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Preface
The most vital mechanism observed for transportation for biofluids in human beings is

the peristaltic mechanism. According to this mechanism, the contents in the vessel or
tube are transported due to the sinusoidal motion of the boundary. The initial studics
regarding the fluid mechanics of this mechanism were performed by Latham Il], Shaprro
et al. [2], Jaffrin and Shapiro [3], Fung and Yih [ ], Yin and Fung [5] and many others.
Later on, it was realized by the researchers that in investigating peristaltic motion. it is

not always appropnate to consider the nature of the fluid as Newtonian. This fact u'as

first realized by Raju and Devanathan [6] and they studied penstaltic florv of a power-lau'
fluid and obtained the solution for the stream function as a power series in terms of the
amplitude of deformation. In another paper, they analyzed the peristaltic motion of a

viscoelastrc fluid with fading memory in a tube [7]. After that a number of investigators
attempted to analyze peristaltic flows of different non-Nes'tonian fluids under variotts
assumptions. Some important contributions in this area can be found in rcfs. [8- I 8].
In all the above mentioned studies, the peristaltic flow is considered in a straight char.rnel

or tube. However, this is an assumption and in reality the tube or duct may be curved.
Therefore, one has to incorporate the effects of curvature in analyzing peristaltic flow.
Motivated by this fact, Sato el al. [9] discussed two dimensional peristaltic flows in a

curved channel. Following them, AIi et al. [20] studied peristaltic flow in a curved
channel in wave frames of reference. They have used the no-slip condition at the upper

and lower walls of the channel and obtained the expressions for strearn functron, axial
velocity and pressure gradient.
Peristaltic flows in a straight channels/tubes employing slip conditron has been studied by
a number of authors. Mention may be made to the works, Chu and Fang [2.I], El-
Shehawy et al. 122), Hayat et al. [23. 24] and Ali et al. [25].
To the best of my knowledge, no attempt has been made yel to study the peristaltic flow
in curved channel when no-slip condition is inadequate. Therefore, the main aim of this
thesis is to provide such a study. The brief layout of thesis is as follorvs. It consists of
three chapters. Basic definitions and goveming equations (i.e. continuity and momentum
equations) for a viscous fluid in curvilinear coordinates are included in chapter L Chapter
2 presents the detailed review of ref [20]. [n chapter 3, the work of ref [20] is extended by
taking the slip condition at the walls of the channel. The effects of slip parameter on
various features ofperistaltic motion are discussed in detail.
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Chapter 1

Preliminaries

In this chapter. some basic definitions and equations are prorided rvhich *ill bc used irr rhe

next chapters. AII the material of this chapter is ba-sed on thc book by Rcsrick. Harlldat and

Krane and s'eb.

1.1 Flow

A rnaterial goes under deformtrtion u'hen certain forces acts upon it. If the ,lcforrnatren exccccl

continuously without lirnit. then rhe pheuomena is knorvn as llou.

L.2 Fluid

The lord fluid comes from a Latin tord meaning to flos'. Fluid u,ill flow. for example. ro take

thc shape of any cortainer that holds them: in a fluid. the particles/molecul's can movc rclatir.e

to one another.

1.3 Fluid mechanics

Fluid mechanics is the study of fluids and the forces acts upon them (Fluids include liquicls,

gases and plasmas). Fluid mechanics can be divided into fluid kinematics. the studr- of fluid

motion. and fluid dynamics. the study of the efiect of forces on fluid motion. which can fur.ther-



be divided into fluid statics. the srudy of fluids at rcst. and fluid kinetrcs. tlle studl' of fluids irr

motion.

1.4 Fluid kinematics

Kinematics is the branch of mechanics that deals tvith quantitics involving space and time onlr.

It is used to describe the morions of particles and objects. brrt docs not t.rke thc fot'ccs tlrat

cause these motions into accorLnt.

1.5 Fluid dynamics

The fluid dynamics is a sub-discipline of fluid mechanics that deals stth fluid flos and rh,'

natura.l science of fluids (liquids and gases) in motion.

1.6 Fluid statics

Fluid statics is a sub-discipline of flrrid mechanics that deals s'ith fluids at Lest.

1.7 Velocity field

In dealing rvith fluid in motion. sc shall necessarill' be conccrned rvith the descripriott o[ a

velocity field. If u'e define a fluid particle as a small mass of fluid of fuxed identitl of Yolttlne

dt,. then the velocit!' at point C is defined as the instantaneotts Yelocitl of thc fluid parti(lt's

rvhich. at a given instant. is pzrssing through point C. At a givcn iDstant. rhc velocit!' Ii(lld V

is a function of the space coordinates (r. y. :). The velocltY at irn]' Polnt in rhe flos fit:ld lnighr

vary from one instant to another. Thrts the complcte lepreselrlatlo[ of vek't irr is gtyt'rt lrv

V : V(2. y.:. t). (1.r)



1.8 Pressure

The rnagnitude of the normal forcr: pcr urit surface nrca rs ciilled the lrre.sutc. Pressttte i. ,r

scalar quantit]'; it has no directional properties. \lathematicalll :

F
(1.?i

rvhere F is the magnitude of force acting in the direction petltendiculat t0 the sutfact' <.rf thr:

fluid and A is the area of the surfa<:e of the fluid. Pressure lras climensit,ns of force clitiilerL

bv arca. and common unit fol plessure is -V/rnz. This unit is gilen tho SI desigrration Pascal

labbreviation Pa: 1Pa : 1-Y;rrr:).

1.9 Density

The density p of a smal.l element of an1'material is the mass rim of the eleruent divicled bl its

volume dI/:
/ rirr \a:r,!*,,(*/ (1.3)

where d-[" is the small volunte ovcr rvhich the substancc can be considcred as a cotrtiluum If

the density of an object has the same ralue at all points. the densitl' of thc ob.iect is eclrt.rl t,r

the mass of the entire object divided b1'' its voluute:

(1-t)

1.10 Viscosity

Viscosity in fluid flow is simrlal to friction in the rnotion of solid bodies. Thc ntca.sttrc of

resistance to the motion of the fluid is called r.iscositl'. It is also knou n as alrsolute or d1'rranrics

r.iscosity. N,lathematically. r.iscositl, is the ratio of shear stress to the rate of shezrr straitt.

