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Abstract

An analysis is carried out to study the viscdissipation and variable viscosity effects on tloevf heat and mass transfer
characteristics in a viscous fluid over a semiriité vertical porous plate in the presence of cleahmtieaction. The governing
boundary layer equations are written into a dimamisiss form by similarity transformations. The sfammed coupled
nonlinear ordinary differential equations are sdlveimerically by using the implicit finite differee method. The effects of
different parameters on the dimensionless velotéyperature, and concentration profiles are shgraphically. In addition,
tabulated results for the local skin-friction caeifint, the local Nusselt number, and the localr@bed number are presented
and discussed.
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1. Introduction

In nature, the presence of pure air or watémgossible. Some foreign mass may be present aidteirally or mixed with the
air or water. A large amount of research work hesnbreported in this field. In particular, the sted chemical reaction, heat and
mass transfer with heat source is of considerabpitance in chemical and hydrometallurgical indest Chemical reaction can
be codified as either heterogeneous or homogergmegsses. This depends on whether they occur iatexface or as a single
phase volume reaction.

The study of heat and mass transfer with chdmaéeection is of great practical importance to eegirs and scientists because of
its almost universal occurrence in many branchescigince and engineering. The flow of a fluid pmstedge is of fundamental
importance since this type of flow constitutes aggal and wide class of flows in which the fre@ain velocity is proportional to
a power of the length coordinate measured fronstagnation point. All industrial chemical procesaes designed to transform
cheaper raw materials to high value products (lswé chemical reaction). A reactor, in which suztemical transformations
take place, has to carry out several functions fikaging reactants into intimate contact, provigdan appropriate environment
(temperature and concentration fields) for adeqtiate and allowing for removal of products. Fluignhdmics plays a pivotal role
in establishing relationship between reactor hardvead reactor performance.

In the studies on heat transfer in the satura@@us media, the thermo physical properties effthid are assumed to be
constant; however, it is know that these properiey change with temperature, especially for fligtosity. For most realistic
fluids, the viscosity shows a rather pronouncedatian with temperature. To accurately predict tieat transfer rate, it is
necessary to take into account this variation e€asity. The effect of temperature-dependent viscos the mixed convection
flow from vertical plate is investigated by sevesathors Das et.al (2008), Hunegnaw and Kishan4p®Xafoussius & Williams
(1995), Kafoussius et al. (1998) and Lai and KulgtR90). Pop et al. (1992) and Hassanien (199 fenam attempt to examine
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the effect of variable viscosity on the flow andah&ransfer on continuous linearly stretching szefand obtained the similarity
solutions for an isothermally heated plate withidluiscosity varied as an inverse function of terapgre. Further Hossain et al
(2002) studied the natural convection of fluid widriable viscosity from a heated vertical wavyface. The variable viscosity
effects on non-Darcy free or mixed convection floma vertical surface in a fluid saturated poroesliomm is studied by Jayanthi
and Kumari (2007). An analysis is carried out tadgtthe variable viscosity and chemical reactidea$ on flow, heat and mass
transfer characteristics in a viscous fluid ovgroaous wedge in the presence of heat radiation drydsamy, et al. (2007). The
Falkner-Skan flow with constant wall temperaturd &ariable viscosity is studied by Pantokratord3)@).

Kandasamy et al. (2009) analyzed the effecte@imophoresis and variable viscosity on MHD migedvective heat and mass
transfer of a viscous, incompressible and eledlyicnducting fluid past a porous wedge in thesprece of chemical reaction
The unsteady mixed convection boundary layer flaarnthe region of a stagnation point on a vertizaface embedded in a
Darcian fluid-saturated porous medium is studiedRoglinda et al. (2004). The mixed convection baugmdayer flow through a
stable stratified porous medium bounded by a \arisurface is investigated by Anuar et al. (20083ssanien and Al-arabi
(2009) studied the unsteady mixed convection bowynkdger flow near the stagnation point on a heatexdical plate embedded
in a fluid saturated porous medium. The effectesfiperature dependent viscosity on a laminar mixewection boundary layer
flow and heat transfer on continuous moving velticaface is studied by Mohamed and Ali (2006).

Hossian (1992) analyzed the viscous and Jouléirfieeffects on MHD free convection flow with valbie plate temperature.
Hakiem et al. (1999) studied the Joule heatingcé&dfen MHD free convection flow of a micro polawifl. Mostafa and Mahmoud
(2007) studied the effects of chemical reaction eadable viscosity on flow, heat and mass transfera semi-infinite vertical
plate with suction. The order of chemical reacfiothis work is taken as first-order reaction. T of present work is to study
the effects of viscous dissipation and variableasity on the flow of heat and mass transfer charestics in a viscous fluid over
a semi-infinite vertical porous plate in the preseof chemical reaction. The model problem is ol@diand solved numerically
using a implicit finite difference scheme coupleithwa Thomas algorithm. Pertinent results are priese graphically and
discussed quantitatively, and also tabulated redsatlt the local skin-friction coefficient, the Iddsdusselt number, and the local
Sherwood number.

