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Preface

The study ofconvcctrve tiarEport ard hcat transFr phemnrmn tn boundary hyer flow d r.c

to srctchmg flat phtes or cyhnders are of practical importancc m fiber technohgy and

extruslon proccsses and ofthcorctical intcrcst as wcll Thc producton ofpolymer sheets and

plastrc filjns rs based on thrs techrrclogy TlEre arr numbcr of c)lamples whrch lnclude thc

coolng of an nfinrte rlEtalhc plate n a coolng batL thc boundary laycr along nntcflal

hardlmg conveyers, the acrodynamlc extruslon ofplastr shects. the bourdary layer along a

hqud film rn cordcnsatrcn proccsscs, papcr productnn, glass blowmg, rnctal splnnng ard

dral, ng pbslE films, ard pollmcr cxtltsron. Thc quahty of$c final pmdLEl dcpends brgely

on thc idte ofhcat transftr at the strctching stlrfacc

Bcng msptrcd by thesc studEs we lnterd to mvestlgate thr heat lansftr phenomenon n

unstead) boundary laycr flow dlE to sE€tchmg cyhnder Two cases havc bccn considcrcd

namely. rhe unpubrvell sta(ed cylnder and the osc lator) strEtchlng of cylFdcr Ths

dlsserhtlon comprscs of thrce chaptcrs Thc first chapter ncludcs th€ prcllmrnarres' In

second the nurncrlcal soluton by using f,nitc differcnce schcmc ls presented Thc cffccts of

phlsrca I parametc r likc srouhalnumbrr. arnplitudc ofoscillatlon on velocf) Profilc and skln

frEtnn coc mcrcnt have also becn d EcLlsscd

ln clEptcr threc urEteady bourdary hycr flows drc to uniform strctchtrg of an rmpuhlvcly

startcd crcular cylnder has bccn considcrcd, Thc mpact ofthc curvature pararnctcrs and the

trnE varEblc has bccn invcstlgated on the cocflcEnt ofskln frEtpn and the vcbclty profrlc
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Chapter 1

Basics Definitions

1.1 Fluid Mecharics

Flurd mechanrcs rs the branch of screncc *hrch dedls wrth the bchnvrour of flurd r e (hq-

1.1.1 Branches of Ftuid Mechanics

Flurd mechanrcs usually sub dr\1ded rnto thr.e marn branches (f) Flurd Statrcs (2) Fluld

Krnematrcs (3) Flurd Dynamrcs

r.1.2 Fluid Statics

It rs thc study of flurds at rest

1.1.3 Fluid Kinematics

It rs the studt of flurds rn motron n.g)ectrng pressur. forces

1.L.4 Fluid Dynamics

It rs thc study ot flurds rn rnotron consrdcnng pressure forccs It has sc\cral sub drscrpltnes such

,6 Acrodl narD,cs (thc study of ar and other sas€s rn motron) and Hvdrodvnamrcs (the studv

of lrqu,ds ,n rnohon) etc



1.2 Fluid

A substancc that ha5 ro tured shape and ytelds eas v to e{terndl pressure a gas or (espectallv)

a Lqutd

1.2.1 Types of Fluids

There arc rrrarnl]'te'o rypes of flruds (1) Ideal flurds (2) ReaJ fltuds

1.2.2 Ideal Fluid

A flurrl u'hose densrty p rs constart and vrscosrt] p ls zero

P = 0 (No frrctron force)

f.2.3 Real Fluid

4ll lrqurds for Ehrch \lscosrt) ls not to z.ro (p + 0) arc c,lled YEcou\ or real flurcls There are

further tsi) classes of real fllxds (1) NeEtoruan flurds (2) NoD-Neslomar flurds

1.2.4 Newtonian Fluid

The nuds that obey the Ne&toD's las of vrscosrty are ( alled NesloDran flurds Lrncar relaLron-

shrp holds betweeD shed.r stress and thc rate ol deformdtron

,""=,,;

1.2.5 Non-NeEtonian Fluid

Tho flurds wbrch doesn'r Lomply wrth thc Ne{ton s Ia\\ of vrscosrtv are caled Non-Newtontan

flrurls There are further thre€ sub cla-\scs of Non Newtomdn flr ds (1) D ant ftuld (Shedr

thrcLemng) (2) P5eudoplastrc fluld (Shear thrnrns) (3) Vrscopla-shc flurd (Bmshan)



Dilant Fluid

For hrghcr rate of shear strarn hrgher l rscosr tl' rs rcflccred re (qurcl sand, corn starch etc)

Pseudoplastic Fluid

For hrgh.r rate of sllcar str&n lo$ vrscosrty rs ren€tted I e (pdrlts blood Letchup etc )

ViscoplDstic Fluid

SoLd upto certarn siress and after that thel start to flo!\ r e (mal'nese. tooth paste. ctc )

1.3 Flow

A mateflal goes under drstortron when certarn forccs .re aPPLcd on rt rf the deformaiton

contrmrorrsly rncreases wrthout Lmtt then th. Phenomenon Is known as floq

1.3,1 Incompressible Flow

A flos rn stuth the rolume and thus thc densrt] of flurd does not change dunng thc flo& All