Shear stress (r.5)
Ratc of deformation

t77

I



1.11 Kinematic viscosity

Kinematic viscosity is the rat:o of absolute viscositv p to the densitl' p. It is dcnoted bv i, and

given by'

, :4. (1 6)
p

l.l2 Curvature

The currature of a curve at a poinr is a rneasure of hou scnsitivc its tarlgert liltc is to Irtolirtg

the point to the othcr noarbr poirrr

1.13 Peristalsis

Successive *'aves of inr.oluntarv contraction passing along the salls of hol)os muscular stlllctrlr(l

(as the esophagus or intension) and forcing the contents ons'at d.

7.L4 Coefficient of viscosity

The ratio ber$'een stress and strairl irr the fluid is ca]led the coefficient of viscositl' of the fluicl.

It is denoted by Greek Ietter ? (eta).
E

?: +. (1 7)

Ay

*'here F is the magnitudc of force acting in the direction pel pendicular t,, the surftrce of the

fluid. .,{ is the area of the surfacc of the fluid and, dr ldy is velocitl gladtenr.

1.15 Tlpes offlow

1.15.1 Uniform flow

It is a florr in which the velocrtl'of fluid particles are saure at oach la1er.

L.75.2 Non-uniform flow

It is a flos- in rvhich thc vclocirl' of fluid particles are differeltt at diffelent la;-crs.



For a uniform flow, by its definition. the arca of the cross seciiorr of thc llorr shorrld lepail
constant. For example. the uniform florv is the flos'of a Iiquicl through a Pipcli,e of constanr

diameter. Arrd contrarl' to this. the florv through a pipeline of rariable diamerer rvould br:

necessarilv non-rrniform.

1.15.3 Steady flow

\!'e describe the florv in terms of rhe \alues of such variables .rs pressur,.. densitr. arrd llolr

velocity at every point of the fluid. If these variables ale constant in tirne. rhe flou' is saicl to

be steady. \Iathematicallr':

0n
at -o rl'bl

where 4 represents any fluid propeltl-' and , is the time.

1.15.4 Unsteady flow

If these rariables (pressute. densitl' and flos'r'elocitl- at everv point of the 11urd) are rhe frLrrctions

of time. the florv is said to be unsteady. \lathematicalll.:

"i*u (rer

1.15.5 Rotational flow

If an element of the moving fluid t'otates about eur er-xis through the cetrtre of rrra.ss of thc

element. the florv is said to be rotational- )Iathemarically. for r.otatioDal flr,(

VxVl0. (1.10 )

1.15.6 Irrotational flow

If an element of the moving fluid riocs not rottrte about an axis through tlre centre of mass of

the element. the flo1\'is said to be itlotational. \Iathcmaticalh. for irrotati,rDal florv



VxV:0. (1.1Ir

1.15.7 Laminar flow

Fluid flol'in rvhich the speed varics la1-er-b,r.la1'el is called lamirrar flos. ln I,rn'ttnar florr. r'iscotts

shear stresses acts betrvccn these lavr:rs of the fluid \\'hich defincs thc lelo<:in clisrtibuttott artroo,S

these layers of florv.

1.15.8 Tirrbulent flow

Fluid florv in rvhrch the velocities YarY erraticall! fronr pornt to point iu rrell a^s front tilttt' t,r

rime is called turbulent flos'.

In a viscous fluid. the floN at los speed can be dcscribed as laminar. \'lttch suggcsr: l.rrrrts

sliding smoothly orer one another. When the flos speed is suffir ientlr' large. t he tnot ion br'<:otttcs

disordered and irregular: this is turbulent flou'.

1.15.9 Compressible flow

If the density p of a fluid is a not constant. depcndent of :r. y. : and t its florr- is callecl

compressible florv.

1.15.10 Incompressible flow

If the densitv p of a fluid is a const2lnt. independent of r. y. : ancl l. its fl,lt is <alk'rl itrcrrrrt-

pressible flou'.

Liquids can usually be considercd as florving incompressibll-. But everr for a highh com-

pressible gas. the \?riation in densit! ma\ be tnsignificant. an,l for Practic,Il Inlrl)oscs. \\'('(irlr

consider its flow to be incompressiblc. For example. in flight at speeds much loscr tltan thtr

speed of sound in air (dcscribcd b1' subsonic aerodynamics). tlte flot of th. ail over thc sitigs

is nearly incompressible.



1.15.11 Couette flow

It is a floq' betEecn tq'o plates. in r(hich one platc remarns at rest and otlrer plate is rDoring

rvith ulifornr velocrty.

L.l5.l2 Poiseuille flow

-{ flou'betueen two plates producecl bv a constant pressure gra,lient in thc,Lrectrorr of rlro flou'

is called Poiseuille florr'.

1.15.13 One dimensional flow

A flou'for t'hich the relocity field depends onll'on one space varrablc is called one-dirnerrsiorral

flow.

1.15.14 Two dimensional flow

A flou' for uhich the velocit)'field dcpends upon t\\'o space variablcs is t:allr:d tl'o-dinrertsiorral

florv.

1.16 Classification of fluids

1.16.1 Ideal fluids

A non-existelt. assumed fluid \\'ithollt either viscositl or complessibilirl is, allerl ali idcal flrrirl

or perfect fluid. In natute. this rlpe of fluid docs rlot exist. Furthernror,:. a gas subject t,,

Boyle's-Charle's las'is called a pcrfcct or an ideal gas. It is the hy'potherical forrn of fluids.

Horever. the fluid with negligrble viscositl' ma1' be considered as an ideal flrrid.

1.16.2 Real fluids

Real fluids are those in uhich fluid friction has significant efrerts on the flurd rnotion. Lr otlrot

sords. u'e can not neglect the viscositl effects on the motion. Real flui<ls irt'r'htttht't cl,r.sitre,I

into t$'o classes on the basis of Nc\\'ton s Iarv of viscositl,. According to this la\\'. sheat sttt:ss

is directly proportional to the ratc of deformation'. For one dirnensional flo,r'. it can be rvtitrerr

10



as

du7w: lt-, .

alt

n here rgz is the shear stress and drL ldy is tb,e late of deformation.

ttll

(1.12)

(l.l3r

(1.11)

1.16.3 Newtonian fluid

A Nervt onian fluid (named aft er I sao c N ewtott) is a fluid rvhose st ress veLsus s r Lairr (dcfc,nrrir t i(xr )

rate curl'c is linear and passes through the origin. i.e.. Ncwtoruan fluid obt vs \el'torr's las r,f

viscositr'. \Vater. girsoline arrd nrer< rrr1' are so[]e exaurples of \cstonian flrrids.

