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Preface
On the boundary laycr flow of fcrroflulds are lmporlant ln many proccsses For

lnstancc, rescarchcrs hrvc prcparcd fcrroflutds, whrch havc thc flurd propcnlcs of a

Irqurd and the magretlc propcrtles of a soltd The fcrroflulds actually contaln tln)

particlcs (-10 nm dramctcr) of a magnettc soJrd suspcndcd rn a hqurd mcdrum

Ferroflurds wcre ortgrnally drscovercd ln thc 1960s at thc NASA research ccnter.

whcrc sclentlsts werc lnvestrgatrng drffcrent possrblc mclhods ofconuolllnB llqulds ln

spacc The bcncfits ofa magnctlc flurd wcrc lmmcdratcly obvlous Thc locatlon ofthe

flurd could be prccrsely cont ollcd through thc .Pphcatlon of a magnctrc fleld and by

varyrng thc strcngth of thc ficld. thc flurds could b. forccd to flow Rescarchers havc

prcparcd fcrroflurds containmg smell partlclcs offcrromagnetrc mctals. such as cobalt

and rron, as wcll as magnehc compounds. like mangancse zlnc ferrltc. ZnrMnr

,FczOr (0 < x < lr thc famrly ofsohd solutrons) But by far, thc most worl has bcen

conducted on fcnoflurds contarnmg smrllparttclcs ofma8netltc. Fcro.r Onc ofmany

fascmatmg fcatures of fcrrofluld rs thc prospcct of rnflucncrng flo\t b) a magnetlc

ficld and vrcc- vcrsa ,2]

Morcvcr, fcrroflurds have found a wrdc varlery of appltcatrons, ncludlng usc ln

rotatmg shaft scals Thcse rotatlng shaft scals arc found ln rotatlng anodc X_ray

gencrators afld rn vacuum chambcrs used tn thc scmrconduclor lndustry Fcnoflurd

scals are uscd rn hlgh-spced computcr dtsk drrvcs to eltmrnatc harmful dust Partlclcs

or othcr lmpurltrcs that can causc ihc dau-reedng hcads to crash lnto thc dlsks undcr

cngrnce ng appllcatron

The major applcatron of fcroflulds ln clcctrlcal ficld rs rmprovrng the pcformance of

loudspcekcrs Frnally, thcrc ls much hope for futurc blomedlcal appllcatrons of

fcnofluids For cxamplc, rcsearchcrs arc attempttng lo dcslgn fcrroflulds that can

carry medlcations lo speclfic locations ln the body through the usc of applled

magnchc ficlds Fenoflurd havc bccn rnvcstrgated by a numbcr of workers Somc

rcccnt mvcstlSatrons rn thrs dlrechon are prcscntcd ln thc rcfs [ 3_ 10]

In vrcw of thc abovr discusslon thc prescnt dtsserlalton rs arrangcd as follows

Chapter onc rncludcs some rclevant dcfinattons and cquallons of thc subscqucnt

chaptcrs

Chaptcr two ls a rcvrcw work of u I]. In thrs papcr the thcorcttcal lnvesigatlon of the

cffccl of rotatron on fcrrofluld flow duc to rotattng dlsk by solvrng boundary laycr

equat,on rs lnvcstrgrted The couplc of nonllncar dtffcrenhal cquatton havc been



solved by powcr sencs approxrmallons Exprcssrons for thc components of veloclty

and pressurc profilc arc obtained by cyhndrical co-ordrnatc systcm by consrdcrrng thc

:-axrs as the exls of rotatron Thc rcsults for all abovc vanablcs arc obtarncd

numcocally and dlscusscd graphlcally

Chapter thrcc is thc cxtcnslon of chapter two rn whrch thc unstcady fcrroflurd flou

rcvolvmg a strelchablc rotatrng d,sk on a boundary layer undcr thc rnfluencc of lo\a

oscrllatmg magnetrc field rs lnvestrgatcd Thc govcmrng panral drffcrcntral cquatlons

arc first convcrtcd lnto non-llnear ordtnary dlffcrenhal equattons and thcn a

convergcnt sencs solutron rs obtarncd uslng homotopy anelysrs mcthod (HAM) 2-

221 Hcal transfcr analysis. velocrty profilc, prcssurc profile are drscussed rn thc

prcscnce of paftrcle conccntrabon and magnctrc lsolatry ln addrtron. cxprcssron of

Skrn fmctron, Nussclt number, anglc bctwcen the \rall and rcvolvrng fcnoflurd.

boundary laycr thrckncss end volumc flowrng through thc axlal dlrectron arc

dlscusscd Craphs arc also presentcd to analyzc the bchavror ofeffcctrvc paramoters

on rhc vclocrty, lcmpcraturc and prcssurc profiles
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Chapter I

Basic of fluid dynamic

l'hrs chaptcr compnscs of somc clemcntary dcfinrtlons whrch may bc uscful for thc

bcttcr undcrstandrng ofthc next two chaplcrs

l.l Dclinition

l.l.l Fluid

Any substancc rlhrch shows reslstancc to rts rntemal molccular structurc whcn

extcmal forcc appllcs Lrqurds and gascs arc rdenttfied as flr:rd srncc thcy dcform

contrnuously rs rcsponsc to she stress

1.2 Typcs of fluids

1.2.1 Ncwtonien fluid

Such flurd whrch obcys NcMon's law of vrscosrtl rs callcd Ne*lonlan llutd 
,

I

Ncuton's law of vrscosrty rs grvcn b1

t=p+ (r r) |

Whcrc, t rs thc shcar slrcss, ll ls the vrscoslty of flurd, <h S' ls thc shcar rate or

velocrt) ofgmdrcnt Gascs and most common lrqurds are tcnds to Nc\\,tonlan flulds

Most common cxamplcs arc watcr. thln motor orl, arr, sugar solutrons. stLconc, ctc

1.2,2 Non-Ncwtonlrn fluids

Flurd whrch do not obcy thc Ne*1on s lau of vlscoslty's ls callcd non-Ncw'tonlan

flurd Common examplcs are parnts, flour dough, coal tar. ketchup. shampoo. chewrng

gum and frultJurcc

1.2.3 Fcrrofluid

A fc[oflurd rs a |qurd that bccomes shongly magnetrzed rn the presence of a

magnetlc ficld



Fig. l.l: Fcrroflurd on glass wlth a magnct underncath

1.3 Magnetohydrodynamics (MHD)

MHD rs a drscrplmc whrch stud,cs thc dynamrcs ofclcctncall) conductrng llutds The

word magnetohydrodynamrcs (M[ID) ls dcrtvcd from magnclo-meanmg magnctlc

ficld, hydro-meanrng Lqurd, and dynamrcs mcanrng movemcnls ]'he field of MHD

was lnrtlatcd by Hanncs Alfve'n for whrch hc rccctvcd thc Noble prlzc rn physlcs ln

I970 E\amplcs ofsuch flurds tncludc plasmas. llquld mctaland salwatcr

1.3.1 Magnetism

'l'hc study of nafurc, and ceuse of magnctrc force fields and how dlffcrcnt substances

arc affccted by thcm rs called magnctlsm

1.3.2 Magnctic ficld

The rcgron or space around a magnct rn which it c\crts a forcc on olher magnet. Is

called its magnchc ficld It rs mostly strong ncar poles Thc path ofsmall magnct ln a

magnctrc ficld rs callcd magnctrc licld llnes Thc magnctlc flcld rs vcctor quantlty and

has SI unrt of Tcsla

1.3.3 Magnetic perrnrbility

Thls rs the propcrty of matcnal that is cqual ro magnctlc flux

wrthrn the matcrlal by magnctrzrng licld drvrdcd by magnettc

magnctrzlng ficld Malhcmatrcally one can wrilc l! as

F.=BH
Wherc ll ls the magnctlc pcrmabrllty

dcnslt) , establshcd

Ilcld strcngth l/of lhc

(t 2)



1.3.4 Mexwecl'scqurtions

The Maxwcll's cquatlons arc the sct of four fouldamcntal equatlons govcmrng

clcctro-magnetrsm, r c , thc behavlor of clcctro and magnctrc ficlds They wcrc first

wflttcn down rn complctc form by Jamcs Clcrk Maxwcll For the varylng ficlds thc

dlffercnhal form ofthosc cquatlons ln MKS arc glvcn as

VE=

vxE=

Va=0,

vxB=u)+r-Lry', -, Dt

AB

dt (ll)

Wherc E rs thc clectflc ficld, B rs thc magnetrc ficld. J rs the charge dcnslty.

