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Abstract An investigation is performed filyzng the effect of entropy generattan sinady, laminar, axisymmetric flom-of an i
compressible Poviglting fluid. The flow is considered in the presence of vertically applied magnetic field betweeroradially stretching r
tating disks. The Energy and concentration equation is teknotritoiavestigate the heat dissipation, Soret, Dufour and Joule
heating effects. To describe the considered-fliomensionalized equations, an exact similarity function is used to retace a set of
partiatlifferenti@quation into a systemooflinear coupled ordinary differential equation with the associated boundart conditions. U

ing homotopy analysis metiédil)ananalytic solution for velocity, temperature and concentration profiles are obtained over the entire
range of the imperatimmmeters. The velocity components, concentration and temperature field are used to determine the entropy ge
eration. Plots illustrate important results on the effect of physical floResulimel#esned by means of HAMercempared

with theesults obtainegt usingmiimized homotopy analysis method (OHAM). They are in very good agreement.

KeywordsAxisymmetric fldntropy generati@tretchindisk PowelEyrindluid Diffusion

1. INTRODUCTION (1970) Later Wan{1984)and Bank$198) generalized the
same problem for thdéaensional flows due to stretching sheet

e . . and to a power law stretching velocity respectively, the acquired
Energy flux or diffusion of energy is produced byia COMRRAI It wasp no longer exact ingsuch tra);elsiitri)on, Gu)p/)ta and |

tion gradient termed as Dufour effect or the-tiéfureimfe Gupta(1977c ont i nued t by inCludmg eagss p 1
fect, though mass flux or species differentiation emerging iQu fon and injection at the Beatlle(2007pbserved the flow

'n't'gy htomogbende_eur?r:xtusre ctan tt)el_ﬁcrau_ieda ﬁ"’@“ tpe\z/(/alture and heat transfer characteristics of the homogeneous second
gradient, embodies the Soret or n eriect. ne rade fluid over a fissthermal stretching sheet in the presence
er the transfer of heat and mass occurs then there exists densi bruniform internal heat generavdiile the flow over

differences in the flow regime, abovem_ennoned effests ares'EPetching surface subject to an unvarying heat flux along with the

mentous for the separatf isotope and mixture amongst gaseg, rature field was discusg@rubka and Bol§b@85)On

of very light molecular weight such as hydrogen and helium ther hanWang(1988)alked about the rotating fluid flow

medium molecular weight such as nitrogen and air. Due 10,08 ihe stretching surface. F20@J further extended the

fsllmdultt?]neous opigrrencetb;f fr|1eat and dmtd?;f trans{er tl'n Ia m% em of stretching surface to the combine effects of stretching
uid, the association agn Uxes an INg potentials ~  ang disk rotation. Fang and ZRB808Jound the exact solution

might be of more complicated in nature. These effecté-substa&tl avieBtokes equations for the flow between two stretching
ly cover the areas, for instance, geothermal energy, nuclear viasg

€. A numerical study was conducted by Ashraf and Batool
disposal, hydrgio etc.and deliberated as seeamr pé- . : : :
nomena. Many researct idered the combined effect of (2013jor the analysis of the axisymmetric steady floncof an ele

Soret and Dufour effects as they are not of the smaller 0r((:;glCaglyo?or:g:aﬁgirgggopo\llz:rljrzﬁ%nggSfiblﬂyﬁrrﬁg%u

magnitude than the effect jerﬂp?oed yextrm%lyécéua{egp%ctraqﬁ‘u rial'in(ik
n

h&

. L . 2
Diverse situations have been deliberated by modern researzgg% scheme to examine the flow due to radially stretchable
to gain insight regardirgy nbANewtonian fluid flow rate and

. X rotating disk of an electrically condudadinmder the influence
heat transfer on the stretching, rotating surfaces. Flow over g y g

. . ' X i H?evertically applied magnetic Kigiceover, for the first time
ten§|ble moving surface was first prapusenvestigated by owettaw stretching rotating disk in the radial direction was po
Sakiadag1961) In recent times a large number of researche

X : red by Asghar et(2014)He used d.igroup theory to calc

h-ave. been fgrther e;](temeE)gA{ork 9f Saklac(a%l):)ly co- f late thesymmetries of governingaégns and then Munawar et