1.16.4 Non-Newtoniar fluid

A non-Newtonian fluid is a flrrid rvhose flow propertics are nor dcscrrbed l,r' a single cortstant

value of viscosity'. i.e.. it does not satisfl- \eu'ton s Ia*'of visc,rsrtr'. Eor nor r-Nerltorriart fluicls

I nlL \tr. : O IrrJ

/du\
'ur:'r \Oo )

where
/ d.u\" t

'-'(a/ I

is the apparent viscositl'. Exarlplcs of non-\estonian fluids ate tooth l)aste. ketchup.

shampoo. blood. soaps etc.

L5)

gel.

1.16.5 Time independent non-Newtonian fluids

Such fluids where apparent viscositv does not depend upon tirne ate knorvu tilne independent

non-Neu'tonian fluids. These are futther sutr'divided in the follos ing tlpes

1.16.6 Time dependent non-Newtonian fluids

Such fluids rvhere apparent viscositl- depends upon time ale knorvn tiute dependent nort-

Newtonian fluids. These arc furthcl sub-divided in the follosilg types.

11



1.16.7 Thixotropicfluids

Such fluids show a decrease irr r7 under a constant appled shear stress. Ar example of suclr .i

fluid is yogurt.

1.16.8 Rheopatic fluids

Such fluids shou'an increa-se irr 4 uith trme under a constant .rPplrcd sheal stress. An exir,nrlllt:

of such a fluid is blood.

1.16.9 Viscoelastic fluids

After deformation when applied stless is released. some fluids partially corue to thcil c,r'igrnal

shape or position, such fluids are callcd viscoelastic fluids.The e-ramlrles of srrch fluids arc uvl,rrr.

flour dough ctc-

l.l7 Equation of continuity

The mathematical form of thc laq' of conservation of mass fol a fluid is krrou'n as equat iolr ()[

continuity. It has the follouing foul

'!,, (pv,-u. rl.rbr
iJt

and for an incompressible fluid. it rcduces to thc form

V.V = 0. (1 l7)

1.18 Equation of motion

The motion of fluid is governcd b1' Ias of conservation of motucnttLnt. Thr irpplicntion of tlris

law to an arbitrarl'control volumc in flou'ing fluid yields rhc follo*'tng lquation contmorrlv

knou,n as equation of motion

off--vp+divT+pb (1 lr)

12



In above equation. T is Cauchv stress tensor and b is bodl' fotce per unir tnass.

The above equation can bc rvritten in a more convenient ftrtnt as

(1.r9)

L.19 Curvilinear coordinates

x

Fig. (1.1). Cvlindrical coordinates s1'stem s'ith

coordinates (r. d.:).

An orthogonal system is a sl-'stcm for rvhich the coordinate surf,rces arc nrutllall] perpen<li<:ulat.

F9r tlrL'rlll1d1icrtl ststtrl iFig. (l lj). tltt.coot'rliuatc suLfaccs atc /'= coll:tallt. /l - cr,ttstirttt

iuld : : cotrstarrt. Thesc three coordinate surfaccs lntersect rhlough a gilcu poirrt at t'iglrt

angles. The three curves of intersccrion of the coordinate surfaces in pait tntersecr ar riglrr

angles- These curves are called c.ordinate Iines ot directiolrs \\:e dras ultit llasis t't'ct'rts

tangent to the coordinate directions. For the cl.lindrical s1'stenr (Fig. (1.1)). \\'e uright call tlrrrn

er. ed and e.. These unit \e( tors form an orthogonal rriad like i. j and k. \\'e refet to suclr

a coordinate systems as curYilineal coordinate svstems Nhen the coordtnate suLfaces ate ttor

planes and the coordinate Iines arc cun'es other than straight lines-

\\'e consider the cun'ilinear orthogonal coordinates qr. q2. q. $hich can be calcttlated fiottt

the cartesian coordinates (:r1. 12. 13 ) as:

,l# -vx (v r e * " (f )] : pt-dir r

13



91(rl.x2.:r3).

92(r1. 12. 13).

93(r 1. 12. .r3).

( 1.20)

( 1..11 )

t l.-l2 r

r', = x, (9J ). 1 Ll-l l

x: x(qr) (r.15)

If 92 and 93 are kept constant. thc Yector x : x(gr) describes a cur\,e ltl a space \\'llich is tho

coordinates cvtve q. AxfAql is the tangent vector to this curr'<' Thc cot-lesPonding unit \c( lor'

in thc direction o[ increasing 91 reads:

d;er=ra.i
la,r,

(1.261

If ue let dx/dg1 : br. then se sec that

ax
oqr

(1.27)

or in short

\lie assume that Eq.

q,: q,(r))

(1.23) has uniclue invcrse.

and in the same wa-\'

= e2b2.

: e3b3.

rr ttlr dxr r)gz : 1>2 a1d pxldq - lti.

SiItce x: x(q,). ll'e can tvtitc tltc line elernent as

( 1.23 )

( 1.lt l

( 1.29 )

dx
i)a

ax
dS,

14



o*- ffor,- 
uior,-fi*,

OI

dx : btcLqpt L b2dr12e2 - b3tLq3e 1.

and the square of the line elenrenr i'

( 1.J0 )

11.:i1i

(I :rl r

( 1.3.1l

(1.1i5 )

(1.36)

tll' = brbzb:tcLltdqzfuh. r L33 t

The expression of 91 surface elemerrr of the volume element dll (i.e. the sruface elenrerrt lrer-

perdicular to the q1 dtlecrion) is

dx ttx : b;dqi - bi(t,i + bi,tti

Further. the volume elernent (Fig.(t.2)) is giren lrv

dS1 - br6r4nr^rr.

and similarlv the other surfact: elenrents are:

dSz: br6r4tr7Or.

dSs: b,6r4tr4rr.

15



Fig. (1.2). lblume element in the curvilinear cooldinat<'

systenl.