[qurds are gerrcralll consrdered to ha\e tncomprcssrble flow

1.3.2 CompressibleFlow

.q flou nr shrch the volumc and thus the d.nsrt] of flurd chaDgcs durrng the flos All gtsses

lje generallv consrdered to ha!e (ompressrble norv

1.3.3 Uniform Flow

A flo$ rn 
"'hrch 

the leloclty of flurd partrcles at al) areas of channels are equ!-al€nt

1.3.4 Non-Uniform Flow

A flos rn s'hrch the velocrty of flrxd partrcl€s at all scctrons of chennels arc not equtvalent



1.3.5 Larninar Flow

A flos m u'blch e\ery flurd partrcle has a dcfimte path atrd the pafh of rndrvrdual partrcle

do€sn't cross earh other

1.3.6 T\rrbulent Flow

A nos'm ehrch e\ery flurd pdtrcl. doesr t has a defnrte pdth and thc path of rudrvrdua.l

partrcles are also Lros5 erch other

1.3.7 Steady Flow

A flow whole Bow stahe expressed by \elo(rty, pressurc, densrg' otc at anv p.v,rtron doestr t

change srth tnDe ls caled a steady flG

v'hore 4 represent any flurd propertl

1.3.8 Unsteady Flow

A ftos' s hose floii' st at e e\pressed by t1]l o( I ty. pressllre, d.Dsr tj etc at any posr i ror does chdDgc

wlth trme rs called a unsteady flow At whatever pornt r!?ter comcs up short on a tap wbllc

the hardle ls berng turncd the flow rs dn unstead) On the other hard. when Eater runs out

*hrlc the handle rs statronarj'. leauDg the operung consrstent, rhe flort'ls stead}

1.3.9 Rotational Flow

A noq'rn whch the flurd partrcles rotate abour therr os'n a-\rs durmg the flow I c flurd psrtrcles

havc some argular lelo(rly e g rn r rotahoml stream lf a match srrck (brt of ivhlch) rs tossed

on the surface of the mo\1rg hqurd rt wrll pr\ot abour rts a.{s

VxV+0orcurlv+0



1,3.10 Imotational Flow

A floq rn rvhrch the flurd partrcl.s do not rotatc about thcrr own a_'(rs dnd retarn th'rr ongrnal

orrenrairon cg rn an lrrotatrona.l flo\! rf a match strcl thrown on thc surfare ofthe movrng

flurd rt docs noi rotat€ about thc axrs

VxV=0orcurlV=0

v=L,*!,t!* and v=.,z+t'., +ut' Ar At" 0:

1.4 Properties and Physical Parameters of Fluid

Th.re are folloq'rng properircs and some phlsrcal paraneters of flurd

1.4,1 Viscosity

VEcosrt) rs the resrstance of flurd to rts motron rt rs dcnoted b] I It Is also known as krnematrc

usco6rt!' Vrscosrty rs a phvsrcal quantrtl offlurd shrch can bc mathenlatrcallv defined as "ratro

of sh.ar stress to ratc of shear strarn' Sl urut for p rs Ii

'=*tE#t"#'

'd

1.4.2 Density

The ma-.s per urut volume at constant Pressurc and terlrpereturc ls c'llled dcnslty lt ls denoted

by p and dcGned as

Sl unrtforpts{*"t"t*



1.4.3 Dynamic viscosity

The ratro of absolutc vrscostty l1 to thc densrty p ls cell.d dl nanxc lr5cosrtl lt lsdenoted bl

, and rs dcfined as

1.4.4 R.eynolds Number

Reynolds number rs dehned as

n"- 4.
\ here , rs thc dynarruc vrscosrty d ls the drameter d ls thc densrt] dnd p be thc vrscosrtv A

lemrn{ flo!'turns to th. turbulent fto$ lrhcn the !"aluc of non dnncnsronal quantlt} Rc = 4g!

reaches r certarn amount and \hat.ver the lalues of the average velocrty t

1.4.5 Strouhal Number

The Strouhal numbcr Sl rs a drmensronless number descnbrng oscrllatrng flol{ mcchanrsm The

prramrter rs named after \lncenc Strouhd a Czech Phlsrcrst Thc Strouhal numbcr ts an

rnte8ral part ofthe fundamentals of flurd mcchanrcs The Strouhal numbcr Is ofien grlcn 2s

",-lL"' ["

$herc / rs the frequencl. r ts the characterlstrcs length and af Is the flo$ velocrty

1.5 Velocity Vector

A vclocrt] ve.tor denn.d as chaDge of posrtron of obJect wlth r(spe(r to trme \\'e Lno$ that

lelocrtt ls a \,e(tor quantrty, the mag tude of velocrt) vector &\es the sp.'ed of oblect qtule

the v.ctor drrechon gr!e rts drrectron



1.6 Streamline

A \€lo(rty vcctor formrng a curve of each prrtrcles of Bud at a certdrn tnne ls callcd streamlme

Ir other words, ihe (uJ\e where the targent at ea.h pomt mdrcates th. drrectron of flurd floq

1.7 Velocity Profile

The \aflatron rn 1'elocrty along a hne at nght angles to the gcneral drrcctlon of 8ow

1.8 Currature

The cunature med-sure, how l6st a cune rs charglng drr..tror at d grlen pornt There are

s€veral Iormulas for determrng the c raature of a cur\€

1,9 Stream F\rnction

The flow velocrty componenis can be ex?ressed as the d€nlatrles of the scal.u stream functron

