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At-tract 

Con. idereble r e.e.rch .ct i vi t!e. i n vibretion and sei s.tc .n.lYli . for 

v.rious fluid-Itructuu ' Ylte_ h.ve been e.rried out in the past tva deeedel . 

MOl t of the .ppro. chel . r e for aul.ted within the fr .... work of fi nite ele .. nt., 

.nd t he. ... jorlty of work de.la with invhe1d fluidl . Hovever, theta h .. been 

little work done in the .re. of flu id-I trueture intereeti on proble .. 

• ceounting for flow lep.retion .nd nonline.r pbeno ... non of I te.dy . tre • .tnl. 

In thi t paper , the Arbitr . ry L.granlian Euleri an (ALE) f i nite ele.ent .ethod 

h extended t o .ddre .. the flov ",p.ration .nd nonl1near pheno_non of Ite.dy 

. tre •• ing tor . rbitr.rily I haped bodie. underlolnl large periodi c .otion i n a 

ViaeOUI fluid . The re l ultl . re del i gned to ev. lu. te the fluid t orce .eting on 

the body ; thu. , the coupled ri lid body-vileou. flov pr oble. e.n be . t.pl1fhd 

t o • I tlndard 'trueturel problen ulinl the concept of .dded .... and edded 

d'lIpinl . 1'0"",1 .. tor thue two con. tint. are given for t he part i cular e ... 

of • cy linder i..er.ld in an infinite vilcoul flu id. The finite ele .. nt 

mode ling il baled on I pr •• lure-veloei ty aixld fo r ... l.tion .nd , .t re •• llne 

upwind Petrov/C,le rkin t lehniqua. All eo_putationa are pl r fo rled u. ing • 

per .on.l coaputer . 

I 



I. Introduction 

( ALE) vi.cau. fluid for-ul.t i on {II t o ev.lu.te the f luid for ca ecti ng On • 

vibrating rigid body . The IIOtion of en o.c1l1ning body 11 l ov.m.d by itl 

.... , the .tHfn .... of the Iprill, . the de.ptn, coeffic1 .. nt . the .uHounding 

v1lcou. fluid .nd the .xram.l forc •• cting on the aol1d ( ••• "l,ure I). In 

'CCOUllt by .enl of • hydrodYII .. l c _ .. Or &II add.d _I. fl . l) . libel! de.llng 

of -oti on f or the rilid body I •• t.pl ifi.d to: 

Md+c.1+1d -, 
'" 

wh.r. " . C. ~ . Fext ,"d d .r. the ...... t ruc t u r.l d.~iftl co.fflcl,"t . 

'D 

the rigid body. A .uperpo.ed dot d.note ... tert.l tt_ differentettan . Ft 11 

the re.ult.nt flu id forc. Ictin, 011 the body ( t ••• • without actuilly .od.lll1, 

the v1lcOUl flu id ) Ind i t 11 .lIu .. d of the for.: 

Ft - "Idd + Clda 

.. he r . " Id Ind C.d .re the .dd.d .... • nd .dded de.pin, co.fU e ienu. 

reap.ctlvll,. Sub.tltutin, Iq . (2) Into Iq . (I) ,I.ld. 

( " + " ,>d + (C + C ,>a + Id - F • • ,I(t 

'" 

(l) 

whi ch cln be .olved rl.dll, .Ince It II •• t.ndlrd 011. de,rll of frl.da. 

Ind C.d can be IIti_Ud by pre.cribtn, to thl rigid body I I1nu.oidal .. tion 

d -. lin lit , ") 

.. h.rl 10 , II Ind t Ira thl .. pl1tudl of the IIOt i on, ct rc\lla r frlqulllcy and 
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(1 .. , r.apectl.ely . 

I n thl oeKt •• c tlon, t he lo.,rolng ~u.tlnn. for I VllCOUI fluid .ubjlct 

to I llrg. boundary .otlon. lueh .1 11vln by Eq. (4) , .r. for.ulatad . In 

Seetlon 3, the computationa l proeadura. fo r Kad and Cad ullft1 the ALE .ethod 

Irl delcrtbed. An .ppltcatlon t o I Ci r cula r cyllndlr oec lll'tln« 10 • Vi .lOUI 

flui d t . liven 1n Section.. The contludln. T ... rk, Ir. pr •• ,ntld to Section 

,. 



