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ABSTRACT

'Iwo-dimensional hnite VOIUI11t ,vlethoJ (I-V,\I) hu; been upplied (0 ,,,lve Fluid

SlrllClllfc [nl~raclion (FSJ) probleills III thb research work. The numcl'lcal solutions

of rhe governing equatio", ha\'~ been oblained LL.,ingcommnci"i CrD ,otiwarc

package FLL'Cl\T 6,2, C ircillal' cyl indcr alld foul' ,,\ is) In metric bodie, of r~,()llIliol1,

such as, sphere, ORCA smnctilrd sll~lllarjl1e bill'e 111111,pod and underwaLl" "dicit

hulll,]r"" based cln Gcrlicr", gcomcll'y ar~ used <IStest C'lses for thi, ,tudy 111ea", of'

~ir~lIbr cylinder. \lcady lall1in~r !low m R~ynollf\ numher of 211and 40. LLIl.,lcady

laminm H"" al I'L~IOO "nd lurb"kJl! Ilow at Rc =1000 and 3900 ~Ie simulated.

I hree turhul"nce model,. nam~ly. qamla,d k-I', realizable k-L\ sh~ar SIres, lI';)nspol1

('~ST) h-," are used to c,lplllfe Illlhlll~llt now. '['",o-dimen,ion,,1 a.~i'YLlllnetric !low

sol\'er hilS been used to anal)'7~ turbuleI1111,,,, ",',,"nd sphere. DRE.'" ,ubrnurinc bare

hulL pod ml<1undcrl"Qtcr vehicle hull fonn' ,II Re)l1okh number or 5x 10". 2.3x In"-

3xlO' al1d 2xl(J' r~'p~l'ti,c1", For sphere. Spal~r(-AIllTlams (S-"') Ql1d,hear ,Ire"

lrall.'port (SST) k-OJ turb"lence modcls ~nd fell' ~II OTher axisymmetric hodie,. oilly

,hear .<lI'es, Ilall,pOI1 (SS'f) k-,--, tllrhLLkLlccm()dl'1 arC uscd. The Llumcrlcal re';ults in

l"rm., or lhe ,kin friction wcflI~imt. prc,Mlre cllcilicicnt and drQg coetlkiellt for

dinerellt Re)nold, nlllllheL\ have hecn shown either gmphieally or ill the mb"l",

form. Velocity veel",s as \\ell '" ~ontolll' "I- rr~""'c di,lrib'llion have ~Iso heen

disl,by~d glal,hi~ally. The wmpl!ll'd rl'sul!' ,how good agreerncnl with lhe

~"perimelltal me'''UI'emenLsJlllll1l~ri~"ll'l'Sllll, ubta;ncd by olher rcscarcbel's.

"
.c'
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CHAPTER I

1. INTRODUCTION

1.1 Computational Huid lJynamics ill Research and
Development

Computational fluid d}namic, « i'I)) i, one "fthe branche, of fluid mechalli~, lila!

use, numerical method, and algorithms to ",Ive and atlal)'7e p"'blems that involve

fluid tlows. Computers arc ll>cd to perform th~ mililOllsot calculation, required to

sllTlulmc rhe intcmc(ion of fluid, and ga,cs ",nil the complex ,uriaccs used ,n

engintcring. \l,ihcthcf ill lhe pri",l~ or pllbli~ ,eeLoL r~",arch inlo nu,,1 11m,

pwbkm, i, nece"ary for lh~ d~vel()pl1lelll of ne" !lllid ba.,~J '''ll'''''.

ComputatiotlJI Fluid Dynilmics (eFn) h~s tk power to nwdel fluid ~l()\\' and h~at

trallsfer in an ~bllndancc ofsl!lIation,. With the advent of more powerful computers

mId more cOlllprehen,ive l'()mplll~r code" ( f'l) h,,, come to the forefront a, a

kgilimme and effective resemch tool. erll analy,i, can be IlHIChmore cmt etY"ctive

compared to e~perirnemal models since cilallges can be made quickl) alai casLly to

"Im,,,t an}' ch~J'acteri,tic of th~ ,imutation, ~""lllatloIiS e~)l ~Isl' be SCI up more

guickly and ea5ily than cxpcrimcnwllllcth,,(ls. H,,,,'Cvcr, sincc it is a computcr hased

,olutioll technique. the result; must b~ v~rjtl~d against ~"rerjmentat data. Tili, .,eem,

COLLllterinLllitive ,inc" no profitahle compall} 0' ag~llC} ha, the mOlley to dllplicate

Lheir e~rerill1ellLalioll 'I hi<,i, 1]('1entirel} the Cilse, NCI(every simulation n~eds to be

compared with exp~rimcnwl "alu~s, Only a lew ha,,, CW,t.l ar" cOlJlpared I()J

valld"lIon plIrpo,es alld the'll it i, a~'lIJT1td ,ali; to sa, Lhat the oth"I' CFD simulmiolls

in that l'"nge are valid, Even if some slJlllIlatiorll al'c analYL"d both ~xp~rim"ntall)

ami IlllLneri~ally. eel) i, ,till h~neficiill ,ince It has (he ~bllity to oller more

int,,,matioll to researchers about tile flow. CrD not only gl\'Cs rile ovcrall vallics that

~~p~rill1en!ati"n otter,. but gives a v"llIc at cvery node III (he domain. It the overall

,,"Illes match. it can bc asslIl\1c<1111mall (Ii" dclarl dc\cribcd by thc CFD ,,,I,,liun "

legitl mate, gl' Illg rcse~l'chcrs the ability 10 ill,"",tigaie ,mall but importallt r"gi"I" 0 I'

till' 11<",'morc closel",



C'h,p'CJI. In"~du,"on

1)nfoltutlatel), there are dr~wbJeks to eomp"lmion,,1 Iluid tl)n"mi~, '" "ell. Fi"L il

~~n be diftieult to model e~lremely complex physics aecurmcly in all ,itualiorls ",ilh

current numeric~1 ~Igorlthms. noutld"1) layer tr~nSllion and s~p~mlioJl ~rc (,,'0

ph~nom~na that ~all be pm1icuiaJl) trouhlesome to predict with ~ high degree ot

a~l'umcy, Second. many problems must be simplifLed to make lh~m traemhic. WLlh

some probl~l1ls. wmp"kr re,ourec, ma,' n"t he available to solve the problelll to the

ley~1 of a~~u,"l'Y originally desired. R~ample, of prohlem ,illlpiifi~ati()n include

Ilwdeling ~ tilrcc-dimcn,ional problem al a l\,()-dim~nsi()nal or a~i"mmClric

problem. r~dueillg tbe ~ompulaLi"nal domain ,iye N solution resolution of a given

110\\ IicltL or modeling ~ lime-varyillg prohlem '" a .'teatly-,tate problem. Third.

cenain ""Uillplioll'> mu,>t be Illade to ohtain a solution, Usually these ""ILlllption,

appear~, houndary conditions and al'e rel"tively accllrate - e~Jlllple' are asymplotlc

hehavior at far-field boundaries Or' preser'lb~d inlcl or exit condilions. Fourtb, Q

particular 'olution algorithm mighl 1101prodllc~ n eon\'ergcd SolUlion lor a given flo"

field. In many cases, ,impi) using imuilion and applying ;peeitieally suil~d

algorith Ill, to the problem ~l hand Cilllavoid tb is problem,

1.2 Fluid Structure lntc-raction P..oblcm and Its Importallc-c-

'1he Solullon of 1'1LudSlructure Illl~mdion (FSI) prohlems using Computmional FI"id

Dynam ICS(C FD) ana Iysi, i, now b~~om ing lmelabie througb tbe accessihi lit}, of high

performQne~ compunng. Fluid ,tTlIl'lllr~ illl~l'a~lion O~~lIr.,wbell il nllid interact, wilh

a solid Slructure. c>."rling prc"ure thm may cau,>e defOllllatioll in the ,tructure and,

tim,. aller the !low of the tl"id Itself,

Fluid-Struclure InteraCliotl (rSI) pmblem, ~rc of grc~l relcvancc to many Ikl,ls in

~ngiL1cnillg and appli~d ,>ciellce,> It ha<; " "ide range of appiication In many

industrial ami nOn- indll\lrialli~ltls ,;uGh '" anmpace indu,tr~. "ulomohile indu,trj'.

detonnti"r! wave ctkclS on ;lruGtllrc. "nd~Twa[cr npl",ion. pr~"lIrc v~"cl allaty,i,.

WIJld-io,-cc analylis On lall bllildin~ ell'.

Fluid Slructure" Inkra~li()n (FSI) p",blem i, one of the Ill",t importanl lopic, III

Na\al Archi["Glltr~. OILhor~ and Oc"an r.ngin"erillg. The ahility to pr~dict

accuratel) tl\"d strUCTUfC"'TCI'~C[lOnis of 11I1Idarn~lIlal importancc for d~sign_

an"i),i, alld re~on,lrU~li()n ill many are,!, of N"v~1 Archite~ture and Ocean

....



cJlgin~~ring, A ne" area "I' re;earch i;; tile itlkraClion bCl"ccn wa"" and now

problem,;, wbi~h 0"""" "hen slrllcture,. such a, ,hips nnd platforms ~rc pos'lloned

ne~r eacil Nilcr Or in lh" C"'" uf moored ve"ei,.

Th" "fkel or f<SI ~an he c1a"ified in 1\\0 \\ay" one case is occurred when onl;' tile

!low i; ,dT""tcd for the illleraclion In lhi, 'ludy. thi.' phenomenon is con,idered only

tor ';Implicily, Tht pr"bkm i"Tom,', c"mplieaLcd "hen the hody i, al", moving or i,

Ilo,ihk and ma; change iI, shape. lhe un'lead)' loading acting on the hod} in the

l1ul'. ma." damage il. The la~k of ulllk"land ing Ihe underly ing phenomena relakd I"

11u,d-,lrucl",~ inieracliull ha; e",",cd 10 ,"e h ull",lrophe, as lh,' eollal"~ {)I' Lh" 'Bay

Bridge' in Scollan,1 (1879), lh" -Tacuma B,-idge' n~a,- St~llk (1948), lile wolillg

L"""LI in Ferrybridge (England, 19(5), Tram\'aal-I'ark' in Mo,euw (2004) and

rCCenLdi lalttr!, in lh" Crull' 01'~k,,,i~o high Iighled Lh"need for a heller undl""landing

in Lhisfield

.~lullidis"iplinary prohlem, im"I"ing nuid ,truClure imeraclion are "omlTIon III

engineering de,ign Fluid flow und "djilcent ,tr\lCt\lreS oflen inter~ct lhl'Ough

di'pla"ement and/or thell1",1 eff~ct,. Such interaction,; may be a de,irable parI of a

design or ma}' eau.,e unwanted hehaviors thaI need to be considered and eliminated

during lh~ d~,ign reoee". 'I herefor~. the ahility to predict and counter-act potenl;ally

negali,e ~m,et, "Cllllid-'Irlleture, inlera~lion, j<, very irnport"nT and challenging tt'"

m,,,t of the engineering Held

1.3 Previous Research

C"nsidcring Ilic importancc 01' J1uid 'IrueluT~ inleraclion, all e"temive re,earch work

has been eame(1 l'ul by n~"al archiwcLI, o!l,hor" anti Oc~an ~nginl""", hydro-

dynami,t, and mothematiclans, [loth experLillental and l1umcricHI jn\'~,!i~HtiuJl!, ilave

been carried out 10 e~al1line The ch~rilclerj,tic ot both I~millar and turbulem fll'w

"round different ,truetu]'es. eg .. circulal Cylinder, pod, strut, hydrot,-"I, ,pilere.

sur f~ee ,hip, lInder-waler ve"e I, I" ope Iler ell'

rile lamina]' ilnd turbulent IInslcady VLSCOUS110" bcllllld a circlll~r cylindel' has hee"

lhe suhJeet of nlltllerou" e)(pe",ncnt~1 ""d tlllEllCl'leal studies, especially ti'om the

h}'dl'Odynamics pOlnl of VIC\\'. According 10 the observation l'r SlIJJlCI'd997); Ihe

3



til",,; tld,1 o,er the eirnLiar cylillder is 'ymmdlic aT low vallics ofRc,nc,lds number,

A, Tile Rc,nold,; LluJJlb~r iL1"ru"~,, now hegill' 10 separate hehind lll~ c}lindel'

c~u>iJlg ,'"I'IC;'; >hc<ldi~g which is an un,lead" phenomenon I'm the 40 < Re < 200

thel'~ is a I~mlnilr vortex shcddLng ill Ihe wake' or lh~ cylimkL Th~ laminaI' wake

lI'all'ient to turhulence in rhe region 01 Rc = 200 (0 300, III (hc ';lIberilical rcgioIL 300

<. R~ -::3x10' lhe wake hehind the circulal' cylilldel' becomes completely tLJrb"lell1

and a laminar boundar)' layel' separation OCf.'I",. The unsteady 110\\ "'as tirst ,tlldied

hy l'ay'ne (1'J5S) tor Reynold, nu",bel' eqLJal to 40 & lOO. Tile tlilmerical sludy and

pllysic~1 analysi, ofthc pressurc ~nd l'clocilY flci(ls in lhe ncar wakc of ~ circular

cyll nde •. tor Imninar and 11lrbulent tic,,,, h~s bcen ill,'estig~ted by !3r~lll ,,/ ,,/. (I 986)

and IJrilza ,,/ 01, 1990, Recently Labhmlpathy (2004). Reichl eI ,,/, (1005) ~nd

R~hm~n 1'/ "I, (2007) h~"e also Ln,e,ligalcd lhi; pwblcm Il'f dilJercnl Rcynol,ls

num beL'. The ~omll1on poinb of inle,-~." or lh~", M"ks are lhe dn e10pmcnl "I' lh~

pl'imal'Y lIn"cady wake b~hilld lhl' l'i'-~lIla,- cy,lind"" and the c\'ulualion of lh~ drag

coefficienl and lhe ,~p",mion angle "ith lilll~. M()';t of the e~perim~l1lal sl"die,

im'e'ligaLed the steud} and lIllSlead} hehavi"".' or lhe alternating v",,(i~es in lhe

wake. 'I he e~perimental inve,ligatioll of" rittoll \ I 'J5'J) and A ndel.'On (2005) should

he menlioned.

A cOIl,iderahie amount of re,eOl'ch \\ork h,I, been published 011 110,,"around the

a~i,,}mlllell'ic hody' of I'e'olutiotl such ~s: sphere. pod. submarine. axisymllletl'ic

undel-water hody elc. Th~ basic strucTLLreof the flow pasT ~ sphere !la; been

~xpl'rimenlally invesligated u"ing a variely of approaches. incillding flow

vi'lI(lli7ati,'n b; Achenbach (1972). T~"cda (1978). Kim (1988). Sakamolo (1990).

Hakic (20112) etc, Ilecent time-occumtc COlnplllMIOnSof laillIn"r and wrbulelll 11""

aroulld 'phel'e, ,,,ing diffelenl metllOd, Jre reported h; many rese~,.che,.,. among

them the \\olk of Choma7 (19')3). Art"'"~ (1')')5). Kalro (I'J'JR). and Sun eI "I

(2006) al'e r~ll1arkahle.

Multi-component propulsors arc bccoming increasingly popular in modcrn

commcrcial marin" \'cs>cl\ 011accounl urlhe incr"a,,, or [heir dlicicllcy ,11Icto lhc

cancellation of the flow 5"'irl do"nsrream of the propeller. The mojor ~d\'ant~ge of

using a podded prorlll,or is that the Intlow to the propeller i, more lInifollTI

cOlJlparc<lll' lhal ura ~ollwnliullal prupubiull 'y,klll. Th~ .""dy or now aruund lhc

,
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propelkr and the pod and ,trul unil i, of in~rca,ing imporlall~e due 10 Lhe nlellsi\'e

lise of podded propilisors,

All oplimum desigll can he cllOsen to miniml~e Tile drag and 110w separotion h)

Vandal ~Ial(I'J'J')). and can lead to hertel effkiency of rile podded prop"l,or. -lil~

[I<", mound pod "U' invesligated _lIldllie tOl'ce acting on it WoScalculated hy" 1,1I'ge

numher of re,earche". A,mong them the "",k "f ~tertl (I'J'J.J), ehoi (2111111).ehai

(200]). Uuptu (2011.1).l(illl1<\, (200.1) and Mi,hr" (2005) are very much related with

the present \\ork. Priy''''o (I'J'J4) and Fan (1')'J5) ~Iso invesligate the rre,,,"~ and

viscous drag on the axis) mmelric body

Applications of computational tluid dynamics (CfD) to the maritime indu'll)

cominuc to grol', as !his advanccd lcchnology lakcs ~dvanmgc 01 the Itlcreasing

,pccd of cOLnplllcr>.Numerical appruaclw, ha,,~ ~vol ,"cd to a IeI'd l,f accuracy which

allo,,', lhcm LO be uscd during the d,'sign PL'l'CCI>10 prcdicl ship ,-c';JSlllnee.

SIlTlulmion of 110l"s p~,t underwater veli ieIe hull forms i, of eOllsidemb Ie importance

ill J,,"rin~ h)drodynamic>. Thi, is mai~ly <l1I('Ie- h,d, e-J rcii"ble and lutfLcienlly

ac~uralC cxp~rim~Jllal dalu. Gencrali,," ol''1u"lily "~p~rimCJllal Jaw r~quirc.\ a lorge

nllmher 01' hull forms and e.\Ilt'rimelllal l"ciIilie.'. III the ]a,l 11"0 d~~ad~,. difkrcnl

"r~as "f in~ompressibk nO\\ LTIoddin~ - inclu<ling grid gcneralion lceh"i'lu~,.

'Olulioll algorithms and luroul~ll~~ mmlelillg. and comp"ler hardware ~lir~hilili", -

haw ,,,iLncs>ed lrcmendou, d~,,:I"pmelll. In VL~W of lhe,~ dnclopml'nh.

compulaLiollal Iluid dYllami~, (Crll) call olfel a coS!-effeClive ,olulion 10 mall}

probklTlS inum1erwmer \'Chldc hull tOrlm. Ho,,~vcr. cilcctivc 1Ilihzml01l oj CfD for

!l1arine hydmdynamics depcnds on pmp~r scl~Clion of lurbulence mo(lei. grid

g~llermi"n and bO\lndary resolution. On the olh~r iland grid generation and boundary

[a"er re,olulion derends onlhe lind oflulbulellce n",del tbat i., ,,,ed ill a ,olulion

process. Hown~T. il ~aJl k said lhal Ib~ main i"u~ i, l",bulen~e modeling and grid

gener~tlon and boul\d~r) la,er r~,ollilion arc sub.isslIc,.

Many re,eal'chel's used turbulence modeling 10 simillate flow around a,i,»mmdric

bodie, Slllce I~!c seventies. The tlow around under water ship or Sllbmarille wa,

im.estlgated and the force acling on il '''\5 calculaled 0) a large Ilumoer "f

re.,earche". 'I he pre,ent re,earch i, inlluenced hy !he work of (;ertler (I ~50). While

5
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Ii <)77), White (J 978). Lin 1'1 "I, (1995). Sehwah"ch~r (2000), Sohaib (2(103). .Ic>ube,1
(2111)(,)etc

1.4 Research Ohjcctives

I he main objective oj tile prescnl ,wdy LS10appl) Finile Volullle ,\lclhod for lh~

hydrod)'llamic analySiS of fluid structurc Ill1c,-nclion(FSI). The invc,ligalion i\

carried out to silllulate incompressible flow ~round somc marinc SlruClures (c.g,.

ci'culal' cylinder. sphcrc. pc>(1and subm~nrlc) and invcsligale the viscou" drag arid

tlow pallcrn for dinCr~nlR~)nold, nllmbn,. Th,' 'pee ifi~aim, of Ihi, ,qlldy arc:

•

•

•

•

to apply finltc volume mctill,(1to analyze 11le!luw around marine ,lrllclurcs

w (Iividc the Ilow domain wilil dLlkrcn( lypes oj" grid and th~~k 11l~gml
ind~pellden~yon the predicled re,ulh.

to visualize the flow in wakc for I~mlllar wid turblilent tlow

lo ~olllpllle [he \,i".m" drag acling on Ih7 bod; for different Reynold, lllllllbe"

• to validate predicted re'\lITScomparing WIThcxpcrJlnenlal and other "\Illlc,ic,,1
results,

6



CHAPTER 2

2. COMI)liTATlONAL FLliID DYNAMICS MODELING
CONSIDERATIONS

2.1 Discretization Methods in Computational Fluid
Dynamics

~,ver" wmputmiollal fluid d}llamic,. in one rorm or another. i, ha,ed on the governing

eqUali,,,lS oftl"id dynamic,- the com;""it}_ enel'tly. and momentum equatiolls. 'I he,e

eqll"liolls millhetnatlcoll:y stnte three things, respectively: that mass i, """'"1\'"'1. that

~llcrgJ is conscrvc,1, ~nd that t,'rcc cqll~ls mn" ('lIle,; accclcmtion. In general. the,.

go\'erning equations can be written Itl tWQ lorms: the integral form and the partial

dittcrcnllal equation, or POE form, Though the lorm of the eqllatlons results little

(lit1crcncc Wilh regard to hydrodynamic theory. (Iitkrcllt form kads to vastly different

CFD ,,,iut;on algorilhm. Since COmrLLle" arc lllULbk lo direclly ,ulv~ lhe" govcrnLLL)'

e'ILLatio", or 11LLidmolion. the.'~ equalion, IllLLslbe lran,ronn~d inlo I,mm, thai

comj1uter\ can handle; namely. the I'",tial deli,'ative (or integral) equalion, muM be

replaced with disclete numbe". In ,h"n. the computational d"main is di.,cn:tiLcd So

that the dependellt vmiable, are compuled only at disclele roinls, LJcri,ali"c, aLld

inkgra!> arc appro"imal~(1. ",bid, k",1 tu an algd1raie r~p,-~,,'nlal ion "I' llic :;0""'" Ing

cquations. In this way, a c~lculus problclll IScltcctlVcly lrntl<t,,,mcd Into an ~lgebraie

l"o1>lem. l"here are thl'ee di,cretilation ,,,heme, in CI.I), (i) I.'inile Difference ,\kthud

(i'DM) (iil I,illite !'Iemenl ,\'Ielhod (I"I,M) (iii) Fillile Volume Mdhod (rV,\'l) "hieb

arc discussed daboratdy bJ Ver:<,lceg& Mab laId.cra. ( 1995).

