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ABSTRACT

Gasatomisation igsheprocess of producing melt powders for additive manufacturing
applications. The process involvieigh-speed gas flow tbreakup and disintegratmolten
melt into ultrafine metal powders about the order of micromefersi Although gas
atomisation is thecommerciallyviable process to produce realisable yield to meet the
industrial scale production, yet the process is highly inefficient due tohdstic and

unpredictable gamelt interaction, resulting imcreased particle sizedtiributiors.

This thesis presents a series ofc@hputational fluid dynamics (CFB)mulations
numerically modelling closeoupled gas atomisation (CCGA) process to investigate the gas
melt interactions and their individual instabilities undaryinggasto-melt ratios(GMRS),
and meltemperatures. The premise of these simulations is to understand the coupled nature
of the gaamelt interactions resulting in a chaotic and unpredictable process, as typically seen
in the physical atomisation process. To capture thaergdsinteractions singaCFD model,
the melt flow is coupled to the atomiéasternal pressure (aspiration pressure), which varies
over time due to the unsteady behaviour of the gas-fileidl, induced by the gamelt
interactions. The CFBimulatiors aremodelled as twgphase flow, with Argon gas as the
primary phase, and melt as the secondary phase (particles), modelled via coupled Euler
Lagrange framework. The CFD study was investigated using five different GMRs and melt
temperatures: GMRs of 5.5, 28632, 0.88, and 0.44, and melt temperatird00K, 600K,
1000K, 1500K, and000K, and they were run in various combinationsesBseries of
simulations investigated into the gas and melt instabilities and their association with each

other.

The study, via CFInodelsrevealedhattheatomisation process at hgfGMR (5.5
& 2.6) is extremely stable due to the dominance of the gas flow,tlsatdt effectively
attenuates any external instability induced ittie system.Similarly, investigation into

varying GMRs and melt temperatuedibited that with decreasing GMR or increasing melt

temperatureamelt instabilitywas introducedhto the procesS he mel t i nstabi |l i
acrdssreasing GMR or increasi ngimnelhta fteeimp er ¢
| aydredquency of fluctuations. However, the

more prominent and substantiTehimasnoofdpywt elde t o
evolvingtgommldexnpredictability in the proc
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1 Introduction

With the wor | dnomsawsitnagi ntaobw aerpdns&enduif lkae t mwe v @ mg
before in the purcsauribbont of orod oach nt het aer anan
transformed by -ABdbephdhiyl nheatthhigyarnteé&y ol ut i oni
manufacturing sector to discard the old and
manufacturing, andeno wanbtragaldd it héeetviondma nuf ac
Mor eover, unl i ke conventional subtractive |
significant proportions, in additi,ves pnmannmu fnagc
fraoml | itnoetlserag@mp onaernet smanuf acttra @ dwavs # &g d | dt
fraotioft r a demacohnianli Ak sdyneand.Andali,n 2t0h0e6 )c on't
additive manufactuthegfieedshechket al produsteryg
powdé&he. appl i cat ipoonwsd eafs tdlee emieltladfim ateh epiorwdsir z
havistg 0OBDmr e utMdtiereidali nBi ndePoveleri hgj @WBJI )on
(PIMMi yanaji;efiak. to2m2d) wsom OBocdvdees ubhavi segd
Laser Powder B&mnlleHuescitoinv ¢ LLPaBsKe)®&a IMed d h enrg € tS LaM)
medium to coarsz-Pbmder sitihe segod®nBeam Mel t i
andi rect Ener gy (Dkegrolss stadm;red@bdsi@)s,t 2p00ls8d)er s  h e
100mare utHbtsddobshati,c Pasersi Glga dai®Pgt e mand

Powdvert aldrucg¢Qsest .al ., 2022)
Al t hough, di fferent omentamhaudsactunee asefpald
atomisation i s one todia nuhfeadwf udrmmetyaluspadwgpens e

totcommervwii abll ¢ ysi edalp @ bdainpdi digil ¢ ®ypdewipolwdler gh
pur(iCayi et.Gal. at ppri@d@gae® Nt he principle of cor
of aspegéh egadg-opbapedkdi sintegrate molten met
while solidifying it diimwel tneeneadu sp oywdedrws psrnoa
which are of high qgyalniaty,anglurAydgnan@09@heZi
The -pigdhsureet geaxsiti ng the gas nozzle rapidl

supersonic yfpli @ew,] wihtatracteri stics fl ow featu
waves, recompressdionnk . shOwiksg tamdt Machy mmet ri
gas jets, by virtue of the flow, there is a

Thi s recircul ati on zone f orces t he me | t to

Dsd s the median parti clpowvsdere,c haarkeecyt erairsaarteitoerr. used

1
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downstr eam, i n a -fpirlontiZrsgs | ik n@ nvahA s@sa pr2@dBlat) o
recirculation zone an aspiration pressure is

the mel mefftomepskepontiironal Ahdersenpeesabre 19

Nevertdhed ese-méehe pgasteracti-spebet ywasnahnden
me ltth,e prexesegmheasti c, rapid and unpredictabl
droplet transitioning fromiintcs eldiiidcdkiyd isnt atthee
omi Il i {eMudnds et al ., 2083 bnpnsZhadoletyaln, theE
aggravated by the choice of melett eeromibree sattohne
tempeyidti wuree tdtyhpead d ensd albeialdiitnygg t oo wtapoivadteiron s
sizaiffdrer edwi mg Itooyst.hi s @haociteisssdeaat yragophyas
poor | y udnedsepristteo ddds @ eesle Aafdehtidghs -ntehl a o ti ind egaasc t

results in increased particl,whischlzei anadypamrge
procesmssequentially | eadi ng -otdop esciigfniicfaitciaonnt p
causi ng uennneercgeys seaxipyaimdiiets @ m @ bit c otmee met al p O Wl

il so reiftisedcuedmomet abye ex @ e BB ritdhredtteh@adct mo st
AM processes requitlye paatrtt icd lee s toaSed drdanf g scsaetciito
powdeerres deemefdowotrht ot eAmMaepmpisco oeth &y gve tseed by a d
i ndustri a.lMoapprivéercracdw olRSD al s o caindssu ntpfit @ tome x i |
powdersingedawdeernswa ®£tsagceoonsi stency in the
i mproved fl owabil iatck,i ngn d elnesads ted fhicgleerrcyp

Al t hough numerous experiment al aod heumer i
cl ecsoaupl ed gas atomisatitdhrey ( @@G@A) bpperemc efsoc u
atomi satioh mecadmdasyyat i onanehe cphaarntiiscn e char
However, a full coupl i afgu lbleyt weecewunp |t ende hagt@osmiasnac
not yet begnwhhebkbsitsganedof the primary reas
instabil ity deaen hiidse ttdhiel s@ dsaruedsys r.ii skoaclaa o u eldi g
the melt flow ratetamvedtei aatpe r taligeacin napitrda ensald ir
flowdmdal yse thribetavsd8emniaatdiite onouml i ng, thi
endeavours teof fexpwooorfer itnhaer y s uf bascttaonrtsi gqthls yt af
atomi pabceed t fl ow rate and melt temperatur
changdeynani cs of the glalse ad wtnpg wstata fo nt Ipir O creessse

attention of both academics and industries t
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valuable insights into process instability,
mechani sms and the i nfluence of key par amet ¢
strategic framework to devel opgophemdsattied
enhancing overalTlhipr oecseareffiici eadncsy a firs
mo d e | for process optimisatitohnereaerbdy elaivminma tt

substantial i mpr ovlenm@®QGAs pteor faocrhmaenvcee .opt i ma
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2 Background Science

Gas atonihpeabcensi of fmametahcpowideehesgng
of aspeghegad o break down molten met al i nto
sol iidfiAnyt ony and.TReed dayp p a2r0a0t3u)s consi st $ hef 8
atomi samdsethep at omi sati &m g@hlolbtee nfame s ariohwen
cruciisblientirnotdou ctende at o.miTshad i ment hcchda mbfearyneb & i n
otonstant fl ow r a-f edthosmoiafeutinitafi oans pirredstsiliog e e a s
i hhccas& | ecsoaup |l ed sgeasat@ohmeims at i lbou £ctha mbwo pr i me
components otfheanmealtto md esleir hgeasi eamoz& ¢ eh & name
suggmetl meht ordcer uciidbelle v et lmel o mi ¢ A & mtblam ot uhgeh
me | t del i.gemy | aolzyg,| epressurtilgpadi ggasoi 5|1 es,e nw
subsequently upon rela@&maldemgex mdmmdg hteo ad ®wme Is@
gajs€dtYul e and Dunrkligeiyt radn@®d ) ar e c a mhoeprelrya tp rnegf ¢
gaes dependmatgajuesftoapro mdutc r ewexntddtUisbman et al
2013)

High pressure

Crucible
Melt

Nozzle —

Spray Cone —

Atomisation__|
Chamber

Fi garSec hemati c r ecpreesceemit @ad epsmesitpd it owhi € at i ng i
component s.

Generallythe gasatomisation process can be classified thtee variant$ inert gas
atomisation, Vacuum inert gas atomisation (VIG#)d Electrode induction gas atomisation
(EIGA). Inert gas atomisation usually yields powder8@200um, and areitilised inLPBF,
SLM, MBJ, and PIM; VIGAgenerally yields powders of 3@um, andare utilised in Metal
injection moulding (MIM) and HIP; and EIGAroduces ultrgoure powderswith high

4
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flowability, usually in therange of15-50um, utilisedin LPBF, SLM,and EBM(Dunkley,

2019) Althoughthere are various other production methods to manufacture metal powders,
gas atomised metal powdgrgssessigh quality, purity and sphericitynaking it ideal for

AM and PMapplicationy | n a | and Aydeén, 2007, Zeoli and

Based on the method of melt introduction, gas atomisatiocesscanbe classified
into two types, namely; frefall gas atomisation andosecoupled gas atomisation (CCGA)
(Chang and Zhao, 2013h freefall atomisationthe melt falls under its own gravityithout
the aid of any external forgeandtravels down for some distance befoemning in contact
with the gaget. Contrastingly, m CCGA,as shown irFigure2.1, the meltdelivery nozzle
and the gas nozzle aptaced in close proximityith the meltnozzle present in the centre
(axis) and the gas nozzle surroumgl it axisymmetrically such that gas nozzle distributes
gas symmetrically about the centna¢lt nozzle(Urionabarrenetxea et al., 2028)wing to
the symmetrical arrangement of the gas jets, by virtue of the flow, thereesr@ulation
zone formed in front of the melt nozzkes a result of the recirculation zonesgjionof lower
pressure knowasaspiration pressure fermedjust in front of the melt nozzlep, which
drawsoutthe melt fromthecrucibleproportional to its pressu@ing and Anderson, 2004)
The recirculation zone forces the melt to flow over the melt nozzle tip, weitingfore
flowing downstream, in a process known asfdming. The melt from the circumferential
edge of the melt nozzlep comes in contact with the ggt, and underges effective
breakdownas ultra-fine particlesdue to the gamelt interaction The major advantagen
freefall atomisations the established control over the melt and gas interaction. But, on the
contrastthis method produces powder whigger partiok size andncreased particlgize
distribution (PSD) which diminishes its suitability for many applicati@isoet al., 2012)
This is because, the melt in fréal atomisation undergoes column bragk mechanism
and his disadvantage is effectively overcome by the CCGA propaelsrein the melt
undergoes film breakp mechanismhrough the prdilming mechanismleading tofiner
particle size and narroparticlesize distribution PSD. Thisimmensesndowingpotential
makesthe commercialatomisationcompaniesprefer CCGA over free-fall atomisation,
which alsodraws theattentionof this thesisand research

