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Preface 
The dynamics of fluids w ith complex microstructure provide a major challenge to the 

researchers. Examples of such fluids include polymers, pasty materials, ketchup, mud, 

cheese, emulsions, certain oils, paints etc. The starting point for the description of most 

complex viscoelastic material is the consideration of a non-Newtonian fluid model. Many 

non-Newtonian fluid models exist due to diverse characteristics of complex fluid s in 

nature [1-4]. Certainly, the non-Newtonian fluid models provide a more complicated 

expressIOn of the apparent viscosity . The classical N avier-Stokes equations are 

inadequate for the description of such complex v iscoelastic materials . Hence, several 

constitutive equations of non-Newtonian fluids have been proposed. In view of this, the 

non-Newtonian fluids have been mainly classified into three categories namely (i) the 

differential type, (ii) the rate type and (iii) the integral type. It is revealed from the 

li terature that the boundary layer flows of rate type fluids have not been studied much 

when compared with the differential type fluids . In recent times, the boundary layer flow 

analysis of simplest subclass of rate type fluids (known as the upper-convected Maxwell 

(UCM) fluid) has been discussed [5, 6]. Further, the analysis of Fallmer-Skan flow 

represents a fl.ll1damental problem in fluid mechanics. The description of previous studies 

through analytic and numerical treatments on this flow can be seen in the studies [7-9]. 

Nowa days, the analysis of aerosol deposition is very significant in the engineering 

processes . Specifically, the contaminant particle deposition onto the surface of products 

in the electronic industry has a pivotal ro le regarding the quality of final product. 

Convection is one of the important factors that greatly influence particle deposition . 

Mixed convection flows are encountered in many engineering and industrial applications. 

Such flows widely occur in electronic devices cooled by fans , nuclear reactors cooled 

during emergency shutdown, heat exchanges placed in a low-velocity environment, flows 

in the ocean and in the atmosphere etc. Mixed convection due to moving surfaces also 

has applications in material processing systems including welding extrusion of plastics , 

hot rolling, paper drawing etc. A host of recent researchers [10-14] have contributed 

towards the analysis of boundary layer mixed convection past through the different 



physical structures. In view of the above disc Llssion the present dissertation is arranged as 

follows. 

Chapter one includes so me basic definitions and equations. Chapter two addresses the 

Falkncr-Skan wedge flow of power law fluid with mixed convection and porous medium . 

Series solution of the developed problem is obtained by homotopy anaJysis method. 

Chapter three describes Falkner-Skan wedge flow of Maxwell fluid with mixed 

convection. The present research extends the flow analysis of ref. [10] in two directions. 

We first cons ider the Maxwell f1uid model. Second generalization is concerned with the 

exam ination of Newtonian heating. In fact there are four common heating processes 

which represent wall to ambient temperature distributions. When the heat transfer rate 

fro m the bounding surface with a finite heat capacity is proportional to the local surface 

temperature, the cOlTesponding heating processes is known as Newtonian heating or 

conjugate convective t10w [15] . The boundary layer t10w and heat transfer over a 

stretching sheet with Newtonian heating is reported in the refs. [1 6-2 1]. This chapter is 

organized as fo llows. In section two we present the mathematical model of the problems. 

Section three contains series so lution of the problems by homotopic approach [22-30]. 

Section four displays the convergence of the series solution. More, results and discussion 

are also included in this section. Some interesting points are noted in section five. 
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Chapter 1 

Basic definitions 

This chapter consists of some fundamental definitions, concepts and laws which are useful for 

the understanding of analysis presented in t he subsequent chapters. 

1.1 F luid 

Fluid is a substance that deforms cont inuously under the influence of shear st ress; no matter 

how small the shear stress may be or fluid is a substance which cannot sustain a shear force 

under the static condition . 

1.2 F luid mechanics 

The branch of mechanics which concerns with the behavior of a ll fl uids either at rest or in 

motion a nd also the effects of fluid properties on boundaries. In other words, fluid mechanics 

is a branch of continuous mechanics which describes the effects of forces on fluid particles in 

motion and under the static condition in a continuous material. It is divided into two main 

branches. 

1. 2. 1 Fluid stat ics 

It is the branch of fluid mechanics which describes the behavior of fluids under static condition 

(at rest). 
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1.2.2 Fluid dynamic 

It is the branch of fluid mechanics which exhibits the behavior of fluids in motion. 

1.3 Stress 

The force acting on the surface of unit area with in a deformable body is known as stress. The 

unit of stress in 81 system is kg /ms 2 and dimension [/;2] ' Fur ther stress is divided into Lwo 

following components . 

1.3.1 Shear stress 

In shear stress the force acts parallel to the uni t surface area. 

1.3. 2 Normal stress 

In normal stress the force acts p erpendicular to the unit surface area. 

1.4 Strain 

Strain is a dimensionless quantity used to measure the deformation of an object caused by the 

applied forces. 

1.5 Viscosity 

It is the internal property of fluid that measures the resistance of a fluid against any deformation 

~when different forces are acting upon it. NIathematically, it can be expressed as the ratio of 

shear stress to the rate of shear strain, i .e. 

shear stress 
viscosity (J-L) = . 

rate of shear stram 
(1. 1 ) 

It is also known as absolute viscosity. Unit of viscosity in 81 system is kg/m.s and dimension 

[l:L] LT . 
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1.5.1 Kinematic viscosity (/.1) 

The ratio of absolute viscosity fL to density of the fluid is known as kinematic viscosity. I. e. 

(1.2) 

where It is the absolute or dynamic viscosity an d p is the density of t he fluid. Its unit in 81 

system is m2 /5 and dimension is [1;] . 

1.6 Flow 

A material tends to deform under the influence of different forces. If the deformation increases 

continuously without any limi t, then the phenomenon is known as flow. 

1.6.1 Laminar flow 

Laminar flow is that type of flow in which fluid particles have specific paths and paths of 

individual particles do not interact or cross each other. If we observe the smoke rising from a 

cigarette. For the first few centimeters the flow is certainly laminar . Then the smoke becomes 

turbulent. 

1.6.2 'IUrbulent flow 

Thrbulent flow is that type of flow in which fluid particles have no specific paths and also these 

paths of ind ividual particles cross each other . 

1. 7 Newtonian's law of viscosity 

The Newton 's law of viscosity states that shear stress which deforms the fluid element is directly 

and linearly propor t ional to velocity gradient . 

lVlathematically, 
d1l 

Tyx ex -d ' 
Y 
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or 
du 

Tyx = fJ, dy' (1.4) 

\\"here T yI is the shear stress acting on fluid element and fJ, is the constant of proportionality 

v,;hich is knowlI as dynamic viscosity. 

1.8 Newtonian fluids 

ewtonian fluids are those which obey the Newton's law of viscosity i. e. shear stress is directly 

and linearly proportional to the deformation rate . It is noted that viscosity is constant for each 

Newtonian fluid at a given temperature and pressure. Examples of Newtonian fluids are water, 

sugar solutions, glycer in, light- hydrocarbon oils, si licone oils etc. 

1.9 Non-Newtonian fluids 

The fluids which do not obey the Newton's law of viscosity are known as t he non-Newtonian 

fluids. I t is noted that viscosity for such fluids do not remain constant but it changes with the 

applied shear stress. For such fluids we can write 

T yx ex ( dl~) n 

dy 
17,:j=. I, (1.5) 

or 
du (dU) n-l 

T yx =17-,1]=k -
ely ely 

(1.6) 

where r) is the apparent viscosity, k is the consistency index and 17, is the index of flow behavior. 