1.19.1 Gradient, Divergence and Curl in curvilinear coordilrates

In this subsectiorr. q'e u'ill discuss thc conponents of gradient arrd curl of a r.ccrtor'. dilergeuce of

a tensor and rate of deforrnatir)n tensor along rvith the expression of the dilr:t'gence of a ten.ot

If tD is a scalar function. then the components of vector VQ are:

Along r71 :

Along q2 :

Along 93 :

1AO(vo)r = - .q oqt
1 d,b(f<D)2: -,,02 O,l !

tVOtr: l4
4 d,t.t

(1 37)

( 1.J8)

( r.J9 )

The divergence of a vector V (here considered as fluid relocitl') having conrponents ul. Ir, ilntl

u3 in the direction of the increasing gl. 92 and 93 is given bv

v v - ']. [.' ,orrrr,, . 3Lb:b,r,l . 3torar,3r]btt,2t4 lottt Oq.! dqt l
(1.10)

16



The components of curl V x V are:

Along s, : rv vrr - *I [r*9,*,, 
, - fi,r',,,,). ,r lr,

Alonp s2: {V . vr2: # t# r4,,,,- ;frra,,.,r] rr rl

Alonq 91 : {V . Vr1 : ), l!,0.,r.,, 9,0,r,,,lqrl2 loqt ,t,! z l

The components of the divergcncc of stless tensor are givcn b1'

, | ;,urqr,,' . si,tr,l,J,, ,)
Along 91 : {v.T)r - it66 

| -r-,r,orr:,,, I ru
_llL2la - ba ru a! r-L u

btb dcL L'ttr! i)q3 Lth dqt L L. dqt'

, I g,orurrrrt -ft,,.b[,,t)
Along 92: rv.Tr.: - 6t6a 

| -;;r,,ra2rtrt .l rr.rr,

- ht dlz - t't Qb Irr Aqa lL. AU.
bzt4)qt ' o.bt t t'tbt d,ru bb Aq-'

, I +tbzbrrrrt -;;.,htt,[ , )
Along 93 : rV.T)r - 

t' t'2t'j 
| --Ltt,ft.rTt1, I r rs

'H,'#, l*'#,-lk#,-h#,
The Cauchy-stress tensor rn svnrbohc form is

T - (-p + A * V.V)I + 2pE. (1.-16l

which for an incompressible fluid rcduces to

a: -pl+211D.

rvhere I is the identit)' tensor and E the rate of deformation tensor.

(r 17)
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The components of the rate of deformation tensol in curvilinear coordinates arc givcn bv

.-. ldul u2 dlrl uj dltl
'tt - L, o,t, - brbr,)*- l'rb,lr^

',,:;,0#-##,-#,#,

",:;u#-##-#y;
,",-l,h(;)- fr* (fr) ,",,

,.,,,-o;h(;) i# (fr) 2,,'

:"3, : bI d- (''\ - b d (:l\ :'o)ia\', )- aa [e / 
: 
" '

L.2O Equation of continuity in curvilinear coordinates

dJ - -: . l!ru.ru.,r,,, , ^9 rbzbtp,z)- j1alurp,jll = u
dt brb2q ldqt oqz Utl't .l

(1.51)

(1.16)

( 1..19 l

(1.ru)

(l.il)

rl.llr

(1 ;3)

Using the formulas given in scction (1.19.I). u'e can srite the equation of,:ontinurty'(1.16) iu

terms of curvilinear coordinatt:s a^,.r

If p is constant. then $€ get

3(b.,b.rrr, . ]1fub1r,2; - 11b1b2,,31 - u. (l ;i),
Oqt dqz oqt

Eq. (1.55) is counterpart of Eq. (1.17) in crrrvililrear coordinatos anc[ r'alil [rrt ittirrtrrlrtcsstlrl,

flows.

L.2L Equation of motion in curvilinear coordinates

In the same manner. the application of results in section (1.19.1) vields the follou irrg conrpont:rrr s

of equation of motion in cur\-ilinear coordinates gl. q2 arrd 93.
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t ';i tk (i,"6"'t 6f,'rbrult) I
Alonggl:' L -'t-(*2'o'''r-;frrb3urr)-fr3il1 .,r;rt,: pk,-t.-r-,lf,tUa.a,t - fi@zbtr-,) -.- *,a{o,a,r:,)l

7,, ab, T., ah, 7,, aE T"" aL-,
- t,7., a'i ' "t,t, aqi ,;8, A; b")b1a,1:

" I # - #,(;'o'''r- 5! rb3ujr) I

Arong s3 , 
o 
l-'.4(4tat.,'r-'2{b2"')';iH I , .r-,}

- p*ruia lff iararr,rt - j;(hbrr.t) + fi\bl,{tt)l
L dh T.t 4La T', Ab' T, Ah' t.Ead * EfraA - 6fra; ,fi. ii,

, i "# ;k(*g'b'u'' - *!' b'"'2t) 
I

Arong q2 .. 
'| 'n(;o''"'t- f,'\uut') -;;;:;''l Iii

: ,,r.,- oiu,lftbrarrr,t - ffrfub1T2|t - fi,\t,tt .Tr.tl
T"., dh. T,. Jl,, h" ab" 7,, aL' tr^,ai' 6ii; - ffiaA - iii
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Chapter 2

Long wavelength flow analysis in a

curved channel

2.1 Introduction

This chapter is t'holly based on the material of a paper published bv Ah et al. [201. -\ll rhe

mathematical derivations and graphical results given in this paper trre repro,tuced bv the atttlrol

of this thesis. The aim ofthis chaptel is to understand the 1>herrrnrenon ofp|ristalsis in a crrrre,I

channel and ro provide the necessarl material on rvhich the contents of chtrpter (3) ate lrascd.

2.2 Flow geometry and governing equations

Let us consider a curred charrnel of half width a coiled in a circle *ith c.rrtcl O and rarlirrs

R' (Fig. i2.lr). \\e choose r urvilinoar cooldinure.,?.5 ar,,l 7 su,'L rlr,,r I r' nl.,r,x rlr. ra,lill

direcrion. S is along tlre a-xial dire,rion and Z pt,rpendiculal to both B an 15. TIr,'^e,')rx n\

of the upper and loser ualls is Bilerr as:

H (.9. t) : rL

IJ/T r\ -

- a,i' []rs - .ir]

" - a,i, []rs .,)]

rrppel rvall.

. loser l all.

Pr

(2 2)
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In the above equations. c is the sper:rl. A is rhe u'avelength. b is thc anrplitrrde of rhr. rr'.rvc ar,l

i is the time. Having described the geometrl' of the problenr. rle uill rrorl ruorc'to dcrvc th,'

flos equations. In deriving the flo\r equations. the result of scctions (1.19 aud (i.20) rrill be

used.

Iderrtifying q - R. ()t:5 ar,d 9l:2 at , flu\\ .rs t\\'(,-dilnensional. \\'e calr \vtit(' rL('

velocitY field V as

v: lt'(E.s.i). ,(E.s.i). ol. (2.3 r

uhere 7 is the componcnts u[ r'"1.-,, itv along the Ii-drrectiotr .rnd a is al^rrB tlr,'5 ,lrr,. rr,,r..