The background science of gas and mel t f|

explained in detail in the following section
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2. 1Gas flow and generation of shock

The gas rel eadieed Mmoo & heérx ppaaredssaufrreom & o0
devel op ismptee@ da gdaxsshyitibsiotpiemrgs oni ¢ f | ow, Thee. , c
behavi our -sofe esducgiashifgldeodvy i ssicharacdigmensi onl
adMach nunmbheidefii nedataisotdfe the vel oamegi wim t h.
to the speed of the soTlumnids waanesmatnam ties s t@aaed
the dynami obsaewdtehf hecompsashi bbkesdopadusgiaore s
famand ot her sbhahaatesesni ¢cs t hEhegaldaah omu miad
i's given byprtehee retxegd ZignRiabghuaaktriiosnhnan, 2019)
® 2.1

0 =
w

whebées the MachfInannbet hef v efhaebcw ttyh eodinatdhiteh m),

speed of the saummeddWwieaeésakni sGneatnh e 20als9i)s o f
number, the flow is diMki dedansbaoai svMkEsawRg (DI
supersoni cMkl &ws afotd. hy pMer sbos.u lkelsrd dioawsf I(ow t he
generally considered i ncompr et bfelbolwseu cahs |tehses k
S i g nicfo ncpadanrd ehiteh e r mo dpyrnoapreskthfel sw,@lpr essur e, vol
and temyeeafedarkshvav MR@.t8he i nkrpasBesgmstanti al
i nf | uetelc @ s mo dpyrnoapneirct i e Kohdo het falow, 2012)

Compressible flows, as typically seen in

sentropic flow theory, assumi ng hihtedtpcs | ow
undertshe nrde |baettiwoenesnh itphe (st aghaeceamadtyoataani ¢ pr o
of t hkka o didbtMa orhu mbTehre. r el ati onship between the
temperature and density for a @23 n @&2Malch nu
(RathakrishnaspeOil9gly

r‘1_ 0 r p-m 2.2
n G

1% .

~ b rcpti) 23
” I—» p"“ — 24
” p c
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wher enfiYAThkare ptassore, temperaturaenndvd dens
andar e ptroetsaslur e, temper at u;r eainash d hdee nrsaittiyo, orfe s
heaGesnerally, in the | mdtursogegagla saetso nairsea teingpn of
prewentdat i mol toendtumetnagl s ol iadchidf it diativralmueessp eacrtei
1.4 a&n(dRalt.héakr i shnan, 2019)

Il n the gas at omi sa&tpieen emracecxei stss, farsom hteh eh i
t he ambient at mospher e, oblique shocks, nor
Shocks are formed when the supersonic flow ¢
all owimg respond to the ¢ h(aKnugnedsu oectc uaddlo.n mag2 O Lr
shocks are formed perpendicular to thkiél ow
i s shéwghdae®Obl i que Phecking@2Beocour when t he f
constrained ta clhaarcqe ei taodmaetrimhtaywi aggl e. Thi
compr e gafsilso wgheemalaat ast a ewlmevde saltocakn angl e know
angd.&i mi lifartlhye, fl ow expands along a convex cC!
Figaacare fArsnealck can only compress the gas
but can never act as an expanding shock as i
profoundly states that déer,eahteencry konfo wan RS

wavEeasrs)rfatnher than eERpamskoinsEmaecks2019)

& -@é
}:I>| 112:; ®§ @ M, <M, _\_Q§
1 2 1 {O
Py @ @ P2>p M, >1 P2> Py M, > 1 /
Py P> P P2> Py
- ;5
T T,>T, ®M3>M'
5 5225 P2 <P
Po, Po2 <Po, Pa<p
ho hoa =hoy - —— e _ B !
T2<Tl
a) Normal shock b) Oblique shock c) Expansion wave
Fi gh2Tgg pes of shock waves a) nor mal shock,
(Rathakrishnan, 2019, Moura and Rosa, .
2. 2Generafisonpgasahnil cw
As mentioned earlier, gas atomspacedogasexp
di sintegrate molten metal to produce fitne me

i's observed that at subsonic speeds flow thr
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the flow at the outl et of -vteHecndzzlIlre.l aThiosn sil
i n Eq2XtRiadmakri shdanivegd@l®)om the continuit.)

%Z) %p 0 25
wheoies t hee ctriosmsadi sartehae F vasBhgoucai2biydn i s obt ai ne
for subso®Oic OF |doencsr efacsre i ncanead@sinseeas é 1t |
vel owhdryeas increadevengantcadrasd sSea% ntthhee voeultad c
Howe v elr>1Eqoura25r®en e adhscr ease in area, decreascé¢
increase in areaJThendleasascriobbes cvehoergegnt

Subsonic and supersé&bng2alx £l ows are presented

Subsonic:0=M=1 Supersonic: M>1

nverging duct onverging duct

3 Flow ——— Flow

Area decreases, velocity increases Area decreases, velocity decreases

Diverging duct Diverging duct

o —

—— Flow

Areaincreases, velocity decreases Area increases, velocity increases

Fi g3Fd ow t hrough converging and diverging d

From EQ®BGiatt iiomn al solebtaheedr ¢ehaof athe duc
|l ed to devel opbewtrgk)hCodzZzlrgenwhi ch has bo
di verging secRiig2d B tihhes cnoorzvzedregi(ng secti on,
i ncreasesb =ndatattthaei msi ni mu na lasroe ak naof whth hags e di thdrte
when the f | ow hpasdsievsertghmagugiheict hem, Otrite eas ke
achieving super sws-ilc eas p & ghaes uwchlr otatat t he di v«

achieves supeasfoaveousplleedspressure gradient
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the thrBaqt aldFictosm c altchtelh&t end ni mum pressure gr
D=1 at thpMMthrbadmMprses t he pr e(sRautrhea karti sthhnraona,t
Based on this pressur ed girsa ddieesnhteg ntitlide. h a na mmb e f
of the supersonic flow downstreamd,ofoft htehe F
diverging sectiamgostbmiBEqA@&kGobsat hui zen and Ce
1997)

LS, L Py 26

0
o P C

From E®6iat iio® revealed that focaaomglewen e
one umifgouedDa nGzzI|l e, and if anothea Mawh numb
needed, meabDi mgizeé sEebwint@ i ng t he geolnheitsr iicsala
maj or di s & t0eba mtoazgzd ei rmoapletrhactugohn t he MDMamwfzadteur

i tself i 4 yextdorRat!lma k migsthovaeny, e r2,0 1i9n) gas at omi
cylindrical nozzl es, i-s. eec. t,i omnoazl z | aerse awi a rhe caolns
di sadvantage 1is that, irrespective of the i

i mi Ded. t 88ctldii®cusses more -Dnanhbdecygpendti onl

i n gas atomisation process.

g Throat
. -
\‘\._‘ P -
iy - - "
—
Ma<i  Ma=1  Ma>1
pd -

"
| Subsonic | Supersonic |
I I |

Fi gh4CoonvebDgenat ge)ntnozz1 e, showing sections
subsonic and(fapearkonsbnthow2019)

2. 31 dealxlpyanat eax panared uvuexpandesd fl ow

Equat2i2,a3 .4, wdesctrhdei sent ho piud@bhnfodazozwl e
desi gpeddtoe -eanpandcecad | fyl-ewpaAdacdboBswy nozzl

9
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fully supersonic and isentropically expande
ambi ent pr esesxwpraen.deldn fildoena | lay nor mal shock apr
nozzI|l ehewabt esyhcoecc ks wi t Mionotbha@ai mosbDickhoaziéow
forfiapeadkssure ana ureinpwrea atthuomagketar ameanids de:
resul t i n a Mach-enpaberedt (@aRa tthhaek rig dsdéhdnlalvins 20
whose exit prestshaamdi esit nptr ese g-8 B p a bauenddletr i n
expanded fl ows.

I n exprandgtdhd | ambi ent pressure of the surr
to the pressure oft wehiet il gotwy angs gJlabhsm Baf nede $heednecl ey
changes the ,directsihost kovmae fdlso w me zahied | o0 fq uteh e
shocks produced at the eithefFi gRhimeotf dthet e
axis of nozzle and is deml eWittehd ,t hceh asnlga smkg nt
boundary whemnmné the splemusmamiei e nt | tphree sshrdr =k
refl ected into( dadiekipaatsThbihs wiadrgreasdtjoitbal nr eoufe
shock wave and expansfiloonw wlaevtee rci oonrpai teesise, s r vé hi ebri
the flow merges wiltnh tthuees panfed ieddatcthips le sissirfeor m
wheni b bieadnegnitehoebf i g ut o s mebdok bhy cefd gtelse( inno, z2z&l e
seerriigRSiebeyond a critical an@lee pendh cuhatr
flow I s. g8nec-aift elMsacmani fest in the directior
they are alsa ¢onsr dhédt edhbokbe

Nozzle Nozzle Free Jet
Exit Expansion Boundary Compression

Fan Fan Obllque
Shoc Mach

Disk

>

Flow Turns

/

Shock Truple Point —

<'/

High
Pressure
Reservoir _

.

. ‘\ ’ |
V ‘\“'
Flow Turns

Parallel Parallel
Flow Turns Flow Turns
: Flow Turns Outward Inward Flow Turns
Over;x;:a; i Inward Flow Turns Outward
e a Parallel
Fi gl5Sec hemat i ¢ r eop eeegsaenndteadt Jfaldo wbif et al . | 2
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Il n uenxdpanded fl ow a si miltahceofnd ghaisdn it eo lp
of | atvheexiigr e & h &8 haemb ipernets(sMir eet .&ahps e sPrabdei ent
resiud x gannwsaivees occurring ,atc atuhse negd gteh eo fg atsh et oe
out ward, aBi gihos\ghreme d hien pressureqgdawpshnt héae
ambient , peexpamrse on waves reflect from the
recompressomni guae eshuadak snigrnignw fthdesy axi s of t he
(Jadidi etAal meamtdiodrmhe dvineiradnégtitee of obl i que s hi
acriti caMacehng&ef.or med

Theombi nati osh @afrkdo bel xipgaunesi on waves f or ms
shalpbocks abmhmodikamond!| |l usitma@gtekde yiedilgodw eshadi
anki gaag(eRosar i.bi,gZiQeo) yeproesantd ac@adbmnmnng) shows
di fference-ebpaweend -eawpea nwWrede irfl tempv atr hieng r i cat e
detabsesrved bet wajsent s he type of

Nozzie Free Jet
Expansion poyndary Compression

Fan Fan

Expansion

Pressure
Reservoir

- Parallel
Flow Turns Flow Turns

Outward Inward Flow Turns
Underexpanded: Flow Turns Outward Flow Turns

Pe > Pa Parallel Parallel

Fi gagSec hemati c r eyprdeesrpahdté Roslaoivo, 2012)
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Hot reacted products
from prechamber

