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Abstract

Numerical analysis is presented to investigate the clameaction effects on magnetohydrodynamniics
convection slip flow of nanofluid in a saturated porous mesd&r a radiating stretching sheet with heat
source/sink. The model used for the nanofluid incorporatesetfexts of Brownian motion and
thermophoresis. The governing boundary-layer equations grtidem are formulated and transformed
into a non-similar form. The resultant equations amntkolved numerically using finite difference
method along with Thomas algorithm. The results areyaedl for the effect of different physical
parameters on the dimensionless velocity, temperature amzpandicle concentration fields and are

presented through graphs.
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1 Introduction

Interaction of nanopatrticles in a fluid is called nanofluid. Theoparticle used in nanofluid are normally
composed of materials, carbides or carbon nanotubesr,vethiylene, glycol and oil which are common
examples of based fluids. Nanofluid have their major apidins in heat transfer. They demonstrate
enhanced thermal conductivity and convective heat transfer @eefficounter balance to the base fluid. A
comprehensive study of convective transport in nandflvichs made by Buongiorno and Hu [1] and
Buongiorno [2]. Dulal Pal and Netai Roy [3] studied the Geoup Transformation on MHD Radiative
Dissipative Casson Nanofluid Flow Over a Vertical Nondar, Stretching Surface with Non-Uniform Heat
Source/Sink and Chemical Reaction. MYA Jamalabadi [4] etlithie Entropy generation in boundary layer
flow of a micro polar fluid over a stretching sheet embeddedhighly absorbing medium. A. A. Afify,M.

J. UddinM. Ferdows [5], studied the Scaling group transfaomaffor MHD boundary layer flow over
permeable stretching sheet in presence of slip flow wWgwtonian heating effects. Theories and
experiments of thermal convection in porous media and sfdtes-art reviews, with special emphasis on
practical applications have been presented in the receks lbgovafai [6], Pop and Ingham([7] and Bejan et
al. [8]. Nanofluid transport in porous media has developed isttbatantial area of research in recent years.
This has been motivated by the thermally enhancing piiepef nanofluids (Choi [9]) which are achieved
owing to the presence of metallic nanoparticles suspemdbedse fluids (water, oil, etc.). In most of the
chemical engineering processes, there is a chemiaelioa between a foreign mass and the fluid. These
processes take place in numerous industrial applicatiaisas manufacturing of ceramics, food processing
and polymer production [10]. Muthucumaraswamy [11] studied thetefff chemical reaction on vertical
oscillating plate with variable temperature whereaghdcumaraswamy and Manivannan [12] investigated
first order chemical reaction on isothermal vertical testiilg plate with variable mass diffusion. Chamkha
and Issa [13] investigated chemical reaction, heat génaror absorption effects on MHD boundary layer
flow over a permeable stretching surface. Srinivas péda, Kishan. N [14], studied the unsteady MHD
flow and heat transfer of nanofluid over a permeable shrinking s¥itee thermal radiation and chemical
reaction” However, such studies for nanofluid are yamlailable in the literature especially when
conjugate effects of heat and mass transfer are coediflEs]. Srinivas Maripala and Kishan naikoti [16,17]
studied the MHD effects on micropolar nanofluid flow overadiative stretching surface with thermal
conductivity. Dessie and Kishan [18] studied the heat teansfer stretching sheet embedded in porous
medium with variable viscosity, viscous dissipation and haatcg/sink. The above literature survey reveals
that all of these studies are restricted to isothewnddoflux boundary conditions. The use of the thermal
convective boundary condition in order to study Blasiaw/fover a flat plate was first introduced by Aziz
[19]. After his pioneering work, several authors used this boyratardition to study transport phenomena.
Examples include N. Ali et al. [20-23], and Kishan and kaVji#4&. In all of the above studies, conventional
no-slip boundary condition was used at the surface. Re¢@rilyivas Maripala and Kishan Naikoti [25]
studied the, MHD convection slip flow of a thermosolutal nandfin a saturated porous media over a
radiating stretching sheet with heat source/sink whemida reaction parameter is absent. In the present
investigation is to study the chemical reaction effeftsnagnetohydrodynamics convection slip flow of a
thermosolutal nanofluid in a saturated porous media ovediatireg stretching sheet with heat source/sink.
The governing equations are solved by using the impilicitef difference scheme using along with the
Gauss-Siedel iteration method. The C-programming codgeid to compute the values for the same.

