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ABSTRACT 
_,bolIl..:.t ~ ..... ') ....... ,s ....... , .:0,""'" 

In this paoer e.tpe:-zmcntai ..... eld pvols has been cr.:'le¢ l(l a.u5yme:ric sp~llllCn$ or low ~n mel by 
luto!cneo\!S gu rung$!l~n are (OTA). Dif[O"ellt cOndiliolls oi illC elJm:nl. Do;::ue , jze IlIIQ are tUne lI~ve be~:I 
InveslIp.ted. The weld pool prome b.3s bee:! me;:;l,Ired and ploned in ( leI: ,.ue. A Ill,l meriQ! hl!'Dt lnnner 
model that t.lieu InlO :lCtoUIll IIUld now in the weld pool was employed to \Imul.ue tl:e cevelopmell( of 
OT A weldir.s proceu. The mode! has bern teSled againn lhe experimental res l,llu 10 d£cluce the Optimum 
v,lues o( Ill'C e!Ticiency Jnd heat disoibution parametcr. The model proYIdes fzr b;:ner fit 10 the 
n:pefl:nemaJ /esu lu for the wMole rn ves.tg~lcd r.mge ofpilr.lIfletcr'$ Il.S compa~d to pn: V'OIl$ moOcls. Thc 
deyce of aC(;ur;lcy of the m.ode l 15 nOt affected by the lm: tunc within the iDYCSlIs.ued r.mge The results 
have been diseussed;lDd ml<~ rprcu:d .. 

INTRODUCTION 

... ;rowins rtCo~ irion of si!;:n lCic:.mt fluid flow dutill!: Mion welding ~3.S beell m:l.ll.ife:ned in prcyious 
inYesngation, . VIlnOI1S m:uhemauC.11 roodels hive ~n iormulatrGto del.cnbc he:).! and fluid flow ill scye~l 

weldin; proc:ues including Gu Tuo!;S(eo Art( GTAH II. Gas Metal Are ( GMA)(2.3I. Electron Beam ( 
En) !41, spot (5) (SW) ~d L.1sc r Be:tm (lB) (6) weldill,- The 1(.(:lJr:rey of tile obained oume.'1Cl.i ~!lS 
dcpcncis upon the selection of wttl parametcf$ as arc efficiency and Ileal dinrtbullon p.1t3ll'lC(tn. In :l reccnt 
WOfk IS). ltI ~(Iem\X IL.a$ been deYQted 10 HI)O:y me infl~enec o r'thC$C: p~elers on thc weld pool profi les 
in GT A \V MO GMA W. !t 1I;u been eoocludcd that die hC;r( discributiOG ~eler lias a cOllSidc~blc 
inlluence 01\ c~e depth oi Il\e .... eld pool. The .... idth ofthc weld pool was fOWld 10 be more sclUllivc 10 
Yon~1OnS of arc cffk ieney. Hitheno, the tho~c of these model par;:unCtc(1 has M!:!\ bued 0 11 mere 
,usU1l\puons. 

Ace.epted 4 Nov. 1996 
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in the presenl i:tve$(i,~linfl . .IIr.l1lSienl·he:u InlUier model hilS been used with M expenmenl2.l prog:ro.m II) 
model C T A weld pool$ . Experimcnl.:ll results "It used .... ith ll"Ic p-reVlously deveioped numenc:l l mode l 10 

deduce mos t accunue values of model p=erc rs. The ~c!ection or these va lues is b~ed on testing the 
model a,ain.:5( expt:nmental weld pool profil es UDde ~ different welding conditions. 

