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Abstract:

In this study, we analyzed the heat transfer nadfitbe magnetohydrodynamic Casson fluid flow ocaesemi-
infinite porous vertical plate in the presencetwfrtnal radiation and heat source/sink with buoyaafégct. The
governing partial differential equations are transfed as non-dimensional equations using suitable
transformation and resulting equations are soha&dguPerturbation technique. The effect of non-disienal
parameters namely thermal radiation, heat sourde/@rashof number, porosity parameter and magfietit
parameter on the flow and heat transfer is analyaetdoth Casson and Newtonian fluid cases. Alsculsed
the friction factor and local Nusselt number foitthgases. It is found that momentum and thermahbary
layers of Casson and Newtonian fluids are non-umifo

Keywords: Casson fluid, MHD, thermal radiation, heat sowsitdd, buoyancy effect.

Introduction

The study on MHD effects of non-Newtonian Cassarndflflow with heat transfer problems has become
industrially more important. Nanofluids are vitgpdications in science and technology, cancer hdnezapy
and aerodynamics. Abo-Eldahab and Aziz [1], analytbe problem on MHD free convection flow over anse
infinite vertical plate with the influence of vise® and Joule heating in the presence of Hall andslip
currents. Effects of radiation and aligned magnfi¢ild on ferrofluids past a flat plate in the ggace of heat
source and slip velocity was studied by Raju ef2jl.and concluded that when slip parameter in@sdbe
momentum boundary layer thickness enhance. Vedastti. [3] studied the effects of MHD on Casstowf
past a vertical plate with Dufour, radiation anciical reaction. Sekhar et al. [4] studied the@ffeon MHD
boundary layer slip flow of Jeffrey fluid past atfplate with heat transfer. In this study theyrmidthat when the
temperature increases the slip parameter increRsisbii Kumar and Sivaraj [5] investigated the uadyeflow
of MHD viscoelastic fluid past a vertical cone aadflat plate with magnetic field and chemical réact
Chamkha [6] analyzed the problem of incompresdibid flow over a semi-infinite vertical permeahteoving
plate with the influence of magnetic field and cemization buoyancy and he found that when Grashofler
increased, the fluid velocity also increased. Uihan et al. [7] studied the squeezing flow of acwiss fluid
between parallel plates in the presence of two-dsiomal axisymmetric flow. In this study they usetiation
of parameters method and discussed the solutidilsizZaman et al. [8] analyzed the problem on MH&s€bn
Fluid Flow over a parallel plate with heat transéd Hall Current and analyzed the velocity andperature
distributions for various parameters. The problénurtsteady MHD flow over an infinite vertical hedtplate
with time-dependent suction was studied by Isramd@y et al. [9]. Kim and Fedorov [10] analyzed tlosv of
micropolar fluid over a semi-infinite vertical péatn the presence of thermal radiation. In thiglgtthey used
Rosseland approximation to describe the limit dicghly thick fluids. Takhar et al. [11] studiedeteffects of
heat transfer and unsteady flow over a semi-idiflét plate with magnetic field, and analyzed dffilect of the
impulsive motion of the plate. Kim and Lee [12] Bzad the problem of the oscillatory flow of a ndpolar
fluid past a vertical porous plate with skin frarii In this problem they analyzed the existencesdillating
behavior in the velocity distribution.

The problem on MHD convective boundary layer floveoa vertical plate in the presence of chemical
reaction and thermal radiation was studied by DBl and Babulal Talukdar [13]. In this problemythesed
perturbation technique to solve the partial diffgéi@ equations. Sheikholeslami and Ganiji [14] stigated the
heat transfer of nanofluid flow between paralledtps in the presence of squeezing effect. In thidysthey
analyzed the effects of the nanofluid volume fiattiHeat and mass transfer of MHD Casson fluid fimast a
rotating cone/plate in the presence of cross difustudied by Raju and Sandeep [15]. This papey tesulted
that increase in magnetic field parameter incréaseheat and mass transfer rates. Ramana Reddy[26}a
analyzed on MHD nanofluid flow towards a flat platéh radiation and chemical reaction. In this stidey
found the behavior of various dimensionless parareePushpalatha et al. [17] studied the unstealdip Mow
of a Casson fluid past a vertical flat plate witneective boundary conditions in heat and massteanin this
study they used perturbation technique to solveetheations. Ibrahim et al. [18] studied the effaaftsadiation
absorption and chemical reaction on MHD flow ovesemi-infinite vertical plate in the presence oéwtical
reaction and radiation. Ramesh and Devakar [19]yaed the problem on flows of Casson fluid between
parallel plates with slip boundary conditions. Frthis problem it is observed that the volume flavd aelocity
rate of fluid decreases in the presence of Cassmbar. Din et al. [20] studied the flow of a nandadl between
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parallel plates on heat and mass transfer. In shisly they used homotopy analysis method to sdhee t
equations. The article on unsteady MHD free flowCaisson fluid over an oscillating vertical platehyporous
medium studied by Asma Khalid et al. [21]. In th&per they analyzed the results for emerging flavameters.
Takhar et al. [22] studied the effects on MHD ffemv of a gas towards a semi-infinite vertical plah the
presence of radiation and magnetic field. Thisckrtresults that the radiation does not affectublecity and
temperature. Aboeldahab and Elbarbary [23] invastig the effects on MHD flow over a vertical platith
mass transfer in the presence of hall current aagnetic field. In this paper they used fourth-orB&emnge —
Kutta method to obtain the results. Mbeledogu agdl®[24] studied the MHD natural convection floweo a
vertical porous flat plate in the presence of clwaireaction and radiative heat transfer. In thigly they
concluded that the radiation affects the velocibg demperature. Rajesh Sharma et al. [25] analyhed
influence of heat absorption and magnetic fieldrafropolar fluid flow over semi-infinite moving k& with
heat transfer and viscous dissipation. This artielsults that the velocity increases with increaseplate
velocity. Very recently, the researchers [26-32Jd&d the heat transfer behavior of magnetic fldws
considering the various channels.