The stream fuDctron can be used to plot streamhne5 r'hlch Fpresents thc trajectoles ofpartrcles

rn a steart1.flor. The tt\.o drmensrondl lagraDgc stream functron q'as rntroduced bt Jceph Lous

LasraDsc rn 1781

1.10 Inertial Force

An rncrtrd] force rs a Iorce that resrsts .! chd ge rr velo.rt] of an obtect Ir 1s equal and opposrte

drre(tron ofan dpphed folce as wol 6-s a res$trve force Thc concept rs based on Nesron l.rs

of motron lnclud[g the las of rnc ra and actron-reactron laq

1.11 Yiscous Force

Vrscous lorce rs the force hetwecl a bodl.and a flurd (hqurd or gascs) movrng pa5t ri. rn a

drectron so as to oppobc tle flow of flurd past the obJe(t

IO



1.12 Boundary Layer Thickness

The tluckness of the \€locrtl boundary ldler rs nor rally defined a.s tho dNtan(e from the soLd

bod] at wblch the \Ecom Bo* relocrty rs 99% of thc freestredm Yelo(rty

1.13 Wdl Shear Stress

The wall shea.r stress z. rs grven br

,, -,f*)
where I ls thc d] namcr vrscolr[, u ls the flos, \ elo. r t]' parallel to the ua dnd g 15 th€ dlstan(c

to the qnll The SI umt of shedr str€5s rs pascal wluch rs rdentrca.l to j$

1.14 Surface Tension

It ls defined as a tensrle for(e actrng on tLe sDrface of hqurd rr contd(t wrth arr, gas or between

ts'o rmrrus.rble hqurds Surface tensron rs denoted Ly o Its unrt rs )

1.15 Types of Forces

There are tN,o marn catcgones of Iorces (1) CoDtact Fomes (2) Non{ontaat For(es

1.15.1 Contact Forces

There .ue further types ofcontact for(es (1) Fnctlonal force (2) Tensron force (3) Normal force

(-1) -4rr r€srstanco forc. (5) Apphed forcc (6) Splng force

1.15.2 Non-ContactForces

It (an he further drvrded thrce types (l) Gr.ivrrahoDa.I force (2) Electrrcal force (3) Iitegnetrr

I1



1.15.3 Centrifugal Force

The tendenc) of an obJect folloqrng a curved path to flv asav frolll the centre of ctr\aturc rs

called ceutnfugal force It mrght be descrrbed a-s leck of centrrpetal force Its drrectron Is

along thc r.drus of the crrcle from the ccntre towards the obJect \Iud flvrns of a ttre ts an

cxamplc of centnfugal force

1.15.4 Centripetal Force

The force that kecps an objcct movrng qrth a unrform speed along a crrcular path Its dtr€ctron

b nlong thc radrus of the crrclc from thc oblect tor ar.ts the 'entre 
Sdtclhte orb(rng a plan't

rs an .xample of (cutnpetal forcc 
nr-^2

1.15.5 Applied Force

An apphcd torce l5 a force that Is dpphed to an obJe(t bv a Person or another oblect If a

person rs puslrrng a desl across the room thcn there ls an apphcd for'e a(lrng upou the oblect

1.15.6 Gravity Force

The force ot gravrtt rs the force fllth $hrch thc earth, moon or other maasrt€l) largc obj'tt

attre.ts another obtcct to$ards Itself

F.'^' = tng

1.15.7 Normal Force

The normal fore Is the support force o\erted upon an obj.ct rhat ts rD contrct wrth another

stable obje(t

12



1.15.8 Fliction Force

Tho hctloD foxe ls the force €xerbed by a surfate as an oblect movcs across rL or males an

efiorti to moYe a.ross rt

Fr'* 
' = uFn"''

1.15.9 Air Rrsistance Force

Thc arr rcsrstaDce rs a specral t}?e of fuctronal for(e that acts upoll oblects as the] tra\el

through the arr

1.15.10 Thnsion Force

The toLsron force ts thc force that lS transmtted though a stnng, rope cable or \r'rre when rt

rs pulled trght b] force artrng from opPos,te ends

1.15.11 Spring Force

The \pnEg force ts thc force exerted bl'a comPressed or stretched spnng upon anv obJect that

1.16 Continuity Equation or Law of Conserration of Mass

1.16.1 Statement

\Iass rn dny Llassrcal systerr catr netther be created tror be destroved, re (mass remarns

coDserved) In steadl flow. tLe mass floq Per un]t trme passmg thoush ea'h sectron doe' Dot

change. even rf the prpe drameter changes (\1= constart )

dlt (1 1)

u=lax=loav.

13



tr I pdt

!
dl{ dI

-- I Ddl'dt dt!.