Zl_derlng va|r|01_,|s P ysllaca jltuatllons. IlexaCt foO utlcc)jnborl_th_o 2011) presented analytic solution using optimal homotopy
Imensional viscous boundary layer flow affected by ling lysis method for the viscous fluid flow sandwiched between

streting of the elastic flat surface was presented by erWo stretching disks with slip boundaries and the effedts of mater
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al parameters on the quantitielysicpl interest. Ariel (2001) see ref(Butt and Ali, 2014, Rashidi et. Al., 2014, Torabi an
studied the viscoelastic fluid flow over a radially stretching Ztising, 2015,Parvin and Chamkha, 2014, Mahian et. Al., 20
wherein he obtained the perturbation and asymptotic solutioBhateyi et. Al., 201&bolbashari et. Al.,, 2014, Bhatti.,et. Al
small and large Deborah number respectively. The consid2édd.
flow is axisymmetric for batbscalrhe Unsteady axisymmetric  The lbw of nehewtonian fluid over stretching and rotating
flow over a radially stretching sheet has been obtained by Sagigrieices has been focused by scientists and engineers as it |
al. (2008) and he also found the series solution of considerecefovt e nsi vel y i mportant appl i«
and observed the heat transfer effect. A number of casestie of flows occur are designing cooling systenasfa liqui
been presented by Eckert Rrake (1097) wherein thermal als, thermglowegenerating systems, flow meters, gas turbines
diffusion and diffusibarmo effect cannot be neglected. Lineamedical equipment, metallurgical and polymer extrusion of st
and nothinear stability analysis were carried out by Gaikwaaterials, rolling of plastic films etc. Furthiwespiening of
(2007) for double diffusive convection with Soret ané Dufouibers, glass blowing, crystalline materialatansbes casting
fects in a two component couplss dtuid layer. A numerical of metals, involve the flow above the stretching surfaces.
model to study the combined effect of Soret and Dufour effectStimulated by the aforementioned reference works and t
and also the influence of hydromagnetic effect on convectivealipus industrial and engineering applications of MHD flow
flow, viscous dissipation, Ohmic heating, heat and mass tramsjaNewtonian fluids over a stretching rotating disketite
the flow induced by a rotaisigwias developed by Osalusi et article aims at investigating the Soret and Dufour effect on ste
al. (2008). Additionally, Afify (2009) worked for free conveMid® flow of Powejring fluid in the presence of unifprmly a
heat and mass transfer characteristics over a stretching supghed magnetic field. We propose to extend the p&Girieen of
and also considered the suction or injection with Soret and Defoat. (2010)and consider the electrically conducting non
effects. Tsai et al. (20@@sented heat and mass transfer ana Newtonian Powgllring fluid between two stretching disks with
ysis which had been designed for steady stagnation point Hiat and mass transfer. Morasgeaare taking entropy gener
through a porous medium over a uniform stretching surfacgohyanalysis into account in order to discessotiaw of
solving of continuity, momentum, energy and concerdration egarmodynamics.dkwg suitable similarity transformations, the
tions using the numerical pooeed numerical analysis using system of nonlinear partial differential equations reduced i
fourth order Runatta based on shooting method was co nonlinear ordinary differential equations and then deaphered ¢
ducted, on MHD slip flow of an electrically conducting Newtdytigally for the velocity, temperature and the conceniration di
fluid over a porous rotating infinite disk with the consideratidtadns byneploying a powerful, gasise technique, namely
thermal radiation effect, So@tDaufour effects by Anjali et al. homotopy analgmethod presented by (2003, 2004 Firs-
(2011). With the aim of reporting, Hayat et al. (2010) obsevede computed the series solution and discussedrits conv
heat and mass transfer characteristics of the viscoelastic flugkrioe. Obtained results using HAM are compared with result
consideration of Soret and Dufour diffusion effects on-mixedagimized homotomalysis metho®KAN! Lastlythe graphs
vection boundary layew fover a linearly stretching vertical su are sketched for the variations of different flow goveraing para
face in a porous medium. Rashidi et al. (2011) considereddison the velocity, temperature and tcatimerprofiles are
thermatliffusion and diffusibarmo effects, viscous dissipation,addressed.
Ohmic heating, MHD convective and partial slip effects due to
rotating disk flolvimmogeneous fluid. He derived solution in the
form of exponentidgcaying series functions via homotop?' FLOW ANALYSIS OF THE PROBLEM
analysis method. Khan et al. (2014) have discussed the unsteady
flow of couple stress fluid over a rotating disk in whieh they o Effects of Soret and Dufour on steayar, hydromatne
served the diffatebehavior of couple stresses. Powell angt, axisymmetric flow ofMewtonian PowEllring fluid ireb
Eyring (1944) proposed the mechanism for the relaxation th@en stretching rotating disks studied. Disks are separated v
of viscosity. Khan et al. (2014) presented MHD flow of Powall by distandeand both of the disks are stretched outwardly
Eyring fluid due a rotating disk under the influential external igh the velocity proportional todius af the disk. Considered
netic field and dissad analytically using the-aeatytical  flow is defined in motating cylindrical polar coordinates
method. d% RO withU is chosen as the vertical axis, andrab are