EXPE~NTAL PROCEDURE 

Weld POOl Gencr:l tiOn 

Cas turI!!.51en arc hu been used 10 Crt<l1C weld pools al the center of cro$.$ seenon : along th e axis of 
Identic:!.l mild Sleel cylind~rs of45 mm diameter X 40 mm hei;nt. A f1."<.= is specially deSI~ed to hold 
'he specimen (a..-.:.is i.n vemc:J.l posiuor.). The he.,d of gas TuniSIen arc (CT.) has been used 10 develop I 
mollen pool. :funn!;; a predCle;mined are exposure tilne.. at the ecrner o f one face or til e cylinde~. rne en: 
currell( hu been varied 10 include the values 100, ISO. and 200 ::unp. The invesriSiUed alC e,(posure limes 
ll"e 3. 5. 3 . .md 12 s~~. Two noule SiZe:; of 9 and 12 mm dl.amclcr has been used. 

The sp<:O.COetIS.afte.:- c.'CpOSUI"C" to the CTA wert: UlSIaIluy immersod. in WlItef . The specimcf\$ were then 
;ecuonod. longirudinally and. m= polished and elcoed. 10 =-W Lbe weld pool boundary. Two !Javcmng 
perpendiCl.l.larmicroDlclCts have been uscd. tO obtaiD. the coordinates oi:-

!.be COOtOUI roi.nts. Spor::ul precautiollS were tak~ 10 i.QS\lCe =sutCmew along Lb.t d.ia.roeter of the pool for 

1Vid1b. IOCaS"We=ts and..tl)J.."cimum value was also !alc.e.D. for weld pool dcpt.h... 

1\1ATIIEMATlCAL MODEL 

Fig.. 1 ,!lows il. schematlC represent:3cioo. of tbo:o:. uc weld poo! iJ:tter.lCllOn I..D gas nmgsten are. The: arc is 
struck. between a. nmgn>:n noll consumable.c lecuode:u:w:1 a molteo rnct:li pool fonned. duc to !.be beal flu. .. 
fall.iJlg 00. !.be metaI.:;wf;;tec. Tbc. prol)lem is~.u a spatially and. time depeGdenl be::u. ~lved.by!.he 
met3.1. block.llllbe.frQ:.sutf:aoc. as wcll. iL'i tbeo.1J.OSteldy growth aim!:. weld.~. 

foUowmg p~ous iovestipooo.s tile proposoi model is based co matbematicai leprescolao.oQ undet t.bc 
foUowiog :J$SWlIptlOns: 

- Both beat tnulSfer and. f1wd flow inside lhc. molte.n pool are adequa.tcly descriOed.. by an axLSylIIetnc 
COostanl density IOOdcl using the. vorticity stream fiutcuon formu.latioo 

1.D. t.bc.prc$Cllol C3SC. low CUIlJellI weldin$ is assu.maI.. tbetefore.Lbc: rutbuJe.Ill natu.n: of flow can be 
,,~o=L 

•. The fluidJlo w field.represented. in the. ""eld pool is driven by a combi.a.3tion ofb\lO)"llDC)'. rur:facc telLSIOCI.. 
.ur.d. elearoro.:r.goctic forces. 

- To. avoid the c:oro.;lle:o.ty of energy loss WI occur from arc (0 the mew. an dficie.acy Tl IS used 10 
quantify tile energy made available by the arc. to tile rneu.I surfuce. 

The efi"cct n(vaporiz':lIion 00.. c:onvectiOIl and the heat loSt from the sud3ccs I..D the ton:n of radillllon arc 
oeg.leaed.. 
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B:lSCd. 011 the Jbove =00005 the governing equaoo05 tnk~ the foUoWlng form: 

o lOIf/ ,3 101r 
~+-(--)+-, (--,-)=0 

or r or 0:0 r oz' 

oT oT - 5T I l-l a 5T a 3T 1 -+U-,-+V-=-= - - ("'-)+-(k-)+Ml 
0/ (JZ- or- pCp r iJ r or oz 0::; 

witn 

lo \" u ..,-­
r or 

and 
18\" 

v= --­
r 0 = 

MJ 

(1 ) 

(2) 

IJ) 

(4) 