Accordmg to Iaw of consenziron of mas!

dtI_:0,

Eq (1 1) be(omes

"-fr[a'.
dl
at Jodt'-o

n

fdo I
l:dV lPlndl 0J ,Jt .l

t1 i

arcordrng to Gauss Drvergence Theorem on secoDd rnte$al

I0o II -:-dl I I drvtp Vrdl - 0.tdl .t
ii

t,0p
ll=fi'a*rcvtat -o

n

Ap,
ar - drv(pv) = 0'

e'hch rs tle requrrcd cont[uty equatrons for rncompressrble flow

p = const 
'

oPn
At ''

Thercfore. Eq (13) be.omes

drv(P v) = 0

(12)

(13)

t4



/dl!V=0

drrV=0

Vv=0

v = [r(z v :.t),i(r e.:,t) z,(-r y,:.,)

Thereforc. Eq (1 a) boconres
ALAdU^
Ct dy d:

\\hrch rs thc requrred conhnurtv equahon for rncompressrble flos

( I .1)

(1{*)

1.17 Newton's Law of ViscositY

1.17.1 Statement

The Nc\ton la$ stat€ that 'Thc shear strcss actlng on a flurd rs proportrorral to the ratc o[

rrr c\ Rate of Delormatron

,r/. = t (Ratc of Deformauon).

OR

dd 60
Rdte of Derormat,on = /l/ = lll"6r

)-r = (dy)(da)

dl = (\€locrty)(rrme).

dt = (6r)(df)

6! = h!60

d0 du

6t 6u

6e .InIm-=-.
d,-o dt tl!

(r 5)

15



dA du

dt du'

natc ot Oeformatron = ,4

du

rr, : (coDstant of proportrona.hiy)#,

'r" = Yd;

1.18 Equation of Motion for Viscous Fluid

For vrscous flud fonowrns forc€s drc srg ficant

(d) Pressure force per urut Yolume

(1 6)

FP= YP'

q herc p rs prcssure

(b) Bod] forcc per unlt lolumc

Fh = pB,

rhere p rs densrt;'. B rs body force per umt mass

(() Vls(ous force ( Inctron force)

F, =F7

The resrnt out of Fr. F6, and F, rs

(1 7)

(1E)

(19)

F= -VP+pB+dr\v (110)



(r u)

From (r 9l and (r 11) qe havc

dl'pi=-VP-PB+drrv (1 12)

q'hrch rs the requrrcd equ.rtron of motron for vrscous flurd

Ca-.e (1), tr'hen flurd rs at rest
ll
dt =0

Eq (1 12) bccomcs

-vP+PB=0

9p = pB

uh:ch rs the descrbrng equatron for stdtrc flurd

Case (2) shen flutd s tnrtscous

drvd = 0.

(lue to \r tuch Eq (1 12) becomes

(r rJ)

cdj=-ve+r,s. (1 u)

rvhrch )s the equatron of motron for tnvrscrd flurd

Ca-sc (J) * hcn

9 = tlaterral aerrratlc.
dt

da---tsat

Eq (1 12) btcomes

4 + ryvrr = -lvr,*la^v+g (Ir;)
dtpp

Case (4) s hen

-^ 0P dP dP'\l- ' 
-/+ -, -^d! o! a,:

T7



B = Br1+ BUJ + B.k

V=ui+!.7+ut.

dv du A,' du .

- 
- 

-r 
I -,r -x.dt at dt' ll

a d .df=r-+J:--rr-^o! o9 o.

v F - rL,-,1,,tt,,!, - r&' -*'
dA0
0t c)s d:

rV Trv - t,9 -,2 - "!:r^ . ,, - ,^'dr o! u:

I rn 0r Ad f al, dt J, I I,L* 0t du.l ,-lr,--,i-u-1,. u, r':+u'-l r'-ru'-'^'.l"o' av '*r:I' l-rr av d:l' |.,, i)! o')

\-component of momcntum equatron (I l2)

du du du du I dP 1 du Jtu 
''t2 

u\
#-"'ui ";- ";-',;-'\;7- uu'' ;1 s' (r16)

!-component of (l t2)

d.-u,,o:-,u:=-,ol-,(u1-*,11)-r, n17)
0t dr A! ?J. P d! \ or' o9' o:' t

z-comporcnt of (l 12)

"; - 
"; '"; - "'; - )'!r, -'(# '",i "*l ' '' {t 18)

Eqs (1 16) (r lE) are \€Id for unsteady I rscous flo* flo*
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1.19 Navier Stoke's Equation for a Viscous Incompressible flow

in Cylindrical Coordinates

(u.. ue. L. ) dcnot€6 t he r'eloo t] ( omponents rn (r. A, : ) drrectrons respectrvely, then the sl stem

(1 16) (1 lE) LD cyhndlcal system of coordrnates read a-s

0u. uu. uo du. 0u. ,i
at'"',,trt ,Zg "il -;
^ ldp lO'r, 'l oltr I o'zu- d2u. 4 2 0u1l= " ;; , 'fo,i ,i ' ti - a;r - ,; -'* oij1 (r rs)

Oue dl,e uo)uo Oue rruo
r4-1.-dl nr r J0 - iJ:

- r,- | *-,lt:,tu"t,1.1:1 ,l'"" '-!. , ?o!'. (r 2u)' Pd0 l0/ t '12Cqt'J-'z r2 12 00)'

tin- dn- Lo du- lL.| --: -:-: + u. ---:t)t dr r d0 - iJ.