In this study, we analyzed the heat transfer natfitbhe magnetohydrodynamic Casson fluid flow over
a semi-infinite porous vertical plate in the presenf thermal radiation and heat source/sink witloylancy
effect. The governing partial differential equasaare transformed as non-dimensional equationg siitable
transformation and resulting equations are soha&dguPerturbation technique. The effect of non-disienal
parameters namely thermal radiation, heat sourde/@rashof number, porosity parameter and magfietit
parameter on the flow and heat transfer is analf@eldoth Casson and Newtonian fluid cases.
For mulation of the problem
Consider a 2D unsteady flow of a Casson fluid aveemi-infinite vertical plate embedded in porowediam.

Here plate is placed along-axis andgl axis is normal to it. An inclined magnetic field sfrengthB,is
considered as depicted in Fig.1. It is assumedthigae is no applied voltage which implies the albss of any
electrical field. The radiative heat flux in thédirection is considered negligible in comparisorthat in the

9 direction. The governing equations for this studyl@ased on the conservation of mass, linear marmreand

energy. Taking into consideration the assumptiodera&bove, these equation in Cartesian frame ofae¢e are
given by

X U Slip
24
UL
Porous medium
; —
_ —
—., ‘—
H;
X
Fig.1 Physical model and the coordinate system.
Co_ntinuity:
5 ° @)
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WhereUand Vare the component of the dimensional veIomUemgalI& and y directions respectively. For

optically thin limit for a non-gray gas near eqoilum, the radiative heat flux is represented kg fibllowing
form:

%% =4(T-T.)1, @)

Where | = j Kﬁw%d/]

Under this assumption, the appropriate boundargition for velocity involving slip flow, concentriain fields
are given by

_ — JKou-= _

UZUSIip:£_—,T:TW at y=0, )
a oy

a — U_m:UO(1+£eﬁ{),'F — Tm as ;’ — 00 (6)

Since the suction velocity normal to the plate fsirzction of time only, it can be taken in the erpaotial form

as

v=-V, (1+2ne"), @

Where Ais a real positive constang, and £A are small quantities less than unity aig> 0.
Outside the boundary layer, equation (2) gives

_ldp_du. , oBi5-

L B g + LU ®)
pdx dt yo K
Now, we introduce the dimensionless variables Hevis
T 2

u:i’vzl’ :\M’Umzu_w,t N ’g T T

U, V, v 0 v T, T,

- /2 C 2
n:mz,K:K\go’Pr:'up’M:JBz’G %ZT)’

VO \Y; k ,OV0 U V
S QoV F= 4v| )

- 2 - 2
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Using (9), the governing (2) & (3) reduce to thiédaing non-dimensional form:
ou

—(1+5Ae“‘)a—u=du°° +82 2 Gro+N(U, -u) (10)
gy dt ay?
WhereN =M +i, B :1+—1
K B
2
6—0—(1+£Ae’“)ae—ia—e FO-S86 (11)
ot dy Proy?
The boundary condition (6) and (7) in the dimentiss form can be written as
u:udip:¢g—;,6:1 at y=0, (12)

Whereqlzﬁu0
a
u-U_ =1+ge" -1 at y- o, (13)
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Solution of the problem
To solve the equation (10) and (11), we assumsdh#ion in the following form:

us= fo(y)+£e“tfl(y)+0(£2), (14)

=g, (y)+ee"g,(y)+0(e?), (15)
Substituting (14) and (15) into the equation (108l #11) and equating the harmonic and non-harmtamios,
neglecting the coefficient dD(fz) , we get the following pairs of equation f()ffo, go) and ( fl, gl) .