2.1.1 Finite Differen~e Methud (fUM)

The FilM is the olde't "flhe metbod.,_ con.,idered 10 have been devdoped bJ Euler JJI

I%S, and is uled to ohtain "umerical 'OIUlioll to diffeleillial ~'1LLmi()n,b) ,imple

calculations, Tailor', series e~pan,iOIl, are u,ed !() gene, ate fillil~ diIT~rm~c

approximaliom 10 the deri,ative, ol'th~ Ri\NS ~qualion,. The dcrivilli.CI app~aring

ill th~ govnning equalions arc Ib~1l replaced bJ thLIC finile djlTcccriec CXPL-C,SL0IlS.



0"1"" 2. (omputotional fluid Dyn,mic., .'100c'llllgCOLl'id<I."k""

YLeld"lgan algebraic c<lualioll fU'-lh~ 110'" ,,,I'll ion al eadl grid poinL II i, lhe ,impkq

method to ~rply, bllt requires a high degrcc l,j regularily oflhe me,h,

2, t ,2 Finite Element Method (FEM)

Th~ HoM "''' d",dol,~d inilially a.' a proccdurc 1(".con'lrucling malri.'. ,olulio)]s lo

,l,-~" and di.,placement calculation, in .,truetural am,I;,i.,. rhe method lL,e, ,impk

riecewi,e polyn"m i~I funclioll., Oilelemen!., I" des~, ihe lhe ,arialiom of lhl' ullkll0wLl

110wvariable, When lhe,e appro~imation ilmdion.' ale ,uh,tillllcd into lhc governing

equations il will not hold e~acll). and lhe concepl of a re,idual i, inlruduced lu

measure the erI'OI", 'Ihese l'e,idunls a,-e lhen minim;7ed hy mullipl}ing hl' a leI of

wcighting fimctions and lhen integrating 'I hi, re",ll i, a ,et of algebraic ~'1uali,JTl' lor

lh~ uLlkno"n lerm; 0flhc apprw.llIlating fililCtlOIl,and hence tile flow ,olulion, ~an be

I()und, Finjl~ ~Icm~nl mcthod LS nOl used cxtcnsll'ely ~s it req\lire; grealer

C,)lllpulaLiollall'e""ur~es and Cl'lJ dTol'llhaLl "quil'"l~nl f1nilc volullic method,

2.1.3 Finitc V"lum~ .\lcth"d (FVi\I)

Thl' FYM methud dLscLTtJSCSthc Intcgral /orlll l,flhc governing equalio,,' diredly ill

ph;"eal space, Thc rc,"11ing ,talcmcnrs c.\prc>,>thc c~act conservation of relevanl

prop~lli~, I'm each IiLlitc"dl volumc. Finilc-,Iilkrcllee typc appro~lmation, me lhell

subsliluled I'Jr lh~ lerrIli>orlhe in!cgr,llc,1 C'l":ltiolls.lorming ~Igebraic equalion, Ilwt

are ,oh-~d h} an ile",li,e lllClh",1",hidll\ill ~e discussed in Chilptcr 3.1\, tili, method

,,,,,rks ",ilh lh~ cell ,olumes ami Il"l Ih~ gml IJitcrsCCllonPOint,. both structliled and

un.'lruelur~d me,he, can be usd, FI"" v"rillb]':, "m bc ,Iored either at Cell Celltre or

Cell Vertcx locations. Conwniently. rhe cell, coincide wilh lhe c('nlrol vul"m,; if

lI,ing the Cell Centered ,deme For tile Cell Verte~ ,cheme, addilional VOIULlle;aI',

requi,-ed 10 be con<trucled: howe,er. the .,~I",n", h", ll", advan\.age thill hounda"y

conditioll., ar~ more ~~, iI} aprl i~d sin~, lh~ vari"blc" arc knuwn 011~II ncllltldarie,.

2.2 Basics of Fluid Dynamics

In ordcr to undcr,tand the rcsults ofrhi, stud;, one m)l,l fir;l unde"land lh~ h~,ie' or

nuid no\\' con~epl, illcluding vi"'",il,' (Ii), dmlily (p). turbulent and Iilminar t1"" ~nd

Reynold, numher. Fir'lly, all nuids. "hdllC'r lh~y are liquid" l,r gas,es, ha~e a cenaill

d,n,ily and visco,ily. Whik lh~ defillilion 01' dcw"t)' I, ""dely unde"tood '" lhe



,,~ighl of ,e[ ",Iume (}f muterial, the dct'llilion or \';,~()sily i, much less w;del;

known. V;,c,,,ity;' a measure oh tlll;ds rC"\I~,,C~10(low. \','hen a fluid;, ,hem'ed (a

fOlce is applied). ;t bcglJls to slra;n al ~ ral" ill\'~"el; proporlional t(' the ,i,c,,~ity

(V~rst~~g l\lalalascKcra. 1995). Accordingly. a high vi,cos;t; translates to a slower

Illo\';ng l11ml,Togelher "ilh Ihe gcomclr, and velocity oflhe tlo'" situatiQn a \'~llIe

known a, the Reynolds 111lmberc~n oc assigm'd, Reynold, number is repre.,enLedh,

lhe e~pre"ion:

(2 I)

Where. lj i, lhe free ,lream flo" velocity and t. IS the I~ngth value sUited for the

';lual;on. Iypicall; lhe length of a \urf"ce or Thediametel' of a pipe. Reynolds numbel'

i, " dimensionless \'alue describ;ng the V;SCOLISbchav;or of all Newtonian t1ulds,

llecau>e dens;t)' (/-,).viscosity IN aLl(1L rcumin eon"talll lhwugholll lilc experiment,

the Reynol<lsnumber i\ <i;rccllypropurllonall<' In~ Ire"-,lr~am .•,clocil}'.

2.3 Laminar and Turbulent Flow

IIIgeneral, viscolls tlow over a surfil~e can b~ chilr:lClerrzcdin tWQways, Ifth~ path

I;n~, "flhe ,'"r;OIlSflilid ~letnet1l, th81Illake LLrThetlo'" Illo"e ''''''01111) and evenly.

'" ,hown ;n l'igure:2 I (~), the flow is c~lled lalll;nar. COIl\'el'seiy,;fthe tnovemellt of

Inc fluid element';' rough and erralk. a, ,I"",,, in l'iglLle 2.1 (b). the fl,m ;, called

l",hulenL Re;nold, numhel' ;, ,,1'0 nece"my 1(" di,cll"ing the d;fference belween

lal11ll1:11and turbllleJl1tlow. L~tlIL1wrjlo,," L, urd~r1y ;n nalurc and f(jllows smooth

,lrc~ml;nes. Turbulence b a ran<loJ1lpllenOmCnllll"J Ih", diwrtier paradoxically de,,'

to the deslab;llz;ng cttcels l,f v;,cosl1y (Vcr>leq; & Malalasckera. 19Q5).

--+----+--- --+----..-- --+----+--- --+----..-- --+----..-- --+----+---

F;gure 2.1: (n) Laminnr nnd (b)Turhnlent Path Line
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R~YI",ld, llumbel is med '" a mea,,"'e c,fwhen or where lurbulenl 110w will oC~ur, In

open now. such as flow over a tlal pla(e. 11IIhlllcncc lransilion oee"" al Reynold,

"limber of5xl0' ba,ed 011plale length "hel'e as "' ea,c Qftlow o\'cr cylindcr it is 200

[0 JOO (SlImer, 1997). I'he laminar to lurhillence transition point in eltiler tlow

lituaLion i, l""ed 011 the di"lul banee from lhe leading edge of the plate by the

hound"I'Y layer growth. It is nOTpossible to rl'~dlct ~ii.~ctly whcli thc transition frolll

lamin"r to turbillent flow will occur Since t8ctors sudl a5 frec ,[ream mi~ing and

envil'Olll1lental Iloise levels intlilellce the lransitlon, Realistically, most engilleermg

problems me in the turbulent dom"in, Llnderswndlng the difference between the,e two

(ypcs of !low is erilical in arwlyzl1Ig U Iluld dYIIUlilic, problcLll. since Illilch dlfferenl

a[l>w~r, Call b~ dn~rJllincd ba,~d 011the 110,,"COndllion. Thc chnraClCnZalion of the

flow field i, particularly importalll in this .'iud, hceau," laminilt' and turbulcm 110w

fields Cl'lllrillute very differelllly LoLIleLotaldrag on a given body,

2.4 Drag Forces

FIN' pasl an imJllcrsed bc,dy causes j;)l"CC"to b~ applied to tllat body, which are

<Icpcll<lcnl on ito ;Iwpc and thc nalurc 01 the 11c)w.Wh~n I1l1ld110"s ovel' a Clreilim

cylindcr lhe" generally lhc cylinder ISconside,-~d ,talionary, On tile othcr hand. with

regard 10 l'0d/'llbmUline. the body mmes lhrough Lhe fluid, wbile lhe Iluid i, mor" or

Ie" ,tationul'Y. Ilm,'eve"- analY7ing now paltell" pa,L a moving hody WiLh,laliollary

fluid i, d:namically "qui,aieni io analyzing ihl' 110" p"llnn around" ,Wlionnry bod,'

as Ille Ilow mOves, ror ea'e of er[) slilluia[lOn the later trame oj" relerence i,

employed 10 determine the fOl'ce, In ol'del' to compare dala hel",eell e>..p"rim"nlalleSb

lUll ,,,ing different 'peeds or evell l1"id, one ~all make u,e "f dy nam ie ,imilarily, With

drag value.' Ihi, "ommoll ground i., i()und ",illg a dim"n"ionICl" ~ocl"ficicm C,), which

i, determilled lhillg Lquatioll (2,2):

DRAG
( " -
l pU' A
2

(2.2)

A.s ,ho"n. the drag force i, made non-dime",ional by di,iding by lbl' dynamic

10



and the areu. Tile pQrticl[l~r arca ,,,ed depends an the shape involved A, a gener~1

ruk, the fmntal are~ ISuse,1 k'r blu(Thodie., (e.g. cyllndcr. ;ph~r~) and th~ \\'etted area

i, u.,~d for 'trearn line bodi~, (,-,g. pod. sUhrnarlfle), Th~ drag \'alu~ ill the ahove

ellUaliol1 i, the drag f"'~e on the body, "hi~h i, caused hy bNh visco", ((i-iclional) and

pr<o"ure (fNrn) effeds,

2.4.1 Viscoo, drag

'I he VISCOUSCIJCCISl1r<oa re",ll o[lhe ~i-icti(lnbCl"'c~n Ihc (luid alld lhc hod) and are

generat~d in lh~ boundal)' layer. Huid Ilem the bady is in ~ no slip WLulitioll. m~anillg

the !low dir<Xll" ne"ll" the hod) wall is al zero \'c1oeil) r~lalive 10 lhe ,elocity of the

wall This ~auscs shear ,lrc"c, I" he illll'Oduced to tile ]low. Turbulenec kinclie cnergy

builds up '" Ih~ now ra"e, over the bady crealing ,,,iriing vorlices lhal eventually

di"ipale illlo he'll energy, This VISCOuScIled aC~llunL,for ne~rl) ~II o("the drag on a

t1"t plate can be tound u,ing lh~ Equalion (2 .» Much more demil i, availablc tram

"lher resourcc, (Verslccg & ~lalab,ekera. I ')9-')

(2,3)

I"or this equatiOn D, is lhe drag l"on;e,." i, lhe \\'all ,heal' and the inlegral '\ OWr the

,mlaee. Bla,ius (19(j~) \Va, al,o ahle ta dekrlnilw th~ skin (i-inion endfLeienl or'lh~

flal plale, "hich relaks to Vi'COll"drug. Equations ~rc as 10010w:

0,664

" • ,
R<;:

1).027

" • ,
", ,

Laminar

Turbulenl

(2.4)

(2.5 )

(j i, the ,kin friction coetticicll1 ~lId ,s a me"""." o("lht" ,,~II ,hear on the flat plale it

Can be u,ed to deteflnine if cro rcsults ar<o"l Ic",t in lhe righl range fOl it, tillal

r~\uh,. Based on flat plale calwlatlons. the ,',seo", (Irag ~ocfJi"i""l i.1equal 10 twice

lh~ .,kin li-icti()ncoefficient OVCI'th~ oul'1ace, ,\gaill. thi, is only an arpro~illlalioll sinct.

"n ideal nat plate is r~]'e in practical ~pplic~lil'IL;',

"



-
2.4.2I',c,"lIrc drag and flow seJlM~ljoll

Determining the boundary I~!c,- 1l1ickllc,s from nJI rl~le theory cnn only net as ~n

approxim~tion since l1al plate boundary lay"r development is not atkc!cd by pre"urc

gl'<ldients, In mOIl pradical ea"" lhere will be pressure gradients thai vcr~ much afieel

The boumlar) layer Ihickll"" Neg"!;\'e pressure change, or where pr~_"ure i,

d~creQsillg Qnd \ducily i, ;lInea,i"g. ar~ known oS fnvomhk pressure gradicllls and

kad (0 a thinner boundary layer. I"l'iti,e pressuI"C change, or where pre""," i,

incrca,iLlg and ""i,,eily i, tiecrea"illg. are known as adverse pres,",,- gratiicm,

(V crslccg & Malalasekera. 19;15)and lead t,) " th ,eker bouJl(lmy layer.

He"'- separation dc,cnbes lhe phnl<'lllCncm ofhoLLllJury I~yer seporating frotn the body

and oftcn re~ir~ulating hack tow~rds the tlow. rlow separation cannot oCCur un<lcr

lavorahk pre,"ur~ gradient, it QC<.'EJrsonly EJnderan adl'crsc pressllr~ gmdicJll. For lh,'

~a,~ 01"a pod OJ'a 'llh"'<lrine hlill trKlng dircctly into Ihc n~,w. (hcre is a lavl'mhl~

pr"ssure gradielll at the front Qfthe 1",11.near lCI'Qpressurc gmdlcnt along (hc hod) of

the hull and an "dverse pressure gr'ldlcJ1l alL'llg thc rCar of lllL hull. ,,'alurally. thnc i, a

potenti,li for the flow to scp~m[c at Ihe rcar olthc hull. IJ lhe aJ\'n,e pr~"ur" gradi"nt

L, too IlLgh lhc Illlid n"ar thc ,,,dl will siall and separation ",itl OCC\l1' A very

Lntere,ting und lbcful point to note ahout '~rill'~tjOtl is thilt iI1the ,cpmil1l(>n P"ltl1 [h"

""II ,hear equal, 7ero. and hence there IS no VISCOUSdrag contributil,n. A zerl' w~11

,bear CllndilioLl~an he J<H,kedf"" to det~rllline iftlow separation hos occllrred.

I're"LLre effect, arc dependent on rhc perlurb"tioll thai" bod) ll1ak~, ()n lllL Ilo". A,

tluid movc\ around an ohj~d. th~r~ exi,t, a p,e"L1re differ~nce het"'eetl the front (lnd

lh" rCar of thai ohjec!. A,tthe froll1l1fthe r"d"-s"l1lll"rine hult exist~ ~ stagnation pOInT.

"her~ ILigh pr","ul'C is tbe r~."L1("f a near q"P in fluid 110w. Sml'(llinding the

stagnation poinl there is a favorable rr~SSlIre gra(lient ",itb higher velocities. AI tll~

rcar therc is an ad,cr.,~ pr~"me gradienl with low velocity and the poS'ibility of

scpannion, Thc dfccts of pre"ure differell~e.' appear ill th~ genelul equation f()l'

pres,,,,e dmg"' givnl by,

f) =jpfH" ,

12

(2.6)
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Tne cffcn, of houndar) la) cr d"plac~mU11.,eparation and "i,co"" los.'c, wn[l ihUleto

(I pre"urc diITel~llce hdwecn the frolll and the I~;lr of an objecl. Il i, the pre",ure

dltfi;rence mer the area of tne shape lhal make, up the pressure drug. Str~allliined

objc'cb have relati\'e1y liltle pn:,,,,r~ differ~nce between the Iro"t ""d the ,-ear and

hCllce Ih~ viscous dr<lgi, domi""nL, Hluff hodi~s induce Jlow ,cpamlioll al the rear.

which incn:a,~.' tbe pressure dilti:rcncc, Ih", making lhe p,-essuredmg dOlllLllani.

2.5 Grid Generation

Anal)1ical SOllltlOn,01' l1"id dYllamic, prohlem, itl\'ol\'c c1o,ed-lonn malbemalical

~"pression, thaI ,k,crib~ lhe v",imiCln or rhe <lcpclldenl variahks ~onlil1uo",I,

througbOlll Ibe now domain. 1.lowe,eL tllllllCI'lcal,;olver, canllol gc'nc",le dmed-fo,.,n

a,,~I)lical e.'pre"iOll'. hill it c<lnc~tCLJlalC\'alll~' of lh~ dependent variahle, only ar

,Ii,"rd~ poinb in the dom~ltl. These pOLI1l>arccalbl grid point,. or node,. In orde, to"

a ~ompUlational fhlid dyn~mics cod~ 10pL'Uvid~a ~omplete flo'" field desc"ipTiontor a

partieul"r problem. thc LI,er lI\u\1 ,pccil'y a glid thaI lei Is lhe flo'" sol\'er ~1 what

locations in the probkm domain lh~ ,,,IUlion i, 10he computed. The specifLcatlOJls01

the grid construction can ba,e a major illllllellC~on the fidelity ofthc solution and can,

in fad. delermine "hclhcr a ,oluli,," i.,even ollainable.

2.5.1 Sol"J;"n d~pend~n~c on grirt

'I he qUillity and c1tlclency or' lhe Ilume,-ical solulion is highly dependent on lhe

construcrlOJl 01 the g,-id It.,cd in lbe compuldli"n"1 model. ~ever~1 tactNI mUSTbe

c,""idel~d when generming Q gml to el1Surelhallhc h~,[ p""ihl~ numericalleSlllts are

ublaim:ti wilh a parlklliar sohnion <llgorirnm, Grid poinL plac~m~n[ call have a

SllbsWlIlial cITcd 011 lh~ slahiliTy and cc"lVergetlce of lhe numerical wlver. For

e~~mplc. il' grid poinls are no[ ade'tualely cnncet1lr~ted in regions 01 high 110w

parameter gradients (,uch as ncar sho~k ,,'a,c.', in houlldary layer sepo"aTionregiotls,

nr ne"r stagnmion poin!>). Ihc Ilumc,-ical'Clive, mal not he able to adequatet) resolve

these gl'adiclils in the (low field. Hecau,e ohlaining the ,,,Illti,,,] numerically is an

Itermivc procel>, il " possihk, and quile likely. tba! an inSlltTIcientlyfine mesh will

preclude the adequale caiLutali"n of importam 11m' feature" leading 10oscillalion, in

cmnp"ted paramelers or e,'en <ii,erg"Tlc""f lh" ",I ulion,



III tlilmencal gml cUIlSlru~li()n. lh~J'~ is"" illlpunan( lradc-off hel\\'een me,h density.

"olllllon c11icicncy, and ,,,Iution ~ccllracy. G~Jlcrally. th~ more grid points contained in

~ glv~n grid, lhe more aCCllrm~ th~ IInal. ~ollvcrg~d ,olulion will be. How~v~r. the

densil)' of the grid e~nn[)t he arb ilrari 10'Incr~8;,~d wi Ihl'ut bound. Com puter prOee"Ol'

,peed ~nd mcmory limitmion, <'ften dictate how linc a mc,h call reali,tically be.

Incr~~,illg the dell,ity of a mcsh 100 much c"n 4uickly cau,e a gi\'en problem to

hecQme intracmbk. /\Iong lhese ,ame lille.,. it i, impot1ant for thc CFD ~nalyst 10

e~l'dully eoneenlml~ grid poinl, in high-gl'adiem regions while kceping lh~ grid

(Icnsily lhrollghoullhe majorily of the compmatiollJI domain Jim' ~nough I,", a~~ur~~,

yet ,pa,,~ cnough ror 'peed Clearly. the mn,llllllm ~llowablc grid poinl dc",it)' ol'a

particu lar simulalioll i, high I)' dependent on Thespee(1 and eapabi Iities or lhc compulc:r

platfol'm bcing u,,,d.

In the caSG of llLl"trunun,d grid, .. ,,,ILtlion accLLrac,'. convergence, and etliclenc)' are

abo highl~ d~p~lld~1l1 on the ,h~pe or the elements used to tOt'Ell the ITIC,Il. Two

prim",y elemetll ,!lapes ~I'e uled whcn ~ellcratlng un,lrucI",ed grids: Iritlnglc, ami

'1l1~drilalelal,. Due to fe\\'el' constralnls Oil thcir IISC.grids eOrl,lrllClCd 01 lriangular

elements al'e often cR,iel' to build arollnd ~()mpln geol1lelri~s than are qu~drilalelal

glid" e'pecially ",hen using ~n RU1Om~ticgrid gCllnmion program lik~ CJA~1BIT,

Element skcwne,s also tends 10 be' Ie" l,fa I"Clor wilh triallgular el~mel11 grids, ~ill~e

the I'eiati,e ske,,'ness 01 elcmcnts h~s a direct II,Il11CIlCCOn th~ r"bustl1~" uf lhe

Ilutllcl'ical model. p~rtiellh"ly in high-gradi",l I'~gioll", triallgular elemellt-ba,ed grid,

!lold all advantage in this r~g"rd, H()wn~r, (he price one pay' when using trianglll",

elements is in efticicney, Since 101' ~ given lIodc di,trihulion th"rc is II high"r

wllcenlralion of tri~nglll~r clements th~n there would b,' of 'I uadrilalcral clcJl1~IlI>. [he

u,e of ll'iangular elemcnts incurs n largc spccd pcnalty on Ih" numcrlcal ,,,"cr.