2 Governaning Nanofluid Transport Model

The two-dimensional regime with a coordinate system thigtx -axis aligned horizontally and theaxis is
normal to it. A transverse magnetic figdg acts normal to the bounding surface. The magnetic Raynol
number is small so that the induced magnetic field is &#fdyg negligible when compared to the applied
magnetic field. We neglect the electric field assodiatéh the polarization of charges and Hall effectss It
further assumed that the left of the plate is heatedhbyconvection from the hot fluid of temperature
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T, (>T,,>T.. ) which provides a variable heat transfer coefficigitc). Consequently, a thermal convective
boundary condition arises. It is further assumed that the ceatientin the left of the platé; is higher
than that of the plate concentration and free stream ntatienC,, which provides a variable mass transfer
coefficienth,,( ). As a result, a mass convective boundary conditioreari¥he Oberbeck- Boussinesq
approximation is utilized and the four field equations #e d¢onservation of mass, momentum, thermal
energy and the nanoparticles volume fraction. These equatiotmecaritten in terms of dimensional forms,
extending the formulations of Buongiorno [26] and Makinde and [7]:

ou ov

xtey =0 .
_ ou _

pf(ua—;+v ) W—%u—aBozu, 2
or , _or _ a_ ac aT Dr\ BT o) 1 aqr Qo

u +v6’ a T {DBa 6’+(Toc) (037)} pfcy 0y (pc)f(T TOO) (3)

_ac . _ac a%c

UE-H)E_DBW-F( )0}1 -k (C COO) (4)

The appropriate boundary conditions are following Datta §®#] Karniadakis et al. [29].

_ _ L T _ ac _ s _

uU=1u, +ig, v =0, _ka_y_hf(Tf -T), _DBa_y = hp(Cr—C) at y =0, (5)
utends to O, T tends ®,, C tends ta,, asy tend tox

Here a = k/ (pc) ; thermal diffusivity of the fluid;z = (pc), / (pc)y, ratio of heat capacity of the
nanoparticle and fluidkp: permeability of the medium;i{, v ): velocity components alon‘g andy axes,

u, = U, (x/L) velocity of the platel: characteristic length of the platej;;, = N, v— linear slip

velocity, N, velocity slip factor with dimension s/m,: density of the base fluid;: electric conductlvnyu
dynamic viscosity of the base fluid, : density of the nanoparticle@Cp);: effective heat capacity of the
fluid, (pCp), effective heat capacity of the nanoparticle mater@j, volumetric rate of heat
generation/absorptions: porosity, Dg : Brownian diffusion coefficientD;: thermophoretic diffusion
coefficient and q,: radiative heat transfer ydirection. We consider the fluid to be a gray, absorbing-
emitting but non scattering medium. We also assume thabdbedary layer is optically thick and the
Rosseland approximation or diffusion approximation for itamhais valid [30,31]. Thus, the radioactive heat
flux for an optically thick boundary layer (with intensivbsarption), as elaborated by Sparrow and Cess

[32,33] defined asj, = (—=* 4"1)( doT*/0¥y) wherea; (=5.67X1078W/m? K*) is the Stefan-Boltzmann
constant andk,(m™1) Rosseland mean absorption coefficient. Purely analysiohltions to the partial
differential boundary value problem defined by (2)—(4) aré puwssible. Even a numerical solution is

challenging. Hence we aim to transform the problem to semsystff ordinary differential equations. We
define the following dimensionless transformation variables

CCDO

n= J— W = Uy (%/L)JKyf (), 0(n)= T_T,qo( s (6)

where L is the characteristic length. From (4), we ha@ve T,.{1 + (T, — 1)}, where T, = T;/T, (the

wall temperature excess ratio parameter) and hdifce T*, {1 + (T, — 1)6}*. Substitution of (6) into
(2)-(4) generates the following similarity equations:

f'+ReDa(ff = f*=-Mf)—f'=0 @)
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6"+ RePrDaf6 +Pr[Nb0'fo + Nto”|+[(1+ (T, - 1)007 + 0 =0 8)

(p"+ReLeDafg0'+%9"—y(p=O (9)
The relevant boundary conditions are

f@©=0,f(0=1+af"(0),f(x)=0,

8'(0) = —Nc[1—6(0)],8(x) =0

¢'(0) = —Nd[1 - ¢(0)], () =0 (10)

where primes denote differentiation with respecj.tdhe thermo physical dimensionless parameters arising
in (7)—(9) are defined as followste = U,.L/v is the Reynolds numbeRa = k,/L? is the Darcy number,
M=0B2L /U.p is the magnetic field parameterPr =v/a is the Prandtl number,