Noted that for 17, = 1 above equation reduces to the Newton's law of viscosity. Examples of such 

fluids are paints, flour dough, ketchup , polymer solu tions, tooth paste and blood etc. Further 

non-Newtonian fluids are categorized in to the three types (i) Integral type (ii) Differenti al type 

(iii) Rate type. In t his dissertation we only consider the rate type fluids. 
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1.9.1 Rate type 

Those fluids which characteri ze the relaxation and reLal'clation time effects are known as rate 

LnJe Auids. Examples of rate typf' fluids are I\ Iaxwell fl uid, Oldroycl-B fluid and Burger 's Auid 

eLc. 

1.10 Relaxation time 

Under t he influence of different forces a sys tem goes to perturb. After removing such forces per­

turbed system return to its equilibrium. The time taken by t he sys tem to reach its equilibrium 

posit ion from p erturbed posit ion is called relaxat ion time. 

1.11 Retardation time 

The time required to b alance the applied shear stress by the opposing force produced in the 

fluid clue to tlte applied shear st ress is called retarda tion t ime. 

1.12 Porous medium 

A material which in composed of solid matrix wit h interconnected voids (pores) is called a 

porous medium. F luid flows t hrough these pores of a materia l and d istribution of these pores 

are irregular in nature. Examples are sand , human lungs, human skin , sponge, fi lters, wood . 

paper and cloth etc. 

1.13 Mechanism of heat flow 

V"hen one considers two different bodi es located at different tempera ture then the heat flows 

from the bod y at high t empera ture to the body a t low temperature. This transfer of heat takes 

place by three methods. 
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1.13.1 Conduct io n 

The transfer of heat from one body to another body due Lo the only collision of molecules which 

are in contact and not due to the transfer of molecules is called conductioll. 

1.1 3 .2 Convect io n 

In this process the transfer of heat occurs d ue to the relative motion of molecules or transfer of 

111 olecules . 

Forced convect ion 

Forced convection is a mechanism of heat transfer in which flu id motion is generated by an 

external source like a pump and fan etc . Forced convection is typically used to increase the 

rate of heat exchange. 

Nat u ral convect io n 

atural convect ion occurs d ue to the temperature differences which effect the density and thus 

buoyancy of the fluid. Natural convection can only occur, when there is gravitational fi eld. It 

is abo known as free convection. 

M ixed convect ion 

r-,IIixecl convect ion flow occurs when both natural and forced convection processes simultaneously 

and significantly contribute to heat transfer. 

1. 13 .3 Radiation 

Radiation is that process in which heat is t ransferred directly by electromagnetic radiations . 

In liquids and gases convect ion and radiation play very impor tant role in the transfer of 

heat but in solids convection is totally absent and rad iation is usua lly negligible. T hus for so lid 

materials conduction p lay major role in t he transfer of heat. 
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1.14 Thermal conductivity 

It is the property of a material which measures the ability to conduct heat. 

Fourier 's law of conduction wh ich relates the rate of heat transfer by conduction to the 

temperature gradient is 

dQ _ k'AdT 
dt - - dx (1. 7) 

where 9:fj is the ra te of heat transfer, k is the thermal conductivity, A is the area and ~~' is t he 

temperature gradient. 

Now we define t he thermal conductivity from the Fourier's law as 

"the rate of' heat transfer through a unit thickness of a material per unit area and per unit 

t.emperature dift'erence". 

Thermal conductivity of most liquids decrease with increasing temperature except water. 

The unit of thermal conductivity is kg.m / 83 .K and dimension is [~~] . 

1.15 Thermal diffusivity 

Thermal diffusivity of a material is defined as, "thermal conductivity of a material divided by 

the product of density and specific heat at constant pressure". 

Mathematically it can be expressed as 

(1.8) 

The unit of thermal diffusivity in 81 system is m 2 /8 and dimension is 

1.16 Newtonian heating 

Newtonian heat ing is t hat type of heat transfer in which the in ternal resistance of a body to fl m'" 

heat is neglected. In this process the rate of heat transfer is directly proportional to the surface 

temperature of the body. It is noted that in Newtonian heat ing the temp erature remains same 

throughout the body at a given time. This type of analysis is also called as the lumped heat 
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capaci ty analysis . 

1.1 7 Dimensionless numbers 

1.17 .1 Reynold number 

Rey nold number for the fluid behavior in the boundary layer is defined as, lithe ratio of inert ial 

forces to viscous forces)l. Iner t ia l forces act upon all masses in a non-iner t ia l frame of reference 

while viscous force is t he internal resistance of a. fluid to flow. 

Ma.thematically it can be expressed as 

Re = Inertial force 
Viscous force 

Re = pv
2 
j L 

f-Lv j U 

Lv 
=> Re=­

v 

(19) 

(1.10) 

where v is the fluid velo city, L is the characteristic length and v is the kinematic viscosity. For 

small Reynold number viscous forces are dominant which characterize by the lam inar flow wbile 

turbulent flow occurs at high Reynold number due to the dominant inertial forces. 

1.17 .2 Prandtl numbe r 

It is the dimensionless number which measures the ratio of momentum cliffusivity to thermal 

diffusivity. l'v1athematically it can be written as 

viscous diffusion rate 
Pr = --------­

thermal diffusion rate 

V /-i j P f-Lcp 
Pr = - = --=-

LV k j pCp k 

(1. 11 ) 

(112) 

where v is the kinemat ic viscosity or momentum diffusivity and LV I S the thermal diffusivity. 

Physical signiIicance of Prandtl number is that, it gives the relative th ickness of velocity bound­

ary layer and thermal boundary layer. For small Pr heat diffuses very quickly as compared to 

the momentum. 
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1.17 .3 Grashof numbe r 

It describes the relationship between buoyancy force and viscous force acting on a fiu id. I t is 

named after the German engineer Franz Grashof. 

IVlathematically it can be represented by the relation , 

(1. 13) 

\-v here 9 is the gravitational acceleration , ,6 is the volumetric thermal expansion coefficient, L 

is the charac teris tic length , l/ is the kinemat ic viscosity and T , Too are the temperat ure of the 

flui d and surrounding respect ively. 

1.17.4 Deborah number 

It is t he ratio of time of relaxation to time of observation or charact eristic t ime scale for a 

material. Ivlathematically it can be defin ed a.s 

(1.14) 

where tc is the rela.-'Cation time and tp is the characteristic time or time of observation . If the 

time of relaxation of a material is very small than the time of observation i.e. small Deborah 

number, material behaves like flu id with an associated Newtonian viscous flow. But on the 

other hand, if the t ime of relaxation of a material is large t han the t ime of observation then 

material b ehaves like solid. 

1.17.5 Nusselt number 

I t is the dimensionless heat t ransfer coefficient which gives a measure of the rat io of convect ive 

to conductive heat t ransfer across t he boundary and can be expressed as 

N convect ive heat transfer coefficient 
U L = conductive heat transfer coefficient 

(l.15) 

12 



Novv heat transfer by convection is (h6.T) and by conduction is (k6.T/L) . So Nusselt number 

becomes 

i'y' _ h6.T 
j UL - k6.T/L 

hL 

k 
(1.16) 

where h is the convective heat transfer, L is the characteristic length and k IS the thermal 

conductivity of the fluid. 