In thermodynamical systems, flow and heat transfer progggfal and tangential ax@&¥x are assumed to be theorelo
losses useful energy which can cause great disorderland copyf&omponents in the directiocylmdrical polar coordinates
ling of this disorder is the core interest of modern engineers §otH) respectively. At the plahe,rt the lower disk is fixed,
scientists. Alyais of second law of thermodynamics is a use{yhile the upper disk is fixed alahel A A transverseiun
tool by which one can secure wastage of energy, praelict therdiénly distributed magnetic field with a constant magnetic 1
formance and fully utilize energy resources by minimizingytity is applied verticatlythe surface of the disk as shown
irreversibility, measured by entropy generation and get the opgimgy 1.
and improvegfficiency dfiethermal system. Many researchers  The external electric field and the electric field dug to the |
employed the approach of minimizing entropy generation bydgzation of charges are assumed to be negligible. Furtherm
ing diverse geometrical arrangements and many engineers figVéagnetic Reynolds nubkfor the considered flow is a
designed thermal system to optinf.'meinstancez Butt et al. ,umber much smaller than the fluid Reynolds Yi@mbsr
(2012)howed that entropy generation rate abridged and e induced magnetic field is neglected. The continity, mom
precise as the slip which is present over a vertical plate. Guotgm energy and concentration equations governing the magn
(2011 numerically investigated laminar #ianidrochannel. Li hydrodynamics flow of Peiyeihg fluitbr the problem with the

et al.(2(_)11)co_nducted local entropy generation analgdis bas,g|ated boundary condition can be written in the form
on twalimensional, tywbase fuel cells. For more retgdies
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3 is the extra stress tensor for the BEgwed modd, is
the velocitg andA are the material constarthePowell
Eyrindluid modeM A andz are the densitglectric conduweti
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Fig. 1Physical model of considered flow

Now using Egs. é)d(7) in momenturenergy and rco
centratioaquatiosmwe get
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withboundary conditions
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As we see that the equation of continuity is identically satisfiel

by using Eq. (8) and yields the relation
¢O0Q G0N ™ 9)
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Using Eq. (9) in Eq. @®) by taking Eq4)with that, it 3. ENTROPY GENERATION
can be seen thhe system is overdetermined, so differentiation

of Eq. (1Qroducemnore compaexpression: Entropy is a decisive physical concept originated from tt

p 60O v (RO ~rv 2Kkxy0 « law. The substantiatonsequencef altercatiof momentum
and energy as thedflflows within the boundary is entmopy ge
X0 ¥ ¢mMO¥ O ¥O v erationsucceeding the thermodynamic irreversibility f the sy
oy . " o " ey tem This is the disove concept, whose origin is second order
00 9 O © ¥ 21 O~y O & (16) law of thermodynami@se part of entropy generation is due to
o . . heat transfer in the direction of temperature gradients, wher:
& 71 Cew Ceaxe o others may be due to fluid friction irreversibility, Joyle heati

I viscous heatinGonferring t@ejan, 1982, 1996, Arikoglu and
Ozkol, 2008pe volumetric entropy generation rate far-the co

which is still subjedto the boundary conditions sidered axisymmetric flow of Feyigly fluith thepresence