Nt = D7 (Tf — T,,) /vT, is the thermophoresis parametéfb = tDy(Cr — C,)/v is the Brownian motion
parameter,R = kk,/40,T2 is the convection-radiation parametdre = v /D is the Lewis number,
a= va/\/K_p is the hydrodynamic (momentum) slip parameléd, = hm\/ITZ, /Dy is the convection-
diffusion parameterNc = hf\/Tp/k is the convection-conduction parameter and the chemézadtion
parametey = k. (C — C,,). Quantities of physical interest are the local fotfactor,Cy_, the local Nusselt
number,Nu, and the local Sherwood numbshg. Physically,C, represents the wall shear stre¥a,
defines the heat transfer rates ahg defines the mass transfer rates:

Cr, Rex* Dal® = 2f"(0), Shg Dal® = —¢'(0)
Nug Dags = —[1+ {1+ (T, - 16(0)}*16'(0) (11)
3 Resultsand Discussion

The numerical simulation of equations (7)-(9) subjecth® boundary condition (10) are carried out for
various values of the physical parameters such as ReynalulsenRe magnetic field parametdd, Prandtl
numberPr, thermophoresis parametiit, Brownian motion parametédb, convection-radiation parameter
R, Lewis numberLe, hydrodynamic (momentum) slip parametgrconvection-diffusion parametexd,
convection-conduction parametdc. In order to get a physical understanding of the problemebelts
have been performed for the velocity, temperature andecwration profiles. The results are presented
graphically in Figs. 1-10. The effect of Reynolds numReris shown in Fig. 1(a)-1(c), respectively, for
velocity, temperature and concentration profiles which destnates that the increase of Reynolds number
enhanced the fluid velocity in core region of saturatexbym medium in the case of no-slip boundary
conditions and slip boundary conditions. It is also notitedl the velocity gradient at the interface increases
with the increase of Reynolds numbRe It is also found that the velocity profiles decreagéh the
increasing of velocity parameter. Both the temperature amckotration profiles decreases with the increase
of Reynolds numbeRe From Fig. 1(b), it is also noticed that with the s&se of conduction-convection
parameteiNc, the temperature profiles increases. Fig. 1(c) also deratess that the concentration profiles
decreases with the increase of convection-diffusion patenNd.

Fig. 2(a) to 2(c) illustrate the velocity, temperatared concentration profiles for different values of heat
source/sink parameter Q. From Fig. 2(a), it revel thtt the effect of heat source/sink parameter (Q<0), the
velocity profiles decreases and the velocity profilesdase with heat source (Q>0). There is a significant
variation is observed from Fig. 2(b) the temperaturgfilps decreases with heat source/sink parameter
(Q<0) on the contrary, the temperature profiles increasbsheat source/sink (Q>0) for both cases with and
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without convection-conduction paramebde. Fig. 2(c) represents the effect of heat sourcefsamameter,

for different values of convection diffusion paramelg on concentration profiles. The concentration
profiles increase in case of heat source/<g#0, while the concentration profiles decreases with heat
source/sink parameter Q>0. It is interested to note tiwatheat sources effect is higher for higher
conduction-diffusion parametéid. Therefore, the thermal and concentration boundary layeids are
enhanced. Fig. 3 depicts the influence of chemical imaon the dimensionless temperature and solutal
concentration profiles with the fixed values of other pat@ms. It is obvious that an increase in the chemical
reaction parameter results a decreasing in the solutaentation profile. The distribution of solutal
concentration becomes weak in the presence of chemaetioe. So, the solutal concentration boundary
layer becomes thin as the chemical reaction parameter seste&rom Fig. 3, it is observed that the
chemical reaction influences the solutal concentratioml.fielowever, it has a minor effect on thermal
diffusion. This explains the minor influence of chemicahgation on temperature profile. It is worth
mentioning here that, the large valuegy shows small changes on temperature field.

1-

Le=1.0,y=0.1,Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Q0=0.1,
Nt=0.1,Nb=0.1,Nc=0.1,Nd=0.1

Fig. 1a. Velocity profilesfor various values of Re

0.3 _\ Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,0=0.1
AR Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1
L. ----Nc=0.1
NN e Nc=0.0
0.15 3, =
: Re =1.0,3.0,5.0
[0 SRS S -
0 n 8

Fig. 1b. Temperature profilesfor various values of Re
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0.18

. Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Q=0.1
N Nt= 0.1,Nb=0.1,Nc=0.1,a=0.1

----Nd=0.3

Fig. 1c. Concentration profilesfor various values of Re

. Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Re=1.0,

¥, Nt=0.1,Nb=0.1,Nc=0.1,Nd=0.1,
- ----a=01
.............. a= 00
Q=-1.0,0.0,1.0
5‘8\"’.9’@@«-
n 4