Bf, + f,—Nf,=-N-Grg, (16)
Bf, + f, —(N+n)f, =-Af,-Grg,—(N+n), (17)
g, +Prg, - Prf +S)g, = 0, (18)
g, +Prg,— PrE +S+n)g,=-APrg, (19)

Where the primes denote the differentiation witspet toy .
The corresponding boundary conditions can be wrie

fo=af. f,=¢f0,=19,= 0aty=0 (20)
f,=1,f,=19, - 09, - Oas y —» o | (21)
The solution of equation (16)-(19) which satisfg ttoundary conditions (20) and (21) are given by
fo(y)=1+De™ +D,eg™ (22)
f(y)=1+D,g™ +Dgeg™ +De™ +D g™, (23)
O (y)=€™ 24)
9 (y) =-De™ +Dge™ (25)

Substituting equation (22) - (25) in equation (44¥l (15), we obtain the velocity and concentratiistributions
in the boundary layer as follows:

u(y,t)=1+D,e™ +D,e ™ +ge" (1+ De™+De™+Deg™ +D E,e'mly) , (26)
G(y,t)=e™ +ee" (—Dle'mzy + Dle"“ly), (27)
Where
:Pr\/PF+£21P(F+S)'mZ: Py Pr+ 42F(rF+s+n)’m$=£2(1+\/m)’
1 APrm -Gr
==(1+1+4B(0+N)|,D, = D, =,
m 2( B O )) t P -Prm-(F+S+n)Pr' * Bnm’-m-N
_ _(1+ D, +mD2) — AD;m,
D; = , D, = 2 !
1+ gm, Bm; —m,—(N +n)
D. = GrD, __AD,m -GrD,
> Bmi-m,—(N+n)" ° Bm’-m—(N+n)’
D :—(1+D4+D5+D6)—¢1(D4m3+D5m2+Dgn])
! 1+gm, ’
Skin friction at the wall is given by
= Ly :@
" IdJOVO ay y=0
Cfx:_(Dan'ls-i'Dzml)_gem(D7m4+DIn3+D;m2+Dgn) (28)
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We calculate the heat transfer coefficient in teafhlusselt number as follows:

T
dy 26
=Xx—>* = Nu,/Re =— 29
wEXT T ./ Re, ., (29)
Nu,/Re, =-m +&€e" D, (m,—m,) (30)

VX
Where R, =—— is the Reynolds number.
\

Results and discussion

Results shows the effect of non-dimensional pararsenamely thermal radiation, heat source/sink skera
number, porosity parameter and magnetic field patamon the flow and heat transfer for both Cassod
Newtonian fluid cases. Also discussed the frictiactor and local Nusselt number for both cases.graphical
results we used the non-dimensional parameter yalue as
Pr=6M=3K=15= 0.5-= )= 01~ &= 04~ O&G = . These values are kept as
common in entire study except the variations digpdiin respective figures and tables.

Fig.2 depicts the effect of permeability parametarvelocity profile. It is evident that increasinglues of
permeability parameter enhances the velocity mefibf both fluids. It is also observed that momentu
boundary layer of Newtonian fluid is highly effaeti when compared with the non-Newtonian fluid. Fig.
illustrate the influence of time on velocity préfillt is observed that enhancing the values of timereases the
velocity profile of both fluids.

The effect of Grashof number Gr on velocity prdfiis displayed in Fig.4. We noticed that increasing
values of Grashof number Gr enhances the velodilg fof Newtonian fluid. But reverse trend has been
observed for non-Newtonain case. Fig.5 shows teeteof radiation parameter F on the momentum blamy
layer. It is observed that Newtonian fluid decrsaséth the increasing values of radiation paramé&tend
increases the non-Newtonian fluid velocity profil@ypical variations in the velocity profiles aloiige span
wise coordinate are shown in Fig.6 for differeniues of & . As expected, the results shows that an increase
the & value enhances the velocity profiles of both fluids

Fig.7 represents the variation of velocity profifes different values of heat source parametert & |
observed that rising values of heat source parangwecreases the velocity profile for Newtoniaridfland
enhances the flow field of non-Newtonian fluid. TWedocity profiles for different values of magnegtiarameter
M are displayed in Fig.8 which shows that, risiredues of magnetic parameter implies the decreaseldatity
profile. This may be due to drag force acting ojiea®s flow field.