Oon Op mh Gt ch "G q (17) ofmagnetic fieigl given by:
where 61 010w is the Brinkman numbé,0 Y ) ' '
is the Dufour numi@ip is the Be 0 :_—? Y% ‘19 Y H Y
ert numbefO& — is the Hartman numbef) —— Y ;_2 Tr_Ll’ oy ;_t’ IB "Y ';_‘Z.‘Y 1)
isthe Lewis numbds, — and. — are non
Newtonian PowEliring parameied i —— is the Prandtl i T_Y T_Y _0 6 0
number,Y'Q — is the wall stretching Reynolds number, Y H he Y

. ) _ . ) As seen in above equation that the entropy geneaation eq
Yw — is te Schmidt numbéyi ——— s the tion consistof three part¥hefirstand secongartreferthe

Soret numbeRatio of the stretching velocity of the upper disk!@sal entropy generation caused by fluid friction irreretsibility
heat transfer irreversibilttjle the third part signifies magnetic

the lower disk is considered todrely —is thedimensio- field effects

less ratiof the disk to the distance between them _ In terms alimensionlesariable, entropy generation- nu
The local skiriction coefficiedtsat lower and upper disk ber definesas the ratio between thetual entropy generation

and the heat transfer coefficient in terms of local Nusselt nupakgiand the characteristic entropy generati®y rating the

. Oaredefined as under transformatidanction, defined in E},. ti&entropy generation
. .o numbefor the considered flow problem turn aut to be
p 0 obLO ¥ 3 y . . 3
pp . & p. &y 6 — oy S oy
——Ce®w A -0 ¥ & 18 -
0 Y T, 7 (19 Yo ]
. " 00
& CGer o : ¥ (22)
LTy _ e ( 2 A OOox
[ —
x T a (19 .
O Y where_ —— andY ——
An unknown parameter can be determine usingdcalculate It can be seen from Eq. i#yaise in the Brinkmamnu
value o& ¥ and( ¥ . ber will result the increase in entropy generation due to fluid
o o . . friction irreversibility. Similarly eend Hartmann numtbrer i
- ¢ Ow® YQ'Oyx O¥ O creases in the entropy generation due to heat tratiséer and
magnetic effect increases respecBeggyn numberovides
¢O¥ "O¥ information regarding irreversibility mechanism which plays a
& ) ) & role in analyzing entropy generatiothe corggred problem
s GOy O = (20 thisdimensionless paramed@ocan be written:as
¢cp 0’0y 10O Ox O - oy
" - " A i} = ‘
&y O¥yOY¥Y O ¥v#& "o )
N —-— OY — O
5 o @w@er v 1 o (23)
& " 00 _—x &
& ( 2 A OO o
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4. HOMOTOPY ANALYTIC SOLUTION 0 OQh—m % Q 38A Q

2 A B Q%0 S

In the past two decadesarfiatytical solutioflots ohm- C .
linearproblemsn science and engineeringny researchers Where parameterX in above equations representsan e

have applied Homotamalysis method (HASMpcessfully — Pedding parameter defined in the regpmeve have

HAM is empongd to solve Eqgk.({Band (.16$ubject to.th.e. o0 ‘0 Qh OO OQh

boundary condition§) @nd (17)HAM solutions are an infinite . . .

power seriewrf suitable initial appmation, which canibe ~ —Qm —Qh —QOp —Qh 32
turn, expressed in a closed foitial approximasand aulxi %O % QR %P %0

iary linear operatbes/e been selected as fallows o
Thereforas @ varies fromm to p, ( ¥MBH ¥hJ and

O ¥ ¢Cc r¥y ¢p r¥h 24 n ¥ continuously vary flom¥ to( ¥ ,[ ¥ tof ¥
—x v AT A—~v < andn ¥ to n ¥ . This continuous variation is knovat as d
formation in topolo@®yy Tay |l or 6 equatioh é€32)r e m
Q0. 0 — ‘Q %o yields the relations.
i Ml etk o (29
OQw 0 0Q oY wh
which was found to be quite efficient and has the property that
fld6 6y 6 O I A . -
— —Q —¥ wh
flld 6% 1 (26 o (33)
fl 6 o6 m
With# ,T  pkt 8 Y are arbitrary constahtew we ¢o %o %o Q % ¥ & 8
structsystem of zdloorder deformationuatjonassociated
with the considered flow vidiekpectively, given by where:
p ofl Oyhy O ¥ @0 "O¥hw h . pT 0P . pT —Qp
> O~ T_Q ) — h —Y T_Q—‘ h
p wfl —yho — Tw Tw
wa 0 "O ¥hoo FO¥h Mee¥fo h
(27) %0 ¥ _A n