1.17.6 Skin friction 

·When fl uid moves across a surface cer tain amo unt of frict ion appears which is called skin 

frict ion . It occurs between the fluid and t he surface, which tends to slow the fluid 's motion. 

T he skin fr iction coefficient is defined as, 

(1. 17) 

where Tw is the shear stress at the wall, p is the density and U is free-stream veloc ity. 

1.18 Falkner-Skan flow and transformation 

A class of self-similar boundary-layer flows in the presence of a pressure gradient was found by 

Falkner and Skan (1930). Fallmer-Skan flo"" is an external flow with a pressure gradient. This 

type of flow is characterized by flow past wedge shaped bodies. vVe consider the boundary layer 

equations 

where 

AU ov _ 0 
ax + oy -

au au l ap 02u 
'(t - +v- =- - -+v-ax oy pax oy2 

l op oU 
--- =U-pox ax 

in which the free stream velocity U is proport ional to xm . 

or U = axm 

13 
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where a is constant. Novv for the Falkner-Skan fiow we define the similarity variables of the 

form 

77 = Y 

allcl 

1/' = 

(7)'1, + 1) U 
- =y 

2 1/ :1' 

Using Eqs. (1. 22) and (1.23) in (1.19) we geL 

(771, + 1) Cxm - 1 

211 

2l1Cxm +1 

(m+ 1) 1(17) 

1'" + f f" + (3 (1 - f'2) = 0 

with the boundary cond itions 

f (0) = l' (0) = 0, 1"(00)= 1 

where 

(3=~ 
m+ 1 

(1.22) 

(1. 23 ) 

(1. 24) 

(1. 25) 

(1. 26) 

The expression (1.24) is known as Falkner-Skan equation . For (3 = 0, Eq . (1.24) reduces to the 

Blasius equation which gives the flat plate fiow . For (3 = 1, it reduces to the stagnation point 

flow and (3 = - 0.1988, for the separa ted flow. The parameter (3 denotes the behavior of pressure 

gradient . For positive values of the parameter (3 the pressure gradient is negative or favorable 

and if (3 is negative, the pressure gradient is posit ive or adverse. Further , for separated flow the 

value of (3 denotes the point where t he pressure gradient is zero . 

1.19 Homotopy analysis m ethod 

In order to solve the non-l inear problems , Liao [22] proposed a method which is known as 

homotopy analysis method (HAM) . For the basic idea of homotopy analys is method, we consider 

the following di ffe rent ia l equ ation 

N [It (x)] = 0, (1. 27) 
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where N is a non-linear operator , x is the indep endent variable and 'li (x) IS the unknown 

function. The zerot h-order deformation equation is 

(1 - q).c [ft: (x; q) - tio (x)] = qltN [ft: (x; q)] , (1. 28) 

in whichuo (x) denotes the initial approximation, .c is the auxiliary linear operator, q E [0, 1] 

is an embedding parameter, It is an auxiliary parameter and ft: (x; q) is unknown fun ction of x 

and q. 

For q = 0 and q = 1, One has 

ft: (x; 0) = tio (x) , and ft:(x; 1) = ti(x) (1. 29) 

As when q var ies from 0 to 1, the solu t ion ft: (x; q) varies from initial approximation 'tiO (x) to 

the fin al solution 'li (x) . By Taylor series expansion one can write 

oc 

ft: (~c; q) = tio (:1:) + ~ 'tim, (x) qTn, 
"1=1 

, _ 1 amu (x; q) I 
lim (:c) - -I a 'm . 

rn, q q= O 
(1.30) 

when q = 1, we get 

00 

1i (x) = Uo (x) + ~ Urn (x) (1.31) 
",=1 

Differentiating the zeroth-order deformation Eq.(1.28) m-time with respect to q, t hen dividing 

by m l and finally sett ing q = 0, we get the m-th order deformation equat ion 

with 

.c [um (x) - Xmlim-l (x)] = ItRm (x) ) 

. _ 1 amN[ft:(x;q)] I 
R m (x) - ( _ 1)1 a m 

m . q q=O 

{ 

0 , 
Xm = 

1, 
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Chapter 2 

Falkner-Skan wedge flow of power 

law fluid with mixed convection and 

porous medium 

2.1 Introduction 

Here an analytical solut ion is developed for a steady two-d imensional Falkner-Skan wedge flO\\· 

of an incompressible power-law fluid. The effects of porous medium and heaL transfer by mixed 

cOI1Yection are examined. The energy equation in the present flow is a lso solved . The governing 

nonlinear partial differentia l equations are converted to t he ordinary different ia l equations by 

suitable similarity transformations. The arising mathematical problems have been solved by 

homotopy analys is methoJ (HAl"'I) . Convergence of problems have been checked . The influence 

of different parameters are presented through graphs and tabulated values. The numerical 

values of local Nusselt number and skin friction coeffi cient are computed and analyzed. The 

work in this chapter is a review of research paper [10]. 
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Fig. 1. Phy;:; ica l n o\\' mode L 

2.2 Mathematical formulation 

Consider the two-dimensional Falkner-Skan wedge flow and heat transfer of a power-law fluid 

un der the influence of rnixed convection. Further fluid saturates the porous medium. Cartesian 

coordinates (x, y) are used in which x- axis is parallel to the plate and y-axis perpendicular to 

it. The r.ontinlli ty and momentum equations are 

"V.V = 0, (2.1) 

pa = "VT+R , (2 .2) 

The velocity fie ld for the present flow is 

v = [Ii (:~ , y) , v (x , y), OJ. (2.3) 

By invoking velocity fi eld in Eqs. (2. 1) and (2.2), the boundary layer equations governing the 

flow in a povver-la\v fluid are 
au av 
-+-= 0 a:r By , 

u au + v au = _ ~ ap + ~ aT xy + ~ R 
ax ay p ax p ay p X · 

17 
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The stress tensor for the power- law model is 

(2.6 ) 

and 

(2 .7) 

where D iJ denotes the stretching tensor , 11 is the power- law index, IL is the consistency coefficient 

of viscosity. R x is the flow resistance offered by the porous medium given by 

2 
P,E n pFE 2 R . = - -u ---u 

1: f( JR 

Using Eqs (2 .6 - 2.8) in Eq. (2.5) we obtain 

In the presence of buoyancy forces Eq . (29) becomes 

f.1E n Ff.2 2 
- -?J, - --u 

pK IK 

8u 8u 18p 1 8 ( 18uln) ILE 11 FE2 2 . (en u- + v - = --- + -- f.1 - - - " U ---'tL + 9cPT (T - Too) Sm -) 
8~£ 8y p 8x P 8y 8y pJ\ -JR 2 

(2 .8) 

(2. 9) 

(2.10) 

In the above express ions to a lld v are the velocity components in the x and y-direction, n is the 

power law index , p is the density, E is the medium porosity, K is the permeabili ty parameter of 

the porous medium , F is the imperial constant in the second order resistance, PT is the thermal 

expansion coefficient and cv is the angle of inclination. 