X. l( ."d , . - - ThrO\llhO\lt thb 

(NSD) . to .) 11 -
dullnated by .. c:o_ foll_d by ... "boIer ipt .mUe tto. anerhl, .paUal and 

f,tl!]' f,tl!1 and f,tll)' r.'p4ctl".l,. The continuity and Ma.la r-Stok ... 

equatlona for .. Nevton lan, 110ther.al fluid are 14,51 

- 0 

.. • c y .. 
l , t[11 j l,j 

, --, , .' (5 b ) 

IIlIe ... I 11 the bulk Wldul". of til, fluid , P 11 tlM. thar.odyn •• l c 

p ..... "n; ! 11 t he uterl al velocity vacto r : ~ 11 tIM fl"ld danalty; ,,11 the 

01, the con .. tttve -
.. lode), .. t enr . The tonvac:U .. , .dod er 11 defined a • 

• 
(6) 

• 
vllara ! I, the .. ,h •• loclty .. actor which t. arbitrarily cha.an dapend1nc on 

the pa r ticular probl,. 16 ,1). 

and. 

The va r iatlon.l aqu&tlona ••• oc lated with Eqa. (5) ara 11,8 ) 

, 
J aPiP,t[~1 
'. 

dO. dO. - 0 (h) 



'II"" l , t I " 

i If<6 Y 1) , j + (6Y
j ) ,I)("t ,J 

• 

P dll" + 

I . .: 
(7b) 

for ... l.Uon. On the DthU hIond, the _llhtlo& function ';1 in (1'0) 1. 

coapo.ed of two tet •• : the flnt 00' , 6V" 11 contlol,lOU, .. ithin tho; .1 .. _otl 

end . Croll thelr bouodu l u; end the lecond ten 11 t lMl dhc:onUnuoul 

It r ••• llne oont tlbu t l on. In Eq . (1'0) .. Petrov/Calertln for~l.t ton I . ... ad 

-,-

beee" .. the IMe r pohtlon hoetlon. tor tM. veloctti'" an Unllr co-blonlon. 

of the continuoul cers, 6V
t

• HUlh •• and Brook" [9] pr •• ent .. 'etall.d 

dl"""."lon on the .. , ... pelonl required for o'ot.tnln, lq . (1\1) . It .hould be 

not"d thet t he conttnuoul part of t he .. eloclty _tlht ina functioo , ~1 ' .... t 

•• tllfy 6.
1 

.. 0 on ebot boo,I!\d'1"J lihue tt.. .dod"y lidd 11 pt •• e rllHld. The 

Ce .. ,.:hy It r ... tracUon, ~. 11 .ppUed to the felt of the (luld bounduy. 

following tvo .y.tems of .. trt:. .q .. etion,: 

KPf+(}.,. o 

'" ~ !. .. D(!) .. ~ - £ t • !. 

"h, re t! h the pn .. ur.-.... utrlle ; !:! 11 tlla fluid 

(I.) 

(Ib) 

.... .. nix; .nd ., -
r .. pectl.,aly. ,. i l t lla utarlll ti .. darhathe of ~; 

d, r iv.ti.,e of t he .. t.r1.1 ."locity .,.cto r, ! . holdi ng t he ref,r lnci fixld; 

( 1 •••• I fixed), ~ t. the ,Inlr.lt,ed convective veloc1ty vector; text II the 



total externd load vect or applied t o the fluid, K 11 thl fluid v1lco.lty -, 
.. tril< and C t a the divergence operator .. trll<, 

Roo_rlt I: If the fluid 11 ... u .. d t nco-pre .. lble, Eq., Ct) are further 

(ge) 

(9b) 

uaed t o Inlure Itabtllty and account fo r the upvlndlnc effect. on tbe ... 1 

the rigid body In tile .otlon direct i on (aee PiC' I) . Tha tl_ IUla 

- 1 
11 wand the chl rac t ari . tlc velocity vo • 'ow I , cho.,n t o ,cale tn. 

veloclttes . Ree. ll, fro. !q. (4) . that .0 t l tile • .plltude of t he pre,crlbed 

. eloelty. .inally, ~.o/b I I the pr.a.url ,cIll whirl ~ I , thl ab,olute 

.hcodty of tIM fluid . In thll InllYlil , the grawlty I . per pendicular t o thl 

11ty of the flu i d I •• ,.u .. d. 

• • 0 
1,1 

- 1 
with b , .. 