The appropriate transfornratioDs betq'een culvilinear coordinat,s (fl..j.2) ancl i.rltcsrrru

coordrnates \X. Y . Z ) ate:

/ s\
-Y: (n'+R; cos{}}.

\^./_ /s\)' : (n'+ It)sirr I ^ I.\^./z:z

(2...1 )

(2.5 I

(2.6 )

(1.19). the follorvrng valttes r,fUsing the transformation (2.{) (2.6) and results in section

br. t: and b3 are obtaincd.

and

br=l'

/R'+E\b'?: l' /?' ,/

6r: l.

r) -- AI'-: {rn'+.,?)l'} + R'1 : u.JN' dS

(l.i)

(2 8)

(2.ej

u:: L'arrd rr3 : 0. Ih('

(2. r 0I

Having in hand. the scale fafiors b1. b2 and b3 and taking ur : f.
continuity equation (1.16) rakcs thc forrrr
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Similarly the components of the late of deformation tensor ar{':

dve ::.'' aR

.,,: / R':\ {- v -" \R'+R) dS R'-R

(2 ll r

(2.12)

(2 ir )

l2 t5r

(2. I6l

l2.l;i

^ I R' \.rr /R'-R\ d lt R' \ I2"":\i-n);-( 
'' );L(#*Jt'l =r'']r 'rrr

and thus the components of T beccrure

Ttt - -p-r,,#
f/ R' r,tt: r I

7.,., - n . 2r' ll 

- 

I --: - __'i\n' . /l/,r) R' R,

T,,:T,,-nr,'-A,L(J \ / R'\At' aR\R-:,{J "'(r.=RJaS
After substirution of b1. b2 and b3 and the components of T in Eqs. (1:i6) arrd (1.571. rlrt,

results are giren in the follos ing eqrrations for the florl rrnder t onsiclclarion iu abscncc o[ l;r,clr

forces.

"l * -, (uf,u) [r, (;+,). - 3!] I _"L -E+ l-
i:il# l(n'- n)#l

[ / r' \'iP,:-9: I

'f -"'g' { -:-)

fI AU ,nALt tl.',
.. I 6-tYaE+ (Rfil

I r/ R' \,-dl
[ -\r-+ril t a!

I I 6i*[rn--n,g] II (#) #-'l -(ui,t':5 I ''''J | - 4-4_ - -r=.- |L (,4. , F). as (/r. . F). .l

In the laboratory frame (R.S). thc florv in the cuned channrl is rlrrsteadl'. HorveleL. se carr

treat this s]stem as steadt in rhc rvave framc (r.s) moving *'ith the s1,eed of uave. 'fhc

22



transformatjons relating the tNo frames are:

s:S- ct. i: R. n_Li _c. t: _V.

rvhere o and u are the velociry cornponents along the 7 and i-directions in the u,are

Utilizing trarrsformations (2.19). Eqs. (2.10). (2.17) and (2.1E1 can be crlsrr:d as

(2.r9)

[r'arr rc

{ 1i- * n'101 + i* :0.
or os

(2.20)

0u , _At R-(u+c)ar (u.c)2
ds di rJ-?' 0s r R'

-.-t*f {1r + n'1ff}
, -- '2 ,,

+ (#E-) ;i
L )tl' dL

GTA:'jz - GTR-P ui

1ifr
Pdr

t) )1\

Defiririg tlic dimcn"ionlcs. \'iu laLlc-, .uld stlciul furctiolls ir5

2trE i
,\,o

2;a2

^An -dn R- (n+c) UnLA=s r u8i r r+,c' ,;
(u+c),r;+E.

R- dp
pli + R.) Ai

-L4),; 
p* drt

a+/t' ,li i \' " ii I

. t n' 1,,:
\-+n'l ./J

(,,+c) tli. dr
- l,+R;-F - ri-R;7 A;

Rc-

=tl

pcaut
cc

E 2;irL. d: 
- 

l.a),

r') )rr

(2.13 )

tr')t\d\u -k avu: a\'u:on-1r*
Eqs. (2.21) and (2.22) can be s'r'iten in the follorving form

23



*r(*-a)

_ k dp 1 A ( du\ {//+l)
t-1ds a -lar[(4"'r)rr; (r. r i712:o

Differentiating Eq. (2.28) s.r.t. r7 and using Eq. (2.27) . rl'e get

d't,u- ,,'2v) d ( I r ,,*)l .,,dl t'*'"),t,7]'atu-r- (' il I

The dimensional volume flos ratc trr lzrboLatort flanrc is defin, a.

fE--
A : J_-udR

in $hich I1 is a functir.rll r-,f 5 ar,d L The ab..,r'e cxl)le)siol in Narr frarue Lcconrcs

tn, - J_,,*
rvhere H is a function of s zrlone. From Eqs. (2.19) and (2.31). rve r:irrr nrirr:

I ir-,?a,+ ovd]+ 1 ?l i',a{r't''rr4}
Reo I -"TAA -,i.;;r l_ i..r / A \.Fr ___Lrr_d-gl ,2_.t{;r"'"1 /r r9\ ""r tlt,,*t| -" \[;l'3;- (-, l'-;

L \' ",t ) L't,.t. ,,.,. \' ,ry ) ) - i, 
*^r_^, ,uo.!

r23* r2d,y .t / k ii,! \-u d7 -,., 7lA \r+rE;i
+62 

--r_ 
(t - +) 4lN+? \ L'tt ) os.

!lt ,rv \2ru t, )

-,)]d11

Ll t I ,.r'zv I :.rt,Fvl
, k6, I a', lc.rEa; f -' F=,;5r 

I

I : -21 o!* IL -orr- r u,,u-, l
( 2.15 r

i9')l'

(2.19 r

(2.30 )

(2.Jrl

In above equations. Re and d are Rel nolds numbel and uale uuruber respectivclr'. \ott,tlrat

the definition of stream function makes the continuit] equation (1.10) idcnricallY satrsfictl.

Nou'applying long ualelength and lott Relnolds purlber tippt oxitnat ious. t|e alrort r<llir-

tions reduce to

\ 2.2i )

bo

drj
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Q: F +zcE.

time-aleraged flou orer a period ? at a fucd position S

12.32)

The )S

Invoking Eq. (2.32) into

in t'hich

rI, :

tP:

rvhere iD : b/a is the amplitude rario.

: ttra: i Ju Qo,

(2.33) and then integrating. one ha-s

Q:F-2ca'

t 2 3:3l

the laboratory framc.