Anal.lsl' mlL,t al", take inlo aCCOlinTThe Size of thc eomplilation~1 domai" whm

mudding a CFU prohlem,

2.5.2 Strudured grids

Thcrc ar~ lwu t, P"'S or grids commonly used in tTD research today - ,trllc!ul'ed grid,

and un,truelur~d grid.,. Nalurally. e~ch typ~ has ils OWIladvantage" and di,advanlage,.

alld lh~se faCIO" mu,l he carerLLlly weighed 10 detennlne wllich type of grid IS best

,,,ited 10 ~ particubr problem. 1'l'e(llIenlly, the computational dOlllalJl of a givcn



prohlem i, ,elected to be rectangular in \hap~ ami ii, inlel ior grid point, are dl.<tribllted

al leguiarly-'paced imer\'~l> along g,-id lines, ~ince the grid points c~n be identified

ea,il, with their I'e'peetivc gri(1 hiles. ;uch a grid i; called a SlI'llctured grid, <;rruel1lred

grid, reyuire a llansformation from the ph)',ical "'paLe 10 lhe ('omp"tational sp"ce, On

the other hand, another typc or wid s},tem can he constructed whcre thc grid p"ilLts

cannot be directly assoe,atcu with ()]ueTl,'. defined gl'id lines; though not raJltI"JJl, lhe

dis1I'Ibutil,n of grid points cannot be pl'edicted in a '\'ell-defined JllaLlnC,-.Thi, typ~ of

grid is called an UL1\tl'ucluredgrid {I'lorrm~nll. I ')()~J.

Within ~ reetanglilar phy,ical dom~in. the gelle"nirlll of a compllT1ltlotl,,1 grid with

uniform spacing is a rcl~livcl} ,imple ta." i)nforlllnJteiy. the miljorlty 01 phYSical

d"main, of interest are not ,trietl) rectall gul" r in shape, Tr)' ing 10 imp''''' a r"~langu la,-

computalional grid on a non-rectnngul~r phY51cai dOLl",i)],,'iil r~quirc inl~rpolalion It"

Ihe implementation of bOllll<1aryfond,li""" This i, nol de.,ired .. ,ince the houndary

condition, have a major impact on tile quality of lhe Llume,-ical solution. Furthn,

complicatiolls in discreti7ation ~t the edges 01 the computalional domain ma,~ lhi,

approach Ie" thun ideo I. In order to overcome thc;,c <IiI1itlllli~.', ~ !ran,r",mmion (Tom

physical sp~ee to computalional space is inlrodll~e<l that will map a nmHectangul"r

coOrdLl"'l" s),t~m in lhe phy,ical ,pace to J l'ed,lngulnl' system ill the eOIJl[Jut,Hil,nal

space To eliminale the discreti7:1liotl ditflCllltl~;' ns>oeiated witll non-equal ,I~p ,ize,

in lhe computational domain, purticularly 1'01'the tjnite-difrcrcnc~ approach. phy,ical

dom"i", are genelally transtormect into recT1ltlg\llar.constant stCP-';IZC.eompulationnl

domain,. Ab", it ~an be seen that detoJ matlon of the phy,ical domain I., u'lwlly

nece"~I")' 10 obtain thc computati"""i d,'main.

To <lctcrmin~ lh~ mapping of grid poin!., in phy,ical space to computational space, a

lew lim ilalioLl.' are necessar}, Fir.,t, the mapping nn"t be one-to-one: grid IIties can not

Cruss "ne aL1oth~r. Second. a smooth grid point distribution, 'Ulnim"", grid line

sk~w"e,s. near-onhogonality. and Ulilcelltrmioll of grid pOilllS in region, of intel'e,r

(i,~, high il,)" gradi~m, or la'-g~ depcnd~1l1 \'"riahl~ nuc!uationsj al'e all desiJeu. 'I hele

ar~ lhree primary 'tructured grid generatioll tecill1ique, prevalellt today: algebrai~

fJl~lhod" panial dilTerenlial methou,_ alld cOllfOl'mal mapping, ba,ed on c('mple~

variable,. Each of lhne l~chniYlle, il1\'"h-~, ",king a 'y.,tem of eyuatiolls: given fixed

,tel' si7,es in the comput~lional ,lumaiLL. tiL~",Iution of lhe," eyumi",,, p,-", ide, the

15



coordinotes of (lie grid points in the ph)S1cal dumain. Modilyillg certain paramctcr,

within the,e equation, "liow" the ~Ilal:ystto tailor lhe grid (lo 'Ollle degree) to pl'ovlde

higher grid re,olution in rhy,i~a[ ~reas Qfinterest (bpLLlldarylayers. separution regions.

etc). rUlally, the grid 'ystem m~y be Cilh"j Ii.,~d or adapli\'e. A ti:wd SYSICI\lis

gcnnaled prior to the SolUlionoj lh~ governillg equations nnd doc, nol chang~ '" a

resul1or lh~ -,<,llItioll,where an udaplJ\T gri,1 'Y,[~lll morph, as a result 01 the sl,lmion

(Jor ~~ample. grid points rna) bccoillc eOJl~"nlrakd ill region, of high gradients. such

ao iLllh~n~ighho]ho0d ofa ,ilock wnvc),

25.3 Unstructured grid;

Il is inte]e"tillg to nOTethat di5crelizalioll 01 a domaill ~all be a~cpmplished eithel'

directly in the physical 'pa~" or in lh~ lramrormed l'ompututional SpiKC;the choice

depends Ill~inly l'll the ,,"merical ,,,Iulioll melhod alld tbe domain of the soilltlon, ror

thosc solution sch~I11~,'wher~ lhe gm'erning fluid d)namies equations are ilH~grmcl1

tnllTlcrically on (Ilc ph),ieal dom~in alld .,ol\'ed. the corresponding grid systelTl IS

Llsually gem:r:!l~d direnl)' ill the I'h:ysical donl'Hll, In such cases, lhe dOLnaiLloj"

Solulion i, divided into illdividu~1(ell, (u:mall) Triangles or quadrilateral> in 20 l"

pymmid, or tetrahedl'ons in .1[)) atld lor the,,' c~,es. lhc grid poinb g~n~rall) ~ann,,1

b~ as.,o~iated wilh grid lines. In>lead. locillic'ns of points IlluSI bc indi.idll"lI:

'pecitied. 'Ibis type of grid system ISkIll'''''' uSall u"llruelu,-cd grid. In lhi, 'ludy lhe

lI]"tructmed gl'id is IIsedonly in case l,1sphere llLodd.

!:k,jJe, beillg J. n,!lural choice ~c'"lI'e WiThtinite "l,iume n",n~rical sol,c,-" the,-r arC

also a number or a,l,anLag~' lhal un,ll'lLdu,-edgrid, enjoy over stl'uctured grids 'Iile

main nd\'antagc or an LLnslru~lmt"dgrid i, Ihm il call he used ",ith equal e<lseand

,"cce" o\'er ~ "Ide yaricty oj";lIrluc~ ~~ul11nri~" Ul1,trLLcturedgrid, can also he u,e<1

1'0]hoth il'reg\llar. singly-conneelcd dl'illujn, a, "dl "' mulliply-connecle<1domain,.

Sillc~ lI",[rll~lllred grids do not rely at] ~ rnJtliclIlatlcal transtonnalion, or mapping,

rrum ph~,ical 'pace to computalional space. tlley lend themseh'cs more read ily to node

pla~~ment "plimintioll In olhel word,. ITis much casicr to ~rbitmril) concentratc

poinls ill regions in the domain c,f high illteresl: tor cxample. lIear largc pressure

gr~dielll,. i,,,ide bOllndary toyers, 01'arOllnd ,ilo,-h. l3y the same tokell. LHISI['IJctur~d

grid, are al,o mc"e easily coupled "'Ith gml reIJJln""1ll llTIlniquc, J(" aulolllall'd grid

adaplalion. Howe\'er. ullstructul'ed grids haw (heir drawback-; '" "ell. Since lhe

",
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position 01 cach node i, not ddel'll1ined bj thc ,olulion lo ~ ,el of eqllaTlon" bill

in:;[ca,1.I, dd,n~d "~pli~itly. there is a 511bSlllll1laiamount 0I'hook-ke~ring ,ISsoci"led

Wilh Jd,"ing the position of cvcry JloM in Ih" Un'II')IctllredIllc,h, Thi" uJ,kJ dala

mUlliJi:,I.,ihelf i11increased progmm ~Ol1lpb,il Yand ,-educedcomp1l1alJon~Icflicieney

l,fCFD ,oluliolls "fpl'0bkms !Isingumtruelu,-"J grid, compared to structurcd grid;,

2.6 Two-Dimensional Versus Threc-Dimensional Modeling

~ince most physical flo", arC lhr~~-Jim,.n,i()nal. it seems logical th~t a th,-ec-

dimensiC\nalmC\dclwould b~ th~ ideal ~h()i~et,,, "..,Iving most real-wC\rldproblems.

Howcver. in lho,,. real fl"",s \\'heJ~ lhe ,,,Iiem teaturc, are ptim~rily lwu-dimcL1\ional

or axisymmctric in nalure (for "~~mrle. flo\\' over a l1ighaspcct rmi" wing or 110w

~rouJld a ,phcrdl'odisuhmarille re,>pecti\ely). two-dimcll,ioJl~1 cornpulalionalllludds

"licn provide a ,ufficienliy accural~ description "rthc major flow ka1L1f,' lu f<Oluk,-

[he"illelu.,ion ol'lhe thiJJ dimension IInnecessilry.11Itact, lh~ additi(}n"l compulaliomti

I""d incurr~J h}, modeling ilnd 'oiling a fiJl1llircc-diml'n,ional flo" field can be

,uh,lalllial; illcrea,es in solution tim~ on thc ,,['de,-Dflcn or m(Jl'~~fl' common. Two-

dilll~lloillilal solutions are, of COlm,c.ull~hle 10 rest,I,,, complex lhree-Jime1l5ion~1

flow features (likc 3D vortcx interactions]. but in lho,e La.'''' where the phjsical

geometl'y warl'ants 11,2D Ilwdcl, arc ulle" prefL,-red for the oig:nificallt efficien~)

advantages they pwvidc. In add ilion, the "'phi-;lic~ti()n of Wids required for lwo-

dimensional problcm, i> grcatly f<Odu~ede(""l'a,-~d 10 lh",e re'luiled I'OJ full tl1fe~-

dimensional simulations. TIlis 11a!,",!vanlage.; hoth for the ~naly,t anJ the grid

gGJleralion .,ofl,,'are - lhe anal},t can de,ign a 2]) computation~1 mcsh much morc

quickly [han a 3D me,h. anJ tbe grid generation software (In tilis case, G,\M!3iT), can

compule lhe a.,,()~ialed node di'lrihution for " gi,en mes" boundary ,pacing much

IlW"~etJIciernlj and wilh a g'-~aLcrdegree "I",ucce" t()J a 21) case than foJ'a 3D C'lse.

~Ince G/llvmiT ha, occn sh",'n 10 hav" JilliLull)' genel'~ting quadrilme"l1 element-

ha,ed meshes tor 2D geomctric>, adding a lhird dimemion would prm'ide e,en more

cOlllplc.\ilyand in~r~a,e the likelihood ol"ullstructured me,h generation prohlem,.

2.7 Steady-State versus Time- Varying Solution Techniques

Thc laSlmajor ~ollsidentlion lo he made wilen ,olvillg a partlClllar eFD problem ISto

dccidc whelher 10model the pl'Ohlemusing a steady-,tmc lcchnJ'Iuc or" lLlllC-VaT)ing

,•



technique. Since ~ll rcal-w"dd problems wke pl"c~ O\Tr timc, il ,"ems llaLural to

n",del problem, as time-varying. 1'I"we"~I_ tilere arc sevc<al ~omp~lling re~,ons

againstlhi, approach. Fils!, irth~ ilo'" paralllele" Jo not vary with limc thcn a ,teHdy-

,latc t~l'hl1ique is the ohviou> choice, Sccolld. e,~n ir lime-,ary;n~ et~ments are

prc"tIll in lhe real flow. there Ill~Yhe goo,1 rC~,on lo lllodel the tlow lL,ing a ,teady-

smk approach, in whi~h C"'~ lh~ analy"r mllst dekllTlinc how imponam th~ limc-

\'arying dem~llt, of the flow Qr~to the ov~rall bel",,,ior ,,1' lh~ 'y,km. For one, in a

[ill1c-,'arying aprro~~h. the governing !ll11ddynJlillC, equations mu,t be di,crL1ized in

;pa~e and lime. i\'ot only does tilts complicate thc SCI oi' algchraic C<IUaLion!>Ihe

numer;cal ,olver must manipulate. hut sub.ilerations hecome neee;.Iary tu eOlllrUte a

fl<i'" field solll1ion 1'01'each in,t~nt o1tilJlc. III othcr "md,. lhe ,olver mu,l ~chieve a

converged solution tor e~ch inel'~melll of liJlLCthai the analyst ha.' ~hos~n to model.

"Ihis C~JIincr~a,c th~ 10lal ralC of cOllvergence Ill' ,eve",1 ordel' <if magnitude and

reduce tlte compmali{w,[ dlieil'ncy oi'lhe n",dello the point where the prohlem i, no

1c'lLg"rlra~l"bk. Abo. sin"e convergence of each ,ub-iteration mu,t he attain~d prior

10 pro~""ding on 10 lhe nnt lime ,tep. the likelihood of solution n,cillalions or

divergence i; incre~,"J.

The major drawba~k iL1modding ~ rl'Oblem as slead}-sLate i, lhat the p,,,sihilil} ~AisL,

tho,c imponant a;p"cl, orlhe now will he ",'erlook~d For e~alllrle, time-,arying and

p"riodic hella,in]'., -'lL~ha, ,.orln Illi~ing ~nd vort~, ,tred,. and lr~n,ielll hehavior,

,uch as now aeeeleralion and deceleration "ill not be captured when w;ing a ,read}--

>lat~ approach. Again. intuition on lile part of lhe tlu;d dynamics is necessary 10

dclcrm in~ "hether lhe omis.,ion or .'u~h aspect, of the !low wi II have a I",ge impad "n

the o,"~rall accumcy ofthc solUlloJlgenerated by lhe !low ,01wr.

'" •



CHAPTER 3

3. THEOHETICAL BACKGROUND

3.1 Governing Equatiolls

The conscr\'~ILVCl'r d Ivergence tonn of the 'ys[cm of cg\l~t1ons "h 'eh go' ems the time

dependent 1\, 0 d lI\lcnsil,lwl now of an incolilpres,>ibic Ncwwni~n fluid is IV e,-steeg and
Malala,ekcr".1995].

,
M~\'kOlltinuity:dit,(u) '" (I (3, I )

X-lTIomentum

J'-111()III~L111lm [
8, ("] 8,:1' -=.-+diVIVII) =--!-+dl\{lIpadv)+S,
yl" eel"

(3.2)

(J ,3)

~
\Vhcrc, IJ = (Iensity, jJ = pressure. I = tlllle, " = IIi + ','I = velocity vt'etor, ,Ii ~ vi,co,;r".

and S ~ ,,'urce term. 'Ihe "h",'e "4LLaLion, arc kill''''' a, con,,:rvalion cqualilln" as these

equation" obey tll~ conservation rrillCipk, or' 111"". momentlllll and ene,-gy. IT is cleo,'

lhal Ihere are signifLcant col11l1l(jl1alilic; Hmong "bc',c the various vquations. So tlle,~

C4"aLion, ~an b~ wrilLcLl ill a gcnc,"1 I'lnn Wid lhal general cyumion can be SQlved

J1umcric~lIy instead of solving eaeh equation IlIdlvldually. Il) introducing a general

variable p the conservative form of all Ihlld 110weqll~tions can he written,,,'

In \\'ol'ds

(3.4)

RateofincJea,~
oflf)offluid
element
(Un,teJdytermj

Net rate 01 Ilow of
If) out offluicl+ dement
(Convective term J

Rat~orin(',.ea,~
ollf)dueto
dilt,,,ion
(Dim,,;, e term)

~alcof inu~a,c
of\,dll~lO

5"'''''"
(SOUle, t~l'm)



(,IUlptei J '1hcoIC,icol ~"kgroulld

Equation (3.4) IS thc so-called lranSpOl't cqllntil'll tor property <p,In order to bring ()LJllhe

COl11m()nfeatures we hove, of course, had to hide tile terms that me not shared het"eell

Ih~ cljuatHJn, in th~ SOurCCltrJl\l, B) ,elling (j) ,'qual to I, u, , and sclecling appropri~tc

\'alue, lor lh~ dilTltli,t ~ocl1i~iml r and ,,'ur~~ knn we ma" oblain Equaliom (3.11 lO

(3,3), Equalion (3.4) i, ulnl '" tb~ II,nling puint tor compLEt"lional proccdure, in (h~

Iinite volume mctllOd.

3.2 Solution using 'Finite Volume Method

Ih W~ haH' ,~cn, all dirJcrCLllial cquatio", ~f~ ~oJl,;~rvalioL1 equ~(LOnS for IlW".

momentum. energy'" il is ne~e"my thai all di,n"tiy~d e4Uali(Jn, allo obey lh~

~on"er\'illi()n prin~irle. riLlile volum~ meth"d i\ inhncntl" con,efvalivc mdbod bee~u,e

tbe flu~ going ollt tbrough a face of OLleconlrol-volume is exactl) cqllal 10 lbe tlu~

~('llling inlo the adja~enl c"nlwl-v"luml' IhrPugh the ,am~ ra~e, Induding di,crctization

r"llowing BIer' are iIlvolved in finik volul1l~ m~lh",l,

l. Divide lh~ domain inlo Iinil~ wlIlrol ,olumc"

ii, Inl~gra(e lilt differenlial cqualion, "VCr each e",llrcli volume,

Ill. Appro.,im~tioL1 of volumc ~nd surfacc inkgr'n I'.

I, Di,creti7alion and interpolation using IID~ or CDS .

.\,1.1 Control \olume f"c~s lo,'aiion

HerNe going 10 di,creli/alioll ".bt'm<' il j, impo,-lanl 10 dellnl' lbc girding wilb ,ign

~ollvenlioll u,ed in this method. A porti,," "f lhe 2-dimemi"nal Cark,iaJl grid" 1111

f!~neralnolatjon in IInile voillme method i, sh",\'n in figure 3,1. In the !inilc volumc

melhod. to cakulal~ all {]u~~, lhl'Ougb lbc wlll,-,,1 volul11~, locmion of it> faecs is

imporlanl ,ince control-;(,Iullle face.' definc rhJ,i~ally" cOnl",1 volumc.

Dis(.rClizalJOll i; done in general !erms so lilal it e~n be applicable 10 each C()I1110!-

volumc. TIlCr<::~r~ tWl' "~ys 10 lo~ate laces of control-vo!ume with re'pecl 10 grid

POItI1,.
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Figure 3.1. 2-D Carlesian Grid "jlh General Kola!i,," in Finite Volume
Method

I Face, of coll(l'ol-voIUines (e V) located midway between the g.ml pOLnb,

2. Gri J p,,; Ill' are placed at center< of c(\I]tl'OlVQ11Im~,

In the firsr ca;c. gri,j p"inb arc ~oll,lrLLd~J Ii"l ~nd then CV faces are placed mid".a;

bel,,~ell these grid POints, In lhis ca,e. the gri,1 puim, do n()lli~ 011gUlInclr;" ~cnLc" of

the control-volumes. Special care \houltl b" lak~ll while dealing with boundar" cOIll",1

\'0 l)lm~s, At boundary. ll1i, pra~lic" lead, 10 a ,,"t ()r half com",]-, "Iume, and therefo] e

di"crclizalion ,ch~m~ ror bounciarie, ha\'e to be ch~nged,

I" the ,econd case. control-volume hOlHl,lari", un: <1m,," ILrq and lhell grid poiLll, Hr.

pla~~d H[ the ~el1lre of eoch contml.\'oluIllC. In ~asc of un ifOL"mgrid bolh s~heme, ar~

Idcntical,

Th~ Li"l .,cheme i, mOl'e accu""te lh~" fhc ;ceuml Oll~ ill ~alcllialing diffll,iv~ nll~

bccau,e lh~ ,Iop~ 01"line (for linear profile of vari~ble) b nearly the ,ame as lh~l of

sl"pe oflangent to tile parabola (parabolic profile) evalualed mid",,,; bel"een the grid

points. Second scheme is JlIore ~()n\'Cn;l'nllhall the II,-.'!one heCa'he it cover" the ",hole

dOITWIJIwilh ,mall Jillile con[rol-volume., Ihe cOl1tl'Ol-\'ollltne cenle'o he on lhe

geometric cemrc orlh~ ~onll'Ol-n,llImc "nd tl1crl'i()Je midpoint nppro"imatiotl ",hid, i,

d,,,,e dUring di,crclizaliuJ] ill nc~l ,cclioll will be nwre aCCIII'ote.

•



3.2.2 r lltegration of the Transp"rt Equati""

rhe key step 01 !lnilc '''JllIlllCmelhod is th~ int~gra1ionof the tronsport E'l"alion (3.4)

ov~r each control volumc yielding

[1"" "']1I' -<1"+1 <I''''[''''I<lv = <In'(l, " UI """ ( ,

The volumc inlcgral\ ill the ,econd l~'lll on tile ldl hand ,idc. thc conveclive lerm. and

in the li,.,[ term onlh~ right hand ~ide. the difh'si,c term. ~rc rc-wrillcn '" inlegra]; OWl'

thc cnlir~ bounding surface ofth~ cOnTrolvolulile by using Gau,,' divcrgenee lheorem
,

For a VCClora lhi.' lh~melll stat~,

,
n adA

,
Whcrc n i, lh~ veelo, normal to ,utiace elemcnt ciA,

Apphng Gall.'" divergence theoreln. Equation (3.5) call be Vvrillcna,

In >lcad; sla[~ prohlenl', first lerm l,f Equali,,,\ (3,6) i, equal [0 7e1'O.'I his lead, 10 th~

inT~graledform 0r the 'leady transport Cqll~1IOll

.-( -' -,
pin 'l'" IdA = 1n (r grad r,J}Ii! + [, ,".,r/v.A ~, .Y

(J 7)

Here we ~re soh'ing Ihis problem in h,n dimensions that i,. in x-v plane. >(, il can be

written as

1'[11"""'-j,I",,'e j(""'- jl'",,,}
1 I([. ~'P\1)' - 1 1/r ~(oJ\IJ'+ r [/ r<'")\r/x - f l'r-~;')\ir -'-j .S.<lx<lv
'\ c,x) ", 0-'" ''', (-:,' "' '"' .J

Herc. lhe lnm p U 'P is the convective 11u\amJ r' gnul 'P is lhe diffusive flux,
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3.2.3Approximation uf int~~ral,

The next slep i, lO "pproximaLc the Ilux inleglal, \\,hlch ~re done by two kvels of

approxlln~lLOI\, ('onlidn,t~ Ihc 11ll.\,in the;''' direction. In tlrst le'elthe integral is

applOximated in term, 01 the \'ari~jhk \alll~, al ()n~ or more location on the cell fa~e.