60 =8 854187817xto-'?Fr?i rs thc pcrmrttrvrty of frcc spacc and

p, = I 256631 061 4 x l0< ly',r-'? rs thc permcabtl rty of frce space

1.4 Force associate with fluid itr motion

1.4.1 Force

Forcc is dcfincd as an aclron that altcN or tcnds to altcr a body's statc of resl or

u form motion ln a strarght line Its magnrfudc and dlrectron rs grvcn by vcctor F

1.4.2 Inertial forcc

If scvcral forces act on a parhclc of mass fl and produced an accclcratlon4, lhc

magnltude -F ofthc vcctor sum ofrpphcd forccs rs cqual to rna Thus

F _ na=o (1 4)

Whcrc, -rrd rs called rncrtEl forcc Examplcs are thc Conohs force and thc

centnfirgal forcc that appcars rn rotatrng coordrnatc system

1.4.3 Coriolis forcc

Thc Conolls forcc ls an rnertral forcc that acts on obJccts whlch arc ln motlon rclattvc

to a rotatlng rcfcrcncc framc In a rcfercncc framc wrth clockwrsc rotahon, thc force

acts to thc lcft of thc motron ofthc obJcct In onc wlth antlclockBlsc rotallon. thc

forcc acts to thc nght Thc Conols forccs arc alweys pcrpcndrcular to the dlrcctron oI

flow so thc prcssrrrc gradrcnt rs also pc.pcndlcular to thc flo\r

Thc vcctor formula for thc magnrtudc and dlrectron of the Co olrs accelcrahon rs



o,=-2{)xv (t 5)

In above. a, rs the accclcratron ofthc pantcle ln thc rotatlng systcm, v ls the veloclty

ofthc pafilclc wlth rcspect to the rotahng system, Q ls thc angular vcloclt) vcctor of

magnrNdc cqual to lhe rotatron ralc @ dlrcctcd along the axls of rotallon ln rotatlng

rcfercnce framc ofrcfcrencc and the x symbol repaescnts the cross Producl opcrator

1.4.4 Ccntrifugrl forcc

Thc tcrm ccntrlfugal forcc ts refcr to an lncrtlal forcc dlrcctcd away from thc axls of

rotatron that appcars to act on all obJecls when vlewcd ln a rotatlng reflcrencc frame

The concept of cent fugal forcc can bc appllcd rn roratrng dcvrces such as

ccntfl fugcs, ccntnfugal pumps and ccntrtfugal govcmors ctc

1.4.5 Ertcrnrl forcc

A force apphcd at an clcmcnt of arca d.4 tcnds lo dston some othcr clemcnl of arca

dB and ls transmlned throughout thc body For cxamplc. body forces and surface

forces Thesc forccs are also callcd long-range forccs

1.4.6 Intcrnrl forcc

A force cxcrtcd by matter on onc sldc to that on the othcr sldc ls tcrmed on lnternal

forcc Onc of rts cxamplcs ls stress It can be rasolvcd ln to componcnts normal and

tangcntlal to thc arca that arc callcd tcnsllc stross component and thc shcar strcss

componcnt rcspectrvely Thcse forces arc also callcd short_range forces

1.5 Heet transfer

In physlcs, hcat rs thc cncrgy transfcrrcd from onc body or systcm to anothcr duc to

drffcrcncc tn tcmpcreturc The dtsclphnc of hcat transfcr ls conccrned wlth only two

th,ngs onc ofthem rs tcmperatulc and thc othcr rs flow heat 'fcmpcratuc reprcscnts

the amount of thcrmal cncrgy avarlablc. whercas. hcat flow rcprcscnt thc movcmcnt

ofthcrmalcncrgy from placc to placc

1.5.1 Modes of hc.t flow

Modcs ofheat transfcr are mamly classrfied lnto threc catcgorres as gl!cn bclor

r Conductlon

ll Convccllon

lll Radlatron



1.5,2 Conductror

Conductlon ls a hcat flow through solds wtthout any vrsrblc moYcmcnt oI thc

pa(lclcs It ls bccausc of lcmpcraturc dlffercncc rn whtch hcat taansPoftatlons takcs

placc from the morc encrgehc panlclcs to cncrgettc fluld Partrclcs only b) colllslon or

becausc of molecular vrbratrons arld thc energy movcment by frcc electrons Hcat

transfer occurs rn Srlvcr, Copper, Mcrcury and lron through conductlon Hcat

conductlon ratc depcnds upon thc mcdlum's geomctry. rclattvc thlckness and the qpc

ofmatcnal It can bc casrly measurcd rn onc dlmcnslon as flows

. ( areal \temPrat ure Jt ference\lleat conductton rateq' - - ,h,"1_"* (l 6)

Q;- = k,,t\ -r'

Thc abovc cquahon ls also callcd heat conductron cquatlon tn whlch proportlonallty

constant l/ sland for matenal's thennal conductlvlty whrch mcasurcs the nlatellal s

hcat conduchng capabrllty Whcn Ar-)0 thcn the above cquahon bccomcs

8:,,* =-*,1+ (r 7)

Thc,abovc equal(y rccognzcd as Fouflcr's law ofhcat conductlon

1.5.3 Convection

Hcat convcchon ls thc transporurtlon and cxchangc of heat, duc to ml\lng motlon of

drfTcrcnt parts of flurd It rs govcmed by thc laws oI flurd dyncmrcs ln combrnatron

wrth thc laws of hcat conductron Examplcs of convectlon are hot water- the coollng

sysrcm ofan automobllc cngrnc, thc flow ofthc blood rn human body etc

1.5.4 Redirtion

Radlatlon ls heat transfer mcchanlsm rn whtch hcat transfer take place from an)

matenal through emrssron or absorptlon of clectromagneuc r'vaves Espccralll

radEtlon rs srgnlficant durmg combustlon proccsscs whcrc tcmperature rs very hlgh.

but can also bc favorable et room's tcmpcraturc Thc lransfcr of heat due to ndtallon

can occur through gasses, flulds or a vacuum Dlstlnct from conductlvc and..,

convcctrvc proccsscs, hcat transfer by radtatrvc processes does not rcqu[c to

propagale anY malcrral



1.6 Physical dcscription of dimensionless numbers

1.6.1 Reynolds number (Rc)

Thrs drmcnsronlcss quantity eshmates the corresPondence of lncrtlal forces by vtscous

forccs Rcynolds numbcr ts uscd to chamctcnze flurd bchavlor ln the boundary laycr

flow Mathcmatrcally, lt rs grven by

R._- 
pu' l. =lu (l E)
pu l' u

Whcrc u ls thc flurd vcloctty, lls thc dynamlc vlscoslty. I ls thc charactcrtstlc

length and u ls the krncmatic vlscosrty Lamlnar flow ts characterrzed by lorl

Rcynolds numbers (Domtnance of vlscous forccs) whcrcas lurbulcnt flow ls

characte zcd by hrgh Rcynolds numbers (Domlnancc oflnenlal forces)

1.6.2 Prrndtl numbcr (Pr)

Thc Prandtl nr,]mber ts a drmcnstonlcss number approxlmatlng the ratro ofmomcntum

drffusrvrty and thcrmal drfli.rslvlty Mathcmahcally, lt rs cxprcsscd b) the followlng

rclatron

- Vtscoutd dtffusrcn role

Thermal drffusron rale

Pt=11
k

(19)