Wbere IV 15 the m= funcuou. til IS !he vorticry, U and V denote the vdocuy componems Ul the axml l 
<lild.. radUl. ,ciir=ons ~vcly. p, p and T aTC.lI:J.<=-th:rmodyuamic propemes (densay, pressure. and. 
tcmperaturc:) of lI:J.e. mol len pool v, c; [lIld. k. .lIe the kinematics velOCity, specifie hen and th~nnaJ. 

conducaviry rc~ecuveJy. D.H is the energy exchaogc octwttrl tbe spray droplets and molteo pool. for the 
= of GMAW. whii~ I'or GTAW. 6H=O_ The: two 1m l=ns in equanOIl (1) represellt the. buoyancy and 
dec=lDJgncne forces n:specnvciy_ 
The deralled.eqll::U..iOns and.thedata Il5Cd [or the. llumenc:tlcompUtaDons are given in details lIllhe authors 
previous work [3]. 

The above cquanOllS <lI"e Il5Cd to calc:ulare. tlIe.t<!mperanue distribudoll and Lb.e weld pool 
corrfigUr.UiOll o[!he workpiece. WI!h the.h<:lp oftlle. foUowing boundary conditIons: 

1. TIle. he:u. tr.lIlSfer be[W~U the, surfu= of the: worlqn= JIld the arc is described by n G3ussmn 
disoilxlUoll.. 

2. The. beoJt L'"ll nsfern t the. bonom of the workptece-ls c:llcula!.ed by equating th~ coll<iucnOll heat flux With 
he:a[ l lu.x due to convection.from !he metal 

J . The no slip o;ondJuoc.s ;ce imposed aJoog Lh~ solid liq\Udiutelface. 

.... At !.be. su..-t:.lcc. of Lhc. pool Lhc surface lcnslOO vanauons with temper-mlle must be balanced by fluid 
sb= Therefore; the.sbeu: s= al the SIl.l:fu= is equaled-IO the gradi~Dt of surface lension. 

5. On the xQs of symmetry . i.e. :It r" O. the cooditions of symmetry are applied 

A com"?Utatiou.ai. medel is dcvcloped.10 investigate tlIe thud 110w JIld t.hc he:\t transfer dunng the welding 
process. The :lbov~ governing ~qu.ations lre d=nuzcd USlllg t.he finite difference technique with J. non­
umfonn mesh gricl The cquations are thellllltegratcd..numericaUy UStng an implICit ADI m~thocl 

RESULTS AND DISCUSSION-

A recr:nt mcde! by the sarne autbors [3J predicted a weld pool of abOllt the same dep!h but of fairly lar~~[ 
WIdth than the e:xpenm~ot:1.l oue. II has been also stated t.bat tb~ accuracy ofnumerieal w~ld pool prolile 
dcpc:uds on lbc s,:leocd values of!h~ hClt distnbution para.ra~I~r [0 and the::uc efficiency param~ter (,,). 

----- - -- - - -----
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Chrlsensen el aL [7l reponed values between 0.66 and 0.69 for lie cificiency (t'I) for GMA W of mild $teeL 
.Essers ct al. (81 alloc:nc;l vn/uc ofO.7\±O.03 ~o r.be same: pataCIlcter. Howevc: tinJe ISIalOwn about the: 
useiul r.lD!';C or r., The prCSCtlt finite diJfctCc.ce model is used we-in 10 con d :Jte the weld pool. depth to !,he 
parametet r .. at di1f~ru VJJuc:; of '11. welding cu.rreOI md ~ time. These I'IWIlCric:LI results nre shown Ul 
Fig.. 2.AS prcYlOUS1y corn:ludcd. the figures show thai. tbe depth of !.he weld pool in= as the value of r~ 
illOClSCS. 

lho:sc figures ace used 10 predict tile op6mwn vah.1CS oi., 3.Dd..l~[or tllc prcsc:nt e.:~periIocntatiOIl in Lbe 
foUowi..ng procednte: 