2. Mathematical Analysis

Consider a steady, viscous incompressible Newtdftigoh past a semi-infinite vertical porous plataieh is aligned parallel
to a uniform free stream with velocltl, . It is assumed that the fluid has constant prigsegxcept the density in the buoyancy

term of the momentum equation and in the fluid @8ty which is assumed to be an inverse lineartfanmf temperature (Lai
and Kulacki 1990).

Under the above assumptions and Boussinesq’s appaba&n, the boundary layer equations governing ftbes can be
expressed as (Pop.l and Ingham 2001)

ou ov
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The appropriate boundary conditions are
At y=0; u=0, v=-y,, C=C,, T,

w s 1=
As y->0; U->U,, C—»Cm, T—>T°o (%)

where thex-axis is taken along the plate in the verticallyapd direction and thg-axis is taken normally to the plate. Hewegnd
v are the velocity components alorgandy, respectivelyT is the fluid temperatureg is the species concentratiof,, is the

ambient temperatureC, is the ambient concentrationy,, is the ambient density is the gravitational acceleratiofi,is the
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coefficient of thermal expansiofi* is the coefficient of concentration expansigiy, is the ambient viscosity, is the viscosity

of the fluid, k is the thermal diffusivityD is the molecular diffusion coefficient{; is the chemical reaction parameter, ang

(> 0) is the suction velocity.
Introducing the similarity variables as

u,
1= P(xy) =4V u.xf (1) 6)
The velocity components are given by
u= a_l//, V= —a_l// (7)
ay oX
It can be easily verified that the continuity egoat(1) is identically satisfied. Equations (2)4) (educe to
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number, ECI% is the Eckert number, Gr = gﬂw is the local Grashof number,

Vv,
is the local modified Grashof numbey,= K; —- is the chemical reaction parame@l‘,Zﬁ is
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, C_ isthe

V,
the Prandtl numberSc= E‘” is the Schmidt numbes, is a constant 0 for liquids) and < O for gases)yv,, = b

specific heat at constant pressure, and the priteeste differentiation with respect#o

The transformed boundary conditions are given by
n=0, f=f1, f'=0 6=1 ¢=1
n-o f'-1 6-0 ¢-0 119

X
where fW == /—VW (suction parameter 0).
VOOUOO

The physical quantities of interest in this problare the local skin-friction coefficief}; , the local Nusselt numb&u,

and the local Sherwood numb&h which are defined by

20 1 1 1
‘—Re?2f"(0,6); Nu=-Re?8'(0,8.); Sh=-Re? ¢'(0,6,) 12)

TR

The equation (8) can be Re-written as

£ AT 1 P+ B £ i + Clilefi] = 0

Quasi-linearization of all highly non-linear terifigellman & Kalaba, 1965), the above equation gives

f+AiFf "+ AR f + Bli] f"-Ai]FF"+C[i]4i] + C[ilgi] =0 (13)
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where A{i]:%[ag—eJ; B[i]:gg_'e and qi]:s_eg[é’re-é’}

r r r

Here F is assumed to be known function, i.d=. is the N approximation to the solution and is the (n +1)th
approximation to the solution. Using implicit fiaitlifference scheme, the equations (13), (9) adpdte transformed to

aZ[i] f[i +1] +b2[i] f[i] +c2[i] f[i —1] + f[i —2] =d2[i] (14)
ailefi -1 -Hildi] +di]¢fi +1] =0 (15)
alilgi -1 -gilgil+dilgi +1] +di] =0 (16)

where

gdi] =1- (025hScfi]) Hi] =2+ (h?’ScRey) di] =1+ (025hScfi])

afi]=1- (025hPr f[i]) [fi]=2 dli] =1+ (025hPr f[i])

d[i] = W*EcF2[i]F2[i] a2[i] = (AliJF[i]+B[i]))h-3

b2[i] = @+ h*Ai]F2[i]—-2h(Ai]F[i] + Bi]) c2[i]=(Ai]F[i]+Hi])h-1

d2[i] = *((AlIF[IIF2[i] - il il + dil)