In hcat transfer problcm. the Prandtl numbcr controls the rcletlvc th,ckncss of llc

momenhrm and thermal boundery laycr Whcn Pr ts small It mcans that heal dlffuscs

vcry qurckly comParcd to thc vcloclty (momcnfum) ln abovc cquatlon C, ls thc

specrfic hcat

1,6.3 Nussclt numbcr

Thc convcctlvc to conductivc hcat transfcr ratro across a boundary layer ls rcfcrred to

Nussclt numbcr In mathcmatrcal notatlon. lt can bc wntlcn as

h^T hlNu=-=
KAT I K

Hcrc, i/2, i, Iand I a.c thc Nussclt number, heat transfcr coefficlent. characterlshc

lcnglh and thermal conductrvtty rcspccttvcly

(r r0)



1.6.4 Skin frictior

When flurd and surfacc arc rn relahvc motton, the drag forcc cxcrtcd b) fluld on

surfacc rn contact rs callcd skrn fnctron It can be cxprcsscd as

., t,
-' | , {lll)

2pu'

ln^bovc,Ct,x,,p and,l stand for thc sk,n frrctron, wall shear sttcss, denslty and

velocrty of movrng oblcct rcspcctrvely



Chapter 2

On the revolving ferrofluids flow due to

rotating disk

Thrs chapter dcels wrth rcvrcw rnvestlgatlon of thc cffecl ol rolatlon on fcrroflurd

flow duc to rotatrng drsk by solvrng boundary laycr cquatron [] I] Hcrc. thc couplcof

nonhnear drffcrcnhal equatron arc solved by powcr sc es approxrmallons

Expresslons for thc componcnts of vclocrty and prcssure profilc are obtalned by

cyhndrrcal co-ordlnatc systcm by consldcnng thc z -a,rrs as thc axls of rotatron It ts

obscrved that thcrc ls slgnificant Dcremcnt ln the thlckncss ofthe boundary laycr over

rotatlng due to compaflson to the ordlnary casc ofvlscous flurd flow wlthout rotat,on

2.1 Mathematical formulatioD of the problem

2.l.l Flow modclling

Thc flow rs rsotroprc mcdrum rs consrdcrcd to be study (d dt = 0) and axr-symmctrtc

(d7'dd=0) cxcludrng the lhcrmal effccts. The flutd and ferror.ts partrcles havc the

same velocrty Thc flurd and drsk arc assumcd to bc clectrrcally non-conductrng Thc

wholc systcm rs rolahng wrth angular vclocrty O=(0,0,O)along the verttcal axls.

whrch rs takcn z-axrs as sho!+n rn Fig. 2.1.

,rf tt-

- uf \r-

Fig. 2.1: Geomctry oflhc problcm
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One addrhonal simplincatron ls assumed ln momentum cquatlon that thc tlscoslty ls

rndcpcndcnt of megnehc-ficld rnlcnsrly Thc contlnutt] and momcntum cquatlons for

rncompressrblc fcrromagnctlc fluld wlth constant vlscoslty tn a rotahng frame of

vv=0, (2 l)

+ yo(M v)H + 1t tYlV
(2 2)

+ 2P(a\\-Lv 0x/:

ln Eg (2 2) thc cffcct of rotatlon lncludcs C"nn,frguf 1o,.. -4y!),r' and

Conolrs accclcratron \p(t xv) Hcre P - lv A, r' = 2 ts thc reducc prcssurc.
2

rn whrch I stands for fluld pressurc Thc Maxweel's equatlons. slmPhficd for a non-

conductmg flurd wrth no drsplaccmcnt cuncnts are as follows

vxE=0, v (H + 4tM)=0, (2 3',)

rffr.tvotv]= or

wrth assumptrons

Attcnhons havc bccn drawn to thc fact that thc cxtcmal magnctlc ficld lntcracts wlG

magnctlc partrclcs, not only through forccs but also throuSh couples The velocrty

componcnt v, rs less as comparcd to v, and v. The vcloclty comPonents r',. v, and

r. respcctively along ., , and z dlrcctron can be wotten as

M=7n, 7=4L-t, MxH=o
lta

d' *u d' tu' h' *r.qt-!;At dr rD0 'd: r

^ | dp I a". t au. I d':v, C'v, ,, r ar. I- n'--o **"1*; t, * -,i'aei t 
d:' -,1 -,' ?; )

d' *u d' *u' d' *, qr -!;dt dr rdO d: r

_F -t.dp ,,luarrLn r d'v, ,dr.._v. _ z.d,).-"-id,-"\ d,' 'i a,' r' ao' a:' r' r ?o )'

II

(2 4)

(2 5)

(2 6)



dv d r. av, Av-

d or roa oz

t do I a|v. t av- I d?v_ t-__ rul v, 
* , dr*_r, ?6, 

*' pdz L.

Herc a ar = 0, a aA = 0 and ncglcctrng body force, the Eqs (2

;rl
5',)-(2

u.&, , u.d, , "r, -,19':: -: i -n l , 
d.'r. | :o,;.'' Dr 'Az t l0r' dr\r) d:' I

,,4,,, a'=-- ld2,lh urd,H,, l'u tav e'v I

'dr'az pa: p dr' '16,;',i'a-l

(21\

7) are obtarncd

(2 8)
'.!*".?-\or <rz

_,r** _ 
2, 

r, *, . "lr;r, S,li), 
r;1 

1, 
r",,.

d' *u' *d' =o6rr0z
Thc assocratcd lnltlal and boundary condttton for thc flow duc to rotatlon

mfinrtcly long d,sk ( z = O) wrth conslant angulcr vclocrty o'r are grvcn b)

ar :--0. v.-0. vr=ra, v -0\
ot ;-+6. v,=0, Yr-0 )

(2 9)

(2 l0)

(2 l l)

of an

(2 l2)

_l a *h\M d 
11 =_16, 1:11 *nh

p6, p 6r

z-drrcctton along *lth the followtng

Usrng the boundary laycr apProxlmatlon

vcry less varlatlon of magncttc-ficld m

tmnsformaltons

t', - r a E (a), v o =, a F (a). v, = r oli \a)' p = po P (a)' a = z

the Eqs (2 8)-(2 I l) rn tcrm of E, F, G. and P t*c the follo*rng lorm

E -GE -E +F2+2F l=0,

F _GF -2EF 2E:O,

P -G' +GG =0.

G +2E=0

Correspondrng boundary condrtlon ofEq (2 l2) bccome

(2 ll)

(2 t4)

(2 15)

(2 16)

(2 t7\
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E(O) - C(0) .0. r'(o) - r. P(0)- P^ - 0.]

E(dr)=r'(@)=o j (2 l8)

Notc that G must tend to finlle Lmlt. sey -c. as a )@,1e. G(o)= .,.(.>O)

2.1.2 Paramcters of physical intcrclt

Boundery laycr displaccmcnt thick!.ss

Thrckness of boundary laycr can bc found by calculatcd the dtstancc ovcr whrch

lngrtra and vrscous forccs arc compamblc Thc vcloclty ln thc boundar] laycr attarns a

valuc whrch ls vcry closc to thc e\lemal vcloctty at a small dlstance from the wall

The boundary laycr drsplaccmcnt thlckness ts dcfincd as

l: :
d= 

- lud,= | F(d)da=t 34s6t45 (2te)
r@ i=o :,

Furthcr. totzl volumc flowtng outword the z-axts

::
Q - =rn)v.dz -2rRjruEtdtJu @dd

(220) i

= -n R'1 J@uG(,x') = 2 7860s4 R' J;; =27860e4R'oq 
,

Hcncc thc total volumc flowlng outward thc z-axrs rs propo(lonal to the

drmcnsronlcss paramcrcra 
]

I'hc flutd rs takcn to rotate at a largc dtstancc lrom thc \aall, tn thts casc thc anBlc

bccomcs

2.2 Solution of the problcm

The valuc of E, F, G ard P arc comparcd gaphrcally wilh thcr corrcspondrng value

rn classrcal casc Cochran mdlcated that formal asymptottc expansrons (for largc a)
ofthe systcm ofEqs (2 l4)-(2 17) are the powcr scncs rnexp(-rca), I c .

