the numerical solafiansteady free convective boundary-layer flowa ofdiating
nanofluid along a non-linear stretching sheet ie fhresence of transverse magnetic field. The maskd for the
nanofluid incorporates the effects of Brownian mwotiand thermophoresis. The governing boundary-layer
equations of the problem are formulated and tramsfal into a non-similar form. The resultant equati@are then
solved numerically using Runge-Kutta fourth ordeetmod along with shooting technique. In the abseofce
radiation parameter, magnetic parameter and for rih €he non-linear stretching parameter), our résidhowed a
good agreement with those of Anwar et al.[36] atgbawith that of Khan and Pop [34], for further neced case.
The physics of the problem is well explored for ¢émebedded material parameters through graphs aibtesa
Further there is a scope of researching the readitaking place in the mixture and the heat soisire.
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INTRODUCTION

Nanofluids attract a great deal of interest withitlenormous potential to provide enhanced perfacegroperties,
particularly with respect to heat transfer. Nanioffuare used for cooling of microchips in computersl other
electronics which use microfluidic applications.ifgs nanofluids as coolants would allow for the eddis with
smaller sizes and better positioningn innovative technique, which uses a mixture ahoparticles and the base
fluid, was first introduced by Choi [1] in order ttevelop advanced heat transfer fluids with sulbistiy higher
conductivities Later, Das et al. [2] experimentally showed a two four - fold increase in thermal conductivity
enhancement for water-based nanofluids containia@s2r CuO nanoparticles over a small temperatureea?f
—51°C. A comprehensive survey of convective transportanofluids has been made by Buongiorno[3], whega
satisfactory explanation for the abnormal increafsihe thermal conductivityBuongiorno and Hu [4], studied on
the nanofluid coolants in advanced nuclear systé&hmad and Pop [5] investigated mixed convectionrutary
layer flow from a vertical flat plate embedded ip@ous medium filled with nanofluids. Boundarydayflow of
nanofluids over a moving surface in a flowing fluichs examined by Bachok et al. [6Khan and Pog7]
discussed the boundary-layer flow of a nanofluidtpa stretching sheet. Makinde and Aziz [8] expdi the
boundary layer flow of a nanofluid past a stretghgheet with a convective boundary condition. Daooiggsuk
and Wongwises [9] studied analytically the effefcth@rmophysical properties models, for predicting convective
heat transfer rate for low concentration nanofluid.

The study of MHDboundary layer flow on a continuous stretching shes attracted considerable attention during
the last few decades due to its numerous applitatio industrial manufacturing processes. In paldic the
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metallurgical processes such as drawing, anneatidgtinning of copper wires involve cooling of danius strips
or filaments by drawing them through a quiescanitflControlling the rate of cooling in these preses can affect
the properties of the final product. This can beealdy using an electrically-conducting fluid andplgmg a
magnetic fieldChamkha and Aly [10] analyzed MHD free convectilefof a nanofluid past a vertical plate in the
presence of heat generation / absorption. Rosrm#é& €11] discussed MHD natural convection flowaohanofluid
over a linearly porous stretching sheet in the gmes of thermal stratification using liggmmetry group
transformation. Ferdows et al. [12] studied a migedvective MHD boundary layer flow of a nanofluldough a
porous medium due to an exponentially stretchirgeshKhan et al. [13] discussed in detail the MH@ufary
layer slip flow of a nanofluid over a convectivdigated stretching sheet with heat generation. Satnal. [14]
analyzed a study of MHD free convection heat andsmieansfer from vertical surfaces in porous medissidering
Soret and Dufour effectSarkar et al.[15] considered the effects of radiatn transient MHD free convective
Couette flow in a rotating systedayabharath Reddy et al [16] analyzed the massfamaeffects on MHD unsteady
free convective flow with constant suction and h&iak through porous medi®idyasagar et al. [17] studied the
mass transfer effects on radiative MHD flow overom isothermal stretching sheet in a porous medCimand et al

. [18] presented the hall effect on radiating ahénaically reacting MHD oscillatory flow in a rotag porous
vertical channel in slip flow regime.