Here h represents the mesh size taken as h = Dh@2system of equations (14), (15) and (16) hawn ls®lved by Gauss-
Seidel iteration method and numerical values argiezh out after executing the computer program ifoin order to prove
convergence of finite-difference scheme, the comfputs are carried out for different values of h tmwnning the same

programme. Negligible change is observed, afteh escle of iteration the tolerance setl3 ™ is satisfied at all points.
3. Results and Discussion

Equations (8)—(10) with the boundary conditigh4) were solved numerically. First, Quasi- lineation technique can be
applied to linearize the momentum equation (8). Tihearized coupled ordinary differential equatiq83-(10) and (13) with
boundary conditions (11) are solved by using thglictt finite difference method. To verify the acagy of the numerical method
the obtained resulté'(0) and—#'(0) are checked against previously published wbdsé reported by Mostafa and Mahmoud
(2007) for special cases of the problem and aredda be in good agreemei.the present study our results f6f0) and-6'(0)
for Gr=0,Gc = 0,9r =02, and Pr = 0.7 are0.19432, 026958, respectively which are exactly as reported/ostafa and

Mahmoud (2007).
The velocity, temperature and concentrationif@®fobtained in the dimensionless form are preseirt figures 1-17 for Pr =

0.7 which represent air at temperat@é)oC and for Sc= 0.6 which corresponds to water vapor that represendgfusion
chemical species of most common interest in aile Values for Grashof number for heat transfer isseh to be Gr 5 and
modified Grashof number for mass transfer is chasdie Gc= 4, since these values correspond to a cooling enobTl'he values

of y is chosen to be 0.5, 1, 3, and the valued pfare chosen to be 0.3, 0.5, and 1. It is impormiote thatg, is negative for

liquids and positive for gases whdp, — T, is positive. The values c@r (for air Hr >0) are chosen to be 2, 6, and 10
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Figure 1 Velocity profiles for different value$ viscosity temperature parameter
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Figure 2 Temperature profiles for differeatues of viscosity temperature parameter

Figures 1-3 illustrate the effects of the visgogparameter Hr on the velocity, temperature, and concentrationfilpso

respectively. It is seen from the figures that teécity increases with the increase of the vidggsarameter, while the thermal
boundary layer thickness decreases as the visgpaiymeter increases. So, the increase of viscpaitymeter accelerates the
fluid motion and reduces the temperature of thigl flong the wall. Also, one sees that the conegioin of the fluid is almost not
affected with increase of the viscosity parameter.

Figures 4-6 portray the influence of the chemnieaction parameter on the velocity, temperature, and concentratiorfilpso
respectively. It is clear from the figures thatresing the values gfproduces a decrease in the velocity. This meansdrttibe
case of suction, the chemical reaction deceletated$luid motion while the temperature of the flugdalmost not affected with
increase of. Also, the chemical reaction decelerates the aunaton of the fluid in the case of suction.
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Figure 3 Concentration profiles for diffat values of viscosity temperature parameﬂar
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Figure 4 Velocity profiles for differemalues of chemical reaction parameter

Figures 7-9 reflect the influence of the suct'plzrrameterfW on the velocity, temperature and concentratiorfilpin the

boundary layer. From the figures one sees thathioéness of the velocity boundary layer increaagshe suction parameter
increases so velocity decreases. In the same weayhibkness of the temperature boundary layer &edthickness of the

concentration boundary layer decrease with an &serén the suction parame@. Figs.10 and 11 demonstrate the dimensionless

velocity and temperature profiles for differentuwed of Grashof number Gr. From the figure it ieckbat the velocity of the fluid
increases with increase of Grashof number Gr, heademperature of the fluid decreases with increa&s.

Figures 12-14 reflects the velocity, temperaamd concentration profiles respectively, for diéiet values of Reynolds number
Re. From the figures it is observed that the vglaend the concentration of the fluid decreas#h increase of Re, while the
temperature of the fluid increases with the inceeat Re. Figures 15-17 show the dimensionless itglotemperature and
concentration profiles respectively, for differartiues of Schmidt number Sc. From the figures #den that the velocity and
temperature of the fluid increases with the inceeasSc, where as the concentration of the fluidrel@ses with increase in Sc.
Figs.18-20 display dimensionless velocity, tempegatand concentration profiles respectively, fdifedent values of Eckert
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number Ec. From the figures it is seen that theail of the fluid decrease with increase of Eckastnber Ec, where as the
temperature and concentration of the fluid increagi¢h increase in Eckert number Ec.

Table 1 Effects of various parameterson f* (0), —6'(0) and — ¢’ (0) with Re =3.0.