- 1 Ap lo'u- I dti, I Utu, d:tu,f
' Pd: - 1r'z r d' ,2 ,)d2 d=')'

Eq (1 19) (1 2l) arc the Navrer SLokes'equdhoxs rn ct4mdflcal polar cootdrnates
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Chapter 2

Unsteady Flow of Viscous Fluid over

the Vacillate Stretching Cylinder

2.1 Introduction

The boundarl' Ialer flov due to stretchrng of el&shc she€ts or rres rs 1e{' rmportant prachcalll

rn engmee ng and rndustndl pmcesscs For example. gcnerally rau matcnal m hqurfied state

pass€s through an cxtrusron dre for rnaDufa.tunng of mctahc and polvmcnc she€ts eteD urder

lugh temperature, matenal elongdtron and Inear strctctung r\ usually observed at tlu5 qtage

Accordrng to Mcglaar [1]. the velootl of matenal ls propohonal to the drstaDce 5(). stretchng

plates, wres, rods or cyhnclers are such krnd ofsystem whch arc modeled mathemahcally The

Itos'ovcr movrng surfares was hwothetrcal qorked for the 6rst trme by Sahadrs [Z] Cranc

[3] va\ the 6lst $ho studrcd the two drmensronal steddl state Ilov of vrscous flurd because of

stretchrng sheet Later. thc trork wa.s extended bv 11bng [.1]. <orlsrdenns three drmensronal flow

aDd obtarned a nume cal soluhon E\plorahon oI flos over stretclung surfa(es under d]fierent

rtrterestrns materal. gleat $ork of Crane f3l rnspued rallous authers later, whrch has features

such as porou-s rnedrum ard porous sheets, electrrcalll condu( n rg flud. nonl near st retchrng and

non-Nei\ to ar nature of Ilurds The Bow caused by penodr(al osc latrng stre(hrng sheet qas

preuomly consrdcred by \\'atrg [.1] *.ho calcrrlated the perturbatron solutron b] talung large

ftcquency and sma.[ amphtude of osc lahon Osc iatory motron ol naCnet(Fl) drod]Tamrc

rrscoelastrc flurd uas studred br- RaJasopal [5] orer a porous shc.ct rn porous medrum $'ang's

20



[+l wort *'as extended bY Abbas [6] bv Inv€stgatms the shp effe(t5 of vrscous flurd o1'er an

(xc latory stretchrng fldt Plate

To the best of our hnowledge the $irg [l] r'rs ihe first wlio drscussed the effects of stretd

mg c)'hnaler over a sta.tronary flurd and cxamrne the soluhofl analvtr(allv Lv usmg the tednlque

of asymptoh( e.rpansron and numencallt by shoohng method Aftermxds. many authors tn-

l€strgated l€,nous aspects ofthrs rdea and obtarncd $mrlarrtv 5olutron near.L strctchrng (rcular

cyLnder Thc exact solutron for axrsymrnetrrc motron of flurd was studred bv Burde [7]' Ishak

[8] an<t Nazar [9] b1'drscussrng thc flow and heat trarsfer o\er 'r streictrns cvhnde' and ob-

ta.m(d a rumen(dl sol(ttron bv Keller Bo\ method Ishal< [8] and Nazar {91 exa.mrned the eEect

of srl(hou m electn(ally conductrng flutd because of strctchrng cl'lmder \Iairoberardrno and

Palrllet [10] proved tLe exrctence of solutron tor all values of parameters b! examrnrng of flow

6er a permeable strctchrng cyhnder Accordrng to con(ept ofSparrow andYu [11] the flon'ma]

be consrdered as a-xrsymmetnc. rf the order of radru! of cyhnder and boundarv laver tbrckness

rs sa-me Th€ goRrnrng equatrons of such krnd of flo\\ .ontJn the terms of traDsver5e 
'urlz,ture

because of s'Iuch the bounddry l.Dcr ls effected consrderable

Our current stud] rs the trn)c depended flo\ caused b) oscrllator] strctcbing of cyhnder

rs consrdered The soluhon of thls problcm rs deternuned bl ustng 6n-rte drEerencc strdlegr

Imtralll'r'c trdrslorm serru rnfinrte spatral domarn rnto fiDrte domarn bv ll5rng appropnate

tra-osformahoD and after that se dBcrctze the sPatral dcrrvrtlves bv u5rng ahfferen(e quotleEts

The r€sultmg albebrarc equatrons ar. sol\cd by usrng Gaussran eluDnatron method \rath drfieret

tlme sreps \Iatry authors hle Abbas [6], \\'ang [{] have alrcadl obtarned numerrc'l solution

due to the same strateg,

2.2 Mathematical Modeling of the Problem

Corsrder an unsteMy axrsymmetnc ffo\r of an lncomprcssrble vrscous flurd due to an irsclllatory

stretchrng ofa umform cyLnder Inrtralll, at thet =0 the cvlmder and the flurd are a'ssurned

to be at rest At , > 0 the cyhnder rs subjected to .ur oscrllatorv stretchrllg grven bv

U" =d.(1+6cosdr)
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Frgure 2-1 Geometrv of flor phenomenon

ln cyLndflcal coordrnates <lcscrrbed rn Frg 2 I the la$ of conscrvahor of mass tan be expressed

rn thc form
d(iu) ,(r. ) a(-u') 

^uit dr
(2 1)

whc.e P = 0. be(ause no angulax motton, wherc u & t dcnote the comPoDcnts of velocrtv

rn r & a drrectron respectrvely The momentum equdtLons for a-usvmmetrtc flow rn cvlndrrcal

';''Z: '";-"r:--i:* 't# -'-) '#) + Bi.