The energy equation for the present problem is 

dT 
pcp -

l
- = T .L - div q , 

ct 

q = -ko gradT, 

(2.11) 

(2 .1 2) 

where p is the density of flu id, cp is the specific heat , T is the Cauchy stress tensor, L is the 

velocity gradient, T is the temperature , q is the heat flux and ko is the thermal conductivity. 
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Eq. (2 11) in the absence of yiSCOllS dissipation becomes 

( aT aT) 
pCp u-a . + v-a 

1. y 

The subjected boundary conditions are 

'tt 0, v = 0, 

a2T 
= ko ay2' 

at y = 0, 

U ---> U, V--->O T----;Too asy--->oo. 

(2.13) 

(2 .14) 

Here U (=cxlll
) is the free stream velocity. The relation bet'vveen t he Falkner-Skan power law 

parameter and wedge angle fhr is 

(3=~ 
1 +m, 

Noted that U increases along the wedge surface when (3 > 0 and decreases for .B < O. 

, lYe define the similarity transformation of the form 

Y _1_ 

yg (x) = - Re~'+1, 
:c 

pxnU (x)2-n 
(m + 1) ---'-'-­

II. 

- 1 

~j; = U (x) x R e;+1 i (17) 

(2 .15 ) 

(2 16) 

__ 1_ 1 
v=-U(x)Rex ,,+l n+1 {[m(217,-1)+1]f+[m(2-17,)-1]1JJ'}, 'U=U(x)J'. (2.17) 

Using Eqs. (2 .16) and (2 .17) into Eqs . (2.4), (2 .1 0), (2.13) and (2.14), it is noted that Eq. 

(2.4) is identically satisfied while Eqs .(2. 10): (2. 13) and (2 .14) are reduced as fo llows 

nlf'T-1 r' + 111.(217, - 1) + 1 if" +~ _ B - m 1'2+ ~ [1 - (f'r] +,AeSi n (~) = 0, 
(1/1, + 1)(17,+1) 111.+1 m+ 1 m+ 1 2 

f 

f' 

e" + [m(2n - 1) + 1] Prie' = 0, 
17,+1 

l' = 0, e = 1, at 1J = 0, 

1, as 17 ---> 00, 
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(2 .18) 

(2 .19) 

(2 .20) 



where 

1+211 

G · -( 1) (3' (T rr)x U2(1-n) 7 x - ?n+ 9c T w- -L oo --2- : 
V 

-2 
xURe n + 1 

Pr = , 
ct 

xn 
lle = (m + 1) _U2- n 

1/ 

The skin friction coefficient and the local Nusselt number are defined as 

with 

c _ Txy (0) 
f - pU2/2 ' 

(au)n 
T X)J = j.1 oy y=o' 

and N _ xqw 
U

x 
- ko(T-Too)' 

qw = -ko ( ~T) . 
y y=O 

Using similari ty t ransformat ions in Eqs. (2.23) and (2.24) we get 

-1 

Nux Re;+l = -8' (0) . 

2.3 Solutions by the hornotopy analysis method 

(2.21) 

(2 .22) 

(2.23) 

(2.24 ) 

(2 .25) 

As we know that t he homotopy solutions depend on the initial guesses (fo , eo) and auxiliary 

Ii near operators (L I, La) which are chosen in the forms 

fo = 'T] - 1 + Exp (-7/) , 80 = Exp(-'T]) , (2 .26) 

(2 .27) 

with the proper ties 

(2.28) 

(229) 

where Ai (i = 1 - 5) are the arbitrary constants . 

2.3 .1 Zeroth order problem 

(2.30) 
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(1 - q) £0 [e (17; q) - eD (17)] = qn()Ne [e (1]; q)J , 

[(O;q) = 8f~O;q) = 0, B(O;q) = 1,17 = 0: 
7/ 

e (1]) -; 0 as 17 -; 00, 

(2.31) 

(2 .32) 

(2.33) 

where fif and ne are the non-zero auxiliary parameters, q E [O,lJ is the embedding parameter 

and t he nonlinear operators N j and No are 

1 
') 1"-1 3 2 ) (a )2 a-1 8 1 rn (2n - 1) + 1 ,8 1 B (B - m. 1 

n - -+ j-+--- -
81]2 8113 (rn + 1) (n + 1) 8172 rn + 1 (rn + 1) 81] 

A [ (81) nJ Cl' +-- 1 - -. + ).eSin (-) , 
rn + 1 aTI 2 

&e 1 00 
No [e(17;q)J = a 2+ --Pr[rn(2n-1)+111-8 ) 

1] n+ 1 17 

[(11,0) = 10 (17), 

[(171 1) = 1 (17), 

8 (1], 0) = eo (1]) ) 

8(1], 1) = e(1]) , 

(2 .34) 

(2.35 ) 

(2 .36) 

(2.37) 

when q varies from 0 to 1 then [(1/; q) and (j (7J, q) vary from the initial guesses 10 (1/) and Ro (1/) 

to the final solutions f (17) and g ('II) respectively. Expanding [(1], q) and (j (7/; q) in Taylor's 

series with respect to the embedding parameter q one can write 

00 

i(77) q) = 10 (77) + L fd1]) qk , (2.38) 
k=l 

00 

(2 .39) 

The auxiliary parameters nf and fie are so properly chosen that the series (2.38)and (2.39) 

converge at q = 1. Hence we have 

00 

1 (1]) = 10 (17) + L fI,; (11) 1 (2.40) 
k= ] 

00 

e ('I)) = eo (1]) + L ek (17) . (2 .41) 
k=l 
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2.3.2 kth-order de formation problems 

Differentiating t Il e zeroth-order deformation problem (2.30) and (2 .31) k-Lill1cS with respect to 

Cj, dividing by k l and setting q -, 0, the kth-order deformation problem is given by 

(2.42) 

(2 .43) 

.ft.: (0) = 0, 1£ (0) = 0, fho (0) = 0, (2 .44) 

(2.45 ) 

\ iVhen n = 1 t.he nonlinear operators are 

03! 1 k~ l 021 (B) k~l of of R{ (1)) = . k~i.~ l + _ " f k~i~l _ - m "_i k~i~l 
ory3 2~! 01P m + 1 ~ 017 ory 

2=0 ·!=o 

A Oh~l (0:) (A B) - ---.-. - + ).Jh~lS i n - + --. + --. (1 - Xk), 
Tn + 1 011 2 rn + 1 m. + 1 

(2.46) 

me ( ) _ 82ek~1 [m (2n - 1) + 1] p . kL'~ l j' Oek~2~1 
I'-k rl - 0 2 + I , 0 . 