The simple.,t way is the midpOint rule jlux, wh~,-~ lh~ f, i" approximaLed a, the value al

the ~~nlre ofC\' face. The midpoim rulc is a ,"~,,"d orderappro,imali')Il, "0 in order to

pr~,erve the second order accuracy the inlcrp"btiPIl ,hould "I.", he or se~ond order On

the ea,t face 01 eontrol-volllIllC, Ihe midpoint rule applied a"

l..r,dv~(,lJ.y

<;ourc~ lerm approximation" done hy applying the centre value of the source Q,

r~pre,elltative \'alue for the" hole CV. Thus, Equallon (3.8) hccollle,

r[(!!,.,), M' - (""),, ..••.v + (,',,),,~, - (vp), ""xl =

(r~0\1 ~v-(r:(PJ\ ""y"'I'-j"~(~J\_\.\'-(1A",'i \x"'SI\<Ay
I, ux), , ox" ,U), I. ''''j,

'I hi, can ~lsobewfinen

']0 simpli!'y the' ahme equation, the cQn~ective tlu~ is denotcd by F, thaI i,.

Eq(l~lion (3.10) now be simplit,ed to

(3.9)

(3, I 0)

(3.1 I)



3.2.4 Interpulation

A[kr lhe approxilllal ion of lh" inlegra Is we ObHllll1:qllQlion (3, I I) involvi ng lhe value,

01 flu.~c; al each CV taee. wilh (JJ ~s lHl~1l0WJl,Since we want to calculate the vmiahle al

each grid point. II is reqUired tn write ,'I at tace locatinn in te"m or lh~iT ",lues al lhe

grid point,. Thus. we have to Intel polme l' hetween grid poinl,. I he,e are many ,ehcJJl~,

available for app",~imation T"o basic ,chelll~' ar~ lh~ CenLral Llifk,en~ing SehelTle

(CDS) or linear Interpolalion. and Up",ind Din;;rmc;ng SchcJll" (UDS), Dllfi,sLvc rerrll

is genel'~lly di,cretized using C[)~ appro~illlaLion wherea;; convection IeI'm can he

di,creti7ed by any ,cheme depending on [he 'lrength or [h" wnvcclion (Ve,-,Ieeg and

Malalasekera, 1995).

In the present ,ludy. lhe co",'~dive lLrln i, di,~relized by upwind ditfcrencing scheme.

In the upwind method the variation of p belween l"o grid poinll i, approximated by ~

z~roth ord~r p"lynominl. i.e" n const"nt v~l)le frotH the grid node in urol,~am di,eclion.

"s fo, eAHmplc fo, a 110w in PO,ilivc.r dirceliun we wke i{J, is equal to the value of,!, in

up'l,~alll dirtclion whi~h i, i{Jp'

iF ";, -' (I

Jff~,<O
(3,12)

ifF,,>O

If F" <0

if f,' ,[)

ifF,<O

f'lu~ arrro~imalion for F

/', ,', =max( /.; ,0x'\ + min( 1', ,(Ij<;, ..,

(3, l3)

Equalion, (3,12) and (3,13) arc i,knliea1. bOlh ut lh"m give lhe s~me infOrllHilion, hilt

far gCL1~raliLalionE4"aLion (3,13) i, ultd he,,,, Fo, ill1plcm~nlalion i1l10llie computer

code. the expressionl in Equalion (3.13) arc appl in!.