-;#.,(.#-,#.=#)-,.

\2 2)

(2 3)

(2 r)

dr du du

at di iJi
0""

tE

Bccause of the absence of any potenhal flos the pre5sure SradnDt ls zcro rn the boundar)

Iayer Under thc boundary layer a^!€tmphons and m the absence of bodv torce the abo\c

slstem reduces to the lorm

Du 0r 0u v0.0t
At -0r ot rdi dT'
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u(7.r.t) : o7(I + €(osuf) : U",

t(r,:< i) =0whe[r-t

z(t-RI)=0qh'nt -R

.Il(l ttre rntlal condrtrons at t : 0 read a-\

u(z,i,0) = 0.

L,(r.i.0) = 0

The appropnate boundary condrttons lor I > 0 are pren L:y

1dV 1d,!
iin ia,a

(2 5)

(2 6)

\2 7)

(2 E)

hcr. R rs the radrus of the cvl:nder. a rs the stretclung rate u be th' a'crllatrons frequcncl

dnd € be the amphtudc of osc latron s'rth € < 1 The velocrtv conponents denned rn rerms ol

stream tunciron and stream funchon are grven by

AboYe s].stem of clluatrons ls traDslormftl to drmensronless forrrr b] usrng followrng transforma-

u : 2a1!'lr.t), ": #tO,r. r:,]t' $t = R')ai!(r t)

, = rf,l' r. (2 11)

rtuo to s'hch Eq (2 1) rs satrsfred rdentrcalll and

a"lstd!+o't, - rt

Eq (2 4) td,l(es thc forln

"): t' * t,*.t t"

(2 10)

(212)
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SubJcctcd to the boundary condrtrons

I \,.t)

!' (, t)

whenr=0 /'(r,r):1+€codr) alsoq'hen r:0.

c, = !t'rott

=0
:0 (213)

where Re l5 the Reynolds number define L1 q. = f o"a St dtootch Strouhal number define

bl,S, = ; and the prlme denote by derrlahve wrth respect to r Srrouhal munber rs tho raho

of osrrllatrng frcquency to the co$taDt strctchrng rate The \ducs St < 1 corr€spond the 
'mall

frequcnct s herc as S, > I corrspoEd to hrgh frequetrcv At the surface of cvhrder the shear

stress can b. Fpres€nted by

.,-,(*) ^,. 
,\aii

Puttrns the \a.lue of #. *c sot

,, : aE^, 
l'lo.r) (2 r1)

where p Ls dynarmc .rscosrtl, herc 
"-e 

d,lso dennc the coemcrents ofskrn f ctron C, whr'h t omos

out of the form

ct-'"p("r)')

Puttrng th. \'alue of 7r se get

(2 15)

2.3 Numerical Solution

To flnd the numerlcal solutron of abol'e equatron5 (2 12 & 213), $e dPPlv the frmte 
'trfiorctrLe

s(hernc Bcfore alomg so we trdnsform the serru rnfr te domarn ' € [0, ca) r to Iimte doma]n 'l
( L0 .ll as

,=*

due to whrch bhe gover ng svstem modrfics a"s

(2 16)

,t'!,rr, + s,t'l* + tnJn o"rrffi:^.lr'll,r+2a!J, \rtf,)'z) (217)
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aDd

91,0.,, -o /(D.rr - 0. when n - l . ?'{ir.ir--: ,.o.t; (2 t8r
d\ o\'

Eqs (2 r7 A. 218) are solved by usrng finrte drfierence schonre \\'e replace the lmear terms

at ddl€,lrced hme stcP I + 1 and the nonbnear tcrms at the prc\1ous tlme step k The ttmc

den\?tr.e * ls approxrDnied by forward drfference B) dorns so thc Eqs tales the form

nJ f{^. r, - c,,2 r'^, r, - {?r /-{t. r R.si ls{]."''-- 
| 4,,

R" l't' fk' l::,-'' - 2q I'r'7'r' -'7')tl,1^' r'jl

Inrhal ( ondrtroD at t = 0 rs desclbed &5

J(n,o)=o=f

t"=J*i;!'*o1zdr'1

,,,,, t' - 1!:u+ tu n oltn')

- J,*z 31,*t + 31, - !'-t
h lt (A,r)3

,f lt)l
A,)

(219)

(2 20)

Fnrthermore. the equatrons (2 $ e.220) are dlscretrze io the Lneal equahons as 
"lI 

+ 2 um-

{ormly dsi butcd grrd pornts as (0 = ,o 4r, .\^t nnt+r = 1) r'rtL a g d srze of Ar7 = .r-r--L

Frrute drfiereDce dpproxlmahon hd-s Lcen used to dEcretrze spatral d.rr\?trves For our sltuahon

\'e used first rs'o denratrles for second ord.r ccntral drfieren(o.lPproi.]matron

(2 21)