Fig.9 depicts the effect of temperature profilesdiferent values of Prandtl number Pr. It showatt
an increase in the Prandtl number leads to a deerieathe temperature boundary layer. Fig.10 agdLEiare
plotted to depict the variation of temperature pesffor different values of radiation parametemafd heat
source parameter S. This shows that, an increaskeimadiation parameter F and heat source pararSete
implies the decrease in temperature profile. Figd@ Fig.13 shows the variation in friction factath increase
in radiation parameter F and heat source pararSesgrainst magnetic field parameter. It is obsethad rising
values of radiation parameter F and heat sourcanpeter S with increasing values of M tend to grhdua
decrease in the skin friction coefficient. An inese in Prandtl number Pr against the Grashof nu@béeads
to enhance the skin friction coefficient as showirig.14. Fig.15 represents the effect of Prandthiber against
the magnetic field parameter M on skin friction ffiméent. The result shows that rising the Pramuiimber
against the magnetic field parameter enhance thefrsétion coefficient.

Fig.16 illustrates the effect of Prandtl numberaBainst radiation parameter F on Nusselt numbés. It
noticed that increasing the Prandtl number Pr apaadiation parameter F decreases the Nusselt enuribe
effect of radiation parameter F against Prandtl imemniPr on Nusselt number shown in Fig.17. ThisrBgesults
that rising values of radiation parameter F agaftaindtl number reduces the Nusselt number. Figldi8 the
heat source parameter S against the radiation géear on Nusselt number, which shows that an @serén
heat source parameter S against radiation paramegeadually decreases the Nusselt number. Figuifrates
that heat source parameter S against the timeNusselt number. It is observed that rising the @slaf heat
source parameter S against the time t implies ¢loeedise in Nusselt number.

13



Advances in Physics Theories and Applications www.iiste.org

i/SOSLI(\BlOZYZZZOAZ-ZlQX (Paper) ISSN 2225-0638 (Online) illsJTE
1.6 —
1.4} // /\\\\\ gglsl,?]ed :.lr\]lznml\(ii\il:r? e 4
W T ——
12} / / / -
[/ /
1 f// / 4
= 08 M / $=0,0.1,0.2,0.3 il
o | |
0.4/ // ]
02 |
0 | | | | | | |
0 0.5 1 15 2 2.5 3 3.5 4

Fig. 2. Velocity profiles for different values oépmeability parameter.

Solid :non-Newtonian
1.8r Dashed :Newtonian

t=1.5,2.5,3.5,4.5
0.8 a

04 | | | | | | |

Fig. 3. Velocity profiles for different values airte.
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Fig. 4. Velocity profiles for different values ofr&hof number.
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Fig. 5. Velocity profiles for different values dddiation parameter .

15



Advances in Physics Theories and Applications www.iiste.org
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) “1"
Vol.60, 2016 IIS E

1.8 T T

Solid :non-Newtonian
Dashed:Newtonian

5 _
€=0.1,0.2,0.3,0.4
0.6 B
0.4+ B
02 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4
y
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Fig. 7. Velocity profiles for different values oéat source parameter .
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Fig. 8. Velocity profiles for different values ofapnetic field parameter .
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Fig. 9. Temperature profiles for different valué$?oandtl number.
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Fig. 10. Temperature profiles for different valwésadiation parameter.
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Fig. 11. Temperature profiles for different valud$eat source parameter.

18



Advances in Physics Theories and Applications www.iiste.org
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) i.lgl.]
Vol.60, 2016 IIS E

2.6

fx

U
1.6r F=0.2,0.4,0.6,0.8 7
1.4+ .

L L 1 1 L L L
0 0.5 1 15 2 25 3 3.5 4
M
Fig. 12. Variation in skin friction coefficient fatifferent values of F.
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Fig. 13. Variation in skin friction coefficient fatifferent values of S.
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Fig. 14. Variation in skin friction coefficient fatifferent values of Pr with Gr.
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Fig. 15. Variation in skin friction coefficient fatifferent values of Pr with M.
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Fig. 17. Variation in Nusselt number for differematiues of F with Pr.
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Fig. 19. Variation in Nusselt number for differestiues of S with t.

Conclusions

Heat transfer nature of the magnetohydrodynamis@afuid flow over a semi-infinite porous vertigahte in
the presence of thermal radiation and heat soumkelsith buoyancy effect is investigated. The gaieg
partial differential equations are transformed ags-dimensional equations using suitable transfaonaand
resulting equations are solved using Perturbagehrtique. The effect of non-dimensional parameataraely
thermal radiation, heat source/sink, Grashof numperosity parameter and magnetic field parametethe
flow and heat transfer is analyzed for both Cassuh Newtonian fluid cases. Observations of thegmiestudy

are as follows:

*  Momentum and thermal boundary layers of Newtonizh @asson fluids are non-uniform.
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e The influence of buoyancy and thermal radiation Mewtonian and non-Newtonian fluids are not
uniform.

« Magnetic field parameter have tendency to contrelftow field.

« Rising the heat source parameter and thermal radiegduces the heat transfer rate.

< Increasing the Prandtl number with buoyancy effadtss the friction factor.
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