At high operating temperatures especially in teédfof space technology, radiation effect is geitmificant. Many
processes in engineering areas occur at high tetupes and the knowledge of radiative heat trarisfeomes very
important, particularly in designing pertinent gmuient. Hady et al. [19] investigated the effectstiodérmal
radiation on the viscous flow of a nanofluid anditheansfer over a non-linearly stretching shedan@waju &
Olanrewaju et al. [20] studied the boundary layewfof nanofluids over a moving surface with radiateffects.
Hamid et al. [21] analyzed the radiation effectsMarangoni boundary layer flow past a flat plateaimanofiuid.
El-Aziz [22] studied the radiation effect on thewl and heat transfer over an unsteady stretchirfgeai Singh et
al. [23] investigated the thermal radiation and neig field effects on an unsteady stretching peaiste sheet in
the presence of free stream velocity. Gbadeyarl. §24] studied the boundary layer flow of a nandall past a
stretching sheet with a convective boundary coouiiin the presence of magnetic field and thermédlatson.
Ibrahim [25] investigated the radiation effectsMHID free convection flow along a stretching surfadgéh viscous
dissipation and heat generatidianna et al. [26] studied the effects of radiatimnunsteady MHD free convective
flow past an oscillating vertical porous platmand Rao et al. [27] investigated the radiatidie@fon an unsteady
MHD free convective flow past a vertical poroustpla

Very recently, Kuznetsov and Nield [28] have examirthe influence of nanoparticles on the naturalveotion
boundary layer flow past a vertical plate incorpioiga Brownian motion and thermophoresis treatinghbtihe
temperature and the nanoparticle fraction as cohatang the wall. Further, Nield and Kuznetsov][B8ve studied
the problem proposed by Cheng and Minkowycz [3@ualthe natural convection past a vertical plata porous
medium saturated by a nanofluid taking into accdli@atBrownian motion and thermophoresis. Ali Pakraaad
Yaghoubi [31] studied the combined thermophoreBieynian motion and Dufour effects on natural cartian of
nanofluids. All these researchers studied the fisgi@tching sheet in the nanofluid, but a numéiiceestigation
was done by Rana and Bhargava [32] who studiedttedy laminar boundary fluid flow of nanofluid pasnon-
linear stretching flat surface incorporating thieefs of Brownian motion and thermophoresis. Alsore recently,
Nadeem and Lee [33] investigated analytically thebfem of steady boundary layer flow of nanofluideo an
exponential stretching surface including the effexftBrownian motion parameter and thermophoresiarpeter.

However, to the best of authors’ knowledge, sanfaattempt has been made to analyze the simultareftacts of
thermal radiation and magnetic on heat and massfeaflow of nanofluids over a non-linear strethisheet.
Hence, this problem is investigated. The goverringndary layer equations are reduced to a systeondifiary
differential equations using similarity transformoais and the resulting equations are then solvedenigally using
Runge - Kutta fourth order method along with shagtiechnique. A parametric study is conductedltstitate the
influence of various governing parameters on thloiy, temperature, concentration, skin-frictionefficient,
Nusselt number and Sherwood number and discussietaii.

MATHEMATICAL ANALYSIS

A steady two-dimensional boundary layer flow ofiacompressible electrically conducting and radigtinanofluid
past a stretching surface is considered underdtnaptions that the external pressure on the bBingtsheet in the
x -direction is having diluted nanoparticles. Theaxis is taken along the stretching surface wagais normal to it.

191
Pelagia Research Library



T. Poornima et al Adv. Appl. Sci. Res,, 2013, 4(2):190-202

A uniform stress leading to equal and oppositedsris applied along the - axis so that the sheet is stretched,
keeping the origin fixed. The stretching velociyaissumed to de,(x) =Uy X" whereU, is the uniform velocity and

m (m = 0) is a constant parameter. The fluid is consilldcebe a gray, absorbing emitting radiation bub-no
scattering medium. A uniform magnetic field is apg@lin the transverse direction to the flow. Thédlis assumed
to be slightly conducting, so that the magnetic iRégs number is much less than unity and hencenitheced
magnetic field is negligible in comparison with tapplied magnetic field. Employing the Oberbeck-8sinesq
approximation, the governing equations of the ff@hd can be written in the dimensional form as