•
qJw qJ, qJ,
~~~O~~~{~D----- ~~~~~D~~~~~~

qJ" qJ,
,

Figure 3.2: The Upwind Differencing scheme.

[ ike the cOllyective 11ux. the dlthlSI\'C tlll~ Integral is approxlll1~tcd by midpain! rule.

TI\<'Mrlvali.c, l'1 '!' arc' gennall} arr,.,,~im"kdb~ the CDS as f"II"".';

(DIPJ " - '!'I' (U(I') rp , -,'w• 1 0,."J" . T,. -x" , .. x" - -';,

) '1'" - 1fJ" ((hP)I 0," CP." - \',

',m " , - Y,' \ ox , , - ,• , ~,

3.2.5 Linear equation s}stem

(3.14)

It I1lRYbe possible that sometimes S,llILTCtenLl is HnUll-linear JiHl~lLuILo1'lInknown \., to

LLupro.t e"11vergence il can be Ii Ileal i,cd as:

\\iherc. S" = con'>laollcnn

~I'~ is a timction oj '1'.

U,ing: the "bove ,,-heme, for the dim'si"e ~nd convective 11m..c, ~nd >"lIrec term

linearization (he Ji,c,-uinlioll E4"Ulioll (3.11"1 call be rearranged to:

( )
j •.I'lv

\II"hne, eI; = - mill ;.: ,0 +---~
)Co' -x,.

[.'.151
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" r by
"" =max(F,.O)+-""~-

x" -x"

"" =", +a., ~ "", +a,1 -S,.

Equalion (3. I5) ~all be "ri IlLn in lh,. g~nn,,1 ('>rJll,

Ilere. 'nh' repre,ellts neighboring poin!>.

(3.16)

(3.17)

Discreli7ed equation of the fOl'Ill (J.17) I11I"Tbe set up at each of the nodal poim, in

order to ,,,Ive a problem For ~ontrol volumes thaI are adjacent lo the dOlll~ill

bounda,ie, the general discl'eti7ed L'luati"ll (J 17) is Illoditied to inm'pmate boundmy

~()llditi()n;, 'I he re>ulring >y,tel11 of linear "Igehl'ilic eqllotions is then ,olved lo ohlain

the distribution ofthc property at 110(1:11pOints.

EqllilTion (3,19) is a linear algebraic equation which can be solved by applYing scvernl

algebraic ",h~r, ~.g, (jalls, dimination, 1.L1d~colllro,ilion, TDMA 1I,ing houndar}

cl'lldilion" ll~raLi()n, Ihould b~ d"n~ ulllil " ~,,"\'e'ged Solulion is adli~ved rVcr!.lccg

and )l.1alal~,t"k~,", 1995],

3.2.6 Finite volume methud [or un,l~ad}' no",

The Jir'l lerm of Equalion (3.0) ,ep,e,~nt lhe rate of change term which ;, ~ono;de,ed

/ero r", sl~ad), no"" 1"0pl'edict tlan,ienl problem we Inlist I'eta;n this term in the

d i,creti74tiQn prQces,. "Ihe tinite 'ollll11e inlegr<ltion of transport e'l)l:lli"" "ver a contl 01

volume (eV) mllS! bc ~ugineillcd with a tllnhcl imcgmtil'rl OVCI'~ tinilC rimc STepLJI.

I"lli, yield the most gencmlilltegratcd tonn l)f(lanSpl'r( ~q\l~IIOI\:



) r ",'l (PdV~I.dl+J.,J,;.(..~~<.ldAd(]:---
L"'r'JI,'-" _ " .

L L~,(rgmd,!,)1Adl + L J) ,",-",IV<II

'[ hat can be written a,.

p[IJ C"'V:" dl\1)/ + C'l( f n.(~'I'\ldAdI11°
'.' ," (}/) , A '- ) )_

{'O'(], n.(J' grad q,)dA )dl + f'''t S"dVdl

(3. I8)

(.1, I Y)

The' di,nClizalLon of cOIl\'ectiQn. diffusion ~nJ ""lrC" lerrn are some a, di"clI%d illlh"

prniOLL.' s"clio"" Here "-c l,xlI' 0'" ml~llti()1l 011 mclh"ds necessary j'Jr lim"

inte[!r~ti()n_ 'I he impli"il mLll",d '0 lIsed III this sTudy fo] di,cretinlio[] of unsteady

~()llvecti()n-diffLLsioll~{IUali{'L1[sec V~rslccg and Malalasekel". 1995 ji" ,Ictnikd

des~riptionJ_ l'he implicil l1ldh~),t is rccommctlded for general purpO\C crD

computations on the ground of ilS 11Ipcriorstability. The implicit di,creli",!;o[] IWo-

dimensional eqll~tlon IS

(3.20)

with ,,~' = p.1V

"
th~ olher codliciem ~re ,~mc m.loquation (.l IIII

3.2.7 So!utio}lI algorithm for I'rc"u1'L~,'el"city coupling

Thl- ~"llIli()n pH'~cdure of (lie gcner~lized (ranspCH1equation, di,cu,"cd in SectLOn3.2

can be ,"mmariLcd a,:

I. D~fil1e the geometry of the CiiSC

2. Split (he region "rn"w inLOcellI ieV)

.' Integrate (he equations oj' inL~K,1l',,~r,ad, cell IDiscretl~~ti()n)

27



'1 Imelt the resulLing m~[ri.,

,. Repeat 1'0]'as many Lim~\ ;lepl al ncc~ssw'y

Nnvler-Smke, FqUaLio", r3, I 10 3,3] I,,,. IWOdim~nsional I1rl\\' of i1l~()l11pr"s,ibk Ihllu

can he wriLI~n in veelor lWWlioJlas:

~
'\/11=0

au I' ~-'I J"p ,--::;-+ \7. U II = ----::;- + v'V u
()/ \) pux

, l' ~'I lop -'-+\7, l'U =----'-v\-l'
01 / p(~r

U}

(/1)

(I1I)

(3,2 I)

Where. )' p
p

F"'-lLlllm~lIluJ\l, ignore lsI eqllalioll anJ ~onc~lllr"L~ on Lhe momciltuill equatioll{,) (II &

II!). These ~re tran'PQrt equalion form. "ilh a ;ourc~ term ie..

term Oil the II.H~. Ilmvever there ar~ I"" maill p",blcLll,:

I up
--- and ~ dirJi",on

• 'I h~ equalion i.1Ilon-linear IhQIIl~cds to h~ ~n"",n U to evaluale lh~ transport of

(I<, ,oj into the domain

• The >"urcc term in\'olw'I'. which is one of[h~ \'~riabks we w~nt to solv~ for

Iloth ofthe.,e problems relat~ 10 th,' wnglcd nn!L1rcof the NSE. Of tile cour equalion,

n1;,ki11g Ill' the N SI, (colltinui!y and lh" lhr~~ ~lllt11"",,'nls or veloc itI') all com pOllellb or

velocity appear, in all lhe eqlwlion,. and Llle prc%ure appc~rs in tile three ,elocit,

cquallODs, It IS not pos,ible to evaluat~ the veloGil, lInlil to know tile pres,;ure. and ~ice-

ver<a. In order to tind hotb. one value .,hould b" gll~"ed and lolvc tor tile olher, lhen go

bock and correct the fir<r. It might 'Lart h,' gUl'"iLlg Lbe pressure. and u,e Thi, to get a

bene]' estimate of tile velocily and Ih~1lcorr~d Ille p,-es,lIre, etc,

In Crt) [lIer~ are t"o ba,ic algorithms 1,,, doing tllis:

• PI SO - Prcssute Implicit Splitting ofOperiitol, - for time dependent t10ws
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(,I"p',o,',' [1L"",oLJc,1 U,ckground

• SIMPLE. Scmi-Implicit Meth,,(1 tor Pressurc I~"tlked Equations - ,,,ed f(" st~ad~

state problems

!l is nOled th~l. from [qll~(lon (if) it j.) and tile tlu~ (/I), are known lhell Ii!call be fOll"d,

Alsu, Eyualions (II-lf!) and (n C~1loCCQrnb;ned tn give an equation fOlI' giwn lhe l1u~,

".[ .1
1
vp] - (jIm' lerm) that ha, to ,mi"fy the conlinuity equalion (I),

Gucss p. tlu;, (values
,rolll prnoiou, lilll" 'l~p)

tJoe I,qllalion (, 21) 10
find II, v

~oh,~ pno!NLI'~~tlllati()L1
to gel I'

C()rre~l nux l,) ,ali,fy
wlltinll;ly

Ycs
NC~l time
step'?

Figure 3.3: Flo" Chart for "ISO Algorithm

29

(



•

'I'he I'ISO algorilhm is as foilow,.

• Guessp. flllx (use values from the pre\'ious time step)

• Lise EqlJ"tiall (In to lind II, I' etc.

• Solve th~ pressure equation I'm f'

• Correct the tlu~ to _,ari,f" comilluity

Steps 3 and 4 eWI be Iterated if necessary. but this is ll'II"lly not l1~ce"a]"\, Tlli,

ad"lllces the ,,,luli,,,, ()n~ lilll~ ,1£1' - lhe whole prc1ccdurc i, then repeated from I to ~

ror [he nnl time ,lel'. The 110" ~harl ul PISO algl'l"illlJJl i, given in figure 3,2.

III thi, study I'ISO algorilhm i, u,,-J "' \'~locil: pr~.\\lIr~ coupling lor all unsteady'

,imulatiotls. A, it is \".ful for un.,teady flow ~l1d all"", fa,ler ~()ny~rg"Jlcc than

~IMPU' and is useful for irreg\llarcells_

3.2.8 Implementation of boundary ronditioll

rile present section dc,cribcs the implclllent~llon of boundnry condition, in the

dlscrclLLcd cqu~lion, 01 lhe l,rlLlc v"lumc mClh"d, In constructing il S1agg~I'ed grid

arrangement w<, sel up add;li,,"al node\ surrounding lh" ph~;ical bOllnd~ry. as

illuqraled;n FiglLle 3.4. 'I'he ~al~ulali()n, ar~ pcrl,mlled al inlnnal node- only (1=2 an(1

.1-2 ollw"rds). T,,,,, nolabl~ f~al",~, ol'lh~ '!IT"ng~l1l~nl ar~ 0) lh~ ph»ical bourl<lar;~s

~oincide with the ,calar com",1 \'olume hOllnd"ri~> and (ii) the note,ju,l oubide, the

inkl of the domain (alollg I~I in Fig-LLre,.4) are H\.ailahle 10 ,lore Ih~ inld condilions.

rhi, enable; the imrodllction of hO'lIldal)' conditions to he achieved wilh small

modification, to the di,creli7ed eqUali,,"S f"" Ilem-boundary intelllal nod~.'.

The boundary eond ition, emer the d LleretLzed ~q"allon, by suppres,lOn 01 the Iink tel lhe

houndary side and modification of the SOlLl"l;eterms. 'I he 0PPl'Opriate coefficient of the

di,cre!i/ed eyuatioll is ,;et to 7el'O JJl<1 tile bounJary ,ide tlu~ - e~act m lil1~~r1)

"ppro~illlnted - is inlrodueed Ihrollgh SOlll\'e tel'l11SS" and ,)~.. We sh,lIl nequ~lltly m,,~c

u,c OllhL\ dn-icc lO lix lhc !lux o['a varrable ~t a cdl lace. bul wc also need ~ lechnigu~

10 wp~ "ilh ,ilualion "ha~,,~ n~~d lo ,n Ill,' ,"Iu" ol'a variable al a node. Tlli, ~an be

done by inlroducing lw() o,~rwhdmiL1gl) larg~ "ourc~ lerm, in\{' Ih~ rd~"lnl di,crclLze<i
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Inlet

equation. For c>,.llrnpk to set the variabk f/J al noM I' to a value ~'j.'<the Loll"wirrg SOllrc~

t~rll1 modili~"liorl is used in its di,crHiL~tI C'Imlli<Jn,

<, )0 d" 0'""1'=- III all "u~ I \'/i'

Wilh these source, added lo the di,"r~tiled eqllollon "e have

The actualll10gnitude ()r'lh~ number 10'" i, arbillary as long as it is \'ery Iarg~ compared

with lilt eoctticlents in lhe original d,scretl7.ed equali"ll, Thll" Lf "" and f!", are all

n~gligibk the disereti7cd equalioJl dTcctively stare, thaI

\,'hich fi~e, lhe valLL~of" at P.

C"lltrol volume at
a houndary

,
I ,, , ,

- - -- - - -- , , ------- ------ ..... , ••• __ c __ -----,-- -_ ...
/

• • , , ,
• , 0 ,

~
, , 0 ,

./=5
,

0
, ,, ,, ,,

" - - -- .... ,'.- , - - -- -,---- -----r- " .... - L ------
0

, ,
/

0 , ,
0

./~4 , ,
, , ,, , ,, , ,

"

, ----.- .... " --"---- ----- ,- - -- " --, ..... -------c----,
0 0 , 0,

0 0 , 0
0 0 , , 0

,1=3 , , , ,
0 0, , , ,,---_._-- ,

"

,
, " --.--- _____ c •••• ----- ~---_.._ ....,.---- _-c-

o , 0, 0
0 , ,
0 0 , ,

,1-2 0

, ,,, ,
I ' , ' , ' , I ' 1 1:1 1\ I ' , ! ! ,:' !

J-I
0 , ,

1=1 1~2 1=3 1°'\ 1=5 f=6

Fi~lI re 3.4 The Grid Arrangement ll! !:lollnllarie, of Finite Vollll11e ;\1e{hod

'.



In addition Lo,ellh~ value ol'a vanable at Internal node, this l,ca!mCnL 10nlso lI,d,,1 for

dealing with ",lid oh,lack; Wilhill n domain b} taking ('}> ~ 0 (or ,my other de,ired

value) m nod~, wilhin a solid rc~ion,

rhe system of di,creti,ed fl(,w c'l uati"ns can b~ 'ulved a, normal without hn\'ing tCIdeal

with the oh,lael~, ,eparaLely, Dcmils of lile modificalions n~~J~d 1O implcrncnt the

boundary conditions ar~ npillined b)' Versteeg and Malaia-.ekna, 1995,

The houndary conJitions appllcd In til is ,tud} are:

• vclocity inlet

• outflow

• Mdl

• periodic

Vdocity inlet: The di<,uibution of all flow variable.' necd, to be ,;pecitied al in In

boundari~,. Thc velocity inlet b01lndury condiLion L' in!cn(led tor lise "ilh

incornpres,ible flows where lhc magnilude ~nd dircction of the inlet vdocity i, known.

This boundary co"dilion ailow, Lhe \IagnalJon, 01' lOWI. prorertie, oflh,' Ill'w to rISe to

whatGvcr value is necessary to generUlc th~ I'rclcnbcd velocity di\trillulion, Thc

v~")cili~,\ arc SClto a given v~l)le, "nd the nl.'L dcrivativc ol'thc prcs,urc with resrecLlo

lhc aXLaldirection is taken equal 107cr",

(u, v)= (u, vL,~" and

Outfluw: Thc outflo'W boumlnry cc)I\Jillon is u~ed t,. model flow e"it, ",h~rc the delails

"rtlle 110w vell'eity and pressure arc not kn",,'n r,ior to [he ",lulioLl orlh~ problem, A,

long as the flow at the e~il is cxpeclcd 1O be wcil,develored and incomprcs>ible,

application of the oulfl,,,, Iloundary cl'ndltlon to the exit boundar) is a rcm,onnble

choice, In this cu,e, lhe derivativ~\ oj all the vcloeity comronents ~nd Lhepre;surc with

re,pect to the axial direction ar<o t"""11 equal to ?,el'e,.

32



aill. )".p) ~ 0

'"
\\'all: lhc wall boundary condilion is ,",cd to separate tluid alld solid regions. In vi,cou,

flows ('\Jch a, in thi, 'ludy), lhc no-slip (I<~.' ~ II). or Lero langential velocity boundary

cc"lditiotl. i, enl'Jrced whcLlthe "all boundary'colldition is imposed: the sh~ar ,lre>Sand

a"c.ciaTed friction drag i, computed b~sed on the 11,)\\dcwil, in the local flow LLdd,

Periodic: Periodic or eyclic boundary e'lndilioll' are ariscd from a diITercm lype of

symmetry in a probkm. To appl,' periodic houndary comlitions we need Lo,cl the flux

01 all 110\, vari"ble~ leaving Lh~oullel cycliCbOUlldaryequal 10 lhe 1111)"ofenlerillg Lhl'

inld cjcllc boundary, rhi, is achit,cd by e~llil!I"" the value;, or tach 'ariahl~ at lh"

l1"dc.' j u,t ups(ream nnd dowilstream or LheL1lletplane to the nodal valucs just \I]lstream

and d,)wI1Slreamof the outlet plane.

A~k In the present Iludy. the m,is h()\lndmyC<'llclilioliis applied I'm the ,imuiation of

!low around fOUl a",i.,;mmdnc bodic' of levolulion, Since thc geometry "I' WI

a.,i'ymrrldrlC bodies are, ;n efre~L"a ,cmJcLrcicrorated ahoul an a",i, parallel to the frec

slream ,doc;ly. (he botloJn bllUndaryor thc domain is modeled as all axis bound~ry.

I'he axi, boundary typc mllst be u,ed ~, lht" ~tn(crlinc of an axi'l'Tl1l1ldrie geometry

(Flu~l1l IllC,2005). To determine the phy.,ical values lor a p~rliC\lI"rvariabk al a POlllt

on the ~xis. I'Ll)F.NT uses the ccll value in Lheadjacent cell. For the a,i'YlTIlll~Lrie

solver, the first derivative of lbc aXLal\'c1"cil; "nd the pre"urc along the radial direction

i, I~k,," t:qual (0 7ero. "Ihe radial "do~ily ;, wken equal to 7ero.

au =0
a,
2" = 0
tJr
l' = 0

3.3 Turbulence Modeling

Turbu!cncc modcllng i, a key issuc ill lllO.qCFD ,"lIul~tions Sinc~ lllo,l or (hc tlo,,"' of

engin~l'ring inL"r~;,tarc turbulent. the "pprorriak lrealmcnt oflurbulence will be-crucl"1

to thc sllcces< or CFD Turbu!cll~"COliId he th""ght of a, in,;lability of larni11,11'flo\\' lhat
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o~Curs ~l high Reynolds numhn,. Wh~ncver lurhulence i, l'~\cot in ~ certain no" LI

appear> 10 be the dom;nunl over all olhel' tlow ph~n"ll1~na, The tl(m ficld of ~I

Newlonian Iluid IS tully de<crihed by the },'nvi~I'-%-,ke"~y"~li"n. Ho,,'c\'er, ttllhul~nL

Ilow, conWln <mall fluctuation>. Th~ resolution (,I' ,ueh ,mall motion.' reyuirc, line

grids and time ,tel's. ,ueh lhal a direct simulation becomes unfeasible tor high Reynolds

numhers, 'l hat is why successful modeling 01'lurbllknce greatly innc~,CS th~ qual ity of

Nowada}'s turhulenl !lows may be c()mplll~d lIoillgseveral ditT~I~lltapproachcs, "Ihr~e

C0l111110nccompulational m~thod> are uscd 101'the slIllulat;on of tmblllcnr tl"",s

(TlIrblllenc~-Mod"IlingWiki" 2(07):

• Direcl l\umeri~al Simulation (DN~)

• Reynolds-A\'~ragcd NavLer-Swkes (I{A,,'~)

In the 1'r"",nt study. Reyn()ld,-"',,~ragc<1 Naviel"-Sto~es (I\A?>.IS)i\ lIscd fol' lh~

simul~tion of [urhulem fll'w. The I\A,,'~ ~'1l1alioLl\~re tilnc-averagetl ~'1l1ationsof

Lllotiollfor flll;d flm,. Th~y ~re primari I}'\,,~tI "h iIe dn,1ing with till bulem now" Thtse

eq"~llonS can he used with ~ppl'Ox"n~tion, b",ed 011kllowkdgc of lh~ prop~rties 01

!low lurbllience to give apP,oximmc averaged solutions m the I'\av;cr-Stokes equmioll.',

cl" illll'lrat~ the int1uellc~ "ftul'bul~1l1 Iluctuatil,ns 011tl,e mean now we re_wl'it~ th~

i,,;lantaneou.' ~ontjnllily and N~vic,.-~loke, equ"liollS lor two dimen,i"",,l Ill"" "I an

;ncompr~s;;bk Newtonian tluid.

-,
dil'U=O

ell [-' " I Gp----;;--'-di'' IIU I=---:::;-+l'(ilvgradu
01 ) f' ox

D, [ ..•\ I ()I'
----;;--'-div \'11 I =------;;-+vdh.grad "
01 ) I' ""

(Il)

(h)

(e)

-,

(3.22)

-,
Since div (lnd grad ~re bolh <iitkreJl1i~\i()nslheo for ~ 1luctuating \'~clor a = /1+ ,,' and

its combination, w;lh a tluetuating ,calar 'P='j)+p'we have the fi,llowillg ,-datlons

lVel'steegand Malalasckera. 1995J:
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~ -,
dil'u=d,vA; di" ji,rad!,' = dil- grad (,'

(3,23)

j'" inv~,tigatc the dlec!, of" Iluduations we replace in Equation (3.22) the 110\\

~
variables " (henc~ abo u, \' and ",) and r by (he Slim of a mean and f1uctuaLing

~"l11poncLlt>. 'r hus

--> --> c
u=U+u'; u=U+u' l'=V+.": 1'=1'-11"

'I hell lh~ lime average i, lak~n applYing the rule, sl1ll"d in (3.23). COll,iJ"nng the

continuity egum;"n IIrs! we n"te that dil''' = di1 [}. "' his yield the contlllll;ty equalion

tor the mean flow

~
d,ve = () (3.24a)

A ,imila, prolT;;S is now carried out on the ~-lJIOm~lltlllllequation. The time a\'~mg~ ,,(-

the i Ild ;vidual lerm \ in lil;, equation call be WTLlI~n~s 1'0110""-

n 2411)

"di.- grad 1/ =" dil' y,md U

", l'~'I'-"Jd;r~" II ) = dh- U Ii)+ dl"\ II" II,'

I OF---'
I' OX '

fJII au
t'l 01

f!p
---
p 0x

SUbSlLt\ltion of the," re,uill gi vcs the rillle-m el ag~ .HTlUJl\cntUIll equatioll

"I' " -->\ 1(~1 I O}'&+<11\'\'[;'1;' I+div" ul =-~-_-+vd;"gl"{ldU
) " / pm

(3.25a)

,--,
CJJ' (-->' '-'] 1,,/'-_- +dil'l~u I+ dill v' u' = ---_- + V di" j!,I"{IJ I"
vi "' \ ~ p~l'

(3.2511)



]l is impuL"lanllu nule Ihm the 1".2'; 4" and 5'h Terms in I,quatio", (3.25H & b) abo

app~aL"in inllamancolls Equations (3,22a-c). but the proce" of lime H,~raging hac,

imrudu~ed ncw 3"TICrLl1Sin thc rcsulting tlille-ovemge momentum equalion" Th~ lerms

in,'olvc products oftluct\loting vel(lcilie, and conqilut~ eOllvecli\'c nl<JL"~r1turntransfer

due 10 thc velocity tluctllations. II i, c",lom",; to plHce lh~s~ lenn, On lli~ riglit Iwnd

side, (If the Fquati",,, (3 2Sa & hl I" reilecl their rok", "ddilioriallurbllient streS'es (In

the mean \'eiocity c"'''ponent, (I Hnd V.

[---][jU (-,\ 10[' A,," All')" D"I"I
-,-+ clivi U U 1= ---,-+.' di" grad /; + --,--------
01 , J pox i!.< Ay a~

[ - - -]av ( . -'_' I OF nll\" Av" Av\,"-,- + eI,,', (- U 1= ----::;-+ v ,II<- !!oral! r- + --_- --_- ----
CI \" 1'0)' ux (-:,' i"~

(3.26a)

(3,26\»

The exIra ,trcss terms hRve been written oLLlin 1,'ng:hHndlo clariry llitlr ,tructure, 'I he

r~,ull from ,iA addilional sue,ses, three nOl'malmesses and thr~e ,hme ,lr~,,(:s:

'." =_pu'2. T,y =_p,."2, r =, =_,,,,',,''" '", , (3.27)

(3,28)

'I h~se ~xtra turbulent otre",~s are lermed lh~ Rnllold, ,lrc.\\C<', In tlH'buknr tlcl\\', th~

"d "I I .nortlwl stresses - p~ an - P" - ar~ a w~,'s Il()ll-/em ,~eaus~ lh~y ~onwm ,qu~l'~d

vd()~il\ Ilu~lualion<" Th~ ;hare Slresses -pI/I).' are associ~led ",ilh ~orrl"laliolls

betw~ell dlttercnt velociTy c0mponenb. It; I(,r in,I~Il~~, "I and " arC ,latlstlcally

ind~p~nd~lll iluctualion,. lhe lime-average 01 IhcIr product ,,',.' would h~ 7ero.

Howt'ver. lhe lurliuicm share ;lre"e, arc alse, non-zero and lls1wlly ver; largt' compar~d

10 lhe viseous stre,,~, in H lurbul~1l1How, The ,~l of Equations (3,26<1& b) is called

j{~}ll()ld, eqllmioll' Similar ~"lra lurbuklll Imllo]lOrl lcrms ari,e wlien we derive a

LnlllSI""t equatiOll for an ~rliilmry .,~alar (IUanlily, The limc a,cragc lransport eqllatlon

ror ,calar (j) i.,

C'<IJ (~1 [A'-,-, A-,'-,,--
-_--d,,\'<I>(~' =dr>(rq,griUJ<!»- -----_- 1.\,
01 I Ot ~L

Some models ~re used 10 solve the IlAN~ equatioll' [n thi, .,rudy lh~ 1(,llm,iLlgmodel,

arc used tor lhe itl\'cstigation of Ihe itlCOlllpre"ible IUlbul~nl flow mn lhe ulldcrwaler

bod, .



• The Spalan-Allmara<

• The 1e-8lllodel

• Thc Ie-OJ model

I~othare the most common type ofwr'bulencc Ilw(ld an(1wdl-known a" "IWl'~qualll"l

tlll'hulence model<'. Models like the A_' and th~ k.w havc become indu>1r'Ystandard

model, and a,e commonl) Il'ed for most of the flilid-engineering problems. 1\\'0

eql101iQPlturbulence models are also very much ~n ~cti\'e Q'~a ot 'eseilrcil and new

,dined two-equation ml,dei>arc mil being (lC\'cioped,

3.3.1Th ~pal"rt-AlJmar"s (S-A)

1hc Sp~lan-Alimara" tllrbukn~" modd lhal i" u""d ill thi" Mudy i, a ,impk on,,-

~'1LL"lionmode I thm ",Ive, a mode led lmnsp",t c'l"ation for lhe tllrhlllelll ,i,cosi to'.Thi,

lllodel is de,>ignedfor wall-bounded flow,>and give; good reS\lIt; for bounda,y la}~"

subie~Ledto ad\'e"e pre\\ure gradient,>.much like the flow field, encountered in lhi.'

s!\ldy. Alth01lgh the original Spal~rt-Allm~ms Illodel requircs that the 1'15cou,-affeded

region ofthc boundary layer bc propcrl, ,-c,;oh'nl through thc u,c ora I-ulcrllc,h il1,idc

thc boundary laycr, th~ model h", be'L'nIllodili"ci Ii" iL, il1lpl~lllcmation in FI LJENT'"

that w~ll Ii.mclion!,ar~ ,,,cd wh~11the mesh r~,olt1li"n i, not sufficieml) fille near ohkcL

,"rfaa,. 'I he fact that the S-A model i, ~ one-cquation model with rclati,ely lax gl'ld

den,it}' ,equirement' further enhance' it, slIit"bilit) for this pnrticular study since. for

the computer platform used. maximum computational clficicncy IS critical. Thc

tmnsp0rlcd variable in th~ Spal",t-Alllllara, Illodel,v, is idellli~al 10 lh" lurbulem

kinel\lMic visco,ily ~x~epl in th" n~",-.w"lI(vi'C<'us-aITecled),egioll (rluenllll", 2(05).

rhe lI'"nsport cquation lor v LS

()-Jr-" I
-(p,.)+- pVII,)=Ci, +-
iJr ax" 0'_

-'-S_(32Y)

Whe,e. G, is the produclion of tu,hulen! vi"co,ity and Y, is the destruction of turbulent

"',CO,Lt}'thaI ()~~lI" in lhe llea,-\\all ,egi,m due to ''"" IJl0ding and \,i,cou, damping

(J' and Co2 are cOl"tanl, and .' b lhe l1l()le~L1larkinem~tic vi,co,ity, S_ "" IJser-
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det,ned source tenn,l\ote that sinec thc (urbulence ki"~lie cncrg:yk i, not ~"I~ulalcd ill

the Spalart-,""IImaras !Hodel.

To "illain the "",dilled turbulent vi"',,,il)'. v, f,,, LileSralart-AllmarH.' model frPm th~

turbulence inten,ity. I and length ,cJle. I. the tolh'wlngequation can be used:

(3,30)

\\;'hel'e.I=0,07~f,

,
and !=OI(,(Re)'.;

In !IllSmodcl the eon,tams arc considered as:

C,,=O,IJ55.C.,=O,622('1=7,1. C",,=O.(I,\ (",,=2. ",=0,667

3.3.2 The ~~' model

Th~ k-,: "",del is onc "f'thc lll,,~tWlllmOI1L",hulcIlC~model,. It is a I,,,,)equatioll modd

lhat mean;. it includes fiNOextr" Iransport equations (0 represent Ihe turbulent properties

"f the flow Thi, allow, a two equation Illodel In account for histol'Y effect, like

con\'ecti0n and ditfu,lon oftmbnlent energy. The lil'';( tmn,;poned variable i, (lirbulcm

kinetiC energ). (k). The second tmn,pl,rted vanable in this e~,e is thc turbulent

dIssipatioll. (,,), ILi\ lhe vUl'iablctil"l dLlermim:s Ih~ ,cule or Lh~lurbukn~~. whereas the

tir,( ,ariable. k. dCl~l'mil1c,th" "nel'gy in Lh"lUl'bul"n~"(Fluenlln~, 2005),

In lhi, stud), StandUl'dk-c 1ll0(leland Realizable '-f model are used to simllinte the I1Q'"

ovel' C;l'cular cylinder. "[he stnndard k.,. model IS n semi-empincal Ilwdel based On

model transport equmions for lh~ turbulence klnctic ellergy (AJand It>(Iissipa(ion rate

(r:) rhe model tron'por1 eqllotiotl tew k 1$derived from lhe e.,aet e'l,wlion. while the

Illodel \ri""port equation for f is ob(ilined using physie~1 rea,oning and bears liule

re,emblance 10 its mathernQtieallyexact cOlllllerp8rt.ln thc deri,'ation of'lilc A-I-'ll1odt:l.

it is as'llllled that tile llo\\' is ti,lly lllrbllleJiI. and the died; or molc~ul"r v!>cosit)' arc

n~gligible, The standard A-t,m,,,lcllS thcrcll)re ,'alid "illy tor 1\'lIyturbulent flow"

i'ransp,'rt Equation, tor the Stan(lar(1A-I'Model lor lurbulenee kinclic energy. A.and ItS

rate 01di%ipalion ':. are:



G iJ U[i JI"IUk] , , .,-(t*l+-(pl", ).-IIH- -- ~(,+(, -pc-i +S_ ~" ," M,
N <lX, OX,,, f-'.IVX,

,md

{.U I )

(3.}2)

!"lh",,, eq",nion,. G, rcprc,cJI!s tile gCL1C,-aIIOJl"flllrbukncc kinetic etlerg) due to the

mean vel()~ily gradi~L1I" Go i, tilL g~l1~ralion of (urb"lcnc~ kiLletlc energy due to

bu()},mcy. hi r~prc.'~nL' the wlll,-iblll;Oll or lh~ rhl~(LLalingdilmalion IJI COlllpl'~ssibk

turbu lellce to the o~erall d i "ipation ratc. C', _C,,_. ""d (,'J, are wllsiam,. m and (J, "'" [he

Turbulent PruJldti numbers for k "nJ c, "~sreclively, s, ilnd ~"lre \I;el-defilleci WlIree

terms,

On the other hand the term "Realizable" means that the model 5~ti,tje> certain

malilemmi"ai c'onstraint, on the normal ,tle"e" cOllSi,ten! with the ph}s;", "flurbllknl

nows. 'J'he 111,,,1,lraighlfo",ard way Loen.'LLreLhereali/allility i, to make C,..variahl~ b}

sell,iti7illg it to the me~n flow (mean (ietOl'lllaTi""J und the tmhulence (k. >oj. Thl'

modeled tran'por! eqLLatjQn~tQr k is ~imilar to I':qllmion (3,31 J and t in the reali7.ahle k-"

model are

~ , '[' "J() _ r; () fI, ()o
~(pH)" -(1'811,)=-~- Ip+-I-,- ,
al ax, ox, \ au c'.<,

Wh~re,C,= ma~[o.n~] _'I = S -I~.S = ,/2.'.'".'.'"
I) + )

I" thc<;c ~qlLatioll~_Gk rerre,ellt~ Lh~generation of lUrhLJlen~ekinetic energy dLJeto Lhe

mean \'elocity gradient;;. C;h is th" genel'ati,'n of turbulence kinetic energy due to

hllo,'anc} Yu repre,>ellt~ the contribution of Lb~ tlL!ctuating dilatation in compr~\,ible

tmbl,lence to tile o\'emll dissipation rate. C' Qnd Ci, arc constants, m and 0. arc tile
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turbulent Prandtl numbers for K and c. respectively. S, and & are user defined ,,,urce

tenns.

The turbulence kinetic energy is k is given h}

k=2'u /"2~","f

Where. Ua,," is the mean tlow velocity.

(3.34)

The turbulence intensity I and is the turbulence length I can be found from the

following equations:

1=0.07xL
,

and 1=0.16(Reti

Also. the turbulence di,sipation rate r defined as

,
-'k's=c .-, I

Tile constants in Standard K-F model are consIdered as:

Ci,= 1.44, C2'= 1.92, C"=0,09, m= 1.0. lJ.= 1.3.

And the constants In Realizable k-f;' model are eon~idered as:

3.3.3 The k-w model

(3.35)

The k-w model i, another c(}mm[>n turbulence models and is used to analyze the

turbulent flo", o~er the axisymmetric bodies. This aiso allows a two equation model to

account for history eftect, like convection and diffusion of turbulent energy. The fir.'!

tran'ported variable is turbulent kinetic energy k, The ,econd transported variable in thi,

ca~e is the specific dis.,ipation (,) which is the variable that detennines the scale or the

turbulence, whereas the fir,t variahle k, determines the energy in the turbulence. k-w

model are two type,; standard k-f!) and Shear-Stress TranSPllrt (SST) k-w (fluent Inc.

2005). The SST k-w is useful for the calculatilln of shear stress so this model i,
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considered for the simulation of submarine, pod and axisymmetric body ba.,ed on

Gertler' g.eometry,

Transport equations for the SST k-(~model are given by:

a (k) D ( k) a [,'- Ok] ,e y S-p .--1''',=-,- ,--+u'-k+ k
el ex, {}X, ex}

a a ,,(am' .-Ipm).-{pw,),-' -J.+G -1' +D +5~ , ',~, ~"w."r ex, ex, ox.'

(3.36)

(3,37)

"In these equations, represents the generation of turbulence kinelic energy dlle to

mean velocity gradients. Gw represents the g.eneration of eo, J'I and reo repre8ent lhe

etreetive dit'fllSivityof k and w. respeetively. 1'1 and 1'w represent the di;"ipation of k and

OJdue to tLLrhulen~e.D" represents the eross-dillusion term. 5*and S" are user-defined

.<ollrcetenn,.

It i, >(, named becau>e the definition of the turbulent viscosity is moditied to account for

the transport "flhe prin~ipal turbulenl shear stress, It is slleh a feature that gives the SS'I

k-OJ model an advantage in terms or perfmmanee over bOlh the standard k-[' and

realizable k_F: modeL Other modification incilldes the addilion or a eross-diffiJsion tcrm

in the w-equation and a blending function to ensure that the model equation" behave

appropriately in both the near-wall and far-field zones, In ,>S'I k-w model the specific

di'Sipatil1n rate OJcan be found by

,
k'w'--,-

C' ,/,

Thc constants in SST k-OJ model are considered as:

(3.38)

IJI,I= I_I76. (J" I= 2,0. IJI,!= 1.0. "",2= I. I68. w= 0.31, /3"J=0.075. /3,2= 0.0828,
I( ~ 0.41, C ~~ {J.09.



n'pler3' Ih,orc,k,1 ~ackgro"nd

3.4 Grid Considerations for Turbulent Flow Simulations (yl
'iuccessful computalions of turbu1cnt tlows require some con,ideralion during the mesh

generation, Since turbulence (thmugh the spatially-varying effective viscosity) plays a

dominant role in the transport of mean momentum and other parameters, one must

a>eertain lhat turbu1cnee quantities in complex lurbulent flows are properiy resolved if

high accuracy is required. Due to the strong interacti\1nof the mean now and turbuienee,

the numerical result, for turbulent tlows tend to be more susceptible to grid dependenty

than those for laminar flow,>. It i, therefore recommended that, one resolve with

,ufl1eientiy fine meshes. the regions where the mean flow ~hange" rapidly and there are

shear layelS with a large mean rale of strain.

Three parameters are significant for a computational grid; IOlalnumber of grid points,

location of outer computational boundaries, and minimum spacing (initial spacing

normal to body surface). A RANS computation on similar geometry uwally guide, the

dctennination of minimum spacing of gtid from wall. The minimum spacing is

generall} based on y+, a dimen,ionless parameter representing a local Reynold's number

in the near-wall region. I'his parameter i, defined a;:

Where, y ~ dislance fmm wall surface,