(2 2l)

E(d) - Z ,1t exp(-tcd), (2 22)

ldv I

L I E t0) 054
tnnqt,, =-l o.. l- --=- -0 810967'" I d, I F(o) 062\ oo)
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(2 23)

(2 24)

(2 24)

F(d) - L Bt cxp(-tcd),
t=l

G(a)!G(co)+ ! C, cxpl-,ca.1.

Pld)-Pa-ZDtcxp(-tcq)
r=l

Intcgntrng the Eqs (214) and (215) bctwccn 0 to co, and uslng the relatrons

.:\
lu aa -loe)i -la Eda -2J E:da.l

't.
lcr aa =lcrli - lc Fdd - 2t EFdd\

logcther wrth E (@) = 0 and I. (@) = 0. wc get

.t
-E (0) - J(lE'2 - ]r'' - 2F +l)dd.l

0l

tl
- F lqt = )t4EF t 1Ft.h I

)

Using thc supposrlron ,(o)=a and F(0)=6 In Eqs (2 l4)-(2 l8), ue

follo*rng addrtronal boundary condlttons for lhc apProxlmale solutlon

E (0) - -1. E'(o) - -4r, I
F(o)- 0. F(o)-4a' I-)
G (0) - 0. C (0) - -:".- (,' (0) - 4. 

IP(0)--ld. P(0). P(0)-t, )

Frrst four cocfficrents In cach Eqs (2 22)-(2 24) wrth thc hclp ofEqs (2

(2 27) arc as follow

(2 25)

12 27t

(2 26)

get thc

I8) and

l4



At+.,1r+,1.+4=0

,4t + 2Aj +3A1+ 4At = 
--!
c

,4j + 4A, +9Aj +164 = -2

A. +8A. +27A. +64A. =!

-c+Cr +q+q+C'i=0
Ct +2q +3C, + 4Ct =0

_1n
C, +4q+9C,+16C.=-+

_i
Ct +8C, + 27C, + 64C, = j

I B,+4*r,*r,=t _, I
I B, +28, +)8. +48, = - I

l' u, *ou,*no,*ruu, ='o I

) u, *ru, * r, u, **a - ;-':]
1 D,+ Dt+ Dj+ D, =O I

I o,*ro,*to,*or,=1" 
]

l' o,*ao,*eo,*rco,=\ 
|

I ,, *ro *rru,*uoo,=)ol

(2 28)

(: 19)

(2l0)

Solvrng Eq (2 28), wc havc

, -l ::, :..'::),,-t-:1..1-';:'ll
t 2h 7 1o\ l2b 2 llar l'

''-1,-;,-.'-1) 4=l; -.,-0. I 
J

u=[#'+j. ,) ',7 :f-;:-")[
u-l!,': -,),,=l#-'::,))

, (,',.-i-4 .,=[-"1,]-*)l

,.1i,.i. *),,_[_,: -:,_.)]

,-(::,,: T) ,,=( :f :! :')1

^ (4b t4 taa\ ^ ( 4b 4 llallD,-[.-'",-, )',=l-].,-.,' r..Jl

numcncal valucs of thc cocmcrcnt,{,, ,1". A.. ,lA. Bt 8..8.,

Usrng thc valucs a=054,b=462. and c=0866 [24], onc can calculate

C,. C,, q, C., D,. D., D. and 4, as a rcsult thc vclocrty components

asymplohc prcssurc wlth thc drrhcnsron less pammetcr a can be obtarncd easrly

the

B,

snd
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2.3 Results and discussion

Thc problcm consrdered hcre rnvolvcs a number ofparametcrs. on the basrs ofwhlch,

a wrde range of numcncal results have bccn dcnvcd Of thcse rcsults. a small scctron

ls prcscntcd hcrc for brcvrty Thc numerrcal results for thc velocrl) profiles.

commonl) known as radral, tangcnhal and a-xral are shown ln Ftgs (2 2)-(2.+)

rcspcctrvely

Also, wc havc calculatcd lhc anglc bctwccn thc wall and rcvoh rng fcrrofluld whrch rs

410 InFig (22), thc curvc Er rcprcscnt thc cffact of rotatlon on radral vcloclty ln

case of fcnofluld flow duc to rotatrng drsk, whcrcas 6r rndrcates thc radral vclocrty

profile of thc Cochran's study of ordrnary vrscous flurd flow Duc to rotatlon thc

radlal vclocrty rcachcs lts maxrmum valuc ncar thc surfacc ofthc drsk \4rth magnltudc

008E94 at a=04, whcrcas, rn Cochmn casc. thc maxrmum value 0l8l of r.dral

vclocity ls attahcd comparahvaly at drstant pornt a=0 9 Here. rt rs notlccd that the

rad,al velocrty E, has very lcss pcak valuc rn comparrson to E, bccausc olthlckcnrng

of thc flurd laycr duc to the rotatron of thc whole systcm 
_fhus. 

the effcct ofrotatron

rs morc pronounccd thon thc force of megnchzitlon rn thc sense of flurd thrckcnrng

Also lt rs qurtc rntcrcstrng to sce that rn casc ofrotatron bcfore convcrgrng to zero, thc

radlal vclocity oncc becomc ncgatrvc

Frg (2 3) rs thc graphrcal comparrson ofthc langcntral velocrty offcnoflurd flow wtth

rotetron 4 to that ofcochran s ordrnary vlscous fluld 4 In our casc, lle lncrcesc

thc value of @ thc tangcntlal vclocrty F, dccrcascs contrnuously and tcnds lo /ero Ior

largc valuc of a lt rs obscrvcd from thc tablc (2 l), thc valuc oflangcnhal velocrt) rs

0 49762 at a=1. whcrcas for lhc ordrnary vrscous flurd. thc tangenlral velocrly ls

046800 for thc samc valuc of d Thereforc at a=1. thcre rs an approxlmate

lncramcnt of6 70% ln the vrlue oftAngcnhal vclocrly rn companson to that ofCochran

value From thc figurcs. It rs clcar that 4 convcrges to zcro hltle fasler than A

howevcr, both thc curvcs havc slmrlrr trcnds

Ilg (2 4) show thrt axlal vclocrty profilc, whrch rs zcro rn thc bcgrnnlng and tends to

finrtc valuc -08E6 for a=148 onwards When we lncrcasc the \alue of d. rl

dccrcases contrnuously rn thc negatlvc rcgron Our axral velocrty valuc rs -0 23t58 at

a=I. whercas for Cochran, the a\lal velocrty rs -0266 for thc same laluc of a

l6



Mcanlng thcreby, for thc samc valuc of a the axlal velocrt) componcnt acqulres

large valuc thcn the valuc rn ordrnary casc

Thc pressurc profile P(a)- Po wrrh rhc tntttal pressurc Po at d =0 rs shonn rn Frg

(2 5) Hcre prcssurc gocs to ncgatrvc rcgron near the surlace of thc drsk, and at

a=0 4 lt gocs to maxrmum negatrve value -0 17909 Onwards to a=0i[. prcssurc

starts mcreasrng wlth rncrcasing thc valuc of a and a=13,lt cntcrs ln thc posltlve

rcgron and aflains maxrmum valuc 007667 at q=22 Frnally P(a)-Po convergcs

to zcro t c,P(a) convcr8cs to Po

Compaflng Frg (2l) and Frg (2 5). wc concludc that whcn radral vclocrty rncreases.