(2.31 )

and g. in the l'ave-fraute.If we define the dimensionless mean flows O. in

according to
a

€): j.

Eq. (2.3a) reduces to

Q=(!+2.

(2.:J 5 )

F
ca

lo 
u.*-nr- -rvrh) q/( h))

J h otl i2.:J; l

Selecting U(h) - -q12, rve har'e !!( h): ql2 and the appropliate boundary conditions in thc

rvave frame are

(2.J6)

(2.3E 1

(2.39)

,1 dv
) dq

odV
2 dlr

1at

at tl

1-Qsirrs.

-1 - Q sin s.
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2.2.7 Solution of the problem

Eq. (2.29) can also be expressed in the following forrn

a ( d't'! a2v t a{/ 1 )

- ((A'-rrl: - ; -, l-0 \2..100,t I O,tt O\' k-11 dt1 k-tt)

0 ( J I c|2'Y I dAl) I., tL ,,\ t \ ,.) t]
a,r I"' ''';-.t,1 12,',2 rk - ,11 il'1) I - $ - ,,'t.

By three times integration of abovc equation \\'.r.t. ?. rve can u'rite

9Y -, - --1' -",t-:]t 1r.,,r.,,,, lJ 'o*',',,,, ctt 
r.r.r!,0r1 k ,r 2 t 2) 2 ' t;.,t

Eq. Q.a2) multiplied bt' a minus sign represents the velocitl component rr a-s tr furr<:tiolr o[ rl

and /r. i.e..

,:-r+-k ., 13{,nta. rr -]}- ra:rrt., -.'L 121r,
k-,t 2 l, 2) 2 ' t-,1

Another integration of Eq. (2.12) results in the follorving exprcssion for th( stleam functioll

tl - nrl (k - r,l:
t{., - 4- kln(k+4) i c1 ' -r' {ln(,t.,i) I} ' ," c2,,11rr(l tt' c.t. rl..l.l ,

u'here c1. c2. ca and c4 are constants of integration. Using the boundar'l corrclitiorrs. \e *cT tln'

follou'ing values of c1. c2. ca arrd c4

., : [,,^(r,10-u;{T-r,..(-: i) -i,,a, (-l - *") -n,,, (j - i.,) -
u (: - 

"") 
-T,-u-s)+ T(r:,s)+ * ( i - !.i,r-,-

\ w- rl- h6 (r- l) +r,'t' (9 t) -h'h' (r*- i)
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-f +n't'(;.r))n1r*nt*{! n'*,(f *,) n'p(zr -\)
rt',,(l C-r.(l ^)-?( r-q) -)a ,, 4#)r,'0 ,,,1

+rnlk+hlt + +(k-s)+T(h ,r-r,(i , *a)*r,r,(-i- 
"")

*n'o' (1 . +) - n'u' (X - i) * - {+ -n'.' (l *,)

-nar2 (zx+i).n. (1 -o) * T (-Ats)+ T,, -r,- flr"ir-r,1.r
+r"r,t+nt {-{ $io-rr* $r.-q) -hu (i - 

"") 
-0,*, (-1 r *)

*n'r' (1 . *) . r'o' (f - :) * - {+ -,',' (f *,) ,,'r' (zr - l)
- n' k^ (1- r) + r,6 (l + r) + \,- o 

" d + Al(k - q) * f ) 
*,'o *,,,

- ( + -\G*nt *Trn - q) - hu(r-l) +r'r'(] r) n't' (zr -\)

\ +n't'(i.r) L"i^-rr'))] r frt-,tr(a- 
/,)' ( ] -r,;.-r)

(4#),.[a*l] (f ,o-,, n'!',n*h,, 
rF h

t h', htk tlk_ L;kr hAr t.r
(-"- 16 

*n - E - ro -loJlnr"h'
/ hs h4k hJkz h2kr hkt t-s\ \*(e* S -.,S I - 8 +8/lnthrrrl'.lnlk-tt)nt-h)

( h5 h4 k h3k2 1,2 A.r hk4 [st-
[E 6 ]8 4 8 8

/ h5 h4k h3kz l,zkr ltka 15 \
(-; q'2- z- 4-1)lnlA hl I

tnlt , tp ( . hb h1k _ h"k, , h.2 kr hk1 k5
"'L^ "'r 1 ro 16 - d a ro' ro-
/ hs h4 k h3k2 1,2 k3 hk4 rs \ \ .l

\ro-to- a 8 -ro-la)h'lr'-n111
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I rlr"-r,,(-j-h,t r,.1 (4./,)( i.h,t-i,)l'' l-rl k-h - k h I
(*-nt I rt'- rrtt j .tn r-rr) * rt-nr{-i-ln fr-i,,1'[-\ , t--u , r--n -J

I rt irrt- lrk-t,t(-j-tn l-rrI 1a-h)(-j-h, t' -hli
L- , \ rr t.h I
I A.n + (^-_ h). 

r,, |L l, I \ _
\.r 16 lk-tt))
( r 1x - nf (- j + rrr lt - i,1)

\ r(t-h) -

$lr',1,, 
[=l;])

A(,h+l)2(-j+kr[trA)

rA'+ h) (- I -ln ,t-h't r__-- 
i - 

,,(2h_q-11,

-1 (r * h)

t,=l))]] '[+-'!!1"0-n
tk, - hz\z tA.! - h2 )

\1_/ln[k=irr-f ;o'-' tn,,rr -hr +

lnr. .hltnrA. t, ( \k.-r't2 -t !i,,,0-n)l
\ r0 E ))

[{1.2 - lr2) l} - All

L'l-''L*-n-ll
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,l

h+3+ khtlk-61* ftr'(r' 
r')(-t+l'[t-t'])tn[A 

+ir.] 
{?*n.,o. ( : 1)

,'* (f;-*e) +i,'t' (i *") *n' (l * +) - + i,) - k) -$,,-u, - f
C'+ ry10*11*f1u o)-nu(t+f)+r,'r''(l r,)-nn*2(zt-l)

! +n'r"'(;.r)1,1r*rtn{} t't'(l+,) -u'o'(r,.i) n')t' (!' u

+n' ([ +*) * T(-A-q) +'{rr * a- *}u't*r,r'} .
,nr*, { T - r, (: - 1) * n,o, (} - *") -,ro^ (1- *) - - (i - +)
-*,r-rr-f rv+rr *.(T -fo*,i*t+u, ,r-u'(*-1)

+n2ta(e-t) +aar-2(rn*1) f +n3t3(i-r))t,u*o {t n'u'(1 -r)