17 n + 1 . 17 
2=0 

(2 .47) 

The non linear operators for n = 2 are given by 

k~l 02 83' . k~l 02' ( ) k~l 0 . 8 
f( ) 2L-' fi h~i~l + 3r17,+ 1 L f ' ik~i~l _ .B-m L~ h~i-l R,~ rl = 2 2 --,----

. orl 0113 4(m + 1) . ory2 1'11, + 1 ory 017 
2=0 ·!=o 2= 0 

A ~ ofi 8h~2~1 (0:) (A B) 
- --~ - c - + )..ek~l Si n - + --. + --. (1 - Ju)( 2.48 ) 

m. + 1 . 017 017 2 m. + 1 m + 1 
1=0 

2. k-l 
me () 0 ek~l 1 [ ] " 1 Oek~i~l 
I'-k ry = 0172 + '3 Pr 3m + 1 ~ i ory 

!=o 

(2 .49) 

and similarly we can obtain for n = 3,4, .. , 

with 
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, _ { 0, k S 1 
XI.: -

1, k> 1 

The general solutions of Eqs. (242) and (2 .43) can be written as 

(2.50) 

(2.51) 

(2.52) 

in which f"k and B"k are the special solutions and the values of Ai (i = 1 - 5) after using the 

boundary condit ions (2.44) and (2.45) are given by 

A-i) (2.53 ) 

Note that the solutions of the problems involving Eqs . (242) - (2.50) are constructed Llsing the 

symbolic computation software lvIATHENIATICA \/"hen k = 1, 2,3, 

2.4 Analysis of the solutions 

2.4.1 Convergence of the series solution 

\Ne know that the series solutions contain auxiliary parameters nf and ne. The convergence of 

series solut ions depend upon these parameters . The relevant n-curves have been sketched in 

the Figs. 1 and 2. It is noticed t.hat the admissible ranges of nf and ne are -1.5 ~ nf S - 0.5 

and - 1.6 S fie S -04. 
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Table 2. 1 : Convergence of the series solutions for diflerent order of approximat ion vyhen 

A = 0.1 , B = 0.1 ; 171, = L A = 1, Pr = 1 and a = 7f/4 . 

Order of approximation - f"1 (0) e" (0) 

1 039314 0.20000 

3 024749 0.0080000 

6 0.24147 0.000064000 

8 0.24142 00000025600 

9 0.24142 0.0000025600 

15 0. 24142 0.0000025600 

A= 0. 1, B = 0. 1, m = 1.0, A. = 0.2, Pr = 1,0' = n/4, n= 1.0 
- 0.2 r-------~----------------------~ 

-0.25 

- 0.3 · 

- 0.35 · 
6' 
:-' - 0.4 . 

- 0.45 · 

-0. 5 ' 

- 0.55 · 

-2 - 1.5 - 1 
fzr 

-0.5 

Fig. 22 . n-curve for the function f. 
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A = 0.1, B = 0.1, m = 1,0, A = 0.2, Pr = 1, a = IT/4, n= 1.0. 

0.,2 

6' 
~ 0., 1 
Cb 

G· 

-2 

2.4.2 D iscu ssion 

- 1.5 - 1 
f1,e 

- 0.,5 

Fig. 2,3 , /'i-curve for t he function e, 

0. 

In th is section we st udy the effects of d ifferent embedded parameters on the velocity and 

temperature profiles, Therefore, Figs, 2,4 - 2,21 have been prepared, Figs , 2,4 - 2.6 indicate 

t.he effect of A on the velocity profile for the different values of 'Tn and n = 1, It is observed 

that the velocity profile increases with increase in A but the velocity field increases slowly by 

increasing 'Tn . The velocity boundary layer thickness decreases with an increase in A. However , 

it gives opposite behavior for)" which can be seen in the Figs , 2,7 - 2 ,9, These Figs, show 

that t he velocity profile increases with an increase in the values of)." Further, the velocity field 

increases largely when m increases and velocity boundary layer thickness decreases. The effect 

of A on velocity profile is plotted in the Figs, 2.10 - 2,12 for the different values of 1'n and 

It = 2 ' It, is observed that the velocity profile increases wit h an increase in the values of A but 

the velocity profile increases slo-wly when 'Tn is increased , From these Figs. we also observed 

that the velocity bound ary layer th ickness decreases , The effect of A oD th e velocity profile is 

sketched in the Figs , 2,13 - 2, 15 for different values of 'Tn , I t is noticed t hat an increase in 

the values of )., yields an increase in the velocity profi le, However , th e velocity boundary layer 

th ickness decreases , The effect of Prandtl number on temperature profile is shown in the F igs , 

2, 16-2,18 for different values of 'Tn and n = 1. It is clear that temperature profi le decreases with 

an increase of P r. Further thermal boundary layer thickness decreases a nd it is also observed 
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that temperature profile decreases largely by increasing m. Figs. (2. 19 - 2.21) are plotted the 

efFect of Pr on temperature profile for the different values of m and n = 2. I t is observed that 

the temperature profile decreases with an increase in Pr and thermal bounda ry layer thickness 

decreases. Further , the temperature profile decreases large ly when m increases. 

Table 2 and 3 show the effects of (m + 1) f" (0) and (-el (0)) for different values of para­

meters. The magni tude of skin friction coeffici ent increases with the increase in m, A : B , A and 

a . Local nusselt number increases with an increase in rIO, n and PI' . 

f 'CI7) 

-- --;..:::-==::.::.=::::~~~~::=~~~-~--
..,.,./ ..-..-"-

--
0.8 

0.6 A= 1, 3, 5, 7 

0.4 

1 2 3 4 5 
Fig. 2.4. Effect of A on il for n = 1 and m = O. 

f'( 17) 

H 
I 

0.8 

A= 1, 3, 5, 7 

1 2 3 4 5 
Fig. 2.5. Effect of A on il for n = 1 and m = 1. 

26 



0..6 A~ 1,3,5, 7 

0..4 

0..2 

2 3 4 5 

.Fig. 2.6. Effect of A on f' for n = 1 and Tn = 3. 

/ _ ----: =::::. :::~-=~=::~= -~::s,.f,;;-""[K--..-..------, /' , / 

0..8 
I / // 

'I / 
'I / 

" / / i ' I I 
f ' / I 
I '/ / 

0. 6 r : , / 
! 'I / 

t /'/ 
0.4 I "/ . r " 

t :,/ 
'1/ 
3/ 0.2 I, 

,\~ 1, 3, 5, 7 

1 2 3 4 5 6 
Fig. 27. Effect of /\ on f' for n = 1 and 771, = 03 . 
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0.4 

0.2 

'\. ,?;.~-::-.::-::::-= -=.:--:::::-:::=-==--­
IIZ/,---

'I /" '/ / I / 
t/ / 

~ ;/ 
1;1 

A= 1,3,5,7 

I 
I 

1 2 3 4 5 
Fig . 2.10. Effect of A on f' for n = 2 and Tn = O. 

A= 1, 3, 5, 7 

1 2 3 4 5 
Fig. 2.11. Effect of A on l' for n = 2 and Tn = 0.5 . 
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, 
f 

OB t 
I 

r 

0.6 A= 1,3, 5, 7 

12345 
Fig. 2.12. Effect of A on l' for n = 2 and m = 1. 

f '(17) 

1 r 
~ 

08 t 
06 t A= 1,3, 5, 7 

1 234 5 
Fig. 2.13 . Effect of /\ on f' for n = 2 and m = 0.3. 
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f '(7]) 

A= 1,3, 5, 7 

1 2 3 4 5 
Fig. 2. 14. Effect of A on f' for n = 2 and m = 0.5. 

f '(77) 

.. ---- ... 

f 

~--------
1 /1 / /' -: - - - :: =~-:::-=:==::::..=.::::--:=:--=-~-=~~~ ...... -.--~-

r 1/", 

t " / / 0~.8 r ,(I il / 
'I / 

U 6 ' :, ( 
. i il I A= 1, 3, 5, 7 

f ,/ I 
,'/ / 

0.4 ~ Y 
,f 

0.2 

1 234 5 
Fig. 2. 15 . Effect of A on f' for n = 2 and m = 1. 
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0..6 

Pr= 1, 8, 15,20. 
0..4 

0.2 

-+-~--

12345 
Fig. 2 16. Effect of Pr on e for n = 1 and m = O. 

e(l/) 

1 . 