Ou aU -0 (1)
ax ay

op _ 62 ou adu

Pl v ( axw(,yj (-G B (T-T)= (0, -0, )Be(C- C)| -0 B o
ua—T+va—T=aD2T+r DB(O_TO_CJ Dr(aTj -1 94

ox ody dyaody) T \dx (,o(:p)f oy 3)
C 0°C, 0 o°T

W22

ox oy ay2 T oy @

whereu andv are the velocity components in tkeandy - directions, respectivelyg is the acceleration due to
gravity, U - the viscosityp; - the density of the base fluid,- the density of the nanopatrticlg; - the coefficient of
volumetric thermal expansiofig - the coefficient of volumetric concentration expgansT - the temperature of the
nanofluid,C - the concentration of the nanofluifl, andC,, - the temperature and concentration along thetcéting
sheet,T,, andC,, - the ambient temperature and concentratidy; the Brownian diffusion coefficienD; - the
thermophoresis coefficienB, - the magnetic inductiom, - radiative heat fluxk - the thermal conductivity, {C)p -
the heat capacitance of the nanoparticleS);(- the heat capacitance of the base fluic k /(pC); is the thermal

diffusivity parameter andr = (pC)p / (0C); is the ratio between the effective heat capacitthefnanoparticles
material and heat capacity of the fluid.

The associated boundary conditions are

u=U,(x)=U, X", v=0,T=T,,C=G at ¥ 0

u-»O,V—>O,T—>'|;,,C—>Q, as y-» o (5)
By using the Rosseland approximation (Brewster)[3#k radiative heat flux. s given by
q 4g_ oT*
| = -
3k, dy ©)

wheregy is the Stephen Boltzmann constant &nid the mean absorption coefficient.

It should be noted that by using the Rosselandoeqapiation, the present analysis is limited to ogiticthick fluids.
If the temperature differences within the flow asefficiently small, then equation (6) can be lineed by

expandingT4into the Taylor series abo]ﬁ;, , Which after neglecting higher order terms takesform

4 3T _ T4
T 041 T-3T, Ko

Then the radiation term in equation (3) takes trenf
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Invoking equation (8), equation (3) gets modifisd a

T  aT _  k &°T { (6T6Cj D(aTj} J160, T 97T
U—+V— = —— +7< D, | —— |+—
X  ay (pCp)f Y dydy) Tlax 3g(pCp)f6§/

Using the stream functidfi = (¢ (X, y) , the velocity componentsandv are defined as

©)

oy

u=——and =-
ay

[
0x

Assuming that the external pressure on the platéhe direction having diluted nanoparticles, tocbestant, the
similarity transformations are taken as

_ [ _T-T, _c-¢ . [(meux™
w—\/jf(ﬂ)19(’7)‘-|;v_-|;’40(’7)_%—@’n_y\/ v

Nr=4ke_l|<_3,R=3il A=S0 5=87 p=Y ,Le=Di v="+
O-Sw r Reg Ré a B pf (10)
D, D U, (X) x
= -G),Nb=—L( - T),Re=""",
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Gr=
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In view of the above similarity transformationse thquations (2) - (4) reduce to

fm+ﬂ:" 2m .I:!2 2 (/19 5¢) Mfr
m+1 m+1 (11)
i(1+ R)&" + f6 + NlW¢ + NG'*=0
(12)
¢ +Lefg + 6?"
(13)

where A - the buoyancy parameted- the solutal buoyancy parametér, - the Prandtl numbel,e - the Lewis
number,v - the kinematic viscosity of the fluidJyb - the Brownian motion parametdxt - the thermophoresis
parameterRe - the local Reynolds number based on the stretorehagity, Gr - the local thermal Grashof number,
Gm - the local concentration Grashof number drél, ¢ are the dimensionless stream functions, temperatur
rescaled nanoparticle volume fraction respectividire, S+ and ¢ are proportional ta =, that isBr =n x2and
[Sec=ny x 3, wheren andn, are the constants of proportionality (Makinde &idnrewaju, [35].
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The corresponding boundary conditions are

f=0, f'=,0=1,9=1 atn =0

f'~0,6-0,p-0 aspy o (14)