-nnr2 (zt +1) - n'u(l - r) -n' (1 -u) * T -o - r, -!f,,*-,,- Y),,,
+,nr/i , {-T -n,0,(}* 1) *n.*, (i-' *) n'o'(1- *) - ^'(i. *")

hik ht5 kuq
--r (g-k) - - lq'k) 

l0

_l( +-l:r3r!, qt -trak21zr-{)-h'zka(l *) \,,,0 \- 
Ll i^"i, -'i, 

',,;, 
,'o - n,* g .o -qr- *i, ) ' )

- ( +'! - n"(ru*,r* \t - ao.\).
n,r'(1-r)-narr (:-- i) - f +r,'r'(;.r))r. r -,,r'l]

From Eq. (2.28) , the pressulc gradient turns out to be

1

The dimensionless pressure rises over one rval'e length is defined b1

(2.15)

(2.l6 l

dp

0s

f2n tt,,
APl: / =rds

J o os
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2.3 Results and Discussion

This section is divided into three subsections. Flou character istics are describecl in fir'st srrb-

section. Second subsection is devoted to the discussion of pumprng characteustrcs. In thc

last subsection. trapping phenomerron is illustrated. Thc analrtical cxpLcssions r.,f {. u(r7) ,rn,l

dpfds given in the previous sectiorr are used in this sectiorr t() discrLss thrsr: featrrles r,[ pt'ri-

staltic motion. In the present analvsis. the extla par.une[cr rl)at (:or]les irrto p]al in cortr';ust

rvith previous attempts ou peustalsis is thc radtus o[ cuLvatuL,'of the c]raurrel. i.e . t

2.3.1 Flow Characteristics

The expression of u giren b1' Eq. (2.-l3) can bc used to discuss the florv chalactet istics. Thcrc-

fore. its variation u'ith 4 for diffelent values of t is plotted in Fig. (2.2) .

It is noticed that for largc values of /c (i.c. for straight (:llanlrel). th,' r'clocitl plofilc is

sj-mnrctric about thc aris of r:hanncl and the nrtrriltiir o(cur:, t ri : 0. HoNcrer. fol stttall

lalues of k (i.e. for curved channel). the profiles are not s),mrnetric about 4 - 0 ancl rrraxitn,r

shifts tou'ards the negative values of 4. Furthermore it is observed from the computatious tllar

in the narrorv part of the channel. the effects of the curvature are not pront)unced.

2.3.2 Pumping Characteristics

The Pumping characteristics can be s ell described bl st udl ing t he a-rial pLel.iul: gr trrlit:nr dp , /.s

given by expression Eq. (2.45) and the pressure diffetence over one \\'ave lengtl) calculzlt('d lroll

expression Eq. (2.40).

The rariation of dplds per rvavclength for different r"alues of A is se'en in Fig. (2.3). This

figure depicts that the magnitude ol dplds decrearses in going from cuncd to stlaight c[iinrrel

An interesting feature of peristalsis is pumping against thc pressure rise. For such chtta<-

teristics. wc have plotted pr-essure Iise per u'avelength AP^ against dirrrerrsionlcss tun(,meaD

flo\a' rate O (Fig. (2.a)) for different valrres of t The rnaxinnrrn plessure lisc againsr whiclr

peristalsis uorks as a pump. i.e.. APr for (j:0. rs dcrotcd br P0. \\')rcn iA > 11,. thcrr flttr

is negative. i.e.. against the peristaltic rvare direction. The valuc of O correspondrng to AP : ()

(u,hich is knor,r,n as free pumping) is denoted b-'- Os. \\'hen APr < 0. the l)ressurc a.!,srsts thr]
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flou, and this is knowl as co-pumpiug. The following information can be r:xtracted froru Fig

(2 1)

* P6 increases as one moves frour straight to curved channel. This means that the peristalsis

has to q'ork against greater pressure rise in cun'ed channel ars compared to flou'in straighr

channel.

* The free pumping flux Os increases in gorrtg from curred to straight channeJ.

* In cepumping sirlrilar to free pumping. the pumping rate for straighr charrncl is p,rcart,r

in magnitude as compared to curr.ed chanrrel.

2.3.3 Tlapping

The analytical expression of V drre ro Eq. (2.41) is plotted in Figs. (2.5 o) (2.5 d) to clist rrss

the trapping phenomenon for various values of ,t. In general. the shape of sr leanrlimrs is situilar'

to that of the bouldary rr.all in thc rvave fiamc. Horvever. urrdel certairr , onclitiorrs. s,;rru' r,f

the streamlines split and enclose a bolus. rvhich rnoves as a u'hole u'ith rr'ale. \Ve obser.lr'fLotrt

Figs. (2.5 a) - (2.5 d) that fol small value of ,t. thc bolus is not s)'mmetric about r7 : 0 an(l is

pushcd tou,'ards the lo*er uall. Ho*evcr'. .u lt incrca-ses. the rcsults of strarght chaunci c.ur 1,,,

recolered.
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Chapter 3

Slip effects on peristaltic flow in a

curved channel

3.1 Introduction

The purpose of this chapter is to extend the anall'sis of chapter 2 b1' considering rhe slip ar

the u'alls of t he channel. The expressions of stream fun ct ion. pr essure g: ad i, rrt and lelo< it l ar',:

obtained analytically in terms of dimensionless slip paranleter'. A glaphical stuclr is perfirlrrrr:,1

to analyze the effects of slip paramctcr on velocitv. pressute lise pcr \avel',rBt]i arrrL tlalrplr,;

phenomenon.

3.2 Problem Formulation

The geometry and governing equations of the problem which arc to be atteml)ted in this rhaptcr

are same as described in chaptcr' 2. The only change comes tlrrough the boundan' con.htr,rns

at the rvalls of the channel.

In chapter 2. no-slip boundarv condition rvas used at the upper and lorv,'r'lalls of tlu'chiur-

nel. Here the noslip condition is rqrlaced by the slip conditiorr. i.e.. Eqs. (2 38 b) and (2.39 L)

nos' become
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A2,v I .t 1og JJ- - ll--l :; - I at r/ - - /r - - I - O ii l 1')d,l' I k-,1) d,r k-,t
A2 ru I J l irra -3J..-ll-. I =; - I at r7 = h - I - Q Sr r, .7 .d\' I k-t1)0,1 k-,t

(3.1 I

(3 2r

rvhere J = b/o is the dirnensionless slip parameter.