Oblique shock wave
Mach disk

=

Expansion fan

Compression fan

Shock triple point

Free jet boundary

!
B

. -2 fTG
r (mm) r (mm)
Under-expanded, P, > P, Over-expanded, F, < F,
Fi g2a7Deet ai |l ed compari sscere nonfdeesrpaabddorvect ur e

expande(dn oftl otpwBisscwaalse )and Qi ao, 2017)

2. 4Mel t -bpemkchani sm

As mentioned earlier, the tsrpaereslfedgra wonff tko nte
mol ten melt -cpuscfes! itdghei dérmalkt i nto | igands,
(1 nal ,T h2e0 OnBe)lute dorr seiasktqsu eonfc e, oafn de vietntsst art s wi t
radially pulled away from the melt nozzl e ex
facilitates the spreadiomgni ofy amefltitiomna t mr a hes
known -faisl fpiMed | i s eThialll.u s t2Zn@dt3iadgbne iofg pul |l ed r
anudndermrdeingni ng Fisga8hilenven merutp abkreesa kpw oa cset agne s :

Primary atomisation, fol Tohwwe ¢p rabppansywa@cmadsr y
when the aerodynamic forces destabilises thi
mel ti At bml i gandiseodnd asnhd&ieGus, f2a0d&ae)r comti nuo
t he | i gadnudes /tsch etelis a @r oeybryd ®idgeeif gpa euee a k

dr opDee st o the persistent and strong aerodyn
up into small erTharmsd-ubfri¢daigmue iind olg @fhislsa,meat s

dropl et s pird rdamrapwins adsn dunb r efakdr opl et s i nto fin
as secondarTyhfea tdarnipd @&tei dm om secosddryeat 6 mi aa
by vMihecosity, density a,ndamdrrhelgte wiethlse o ®9nt 9 f
and stwern@fieends tioncrepasti cine s-Bzeeadd(shiaarbgut |

12
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et al.Thelp88mary and secondary atomisation a
up mechani sms, and sachedtdhascaossepr bskbotwwati on
types -0p meebkBni smsFagax presented in

g "| Melt Film
4, /
7/ Gas
7 Flow
7

Gas flow |~

Entrainment

Recirculation
Zone

Stagnation ;| \
Region \

N

Fi ga&8Sec hemati c represemeati ontehawit hgnt ae@dga
filming at thEeAmedrnrsonmzane Aahmealti s, 20

2. 4P0Li mar yuprmeadkhani sm

Il n CCGA, primary at-om)stbakes ppbaceaaty ore
melt nozzl e, a&arntdgtetseeidritg btehien ge airnftyr oduced fr or
Generally, it can be cl aapi fmeecdh ainmtsans{ ouwmma me
dri ppitwug,bdeagkii dup ol umagu budpe faknl dn Ibirgeganke nt br e

Liquid dripping break -up
Thitshesssmm mpl e and basic aneglhaqiipbmadales suv ¢

tension coal eascpehsertihceall isghua pde,i namd whi |l e t he
pulls it downward, causing the droplet to el
in the droplet, and with suffiwxp emittha@dil oindaal

dropXeto, 24082)yhis repeats for the rest of t
that this mechanism occurs | argely due to th

negligible effect on-utph enepcrhoacne sssm iAnapkeilonege atsht i

Liquid column break-up
This mecbbhsesmed b-f AF ecdaaosaku pl| ead ocogaseres

| ow operating sprhesdurqasi do rcaiptuinonnt 0 ssmabken d
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segmédiyt st he relatively | ow inerti dalhi tugprbae aé:t
mechani sm itsheafifretcdresds thsglciofi inghe®n t hlei dJuiqdii d
columnupmeealkinE sMmidher ded based owhit &idee fwenbeedr n
by,

Ao 27

&)
whemwei,s the webes n’élmbelle,nsl&iitsy tohfe tdhiea ngeat se,r 01
col umns the relativet el 9o(i a,¢ 2esldbi)s iomn Equat
27( Wi er zb,a,t HeuPpDrreeackhani sm i s di vi dRady |ientgoh t |
type -ubpr ecark nor m&l o pu [2deimbgr afncer t f pExb <@ @k up
anfdbre type breakup af 9dk rxé6@@Chisgisaimpeanaouf:
1992k three t-ypemeohasbhrosvaRk g®hXlen Rayl euipgh br e
the | ower weber number | eads to perturbation
hi gher we,beitr.henumdml ruapn et hber elaikqui d unde+ goes
|l i ke formation before bursting into dr xplets
w< 500, i.waap, ftihter éilbue akhrreaanksifnog nasp a rntt oi nftia
t o stuhbest ant i @dusdd ely.htimgg gas f |l ow

Liquid film break-up

Liquid film breakup daucwprmbg limi ndewlC&rGaA tpl
slides on the nozzle tip to-ufporimttohidm ofpil lermh ss
three types ofiplngmeldyfiam birmaédi sintegratioc
c) perfor att@gdafnislomr brasmalk CRimi eérsi A9&@®nati on
fluids with high surface t enruspi onne aarn dtft hliee secdogse
nozzle edge, breaks up al oNayg et e sfimeegedge D
fluids where disturbances are in definite pa
The di sturbances br eak t hber efaikli m g i darthaepm ved vse Ic
(Deshpande.Petr folrat etllpXT9®9)t ecnubs embken hol es deve
and simultaneously propagat es pg-loptatride t fhiel ma,d gce:
dropTlkey. are obswrtvbdhighl sgufadsee utnesnsaibdre w
surface tension forces, as smal l perturbat.

growth of the hol ésadmontgthe pfbioléra,k heevdntiuml |y

14
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Ligament breakup

I n ligament breakup, threads or fil ament ¢
br okigm i or t osnbaddoemi( Rlaoq | ettTslade . me 2WAB)sm 1 s ¢
the instabilities due t oRayylePisgitrdaaw ei ntsetnash ioln
the instability forces surface tension to mi

to break intoSeBma]j beandr.meminea CCGALP-ocess,
filming, the mel't uruge rfgooremi nlgis glbisgdagnifedndttral .yb r
Il i gaments unde-upg @tr widgwaaaelnd r, bdwd@agklhe tusl t i mat el vy
the particle size and PSD, maki ng-uphea Bggam
maj or i mportance in the CCGA process.

2.4S2condarwp bmecahkkani s m

Wi th the poaoemsteinicgdowesed gas fl ow in the CCG
droplets formed during the pr4umariy eat omiexats
at ominsat become fine droplets, whi ch Tehweent ual
secondauy Mmeelm&ni sm dependdHsomntgheanwe bBféare yrhy m
are divided into six mechani sms,, abnads etdh eoyn a
nebor eakup, vi brational breakup, bag breakup,
catastrophlfiSadbalkaledphal .di f2@r2nt typep of !
mechani sms and their correspgomgd@dmrebgewebeti aur
and propagati owmi tohfe tdaeodd |hestttuaph iviartiyes uni quel
mechani sm Mbremdergoeésve microstructure of th
initial cooling rates, whicdpi mec@@Amdemsoinr e
et al., 2010)
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primary drop ° O
Vibrational : 3 <W<5
Liquid dripping
0©
Primary p—p () > G( j) - 09
break-up Ogc" o
N I Bag Breakup : 5<W,<20

Break-up

ol'.l
°.° .
Mechanism > O — :( —>o0 . %

e, *,°
* Ta

YN Multimode : 20 <W, < 100
< w&-.’:

Secondary

oo d ‘
h

—> @ - Qi

Ligan @ Sheet Stripping : 100< W, < 350
7 <

[%

{4 \fo.

0-1 ) (&) L s O - {Z

&

o

e
- vl
o " .« tele, o

Catastrophic : W> 350
[ Liquid ligament ]

Fi g2a9Sec hemat i ¢ rdepgrae d d mtgattihen di f-bprent typ

For wO< <3 ,drtolpd et doeasyndtr agmeermpt i dhencre bt
breuwpk i s al sérealkMadu mdarnoetora .3 $2,01t6he dr o
under goeabweuapk,atwhoenr ei n the particles due to
spluptindiltdvoBorrophl<et20, t he dr opl eutp,u nadheerrgeo e
duto he higher weber number the droplet tran
subsequently it furtupenmt e@nfiamgedr bpfere. bTke
of the bag atomises finer tldmal ahée aendc Mahe
2012)

For @k <00, the dropl et supu.ndlehregyi anmud ¢ d unto
i nto two t yupe sa:n db apguyiktee tbkr & abkofwetrh @ amegb er num
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dropl et s unduepr,gowibtahg nburletaikpl € number -upf bag:
(Hsiang and Raghbér davedpes ofumbhlke, tmleurde opl

shear-upr eak

For w00 x50, the dr orpil ppisngpntdreetega es me @ th e
the droplet move faster than the centre of t
speed between the parts of ftrhbem drhdeplde to,pdtelt &
fi cédidlrd p(lMatzsumdar et al ., 2016)

Thfei hatrm of t hea pdmeglhatnikbrmedk -upebe®rat astr
350iTsme c hani s m t sehsriang d iarrgpt omeahkaomwiesvme r |, due t

i mmenserti al force, the entirel dawmphrgatc ed iosfi n
t he pamn¢gmMNtegeed et al ., 2011)
2.50verview of Computational Fluid Dynamics

The restel@CGMA @mocess preseat reidesinogt thGFsD t
Thi s sceweariwinews the various CFD models and t
i mportance fdhethiusdamerbath. of solving a C
Nav-Seokes equation, siofc et hwi itfdiewseicdciomess dtehr e dr
domalihtee | ovws escub ons altdhe elaamhodst €Fdhi ch ar e ¢

i n ChdaMe teln o doofl otghye numer i c al model | i ng

2. 5NaviSemkes equation

Nav-Steaokes equations are a set of parti al
direction and mdthieyn aofe tdlee ifviewi d rfopmo éveiwd eo n 6
t he -depmeendent equations( ¢ omt ,icrommesresrnvtautm,o na nodf

The Nawvolkes equations for compressible flow

Continuity equatiorfconservation of mass)

I VR 2.8
T oTw

Momentum equation (conservation of momentum):

Lo I ouge  IOTT 29
T o Tw Tw Tw
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Energy equatiofiConservation of energy):

[ IR I T 21 G

wheties the densi toy& ooafr et hteh e |we Ido c iatnyd acrodnp o n e

wdi recnhiioontshe tpire ytshsac®,us ,Ot setscdeed kemgnys, t he
heat ah@ux ,t he enthalpy fl| (Zthaatgi en.s adue t2® 2t3

With the f1l| ow hbaaiarclygyetrdnstelud nennets,s caused by t
eddies andndwiaeli ddledietmyp dtlhormaugrei ng EZBuati on:
29, @2hfq Gukaszewi cz anlde Kiars tt dgpg 3nixliocG)s | proper
the fluid are decomposed via atprepesprhopewh
into a sRegdaivmeameéd)e and a(MWMaangt eatafdepadt
flow property abelasgrgbednapoi nt can

n n n p o ng 211
whemes itnlsd ant ane ofulsow aplruoep Biefiyait phled ss ae@@d v gec
mean valtwue, thaedfl ucttubhei Rgy.paDbdaesspgintetssnd e

usually decomposed using the Reynolds decomp
vel otcemyeraantdurient erama&! dememgpysed using Favre

wei ght ed aveail agHtaivgr)e awheeraadgye dreemadae sv a lheef | uct u:
part in the¢ Waanwgr eetmeahod 2023a)