II_~ frictional velocity.

~,,~ shear ,tre." at the wall,

f' ~ densil)-, and

v ~ kinematic visco,ity.

(3.3'1)

II i" recomm~nded lhaL for standard wall function in /r-o model or when transitional

flow" option is not aClive in lr-fI}model the y-plus value ,hollid he 30 <y+ < 300. (A v~

value close 10the lower bOllndy- ~ 30 i, rno'>lde,irable.)

On lh~ olher hand. for enhanced wall treatment in Ir-t:model or "hen transitional flows

option is enabled in SST /r-tumodel the y' at the wall-adjacent cell should be on the
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order ofy' = I. Ho"'ever, a higher y+ i, acceptable a, I'>ng a; it i> well inside the

viscous sublayer (v' < 5).

It should be noted bere that tbe y+ value from E4uation (3,39) is based on a turbulent

boundary layer on a tlat plate. Therefore, it is used only as an e,timate in the pre~ent

case as the geometry is not actually a flat plate, The y' values arc also solution-

dependant. The actual value of)'- for the hull ronn i, obtained with the viscous 110w

solution. Furthermore. the real y~is not a constant but varie~ over the wall ,>urface

according to the tlow in the boundary layer.

3.5 2D Axisymmetric Model

In this study, axi.'ymmetric model i, used to ,imulate the turbulent !lo" o'er four

axisymmetric bodies of revolution i~such as: sphere, submarine (OREA) bare hull, pod.

and under-water ~ehiele hull based on Gertler's geometry, Computer platform

limitations necessitated the use of 20 axisymmetric model instead of full tbrec-

dimensional model. The usc of fillly 3D model is very complicated and the problems

would no longer be ",Ivable in rea~onable amount~ of time. A~ for example, the

axi>ymmeuie grid, used in case "f the simulation "f sphere contains 17,000 cell~.

As,uming a ,imilar n"de density in three-dimensional space, a minimum of one million

eell~ would be needed for 3D grids of equal resolution, Also assuming that an increase

in CPU time i~proportional to an increase in cell count. ,imulatiom that took two to

three hours in the axisymmetric easc, could take 200 to 300 hou,," using 3D model

(Gregory. 2000). Thl, estimated increase in soiution time is quite eonservatlvc - it docs

not consider computer platform memory limitations, additional terms required in the

governing 3D fluid dynami~s equation" or the additi"nal face, added to each cell when

moving from 2D to 3D. Though out-or-plane flo" and complex 3LJ interactions (like

vortex mixing) would not be modeled u~ing axisymmettic ,imulation,. enough

similarities remained bet"een the 3D experimental model, and the axisymmetric

numericai modeis uscd in thi, study. i'his necessary simplification would ;[ill allo", tbe

numerical soiution; to capture the majority orthe physics taking piaee in the,e ~omplex
!low field,.

Axisymmettie indicates that the domain is axi>ymmctric about the x-axi~. \\,'hen

axisymmetric model is enabled, the 2D axisymmetric form or the governing equation is
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solvcd instead of 2)) Carte,ian form, For 2D axisymmetri~ geometries, tile continuity

cquation for incolllpre~sihie flow in cylindrical co_ordinate is given by (Fluent Jnc"

2005):

[
iJU ill, ,,] ,

p -"-+- =,~
ux iJr r '"

(3.40)

\\,'here, x i, the axial coordinate, r is the radial c(l(lr<linale,U is the axial velocity and v

is the radial velocit). The ~ource term Sm is thc mas, added to the ~ontinU(lu,pha..e from

the dispcr>ed =ond pha,e and any u<er-c1dinedsource"

AI,o, the axial and radial momentum equation, arc given by:

['""''']p _+_-;,-(r" )+--;,-(r/lV) ~
G/ rex ror

cp "[ ~ '" '( ')JJ "[ (a" '"J]--;,-+--" 2--:;- \l." +--;,-rp _+_ ~r,
m ri'x ;1:, r"r Gr ex

{,a,,, " ..]-;;-+--;;-(ruv)+--(n-') ~
01 r CX " G"

'P "l' I" ""I] "[' (m. 'I ')1] .. ,p( ,,)--+--;;- 'I' -;;-+-;;-+-- rl' 2-;,--:;- \l,u -1.<',+--'-- \l.u +F,
"r rm ,"X r!X) rar, cor 0, ) r 3 r

(HI)

(3.42)

Where, p = ,tark pressure. I' = molecular viscosity, p = density. f:, & F, are e~temal

hody f<)r~esand
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CHAPTER 4

4. NUMERICAL SiMULATION

The numerical s;mulatiun is CQnclucted in two distinct stages. Firstly. computational

model, are created and simulations are run On 2D laminar and turbulent models of a

circular cylinder. The computed results arc compared to experimental and other

numerical results to validate the computa\ional model,. Secondly, the mam

concentration is carried out for the simulation of a~isymrnetric turbulent models of

under-waler nuid structure,_ Shear Stress Transport (S5 r) k-(v model is used to simulate

the flow OVer,ome marine structure' such as sphere, pod, submarine (Detence Research

Establishment Atlantic, DREA) hull and axisymmetric under-water vehicle hull. All of

the investigations are carried out using vcry efficient commercial sof1wure FLUH\"I

6.2.

4. t Simulation Using FLUENT 6.2 Based on Finite Volume
Method

FU!l-HI 6.2 uses a linite volume-based algorithm to transf(Hln the governing physical

equations to algebraic equation, that can be solved numerically. In such an approach.

tbe computational domain i, subdivided into individual, di,crete control volumes, or

celL,. Tbe governing equations about each cell ure then integrated, yielding discrete

equation, that con,erve each quamity on a control-volume busi,. Consider the following

steady-sla\(; conservation equation for transport of a scalar quantity 'I' v.-rittenin integral

form for an arbitrary control volume V (Fluent Inc., 2005):

fp<p~.dA = fl'e \7'i',,14+ fS,.dV, (4.1 )

"here = density

~
v = ~eloci1yvector (= ui + I-j in 20)

,.
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-,
A ~ surface area vecwr

r" = ditrusion coefficient for If!

•17 ~gmdientoflf!

s. = '>Ourceoflf! per unit volume

This equation is applied to each cell in thc computational domain. FLUENT discrctizes

this Integral equation as:

""'-'.:~:>-''''JA!,

Wh~re, Nbc", ~ number offaccs enclosing cell

rp ~ value of If! convected through face!

•
vJ = mass Ilux thmugh the face

Aj ~areaoffacc!.IAi

(., .
I;''I' I ~ magnitude of v 'I' normal to face!
~,

(4.2)

v ~cell volume I

,

The ~quations solved by t LltFNT that lead to a 1,,11 description of the ilo" field around

a given obj~ct take the same form "-< the discretizcd equation above (fluent Inc., 2005).

4.2 Laminar and Turbulent Flow ovcr Circular Cylinder

4.2.1 Model gcomet'1' and hounda'1' condition

Th~ Ilow field around th~ cylinder is modeled in two dimensions with the axes of the

cylinder perpendicular to the direction ofl1ow. The cylinder is modeled as" ~ircle and a

square 110wdomain is created surrounding the cylinder. The flow from Ieflw right with

the c}iindcr or diameter J suhmersed m an incompre~>ibje fluid is con<;id~red.The
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computational domain con,ists of an up<,tream23 tim~s the radiu, 10 d()wnstr~am 40

timcs thc radius and lhc width of lhe domain is 50 tim~s the ralliu, of lh~ c} linller.

The \\'all boundary conditions used in this study arc those of impenneabilily anll nOn-

slip condition. i.c., u ~ 0, v = O. In lhe phy,ical domain the now i<,not confmed.

Neverthcle". a fidilioLLs~"ternal rectangllliar boundary i, needed at a large distance

from the c}linder in order to sol~e the governing equations numerically. uniform frcc

stream condition with ~elocity is applied at (he inlel boundary. The periodic condition i<;

considered at the lateral boundaries. AI'>Olhe now al exit i, tr~aled as a pre,wre outlet.

The problem sctliP together wilh the importanl dimensions is ,ho\"n in Figure 4.1.

Periodic

,
~ •.E () , ,
.~' , a
" e ,
~

"

1
e~~
£

•

I • Pcriodic • In, , I ' '"'
Figure 4.1: Schematic Diagram ofthe Flow Field around Circular C}linder

with Boundary COlldition

4.2.2 Grid (;eneratioll

GAMBIT, lh~ preprocessor of FLliENT 6.2 i.' u'ed to generate the two dimensional

grid around a circular cylinder in this sllldy. A lypical computational mesh Is used for

<;imulationshown In Figure 4.2. rhi, particular mcsh has approximately 15659 nodes.

30924 faces and 153~0 quadrilateral cells Wilh c()n,id~rahle mesh concentration both

around thc eylind~r and ill the wake. To facilitate m~shing, a square with side length of

three times diamel~r of the cylinder is ere.1ledaround the C} linder.



•

•

"j

'"'

Fi~UrT4.2: Grid Lin" In M~h: (II)O'"CnlU VIC'••.•{b)Clost-up Vie••- :OO;C1IT the
C~.lIndcr. •
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4.3 Axisymmetric Model Geometry and Grid Generation

GAMBIT is used to create lhe geomelT)' for each of the axisymmetrk models. First. It Is

neeess.ary to determine lhe ,17e of the numerical domain that Is used for lhe model~.

Although mulliple model> are built with difterent grids in order In analyze it~ effects on

the ,olution, only the optimum domain Is discussed here.

4.3.1 Axisymmetric grid around sphere

The compulalional domain is extended len times Ihe "phere diameter In fore and aft of

the sphere respe~lively. The region also extended 10ten lime, the :.phere diameter in the

verlieal dire~lion from the edge shown In Figure 4.3 (a), It I, ensured that In the selected

model, lhe numerical results would be aeeurale and that the problem would be ,,,Ivable

in a reasonable amount of lime.

GAMBIT I, used to create an axi,>mmetric grid based on lhe sphere', geometry

desn;bed above, For the purpose~ of grid construction. the compulational domain for

'phere model is divided into lwo regions: the boundary layer region and the free stream

region. Dividing the domain in this fashion is a COmmOnpm~tl~e in problems where the

~ff~~ls of the viscou:. boundary la>er that forms on the body are expected to

significantly alreet th~ !low field and where enhanced grid resolution in the vicinity of

lh~ houndaT)' layer is important. 'I he boundary layers are allillohedto the spheres and lhe

direClion of the boundaT)' layer grids I, defined su~h lhat the grid, extended inlo the

interior of the domains, !:lasedon prior experien~e "11thnumerical simulation, Involving

boundaT)' layers and lh~ ~xpecled grO\\1hof the boundary layer meridionaily along lhe

sphere, bolh boundary layer meshes are approximately 3 em in heigh!. Increasing the

numbcr of row, ill the boundar) layer me,hes only served 10var) ~e11den,ily, and did

nO! ehange lhe lotal height of the mesh. Finally, the gro\\1h faelor, are ehosen to

increase the resolution of the meshes al lh~ ba,e of the boundary lilyers (where tlow

parameter gradlcnls are largest) while slill ll1ilimaining high grid resolution, low cell

skcwne,.' at the top of lhe boundaT)'layers, and a tOl,,1boundaT)' layer mesh thickness of

approximately 3 cm. Low skewness is impOrtanl to en,ure similar eell proportions

belWeen oLLIerboundary layer cell~ and ncighborlng free stream region cells. The

boundary layer grid paramelers for the axi,ymmetric ;phere models are shown in Table

4.1, If the growth factor is not listed in the lable, it is equal 10unlly.
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Tabl~ 4.1: Houndary Layer Paramet~rs ofAxi,)'mmcirie Sphere Grids

Meridional node Fir,t row thickness Boundary layer Number of rows in
count on ,pherc in boundary layer growlh fadm boundary layer

120 O.IJOOI 1.24 20

Meshing of the jrC\) ,lream regIOns took place in lwo .'tep'. First, the edges of lhe

regions arc me.\hed. and then. u,ing the edge me,hes, the interiors of the regions (or

faces) are me,hed. Since boundary layer meshing has already been perfonned, only the

axis boundary, inlet. outlet and top edge, has 10 be me.,hed. Comparatively COm",

me,hes are speeilicd on lhe e:l.terior (inlet. outlet and top) boundaric, due 10 the

expected lack of large flow property fluctuation, (and thus low grid den,ilie,) in those

regions. For beller control of edge node !opac;ng,the bottom boundary is constructed in

multiple scction,. Grading is ncce>sary to ensure a smoolh transition between lhe

relatively ,mall cell sizes ncar the boundary layer grid, and lhe relatively large cell size,

on the outer edgcs oflhe domains. Table 4.2 show, lhe node ,pacing on lhe edges of the

domains for each edge node distribution.

Table 4.2: The Node Spacin~ of Sphere on the Ed~es oUhe Dnmains for Each Edg~
Jli"odeIlistribution

Node On Growth Node on Node on Growth Node on Growlh Node
jronl factor on lront rear faclor on rear lactor on count on
section I tront ,ection 2 section I rear section 2 rear rop

section I section 1 seet;on 2 boundary

50 0.' " 50 1.1I I " on 40

for the purpose of grid c()n,truction, thc computational domain i., d;~ided into three

faces: Middle face, J'ront tacc and Rear face. At firsllhe edges ofthc face, are meshed.

and then, u>ing lhe edge meshes. lhe interiors of the face, are meshed. The node spacing

on lhc edges ofthc domain tor each node di,rribulion is given in the Table 4.3.

Table 4.3: Axisymmetric Sphere lkJundary Node Spaein~ Distributions

Front tacc Middle face Rear face Normal to the axi,
No. of Gro"'th No. of Gro",th No. of Growth No. of Growth
Node.1 factor Nodes laCIOr{hoth Nodes factor Nodes factor

direction)

" i.04 80 1.02 " 1.05 " 1.05

50



Velocity Inkt

1

Figure 4.3: (n) A~iS}'mmtlrie ~I'''nt'Un IrIlC!urt'ClGrid ,,-itb lJoundll"" Condllions

Once 1m,wges II'" m~m,d. the interior of the domains nttd 10 ~ mnlled using

nUlomnlic fllCe mesh gencmlion 5l:~e of GAMBIT. The meshing scheme lhal is

chosen is PllVCmesh.ingscheme. 'The p9.'l' scheme C"':l.leslin un5truelu~ grid ofml'Sh

ckmcnls. ",hich is Jlllniculllrl)' desirable for ils npplieabilil)' 10 II ",ide mnge of fae..

gecmnrics. ils nbil ill' to de:ll ",ilh i~gulul)' shllpc1linteriors.and ilScase of use. Th~

is no rcmiclion on mesh node spncing im~d by tile I"we scheme since only

"
I,,
.l .••.~
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tri~ngul~r f~ee el~m~nt, are used. More cells are constructed near the 8urface of the

8phere to tackle the high ,dodt} gradient in the boundal) layer regi"n of the viscous

flow. figurc 4,3(a) sh""8 the grid for the axisymmetric spher~, "bich is symmetric

about the axi~ "f rotation. Also, Figure 4,3(b) ,hows the close up view that visuali;~8

the bOllndary layer clearly,

4.3.2 Axisymmetric grid around DRF:A submarine bare bnll

For this stage of the study. the computational domain, ar~ created around the DREA

(Defence Research Establishment Atlantic) standard ~lIbmarine bare hull as used by

Department of R~search and Development Canada. 1988. The geometry of the hull is

considered to stay consistent with the e"perim~ntal result. A numerical inv~stigation has

also been carried out by Baker (2004) to calculatc the drag force on DREA hull using

CFX. Figure 4.4 shows the ,urface of bare submarine (DRE4) hull.

In this ;tuciy. "nl} the 2D axisymmetric geometry is considered, th~ vertices arc created

u~ing formula, given in Appendix A. 'jhe computational domain ~xtends one body

length upstream of the leading edge "fthe pod, one body length aho~e the body surface

and two body lengths from th~ trailing edge as shown in Figure 4.5. The solution

domain is ensured large enough to eapture the entire viscous intera<:tionand the wake
development.

Fi ure 4.4: DREA Submariue Bare Hull
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The mesh generation procedure lilt this work i, ba.,ed on lrial and error. This needs to be

fine enough to produce gtid Independent solutions but coarse enough 10 ha,e a

reasonable computation time, Figure 4.5 sh",vs lhe grid fQrthe a,isym'netric model of

submarine hull, which is symmdric about the axis of rotation. More cells arc

concentrated nCarlhe leading edge and trailing edge of the hull to capture the ,mgrmlion

points. Since the fine re,olulion of grid points is not required ncar the inn"" and

oUiflow boundaries, an e"pansion ratio is used from the leading edge of lhe body to the

inflow boundary and from the trailing edge to the Oulnow boundar). rhe node

distribution with the e~pansion ratio ofsubmarine bare hull i, given in Table 4.4

Table 4.4: A~i'ymmctric Submarine Bonndar~' Node Spacing ll;stributioDS

Front face Middle lace Rear face Nonnallo lhe axi,
No, of G",,,th No. of Growlh No. of Growth No. of Gn",,1h
Nodes faclor Nodes factor(bolh Nodes factor Nodes faclor

dircclion)
45 '.04 80 1,02 " '.04 70 1.05

Figure 4.5: Grid on OREA Bare Submllrine Hull

4.3.3 A~i~ymmetrie grid Ilround pod

Now a computational domain is created around an axi'ymmelric pod. The geometry of

the pod is considered for being con,istent with the numerical work orGupta (2004) (S\.'C

Appendix B). l'he computational domain e~tend 1.5 body length, upstream of the

leading edge uf lhe p"d. I ,5 body length ab"ve the hody surJacc and lwo hody length,

from the trailing edge a~shown Figme 4.6, The ~olutjon domain is en,ured large enough

to eapture the enlire viscous interaction and the wake development The computational

domain and mesh generation are more Or Ie" identical with thai of suhmarine (OREA)

discussed In seclion 4.3.1.1. The node di.'lribution with the expansion ratio of pod j;
given in I'able 4.5
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Table 4.5: Axi,}'mmctrie I'od Houndary Node Spacing Ili.,tribution~

I'rom face Middle face Rear facc Nonnalto the axis
No. of Growth No, of Growth No. of Growth No, of Growth
Nodes factor Nodes factor(b~:\h Node, factor Nodes factor

direction
50 1.04 &0 1.02 70 1.04 70 1.05

Ifi ure 4.6: 2D-Axis,'rnmetril' I'od Grid

4.3.4 Axis~'mmetrie~rid around underwater vehicle hull based on Gertler's

geometr,

Finally, six axisymmetric underwater bodies are created with length-t()-dlameter (LID)

ratio ranging fwm four to ten. In this sllldy. the g:e(}metries of the axisymmetric

underwater bodies are constmcted to be eonsi.,lent with the experimental work of

Gertler (1950) and the numerical work of Cheng: er al (1995) Each body Is defin~d by a

sixth-degree pdynolll ial derived by Gcrtler as sho"n in Appendix C. The computational

domain Is identical with that of submarine and pod discu"ed ab()ve. The boundary node

spacing distributions for LID ~ 6 Is ,hown In Table 4.6. Also, Figure 4.7 shows the grid

and boundary condition around the underwater body for LID ~ 6. The grid generation

and boundary condition of other bodies are identical to the body having LlI? 6.

Table 4.6: Distributions of Boundary Node Spacing of A,isymmetric Underwater
"ody Rased on Gertler's Geometry.

From face Middle face Rear face Normal to the axis

No. of Growth No. of Growth No. of Growth No. of Growth
Nodes factor Nodes faelOr(both Nodes factor Nodes factor

direction)
45 1.04 80 1.02 75 1.04 70 1.05
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Figure 4.7: Grid of the Axisymmetrie ODden-Yater Hody Ilased on Gertler's
Geometry (LID=6)----

4,4 Solver Initialization and Flow Solution

After lhe grids are constructed, the next slep is to i'nport them into FLUENT 6.2. the

nllmerical ;olver. <;;inceeach grid is exported fr(lm GAM!Hl in FLUENT 6.2's native

format the import process is straightfoJ">varJ.After lhe grids are imported, lhc solver is

initiaiiud. C] his procedure invoived several step', such as:

-Selecting the sol,cr fonnulation

-Defining physical models

-Specifying fluid properties

-Specirying boundal) condition,

-Adjusting solution eontrois

-lniti~iil.ing the flow field

-Iteraling

For ali of lhe grids generated in thi, study, the segregaled solver fonnul~tion is used.

Thi, approach solves the continuity, momentum, and energy equations sequentially as

opposed to simultaneously. Beeau>e the segregated soiver i> traditionally u'ed for

incompressible and mildly eompressihle f1o,""s, given lhe flow conditions being

investigaled, this study is weil-tailored for its use. Also, the solution controls (under-

•••



relaxation parameters, etc) are left at the defaull sdlings for all cases. Next, the flows

around all of the geometries modeled in this study are approximated as steady-state

condition, Although this choice precluded the ability to capture H)r\ex shedding and

other limc-dependem effects, the majority of pertinent flow feature~ and their a,"o~ialed

drag eft«ts (like ~eparation point pre"ure dmg, and skin lriction drag) could still be

accurately modeled. One rea"," for ~h()o,ing ~teady-slalc simulations is because of the

reduced computational load they placed on the CClmputer- given lhe total number of

simulations necded, run time is a major limiting factor. The other, more compelling

rca,on for choosing a steady-stale modeling approach is that the properties of interest in

this ,ludy are all ,leady state ~alue~. Although, in reality, separalion point, skin friction,

pressure, and drag all vary with respect to time on a micro~copic seale, their net values

and net effects can usually be considered steady properties and can accurately be

modeled a~ such. The user interface update~ based upon whether the steady or un~teady

solver is selected. The time step ~ize, the number of iterations per time step. the total

number of time steps. and (he convergence limit for each time step needs be specified

when the unsteady solver is used. On lhe "lher hand, lhe lotal number of iteration; and

the convergence limit needs be specified for steady solver.

For all geometries modeled in lhi, lhesis, definition of the phy,ieal model, ;imply

involvs specifying whether a laminar or turhulent ~imulation is de~ired in the solution

eompulation. Laminar sol\ltic,"~are ~ought to compare with data in the open literature,

'" laminar modeL, are specified in case of circular cylinder only. A turbulcnt modcl of

circular cylinder i, al~o ~imulated to compare with experimcntal res\llts. Then the

axisymmelrie turbulent models are ~imulated for four axisymmetric fluid structures s\lch

a~ sphere. submarine (DERA) hull, pod, and axi'ymmetric under"ater body ba~ed on

(jertler'~ geometry. In this stage. Shcar Strcss Transport k-w model i~ used in all of the

cases, For vel".city- pre~sure coupling the PISO algorithm (discussed in seclion 3.4) i,

u~ed tor unsteady case, The ,econd-order discreli7.ation scheme tor the momentum

equatiol1 i~ u~edthroughout this study,

Specitying the tluid properties and lhe boundary condition, is very straightforward. For

every computational model in lhe sludy, lhe default fluid properties for water-liquid

(water-liquid at standard condilion,) are u,"d. 'I he flow velocity is used lor the sclection

of Reynolds n\lmbers in all of (he cases e"eepl lhe laminar model. In case of laminar

><,



,imulalion of cylinder the density is used in this regards. Also. the boundary condition

lypcs are all sp«ilied during the grid genemlion IICp. so the only addition needed is 10

,pecify the inlet velocily.

For all flow cases. the flow field i, inilializcd from lhe inlet boundary condition. Thi,

process is necessary to pro~ide a starling point for lhc evolution oflhe iterati~e solution

proces~. In every case, atlcr the tlow is successfully initiali7ed, the solution is itcl1ltcd

until one of the following three wnditiom is atlained: convergence, di~ergence, or non-

decaying oscillation of the residuals. Convergence is dcclared if the x-velocity, y-

vclocily. and continuily residuals all dropped helow 0.001.
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CHAPTER 5

5. RESULT AND DISCUSSION

5.1 Definitions

Th~ major b~nefil of CFO analysis i, ils ability to compute the values of every /low

parameter al ea~h grid poinl in (he domain sludied, giving a vcry descriptive picture of

the entire flow field. The present study can be classified to in two main parts: Firstly, the

21) laminar and turbulent flows over circular cylinder and then the axisymmetric

turbulent t10W5over axisymmetric under-water bodies of revolution are simulated.

'j he drag coefticient is computed as

(5.1 )

Where D = drag lorcc

S = appropriate reference area

As explained earlier, the drag force f) consisted of two parts: the pressure drag and the

skin friction drag. Pressure drag is ,imply the component of the pressure force acting in

the axial diredion. Skin friction drag i, a fundion of the fluid viscosit} and the velocity

profile at the surface of the body. FLUENT 6.2 direcliy compuled !x,th pressure drag

and skin friction dr<lg by numericaHy integrating the ineremenlal value of each <Itevery

node point along the !x,d} surface. The pressure coefficient is calculaled u,ing the

formula:

where Pea"",= gaugc prcssure ~ "-I'~f

(S.2)



P -reference density,,- .

Un'! ~reference vdocily

For this study. reference conditions are taken a, those values for water liquid at standard

temperature and pressure; in other w(lrds,

P'4 = 101325 Nlml

p,,/ = 98X.2 kgim3

f.1"'! ~ 0.001003 kg/m-s

The location of the reference pressure is always given as on the left edge of the inlet

boundary. The reference velocity is used to choDse the Reynolds number for different

flows.

The skin friction coefficient is calculated as:

c, (5.3)

where

Re ~ Reynolds number ba..ed on body di3melerllenglh.

Reynolds nllmber for lhi, >ludy i,cornpuleJ '"

(5.4)

Where, I. is the characteristic length. The boundary layer separation point occurs when

skin friction on a body surface go", to zero. 'I hus, it is simple to detennine the boundary

layer separation poinl for each compulalional lllodel by analyzing plols of Cr ver.<u_

59



Ch,pler j; Ros"I, ,nd Di'""'>Ion

axial position. Also. the dimensionless frequency of vortex shedding Is the Strouhal

number, expressed as SI=fd
U

(5,5)

Where, (i" lh~ frequenq of the vortex shedding (-1/1'), d Is the diameter oflhe circular

body and U the tree stream velocity, And the dimensionless wail vorticity defined

asw" =wR!/j (5,6)

Finally, th~ difference of the computed result from experimental result is calculated

u,lng the formula:

(5.7)

Where. If is the required parameter.

5.2 Flow over Circular Cylinder

5.2.1 The laminnr fl"w

The '>leady laminar flow around 20 circular cylinder is reported lirst to ailow

comparison with ~xperimental results. for Reynolds numbers = 20, the flo" read~s a

,lewJ) ;tal~ all ~ 7s~cwhereas for Re=40, It takes t = 15sec (0 reach sleady Slate (Bra7a

1986). Th~ ,lream functions for these Reynolds numbers arc "ho"n in Figure 5,1, 'Iwo

'ymmetric vortices are clearly ob;erved hehind th~ cylinder. The velocity vectors in the

wake orth~ cylinder are also shown in Figure 5, 2(a) fi,r R~ ~ 20 & 40 respectively. The

boundary lay~r profil~ Is clearly observed at several ray" extending from the cylinder.

namely at angle, of 0",30",60", <:JO", 120", 150'),and 180" from th~ front ,tagnation

polnl as shown in Figure 5.2(b), As Re}llOld, number becomes higher than 40 th~ flow

reports a 10" of 'ymmetry In the wah and alt~mating eddies are formed and collv~eted

in tile wake, This g~ll~rate, the alternating separatloll of vortlee" wh iell arc eOMeeted

and diJTus~dawa} from the cylinder. fonning the well-known Kannan vortex ,lreets.

'iueh deSlabillzing effects alway, occur during allY physical experimenl on lh~ flo"

around a circular C}linder. The Strouhal number as defined by Equation (5.5) is fOUlldto

be 0,164 for Rc~lOO. rhls result agrees "ell wllh th~ ~xperimentat value (0.164-0.1 ()5)
r~ported b} Trlnon (1959).
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(b)

;;;; """""X'

Figure 5.1: Stream functions for (al Rc = 20 and (b) Re = 411

The resLLllsofun,tcady laminar flow for Re = 100 are presented in Figures 5.3-5. The

instanlancou, stream line, for Re = 100 arc sho"n in figure 5.3 at the four phase>

during one ~ycle of vortn shedding. In Figure 5.4 & Figure 5.5 Ihe direction, of the

velocity vectors and corresponding contour, of pressure are plotted respC<:lively al those

phases for the ,arne Reynolds number. The alternating [onnati,,", convection and
diffusion of !h~ v(}rtices are c1earty sito,,".

"
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(b)

Ifi ure5.2: aVelocih'VectorsforRc=20&40