thc prcssurc ofthc fcrroflurd dccreascs and whcn rad,al vcloclty dccrcascs, ferroflurd

pressure lncaeascs I e . they arc convcrse ln convcr8encc bchavlor Also. tangentlal

vcloclty drmlnlshes slowcr than axlal vclocrty component Thc changc rn thc curve of

radlal vcloclty rs fasler duc to cffcct oI cxtemal magncllc field resultlng ln rcducrng

thc trmc requrrcd for vclocrty profrle to rcach thc.c convcrgcnce lcvcl tn Ftg (2 6)

and Flg (2 7), dcdvatives of radlal and langentlal componcnts of vclocrtrcs arc

shown

In nut shcll, the rotation of thc drsk along wrth rcvolutron of thc fcrroflurd rcsulls rn

an rncreascd drsplaccment thrckncss I 34562 morc than that of [25]

Fry. 2.2: EIIcct ofrotatlon on radnl vcloclty profile

{
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Frg, 2.3: Effect ofrotahon on tangcntral vcloc,ty profilc

Frg. 2..1: Effcct of rotatron on axral velocrty prolile

Fig,2,5: Effcct ofrotatron on prcssurc profilc
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Flg, 2,6: Deflvatlvc ofradral vcloclty

Fig. 2.7: Dcrrvatrvc oftangenial vclocrty
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The prcscnt numeflcal results arc prcscntcd ln table (2 l) that glvc lery good

approxrmete solutlon oIthe abovc syslem ofnon-hncar drflcrentlal cquatlons

T.bl. 2.1: Thc study stetc vclocity ficld .nd prcssurc .s a functrotr of a

G l'ld t - Pa

00
0 4 0 08894

0 8 0 0528076

t 2 0 0035476

t 6 -0 0262658

20 -0 037398t

4 0 -0 0148249

6 0 -0 002E179

8 0 -0 000694t

r2 0 -0 00001415

I

0'165722

0 576094

0 42E6140

0 3152410

0 229349

0 042 t8

0 00727 431

0 00r24

0 0000358

0

0

-005778

-0 17309

-0 30498

-0 43171

-0 54t62

-0 81773

-0 87408

-0 88397

-0 88594

-0 886

0

-0 17909

-0 r0562

-0 00710

0 05253

0 074796

0 029650

0 005635

0 000976

0 00002E

0

054

-0 0046

-0 ll32

-0 t0210

-0 04825

-0 0r078

0 01132

0 00244

0 00041

l3E-05

0

-0 6200

-0 53308

-0 4t7E3

-0 32301

-0 246s8

-0 18521

-0 03673

-0 00643

-0 00110

-3 2E-05

0

2.4 Concluding remarks

From thcsc rcsult wc concludc that magnctlzahon forcc , e , /o(M V)IJ rcducc the

prcssurc Also, rt has bcen obscrved that magnetrc ficld mtensrty lnctecscs thc ladral

vclocrty. whcreas. the flurd rotatlon hts revcrsc cffecl 'fhe effcfl o[ rotatlon ls morc

pronounccd then thc forcc of magnetrzatlon duc to whrch lhe radtal vcloclt) talcs

vcry lcss peak valuc ln comparlson to ordrnary vlscous flutd flo* case Duc to thc

rotatron, thc rctardatron ofradral vcloclty hcreasc the thtckncss of the magnetlc field

laycr
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Chapter 3

On the boundary layer flow of ferrofluids
fhe purpose of the prcscnt problcm ls to thcoretrcally examlne thc magneto-vrscous

effccts on a\lsymmetflc unstcady flow of an rncompresslble non-conductlng nano-

Fcrrollurd on a rotatlng drsk under thc rnflucncc of low osctllatrng magnctrc ficld Thc

problcm has bccn formulated by employrng the basrc rdca of thc Shlomrs thcory to

thc equahon ofmotlon and magnctrzatlon cquatron for nsano-F'efioflurd flow due to a

rotating drsk Thc systcm of nonlrnear partral drffcrenhal cquahons Sovemtng thc

unstcady flow rs cxprcsscd rn cyhndical coordrnatcs takrng z-a-xrs as axts of rotatron

are further solved w,th homotpy analysrs method (IIAM) bascd Bvph 2 0 paclage by

takrng thc rnrtlal gucss and lrncar opcrator The nature of velocrt) profilc and

tcmpcraturc dlstnbutron rn the presence of low osclllatrng magncltc ficld wrth

dlffercnt values of partrclc conccntration end cffectlvc ma8nclrzahon paramcters arc

dlscusscd graphrcally The physlcal paramctcrs llkcs shcar slrcss et \rall, heat transfer

ratc through wall, boundary layer thickncss and volumc flow retc rn a\lal dlrcctron are

prcsentcd by t bular form

3.1 Formulrtion of the problem

3.1.1 Flow modclling

Consrdcr thc axrall) symmctnc larnrnar and non-conduclrng flow o[ an

mcomprcssrblc nano-Fcnofluld past a strctchablc rotalrng dtsk The dlsl hes

stretchrng spccd Q,r ll- Bt whlch is propo(ional to thc radrus / and has an angular

veloctty dA,rll-Pl varyrng with trmc Thc coordlnate system and gcometry of the

problcm arc shown rn Fig.3.l.
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Fig.3.1: Gcometry of the problem

Thc system of Fcrro-hydrodynamrc govcmlng cquatlons conslstlng of equatron oF

contlnulty. cquatron of mohon. tcmpemturc cquatlon. magncuzatron equahon and

equatlon ofrot tlonal motlon ln vector form arc

v v=0, (l t)

0.,ff = -vp * p,v'Y + 14(M v) H + Lv, (o, - o). O2t

@c,\.ff=r,o,r.

4=r,,y -!1u - ltS.

durtr=M,H __l-,_a)

(3 3)

(3 4)

(l 5)

ln abovc. V=(v.,vr,v ) rs vclocrty, I rs tcmpcraturc, ,, rs magncrzatron oflhc

fluld, l, rs strcnglh magnctic ficld, r, rs Rclaxatron trmc parameler. r, rs Bror,rnran

rclexation !me, po rs permeabrlrty of frcc spacc, 1 rs sum ofmomcnts of rnerlra of

thc partrcles per unlt volumc. u)e rs rntcmal angular momentum due to thc scll'-

rotatlon ofpanlcles and O rs thc vortrcrty oI thc flow Thc completc sel ofcquatlons

also rncludcs the Maxwcll's equatlons

v xH =0,v (H +4nM)=0

22
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Thc m.gnctrzatlon of the flurd M wrth thc relatlon of slrength magnehc lleld I/ rs

glvcn as

qhere M, = @M u rs thc saturatron magnctizatlon of the hqu ld, bcrng determtned by

the volumc conccntratlon of the magnctrc component (D md lts rnstanlancous

magnctrzatron Ma [26-28] At I, =0. the Instantancous equrllbdum magnetzellon

Mo ls glvcn as

z =,+r, (*,r,< -]), (3 7)

*. = n.,.,rr! . 2 =!1 . 1, ", - 1o161 - ".,-o-'",,-\)t 
H, r Ir.",5, -".'. - (3 8)

wherc l? ls thc number ofpartrcle. m ls thc magnctrc momcnl oflhe partlcle. Z(4) Is

thc Langevln functron, ( rs the Langevrn paramcter (ratlo ofmagnctrzatron energ) to

thc thcrmal cncrgy) and ,t rs thc Boltzmann constant Smcc, t, ls small. the mcrhal

d@ (r,)-

tcrm rs ncgllgible rn companson wrth rclaxatron tcrm r e . / J < 1l . thercfore,

Eq (l 5) can bc wnttcn as

u' -a'+lM ' HlI'
Now, Eqs (3 2) and (l4) rn vrew ofEq (39)canwrlflenas

p.,* = -vp * (rtt v)H + p.tf v +!Y x(M x H)'

4--a*u - Ltu - u^t., !- u ,t u , tt t
dr r"' '' I

Magncbc torque and vrscous torquc arc actrng on the partrcles denotcd

and (oe - O) rcspcctrvely The cqurhbnum of both torqucs. lcads to thc

ofthe partrclc rotatron, can bc wflttcn as

and at cquilrbflum

M x H =apdO(o-oo).