UsilIg .figure 2, i.h.rtt values of the p:uameltr r~ IS obtained r.a a gtvcc apenmew. at eenaio. an: lirce , 
nonle size :u:d arc cum:nl.by IUe:lSl.UUJ(!: we co~nding o:xperimen!al d.q)I.h of lbc weld pool :lJld Lbe 
I':l!UI,; IS ploac:d as a honzonLli straight line on Fig. 2. to lind r~ for the tbxee diffcl'Clll valucs of " 

For !be two di1fe rtru. oonJe:s the values obt.awc:d io Slcp I an: plono:I 10 obtai.u. oonciauoo of ate 

;;a.~n fot di.lIefCtl( ooz:z.te di;unC'lCf. arc time:w1 arc: =1 . This correl:lllOn are shown in fig. J. 

The arc ::.fficicncy ~eu:rTJ is Wc::l to be 0.70. fOf \.be rwo nouJes. :lDd ;:ccording,ly the values of ( 1) for 
~h~OI J..cdoon/ediametef c:an beobW.ned from fi gs J :l.5100wn LD table( IJ 

Table I Ht:31 d.is::nbuaoo par-..meIU as deduo:d. from com:lanoo.. 

.'tic cu.rreOI Nowc$1tt Hell di.strlbuuoo parameter 
(iUIlpJ (mm) ( rt» 

, ~ . S2." to') 
100 

tl :;. :50" lO'l 

, 3.30 " 10') 
ISO 

(l 4..95 x 10'" , 
S,85 " 10') 

200 
(l 5.63 ~ 10,1 

Ln !be r.utse oi ~riOlental. iavestigation i~uUXIponant to notice from Figs.3 Lhat me v;liues of 1l and rbdo 
not depend. practic;illy on the. arc tiroe and tbc:"Cfore, lbde p3r.lIllc:LCni uc considered CO nstaul dUJ"Ulg lbc 
melting process for;my ~ rime, 

TIle- deve loped model is us.:d. (0 predict tbe .:.~rim.Clltal. weld pool using me revised values of 1\ . The 
lhcoreccaJ plofiles ate compared (0 !be expc:li.aIental ones as showu ill Figs, .4., [t is shown from !be 
comp3risoll lhat Lhc. mQ(lcl providc5 better fil 10 tbe expc.riI;cental results, for:ill the i,nvcsoplcd I'3.llge of 
p3T.lfDelen as colllpared. 10 previous iavesdptiOllS 124.31. "The dcvl:)cons ben¥~1t nu.meric:n1 Jnd 
expc:rimClllal weld pro.Glcs. w the width direction arc negliglble as compared to !be p~V\0U5 study (3). It is 
abo lIDpclfULOl to note that the degree of accuracy of the model is not a.lfectcd by !be arc Iitoe from the 
r.l.Ilge from ) to 12 so;. 
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The o.nfJueocc of nome c1I.:lmeler 0 1'1 Ib£ resul.tiog poo( b..u beeo aiso 5tIlwcd.. fig. j shows lhe prolile: of tJ:.e 
weld pool JI diffClC1l1<onditiOni 01 IIO""I2Ie size: 3mi;m: current.. Tbe figure eIUCidJu:;:;; ~t at low CUlTe"D1 
we lIQuJe <11:uDeter b..lS J <OOSlduabte iru.]ucoce on both weld pool. width and deplb. Lu~e noule provide{{ 
wide( .lfId ~ weld pool. Me:lnwitil c:. I.bc ed"ect of nouJc size b<=mes uegli<pble: JI high CUIl"C"DL nus 
IS atlerna:;rvcty s bo.vu i.n Fig . 6 . "This nguce loW c::J.ll:S WI at high cu.aeOt the. lo1luencc or' nozzJe size on 
bot..b the di:?W ;tDd,. \.be widJ.h is ncgLigibll!. wh.~re:lS nl low Cl.lITl:0l conside:-ablc effCCl is manifested 
spco;Uly 00 the depth of lhc w~l li pool. A twT"OW nome is assocUtcd. with a conslderablc drop of mclung: 
(niC lS the C\UTt:'U is dlXTCJ.SCd bey1:lud J. Cl:nai..c.limit.(see Fig. 7). lt sc:c:ms thai the: meltw~ dficieoq" ill. the 
ClSe of IWT\)W Doule drops sll:l.qlly ~ I low current Probably high fracooo of Lbe lU1; he:Jt is dissipated to 
!be nome w:ills as CQwp.lfed 10 Lbe ClSC of hi~c{ currenl <lJldl orWlder DOzz.le. 