~~~~ .-------_ ..

-'--,

Figure 5.2: (b) Velocity Vcdors with Ray for Re = 20 & 40
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(,)

(b)

«)

(d
Figure 53: Contours of Stream Fnnetion at (a) t ~ 48.2s, (b) t ~ Sl.2s,

(e) t ~ S4.2s& (d) t = S7.2s for Re==100

5.2.2 Tbe Turbulent Flow

The experimental work of Roshko (1954) locate~ the beginning of the laminar-to-

turbulent transition at Reynolds numbers 200 - 300. He}ond this Reynokls number but

Ie,s (han 3xlO' the wake of the cylinder i, eompl~lely turbulent and the boundary la}er
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separation is laminar (Sumer, 1997). It i; known that the flow around the cylinder;; I",,,
dimensional only when Re < 200.
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(d)

Figure5.4:Cu~~~~nof \'el~C!~ ~'eet"r at (a) t - 48.2s,(b) t
c t-54.2s& d t 57.2.forRe=100
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For larger RC)T1olds numbl'r. the ,'onc", ~hedding occur.; in cells and therefore lhe flow

is gcncrnll)' simulated in 3-D. But the 3-D simulation is \"Cry much compliClllcd Dill!

computalio",,1 c.m is vcr)' high. Therefon:. Illl: tumulent flow mer 0 circular cylinder,
I
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tor Reynolds numbers 1000 & ]900 is investigated here uslng 2-D finitc voiume

method.

In this re",arch, the turbuient t10w for bOlh Reynoids numbers is simulated using three

turbulence models namely, k-f: Slandard, k.o Realizable and Shear-Stress Tran~rort

('~ST) k-w model. The vortex shedding is observed and thc drag ane! iill forces are also

calculated using lhese methods. for unsteady case, lime interval has been chosen ,mall

enough to capture the vortex shedding, The easie.,t \'va) to set up the right time step size

is one that ensure, the maximum Couranl number very near to unily. To avoid running

the case for very long lime, a smali perturbation has been introduced in lhe domain. This

perturbation is generally in the flmn ohery smail veiocity in pcrpcndi~ular direction to

the flo,,",'direction. This a"ists the solver to start vortex shedding quickly. Since there is

nothing to ,uslain thi., peTturbation in the domain I'm verv iong time, it dies Olltand did

not atfecl the cakulation of CL and CD' The dimensionless frequency ofvmtex ~hedding

is the SIr<1l1halnumbers tound by diITerell!methods are shown in Figure 5.6. rhe ~OTtex

.\hedding is visuaiized by means of the contours of stream function. velocity vectors and

stalic pressure. figure 5.7 sh",,,, the stream function during one cycle of lift eocfficienl

al Re ~ 1000. Al the Same time the veioeity vcctor and pressure fieids are also shown in
Figure 5.8 and 5.9 respcelively.

* (Laminar)
• (Standard k-epsilon)
• (Realizable k--epsilon)
• (SST K-omega)
• (Experimental)

••

/ ••

• •

0,25

~

i
2000 :>000

Reynolds Number

Figure 5.6: Strouhal Number V~Reynolds Number
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(,)

(d)
Figure 5.7: Stream Function (a) T~120.12s,(h) 1'=121.80 (l')T~12J.48s, (d)

T~125.16s for Re~HlOO

The allernating vorle>..shedding dearly observed in the'e figures. Figure 5.10 shows the

contours "f ~elocil) magnitude around circular ~ylinder al Re ~ 3900. figure 5.11

shows lh~ stream fundi"n & Figure 5.12 ~orticity magnitude during one cycle of lift
~oeftlciem al Re = 3900.

The alternating fOrmalion. convection and dif1usion of the vortices are clearly shown

again. The """its in this ,el1ion show lhal the vortcx shedding Is an intrinsic

",
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T=125.16s for Re~IOOO
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Figure 5.10: (a) Contours of Velocity Magnitnde (b) Close up "ie" of Flow
around Circular C\'linder alS Re=J9UO



phenomenon of the tlow. well predicted by the solution of the Navier- Slakes equations .

.1he vortex shedding is generated by a loss of symmetry of the two dimensional

symmetric Slruelures in the wake 0 f the eir~ular ~}linder.

Figure5.11: Stream Function (a)T=62.8s, (b) T=64.2s, (e)T=65.5. and
d T=66.'J. for Rc=J900

5.2.3 Force. on the cylinder

The drag force is a re;ult of the ~onveetive motion of the cylinder lhrough the fluid.

Beeall'" "f this motion and of the no-,Iip condition of the wall. a langential velocity

gradient i~ created in the dircclion normal to the wall. The mean value of the drag

coefficienl calculated by the presenl method for dilterent Reynolds nllmbe" is very
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close to the experimental results of Tritton (1959) and Anderson (2005). The total drag

consist of two components: the pressure force (Cp) and the viscous force (Cjl calculated

by Equalio", (5.1-3).
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I<'igurc 5.12: Conlours of Vorticity Magnitude at (a)T=(i2.8s, (b) T~64.2s, (c)
T~65.ss and (dlT~66.9s for Kc=J900
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•For Rc = 100, the mean value oflhe pressure drag, (~is 0.917. which corrc;ponds 10

75% of the total drag. This value is closer to the e~perimental result (0.995) of Roshko
(1954) than that (1.02) of Braza eI al.(1986). In this ea,c. the lin force is 7ero a, it

co",iciered on Iy the vertical component of force.

Figure 5.11 shows the distribution of the ",all vorticity (E~uali()n 5.6) "ilh respect to

angular positions and the comparison with the nllmeri~al"",ull.' of Hrwa eI al.(1986)

for Re = 20. 40 & 100. The computed r,,>ults are in good agreement with those ofBraza.

In Figure 5.12. the distribution "fwall pressure at Re = 20, 40 and 100 arc compared

with numerical rc,ulls "r Brala el al.( 1986). The predicted wall pressure hy this method

agrees well with the ""uits computed by Bralil eI <11.(1986). Numerical values of the

componenls "flowl drag coefficient arc shown in Table 5.1.

o

1~~(Re20)
-<'- (Re40)
---< - (Re1 00)

-.- (Braza

00

Theta (H)

Figure 5.13: Wall Vorticity Vs Angular Position

The drag coefficients of the turbulcnl flo" at Re = 1000 & 3900 have also been

calculated using lhree turbulenncc models. The predicted Co value~ by standard k-
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cp~ilon modcl arc quite closely to the experimental values ,hown in Table 5,2. U is

observed that. for the visualization of vortex shedding the Realizable k-,.' turbulence

model is more effective, <C5thi, modd caplllre~ the separating tiow better than standard

k- G modeL

Table 5.1: Components of Total Drag Coefficient

R, Pressure Coeffieienl Viseoll~coefficient TOlalDrag Coefllcient

'00 0.917 0.329 1.245

1000 0.876 0.11 II 0.995

3900 0.877 0.12 0.997

"
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C' 0<

" "•u ""• -0<0

'-'
" -0<
0• -, 0•" -00~

-1.0

.1.2

-1.4

, 0'
Theta (oJ

figure 5.14: Pressure Coefficient V. Augular P""itinn

On the othcr hand, the SST k-m model is much more recommendable tor high Reynolds

numbers. The glohal periodic character of the tlow is found to be essentially lhe same as

lhe Reynold~ number increases, For the Reynolds numbers or 1000 and 3900 it shouid



be recallcd that thc unsteady lift and drdg coefficient oscillates periodically. Figurc 5,15

and I'igure 5.16 shoVvthe Iift and dmg coefficient for Re= 1000 respectively.

""""'"80 100

Time
Figure 5.15: Time History of Lift coefficient at Re = 1000
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Figure 5.16: Time Hi,ton' of [)ra co-efficientnf Re = 1000
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Th~ drag cocfl1cicn!, a, a function of different Reynold, numbers are ~olllpared with

experimental and other numerical resull8 in Figure 5.17 and in Table 5.2. In m",l of the

ca8e8, the computed re,lIlts show better agreement with experimental data compared to

olher predieled ,allies.

••

• •
24Da

• (Experlmenlal)
• (Martine, el an
•• (Loc)
•• (Braza at a/)
• (Jordan & Fromm
<l (M<ttal)
• (Lakshmlpathy)
• (Breuer)
* Present

,oao

0,"'
""

'","
'"0' 120

1: 1,15,
'ID 1,10

8 105

~ 100

'"

Reynolds Numbe,

Figure 5.17: Brag Coefficient V, Re~'nolds Number

Table 5.2: Comparison of Drag Coefficient at Different Reynolds Numbers

", 100 1000 3900

Experimenml 1.24-1,26 0' 0,98'1-0,0:'
(Trilton.195~) (Anderson.20n:,) [ ou'enco&. ~h;h(19')])

Tuann & Olson 11973) 1.25 -- I --
Martinez el a! (19n) " -- -

I oc (t9Sf)) 1.15 -- --
Ilra7a el ai, (t986) 1.17 1.15 --
Jordon & I'romrn(1972) -- L2 --
Ikaudan & Moin (1994) -- -- 1.74

Labhmipathy -- -- 0.87
I:lreuer(199&) -- -- 1.08
Present 1,245 0.995 0.997
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Chap'" 5' [{",ulland OJ,,",,,,,,"

5.3 Flow Around Axisymmetric Body of Revolution

In thi" part two dimensional axisymmetric modd is uscd to simulate the flow around

tour under-water a"i.,}mmdrie bodks such as, sphere, DREA submarine bare hull, pod

and axisymmetric underwater body based on Gertler's geClmetry.

5.3.1 Flo" around spbere

In the case of a~i'ymmetric turbulent flow around sphere, the computed results are

compared to Aehenbach's (l972) experimenlal dala for transeitieal flow at Re = 5x 10'.

According to lhe experimental observation of Achenbach's (1972) the tlow around

sphere can be e1us~ified into f('LLrregions depending on the Reynolds number. In tbe

subcritical region (Re< Jxl05) the drdg coefficienl is namely independent of Reynoids

number. The critical region (3x 10' < Re < 4x I0') is characleri,ed by a rapid drop ol"the

drag coeffieienl. The minimum being reached at !lIe critical Re - 3.7x105, witb further

mcrea'le m Reynolds number. CJ) slightly increases again ,,'hich is known a,

supercritical flow (4xlO'<Re< 2xl06) and il seems that the curve is going to reach

another maximum. The transition from supercritical to lramcrilicai (Re> 2x 10") is

rather floating.

15D.+Dn

1.0~._
~
75D••~1

~ 5 ~D••01,
g 250 ••01
o O~.+ll~,

~-2,oQe-01~
o
"'-500<>-01

-"1
7
05~:.:: _~, ~ _ .. 1... _ .. _ '.~ .. ' _ .. , ; _ .. ,' _ _ .. '._ "~'.'.' _ .. __ ~

.D.125 -D.l -0,075 -0,05 -D.D25 0 0,025 G.G5 G.G75 D.l ~.125

Position (m)

Figure 5.18: Plot of Pressure Coefficient 00 tbe surface of Spbere at
Re '" 5xl06
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Achenbach. s cl\periment is performed at a transcritical Reynold, number where the 110w

is considcred fully turbulent and thus can bc directly compared to the turbulenl

computational models. In thc prcscnl study, lhe turbulent 110\"simulated using Spalart-

i\llmaras (S-A) and shear strcss Iransport k.(iJturbulence model at Re= 5x 10'.

The predicted pressure coefficient over thc surface of lhe 'phere is comparcd Wilh

Achcnbach's e"perirnental data in Figure 5.18. The computed results are "ery close to

the cxperimental ones, figure 5.19 ~hows the comparison belween computed values of

skio friction coeflicient over the sphere and Aehenbach'~ experimental result;. In lhi,

ca~e. the computed ,kin friction coeft1cicntCur,e~ dne~ not track wcll WilhAchenbach.s

data forward oflhe ~eparation point. However, the general trends of the curves are thc

same. The accuracy of skin frieli"n coefficient prediction in numerical simulations is

highly dependent on the accurate re~olution of the turbulenl boundary layer near the

surface of the oody, Accurate calculation of near-wall effecls requires an extremely fine

mesh in that region, Since boundary layer separdtion arises duc to pres,ure variations.

accuratc separation point prediction, are dependent on accurate pre~sure calculations,

which require a less fine me,h than skin friction ealculation~.

7,00••03

S.l)(le-~3,
,,~Oo-Ul

~ 4 00••03
,,

3.00••0l

2,00••Ol

I!< 1,00••03 •

o DD.+oo
-0.121 .01 .0.070 -0,0, .O~ZI 0 O.D25 O,~~ ~.07~ 01 0.120

Position (m)

Figure 5.19: Ptot of Skin Friction Coefficient Onthe surface of Sphere lit
Re~5xlO.
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However. the discrepancies between actual and computed Ct curves are nol expecled 10

greatly aftcetthe reliability of the total drag prediction since skin friction drag accounlS

only for 10 1020 percenl oflhe IOtaldrag In thi, case.

Figure 5.20(a) shows the velocity vectors around sphere. The separated region and

vorte" ,hedding are dearly vi,ible in lhe elm;e lip view ncar wall as shown in Figure

5.20(h). Table 5.3 shows lbe angular po,ilion of separation points as well a; the

percentage of difference (calculated by Equali,," 5.7) from experimental values. The

numerical predictions of separation point matched Achenhach' 'i experimental dala we II.

Table 5.3: Angle of Separation for Axisymmetric Turbulent Flow around Sphere

Sepamtion point, Percent difference
(in de~ree,)

Present 126
6.8%

Achenhach>; (1'172) expo 116
result

Table 5.4 ,hows values of drag coefficient predicted by two turbulence models and also

experimental values measured by Achenbach. Percentage of difl"erenee (calculated by

Equation 5.7) between the numerical and experimenlal value, are al",) included.

Table 5.4: Drag Coefficient for Axis)'mmetric Turbulent I<'lowaronnd Sphere

Spalart Atlmara' S<:TK-(Umodel i\chenbaee', expo
Turbllient model Cu'

Llrag~ocffi~ienl. en 0.1 (,) 0.154
0.18

Perceot difference I 9% 14%

A~benbach measured drag coefficient, fl"()m0,09 to 0.18 lISReynolds number varied
, "

from 4xlO to 5x10. Tbis implies that drag is Reynolds number-dependent in the

.,upercritical to tmnserilieal range, and that the small descrcpHney belween Achenbach's

drag coefficient and the numerically computed drag coefticient may bc due 10Reynolds

number mismatch more than inaeeumcie.' in the numerical method. Achenbach also

presents olher dmg coefficient results In his paper tbal are obtained through intcgrmion
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I1lIht'r tlmn direcl mCllsurrment; lhose ~ul15 prrdkl lIII c"cn lllrger I1lnge of dl1lg

coefficient ".:I.';lIlion(from 0.07 to 0.24 within lite SlImeRe I1lngc).Funhcr. the prrssurr

coefficient plot shows Ihlll moo: pressurr rttO"CT)' occurred on the nn !TIlion of the

spherr using two lumulcn<:c models than Ihat O('cum:d on Achenb:leh's measurement

Thc higher presslIrr rtto"el)' of the num('ricl'll models cxplllins tlte m!uced drng

cocffic;en15 pm!ietion compnrrd to Acltenb3ch' s result,



5.3.2 Flow aruund DIU:!\. submarine bare ball

One of tbe greatest advantages 01"crD OvereAperirnenlalion is lhe ea", and avai lability

of flow visualization, This section ,how, ,ome of the more relevant flay,' parameters.

Generally, with a reasonable grid and a reasonable level of convergence, lhe re,ulh

obtained from tbese simulations will not look much ditl"crcnt Hum one thai h fully

converged and deemed mesh insensitive, Moreover. il is ensured lhallhe computational

domain and the grid number 01"lhe I"oilowingca"" is sufficient enough to compute the

drag forces and the flow visuali£alions.

Here. turbulent flay" is simulated past axisymmetric under"ater vebicle bult fonn. The

submerged oody used in this research is a ,>1andardDREA (Detence Research

Establishment Atlanlic) hare suhmarine hull as shown in Figure 4.4. Shear Sire"

Transporl (SSn k-f!) model is used for capturing turbulenl flo". For c"rnparison of the

compuled result wilh experimental value. the flow is simulated at Re ~ 2300303'1 (23

million). A numerical investigation I"orcSlimming drag force on submarine hull has also

been done using CfX by Baker (2004). The compuled result with the experimenlal and

Haker's numerical resul! i, ,hown in Table 5.5.

Table 5.5: Drag coefficient with it's components for DREA submarine bare hall

Pressurc frictional Drag Experimental Baker's cex
Coefficient Coefl1cicnl (ti) Coefficient(en) value (CD) resul! (e,,)((-.,,)

0.000213 0.000827 0.0011}4 0.00123 0.00167
(+/-0.000314)

The above table shows that the pre,enl re,ult is more accurate than lhat of Haker's. The

ditlercnec belween the computed and the experimental result is 15%where a, it is 33%

tor Baker's crx re,ull (the percentage of difference is calculated using Equalion 5.7).

Another rcmarkable malter observed in CI able 5.5 is that. in case of suhmarine hull the

frictional coefficient dominales the pre.'sure drag eoeffieienl but the opposile

phenomenon OCCursin case of sphere. Here the frictional eoeftieicnl i, 79.5% of the

lolal drag eoettieient "hereas it is only 10% in ea", of sphere. This is expected because

the ORE!\. submarine hull is a long body having a large length-diameter ratio. In this
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case, the arbitrary area Ll is u.\ed 10b~ consisl~nl with experimental data from the wind

tunnel test. (Department of Resea~b and De,el"pment Canada -I 988)

figures 5.21-24 show lhe diff~r~nt flo" visualization over the submarine. As

axlsymmelric mod~1i; u;~d in this study, all of the figures show only half seelion of the

body.