M =lM'L(E'\€'

(3 9)

(l 10)

(3 )

bt lrrtH
lnterfercnce

(3 12)

23

(l ll)



Whcrc / rs thc volumc fmcfion and 4. denotcs thc cffectrvc magnetrc ficld

paramctcr (thc r.tro of cffcchvc magnctrc forcc to lhc lhcrmal forcc ,, . ;, = !!;1-' kT

ln thc prcscnce of slo\r oscrllatrng mlgnchc field Eq (3 I l) can be wflnen es [29-3]]

{1r.1 l=o,,1 t"\l-!';11.-4-^4-,c."(c.-d) (rr{)dt\ 1) \ (,/ rr t. tt,t,
The cffcctrvc ficld can bc cxprcssed by the cquatron of zcro approxrmatron from the

Eq (3 14) as

t-dc, __ _(dtocl,l 
,[,_i.",,,] 

(l r))',dt-\d:.)\:, ")

Hcrc, thc paramctcr 4. rs thc amplrtudc oflhc rcal magnctrc ficld, Z. ls the cffectlve

Langcvrn funct,on, ar, rs rhe frcqucncy of thc ficld From [34], usmg |near

approxrmatrons rn C)r, and lhc exprcssron

M"'=M'o'RlE,)r,Axh, (3 16)

whcre Mro)=fM"L(€) and , rs unrt vcctor along thc applred ficld. Eq (3 14)

rcduccs to

, 
" 
{P =(, - )( :.- ..1 J* t<.

Srncc magnchc torquc rs not cqual to zcro, so from

cxprcssron for mcan magnctrc torquc bccomes

M x H - AqCOC,. g =.' ;,cosar, rf (,.. )R({) (3 r8)

Hate, g(Eo,@otr) rs thc effcctrvc magnctrzatron paramcler. 1l tDot s 1 7 (rn thc low

oscrllating ficld) the Magnchc flurd vlscosrty undcr and eltemaung magnctrc ficld

becomc larger than thc Magnctrc flurd vrscosrry rn zero field

l_l t1: v r M, H =' v /-6p,,6sA---;p.,Qev(v vlt - p",lsg.v 
rr te)

= 2q"ogv 
v

Now thc Eq (3 l0) wlth thc hclp of Eq (3 l9) can bc wnrcn as

o.4 ---vnrtuv / 1 \
, ,, dt lH + P",lt '- As 

)v' 
v (3 20)

(3 r7)

7). rhc

)*,r"r)

Eqs (3 12) and (3 I
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(32r)

As -Yi=-vp+(Mv)II re. rs rcduccd prcssure ln the rnveslrgatron. unsteady,

axrally- symmctflc, rncomprcssrble flow of an clcctrrcally non-conduchng flttrd has

bcen consrdercd, assumlng that thc vrscoslty rs depcndent on thc magnetlc ficld and

thermal cffccts are not takcn undcr consrderatron Thc dlsk rotatcs aboul z -axrs wlth

constant angular vcloclty (,. wherc z rs thc vc(lcal -axrs rn the cyllndncal

coordrnate system wrth / and d arc thc radral snd langcntral axls respcctlvcly. and

thc flow rs consldercd a\6-s)mmctnc 6nd rncomprcssrblc, so the equauon of motlon

and conhnurty can bc wflttcn rn thc cyllndocrl form as [35,36]

,ff=-w.(,*'r;rr)o.o',

dvvdv-----1+-r+---r=u.dr r A'-

-*."(,-i*)l*.*(+).*)
(l 22)

(3 23)

(3 17)

\3 24)

(3 26)

(l 25,

,"(,i*)l*.*(+).,#)
=,",1+-".*,".% -",,'1.'-lA, '?r'dz ,)

.u!,u,1,,i*)l* i*.*)
I rlv .h' .V I

= p",l 
- 

tt, - + r. -- l.lot dr o.)

, l at ar dr1 l a'11 t ar d'r)
\p(,)"1 a 

*'. 
a, 

* 
", E l- 

*nLat r ;E r 
a: ).

la' dv a' ,'l
'4la 'dr -d: ,t

along the followrng boundeflcs condrtrons

- ac>r o'
at z=0. v. .'-:)-, v" = ,",'- . ,. -0.7 (r.0.:l=T-

t-pt t-pt
at . 1o). v, - 0. vr. 0. 7 (r.e,z)- T.

No\ry. lntroducc lhc lollowrng srmrlarrty transformatron
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i.r - or o, l

, = l; T=6 
r.(r'0.:\= t:ptF (4). v,(r.0.:\' i. n,"trl. 

1

r.,, 7 
I {J2E)

'.(,.0)= l\,t\nt. e@=#.';,- -,1';,rt, 
]

By usrng Eq (3 28) rnto Eq (3 22) to (3 26) and gct thc syslcm ofnonhncar ordrnary

dffcrcnhal equatrons ln dtmensronless form as

2F (r) + E'Qt) = 0,

lotfr, - c,, tr, * s(,. i r,)]= 
nu(,. 

ja r), "

t-luc, * z rc *,(c. ic,))= 
r,, (r. t o r)c,,.

e.rlre, * ]@, n e,r)= _ 

# 
_ ;(, _,, *),.

(a )^, 
,,1 ,r.-rn *f-o- ,..

\P<,), L I I '(,

and corrcspondrng boundary condrtron arc

F(o)=a. G(o)=r. r(o)=0, a(o)=;. I

r(-)=0. c(",)=0. a(-) = o l

(3 29t

(3 30)

(3 31)

(3 32)

(3 33)

(l l4)

Whcrc. p.=4& rs modrfied Prandtl numbcr ana S=4 rs thc unslcadrncsst, c),

parameter

3.1.2 Thcrmodynamics propcrtics

In thc Eqs (3 22) to (3 26), thc cffcctrvc densrty rs p,,. hcat capacrtancc rs (Co),, ,

vlscoslty rs lr, and thcrmal conductlvc f,/ ofthc nano-fcrroflurd defincd as

p", =(t-L)p,*tP.. (3 3s)

(3 36)

(3 37)

(,.,)" :,)",E

)r

i.lr

k,)

t,)

)

\,

t
t.

{,)

zt.(
-0.(1

i.

)(,

t_

t")

tk,

2k,

,('

tz

'(r-

,J
t,T=

(3 38)



Hcrc. /. rs the sold volume fractron ofa prnrcles aggrcgatc. P1, p,. ('o)1 and

(Cr), arc the dcnsltrcs and hca! capacrtanccs of basc flurd and aggreSate rcsPecbvely

Thc p/ rs vlscosrty of the base flurd, t, and f, arc thermal conductr\rtles of basc

fluld and pertrcla aggregatron respcctrvcly Thc thcrmal propenres ol partrcle

aggrcgatron arc defincd as

p" =(t- A",) p, + C"p,.