2. 5R2ynelveés agedStNoakv&® geNeSQu at i ons

The Regwvwel dge-8t dleRANMNS)Uat itdhces mpoesssbér fl o
i NEquatBafanal 0 f ol | owh@gecuti on of statistic
Equa2llane given bel ow:

Continuity equation

TAC T 7P

21 2
T o0 Tw mn

Momentum eqguation

1"p 1 "B6  1A[ TH[ 17 owmame

- - - - a 21 3
T o Tw T Tw Tw
Energy equation
T"P T "pO T onr T ot '|'_r] T 6" 0ce@ex 214
T 0 Tw Tw Tw Tw Tw

18
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where—i s the con—v—e[bsit/laetprms-s—u—Fies wtolr &k v ies a1c

work +=ésmthe heat c ohAddetiison hteertnur baun e nt en

t er mahode@e®es t he Reynolds stress tensolthewhi ch

variabl es with baravoenr atgheed d(ragigrest )e aRmedy nwd rdisa b
on the t eapearag eMaea(irdgehnseidt(ydWw écaged )l 99 8)

2.5T8r bul ence model ling

Equafli3an2l oL MRANS equation for coamsdckrermadr gy

respedtaisgaeadyt i onal term which 1 €peaeeewmhi ¢ e

must be modell ed in orderanwloectygpecahkysiyst
turbulentkhemedattsurmuudlte pmdae aoasxed st he Reynol d

viaiemgal-empi rsieam | formul ati ons, however, t
calibrations, aahd, empadiogl toohenhdament al | i
modelOwi ng to these | i mitdtoieonsh D hsec emvdad d l®ss

it fails to perform i.80mer trdoisttohnemhchre rt url bouM ec
model s uGEBhodael t heg of-Umlodiedy,nfoldew ,arReynol d
model (RSM), and Large Eddy Simulation (LES)

2 - Umodel
a-Umodel I's one of ttureb unhoesnte ww imdpediteyd su 2 esd r ok
computational economy, and reasonable accura

with heat tr alnhsef enmmo dseil muul saetsi othwvso. t ransport eq
kineti @aermendy (ate of dissiphhasedodntwhibah
turbul ent | ength andThtei mer asncsapl oersh nadqele adigiit oere sm i

as:

Turbulent kinetic energyej equation:

~

QT "6TQ ‘ Q .
T : T : T— =2 T— o - 215
T o Tw Tw w1 W
Rate of dissipation equation:
| Y R e 216
: : — — = 0 = 0 ==
T o Tw Tw O &) Q Q
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Turbulent length scald.}:
21 7

|©

Turbulent time scal€Ty:

w @ 218
whebejis the dy Mg mni ct hwei stcuorshigayemdr evitsk® st tybu
Pr almdimbe panlrers pe.dgiisvetlhye production term of
Ois the TurbulYest thenduhbeshdhdk, tasae es cnalde |

cons{hauseder and Spalding,-Gabdd) ANSYSFluent

However, this model has its own disadvanta

withsswindl;r oittatri omnowavlels rtehgei onne alress accur at e

mo d ealnsdh e model I's menatttumeoddfidn oxsitse adhyd hen
model | i ng t(rVenrsiteretg,f [20v0s7)

9 - ¥ model

a-¥ymodel is also one of the ,mosatr twicdud layr | iys a
compl ex boundawgl I alyttowsmnal ss@eaempl oyed t o m
pipe flows, and flows containing adverse pr e
shock Twaveées ansporrteseduiani omss model to cal cu

eneragaynd( t he speci fri)Ehaditssampapo mmndagriert gliomesn f
as:

Turbul ent ksi)nnetic energy (

T_”TQT_”LD T TlQ

o Dia 0 R %Ta 2 80 249

Specific dixgsipation rate (

. L”}(’) T—m—1 O ow Y O 22 C
0 Tw Tw "Tw

—a, —a

Effective Diffus_ivity

® = 22 1

©  — 22 2
. Q

| f— 2.2 3
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wherGrepresents the generation of turbul enc
gr adiCemeapmpr,esent s fheamgemeprads emt otf he ed fect i
andrespecdanvaeed gpresents tolmaewduiues st @ att'™iaoindi loé nc
Yare t-Hef used s®©uami@eat er mbe bupwamcy et &rhmes
tur b®ramdutmMbersanfdor dahds t RReeylnowds number C C
coef f(iWiilecnotx, 1998, AN8YS8SE)luentETheory

Howevea-ymbdel esl ssconpeosdi sachodael agsesseibeti)
stream v,awhue$t oi ght affect the adber amogdel ni e
complex and computati arhsel iyl e x pteunls3dk tnoedoed enp m o
(Ver steeg, 2007)

Reynold Stress model (RSM)

Reynold Stracempmoedheelnsiivye turbulence model
equations by solving transport equations fo
solving the equati oHe nfcer, time 2di, s stihpea tmoodne |r as
equations, whereas i n 3D (iAtN SsYOSIFV euse 1@uekviiderd otr rya
The RSM is more accurate thanlam@leemoidraplser atst
it takes into account the streamline curvat

rateadi di efthealmo,ded01l5) empl oyed for simul at

flows, swirling flows as seenHowev¢emmhucREkr s,
significantly higbmparcedptud at he® naail mglosrt turb
t hiemprovements i n resul ts produced hbiyght he
comput atignabdoeispédhnseonsi st ent |cyo nppraordeudc et os ut
simpler model s.

Large Eddy Simulation (LES)

Large Eddyi &Snowuhati ooampr ehensidvier aocatsloyjuV e & c ¢
the | arge eddi,eswhiinl et utrhbeul ssmal lIfnl eoldd & ean ae d d
considered | arge i f the resolved eddies are

the rest of the daddihes gwhidc hs caarl e sameet lcaarl d e d
model |l ed uScalkeGCBogdg i Imd i di .ata easlo |l svnezeltldbe) e s

a sufficiently fine computational grsimhldnd s
edd{( BBao et.Thl. di2@t2?2) resolution on the fin
detailed and more accurate LEPrmedel atnor a
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fl ows charact ewiitslegr éod/i dtuatblud emttaen g,e ss uicnh parse
airflow over aircraft wings, fuselages, and
wind patterns aroundubitil adirkshgyri.ahtdtlROlLGiv N
LES model has significant advantages over t
resul ts, It has much more disadvantages. Th
computational cost, especi al lrnye degt hhe ggthe sR egy/fn

higlkerfor manceVerosnpeard gSnigRi0Olognl y, the model he

resol| uteispreci al |y i n t.hel nmesad flf i lco emd argyr i Ida yre
i naccur a®wi mge stud tshe greater chhel ¢eESesnopes
al ways used cautiously and only if required.
2.5Mdjor |l imitations in Turbulence model s
Empirical and generalised constants
Turbul ence amdempi rried ayl constants and C
experi mesnhadi esugh in a phybBecalurblbbencendnt

dictatedcloynft el rbfadtuonedrar y condi ti ponsn mode Rey
deri ved cfofniscdaaerttddi xmed samddate be universal,

being not conslTihgtse mts sfuarrp taloln folfowsn.i ver sal co
and reducesveheapabdicty of the turbulence n

Assumptis otnrimgRReynol-las &drmesdel s

Many turbul en ceeUamademod eslusc hasassume i sotropy
stress distri buot iaobthuy rdonelaent chegenhfadvbees s ame, whi ¢
often i naonmnectecahseamuded Forcempmpkefl owsf |l ow
such as boundary | ayer ftbewstanbdulsevnaoé i ng/ @

natur e, and is far fr dRSMbaitnge mpdme tion aamdy ed
sol wirmqusport e g u i hReeoynnso | fdesr setacehs sofcomponent s

undue comput atsiionudlatd @sntt. on t he
FIl ow separation and adverse pressure gradi

Many RANS based turbulence model,s dsapdcital I
under adverse press®oilpalgtrhaodui gehn twsi.d eFloyr uesxeadmpil

owi ng dddyt hei scosity assumpti on, fail-s to c
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equilibrium effectisang mdyvep adra pilretghsdud geavrgcr dadd v ¢
model s asswSIETafsgpe m wel | i n prediectmomdge | f lcoowm sg &
require fine tuni Whidared LESr AaN@| EMSy & lraiinkr &t & So no.
better accuracy, it comes with a higher comp

2. 5Tvypophase fl-Bwlekufilrramewdrmkaage Ewuwudmewor k

Twephase flows as typically seen pirn m@daC@A |
numerfircaanhe :wo tEkug-Eeurl (e )f r ame wo t kEEuad-bearg r g rEg)e
frameWwdiEkr amegwotrhke primary and the secondary

respectively, are model | &df maamagwd ket ipmuumaran
i's modaddrtdi msum, whereas the secondary phas
or discrete elements, and are solved togethe

Eul-Pul(eEE)Y r amewor k

| EulEeurl(eE X r a mebvmotrikk t he primary and secondar

contineumstcag i n the( kadnedic oSttt naole., ,v 0hG&Inw)o | L
primary phase cannot be occupieedsabhy thlee coac
vol ume fractiThhe ivoliumter ddaced.on i s an i mport
proportion of space (volume) occupied by eac
fractions are assumed to be continuous func:
fracftorongsri mary and s ecolntdairryv plhvaessse s sl wiqmua |t
equations f orort uerabcunl eonft tfhleow hases, and i ncl
for the phgsANSiYrStFd rueeRuikoiiid®eo rconser vation of

ensures the mass i s cqgnswehrivieed tfhoer ceoancshe rovfat ti
equation solves the interactiAdd ftdirec @3 opeah i
as velocity, pressure, mass, momentum and en
averaging over the considered control vol ume

The advantage-Eof ramewoykngnECCGA process h
mel t -bpe,eplecimriilmanyheat 6 mc s & {undheirnsgt annditrhge o f
br euapk mecHanicam al so be hfeil lprhiung tme phaediicm h
gaki e degihigml eatndp(@ay adnedierest Arad . al -2®rlébppeswo gk E
there have beensaftbtt s e tgbaosmoednetiroatphmaennd wi t h

droplets |l eading to paoaHowe Vv g r-B nft rgaanseEweotr okmi asl esc
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maj or drSawlcec ks.he properties of phases are .

on trajectory of ams itiygiwiadu sleamanriothi cBIE€GA bp ra

(Jadi di eMo dad |.l,i n2g0 1t5h)e i nt er acti ons bet ween
compl ex. Fine grid si-2ealie flegwipkekdnotmecapt s
at omi sat i-noent eorr dwicp(odan d oatmaasdE-Bo,nf 28 d8wWor kK r eq
fine spatial resolutomputbdi nihema sgiryied ,anidt misg !