\2 22)

bsause of one bound.u) condrtron at 4 = 0 rnd ttro boul)dar] condrtror at ? = I The tbird

ordcr defllah\'. rs apprcrdmated bl

t2 23)

where l, rs the value of I at ,i" : ?A? for ? = 0. 1. 2, ,II I (m-1)lmear sv5tem ofequabrons

as produccd Ly usrng abow montroned finrte drllcrcnce scheme for /t+r) * folln*

,,/1i') + ",/^*') + v,7$f ') +al$i') =B(t) ror,=1,2. ,nI-1. (2 21,)



shere ,r,r,.y,,?i axe the known atsebrarc coeffioenis of /i1it), /k+r) /,(ii'),1,$l') ,*r".-
tNcJl'. and B,(i) makes the flght srde of algebrarc sysicnr (2 24) The mesh term mcludrng

\o,ttb , 4,r,, 4fi +r rn cquahon (2 24 ) can bc found by drscretrang bounda-ry date mentroned

rn (2 18) Equatrol (2 24) formcd a quad dragonal matflt of dmrensron ,\1+ 2 The system

of algebra.rc equahons can ea\ y be solved by ustng Gausslan elmtnatron mcthod for drfierent

hme l€vels wrth trme step srze t(t) = IAt for i = 0,1.

2.4 Results and Discussion

4

Frsue 2-2 Eflect ofe on the velocrty profrle /'(a 7) asalDst a

ln tlns sectron we drscu-ss the eflects of some physrca] p:rameters eg strouhal Dunrber.

amphtude of osc lahon and Reynolds number on skrn fdctron coeffi.rents and \€locrty profile

It r: founded rn Frgrue 2 2 that as € rncreases there rs no efIe.t oc.ur on the boundary Ia) er

tlucLDLss }\rt nea.r the surface of cyhnder velocrt) pronle enhances In Flgure 2 3 the efiect oI

Strouhal number on velocrtl profile rs rneshgated It rs seerr that Loundarl Ialer thckuess

dccrc.rses when Strouhal number rncreases Thrs ls d consequence of the rncreased ftequency

of os( latrorb TLc 1'clocrt) profile dt drflercnt trme lalues ha\ been plotted rn Frg 24 The

wkx:ty < urves exhrbrt aD overall asymptotrc behrvror havrng drfferent values at the cylmder's

26



4

Frgure 2-3 EEcct of S, on thc velo(rty prolile /'(?, r) agarnst a

Frgure 2-4 Eficct of nme on the \€locrty profrle l'(?, r) rrth rn a trme-perlod agarrst ?
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t

Frsue 2-5 EEeci of St on the skrn fnctron coefr(rent /" (0, ,) asdrnst ,

Frsue 2-6 Efiect of€ oD the skrn fnctron coefrcrent l/'(0,,) ag nstr
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surfa{e Thrs 15 be(duse of the osc latory naiuo of the c)Lnder's suface The varrdtron of

coefhcrent of 5krn Inctron due to the Strouiaj number Ls daprcted rn Frg 2 5 The ampLtude of

osc latron rs cecn mcren-sr g upon Dcreasrng the l,,lue of St Thrs 15 becdule oI the reason thnt

rncredsed values of St correspond to hgh lrcquency ]i'brch rn terms erharces the momcnturn

tra.nsfer rn the bourda.r-v lavcr The role of.lmphtude parameters € rs some Nhat trr\ral. uPon

mcreasrng thc \"lues oI € the dmpLtude of the fluctuatrons rn the LoefrcrelLt of 5krn fn(tron

also Dcreas€s as deprctcd rn Frg 2 6 In both the figxres 2 5 and 2 6. rt can be seeu thaL for

small trmc \dlues there 15 a great lzxratrons rn the coefrcrent of skrn trlctroD but after certarn

hme thc curves atam the stead] nuctuatron state The role of Re on veloclty profile drd skrn

fr(tron coefr(rent $ deprcted rn Frg 2 7 and 2 8 respectr\elr- lt Is fouded rn Frg 2 7 that ds

Re rncrerses the velocrt) profile decrcases It ls due to the fa.t that rnertral torce becomes

morc 5tronger than uscous force as Re rncreases From Frg 2 8 lt ls obs€^ed thai fhe slrn

fn(tron loemcreDt decreaies as trme rDcreases Ths rs because of the reason that rrntral]'flurd

oEer great r€srstance to the motton but wrth the p6.ssage of trme, such kmd of reslshve forc6

decreases and notron offlurd becomes stead] lt Is also se€n ihat rn FrB 2 8 thnt a5 Re rncreases

the arnphtudo ol osc:llatron rn skrn fnctron coemcrent LDtreascs Thrs rs because of the rea'son

that decreasrng cur\ature qhrch rcsdts rncrcastng surfare area that $ ln drect confrr slth

t)re flrrd

2.5 Conclusions

UDsteadv boundary la]'cr flos due to ar osc latory stretcbrng of tho ()'Ltrder has beeD 
'(iisrdered

m tbrs chapter The rmpact of Physrca.l parameters such a5 the amphtude of Gcrlldhons rhe

strouhdl number aDd the cuNature para.meters haYe been observed on the velocrtv and skrn

hrctron graphs It ls noted that ihe floa'enhances m the boundary Iayer upon lncreasrng thc

strouhal uumber atrd amplrtud. pdrametcr €
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Chapter 3