The modci has bo:;eo. used 10 plol tbe !.be m= funClon and. the velOCity COOtours of the weld pools at a.o 
;uc titoc: of \2 sec. Figs. 3&.9 show Ibese resul ts fot tile two noz:z..lcs unde r lovcstiganon at an: =nl of 
100 JJld :00 .lIT,p. The s mall cOttle is .:l.S.SOCl.J led with. a smaUer weld pcoJ J.od lower fluid !low velocity . 
TIle: '1C1OCIty fle.ld. Is oblllously time de;xodtn.t and IS affected· by the IllICOSlty of the arc currenL A 
recII"cull.luoQ flow zone \.Q the we ld pool is shown III fi g. 8 in the counter<loc!cwise <1ir=on The ilow 
moves down ward. flt:1I Lbe e!crnQde axlS and. upward. near the coole r solid liqU!d ).Dtern..ce. The: ~CiJ..le 

leoglh of trw CUOJ.!.:ttiOll zone de;x-ods on the nonle diameter specially at low currenL SimIlarcooclusioo 

ase dnwll ior the 00,. velocities trom Fig. 9 whcx Lbe effect of nom.: diameter is more: prorlOU!lCed a! 10,\/ 
CUITC:JL At tOO :unp. lfI: cum:llt CIUlXlMum \/clocity of 1 5 . 71UDV~ec lWd ~j.j rnmi sec rue obt:lieed for '1 

mm :wd. 12 mm nome ~terr~\/dy. At 200 :unp. the rn:lXlllIum veiocitic:s r=o. gO.! and 82A 
mmlscc for the small and.l:uge oozzJe respectively. 

CONCLUSION 

.'1.. lr.lnSle o( hc:ll =er rondel tll..u t;lkes iD lo ac::ount Owd. ilow in the w.:Jd pool was employcd.IO 
nUlllcrlcal.ly slmu.L:ue. :be devdopment of GTA .... eld. pocls.. iDe: model ILls been tCSlOO ag;tiosl. 
e;",~:l!al. resul15 covenng ra.nges of wc:dJ.ng C"\I.IT1: 01. are ume:wd nome size:. The npWDI.Illl values of 
arc eiflCiency and be:u: dismburioll p:In.!!ICtel" has been deQuc.ed. .The fOUO\\lUltj coocl\1SlOOli c:l.Q be dra'i\lD.: 

I. By elloosmg the. Jppropri."!~ ...ruues OJ be::u. distribuoo" par..tmeler lIle model provid es far beneT E.t to 
the. e.'q)Crimenu! ~l!S for lbe whole iove:sog:uoo t:lIl~C of Par.J.OlCU:fS as compared. to PI"eV1 OUS 
moods. 

2. TIll: dfe::t of .lrC ciIiCleocy IS not Slp1I.Qc:lIll if !be beru distribution p=ere:- ,s ~y sclocood. 
accordingly.At low wcl(J.uJg current 10M nonJe :;itt h:u.l consLder.liJ le effect 0 11 we ld pool Narrow 
nozzic y1:lded a IlilIT1)W but shaJ low .... eld pool . 

J. At IUgh current. both tho;: c;(periJneoci a.n cl. wu.l)'tic:::ll resu.lts showed ocg.liglbk miluence ofnozzk size 
on l.b.c weld. pool ~C()m~!Iy. 
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