For the type of boundary layer flow under consitlera the skin-friction coefficient, Nusselt numksrd Sherwood
number are important physical parameters. Knowhegvelocity field, the shearing stress at the ptare be
obtained, which in the non-dimensional form (skiictfon coefficient) is given by

:ﬂ :ﬂ (a_u) :—1
A7 Uz Ty Jo(me)

Knowing the temperature field, the heat transfafficient at the plate can be obtained, which & tlon-
dimensional form, in terms of the Nusselt numkegiven by

_ qWX —_ qN aT —_ 2 -1/2
Nu = =~ |, == ——Re¥ & (0
k-1 (Tw—w;)(aij Vie1"e 00 )

Knowing the concentration field, the mass transtefficient at the plate can be obtained, whicthenon-
dimensional form, in terms of the Sherwood numizegjven by

= A X = - G a_C — L ~12 a1
sh k(C,-C.) (g—g)(ayj“ \/m+1Rex 70 a7

SOLUTION OF THE PROBLEM

The set of coupled non- linear boundary layer equat(11) — (13) together with the boundary cowodisi (14) does
not possess a closed form analytical solution. deitdias been solved numerically, using the Rufigiga method
with a systematic guessing df’ (0), 6’ (0), ande’ (0) by the shooting technique until the boundargditions at
infinity f” (), 8’ (), ande’ () decay exponentially to zero. The valuejgfis found to each iteration loop by the
assignment statememnt = 5., + Ay. The maximum value of,, to each group of parametédsn, Nr, Nh andNt, is
determined when the values of unknown boundary itiond aty = 0 do not change to a successful loop with error
less than 10. The step size\n = 0.05 is used while obtaining the numerical solutioithw;,,= 10 and by
considering the six decimal place as the critef@nconvergence. From the process of numerical coatipn, the
skin-friction coefficient, Nusselt number and Sheod number, which are respectively proportiondlt®), 0’ (0)
and ¢' (0) are also sorted out and their numerical valrespresented in tabular form.

C, Re” 1" (0) (15)

RESULTSAND DISCUSSION

In order to get a physical insight into the probleanparametric study is conducted to illustrate ¢ffects of

different governing parameters viz., the magneticameter (1), the thermal buoyancy parametd, (the solutal

buoyancy parameted), the radiation parameteR); the Prandtl numbeP(), the Schmidt numbe6), the Lewis

number Le), the thermophoretic paramet&it and the Brownian motion parametdibf upon the nature of flow
and transport and the numerical results are depigtaphically in Figs.1 - 21. Here the valueRsfis chosen as
0.71, which corresponds to air. The valueSoére chosen such that they represent Helium (@agr vapor (0.62)
and Ammonia (0.78).The other parameters are chasgitrarily. The present results are compared whitht of

Anwar et al. [36] and Khan and Pop [37] (reducesesaand found that there is an excellent agree(fabte 2).

Fig.1 shows the effect of the Prandtl number onwviflecity. It is observed that, an increase in Rmandtl number
makes the fluid to be more viscous, which leads tiecrease in the velocity. Fig.2 depicts the efééchermal
buoyancy parameter on the velocity. Here, the pesltuoyancy force acts like a favorable pressuaslignt and
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hence accelerates the fluid in the boundary laykis results in higher velocity asincreases. The effect of the
solutal buoyancy parameter on the velocity is fHated in Fig. 3. It is seen that as the solutalylmcy parameter
increases, the velocity decreases. The effecteftiretching parameter on the velocity is preseimdeig.4. It is
noticed that, the velocity decreases as the strgiqtarameter increases. The influence of the magparameter
on the velocity is shown in Fig.5. As the magnetitameter increases, the velocity decrea$kess is because,

an application of the magnetic field within the boany layer produces a resistive - type force knasriorentz
force which opposes the flow, and deceleratesfliid motion. Fig. 6 shows the effect of the rathatparameter on
the velocity. It is seen that as the radiation peater increases, the velocity increases.
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Foy,

Fig.3. Velocity profilesfor different valuesof & Fig.4. Velocity profilesfor different valuesof m