It is intelesting to note that due to the slip at the rvalls. thr: dirnensionl,,ss cuLYarure La<lius

parameter,t comes in the boundarl condition and thus for the flxed valut's of .J. rhe lelocitv

*'ill takc thc different rahres at the \\alls for different values o[ A.

Employing the same methodologv a-s used in chapter 2. tlrc solution of rhe boutrcliiLr virlu,,

problem consisting of differenrial equation (2.29) and the bourrdarl corrdit ions Eqs (2 Jd rr).

(2.39 a) . (3 1) and (3.2) is

v:?7 aln(t+4) +.iE#trntt+4) - ll* E#.;+ciln(h*,r) *ci. (33)

rvhere cf. C2. ci and ci are the iureBration constants and are grven as bclor'.

ci = (8k(2h+s) (-h'+ hk2 + 3h23 + k').3)) lFhk2 (-h3 -2h2J +2k-J *h (r']+ i.i']))

+ (h2 - ri2)2ln [t - hlr - qa 
1t,2 - t2)? s tn it + h] + (/r2 - A2)3ln ,r + /,'2

- (h2 - t2)'2 tn 1t - hl ( 2aJ+(h2 t'?) m1r-'n1;)

ci : -(zen+,11(tn-r)'tr--i, 2J)ln,r-h -(-r+ tt-21)

(-xntt+h-2s)*(h+a)3lnIa+rt)))ztrr,r'( h3 +2ti.1 - 2t2 i - rr (r.2 - r ;r 1 i

+ (1'] - t2)'?tn 1t - hlr - ,lA- (tz2 - t2)'? s tn [t + h] + (i,2 - r2):] In ir, + h l

- (tz2 - ,t2)2 tn tr - h) ( 2k.J r (r2 - 12) rn rr + irl)) .



2k(2h33 +6hk4l + qki3 + h1

(-zt'1+et +2h2k2 (k'2 + J (-q + aJ)) +,t (42 - [2)3 tn rt - h''] -

- 1nz - *12 (zt3 ' znr'. n2,t A? 1q - rJy In [A: + h -rA-(/r2 - a:)iilrr A - /r 2

+(n2 -t2)2lnrt - h, (2h11 - 2hk'2 -r h'q - k'\q 4J)- (2r3 24i,':) llir-/ri1) ,

(4ht2 (-[3 +2h23 +2k23 - h(t2 + aJ'?)) - (h2 - ,t2121n [t - /,]t - +a (/r2 - tr)2 ihr

+(h' t2)3tr, 1t-t ir'2 - 1/I: - t2)2tnlt - h),(-2kJ- (h') r':) r,, r-r,'.t)).

(2h + q) (-2k + (h2 - t2) (-h3 + 2h'2 j +2k2.) + h (t2 + {J2))

-(h-k)2 (ir-A)3r a-ii 2J)lui,t l\- llj A2)2luA-iir

+(h-k)3(lu+t)'](k +tt-23) Inia+h + (h2 - t2)3 tn 1t - tr,r)

(zQwr'z(-n3+2h23+2k23+h(/i2-..1J2)) + (h2 - r2)2tu1r l,i3 4k(h2 A2)2rrt,, r,

+ (n2 - r2)3 t, [k + rt2 - 1r,2 - r2)2 tn [k - h] (-2ai - (h'- k') h, Ik + [l)))

The dimensionless pressure glzrdient can be obtained rvith thc help of Eq. (2.15) and is giteu

as:

dol
ds [ '

(3.-1 r

Using the above expression in Eq. (2 ,16) . one can discuss the cffect of shp p.rlarncrcr J on rhr:

pumping characteristics.

3.3 Discussion

In this section. the intention is to aual],ze the eftects of emerging pararnetelr- such tr.s .j arrd A orr

florv relocitl'. pressure gradient. plessrrre rise per rvavelength and trapping plrcrromcnon tlirorrglr

Figs. (3.i) - (3.15). Noll the brief description of each figure and the resulrs obtaine<l flonr ir.

Fig. (3.1) is prepared to see thc cffccts of dimcnsionlcss curvatule radius t on longitudinal

velocity component u. It is seen that the flow is svmrnetric about the centrcline of the channr:l

for large lalue of ,t. Horvever as ,t increases. the profiles of z are no rnore stmmetric abolrt thi:

centre-line. This observation is il .rccordance with the onc made irr clltapt<'r (2). Irrrercst irrglr .
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due to the imposition of slip condition at the walls of the charrnel. the longrtLrdrnal rcl<.,1itr ,,

at the rvalls becomes a function of A. Therefore. as t increascs. tr decleas, s at the lo\\.er \\'all

and increases at the upper olc.

In Fig. (3.2) . u(4) is plotted agarnst 4 for various ralues of .i bt,keeping A- fired. This figru.e

rereals that an increase in J increa-ses the longitudinal velocirl at both tht,*.alls

The profiles of dplds for valious values of k and for non-zrro r.alue of / are shos.n lrr Fig

(3.3). It can be inferred from this frgure that the rnagnitude of ijradrenr dccrcascs b1 inclctr"srnl

t.

The effects of 3 on dp.tds is sirrrilar to that of I (Fig 3.1) Figs. (3.5) arrrl (3.6) arr, P)otrql

ro analyze the behar,iour of prossure Lise per rvavelcngth for diffirr errr valucs , ,[ .J alrl 4.. lr i.i a1,,,,

important to mention that in perisraltic flow. the pcristaltic rvave rlorks againsr the plt,ssrilr'

rise to propel the fluid. Thus the agents s'hich reduces the pressure lse can significarrrll affrr:rs

the performance of machinerl' uhrch u'orks on the principles of peristalsis. lt is interesring t,r

note that the maximum values of APr (i.e. APq for O : 0) decleases fi,r largc r alrr,,' oi J

and t. Thus the slip parametcr J has significant effects on APl and cannor be ignorecl irr srrch

studies.

In order to see the eflects of 3 and t on trapping phenornenor]. Figs. (3.7) - (3.15) ruo

plotted. These figures demonstrate that on one hand the bohrs is svrruxrtric alx)uT the (enrre-

line for a stlaight channel. Houevcr. it becomes uns) mmetri( al for small lalues of t (r.c. for

a curved channel) and splits into r*o halves. Further. the upper half prrshes tht, lorrr:r' orrc

towards the lower rvall. It is also to be noted that the circularion of flrrrd rn the upper half is

faster than the circulation of fluid in the lo*er one. On the othcr hand. the size itnd cilculariou

of bolus rcduces for large valrrc of .J
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