Unsteady Boundary Layer FIow due

to Uniform Stretching of a Circular

Cylinder

3.1 Introduction

Itr thrs (hapter. d stud) has been caled out to rn'e.trgate unsteadl borudary layer flow due

to umform streLclutrg of a cllcu]ar cyhnder The problem rc modeled math€mahcall) ar1d

rs solved numerrcally by usrng firute drllerencc scheme explarned rn chapter 2 The efi.ct of

physrcal parameters hlc curvittuF pardrnctcr and d:mensronlcss trnre on the velocltl profile

are examrned tbrough graph \Iorcoltr the rcsults ha\? becn contpared lo thc flatc strctclung

surfare havrng some ralucs ol cunalure lt ls obsened that thc boundar]'Ialcr thrckness has

more elTect ltr case of cltnder havng curlatl'l-re parameter ri : 1 a\ compared to the flate

stre(tchmg surfare ,i : 0

3.2 Mathematical Modeling of the Problem

Consrder a long shm cylrnder of mnmte l.ngth conhnuousl)' lorm of a rlrt and pa-sses through

the flrlxt It )5 assumed that the cylmder rs berng rmputlvely siartcd to bc stretchrng urxformly

rn the a-yu.I drertron at a > 0 At t : 0 tho surroundrDg fluld are assumed to be at r€st The
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\plocrtv of the stretchrns srufa(e b de5(nbed bt

In \reir of the abolc assumptroD! the go\ernrng system arEes of the cquahon of (onhnurty and

momentum equatron In cyhndncal coordrnates the contmutt equatron l5 gr\eD by

d(ru) 
+ 

a(i u) o (3 1)dt dt

dnd the momentum equatron aJter the rmpLcahons of boundary laycr ussumptron read ds

Uu 0u 0u ud Au

;-";*";:;;t';' (32)

shere u,u denotes the velo(rlv component d.long -, and y axes The approprrate boundart

coDdrtroDs lor f > 0 are srYen by

u(,.r.r) =o, at r:n,

r(r ''') =0tt r=P'

xl(r''r)=04\r-1

The rrutral condrtrons dcnnod at , : 0 rcad as

u(a.r.0) = 0,

u(r.,,0) = 0

(3 3)

(31)

(J 5)

(3 6)

(3 7)

qhere -R rs the radus of the cylrder. a rs the stretclxng rate, here the velocrty component5

dehned m terms of strc.rnr firn(tx)n are glrer b)

lav 1a{/ (J 8)
for for
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Ab6p s]'stem of equatrons are trarsformd to drmensroDless form b] usrng follos-rrg trdrsfor-

, : ",f 0i. ,, = -!@,1i $ n1tt1. r=at,t=1 e',v=1.?,4)a41011,

, : ";r{" (t1't ';' (3e)

Our g.NerDrDg equdtrons are tra.nsformed by usrng aboYe mentroned transformatrors (3 E & 3 9)

mto followDs noDhnear partral (MereDtral equatrons

where,( = vffi denot€s the curlature prrametcr Ac.ordrDg to tLc boundar--!'coEdthoDs also

transform to the form

O + z^,,Q,) y,*, + llag - q1 + z^ J 11 1,,, + €lt t,, - U,,f ) = tl €) #e, (310)

/h) : 0 whcn ,t: o, f'hl:ruhcn4:u. /'(./)-0$hcn4-o. (3 1i)

The goYermtrg equatron sho*'a good agreement b€t$e€n Raylergh dn(1 Crane OTe oI equatron

It rs a Raylergh type ofequatron for large hme and rt $ Clane type of {qudtroD for a small trma

3.3 Results and Discussion

The goverDrg equatrons (310 alld 311) Lavc bccn solved bJ the fimtc drEcrence scheme de-

scrrbed rn the prel.lous chapter Thc rmpaat of the cunature parameter and the trme larlable

ha. been obscrved and show graphrcdly rn Frgxre J 1 and 3 2 In Frg 3l the velocrty profile

for dfiereDt lalu€s of the trme \Bnable ( haYe been plotted Ob\rouslY, for small hme la]ucs

th€ flo];i'develops rn the boundaxy la]€r and establEhes contlnuousl] wrth pa.ssaee of tlme For

sufi(rently larse .?lues of € the flow ha-s fully been estabhshed and no further developmenh

are obsen'ed for large ralues of trme Inrtrally the surface skrn fnctron rs large enough Ebrch

d€creases $rth the p.ssrge of trme and stabrhzes for large rzlue of trme Tbrs fact can be (on-

6rmed from Frg 3 2 Furthermore. the eEect of cur\ature pdrameter A on the coemclent of skrn

fDctron ls also sho$n rn Fre 3 2 Upor rncreasrng tlie vdlues of^ tLc sLIn frr.trotr coefficrent
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rn(reases ls deprctcd m Frg 3 2

3.4 Conclusions

Nu rc ca.l solutrons to the governmg drmensronless paxtral drffcrcntrdl equatron a.nd the assocr_

ated boundary condrhoN ha\c been obtamed The resrnts havc been deprcted $aphrca.Iy It

rs obsen'ed that the flos st.lbles to develop for small trrre \alue aDd get estabhshed for large

trme ralues The coefficrort of skrn hrctron rs lugh for a srnall trmes dnd decresses qurclll at

ihe rmtEl staBcs FrnaIIy, shen the steady statc rs achrered the coemclent o[ skrn frr.t]on also

sers stabrl/c<i for su-Ecrentlt large lalues of trmc
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