carrying out partanmeet raipsp Lsitauadeiteosa |o.f, r2e0a2l3 b, Wa

Eul-leagr anlgler § Bewor k

| BulLeargr athge f r BAtmeaevop rki mary phase ivwshemoedaed | e
the secondary phasiketiasadimoided &lbeép dmttieamlreas ,n g g
inbhe sol vdd édAaNsS YISIFo weGuETlRFbeyi nteractions
i ndi vidual particles and the turbul ent eddi
detailed information on the motHo@wenodtlhteh eE p ¢
framework the flow around the individual par
the particlesHaneenotheonsdder ddal particl es
be small er tOvwinng htebEahtr H idsa,eteamne rokn | 'y be empl oy ¢
haviow wolume fraction of the dispersed phas
| oadapng Ofiragiadi S adPMagksieblsht ANIIY SAPItuee n-t2E0T1h9e, 0
Gui de)

Some of the whnhdecdalpd els efttr aCeDvor k ar e Di s c¢
Met hod 4 ME MDPiPshcarseet emodéin QOCEBIRHh. particle has
properties such as shape,ltsitzeaclkspdirhtea tcg @i f
interaction fwandegsg ndared agdrn toinclferces such as
cohesi vaendf ocroclelsiAdti nega cfho rtciense.st ep t he forces &
t heir positions and vellwri DP&isn daihvei dwpad a t peadr
traj ectporeide setgeucket bfyog cteh bbeatl veteteolme par ti cl eds 1 ne
forces aatspgcpohitchfel mti ernpldalasleoctfi on t o t he pa
i theat and mass tr alhBM eal sios fad csiol ictoahipeast eidng t
and cooling, boiling and vapori slaweoeyr, andn
t hmodak sumes t hat t he di spersed plpaasgd i cbe s
interaceienfaocd Oh dispersed phase vol ume fr

Hence, tchheminmpdempl oyed for dispersed phase a
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vol ume ,f raactthiooungh t he mass | oTaliisn gmakaens btehegr
appropriate for model |l ing atomisation proce
stirring of |igluadlen falnadwot her particle

The DPM model employed can be middedli geddesd
into foumwaywway: -wahe, eecawdy f ooapdwinmgec k.ell,n 202

onway c oarp | u maogopupprl,oeadcthe i n fgl ause +ifcl e® i@ fi enteh esc | e

taken into -wmayownup!l ilmg,t wiohe i nf |l uefniceel dofa ntdh
the influence of the gas fl-wayococobupeaddrtiol
t © hper e mitswewaoyf couplti nagi $dhec pragitderd £6s i nfl uen

fl aihehft f ect s the mot ilonn Hoafy racnooutphleirn gp,aritni ca ded. i
above couppangicpartnteeadc¢thAl obai 8§ @t salcongi0

Al t houdglihn gnotdpelda $ svoCCGAAMPIr @mciers g-LDP WM avmeavoE k
i s advantageous f or -lpervoevli dii mgi gdhettsa ipilrretdoe ptah d
advantiatgceo mpsut at i loem@ampdmreéd ftad me veralkb!l i ng | ong

more extensiSiencsei,mutlhag iroemmssear ch presented in
me | t interaction r-aphemdDPMhamr tcliehemgeopiiir ®tad
model |l ing strategy. The DPM met hpdets emgtyed mip

Sectdi. Bn 2
2. 5DbschPra®e Model ( DP M)

Il n DPM, the trajectory of an individual p
out force balance on the particTke fporce nh ald;

i equateeadveen Obepeptaraiahd the f or @ éapsrseascesnitnegd Cc
i n Eq&ZZ4d i on

a a _ £ 22 4

oY ® & K
“ T
+ Qg 225
oWoYQ
YOk 0o o 292 6

wherde?—ai s the drag f or c® aancyt iontgh eorn atdhdei tpiaorntail
on the apast itchlee , mass "oifs tthhee phaensictiQesoft htehe
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accel eruaet itoontgirsavtihe , dr opl eYQ s eritehleattii oen Re ynre
numboéeirs the dra@agscobefituedt phabe paltbctctg v
Ais the diametevMangf ethal par20e@B&uUi ANSYSFI uert

2.5Tdr budiesnger si on of DPM particles

Il n a turbulent flow the trajectories of t
fluid phase vel oci2t2yd eprrievseedn tfer@d nH gEugautraid o no che
effect of turbul encdad nomdtdhe i par tioc lte b rmeejaenc
fluctuating vel oEhity prse &il stos ctomes i ga&mrteidc!| e d
in the-fgad df.l ow

6 6 o 22 7
wheoeées the i nfddtwaedtoagnietoyuyyshe mean flaid Pphase

fluctuating vel d@iNtSy Sdfl utehtd Effle@iod yphase

By introducing the fluctuating velocity t
tracking aims to capture the unpiieadgticthadbstei o

tracking utilises the probability denAsnity fu
i ntegral "Ytiinse isnctarloeduced t oopvYieditcheet Aepaatt
retains its initial velocity belHiogk célawmgs ng
indicates the presence of | arge and p#&rsiste

indicates the presence of s mardtleagrnal "Ytnicnsen s9

given by

Y — At 228

wheoe,s the fluctuating c onopasinse ntth eo fr otohte npeaarr

of the fluctuatiisndtuhcemmpomelnét wa ekdn otvwwno a sn sttiam

For small particles that move along with
ti me scale becomes t he"fTlhuisd tL arger asrcaail a&en ciamt d

given by

" 2 Q
Y O -

22 9
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wheoe,s the model constant, which Fek-Unknowr
turbul ené smothelyEgiuaee3 ® ndmkt-¥t ur bul enldies mode
substit kit @INSY¥SFOuRKHBEITHeDTr y

. Q
Y ™R 23 C
The stochastic model empl oyed for DPM par

the Discrete Random Wal k (DRW) Modell whDRW a
mod,ehe parti ¢lne tihmet ¢ uasb tualcecmotu nftleodw f or gach o
and is simulated based on the eddy character
random velocda,bandl mctihaet ixony, and z bdanmecti o
eddy-stceafhd h®@aussian distributed randcdagmauvelomnci
231

6 -0 231

) 0 0 ¢Q o 2.3 2
whe+rieGausdianri buted SriamdamI|rnyymhbereo d@hai,ct uat i

along the y, and izsodmpruetcetdi o nn, Eraarsee dtpteievead loya,s
231

The eddy fti wascal es 1 hé etbhendedhye t elh e st wicbul
fl ow model |"™¢ads ba sceodnasatwaanrti abl e randwe&omb gt ivam y i
233 hoWwas a constamB4giaitesss Equatindonbouvar ibabslead
Y.

QY 233
Tyl 23 4
whernkes a uniform rignddaMSYTWSfmbeeGubTlEdor y

2. 5T®&avay coupling between primary and second

| n Se2cthi.dbnhe di fferent coupling meehamcit s
particle flow pattern based ors tdh eldiewfeleubernec e
four ways oforcabhel iremgeaard fpresehdIencul attitbns
carri edwawtcoumloi ng i s 4e mBplRdyee dne tlhm dsod ootgiyo re r
t woeay coupling is discussed.
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During a particleds flight, in addition t
and -thremnsfer dme-wavpmpwowtiuded.i afgfect of particle
continuum is computed by employing interface

hetat ansfer.

Mass exchange

The mass exchange from the di svayetue@ | pmhagse
i's computed by taking into account the chanc
control voltunaedg fdehret ma sdi screte phase to the
as source of mass (fANISYtSHFéd ueeQuitiireBdesy malsass ¢ r a

is computed as

0 —4& 235
wheVYe =changasiapafticl e,
& pr= initial mass flow rate of the particl

& = initial mass of the particle

Moment um exchange

Similarly, the momentum exchange between
computed by calcul ating pahéi changes in momaer
control vol ume. This momentum exchange i s ¢
continuous phase. The momentum exchange 1Is ¢

) pys'ya o
O B —2o @]
"QC T 0 a wo 23 6

whereas the densi@ysof hehdi pmete@bef heheepattvel
numboeirs the velocodity wlhetwhel paiitsy dobhfee, tnhaes sf Ifuliodw r

partd dlse,t he dr awo soéhki dii'@retd,tse pt,heanodt her i nter s
( ANSYSFl ueiGukdReor y

He eetx change

Si miltéhre tmss and momentum exchange, heat
to the continuum is computed by <calculating
particle as it travels through each control
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the conti(nANIIYS Plhues®u E ThdEexrcyh ang e

in the ther
gi ven as

- O R , . . . Yeog
Ua s Yt Tnee QFden Aol calig Qﬂ:ﬁhQ Y“hééb"mn‘*ﬁhQ Y 237
whede= mass of the particle on cell entry

a = masspearft itchlee, on cel |l exi't
W= heat capacjty of the particle
O = heat of pyrolysis as volatiles are e
Y= temperature of ,the particle on cell e
Y = temperature of ,the particle on cell e
Y= reference tempeamd ure for enthalpy
o =

= | atent heat at

reference conditions
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3 Literature review

| Chap2tehe gworkiahg of the CCGA process an
empl opyedumeri cal | ywemoed edli $tchses speedottidiges oper at i I
par amendrishe @HD tnhoed e(bGGA hendlndarmeeesBbe
revicewpter i s ¢giave dpar iimavetsatlovga CCGAsprocess
their out comesst,udaneds QGAe rr @GtEiBcsamlo dsli higng @mod e |

evaluation
3. 1Factaondesipgnamaf ée€CBRgocess

The CCGA process is affected by various f a
pressur e, operatiorlofsurtke pactssiuieerdedCBWwa K €
nozzle design, nozzle angl e, protubgroance |

parameters are discussed bel ow.

3. 1ELfegasofmeésedur e

I n CCGA process, based on the gas inlet p
conf i gur awa koen sc.o nodpiethnwa k e a o dTnhdil sb siesd .because, t
vari atiiomlgatth tdédeul ts in Atenleowen oapeif atsihrog k

recompressesnnmaos ksaadlb ot her to produce the
directi,onk ndWafcthioddlo wev &i ghat i nl et pressures,
S

hocks geftrso imes fd cercit e db oeusn deaarcyh aontdh ecrrpoaspsr ® 0 a ¢ k

.Magdhi 6RKnder son .Thte aleg, ohP9é&l) d hper edeont i n fr
ozalb el ee¢. ther degednby the i nnaenmd stomdicMboh n
ownstream is knbDhlins aifFsi tgfdlrkdetwm kiegher gas pr es

~ O >

he Mash idownspseimt@incat es t hewawkaek ec oinsdititni ocnl, @

ow pradsemese, -doafs k Madcohownstream i ndi ecnaatkees t h e
condiTthiecomp&er anwakéoseddi tiforlidn i ¢aRsildluueewr r a
3.2

Il n both t he  ,twha&k er eoinrddewlibagtitissouns ezloonkeet pe o x i mi
of the gas sanas mgh ogBuir ez iz $ ef dhcei leiftfaetcetesi ve pul |
melt from t (pefeimle)nit @ ghuolztzilrmeg oimmn Vatdiea n-wd koes e d
conditthemhspduction of -drnes k cda wssriumpg st h et ew avkaec ht
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wake condition. However, this-doc&esntabdnlsyhemo

form -wh&eed odnudei ttioo nt hjeeTthtt sonmr e pegas s qgvearndand

threpeane@édconsthinfutoulsettwe le oow akbee ncondi ti on
pullsphanomeln ng et al ., 1998)

N\ L

i s

Gas flow

Melt Recirculation
i zone
Entrainment "
Primary
atomisation
Machidisk Inner - sonic
boundary
Secondary '
atomisation

Fi g3lSec hematic il | ufsitelad i wdnit dokf Mdgaavsn sftl roema m.