P w fl %O’X’F(b %o ¥ i .
w20 O v h—vhy 8 The convergence of the series presented in Esm33)

tingenbnly on auxiliary parametep i.as mentioned by Liao
(2004) and assumed that this auxiliary parameter is carefully

Subject the boundary corufit chosen such that the series (33) conae@esp then by

‘Oonfty  mHOph  THO ¢RO pho reason d£q. (32) we have
¢ h .
@  oop 0oQ  Orh
—ato mh—phi  pfseaty  mieepho  p
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- ;
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H"[01&F"[0]
mE p - . o
Hereys ohE p andT hT andT arerespectively
given
- i~ i H"[0]
T p 00 OwY (O YQ 00 <
A
) O F"[0]
&y X (0] 0O 0O g )
9] y h 50+ |‘
&Y vy '1, ‘|
& ¢m O O O @ / '
9] & ! 100l .
. o 'j” Fig. 20 curves
00 ¢ O o o ?
Y v
ey & 5. DISCUSSION OF RESULTS
ey o v
& -1 0 ‘0 0 4
& S & In thissectionwe present our findings i.e. the influence of
A & pertinent parameters on velocity, temperature, pressore and ¢
e (o) 0 O centration fields, in graphical form along with their interpretat
g T o Alsq graphical representations of entropy generation and Bej

number haveresented to see the beha¥iovolved param
ters. The considered mathematical flow problem definbden
. VN A in Egs. (12§13)and (16)ogether with the boundary conditions

K 00 0 $O & Eq. (b) and(17)have been solved analytically via HAM. O
tained results dfet velocity and temperature fields have been
used to compute the entropy generation and Bejan xtumber.
hibited results showing a comparison between HAMvgblutions
those generated by using optitdixbt To validate the results

" , O 00 p 00 comparison was madeeXaellent correspondence between two
@ v 1 T methods is achieved, as seen in Fidures 3
a
— " ~ ¥ ¥
(‘.,y C © o o o ”OHA []HANI — 025
m ﬁ FA F [A] . - 05
‘ij W f:v £, xw%" P— 0.75
00" & ~ O o o of e e :
f:Y @‘ :v HIA] & F [A]
Yy ~ 024t
O ) & ) b g, ,
— (0] (0] O © i
g PO o)
=01
T % 38GA 2AARAO 0% 03
FIAl
Onsolvindzg. (35along witkq.(39, he analytical solution 10

for velocity, temperature and concentration profiles are obtain
Unlike all other analytic methods, the HAM make avaitable a <
ple mode to regulate the rate of approximations and control
convergence regiorthafseries solution, ensured by taking the
most suitable valueh@honzero auxiliary paramete€ones-
quentlythe auxiliary parametboves vital role in the frame

0.5

ofthe HAM which can be defined by-tladlesb-curves. For 05l
this purpose -curves are plottedHg. (2)whichshows the Fig. 3Effect of on & and( ¥ with
admissible range. 1 mRo® ¢AYyQ vl ™R ™
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Fig. 4Effectof on& ¥ and( ¥ with

HOG cAYQ v i 1]

picts that the magnitudéf getsweakes adjacent to the

lower disk as theAincreases. Behind this Lorentz force is the
reason, which opposes riotion of fluiBurtherit slowlynk

creases and approaches to Z2¥o.decreases with the rise in

( A and after getting some point it starts increagimg. As
increasin2 Aresults the increasé&ry , therefore the viseo

ity of Powelllyringliid decreases and stretching of disks have
not been considerably influential for a less viscous fluid. Wherea:
"O¥ decreases first and wherRtimcrease enough it starts
increasing (see Fig. 6). It is quite obvious from all the graphs of
"O ¥ that axial velocity at lower disk decreases and itaurns into
radialcomponent tiediskand also it disappearshatupper

disk.