The contour of (h~ pressure coefficient ~round tlle submarine hull is shown in Figur~

5,21(a) at Re = 23 miiliun (velocity ofJ.422 m/s), The stagnation point ol'high pre;;ure

at the Ironttip ufthe hull, the favor~bie pre>sure gradient at the front s~ction and the

adverse rr~ssure gradient at thc rear scction of th~ hull are clearly shown. Sincc the

~ference pre>;ure is set to zcro lhc pressure, ,hown are relati~e. figurc 5.21 (b) sho,,>

a cl<),~up of the front 'mction of th~ hull. Here the st~gnation point and the favorable

pressure gradient arc even more vi,ihle (red color).

Figure 5.22(a) sho"s the contour of velocity magnitude for tile submarine hull at Re =

23 milliun. When compared to the pre.'.,ure plot it can be seen lhat the slagnatiun point

of high pressure corrcsponds h) th~ 10'" velocity poim at the Iront the favorable pressure

gradient in the Ironl "",tion corresponds to a high velucity and the adversc pre"ur~

gradicnt al th~ rear corresponds to a low~r velocity. Figure 5.22(b) shm", a c1<:>>eup

vic" of [h~ front section of the ,docity profile. Here it is apparenl by the col<:>rsclose to

the ,hape that the no slip boundary condition set for lhe surface of the hull is in cflecl. 11

i; ai,,, lllore apparent lhal lhe stagnation point is actually a .,tagnation point with Zem

~elocity (the I>llleregion).

The wall ,hear plots arc a good indication of the viscous drag over the hull surlaee.

They can also he u~ed to cheek if there is any separation bccaus~ th~ wall shear goes 10

z~ro where the boundary layer separates. Viscous effect occurred only on the boundary

,urtace of thc budy ,11()wnin Figurc 5.23(a). It shows a large wall shear affecl in the

favoral>le pressure gradient area at the frunl "",tion of the hull. Th~ very peak of thc

front ,cetion has a reduc~d "all shcar. "hich makes sense physically hecause there is a

reduced tlu" ,elocity in thi; r~gion due to tIlc stagnalion point. This illu>lratcs how this

region largely aIT~cts the viscous loss~s (blue color). This figure also show, the

buundar;. sml:1ceregi,m closer, which indicates a high shear str~ss (red color),
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C'hapurr 5: Rcoul18lld Vi""",,",""

Figure 5.23: (a) Contoun ofW.U Shear Stress for DREA Submarine HuUllt Re.
23Million
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Figure 5.23: (b) Close up View of the Rear Sedion of Con toun of Wall Shear Stress
foc DREA Submarine Hull
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Chapter 5, Rcsu/l and Discussion

Figure 5.24: (8) Contoun ofTurbnlence kinetk Energy for DREA Snbmarine HuD
at Re"'" 23 Million

Figure 5.24: (b) Close np View of Rear Section of the Contoun of Turbulence
KiDetic Ene for DREA Snbmll.rine Hnll

Figure 5.23(b) shows the tail section of the submarine hull. This is where the wall shear

plot is beneficial in determining if there is any separntion. The wall shear goes nearly to

zero but then increases again. This is happened because., in this part of the body the

bOlmdary layer may have separated and then n:atllIched, which is a common

phenomenon.
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Finally, turbul~nee kinetic ~n~rgy is relal~d to tb~ turbul~nce mode! ul.ed in tbis

,imulation. Turbulence ",iginat~, from the boundaries ofa domain, so in thi, cas~ the

onl}' place for turbulence to be generated is from the body, since it is the only region

with a no slip condition. Turbulence kinetic energy is a measure of the energy buHlup

as turbulence. In Figure 5.24(a) the kinetic energy i, ,hown to build up a,; flow passes

along the hull and then propagate Imm the rear. Figure 5.24(b) ,bow, a dose up view of

thi, turbulent energy being dissipated to the free stream.

5.3.3 Flow around axisymmetric pod

Podded propulsion systems are becoming increasingly popular in modern commercial

marine vessel, 011account of the increase of their efficiency. The study of Ilow around

pod is of increasing importance due to eAtensive us~ of podded propul~ors.

Table 5.6: Run parameters for Axi'Jmmetric Viscous Model

Solver 2DDP

lV]odei SST k.w

Density 1000

Vi,eOlity 0.001

Inflow " 1. v=O

Reynolds Number 3xlO

Turbulence Kinetic Energy, k 9.227xJO I
Specific Di"ipation Rate, (.J 0,2641

" 0.09

Turbulence Length, I 0.21

In thi, study, only the pod (without strut) is considered. The geometry of the pod i,

discussed In Section 4.3.1.2, Though. the shape of the pod body is more or less similar

to ",bmarine hull discussed in the previous section, the concentration is given here on

the investigation of force acting on the body instead of flow viSlialization. The shear

,tre" 'I ransport (SST) k-w mode! i., u>ed to simulate the turbulent now at Re ~ 3x 10"

on the axisymmetric pod geometl). The parameters used for the axisymmetric flow

solver are given in Table 5.6.
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Ch,p'" j: R"ult end DLI<u»ion

I'he grid generatilln is (diseussed In ,ectilln 4.3.1.2) ensured Ih~ oplirnal re,uli of

calculating drag force on pod body. 'I he tim~ step si7~ is ,e1""I~d '" Ihal Ih~ maximum

cell Courant number is very near to unity. In Figure 5.25, the result of CD versus time

shows the convergence of the solution. The minimum spacing is generally based on

Y~(discussed in section 3.3.3). a dimensionless parameter representing a local Reynolds

number in the ncar wall rcgilln. It is important for the ncar wall treatment for t~rbulent

no". Figur~ 5.26 shows th~ maximum value of y' =25 obtained u,ing SS r k-w model.

which i, acceptable when di>abling transient flo",'. Surface pressure coefllcient,

frictional eoellieicnt and merall Hliumd,ic drag co~mcients an: important quantiti~s

for assessing the hydrodynamic ~Ilici~ncy of pood~d propui;or ,y,tem. 'I he main focus

of this study i" !Ocalculate these force,. '1he computed total drag coefllcient with its

component at Re ~ 3x 10"isgi,~n in Tabl~ 5.7.

Table 5.7: Total n"'g Cocfficicnt with its Component at Re ~ 3xlO" Computed on
Pod Hull

pressure coefficient (ep) frictional coefficient (Cr) drag coefficient (CD)

2.199xIO' 3.89x1O' 6.09x I(r

From this table. it i; ob",rv~d that. ill case of pod the frictional coefficient is also the

major portion OflOlal drag lik~ submarine hull due to its long body surface. Ho"e,~r, in

this ca"" frictional coefficient is 64% of IOtaldrag e()~ffiGi~ntwhereas it is 79.5% in

c~sc of subm~rine. Th;s Is h~ppened duc to thc fact lhal thc pod bod} has lower f.!D

ratio (3.6) than submarine h-od}(l-,D~8.75).Small ditTcrcncc in ;hap~ al the nose and

tail ,,,,,lion of the bodies may ~[;o b~n:sponsible tor this.

Surface area i, one of lhe important parameters for calculation of sk.in friclion

coetlicient. ln this case, following formul~ is used 10calculale the pod surtace area.

Area ~ I( vf(R,., - R,)' + (x,_, - x,)' x (R;" + R,)x" )
,

Whcre, R, are the radii at corresponding axial location x,.
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Table 5.8 shows the comparison of thc eomputcd frictional coefficient with result, of

Gupta (2004) and Blasius (J908). It is obscrved from the abovc table that the computed

result shows better agreement than that of Gupta.

Table 5.8: The Fridional Coefficient of Pod

Present Result (ef) Gupta'; result (e;) Bla~ius theoretical re,ult (Cjl
(Calculated by RSM model)

3.89" 10 5,0838x I0- 3.207xlO--

I'igure 5.27 and I'igurc 5.28 show the pressure coefficient and axial velocity on the pod

respectively and both of them agree well "ith (hat of Gupta (2004). In this case, the

radial velocity i, 7ero every where as the flow is simulated at a zero angle of attack. It

is known that the easiest way of calculating the separation point i~ from its "all shear

stress. At thc separated poimthe wall Shear stress become zero. I'rom Figure 5.29 it is

observed that the wall ,hear goe, to 7ero but then increase again. This phenomenon

demonstrates that boundary layer may have separated and then reattached.
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Ch,p""' 5: RC<lIlt ,nd [)jscll"ion

5.3.4 Flo,,' around underwater vehicle hull based on Gertler's geomet'1'

The focus of this study is to examine the drag fon;e on ,even bodie, wilh lenglh-to-

diameter ratios (UD) ranging from four to ten, Each body is defined by a sixth-degree

polynomial based on Gertler (1950. Syslematie modcllest for streamlined axisymmelrie

bodies perronned in the Da,id Taylor Mudd Basin in Wa"hington, Gertler (1950) gave

,orne guidelines for design of deeply submerged bodies. Axisymmetric model is used

as it is an ideal candidate for a parametric study with their easily det1ned geometry,

straightforward grid generation. and a~ailable experimental data. It is ensured that IOlal

number of grid points, location ot outer computalional boundaries, and minimum

spacing (initial spacing normal to body surtaee) (discussed seelion 4.3,1.4) are sumci~nt

enough for the predielion of drag fon;e on the body. It is also seen that extending !he

outer boundary ha, a Ie"",,, ~ffecl 011the result.

111this study. the investigation of turbulent flow is confined only 10zero degree angle, as

a non-7ert' angle of attack in beyond the capacity ofaxisymmelrie model. Differenl

lurbulenl mode Is are used tor the simulation of tlow around axisymmetric underwater

body bas~d on Gertler", geometry.

Table 5.9: Computed Drag Coertieient using Diff~rent Tnrbulence Modcl for
Axisymmetric Hody with VD=4

Turbulence model Drag coefficient, Experiment, Co % difference
C,.,(x10") (xlO,J)

Sparat Alima"" 5.50 71%
(~ 4)
A-I: (standard) (,.0 87%

k-F. (reli7able) 4.23 32%
3.208

k-(v (standard) 6.01 90%

(SST) A-w 3.435 7,1%

Fro," the eompuled result it i, observed that the shear stress transport (SS'I) k-m

lurbulence ,"odel gives better re,ult for th~ bodie, where skin-friction eoefficienl
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dominates the drag pre>sure coefficient. Table 5.9 shows the computed drag ~oeffi~ient

and ditTerenees from the experimental value using different turbulent m,>de' in case of

axisymmetri~ body with f./D==4.

Then the investigation is extended for otber bodies with different length-diameter ratio.

The calculations and experiment' are perfonned for a Reynold's number of 2x 107•

Table 5.10 ~hmv, the computed drag coefficient using shear stress transport k-w

turbulence model. It also percentage of difference from experimental result~ calculated

by Equation (5.7). 'lhe table shows best pcrfonnance of the pre'>enl2-D axisymmetric

"ST k-w turbulence model compared to other turbulence models.

Table 5.10: Computational versus Experimeutal Results for Axisymmetric Bodies
of Revolution using SST k-w Turbuleuc~ Model

CD Preseol result experiment %
(x 10')) (xJO-') difference

C I c c, C,
4 0,600 2,835 3.435 3.208 7.1%
5 0.4 JO 2.730 3.140 2.988 5.1%
6 0.300 2.720 3.020 2,848 6.0%
7 0.293 2.665 2.958 2.758 7.2%

8 I 0.209 2.684 2.893 2.718 6.4%
9 0.187 2.635 2.822 ~ ~

10 0.182 2.633 2.815 2.703 4.1%

From Table 5.10 il is also observed that drag coefficient is de~reasing with the increase

of length-diameter ratio. In other wards, the drag force is inversely proportional to !.ID

ralio "fthe body, H happened becau.,e the _hape of the body is transfonning fmm thick

10 slender with the increase of liD as the b"dy lenb<this fixed. The lineness ralio Uf)

inlluenees substantially the resistance of submarine" ~ince the wetted surface depend,;

stmngiy on it for a given volume. Therefore reducing the welled surface reduces the
resi,lan~e.

It is customary 10 de~()mp",e the resistance of the naked hull of a deeply submerged

,ubmarine in\[) skin Iridian re,i>lance and form resistance, The ,kin friction resistance

is due to the viscous shear of water flowing over the htlil. It i.' e.,scntiall}' related to the

length-diameter ratio oflhe hody. For a given volume, a sphere U"D=I) has thc smalle.,t
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skin friction resistancc whereas for a nat plate (Uf)~) it is the highest. Table 5,11

sh"w~ the percentage of skin friction coefficient on drag coefficient for length-diameter

ratio from 4 to 10 at Re ~ 2xlO'.

Table 5.11: Skin-friction Coefficieot as PeITentage of Total Drag Coefficient for
LID=4-IO

1.11) Frictional coefficient, Cf I)rag coefficient. Ci) %o[C, inC"
(x I0')) (~IO"), 2.835 3.435 82,5%

5 2.730 3.140 86.9%
6 2.720 3.020 90.1%
7 2.665 2.9"8 90.1%

" 2.684 2.893 92.7%
9 2.635 I 2.822 93.4%
I 0 2.633 I 2.815 93.5%

Several prediction methods have been investigated to calculate the drag tor this sctics of

bodies. Tahle 5.12 provides a compari.,,,n of the current results with the experimental

and other three methods; one. based (m a differential boundary layer fOl1nulation (theory

"fCebe<:i and Smith). another based on a simple dtag fonnllia b} White (1977) and the

other complIted numerically using ISFI.OW by Lin el ,,{ (1995). The computed results

are ill good agreement "ilh the experimental measurements and other results,

Table 5.12: Drag Coefficient (CI>" llr') frum Different 1-'redietion Methods at Re =
2"107 for LID - 4 -10

un White's Roundary Lin el al. Present Experimental
tormula(1977) layer theory I ",(199~:lI\

ISFLOW
4 3,108 3.028 3.213 3.435 3.208

5 2.998 2.958 2.948 3.140 2,988

6 2.928 2.898 2.858 3.02() 2.848

7 2,858 2.858 2.761 B58 2.758

" 2.808 2.818 2.691 2.893 2.718

9 ~~ ~~ ~~ 2.822 ~~

" 2.738 2.778 2.629 2.815 2.703
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C'h,ptcr 5, Rcsult ,nd DlIou"lo"

It is known t~at the total drag coefficient (C,,) i, cumpo;cd of prcssutc coct'tlcicnt rep)

and fridional coefficient (CtJ (Table 5.10). which are obtained by integrating the

pressure distribution and viscous shear stress, respectivel}, o~er the bod} ,urface.

Figure 5.30 shows the plot of skin Irictional coefficient lot LID = 4-10 serially. The

separation of flow goes away with tbe increa-.e of lengt~-diameter ratio. Finall}, the

plot, ofpre.%ure cc;efficient are shown in Figure 5.31 or CD = 4-10 of the axi,yrnrnetric

undern'ater body based on Gertler's geometry .
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CHAPTER 6

6. CONCLUSION AND RECOMMENDA nONS

6.1 Conclusion

Two dimensional finite v"lume method has been applied to solve fluid slrudun:

instruction problems. Firstly laminar and turbulent fl",,,s around circular cylinder are

studied and then turbulent flow around axisymmetric bodie~ of revolution. such as,

sphere, DREA slandard bare submarine hull, pod and underwater vehicle hull ba>ed

on Getlle,'s geomdry. From above sludies. following conclusion can be dra\\'n:

(i) Flow amund Cylinder: Flow around circular cylinder Is studied at

Reynold", numbers "flO. 40, 100, 1000 and 3900. Al low Reynold's numbers

(Re=20, 40 and 100), flow remains laminar bUI at Re~100, the flow in (he

wake of the cylinder becomes asymmetric and Kannan vortex streets are

found. At Reynold's number larger than 40, unsteady solver is needed to

model vortex shedding in thc wake ofthc cylinder, Drag coefficients, Strouhal

numhers, "all vorticity, pn:",ure coefficienl compuled by un,leady laminar

flow sol~er at Re~IOO agrees well "ith experimental/numerical results

obtained by other researchers. Although most of the researchers prefer three

dimensional solver to modellurbulenl flow al highet Reynold's number, l"O

dimensional finite volume method as computationally cost effective is

sueecsslully applied hen: at Re~IOOO& 3900, Three turbulence model" wcb

lIS,k-c standard, k-F Realizable and shear stress lransport (SST) k-m models an:

used with unsteady viscous flow solver, It is also (lb,erved that standard k-G

model computes drag coefficients aeeuralely. "here the reali7",ble k-i:

turbulence model is more effective for ,isualizalion of vortex sbedding. 'lhe

SST k-m model is much more recommendable rOthigh Reynolds numbers.

(i1) Flow around sphere: Two dimensional axisymmetric flow solver is used to

simulate turbulenl fluw around sphere at Reynold's number or 5xlo6, Two

turbulence models, such as, Spaiarat-Allmaras (S-A) modcl and ,hear stress

'at•



tran'port (~ST) k-w model are u;cd. Drag coctticicnts and separation angle

computcd by thc implicit pressore based unsteady axi;ymmetric flo" ,olver

agrecs well with experimental results. Ho"'e~er, 5palarat-Allmam., (5-A)

turbulence model8how better performance than shear stress transport (SS I")k-

'} model for the bodie8 where pre"ure coeflicient i; the major (in this case

90%) portion of lotal drag eoc (liden\.

(iii) Flow around UREA standard submarine hare hull: Turbulent t10w around

ORE" ;tandard ,ubmarine bare hull is anal>nd by two dimen,i'lllal

axisymmetric >olver at Re = 23003039 u8ing 8hear stre8s tran8port (SST) k-w

turbulence model. The computed value of drag:cocflident agrecs satisfactori I"

with experimental results, In thi8 case, the frictional coefficient;,; 79.5% of the

total drag eocft1cicnt of thc huII.This may be attributed due to the fact that the

leglh"diamcter ratio of the hull is vQryhigh (8.75).

(iv) Flow around axisymmetric pod: Thc ,hcar stress transport (SST) h-G)

IUrbulencc model is incorporated into axisymmetric solver for simulation of

turbulent flow around pod surface at Re=3xI0'. The shear stress transport

(SST) h-W turbulencc model computes the value of dmg coefficient more

acc\lrdtely than Reynold.s stress model (R<;M). In lhe pre;elll ca<;e, the

frictional coefficient is 64% of the total drag coefficient of the pod.

(v) Fln..- around undenvatcr vchiclc hnll based on Gertler's gfilmetlj':

Axi8ymmetric flow solver incorporating sllear stre88 tran8port (~S I) k-w
turbulencc modcl is used 10 analyze thc turbulent flow around underwater

\ehic1e hull «,rm having different Uf) ralio< ranging fmm 4 to 10 at Re ~

2xIO', Compuled value, of drag: coeflic;enls agree '>ali,factor;l}' ",ith

cxpcrimcntal values, The drag cocflicicnl decrease, Wilh ;ncrca;c in Uf)

ratios. Abo. the friclional GOeflicienlin percenlage or lolal drag c,,,,fficient i,

proportional 10 lenglh.diameler ralio or axis] mmetric body.

In !!ener~l it can bc eoncludcd that. thc ,hear stress transport h-W model ,h",,, heller

perfml1lance than other turbulcncc modcl for bodie, where lhc frictional force

t10minales the pre><uredrag torce.

'"'

•



6.2 Rccom mendations for further study

There are many scopes lor further s!lldy in this area. Some of those are:

• Free ,urraee effects may be investigated

• The flow may be modeled ror non-zcro angle of attack:

• More sllldy may be done 10model thc laminar-to-tllrbulent flow transition.
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APPENDICES

Appendix A:

DREA Standard Modd:
Parent axisymmelric h,,11[onn: length I. maximum diameter d, lid ~ 8.75. Profile
radii arc '>pccifieli in lhree regions as shown in Figure AI:

Region 1: nose, length: 0.21

',(xl eo~[2.56905 ~ _3.48055=:+0.49848(=:)2+3.40732(')']
I I \1 I ,I /

\\/here. O:o;!...:o;0,2
1

Rell:iun 2: mid hody_ circular cylinder:

'2 (xl =!!..- "here. 0.2"!...,, 1__3d_
/21 II

Region J: tail. Ienglh: 3d

',(.')."-_1 ['-l'[- 3d)]'
! 2/ 18d I /

where, 3d x[--:0;-00,1
1 1

'tc-'-., ,-'~~-:J'
'gion I . ~ region 3regIon .£.

Figure AI: DREA Standard Bare Submarine Hull

Hull Volume ~ O,OOH16191I'
Hull Cenlre o[Buoyancy at x/I = 0.444842/



Appendix B:

Vertices or the pod with un = 4 used in 2D- axisymmetric run .

.0.4
-02888889
.0 17777778
-006666666
0.04444444
0.15555558
0.26666668
0.37777778
0.4888889

"'0.6222789
0.6873106
0,78982663
092152184
1,0717269
1 2282733
1,3784784
15101736
16195069
1,72884
18381736
1,940689
2005721
2.028
2.127662
2.227324
2326986
2426648
2,526309
2625971
2725633
2825295
2.924951
2,928
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Appendix C:

Axisymmetric IInderwater bod~' based (IIIGertler's gcomctl"}'

"ormula:

Where

, + '+ '+ '+ '+ 'y = alx u2x a1x 04X asx a(,x
", =+1.000000
lI, =+2.149653

",=-17.773496

", =+36.716580
",=-33.511285
"6=+11.418548

Model Parti<'ulars:
0)UP = 4
Length (m) 9.000
Diameter (m) 2.250
Welted surfa~e are" (m') 50,18

(ii) un = 5
Length (m) 9.000
Diameler(m) 1.800
Wetted surface area (m') 39,75

(iii) LID = 6
Length (m) 9.000
Diameter (m) 1.500
Wetted ;urface area (m') 32.94

(iv)UD=7
Length (m) 9.000
Diameler (rn) 1.286
Welled surface area (m') 28.15

(v) LID = 8
Length (m) 9,000
Diameter (m) 1,125
Wdted ,urrace area (m') 24.58

(vi) LID ~ 9
Length (m) 9.000
f)iameter(m) 1.000
Wetted surtacc area (m') 21.78

(vii)UD=lO
Length (m) 9.000
Diameter (m) 0.900
Welted >unaee area (m') 19.64
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