Fig.7 shows the effect of the Prandtl number ontéingperature. It is observed that as the Prandtlau increases,
the temperature decreases. This is due to thelfattfor smaller values d®r are equivalent to larger values of
thermal conductivities and therefore heat is abl@iffuse away from the stretching sheet. The mflce of the
thermal and solutal buoyancy parameters are ifitestrin Figs. 8 and 9. It is clear that the temipeeaincreases, as
the thermal or solutal buoyancy parameter increaBes effect of the stretching parameter on thepemature is
presented in Fig. 10. It is seen that the tempezaticreases as the stretching parameter increBlsedemperature
profiles for different values of the magnetic figfthrameter are depicted in Fig. 11. It is obsertlet the
temperature increases, as the magnetic field paeanmereases. This is due to the fact that theoparticles
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dissipates energy in the form of heat which catiseshermal boundary layer thickness to increaseuttimately a
localized rise in temperature of the fluid occurse effect of the radiation parameter on the tewrtpee is depicted
in Fig.12. It is seen that as the radiation paremietcreases, the temperature increases. Theiad@drameteNr
being the reciprocal of the Stark number (also km@s Stephan number) is the measure of relativeriapce of
the thermal radiation transfer to the conductioathteansfer. Thus larger values gf show a dominance of the
thermal radiation over conduction. Consequentlgdarvalues oNr are indicative of larger amount of radiative heat
energy being poured into the system, causing aimi$€n). The temperature profiles for different valuestioé
Brownian motion parameter and thermophoresis paem®shown in Figs. 13 and 14, respectivelys lblbserved
that the temperature of the flow field increaseghas Brownian motion parameter or thermophoresisrpater
increases.
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Fig.7. Effect of Pr onthetemperature Fig.8. Effect of A on thetemperature
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Fig.15 shows the effect of the Brownian motion paeter on the concentration. It is noticed thathesBrownian
motion parameter increases, the concentration asee The effect of the thermophoresis parametethen
concentration of the flow field is presented in.Fig. We notice that, positidt indicates a cold surface while
negative to a hot surface. It is seen that the eination decreases, as the thermophoresis pamnaimateases. The
effect of the magnetic parameter on the conceotrdield is shown in Fig .17. It is shown that acrease in the
magnetic parameter causes an increase in the doatoem. Fig. 18 illustrates the effect of the Lewiumber on the
concentration. It is observed that the concentnatiecreases as the Lewis number increases. THigiso the fact
that there is a decrease in the nanoparticle volinaotion boundary layer thickness with the inceeasthe Lewis
number. The influences of the thermal and solutedybncy parameters on the concentration field hosva in
Fig.19 and 20, respectively. It is noticed that #twncentration decreases as the thermal or sdw@yancy
parameter increases. Fig. 21 shows the effecteofdbiation parameter on the concentration. Itoisced that the
concentration decreases as the radiation paraineteases.
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Fig.15. Concentration profilesfor distinct values of Nb Fig.16. Concentration profilesfor different values of Nt

Table 1 shows the computations of the skin-frictmefficient, Nusselt number and the Sherwood nunfibe
various physical parameters. It is observed thi ascreases, both the skin-friction coefficient atasselt number
increase whereas the Sherwood number decreasemchgase in the radiation parameter leads to aimighe
Nusselt number and Sherwood number and a fall énstin-friction coefficient. As\ increases, both the skin-
friction coefficient and Sherwood number decreaselenthe Nusselt number increases. It is obserted &n
increase ird, leads to an increase in the skin-friction coédfit and a decrease in the Nusselt number and 8bdrw
number. An increase ibe shows a decreasing trend in the skin-friction ficieht and Nusselt number while an
increasing trend in the Sherwood number.Msncreases, both the skin friction coefficient addsselt number
increase rapidly whereas the Sherwood number dezsedVith an increase in the valuesNif, both the skin
friction coefficient and Nusselt number decreasemshs the Sherwood number increases.
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Fig.19. Concentration profilesfor different valuesof A

Fig.20. Concentration profilesfor different values of §

Table1l Computationsof the skin friction coefficient, Nusselt number and the Sherwood number for variousvaluesof Nb, Nt, Pr, Le,