- r I ,I 
( lOb) 

"here thl ,upil n cript l d ban denotl dl .. n. i onle .. funct i on" .11 the 'pat l .l 



derivative. are with re.peet to dl .. ft. l onlell eoordinate. i1 • ~l /b • • 1. 1ft 

I.plitude t.tio para .. t l r Ind Iv II the frequen ey Reynoldl nuablr . However . 

fo r invileld fluid. (i •• •• ~ approlehes to infinity ) the ri,he h&nd . id. of 

Eq . (lOb) will beeo .. u ro Ind thl rll .. lting equiHbrll •• quat l ons IU not the 

• .M 

'., 

b' .. 
I _~"'_ 
~ . . 

(IOe) 

(J I ) 

vh.r. D il the dil .. ter of thl out.r boundsry of thl flu id do .. in and a. il 

the llIynoUI nu.ber (i . .. .... vobl .. ) . Fro. Eq . ( lOb) on. un notie. 

thlt. and ~ Ire I .. oeilted with conv.etion and dtffudon, rllp.ethel)'. 

That.forl, for • ... 11 · a end 'v the ditfulion aff.et. lov.rn the .. eloei t)' 

fhld; ""'.ue. , with "hr,l" e Ind 'v thl eonv.etion do-.1natll . 

In order to deUne the boundar)' ... lu. probl •• ~pletel)' . thl 

.,...try Unl the fluid veloc:tty h ~ero vhU. on the d,id body thl 

dl .. nllonle •• for. of the boundary condition . defined by Eq . (') . I, ,iven b)': 



(lh.) 

(t2b) 

where 

d('t) .. 8 dn t (12<:.) 

end !l are the di.enllonl ••• coordln.t •• for tbe contour of the tnnlr body. 

111, Influence of 8 on eha tillI1l1brtli. ,quatloo and on the !IOtloQ of the 

hner boundery ."'."u that • ,.rturMt1on technt'l"" .,.0 be .... d to lolve 

... lL 8 . Convendy. the Arbitrary l.I,nna:hn Eulerian fo'"-htlon ... flld hare 

do •• not rennin the ",!l1tude of the .. pUtlide nUn, 8. 

loUd bod,. boundary require. Lalno,tln dfllcrlpUon . That 11, the ... h .. et 

... Hed bet ..... I fhed rdere,":, tbro .. ,h whl th tbe fluid .ov •• ,11_ 'troo, 

,ffltt. the dl"l1ty of d.Hnte "It loen ... In the vidnlty of tIM .ado, 

loUd. Ttl ••• requlreMnu "In \It fulfUled by "..1", In ALE forMlhtlon: (I) 

It tn. I .. rflt. of the 0lcl11ltl", body the .. ,h !lOtion 11 pt"erthed Iqual to 

t he pnttcll 'lOtion, (2) .... y f rOll the loUd t he .11'1 11 Uxed ,lid (3) hi 

betveen , I trln,lrlon lone 1. dlflned with In .tbler.tlly pr"cTlbed .. ,h 

lOtion. Th' .. ,h Yllocltl,. can be d,fln.d •• , 

• ~l + c.o,(~W )l .. co,. t It t ( L ( Il. ) 

• 
" -

o 1f t ~ L (Ub) 

-7-



.M 

" - o Ole) 

vhe r e l 11 the horl10ntll diltanel between the referential point ( ... h node) 

and thl ri gid body lurhc:e, and I.. 11 In arbitrarily c:holen tran.IUon length. 

'Inll1y it t. noted thlt I ,t re •• llne upvtnd Petrov/c.llrkln l oraul.t1on 



3. Deter.1 .... Uon of the Added KII .. Ind Duoplll,l Coe ffl dente 

Ictin, on t he lolld I , evaluat.d . Since accelerlti on and .-loeity cannot be 

Ipplied 1ndependently of laeh other ( i ••• • • et the ICCe l er ltlon equal to one 

and the "etocJ t y to "roo or vice-vern) the prelcrlbed Ii_Ioidal IIOtloo 

defined by !:oj . (') 11 cholln. In thh .. ooer . Pf can be .. ",oded uI'ne I 

where , 

, - A + 
, 0 

• , 
0·' 

AO COI(noot) + 

' 0 
_ L 12a 

" 0 
'rdt 

, 1 2, 
' f cOI(n.t)dt - a 10 , 

" 
" 2, 

'f 11nCnoo t )dt •• 10 • 

• , 
0·' • o 

n _ I. 

o _ I • 

(IS) 

(l6e) 

.. . • (l6b) 

.. , - (t6c) 

velocity i , t r ue . on l y two coef fi ci ent . (AI Ind II) I r e nOolerO, Ob"tou,ly . 

the.e eoetfl ei eot l are the one. a •• ocl at ed with the 'I" f r'quencl ,1 II the 

pr"c r lbed Icce l er'tlon and ve l ocity . Once Al end I I Ire co~uted fro. £ql. 