Fig. 2a. Velocity profilesfor various values of Q

0.8

Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Re=1.0,
Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1

----Nc=0.1

Fig. 2b. Temperature profilesfor variousvalues of Q
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0.15 1 Le=1.0,y=0.1,Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Re=1.0,
Nt= 0.1,Nb=0.1,Nc=0.1,a=0.1
----Nd=0.3
.............. Nd =0.1
Q=-1.0,0.0,1.0
n 6

Fig. 2c. Concentration profilesfor variousvalues of Q

0.3 4 Le=1.0,Da=0.5, Pr=6.8,R=1.0,Re=1.0,Tr=2.0,M=1.0,Q50

. Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1
0
----Nc=0.1
015 N> S e Nc =0.0
0 e A e e e e —
0 n 8
Fig. 3a. Temperature profilesfor various values of Da
0.2 1

Le=1.0, Da=0.5, Pr=6.8,R=1.0,Re=1.0,Tr=2.0,M=1.0,Q50
Nt=0.1,Nb=0.1,Nc=0.1,,a=0.1

----Nd=0.3

Fig. 3b. Concentration profilesfor various values of Da
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The velocity, temperature and concentration dispfayt(a) and 4(b). It is depicted that the effeft o
magnetic fluid is to decrease the velocity field fite cases slip and no slip boundary conditidnis. due to
Lorentz forces in the saturated porous medium. Wherstrength of the magnetic field increase tHecis
gradient at the interface has been diminishes, t¢éheperature profiles increases with the increase of
magnetic fieldM. Fig. 5(a) and 5(b) demonstrates that an incr€mamical reaction parametemcreases
velocity as well as temperature profiles. It carals® noticed that the convection paraméteincreases the
temperature profiles. Fig. 6(a) and 6(b) depictitiilence of thermal radiation parameleon velocity and
temperature profiles. It can be seen from the édginat the velocity profiles increase with the @ase of
Reynolds numbeRe while the temperature profiles with the increat®&. This is due to the Radiation term
appeared in equation (8) is inversely proportidwathe radiation paramet&. Thus, smallR signifies a
large radiation effect whil® tends to infinite correspond to no radiation effétvidently the presence of
thermal radiation flux is demonstrated to heatttiermal boundary layer significantly and is berefito
material characteristic. Fig. 7 displays the effgficPrandtl numbePr for the cases without biot numbsc

= 0 and with the effect of biot numbaic=0.1,it is worth mentioning that the temperature pesfidecrease
with the increase of Prandtl numbr. From Fig. 8, it is evident that the effect of wis numberL_e leads to
decrease the concentration profiles. Fig. 9, remtssthe effect of thermophorasis paramédérwhen
conduction parameteNc=0(without biot number),Nc= 0.1(with biot number) with influence of
thermophorasis parametdt. The concentration profiles increase with increafstnermophorasis parameter
Nt. It is worth mentioning that the thermophorasisapseterNt effect is more in the presence of Biot
numberNc. The effect of Brownian motion paramebd is to display on concentration profiles in Fig. #0
can be seen that the Brownian motion paranméteeffects lead to decrease the concentration psofitds
evident from Fig. 11, the variation of skin fractiparametef’ (0) decreases with the increase of radiation
parameteR and increases with the increase of magnetic paeae The Fig. 12 is done for the values of
0’'(0) verses the magnetic field paramdwerFrom figure it revealed that the heat transfesfibcdent 0'(0) is

to increase with the increase Rfand reduces the values with increase of valuesagfinetic parametel.
Fig. 13 is plotted for the Sherwood numigéf0) verses the magnetic paramdtérfor different values of
radiation parameteR. The results indicate that an increasing magnetiameterM is to decrease the
Sherwood parameter coefficient§(0) values. It is also noticed that the Sherwoadameter coefficients
¢’ (0) values increasing with the increase of raoimparameteR.

1 - Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,Re=1.0,Q=0.1
K Nt=0.1,Nb=0.1,Nc=0.1,Nd=0.1
.............. a= 0.0
----a=0.1
M=0.0,5.0,10.0
LR e are e
n 4

Fig. 4a. Velocity profilesfor various values of M
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0.09

0.18

. Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,Re=1.0,Q=0
Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1
- ----Nc=0.1
.............. NC :0.0
0 3 n 6

Fig. 4b. Temperatur e profilesfor various values of M

1.2

Le=1.0, Tr=2.0, Pr=6.8,R=1.0,Da=0.5,Re=1.0,M=1.0,Q50
Nt= 0.1,Nb=0.1,Nc=0.1,Nd=0.1