Ad,m
Nb[ Nt| PrLe[A]d|[m] R| M| -8(0) $'(0) | £"(0)
01] 01| 0.71] 10 1 1 1 0P 0 0.4281 2.25624  0.8849
05| 01| 0.71] 10 1 1 1 0P 05 0.350b 2.35p7 0.86033
01]0E[071]2C| 1|1 1)]02]|0E]0.37524. | 1.957. | 0.9374.
0.1] 0.1 10 1|1 [1]1|0z2]|0.E 0.948¢ 2.0173¢ | 1.208¢
01] 01| 071 25 1 1 1 0P 05 0.4318 3.76P5 0.81168
01] 01| 0.71] 10 2 1 1 02 0p) 0.4748 2.34p3 0.3962
01] 01| 0.71] 10 1 2 1 02 05 0.2851p3 0.1746 @384
01] 01| 0.71] 10 1 1 3 02 05 0.3901 2.19 1.18586
01]01]071]1C|1]21|1]04]0E 0.399¢ 2.272: | 0.8667«
01] 01| 0.71] 10 1 1 1 0.p 1 0.4050 2.21P6  1.10p27
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n

Fig.21. Concentration profilesfor different valuesof R

Table 2 Comparison of reduced Nusselt number, reduced Sherwood number and skin-friction coefficient

Nb | Nt | Pr| Le| A | 8 | m | Khanand Pop (2010) Anwar and Khan etal. 2241 Present results
-8'(0) $'(0) 9'(0) $'(0) 9'(0) $'(0)
01]01]10] 10 0|1 0.952¢ 2.129¢ 0.952¢ 2.129¢ 0.952371 | 2.1293¢
02]0z2]10] 10 0|1 0.365¢ 2.515: 0.365¢ 2.515: 0.36535 | 2.5152:
0.3 | 0.3] 10| 10 q 1 0.1355 2.6088 0.1355 2.6084 35514 | 2.60881
04| 04] 10| 10 q 1 0.0495 2.6038 0.0495 2.6039 49365 | 2.60384
05| 05| 10| 10 q 1 0.0179 2.5731 0.0179 2.5731 17922 | 2.5731
CONCLUSION

This study has analyzed the effect of the radiatiora steady MHD heat and mass transfer flow ovaoralinear
stretching sheet. The non-linear governing equatiand their associated boundary conditions haven bee
transformed to non dimensional equations usingittndarity transformations and the resultant prabie solved by

an iterative Runge-Kutta method along with shootechnique. The present results are compared tithexisting
literature and found a good agreement .The inflaesicthe governing parameters on the velocity, tnapre,
concentration distribution as well as the skin tfoe coefficient, heat and mass transfer rates hbeen
systematically examined. From the present numeineaistigation, the following inferences can bevera

* A rise in the radiation parameter raises the teatpez as well as rate of heat transfer and theepoes of
radiation radiates the heat energy away from thél.flit is the nanofluids property to enhance thermal
conductivity.

» Velocity accelerates with an increase in the thétayancy force or radiation and decelerates waithincrease
in the Prandtl number or magnetic field or solabyancy force or stretching parameter.

» There is a rise in the temperature with an incréaskee magnetic field or solutal buoyancy forcettog radiation
or thermophoresis parameter or Brownian motion rpetar or stretching parameter and a fall with amease in
the thermal buoyancy parameter or Prandtl number.

» Species concentration increases with an increase¢hén magnetic field or Brownian motion while the
concentration decreases for an increase in theesaltithe thermophoresis parameietewis number or thermal
buoyancy force or solutal buoyancy force or radiaparameter.
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 Skin friction coefficient increases with an increds the magnetic parameter or stretching paranwetsolutal
buoyancy force or thermophoresis parameter or Bimwmotion parameter and decreases with an incieabe
radiation parameter or Lewis number.

» Heat transfer rate rises with a rise in the magnmtirameter or radiation parameter or thermophopgiameter
or Brownian motion parameter and it falls with anrease in the solutal buoyancy parameter or Lewisber.

» Mass transfer rate increases with an increaskeeimadiation parameter or stretching parameteresris. number
or Brownian motion parameter and decreases witlinarease in the magnetic parameter or solutal mmya
parameter or thermophoresis parameter.
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