(l6b) and (l6e) . the Idded .... I nd dl.pine I re detendned by 



• M 

." 

, . ., " -- , ., . 

- ~ • • , 

" , • """'2---r 
.o~ pb. 

( I h) 

OJb) 

(Ie.) 

( l ab) 

With rehnnCI t o Pig. I, the COIII>I,'tatlon of Pr at IVlry iOlt.nt un be 

obtdn.,;! by intl,uUna: bo t h tM tll ... .,d,. ... II1<: pn .... ra , and tha dl<:OUI 

I".ar fo ren UO<.Ind the bod,.. The added .u and dnpla, pare .. un ean thin 

to !q . 0). 
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N~rlcal reaulta arl obtained to r a Circular body o.cl11ltln, vlth I 

l inulol dil motion . Thl circullr body Ihlpe 1, cho.en 1n order to co.,lrl t he 

hydrodynlaJ.c force obtdnld udnl thh _thod vith thl ,riu for .... l .. [21. 

The Ilttlr II vIltd only for I cylindlr I ... reed in Invllcld flulde. The 

.ethod dllcrlbRd In thll paper cln I cCOUnt for In I rbl trlry leo_try In I 

vhcoUI f1ll i d . 

All cilculltion. Irl perfor _d In .Inlll prlclllon (32 bltl per vord) on 

I 640 kllobyu 1M-Xl pereona.l co.,tar with an 80117 _thl_tlcal pro.c ... or . 

Thl dl .. n. l onl ••• plr ... tlr 0 1. 'It to JO th~,hOUt thll lnalYIII . The 

InflulnCI of thl otllir two pln.tlra ,ovlrntn, thl probla. , na .. ly 8 anet 1Iy. 

18 ...... ad by vlrrilll tile. In tIM followln, f .. hion, eha I.,Ut...ta ntto 

plrl.tlr. 8, I. takln &qu&l t o 0.1 , 0 .4 , 0 .1) Ind 1.0; thl frequancy "ynold. 

nuaber , ", varin fro. 20 to InUnlty . tn face, thl .. difflrant cal .. 

rlprel.ne I rln," betw"n 2 and Infinity. 

Tha dl .. n, l onle .. tt..-Itep .... d In thl COIIPlltition h usuIUy Ihln 

• by .tot - iii; hovt!VIT, In thl c .... hl,hly doai ... ud by d1ffu""" or ~ovectlon 

it h reducld to ;8' AI lhovn in Fill , 2: thl 214-node .. ,II condlte of 19) 4-

nodi ,le .. nt. (conltlnt prl.lurl 11, .. ntl) . 'inll1y , thl trln,ltlon Ilnsth 

for t hl ... h -aVI.nt dOli DOt Influence thl rllulte if L ~ 910 , 

FI",ral J and 4 .h"" tIM In.untlneou •• tnla1ll111. for a - 0 . 1 llId two 

f requeney laynol dl nuabflra: 20 lod sao. A. expectad, for high" -alt of 

• lInrlnl OCCUri tn I , .. U llYIT .urroundins the rl,ld body . " , • "YO 
vorte. clelrly Ippelre , but It dlllppal r. 11-alt In.tlntlnaou.ly. H""ever , 

for llr.1 e .nd IIy thl vort •• doe. DOt dleappear Ind .artl. aheddln, occurl , 

III 'Ig. 5 where B • 1.0 .nd IIy - 1000. AhlloullI thl purpoae ot thll atudy 11 

to CO"Putl the fluid forci on thl eo11d , FI,. 5 clllrly luglln that I vorux 
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.heddlns .n.ly.11 can be oonducted with the prelent .ethod if • fi oer .elh i. 

Th. pr .. lure dh tribution .round tha r l aid body l or 8 .. 0. 1 .nd IIv .. 20 

.nd SOO ( i ••• , Re .. 2 .nd SO, re.pectiv.ly) i. pr ••• nt.d in rl, . 6. On. can 

obl.rv. t~t the 'nsl •• fo r the . t 'aQltion point d.cr ••••• (I ••• , t .ndlQ1 

t o r) ..... ie ino:r .... d .t t .. 0, .nd thlt the pu .. " r • ..,Utude d.crau •• 

.. '\, incr ..... . Th. lIat plllno_non I •• 110 ob&erv.d in Fla . 7, .mer. the 

vltietlO'll ot the fluid r .. cUon (r t ), h plotted .er ..... ti ... 11le rallU". 

depl eted In Fl i . 1. r or h.unee , t he nUo of d • • plQ1 t o .... fOfU 

deere .... f roll 1S% It " .. 20 to 15% .t ..... 1000 . 