Nozzle Nozzle __

_ Shear layers Si i
Melt tube Melt tube A= ear layers
Internal shock :

Internal shock
Wake boundary A\ .
|\ Recompression

H Entry to toroidal
i ‘\ shock :

: Eiterial recirculation, I R;fm;"pre“i(m
: | '\ % W . . 7 d i ¢ shock
Entry to toroidal | 1\ turbulent (stagaation poin) 33 ¢
recirculation, ! e boundary \ External
(stagnation point) | | turbulent
‘ -'r-»f%{;cﬂ(;\clcd oblique / boundary
( shock
\ | Mach disk ‘
Reflected waves
Wake boundary ‘
Closed Wake Flow ‘

Open Wake Flow

Fi gB2Sec hemati c r epr easnedn toaptkced m d s fAInadheo seoch et ¢
1991)

Wi de range of research on CCGA wer el
was observed that at | ower

tconduc
operating @mressur
operatingepueésmealrléessr p@Wanglet salZ.b,s s20233 d)ec a

hi gher pressur e, the partikil eRPeexepxuliteinmceersi i

secondary at onsinsaatlieorn plHepaivdejentgar teshi za@&cst. ed mel t
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(di scussed. 1ind Sead itahsgahneteidc | e ds idzees pii rnt cer eogpsee
hi gh
s moeolt th f fmoonw ¢ hstebth ¢ ne b yi pcracupseérn ga.Apn chi aat s ohf i ci
high prepeosu¢eoses it sk @offwhmedh
31lpresents the various
AM$SD.hough, the i
ot her

at pressar eosiThivei precscauveedevel ops at
a
ifs eedzwee rTsaeb | feor t
research conducted usi
nl et
GMR,
Nevext hhelihgehs si,n laetb6 pMRBsne& eiga irfeidcuacntti on
.oarAdR S RPerat i ng

I ne n e wgogntsaumtpivdlon dur i ng

i n ncrease i n gas I pr ess

operating parameters such as me |

mor e.

in particl(eShsii zeet at «@udsh hig

resul ts thebspeprqueads

recompont $o&f lggeesa.l | y commerci al at &mios emag i mp er

32

both the yield and rEedaaclei teate &Iner g0 kXpendi
Tab3lénl et gas pdiefsfs@@@Astpu soecck sisn and their r
out come.

Aut hor Gas inl ef PSEOm
(Wang et a 3 MPa QFZal11:-1405.
(Luo et al 2 MPa QgZ»c1553
(Wang et a 1.-8. 5 M QgZP25175

0.5 MP Dv:8. 03
(Wang et a 1.5 MP Du: 798

2.5 MP Dwm : 5. 93
(Wang et a 2.5 MP| Qg®a 2125N8N 4
(Liu et al 0.-3 MPa Qo 2528.64
(Zhao et a 4MP a Qgda -10O0
(Wang et a 4 MPa Q7o €400
(Zhang et 2.5 MP QZDag WU T

5 MPa Q7FQa DOo

. : 6 MPa QFDa3BZpoTm

(Shi et al 7 MPa Qs BE T
8 MPa QFDac P T
1 .MP a QgZQo H5 9.
(Wang et a 2 .MP a Q7FQo 3-146.
3 .MP a QgQa27:1220.
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3. 1ERfect -@IfoWarke Pressure (WCP)

With the increase in gas inlet press-ure, t
wake t eavadkleoded k n-Glwans warse WArkeeBisrug ed ZOMC&#p at ed t
CCGA operati ewakendcejnusdtpepmni evrakeo cohwasedon
obser vetdet watst dirnmatwon tbthyeheaa& e pi r atthieo nwapkree srseugri
enleadr gowi ng to which a wadewnglelohper cpcriorcceuslsata fo
drawn into the atomi sat-fiiolnmicnhga;mbaenrd wakeunare
preseiri galdaesi mul t achweaed Udisd ye,nl ar gement i n the v
pr esfsluows t owararsie aah é ac & 7 zhleearsahtryer di ng t he me
(Fi gB3IgSubsequentl y, the melt iomddodiweg wakbet o
returni baclhi hal aenfl ks gtdiBbtens d

Melt is drawn
into the wake by
the aspiration

Enlargement of the
wake region in the
state of “opened™-
wake

(C } 1 v'{ Y 1

Fi g33Ae t-wlmase fl ow i n{ a) atohneloyg afsehaotwirneg at be
operation just prior to thdbijealttr oedrutcrt d iommeorf t
the wakeptprgement of wake and retarding me
exerted by st(@aginmg,i on0 PI)essur e

Wi fhurt herease in gas i nl et prweaskseu rceo,n dtihtei ow
cl oowakie c oDhudriitn g ntwaek ec lcopsnedd. € 1 prnens e rhc @ hgesfk Ma c
as pr edgemgtBdad hien mel t i s drawn into tWiethwake
the continuous entrai nmamtr uditd rylhppet sdatisitke itV @l

ent er iwatke acp®mdiist iwwank.e t r a Aawsaiktei arm nfdri-a ankoenl a soe ¢
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condition i Bi g ®4ba sathidg B4cdA isnt r onger recircul
devel oped due to the increased gas f] owsin |
preseirti @&4adi&n mul t atnkeeo utsilggh pressure at stagna
wak e, temporarily Thtiesppisrg ptBwaVi mehl tt hfel cawno u n
me | t i n the wake declined, t hees twaabklei sbhengeinnts
Macki a& originalFl g3a@d@habsyteplen ati ng at and ab
wake continuously -abteWwaseesobhdi ween epéenl t

exhaust

Melt

Melt is drawn
into the wake
region by deep
aspiration

disrupts the
Mach disk

Melt flow is temporarily
disrupted by the
stagnation pressure in
the “opened™-wake
condition

Melt “opens™up the
wake further allowing
stagnation pressure
to enter

Atomizing gas jet
impinges on the
[ 1 neck of the wake
High stagnation 1Y /]

pressure flows 1 i
up the wake !

(d) @)

Fi g34Tevo phase flow ,(a)ewa bet itdrewasdiaowikidg i on
just prior totheeéti nnt,odpbeheaket r oidnutca i on
the dvm&kwn i n by threesEmpé asdi s5atpddinsrkg atnhde M

enteringwake oc o(pd)nt aogementandf thleehwgkepr es:

stagnation point ,adn ds u(reg)i ntgh e nptroe stshuern ewgislaer g e

melt flow. The wake r egiren thaebdiinsshdingk nods kMa ¢
showm ((Ta)ng, 2003)

At omi sation trials were cowmalketedndipteirart
cl owakle cohidng i ob8@3 Vv ed, atomi sation operat.i
finer powders comparbdl 6w WOP eaiskaee icoonh dd g d roan
was cal cul &treedd, u ctetda tf rtohme 63 . 5 t o 3 T4 Gon, and
reduced from 3.38 to 2-t6d omhaeke da palrsastt iiiosm.ad e
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t o rtehdevacneodu nt st lmdd rndaednt i ntermittentl ywakeéo th
conditthiedhe effecti ve at oMoirseaotvircera | sitsts eraved edh
amount fdfowaneel treduced fromh28. 2raosil4-t®nkd Mm
cl owakle operatnifom ming the reducedCoarvde risretl gr,
duri n@wadpenocondi ti on, confte d uiorutsd yt rsal payd dyerorf e !
parti ¢Tengi z2003)

3.1D8signdelfi gyasy nozzl e

Anot her factor which -dealfil werdye snPagzezsiseuP $ B e id

gas when sent through the gas ndahzl epozexpgpampd
an i mportant role in the,drleam integc hraengicosn so fo ft
pressur e, shocks, wakes, S oVmird olhusu mddeasriigenss, h

i mpl emented in a conmntpeorwdalrs wifdlod.t $woma mpfr ot
nozzle design par amet errsi satfifcasotazree ttdheen fp gwd
nozzle exit ar ea, (Famngdsb)elolzizd e s eapteixo na nau tel i n ¢
o

onfigurations and their characteristics.

\ Intersection angle o |

T N /Gns chamber
— -I‘,I Inner surface ‘,f

S

Ny fr~
~ =5

A\
Annular slit nuulc—*"}'\\l‘ "’:‘f?f--__

7

~=—4-Gas inlet

= Annular slit nozzle

\\ /

R\ A/

Outer surface | {
, /

I Delivery tube

Fi g35Caut section of &@@habaet.shit,gadelad

The nozzle configurations-daeecohédsgufined
nozzle pdotikcenf Goswadil gn dti vwa etdydpneushlainot ( AS)
and Dea sjcertet( DJ) slgilats tntoe zdmenultahre mel t nozzl e

. e., geometrical centre, and the gas nozzl
circul ar dwasbkf. tThhee noeultternozzt ehecgasasotzhéeli !
section of a typlieailsaphedEnesdslietogasi mg:zar i
gas exits is conti nuousn anhde csihracpuel aorf, af orrinmign,
6slitdé. Although the machining of such nozzl
t wo significant disadvantages. Firstly, it i
nozzle kenakxhe ®&dmsymmetry. Even with minor
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width distribution across the sl i tgabsecfolmevw,
t herdeeleyni ng the process drmradyv arisve nf girlewsrsail.r e
rate of t heangnausl mamxiztlientgvitithe be coheafit déa abft gt
j et norzeselti ngusiagfeufhesessnauygi al factors | e

of benrdodbrust Gdbssegmravzilgas nozzl e.

Di sejredtss t he name suggests contains indiyv
forming | Ackitwi.dWAalt ygeats glasdin®serzétrteused in the
byWotamani 6286h8wgog8Gi@nl i ke tdhlei tapmabhaltdis type
the melt nozzle andi@asaanmtonzlee asasse mbhdgpdal E.tog €
Thiendi vi caveel aglrathng ¢ gor ymmhe t h ieacxanles| ta nmo zaz lee p o ¢

equidistant from each other. Di ffereptetst ud,]
nNnozzlcomnstbeeuet nozzle for 1 mproved Amearefrasroma n «
et al ,Mu(l199s1)etMcada.r t (h/0 1e0x) aadd. a nfa2n0 1e3th aavle. (2¢
employed 18 discrete nozzles, equidiswantly

study coMaumagt eed 6. d(i2s0crSeetde enempll ®y e d , equ
pl aced at 10A to each oSihlewa ¢tiunsadidard® 0Ri2nc r
nozzles, placed Wiangd 8\t dallsed(i 2®24tb)acranhd noz
30A, i n symmetry with the meeltt nnoozzzzllees. olvheer a
i ncsiundcer e as ed pirnoccreasess Ecdornmiptayt o npdrl eedsd £ ei ency
Al so, due to the drastically reduced size of
can be used without considerable concern to
par t(iWrlieesnabarrenetxea et al ., 2014)

Fi g3aGTeh e dtij spgaackée € components and melt deli ve
di scr etaes sgeamshbdyiaeman, 2013)