(c"). =0-0" xc,). -0", (c,),

Above (c,), rs hcat capacrtancc of thc p.rtrclc. and 1., rs the volumc fractlon oflhe

nanopartrcles rn thc aggrcgatc or lhc cluster Thc thermal conductlvltrcs of aggrcgatcs

arc ostrmatcd by separatlng thcm rnto rwo componcnts. thc percolahon conlflbutrng

backbone. and non-pcrcolatlon contnbutrng dead-cnd panrclcs Consrdcrmg thc

rntcrfacral thcrmal rcslstancc (kaphza rcslstancc), thc cffcctrvc thermal conductrvlty

of dcad-cnd partrclcs bascd suspcnsron oncludrng the bascflurd and dcad-cnd

partrclcs) rs grvcn by usrng Bruggeman modle

(t - t-)(k r - k")i (kr +2k.)+ O*(k. - k^) (,t + 2*^ ) = 0 (3 1r)

Thc effcctlvc thcrmel conductrvrty of eggrcgatc, l. rs detcrmrncd by uslng composrte

thcory for mrsorrentcd clllpsoldal partrclcs for the backbone. ln a matrrr of non-

percolatron contlbutrng ponron, thc followrng cquatrons arc used

.,. 3 t O.l:p,,(t- t,,l t p,,(t- L,l)
3- o,lzp,,\, - p,,L.,l

whcre

Lt = o sp',' (p'1 - t)-o spcosh-' p (p' - t)''

P, =(k: -k")tlk- - L,(k:, -k"))
Intcrfacral rcsrstancc rs accounted for rn thc term

*;,=*,i(r+yt,,k. k,) (3 4.1)

Hctc y:(2+1,'p)d,a=,1, a, urd /r rs lhc kaprtza radrus InEq (344) p rs aspcct

ratro, Ior whrch the clustcr spannrng charn ls glvcn by p=R, a, ln partrcular. our

treatmcnt allo$s thc cffcct of cluster morphology 10 the cvalualed rn terms of thc

(l 19)

(3 40)

(3 42)

]"',
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averagc radrus of gyratron &, the fractal dlrn€nstons dr and chcmlcal drmensron /,

ofthc aggrcgatcs, respecnvcly Followrng the definltlon oflhc fractal dtmcnsrond,.

the numbcr ofpanlclc rn aggrcgatron rs glvcn b)

,* =(*- , )'"
(3 45)

Whcre a, rs thc radrus of thc prtmaty partrclc Due to numbd conscrvatlon of the

nanopaftrclcs, I = l,^,t., whcrc / ls thc volumc fiactron of thc nanopa(rcles It can

bc shown rhar A,=(*- , ) rnd (n,,a,)^. =6"'' for whrch C, =l The

number ofpartlcles rn bclongrng to backbonc 1{. rs the chcmrcal drmensron ls grvcn

by

,v. =(n, ,,)a . (3.{6)

Wherc 4 ranges betwccn onc and d, Whcnd,=d, allofthc partrcles belongto the

backbonc, and there are no dead cnds Thcreforc, thc volume fractlon of backbonc

partrclcs C. rnthc aggrcgatc rs grvcn by i. =(n,,,.,14 ' Thc volumc fracrron ofthe

panlclcs bclongmg to dcad cnds /^ rs grven by

t- = t",- 0.

3,1.3 Parrmctcrs of physicel int.rcst

Skln frichon cocfficrcnt.nd Nussalt numbcr

(3 471

The skln fmchon cocfficrcnt C/ and thc Nusselt numbcr -lr'z are physlcal quantllles

whrch are grvcn by

Cr= ../.i. * rlrt;rt'
o'1,- 

B,)

k, (r" - r-) (3 48)

Whcrc r". and r". arc the radral and thc transve.sal skm fractlon or shear strcss at thc

surfacc ofdrsk, respectrvcly, and 4. ls thc surface hcat flux, rntroduced as

r 7 \/^u av \ . u-(r.t-or)(1' -'1]
'"' - u"tlt+ 

208 )lE ' aA ), ,' '- \ 2 t\ ci r .d t. u (l re,
s. = -k",(T').=,



Substrtutrng Eqs (3 28) and (3 38) rn Eq (3 49) and usrng Eq (3 {8), wc havc

Rel C/ =
F (o)': + G'(01 n" 

j 
rv, = -? a,,or (3 50)

(3 sr )

(1-il"

Hcrc Re=C),r''vr(l-l) rs thc rotatronalReynolds numbcr

Boundrry hycr displaccmcnt thickncss

Thrckncss of boundary laycr can bc found by findng the sepatatlon ovcr Incrtra and

vlscous forccs arc practlcally ldenhcal Thc vcloclt) ln the boundary layer

accomplrshcs a veluc whrch rs ncar thc extcmal vcloclty as of no\4 af a llftle

scparalion from thc well Thc boundary layer dlsplaccmcnt lhrckness rs asce(alncd as

l n,.
d = 

t'^P: lv,*. rxe-,,lLir4td4
lU -'o

Total volumc flowrng outward thc z-t\ls.

Q=2,rrlu.d: -zrrv. Rc" llodn r)521. J' J ''

The fluld ls takcn to rotatc at a lar8c dlsbnce from the wall. thc anglc bccomes

= -t0 61 = -84 6"

-l-
l--
f-
:!
:t:
l--

(3 53)

3.2 Solution of the problem

Dueto nonhncar naturc ofEqs (3 29)-(3 33), an cxact solutron rs no1 posstble Now.

we optcd to go for anal),llc soluhon To thls cnd, the Mathematlca package BVPh 2 0

whrch rs based on thc homotopy analysrs mcthod cmploycd for solvtng nonltnear

ordlnary dlffcrentlal cquatlon usrng computatronal software Malhcmattca 9 For

srmp[crty. the BVPh 20 nccds to rnput thc govcmrng cquatlons along r'rrth

correspondrng boundary conditlons and choosc propcr mlral guess of solutrons and

auxrLary hnear opcrators for under consldcrahon llncar sub-problcms In thts

package, onc has grcat frccdom to choosc thc auxrltary ltnear operator and rnltral

guess, thus wc choose thc auxlllary llnear opcrators and lnltral guess lor the desrre

solutrons as follow

a\
Ar.
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t,@l=!!. t,qpy=
a4

^ ^. dc dlc ^ ^ -d0 J',e1.(U)= +-. ttlu)=2 + . -dn d4- ,14 dn'

r, =0. f,(a)=oe', I
c.\al=e-'. e"h\="")'

dn* ,1r''
(3s4)

(3 55)

so far, wc have defincd all the input ofthrs problcm properly. cxcept thc conv.rgence-

control parametcrs Usually, thc optrmal valucs ofthc convergencc-control parametcrs

arc obtarned by mrnrmrzrng thc squarcd rcsrdual error as follow

t:, = ll1zr 1q1+ u'1a1)' aa. (3 s6)

(3 s7)

(3 58)

(tt t
4 - rl t"' ":' p,l ne', sa e'l .k' o"l r, (l )e)" r"l (pc^l I 2 I k, I\' )

ln addltlon !o thrs, thc convergcnce of homotopy scncs can be accclcratcd b) usrng

crther the rtcrahon approach or by applyrng thc homotopy-pade appro\rmatrons Both

ofthcsc tcch qucs can also bc employcd to obtarn thc problem solutron by drrccdy

usln8 somc simplc commands Furthcr, thc rcsults for vcloctry componcnts and

tcmperefure up to first rtcrrtron arc as follow

', = fl?1,' - 
"' 

+ ar' * s(r t I r'))-, u -)*, n"),,

",, 
= l; l?1,.'., rc - s (o - ! c' 

))- 
at o * t, o ac')' a,.