0.8 

f 
0..6 ~ 

! , 
0..4 r 

Pr= 1, 8, 15, 20. 

l 0.2
1 

f 

1 2 3 4 5 
Fig. 217. Effect of P r on e for n = 1 and m = 0.5 
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Fig. 2. 18. 

1 
Fig. 2. 19. 

Pr= 1, 8, 15,20 

2 3 4 5 
EfFect of Pr on e fo r n = 1 and m = l. 

Pr= 1,8, 15,20 

2 3 4 5 
'7 

EfFect of Pr on e for n = 2 and 771, = O. 
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1 2 3 4 5 
77 

Fig. 2.20 . Effec t of Pr on () for n = 2 and m = 0.5. 

0.8 

0.6 

Pr= 1, 8, 15, 20 
0.4 

0.2 

1 2 3 4 5 
Fig. 2.21. Effect of Pr on e for n = 2 and m = 1. 
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Table. 2.2. Skin friction (m, + 1) I" (0) [or different values of the parameters 

'm A B ). Q (m + 1) 1" (0) 

0.2 1 0.1 1 7r/4 1.6420 

0.5 1.9482 

1 2.5582 

0 2.0548 

0.5 2.2792 

1 2.5582 

0 2.4962 

0.5 2.7798 

1 3.0766 

0.2 0.1 0.2 1.3062 

0.5 1.4255 

1 1.6420 

1 1 7r /6 2.2946 

7r/4 2.5582 

7r / 2 2,9192 

35 



Table. 2.3 . Nusselt number -f)' (0) for variolls p arameters at A = 1, B = 01 , A = 1 and 

0: = 7r/4 . 

771 n Pr -()' (0) 

0 1 01 0 5938 

0.5 0.6004 

1 0.6011 

1 0.6011 

2 0.6019 

3 0.6083 

0.1 0.6011 

0.6 0.6214 

1.0 0.6326 
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2.5 Main points 

Effect of mixed convection on tbe Falkner-Skan flow of power-law fluid is investigated . The 

series solutions are computed by the hOlllotopy analysis method (HAM) . The key points of the 

present analysis are as fo11m",s 

• Tab lel shows that the convergence of the functions f and e are obtained at 81h-order of 

a pproxima tion . 

• Velocity profile increases with the increase of A for both n = 1 and n = 2. 

• Velocity profi le increases with an increase in the values of mixed convection parameter A 

and boundary layer thickness decreases for n = 1 a nd n = 2. 

• The influence of Prandtl number (Pr) decreases the temperature profile . It also reduce 

the thermal boundary t hickness for n = 1 and n = 2. 

• The velocity profile increases slowly with the increase of m for the parmater A. 

• The velocity profile increases largely with the increase of m for mixed convection para­

meter A. 

• The temperature profile decreases largely with the increase of m for Prandtl number (Pr). 
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Chapter 3 

Falkner-Skan wedge flow of Maxwell 

fluid with mixed convection 

3.1 Introduction 

This chapter consists of the series solution for mixed convect ion Fallmer-Skan flow of an incom­

pressibe Maxwell fluid , Analysis has been carried out in the presence of Newtonian heating, 

Appropriate similarity transformations reduce the nonlinear partial differential equat ions into 

nonlinear ordinary differential equations, The series solutions of the present problem is solved 

by homotopy analysis method (HAT\.I) , Convergence of the problem is determined_ The effects 

of different parameters specially Prandtl number (Pr) and conj ugate parameter b) are shO\-vn 

and discussed , Numerical values of local Nusselt number for different values of (Pr) and b) are 

computed and analyzed , 

3.2 Mathematical model 

Consider the two-dimensional Fallmer-Skan wedge flow of a Tvlaxwell fluid vv ith mixed convec­

tion, In this two-dimensional model , the Cartesian coordinates (x, y) are used such that x-axis 

is parallel to the plate and y-axis normal to it , The fluid occupies the region y 2': 0, \1\1e assume 

that. t he wall is subjected to a Newtonian heating, The continuity, momentum and energy 
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equations for the Maxwell fluid are given by 

and the velocity field is 

'l.V = 0, 

pa = 'IT+pg/3T (T - Too) Si n (~) , 

T =-pI+S , 

dT 
PCpdI = T.L - div q , 

(1 + Al ~t) S = ~lAl 
T' Al = L + L 

q = -ko grad T, 

v = [It(X, y), 11 (x, y), 0] . 

(3.]) 

(3.2) 

(3 .3) 

(3.4) 

(3 .5) 

(3 .6) 

(3 .7) 

(3 .8) 

In the above expressions V is the velocity, T is the Cauchy stress tensor, S is the extra stress 

tensor, g is the gravitational acceleratioll which acts in the dO'wnwarcl direction, 0: is the angle 

of inclination of wedge , p is the density of the fluid, cp is the specific heat at COllstant pressure , 

L is the gradient of velocity, Al is the relaxation time, fJt is the covariant derivative, ~ is the 

dynamic viscosity, A l is the first Rivilin-Ericksen tensor, T* is the transpose, q is the heat flux, 

ko is the thermal conductivity and T is the temperature of the fluid. 

The first Rivilin-Ericksen tensor is 

2°U a" + au 0 

] 
ax ay ax 

A1 = au + au 2 au 0 oy ax ay 

0 0 0 

(3.9) 

Front Eqs. (32) and (33) we have 
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(3.10) 

In general form covariant derivative f5t can be written as 

Dai aai - - - + 'u·a· . -1£ ·a· Dt - at J t,] t,}] . 
(3 .11 ) 

For 'i = I , the above Eqs . (3.10) and (3 11) become 

(3. 12) 

and 

(3.13) 

where al and a2 are given by 
ci1£ au au 

al = - =1£- +v-
cit ox oy' 

(3.14) 

clv ov ov 
a2 = - = 1£ - + V-. 

cit ox oy 
(3.15) 

Using Eqs.(3 13) - (3. 15) in Eq. (3 12) we get 

!:\ !:\ [ U a (u a'" + v au) + v a (t au + va,,) 1 uU uu OOt ax oy oy i Dx ay 
u- + V-, + Al 

0 :1: oy _ au (li a", + v au) _ au (u av + v i}U) ax D1: ay ay Bx By 

_~ op + // [2~21i + D
2
u + D2v] + g,BT (T _ Too) Si n (:::) . (3.16) 

p& &2 ~2 &~ 2 
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The above equat ion a fter using continuity equation can be written as 

0'11. UlL [ 202n 2 fJ2lL 02U ] 
11~ + V~ + Al U n .2 + 1) a 2 + 2lLV-O C\ 

uT uy u2,' y xuy 

l op [02U 0
2

1£] (0:) ---. + // -. -. +- +g(3T(T -T=)Si n - . 
pox ox 2 oy2 2 

(3 .17) 

Similarly for i = 2, we obtai n 

(3.18) 

and energy equation (3.4) in the absence of viscous dissipation becomes 

(3 .19) 

Now applying the boundary layer approximation to Eqs. (3.1) and (3. 17) - (3. 19) in which 

u =O(l ) , x= O (l ), v=O(o), y=O(o), (3 .20) 

we see that Eq.(318) vanishes and Eqs .(3 .1) , (3 17) and (3. 19) are reduced as [0 110\.V8 

(3.21) 

(3 .22) 

oT oT k 02T 
lL-+V-=--. 

ox oy pCp oy2 
(3.23) 
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The bOllndary conditions are given by 

0, 11 = 0, 
aT 

'Li - = -hsT 
ay 

at y = 0, 

'U. -7 U, T -7 Too as y -7 00, (3.24) 

Now Eq. (3.23) becomes 

(3 .25) 

where U (= a:cn) is the free stream velocity, p is the dens ity, >'1 is the r elaxation time and T 

ami T oc are the temperatures of the fluid and surrounding respectively. 