Ec 6 y f., f(0) -6'(0) -¢'(0)
0 2 1 0.5 .72645 0.50845 1.43342
6 1 0.5 1.12446 0.52776 1.43817
10 1 0.5 .19989 0.53078 1.43845
2 0.5 05 .79413 0.51107 1.05736
2 1 0.5 0.72649 0.50878 1.43325
2 3 0.5 0.68432 0.50583 2.40448
2 1 0.3 0.70174 0.46461 1.40134
2 1 0.5 0.72678 0.50945 1.43293
2 1 1 0.79382 0.62884 1.51636
0.01 2 1 0.5 30 0.51649 1.44624
6 1 0.5 1.12124 0.53678 1.44695
10 1 0.5 .19685 0.54123 1.44964
0.1 2 1 0.5 2443 0.52359 1.45514
6 1 0.5 1.12068 0.54469 1.45915
10 1 0.5 .19588 0.54886 1.46064

Table 1 represents the effects@f, y, and fW on the values of the skin-friction coefficiefi0), the Nusselt number#'(0), and
the Sherwood number ¢ '(0) for different Ec values. The results show titet skin-friction coefficient, the Nusselt numbeda

the Sherwood number increase@r f, increases. Also, as the chemical parametecreases, the skin-friction coefficient and

the Nusselt number decrease, while the Sherwoodeumcreases. It can be seen that the Nusselt ewuard the Sherwood
number increase as Ec increases, while the skitieini coefficient decreases as Ec increases.

1.2 4

Pr=07 Gc=40,Gr =50, sc=06Re=30, & =1.0, f, =1.0

Figure 5 Temperature profiles for differgalues of chemical reaction parameter
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Figure 6 Concentration profiles for difet values of chemical reaction parameter
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Figure 7 Velocity profiles for different wads of suction parameté‘;v
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Figure 8 Temperature profiles for different valeésuction parametefW
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Figure 9 Concentration profiles for differentugs of suction parametég,



36 Kishan and Amrutha / International Journal of Enggming, Science and Technology, Vol. 7, No. 2, 20@527-42

1.2 1
Pr=07 Gc=40 sc=06Re=30, 8 =1.0, ¥ =1.0,
0.8 1
' Gr=10
f (,7) Gr =30
Gr =50
0.4 1
0 ‘ ‘
0 1 2 n 3 4

Figure 10 Velocity profiles for different values Gfashof number
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Figure 11 Temperature profiles for differealues of Grashof number
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Figure 12 Velocity profiles for different lu@s of Reynolds humber Re
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Figure 13 Temperature profiles for different valoé&Reynolds Number, Re
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Figure 14 Concentration profiles for differemalues of Reynolds number Re
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Figure 15 Valy profiles for different values of Schmidt nunnkc



39 Kishan and Amrutha / International Journal of Enggming, Science and Technology, Vol. 7, No. 2, 20@527-42

12 4

Pr=07 Gc=40Re=30,6r=50, 8 =1.0, y =1.0,

0.8

an)

0.4 -

Figure 16 Temperature profiles for differealues of Schmidt number Sc
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Figure 17 Concentration profiles for differealues of Schmidt number Sc



40 Kishan and Amrutha / International Journal of Enggming, Science and Technology, Vol. 7, No. 2, 20@527-42

Pr=07,Gc=40,Re=30,6r=50, 8, =10, y =10, f,=10
12
0.8 -
' Ec=0001
f'() Ec= 0002
Ec=0003
0.4 -
O T T T 1
0 1 n 2 3 4

Figure 18 Velocity profiles for differemalues of Eckert number, Ec
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Figure 19 Temperature profiles for different valoé&ckert number, Ec
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Figure 20 Concentration profiles for differealues of Eckert number, Ec

4. Conclusions

The effects of viscous dissipation, variablecgty, suction, and chemical reaction on flow,thead mass transfer of a steady
incompressible Newtonian fluid past a vertical platve been studied numerically using the impfioite difference method.
From the previous results and discussion, we coleclbe following:

» The temperature of the fluid increases with incedasviscous dissipation.

» The velocity increases with the increase of théalde viscosity parameter

* The chemical reaction parameter or the suctionrpater decelerates the fluid motion

* The temperature profiles decreases as the visamsthye suction parameter increases.

e The concentration profiles decreases with the am@dhe values of chemical reaction or the sugt@@ameter or
Reynold number and Schmidt number.

» The skin-friction coefficient, the Nusselt humband the Sherwood number increase as the viscositheosuction
parameter increases.

» The skin-friction coefficient or the Nusselt numbevefficient decrease with the increase of the dbainreaction
parameter, but it decreases the Sherwood numbdficomat. With the increase of Eckert number thenskiction
coefficient decreases, whereas it increases thegltusumber coefficient and the Sherwood numbefficant.
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