(3 60)

"' [,,t[;l)]"'

!_ B] (t,1, r: (r")
: ' aoo(r,..J ' roola J

$s ( p", \ zqs( p., \,*olif r*li)r'
-$( p", \ sts ( p", \
,*l,1.J.,*lt]-

H(?),#(?).
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,.x(?) x(?)
qts( p", \ tsz( p",\
,*li)'*ola)r'

qt ( p",\ qts( p", \--ltl.*[t]-
H("'|#(y)*

- ,_( 'B 7l)t=e"l--+-l\ r00 l0ol

, -(-stl\ l- 11r.r-'., ,..r[(^;1, l, ]" ,

[ 75f*/ ] 22s 3oo l{o< ,1, ) )

,fr*tlln',1- " ,.ri!'"! ll",[ 7sl*, ] 225 llec"l ))

,. (qtlp.,\\ ,." -leoo[[]]' '

(3 6l)

(3 62)

(3 63)

3.3 Results and discussion

ln thrs chaptcr, thc behavror of cmcrgrng paramcters rnvolvcd m the cxpressron of

velocrty and tempeBturc drstnburrons erc cxamlned through Frgs (l2)-(3 9) wrth

water based nano-ferroflurd contarncd Iron nanopa(tclcs ln \ratcr In thts study. low

lsolaung magnctrc l'icld cffect ts taken to account For prepanng thcsc figures.

consldcr thc radrus of gyratlon ls 200 nm lhere as cach sphere shapc partlclcs has

l0znr radrus In srnglc rggregatlon, thc total partrclcs are 200 rn whrch 50 partlclcs

belong to backbone F,gs (3 2)-(34) rcprcscnt radial. tangcnttal and a)rlal vclocltry

profiles for drffcrcnt valuc ofpertlclc conccntmtlon agarnst a dtmcnslonless parameter

I In thcsc Frgs,lt rs notlccd that scveral veloclty llnes havc bcen publtc,zcd

correspondmg to drffcrcnt conccntrahon of nanopartlclcs By dlvcrsc concentranon.

unalkc colllslons betwecn nerghboring panrclcs rn a flutd are produced dllferent

velocrty hnes It rs also notlccd that when the nenopa(tcle conccntrarron rs enhanced

thc all vcloclty componcnts arc dcclrncd Thrs rs accordance wlth thc phlslcal

expectatron becausc hetghten of rcslstancc bctwecn adJaccnt laycrs of movrng flurd,

the basc fluid has much vclocrty as compared to nanoflurd Frg (3 5) shows the effect

of panrclc conccntmtions on lcmpcrature profilc It ls scen that thc tcmpcnture of
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nanofluid ls enhanced by cumulahvc oI nanopanlclcs volumc fractron When the

nanopartrcle volume fractron rncreascs, thcrmal conductron of thc fluld lncrcases that

makc a causc ofcnhanccment In tcmpcraturc

Ftgs (3 6)-(3 8) charactcnze thc radEl, tangcntral and &\ral velocrhcs profiles for

varrous valuc of cffcctivc magnetzatron paramcters It ls observed that when thc

effcctrvc magnetrzetloo pararnctcr ls boostcd. the rll vclocrty componcnls are

rncreascd Whrn ma8netlzat,on paramctcr rs decrcascd, thc angular vclocrty of the

panlclc lncrcascd ln addrtron, thc frcc rotation of the partlclc tn the flow rs dampcd

and lncrcascs thc fluld flow rcststancc, conscqucntly rcsult ln tncreased vclocrry Frg

(3 9) shows lhc cffcct of megnctrzatton paramcicr on temperaturc profile In thls l'tg

rt ls sccn lhat thc tcmperalurc ls ampl,fied wlth rn boostcd lnflucnce ol'magncttzatlon

Ptramcter

Thc numcrrcal sets ofvalucs show the rcsults lor parameters ofphystcal rnlcrest lhc
tmpact ofpartrclc volume fractron on skm-fflctron coemcrent. local Nusselt. boundary

layer thrckncss and volumc flowlng outward thc z -axts are shown ln table (3 l) Sktn

fnctron arrscs when a flurd flows ovcr a sohd surfacc Thc flurd rs tn contact w,th thc

surface of thc body, rcsultlng ln a fnctton forcc cxc(ed on thc sutface lt ts secn that

whcn nanopartlclc volumc fractlon cnhances shear stross at wall ,s lncrcased Thc

shcar stress dcpcnds on the dynamlc vlscoslty and thc gradtcnt of thc vcloclty lt rs

found that whcn partlclc concenrratlon ls tncrcased. thc gradrcnt of thc veloclty and

dynamrc vrscosrty lncrcascs that arc causcd ln cnhancemcnt rn shcar strcss ar wall ln
tablc (3 l), lt rs obscfied that when nanopantclc volume fractron enhanccs. heat

transfcr ratc at wall lhcrcascs Thermal conductrvrty of flutd plays an tmportant rolc rn

thc hcat transfer mtc For e,<ample. enhanccmcnt rn thcrmal conductrvlty of flurd rs

found 25 ll%and 5485y" at5yo a d l0oZ conccnftahon ofnanopadtcles Thcn wlth

samc trcnd, cnhanccment m heat taansfcr ratc at wall ls found 22 39o/. and 16 93yo zt

5oZ and l0oZ conccntrahons Wtth thc ncrcastng cffect ofconcchtrahon, total volume

flowrng outward thc z -axis rs decrcascd. Boundary layer thrckress ls frequcntly used

boundary laycr propcny descnbcs the dtffcrcncc bctwccn thc casc wlth hypothctlcal

flow ovcr a surfacc wtthout a boundary laycr and thc actual flow wtth a boundary

Iaycr lt rs notrccd that boundary laycr thlckncss dcc.cascs corcspondlng to

conccntratron ofpartlcle Furthcrmorc, thc total volumc flowrng outward rhc ; -axrs

ls decrcascd tn tablc (3 2). fic rcsult of cffcctlvr magnctrzatron parametcr on skln-

fnctron coeflicrent, local Nussclt, boundary laycr thtckness and volumc floung
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oulward the z-axrs ls publlczcd It rs pcrcctvcd that wrth au8mcntatron of

magnclrzatlon parumctcr dccllncs, therc thc shear stress and hcat transfcr ratc al thc

wall In thc othcr sundry parametcrs, drsplacemcnt thlckncss ls rncrcased bccausc of

cnnchmcnt rn boundary laycr thlckncss due to conscquences ol magnetrzatron

parameler Funhermorc. thc total volumc flowing outward the -- -axrs rs also

rncreased

c

0146i
4

Fig,3.2: Radial vclocrly profilc for vanous values ofnanopartrcle volume frachon
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Fig. 3.4: Axral vclocrty profilc for va ous valucs ofnanopanrclc volume fractlon
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Tablc. 3.1: Valucs of skln-fnctron

th,ckness, volumc flowrng outward

nanopartrclc volumc fmctlon

cocfliclcnt, local Nusselt, boundary laycr

thc z-a,xrs and angle for vaflous valucs of

Re I C, Re, , N./

0% 2 525t

50/o 31222

t00/o 3'1483

t5% 4 4134

0 8580 0 6026

0 7941 0 5591

07628 0 5372

07488 0 5274

l5E9l

17t02

180E5

19t74

Teblc. 3,2: Valucs of skm-frrctron coefficrent. local Nussclt. boundary layer

thrckness, vohime flowrng outward thc z-axis and anglc for varous values ofeffectrvc

magnehzahon par-amcter

g Rer 7 C, nc' ,lua

0 31258

06 3057E

09 3 0254

0l 3 0148

1,7097 0't934 0 5585

I 7194 0 8101 0 5699

I 7239 0 8t83 0 57s6

1 7253 0 8210 0 5775

3.4 Concluding remarks

ln lhls chaptcr, unstcady fcrroflurd flow rcvolvmg a strcactlablc rotattng dtsk on a

boundary layer rs prescntcd Antl),tical cxprcsslons of veloctty and rcmperaturc

profiles arc obtamcd anallttcally Thc numc calvalucs arc found to sec thc lmpact of

physrcal parametcr g znd i on Skrn fracrron, Nussclt numbcr. boundary laycr

thrckncss and Volumc flowtng through out word thc axlal-dlrcctron through

Mathcmalrca wolfram It ls obscrvcd that cnhanccmcnt of fcrro-partlclcs

concentratron changes the physrcal propertles of fluld whrch drstresscs the flurd

vclocrty and tcmpcratu.e dlstflbutton as wcll as physlcal paramcters lloth shcar stress

and hcat transfcr ratc at wall arc lncreascd by cnnchmcnt of partlclcs concentrahons.

but boundary laycr drsplaccmcnt ts decreascd Addrtronally. tr ls pcrcelled that wrth

augmcntahon ofmagnel.izahon parametcr reduccs shcar strcss and hcat transfer rate at

wall Morcovrr, dlsplacement thlckncss rs also lncrcased
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