Just as -dnoez zcloenfgagsuoat i ¢ n can mu delairdtdl is retr e t
j et , t haet eepomwa@lid e can also be clagssniiredabra

convedigenig®nt noZhkesewtt i on of c-Rl nmarzil easl aa
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presenkRiegdTi®ot h cylinDrinoalkdsasaidt sSC owanddvanit
di sads&yt agdrical nozzle profiles are simple
Al bei t, gi v exmde rahnee treaz zilse e<ptai ILt rmam, pr eci.si on n
Howeveéerjs sadmdatéddnpthec bomphg@OanhezzI| el hper of i |
advantage of adoptnionzgz,6a¢ ccyan nbde i cpadr gtreod idwe
prestéMukbi s eHowkbver 20ha8ajhaipiotteavgect onplsed f | ow
i n the noawhliecli looWventgh drogasi cdl Mpchellecspectiv
of the inlEeMulglaiss petesalur,e 2007)

(-\
{ } .‘/l‘;} o4
Cylindrical || | | 2 | =S
NG C-D [ b Gas inlet
i | \\:‘\, /, i / 1 b %%
\ B4 M=1
CONVERGENCE REGION _»\ <~:',\\
M>1 (< " =
(St SHOCK
(O~ WAVE(S) R
il o Ul b

M<1

Fi gB7As chemat i ¢ a&)yad g maonzi zclael( Amtoif p d ®,(-D29 0 CC9 )
nozpt ef( Aneler son and Terpstra, 2002

Simil abD |l nwpzzl e profiles have t heir own
Advantages inpéeudeel bcghgercgmpared to cylind
pres(s@mievastava . ahds Ojbaul 280b6h increased st
providing fiAderoaat amreaswuil onof highiemcgass eel
cooling rates. T hDe ndoozwen sei dper ooffi | wessi nigs,C it i S
machi ne, and neceodnsv eenxtpieonnsailv,e ,ulnona preci si on
Wi rcaut el ectrical di smaanud e dhrtea cndioznzid oeg. e ED Mh
nozzles for a specified exit Machhmaoaantbear e a
(07 )ratio, and hence if another exit-DMach n

nozzle with corresponding ex(Rathakhirosmmnamyr e

The gas nozzle performance, and i n turn
ot her design parameters such as the nozzle o
angTlke nozzle offset di stance is the betwee

nozz|l edbs external wal | . Based on this, t he
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without of f setFki gr@8i &a si sn oszhzdvwen win hout of f sei
positive aspiration pressure at higheff gas I
This is avoided in gas nozzle with offset di
| ower presgasespzzhe is prone tooomourzs$s ewlté o
mol t enc cnuemaud aat t @ i tbo zozclke 6nsg . t Mubsiukal lolwy otfa kgeass
whenmé heoowswar ds t hekgasnnaszbhbadk asesmamlaa g,

| ower pegse®mteto the nozzle exit.

a) Gas nozzle without offset b) Gas nozzle with offset
Gas flow Gas flow
Fi g88Gas nozzle configurations: a) without
Similarly, paopbameterdeshgh affects the p

mi smatch between the gas and mel't nozzl e an
bet ween the gas (bronzdz | needlst arpoeezxtU pErdgsiseaip ® x s a o @ h
Fi g3 eA mi smatch angle of certain degree gen

nozzle tip due to the. sHoweagenmr,adatall|l preasrs umi
gajset i mpinges the melt at distance further
(ynal ,,ABO0OBXbyeme case of mismatch angle is t
Sect3i.dn 4 Generally, cylindrical melt nezzl es

of owelwver ,noheké¢smiedn i s not optimasm s$eepdbducte
melt nozfif{Me e¢s.iagns 1997)

Gas jet

Melt tip L

Fi g89Ca oss section of the nozzle having mis
nozZIlMes et .al ., 1997)
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3.1Désign of melt delivery nozzl e

Accompanying the gas nozzl e i nJushte aast ohnmo w
crucial the desgasaripapaimediciriscif ent operati on
so is the melt notnzCE€GAepr gneparamstdirscusse
is assembWwedhtohetbaes nozzle, thereby provid
and melt Thbezmmel exmodszl e can be studied broa

type, nozzle protuberance | ength and nozzl e

The nozzle type is generally categorised
nozzQyelsi.nWo 2z zlaé s aFieg&BIMBWEnnd nt apered nozzl es
Fi g3lrGe&dnli g3lrl€yl i ndri cal nozzl est wge@B oaked c
studi{eal, 1988, I nalSt uldd 8e9sa ,c Ammlalrc,s @9 §yb )a |
Srivastava amdly ®j haa(a@QuOépetdr a4zl yeittahp ear e d
profil emgemef atver as giomatair ewl ignmokrsisualde moe z |
cylindri @aale modildesd in thedwcartent h€ECGA aee

di sadvant age

Retracted & non-tapered Extended & non-tapered Extended & tapered
nozzle nozzle nozzles
\ -‘l !
A s !\ 1
L) . ) 5 \
a) VW o/ 74 b) ] c) \\\‘"\ 7 d) W '/I/

WY 1]
W 1 \\\\ ,’/'
\ !
\ LAy

Fi g3lr®& hematic r

epresentationodnfe hizfzfl er ent
(Ander

son.et al ., 1991)

Protubleermqtclepr otrusi on | ength i s stiloen mea
beydarme-dgas dlahteunv.ar i ati on in prbtgkiohedtesngt
the aspirati €CGAr psasnadbsasob it hlees mel tTHd ow r :
protrclami dore of two typ.esRetrredaataecd emde IBir gz z2lna
318l n retrathed waepepzicé ®s,ur o rdmagtkci,counr so fatMaac hm
| ower pressure t hamwihtelgda te xvieH nyel eadfit foeaciztgz & 1 on ¢
resulting in IMargeiviparet chet esd zmel t nozzlIl es

atomi serd6s axis was reported to be signific
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| eadiondgehvee |l op meaambiodntov(eposi ti ve) pressure a
CCGA process operates by drawing fmeelgtatprvepo
preg,suaepositive pressure would be detri ment
freefzfe i nsi del étMie eme lah .neoxzizeBded melt nozzl e
creates a relatively |l ower pregasr ¢l oswgdygnaam
shaped by t heHmwezvzdre,6sf adre smglint. nozzl es with
poor atomi satwieare perpfoestmlaniceg i n (ijmcrle asleédd 8p
This iIs bwadaadusiencreased protrusion | ength, |
bet ween the melt nozzle qweahng whelf laowd, the
fl ow reachi ng |snualds onhi9c 9sspenedsar Aksidy @@madr | @a
(2006)was olmdernrvendhl|t patotrusi on | ength, even

firparticles, whereas at increased protrusi on

a) Flat tipped b) Flared with lip ¢) Flared without lip d) Hemispherical e) Trumpet

|
i
@
|
@
!
|
i
f

Fi g3rBut seftit i oierteenrtnal melrto f najif 2z tegdl).fi Ipgpreadd
withcjlligor ed wl)htehmiphedn ptaredtpveul | i s et al ., 20:
et al., 2013)

Thirdthe i ntodr nale dmeeHplgawyesgzaaée trhoel eC GGA
pr ocTehses .manjtodrersalgns present hien meeh ¢ f Intbizpzpleed @ e
fl awietdhf llamped whemipneahdal shaged | | i s et al
Mc Carthy eTr adiltyfi IRalgphipéeldt aszszshé&wigdiIdhave
beewndel y faodoptt edheanedseammer cit®dl f@acodudtit@n
prfeil mi Hgwever, nozzles with other -tebmgng h
and atomi satdi ohoaefghi ¢l aney. AigBirica hdvei beeuat
ai med to i nfcirlemisreg,t hset updije!l ¢ @ sr ieegsddhadw tt (hidxyQ@ 1 1t)F

aspiration pressure is higher compared to th
to be of negative I mpact t o t koef fp.r oHooensesv,ers,i ru
in commercial atomiapplipvynnphassosenkeset bbeme mb

to eoscswnt iechawvwruvda rodw o f mel t .
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Tab32&arameters used by various researcher
Ape|lProtr | I nn Tipl Lip
Aut hor Type|l ang l eng di a Di al angl
(De (mm)| ( mm] (mm] ( De {
5
(Aksoy and Tapern 25e 10 3 - 0
15
Taper 45e 3.6 2 8
(Mates and Cylin 0 5 5 8 0
(1l nal, 19Cyl in 0 5 4 10 0
(Mullis et| Taper 45e¢ - 2 5 0
(Srivastav|Cylin O 0-6 3 ) 0
2006) Tapern 9e 0-4 3 0
(Aydin and Taper 26e¢ 5 3 - 0
6 3¢ 1.93 8. 4
0 10.
45 1.93 8. 4
(Mi et al| Taper € 2.34 4.7, 8.0 0
3.86 6. 8
30 1.93 9
0 1.93 10.
( Si et al| Tapern 45¢ 6 4 - 0
(1 nal and A Tapern 44c¢e - - 0
3 10
(1t nal, 1{Cyl in 0 5 4 8,140 O
8 10
(1 nal |, 2( Tapern 26e¢ 5 3 5 0
Taper 0
Fl ar 30
(McCarthy ¢onarpl g5q . 2 | 4.9 30
Sharop |
: R-2 . |
wi t h (rad
prof
(Mullis et|] Tapern 90ce - 2 5 0
(Mullis et| Taper 45e - 2 5 0
5 8
(1t nal, 19Cylin 0 3,5, 4 10 0
5 12
Taper 45¢ 3.6 2 8 0
(Mates and r= 75T 5 2 8 0
Taper 0
(Mull i s et{Sharp| 90¢ - 2 5 30
Fl ar 30
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Moreowdrt, nnozhémphept lodHilgeBIk)achi wakd
osure at a |l esser gas Iiftliopepr oz uMuad | (B MH

al ., TRO®7profile was designed to facilit
ming in contact with gas |jet, thereby res
ofile posed a challenge, whereiavéheheeleéss
e use of tr unkpiegtBlrf@eeroefd ulcee,d sthhoewnpairnt i cl e si .
tfilmppged Fngakid)eAnder son .etByali.n,cla@ds,)g sl ot s
of il e, particle size was further reduced
rface area such as seen in a trmwpeterpgoaofi

al . Tab®@@w5) i nes the various CCGA studies ¢

sign parameters.