Let us define the similarity transformat ions 

u=U(x)1' , f4It + 1fg 17= -- -y, 
2 //x 

(3 .26) 

f4IJ,+lf!!-U[ n-1 1 ] 
·V = - -- - f (1/) + --1]f (1]) , 

2 x n+ 1 
8 (1 ) = T - Too . 

7 '1'00 
(3 27) 

Using these transformations, Eq. (3 .21 ) is identically satisfied and Eqs. (3.23) - (3.24) become 

( 

2n ("-1) (1- f13) + (3n - 1) f 1'1" ) 2n ex 
1'" + f 1" + fJ 1 n+1 + -- (1 - ['2) + '>-8 Si n (-) = 0, 

_(nt1).f2flll +(n;-1)17.f/21" n+1' 2 

(3 .28) 

8" + P r f 81 = 0, (3 .29) 

f (0) = l' (0) = 0, 81 (0) = -1' [1 + 8 (0) 1 , 

l' ((X)) = 1, 8(00)=0, (3 .30) 

in which prime denotes the differentiation with respect to 1], Pr is the Prandtl number, fJl is 

the dimensionless Deborah number , .>- is the mixed convection parameter , ~f is the conjugat.e 
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parameter and O"x is t he local Grashof number. These dimensionless quantities a re defined by 

PI' = f.Lcp 

k ' 
(3 

_ )I]U 
1 - , 

x 

2ux 
(n+ 1)U' 

C"x = (n + 1) 9~TToox3. 
2/.1-

The local Nusselt number }\ IH", is defined as 

N _ xqw 
u", - ko(T-Too)' 

where 

qw = -11,0 (~T) . 
Y y=o 

The N usselt number after using the similarity transformat ion becomes 

(R )-1/2 1\ T, _ ( _1_) 
ex l ' u'x - ')' 1 + e (0) , 

where Rex = xU (17, + 1) / 2// is the local Reynolds number. 

3.3 Solutions by hornotopy analysis method (HAM) 

The ini tial guesses and auxiliary linear operators are of the following forms 

j () 
1 -exp (-21)) 

o 1/ = 1) - 2 ; 

with the properties 

d3 j elf 
Lf (f) = d 3 - -d ' 

1) 1) 

in which A i (i = 1 - 5) are the arbi trary constants . 
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(3 .31) 

(3.32) 

(3 .33) 

(3 .34) 

(3.35) 

(3 36) 

(3 .37) 

(3.38) 



3.3.1 Zeroth order problem 

(l-q).cJ [f(17;q)-fo(7])] =qnJN! [f(17;q)] , 

(1 - q) .co [B (11; q) - 80 (17)] = q noNe [e ( 17; q) , [(17; q)] , 

T(o; q) = 0: l' (0; q) = 0, 

(}t( O;q) = -,(l+fJ(O;q)), 

.? (00; q) = 1, 

e(oo; q) = 0, 

(3 .39) 

(3.40) 

(3.41) 

(3 .42) 

where q E [0, 1] is the embedding parameter, nJ and no are the non-zero auxiliary parameters 

and NJ and No are the nonlinear operators. V'ie define 

N (1--:-( ) B( . )) = 8
3

fC'7;q) +f·( . ) 8
2

f(17;q) +~ (1 -(Of (7];q) ) 2) 
! 17, q , 7], q 07]3 7], q 87]2 n + 1 817 

( 

2nn-1 (1 - (8J(7/;</))3 ) +(3n-1)f(7];q)8!(r/;</)8
2
!(1;q) ) , 

+13
1 

n+1 81). 2
8

,) 8,) + "\8 Si n (~) (,3 .43) 
_ n;i-l (f (17· q))2 a

3 
!("1;q) + n-1 17 (af~"1 ;q)) a

2 
f("1;q) 2 

2 ' a,)3 2 a,) 8"12 

[~ ~ ] 021J(17 , q) --:- ae (17; q) 
No 8(17;Q),f(7];q) = a .J + Prf (7];q) a . 

7]~ 7] 
(3 .44) 

3.3.2 mth-order deformation problems 

(3 .45 ) 

(3 .46) 

fm (0) = f~, (0) = f:n (00) = f~,(OO) = 0, (3 .47) 

(3.48) 

-2n~~i f:n - 1- k L~o fLlf! 

111- 1 

n !n (r)) = f:~-l (7])+ L f f·" 211 f·' 1·' B m-1-k k - 11.+1 m-1-k k + , 1 
+ (3n - 1) f m-l-k L~o f£-If[' 

n+1 f· ,\,k f f·'" --2- m-1-k 0l=0 k-I I 
k=O 

11-1 f·' ,\,k f' f" + - ,)-7] m-1-k 01=0· k-I I 

+/\8",-1 Si nun + n
2;1 [1 + 13 1 (11, - 1)] (1 - Am) 

(3 .49) 

44 



m- 1 

R~, ('I)) = 0':n-l + Pr ~ O~t-l-k!k) (3.50) 
k=O 

Xm = { 0, 
1, 

m.:::; 1 
(3.51) 

m > 1 

If q = 0 anel q = 1, then 

(3.52) 

(3.53) 

By virtue of above equations, when q increases from 0 to 1 then 1(7);q) and 8(7};q ) vary from 

fo (77) and 00(77) to f (7)) and 0(7)) respectively. Here I'i is the nonzero a1L"Xil iary parameter. By 

] 'ay lor's t.heorem and Eqs. (352) and (3.53), we have 

(Xl 

1(7); q) = fo (77 ) + ~ fm (77) qm, (3 .54) 
711.=1 q=O 

(Xl 

0(7); q) = 00 (7)) + L 8m (77) q"'. (3.55) 
171=1 q=O 

where the auxiliary parameters are so properly chosen that the series (3 .54) and (3 .55) converge 

at q = 1 i. e. 
00 

f (7)) = fo (7)) + ~ fm (7)) ) (3.56) 
m= l 

(Xl 

0 (77) = eo (77) + ~ em (77) . (3 .57) 
1n=1 

The general solutions of Eqs. (3.45) anel (346) are 

(3.58) 

(3.59) 
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where j~~, (71) ande;n (71) are the special solutions and t he values of Ai (i = 1 - 5) along with the 

boundary conditions (3.47) and (3.48) arc 

A4 = 0, A3 = af,~, Cry) I ' Ai = -A:J - f;, (0), 
a77 '7=0 

1 ~ " (e~~ (7]) 1'7=0 +"e~, (17) 1,7=0) " (3 .60) 

Note that the solu t ions of the problel1lt> illvolving Eqs. (3.45) - (3.5 1) have been developed by 

using the symbolic computation software lVIATHEIVIATICA when m = 1,2 , 3, .... 