.............. a= 0.0
----a=0.1
0 . .
0 2 n 4
Fig. 5a. Velocity profilesfor variousvalues of y
0.3 - Le=1.0, Tr=2.0,Pr=6.8,R=1.0,Da=0.5,Re=1.0,M=1.0,Q50
Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1
0 ----Nc=01
015t N T Ne=0.0
0 . 1

Fig. 5b. Temperature profilesfor various values of y
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14 Le=1.0,y=0.1, Pr=6.8,Re=1.0,Da=0.5,Tr=2.0,M=1.0,Q=0.1
\ Nt=0.1,Nb=0.1,Nc=0.1,Nd=0.1

R=1.0,5.0,10.0 ----a=0.1

0 . .
0 2 n 4
Fig. 6a. Velocity profilesfor variousvalues of R
Le=1.0y=0.1,Pr=6.8,Re=1.0,Da=0.5,Tr=2.0,M=1.0,Q=0.1,
0.18 - Nt= 0.1,Nb=0.1,Nd=0.1,a=0.1
0 \ ----Nc=0.1
LAY N NC - 0.0
0.09 -
R=1.0,5.0,10.0
0 R TP - S S .
0 n 6
Fig. 6b. Temperature profilesfor various values of R
0.3 |
<>, Le=1.0,y=0.1, Re=1.0,R=1.0,Da=0.5,Tr=2.0,M=1.0,Q=0.1,
W Nt= 0.1,Nb=0.1,,Nd=0.1,a=0.1

‘\ \:\ ----Nc=01

Fig. 7. Temperature profilesfor various values of Pr

10
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0.16 _:;._. Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Re=]1.0,
Nt= 0.1,Nb=0.1,Nc=0.1,a=0.1
¢
----Nd=0.3
008 ™. Nd = 0.1
Le=0.1,3.0,5.0
0 SRR 1
0 6
Fig. 8. Concentration profilesfor variousvaluesof Le
0127 e=1.0y=0.1,Pr=6.8,R=1.0,0a=0.5,Tr=2.0,M=1.0,0=0.1,
Re=1.0,Nb=0.1,,Nd=0.1,a=D.
o ----Nc=0.1
.............. NC: OO
0.06 -
0 .
0 6
Fig. 9. Concentration profilesfor various values of Nt
0.3 1 Le=1.0,y=0.1, Pr=6.8,R=1.0,Da=0.5,Tr=2.0,M=1.0,Q=0.1,
N Re=1.0,Nt=0.1,Nb=0.1,Nc=0.1,a=0.1
----Nd=0.1
¢ _
0.15 L\ Nd = 0.0
0 1
0 8

Fig. 10. Concentration profilesfor various values of Nb

11
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0.18 7 Le=1.0,y=0.1,Pr=6.8,Da=0.5,Tr=2.0,M=1.0,Q=0.1,Nt= 0.1,
Nb=0.1,Nc=0.1,Nd=0.1
£(0
R=0.1,0.5,1.0
0.09 -
0 . .
0 0.07 M 0.14

Fig. 11. Variation of Skin-frication for different values of R

0.9 -

Le=1.0,y=0.1, Pr=6.8,Da=0.5,Tr=2.0,M=1.0,Q=0.1,
Nt=0.1,Nb=0.1,Nc=0.1,Nd=0.1

0'(0)
0.45 -

R=0.1,0.5,1.0

0 0.07 M 0.14

Fig. 12. Distribution of heat transfer at the channel wall for different values of R
0.8

Le=1.0,y=0.1, Pr=6.8,Da=0.5,Tr=2.0,M=1.0,Q0=0.1,
Nt= 0.1,Nb=0.1,Nc=0.1,Nd=0.1

¢'(0)

0.4 - R=0.1,0.5,1.0

Fig. 13. Distribution of therate of concentration at the channel wall for different valuesof R

12
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4 Conclusion

In the present investigation, an analysis in order study the chemical reaction effects of
magnetohydrodynamics convection slip flow of a thesolutal nanofluid in a saturated porous media ave
radiating stretching sheet with heat source/sink.this study the density is dependent on velocity,
temperature and concentration profiles. The gowgrréquations are transformed to the high non-linear
ordinary differential equations by the use of saritly transformation and are solved analyticallingdinite
difference method along with the Gauss-seidel nktiidie physical parameters such as Reynolds number,
chemical reaction parameter, magnetic field paramePrandtl number, thermophoresis parameter
Brownian motion parameter, convection-radiationapaeter, Lewis number, hydrodynamic (momentum)
slip parameter, convection-diffusion parameter,veation-conduction parameter on velocity, tempegatu
and concentration profiles are depicted and digzlssthis paper.
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