Fig. 6Effect @ fon& ¥ and( ¥ with
| m™hO® ¢t ™ m™h

PA]
Ha ¥
: — 025
————— 8
______ o ----- 05
........ 14 vmemem 0.75
-------- 1
Fig. 5Effect of Aon& ¥ and( ¥ with # o T o 5 on
™ TRAYQ v TR T Fig. 7Effect of on0 ¥ with 5
1 TPHOG cAY'Q v TP T
Figs. & are sketched to see the variations of the Powell |
Eyring parametet, stretching disk paramgteHartmann
number( Aand Reynolds num@efon dimensionless velocity 2 JEEm——— . N
profiles in radi@y and axial directitd ¥ . Fig. 3 clarifies o e, L — o1
that dimensionlé&sy declines first and then starts to increase | ’ -------------------- ‘\‘ _____ 03
due to increaselinand at upper disk it gets vanish, after attai , N e 05
ing certain values whlilmensionles®¥ decreases and it e ‘ ‘ R 07
increases gradually.[FdFfig. 4 elucidates that the increment in A * vy
[ declines first and then rapidly@sesand at the upper disk AN

it dies outhoweverdiminutions near lower disk and maximum

amplification nearby upper digksin can be seen. Fig.&d  F9- 8Efectot on0 ¥ with
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2A plD O g O mp O TR v YQ ufb i T o @i @

Fig. 710 reveals the effects of the various parameter againstgffects of flow parameters on tempgraturand conge

pressure profiler . It is illustrated by Fig8. that0 ¥ be- tratiom ¥ fields are displayed in Fig20lThe effect of
comes strengthenramnd( Aenhances but after reaching the 5nq  onf v andn ¥ are given in Figs. 11 and 12. These
particular point it comes to drop. An increaaedd A0 ¥ figures illustrate that an incrementirdr accelerates ¥

turn out to be diminished as shown inFlgs. 9 and decelerat@s ¥ . According to Figs. 13 as Brinkman nu

ber intensifigs ¥ also intensify on the other hand first
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increases near the lonsk dnd then starts to decline and at the

upper disk it gets constant. In Fig it4an be observed that
due to increasen@nd2 Af ¥ rises due to this thickness

ofthermal boundary layer and reduees

Fig. 14Effect oD ©nf ¥ andin ¥ with

1 mphoo MM Q pRod civd mfiyi m@h

YQ o mBi it R v

Fig. 15Effect 2 Aonf ¥ andn v with
1 ™HOo T Q pHOG ¢AYd mdfiyi maéh
o i o ) v
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Fig. 16Effect of Aon[ ¥ andn ¥ with § 3
1 o6 T Q pfi  T@RY® mefivi mah
YQ uhi mghpi ™t T v

a1 Sr #IN Sr

Fig. 17Effect oB An[ ¥ andn ¥ with
] m8ph $0 m8uh , A ph (A ¢h r n
YQ oD i Tt ey v

Since a drag force has the effect of decay and ultimately
thickening of the thermal boundary layer and reduction in
having noticed as thdgets stronger (see Fig. 16). Sirhilar e
fects have been observed for Soret and Schmidt number from
Figs. 17 and 18. For large amounts of Soret and Schmidt numbe|
[ ¥ is larger and these numbers have the thickening effect on
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thermal boundary layer, however,has its maximum value at

the lowedisk and drops near the upper disk. Fig. 19end 20 d
pict that the effect of Dufour and Lewis number are alike. With the
increase in Dufour and Lewis nfimbecome to enhance and

N ¥ becomes depreciated.

Fig. 20Effect o Oonf ¥ andn ¥ with § 3
1T ™l T Q pod cAYd mafiyi mah
YQ uhi gt ™t Th v

The variation in entropy generation niimbemd Bejan
Fig. 18Effect 2 Aon] ¥ andn ¥ with numbet Aare plotted in Fig-Z8.
1 mphoo ™ Q phod ¢ivw mefiyi m@h
Pl il ot T v

Fig. 21Effect of on. and" Awith o 5 3
1 m@h meioo T Q TRYH Ty &k
Fig. 19Effect of Aon[ ¥ andn ¥ with 3 3 0i ™ tui mhOw chyQ vl ™l %
1 T@ho6 i Teiod YO mefiYi mah
YQui mgovi ™t mphy v
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