3.4 Solution analysis 

3.4.1 Convergence of the ser ies solutions 

We knm,v that the series solutions given in Eqs. (356) and (3.57) have auxiliary parameters 

lif and /io As pointed out by Liao , the convergence of the series solutions is highl y dependent 

upon these parameters . For the determination of a valid range for values of these parameters, 

we have sketched t he Ii-curves at 20th-order of approximations (see Fig. 3.2 and 3.3). These 

Figs. show that the admissible ranges of nti ues of /if and lio are - 14 S hI S -0.65 and 

- 1.6 S lio S -0.7. Further Table 1 ensures t hat the series solutions are convergent up to five 

decimal places . 

3.4.2 Result and discussion 

The aim of this section is to describe the va riation of embedded parameters on the velocity, 

temperature and surface heat. t.ransfer . Fig. 3.3 is plotted for velocity profiles for various values 

of Deborah number (31 ' I t is observed that veloci ty fi eld increases when (31 increases . Figs. 3.4 

and 35 show the effects of mixed cOl1\'ect ion parameter A and n . These Figs . show t hat by 

increasing the values of mixed convection parameter A and n , there is a gradual increase in the 

velocity profile. Further the boundary layer thickness is reduced. The effects of Prandtl number 

Pr and conj ugate parameter " on velocity profile are presented in the Figs . 3.6 and 3.7 . It is 

noted t hat an increase ill the values of Pr and" increases the velocity profile while such increase 

reduces t he thermal boundary layer t hickness . The effect of Prandtl number Pr on e can be 
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visualized in Fig. 3.8 . I t is obvious that a.n increase in the values of P r greatly reduces t ile 

t hermal diflus ivity, and consequently the temperature and the thermal boundary layer t hickness 

are decreasing funct ions of PI. IL is also observed that devia t ion in the t emperat ure profiles are 

more significant for small values of Pr when compared with its la rger values. The influence of 

conjugate parameter ,), on the velocity profile is displayed in F ig. 3.9. As expected , the larger 

values of l ' accompany with the higher Newtonian hea.t ing which increases the temperature 

alld the t hermal boundary layer thickness . An increase in n corresponds to a decrease in the 

temperat ure and the thermal boundary layer thickness (see F ig. 3.1 0) . To capture t he effects 

of incl inat ion angle a on the velocity l' we have plotted Fig. 3. 11. It is depicted t hat veloc ity 

increases and the boundary layer thickness is decreasing function of a . 

The study of Table 1 indicates t hat 20th -oreler approximation gives a convergent series solu-

tion. Tull1erical values of local Nusselt number for various values of parameters are compu ted 

in Table 2. It is not iced that local Nusselt number is an increasing function of Pr and ')' . 

/31 = 0.1, ;\ = 0.1, Pr = 10., y = 0..1, n = 0.5, a = H/3 
- o.. 5r--r~------------------~--------~~ 

- 0..55 

- 0..6 · 

s 
~ - 0..65 

- 0.7 

- 0.7 5 

- 1.8 - 1. 6 - 1.4 - 1. 2 - 1 - 0..8 - o.. 6 - o.. 4 
fir 

Fig. 31. n-curve for the function f. 
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/3 , = 0 I, A = 0 I, Pr = 1 0, y = 0.1, n = 0 5, ,~= If/3 

0.4 

0.2 . 

o 

-0.2 

-0.4 

- 2 -1.5 -1 - 0.5 0 
hN 

Fig. 3.2. n-curve for the function e. 
Table 3.1 : Convergence of the homotopy solut ions for different order of approximat ion 

when Pr = 10, ;\ = 01 , n = 05 , fJ 1 = 01 ,0: = 1f/3, ,= 0.1 and l'if = ne = -0.8. 

Order of approximation - 1'" (0) 81/(0) 

5 0.756033 0.0138966 

10 0.657312 0.0058769 

15 0.655760 0.0037962 

20 0.655961 0.0035451 

25 0.655961 0.0035451 

30 0.655961 00035451 
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f' (I)) 

0.4 

0.2 

( '(I)) 

1 . 

0.8 

0.6 

0.2 

0.5 

[31= 0.0, 0.5, 1.5,2.5 

I) 
1 2 3 4 
Fig. 3.3: Effect of (31 on fl 

I) 
1 1.5 2 25 3 

Fig. 3.4: Effect of A on f'. 
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f' (I}) 

1 L 
f 
I 

I 
08 r 

06 ~ 

l 
" I 
02 r 

[ 

f '(T)) 

q 

l 
08 ~ 

f 

0.6 

T) 
2 3 4 5 

Fig. 3.5 : Effect of n on fl 

0.5 1 15 2 2.5 
T) 

3 
Fig. 3.6: Effect of Pr on 1'. 

50 



f' (I7) 

1 ; 
f 

[ 

08 f 

[ 
06 ~ 

~ 

l 
04 f 

0.2 

0.1 

0.08 t 
0.06 r 

0.04 ~ 
f 

0.02 t-
I 

0.5 1 1.5 2 2.5 3 
Fig. 3.7: Effect of 'Y on fi 

Pr = 1.0, 3.0, 5.0, 7.0 

+-~~~~~--~~~====~--~ 
2 3 4 5 6 

Fig. 3.8: Effect of Pr on B. 
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0.8 [\ 

[\., 
0.6 t \ 

f " ~\ \ 

1 \ " r \ , 

0.4 " \ 

, 
" 

0.2 

0.14 

" 

\ 
\ 

" " 

0.12 1\~~ 
\\~ 

" ' " ' " " " , 
" " " 

0.08 ~1~ 

'Y = 0 1, 0.2, 0.3, 0.4 

2 3 4 
Fig. 3.9: Effect of "( on B. 

0.1 ~ \~~ 
\~ 

I ~ n = 0.0, 1.0, 2.0, 3.0 
0. 06 ~ ~ / 

t '\ 

0.04 r ' 
0.02 

2 3 4 
Fig. 3.10: Effectof nonB . 
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f '(77) 

1 t 

I oa r 
i 

0.6 

0.4 

LY= 0 0, n/ 12, n/6, n/2 

2 3 4 
Fig. 3.11: Effect of 0' on f'. 

Table 3.2:Values of (Rex )-1/2 Nux for difFerent values of Pr and ry when (3 1 

0 : = 'if /3 and Il f = fif) = -0 .8 

Pr ry - (R ex)-1/2 Nux 

0.5 0.1 0.6637 

10 0.073;) 

1.2 0.6822 

2.0 0.7025 

1.0 0.1 0.6733 

0.2 06821 

0.3 0.6925 

0.4 0.6940 

3.5 Conclusions 

A = 0.1 , 

The effects of Newtonian heating on t he mixed convection Fallm er-Skan flow of Maxwell fluid 

are described . The arising nonlinear problem is computed . The presented analys is show t he 

following key points . 

• Table 1 reveals that convergence of the functions f and e are obtained at 20th -order 
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approximat ions up to five decimal places when li J = lie = -0.8. 

• The conjugate parameter 'Y appreciably increases the dimensionless temperature and sur­

face heat trans fer . 

• The fluid parameter (31 mcreases the velocity "vhereas the boundary layer thickness de­

creases. 

• The influence of Pranclt l number Pr decreases the temperature and the thermal boundary 

layer thickness. 

• The mixed convection parameter A increases the velocity and decreases the velocity bound­

ary layer thickness. 
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