It 11 1.pon.nt to noti ci thlt both .dded ..... nd d.-c>I"I er. fteq ... nc), 

d.pend. nt fo r vhtou. fluid. . Fllut •• 8 .nd 9 ,how [ hi v'thtlon. of t hl tvo 

p, t ... t . r. witll... . 'to. thl., filutl. , It can be eonelud. d th.t add.d .... 

I . Ind.p,nd.nt of the •• pllt ... dl r.tl o 8, Vh111 the .dd.d d'.pinl v.tl •• 

with 8 . AI up.cud, fo r . U 8, thl addd ,s •• pinl 101' to KetO and thl .dded 

.... t ... l n. con.t.nt •• Iv 101. t o i nfinity . Th. tQIIPU tld Idded .... tO t ... 

.. • i. 0. 8169 .ml eh co.p. r •• well (l.eX r.l.tlv •• rror) with 'rltK ' • 

• pprod .. tlon (0.7871) , liv.n t he COl r llllll1l of the •• h. If the .dd.d .... 

r •• ult •• r. int. rpol.t.d .... i "l 'rltK lor .... l •• t or the lill1 t, tha l ollovinl 

.q .... tton i. obt.lne,s ~ 

"d 
.. S. 992 1~·641 + 0 . 187 

• 
(19) 

wi th. oorr.l.tlon of 98 . 1X. Obvtou.l), . thl. oor r. l.[loo would be l.prov.d If 

thl . t t .... l tftllPUtltd .... f or ~ ... w •• t.k.n, howev.r , 'rita (oflOUI ••• r. the 

Ii_pl .. t .nd _at eKt.nded wa y to .pprod .. U tha val .... of the Idd.d .... fo r 

.n Invl' t id fl ... ld. Th. added d.aplnl Int.rpol.tlon I •• 11 ttl • .or. 

to.pUe.ud bee ...... the added vl ltoalty 11 • f ... netlon of e. !IoweVIt , 'I,. 9 



c _ 1.88 (J. /9 •• Z)0 . 16I B-<I . 618 ., . (20) 

and the eu r ..... plotted In PI , . 9 an derived frOli tIM direct appltuttoa of 

Eq . (20) for dlfferent paraMtln Band .... 



5. Concludon. 

!hi. p.per Ihow. t h.t ~rbitr.ry L.,r.n,iln Euleriln te~hntquel . r a 

Ippll~lbl. t n vibr .tlon .nd .el.li~ I n. lYI1. for flutd-.tru~tur •• y. t . .. . ~n 

~LE tor~l.tton I . prelented for • vllcou, fluid .ubJlct to I l. r ,1 boundlry 

.ot i on. IIC.UI' of t he U,I of • prillurl-vilocity aiKed for -ul.tion, .nd the 

t~rOVI-entl In .ecur.cy of t he It r.l.lln. upwind ',trov/C.ll r kin tlchniquel, 

thl eOllflUt. r pro,r" II I~h .. nt.d on • peno",l coapuur. 

Th • .:oncept of Idded .... • nd dl~i"" 11 uled t o d-,lify tM rl,ld body

Vi lCOUI flow inter.ct i on probl .. lnto a .t.ndlr d .t ruetur.l dyn.lie 

In.ly. l l. Whln the tlu ld to r~1 on the .ol ld I •• xp.nded vi. rourl.r .... ly.I •• 

only t ~ Idd~ .... Ind d.~tna t.r ... r. non.erO . The hydrod,n.l!c ... . 

co.put l d for the invile i d c ••• 'ar •• 1 wall with the rrit l for~l •• 

A pln .. trie .nd,dl 1"-- thlt "Id 1. only. funulon of tIM f r.qu.ncy 

teynold. nu.ber, .nd •• 1~1. for.ul. 1. pr •• lntld fo r thl partlcul. r aloMtry 

Itudi ld harl . On the ot her band. the added da~i ... depend. on tbl fr"l ... ncy 

k.ynoldl nu.be r Ind thl " pll tuda r.t io of t he .ot l on. A II.pll for~l. i • 

• 110 obt.tnld for thl prldiction of C.d In t h1. p.rtl cul. r prohla • • 
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