. 2CFD study on CCGA

Thepghysi cal atomi sation process is highly
r cl ear viAslutahlo uogbhg e ehdi agtha mer as have been ut
udy the CCGA process, the camerasd abil ity
reover, this 2D obdersawat ipamn vafdet hae cd recac e scs
e pr oscienscse dphet ogpaphec frame in 2D is a s
ocksmst her mor e, alt hougwnf pthloe ograpkekss bapt
derstanding of some aspects of it, owing t
ocess,!| itmeyea thraomewtar ds t he understanding of

understand the background pfhuyrstihcess sefar c he
ve tthek en of CFD tools to eXphplerseandomogdeb
tline of shedmeraeasi edsoCFDon CC-GAapeonflgys)s, b
d -pthwveooevOV €r vi ew aorfodtehes CkDatedstdi sbusseecdc
c t2zi,obnand the CFD methodol ogy employed for
apltAercompi vati onsofCFD studi es chaortrhi eodn osuitn go
aseon(lgya)s f l-plwasaadld tt atiohkeeryg model s eispludyedsi
esented in the Appendi x.
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3.2SLngha&sasnly flow

One ofart hemheaese dFeDs cwausdi edEspunabwand Pio
(19,28)p | oylt mg b kinhoedtecbe st u d yn cteh edefi nréob metsa ri tnd ,e t
presandegas tlempestaudiy ereported thptedhet enadd
the fl ow chlag actt edtyhsaitd psrn thned ease ,trhegas wiarsl e
sharp drop i n aspirasttiemamddyprrassur edofwelvleawe d ht
measured in this dgtheedgs svase innrteiermalice deol i
the gas pressure obtBheesiudden her apelitn ntolze |
mi ght be corr es@plomdu rnega pgtldeet dadrseeaalkys rdnucer etacs et h
i n gas inlet p-wa k e ur ewmhdinchecornre@alsese d he aspir.
thereby retafrldk.D shedmebMcant i eaainEc @pd "By Jand
Pi omel Icion(sli9s9t8e)nt |l y demonstrated that the as
in gas inlet pressurwakwh icloen doipteiroantsi.n gA nudn d enrc r
in gas inlet pressuraakki Ice i d f6tiuartrbisun gednached e r
was al so &mploy a@adindiy 99 &)l erds¢t iuade7p)or t ed one o
ear |l i gd9telfdl dve havwaokieoontiptii odhosckedMi heMaah. (1
reported,e wjaish iinnlcerteapsr essure the reatrefgl at
MPat,he recircul at.iTohn sl e rsgtdhued & or edlisecekifath e mat i c
recircul atiMin etonadxds hefnlde®d’ )t he CFD model t o
of melt ungemmeagygrHd owl condas e onas.(pmeolttr utsii p nl
l engltid not change tdh e kp adiwinoswt & vetarimp rMapg dir t i o n
increheesdecond recircul atdioshl rztomas t iemglt yh, awit
i n melt nozzI|l e +dap&r |wacgaltehoendt hdkeo whascthr e a m. [
angle also gendiatked weaker Mach

Ting and Andkseonny¢ye2dedudyated the effect o
to study-cltdheurvwakmpihé@eomnmanadny. confirmed the e
di scontinuity bothimmededbei tpwasdi gfamssiur e
study corr Mboerat adnBwsi(plin%%7 )and Rieomoenisitihea(tl NP8
reductiaspi mattihen prcelsocsquurres aimstdbhls ewaukeen t i ncr
t hereaAltterough, the CFD model captured the g
i ncreasing gaskevVv athhee depxriesstseunrcee, of mi smatch b
and expeareicoegdiialglse aspi.Thi somi pmascshr-es due

avail arburme twyo @D model s. Neverthel eslsi,edthi s

43



Literature re

numerancaallyses nclude compressibil,i tpyr edfifcadtngi
behaviour offi d@lhtehfegradnat | odi sk WMbchnel bsywored
presSiumielTangy and Brnauwreea i(c2ad d 99 omopdr eegsbseindbd eh e

fl odwm,t condsiedétriterda riism dmeboweeer, t h-preddet edndl
pressure i-hiéehd. gier ébeat eap thws sodddeléi sthed tr
aspiration pressure, which typloabltg ahdwsn
afteriwmasricealde modebvededireasd Bn the &abpirat.i
increase in gas inlet pressure.

Wi t h further advancements I n CFD mod el
comput atobmatiélys predicting morAeydr enl iaanbd yU nwe
(20480 yudiefdf agchte of gasgasnl(ento paneebshs)usraet iionn apr o «
adopkUtrug buntoedndchee st udy r epouhnhetmeéehmpd éodyg na
fi-oster upwhad aegthalmeo f 629, 9Thd sma sh theecamere!
extensive mesh refinemebsi ngasuohzalsdeabtdyde da
repor tle5d% ad i1flif er ence bet ween the experimental
presBhiogef f eroabieadeduced by ccoopddeyi ngpwi nd schen

more robust f or unstructured meshmbEHowev¥emges

el ement s, the models require substantially
model s with such | arge number of me-s haté e me
condition, this would be a ciumbter amsnee ratn d( B

conds tion
Zhao et cdmp a(r2edda atylh eR8Mbul enfter matdemiss er

increasing gasndnozkddeutrddigleamce-pmedekt @cideéehe
expansion thereby r esfuiddlcog eioarpalrear rtowe rh ag a
urbul ence modeéhkUamldt hRoSuMy ht, u rbboutl hepnrceed i noa deedl st |
ener al fl ow when compared againstdtheef éwower
nd perbfecdatmedpt eressurMotgmadi ené satle.n d(ed0 1t3h)e
tomi sati on CFD mbkdvetlurtoy | emgleo ymordgdlh eamde | it nv
0zz|l e desmeucyured mes hwansinphl olyle, dO 0f0d thed tehmesn f

>S5 9 9 Q -

—
c
—

bul ence model effectively capa ul€Creaz ztlhee c
ex,i treflecting thegafslpew.i mentally observed
Recent CEDndltnigdhi s & r eti nviest(i @t &)d t he ¢
bet ween tw® nhypesepf{ ARuwladhrd glilsietnti( 1t piz.el el ug
Wi tthhceonsi derabl e devel opment of computati on;
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modedcoamrspr essi Bll ®owunstiengdy he RWM ht uvar bsuniaelnic et i
Si ze-06f sHewe vceormp utthaiitstn o@m@d il wewassiardiel aitnideemand i
by constructriendgumeabh eW2bh@&I|I t hough appropr
refinements are appancedr adi drme @fasa dhiomezd e fer

study reeeahetliPoegtbrer at eli ghd Wi ow reduced
shocks, It generated positive aspafr arme pat ipwe
i nfl odarheee pSomebar QFD ABgt nGweke condlh@atectby
al . Mahgy3)et andhaag28b)al . (2023b)

Zhao et eampbdyR U2Dul ence model to I nvest.i

i ts. alrteawas found, for a given pressure, at

® o

X
xpanded further downgtWieddims k andowevel opwidt Ia
he exit area, the gas expanded -diedflbi svely

ecause for a given pressur e, small er nozzl
ozzI|le exit area r esulmidWaingyred d wdlt.a mpk @ 3@ kv e |
heUtkrbul ence impdedti gate ohengasl éntkoggeimr
e
h
e
h

> T

—+

ported at verytlhewpproeesssr avouk.tigMRa)gode et
e negative pr estshueg en azazglido amd lMiremegd hnmgd pr e s
cause of positive aspiratioonfpresiswegert hb
t
results of the hsttihky situ doMoctaar mai merdé fowathh ebrye 2 0 1
t he -dtarckkam f | ow was ahhidgghheesrts@dr-ta\dRshuM Beadtarceka m

fl was abbBenstudy also predictedamdbbsmant ceh @fn gn

e catastrophe s rmaprtel murme vpernetsesadua empohf oTyBeed5 MP &

ofAia all owed between t haep ewed Ith snsoez ztl veo asntdu dgiaes
suggest that an optdpnmuinmum smrad scshu raen gd een asnidmu
both gas nozzle cofofggi mMacialnidt anteil ng fa eem@ot h
it operatewakheadeon dfilacis@my ef oart cenii sati on.

I n additi omCCGCAtAUD nneclidaedl eselxe em 3 B dt & of aci | i
deeper understanding of t @eneprraolcleys,s aan8D it
approximated into 2D akhosoympmettatiiconnatl d eteo.stto &
However, with this approxirmeadisaglimmeat omabkber s
annul ar slit nozzle amad oind gludb aerxnmeened [treaez zG Fel
to incbuopdet ®gas nozhlzkdpeess amfd mdlhternszzIl e prof
i mper Ashvé& kumamo dl3IDdagesn ldyi s egre@BC&A process f
empl oywitmug bkul ence model. The study investigat
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typgasf nozzIl es: with and without Thfef §ethddingt
of the study were consistent Wothmamaetofalth
anWlang et alreyea@akRBby the process is suscepti
pr esfsaurr et he g aosf fnsoeztz Tdeinsshvatnhcsee. nowabkeavevbbdgdn
the gas neZZAlseet wWNHins gt c eauls.e d( 220 2g3aas) nozzl e w
di stance to investigate into thebyyoamplaowyi ng
t RSM tur bul®emeef Imbwledeparation results obtai
consistent Awh da khk utnhaart T(ln20 2sOt)udyt mdtsot hrevehbhobwc
recirculation zone joins thé&hmaathsmhaeamnfygbdw
gas nozzofef wet hdviust ance wganguet heavi bibddza2d by

design modifications. Secondary set of gas |
were addedt d me apldii ma mans gsalso wifo zgzB8ir &t hTehe model
predicted an i mprovement to the recirculatio

study reported an 12% increase idrecirtesasreedinr c

aspirati dlowpvessuriés opti mal performance r es:s
was oObserved at IM®Pwérr atGiNe rp rtehsasnu rhei glhler AGN |
Without AGN With AGN

(a) B | | | Velocity magnitude (b) [ A | (\r':::)cln magnitudc
0 57 113 170 227 283 340 397 453 sio | (W/S) 9 3T 113,379 237,290 349 990 & 19
2

Gas recirculation zone Gas recirculation zone

Y-axis direction/mm
=

Closed eddy

Y-axis direction/mm
<

=90

-80 70 -60 -50 -40 -30

X-axis direction/mm

=20 -10

0 90 -80 -70 -60 -50 -40 30 -20 -10 0
X-axis direction/mm

Fi gBlrX¥el ocity comltyufrl ow giamul ati o

n for a) g
gas nozzle@wWang hetAG&lI ., 20240b)

Al t hougm!| yyafsl ow studies provide a good i
providieceep@®der st anthehg ohua@gedasotfi oonhse pThhyiss c al
dema@EB model swapthwaalev if h gcw nmpa ehheevrteeirasd andi ng ¢

process and its background physics.

3.2 TwephaMal-pghase fl ow

Wi tdlevel opment of advancadidrmnrde &ddtico@mfiu tC
power, the CCGA simulationphwasre f fipahwva shee rftleoo
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to accuratel ymepitedinctte nttancete pgegans tabned under st ar
backgr ounTdh ep fgyvweoses f 1l ow i s simul ated-Ebremadl vy
framewor klLagpdarkgé effS emateivain®skc us s es ). molrhee- c&Eru | telr
Euler fwhAmework al so known asc®&obutheref bbbl bti
and the melt as a cadrmatgirraingme wolr &kr, e avshi tcthe i Bu I
Di scRhheraxe modelns(iRDRM)s t he gtalse amelat casata ndiusn
However, both VOF and DPM are widely used 1in
which emgloyed talpproaches arAe odnips ¢ wdasre do uicr
CFD studi esCEC€C&HAr ped de s wmiikleiyn gnotdhedesd emp ltohe st
IS pr es BAaptpeedn diinx .

Zhao et earp.l] @YEQE2iMode YV e stbhiegameel t entr ai nme
prfei |l ming phenomena.f dirhmatsitaird yo fr elviecad iedd 4 these't
anal so rtehpeeeabedcaaovfe phoptagati on in tde 1 iqu
t der opl eupl.bee amb del parfepdeifec 1 endhretg hlaitgvwoiud ds freexenti b i
cycdlitcomnnattihe ditrrea ptpiiidirgs stheet woaldd abé ys i miwg
t owar ds f ohé oaaeddisapuyt wrar d aswtaryi gpionfght Ise caxit $ nuc
fluctuation in the directi omelotfa cstitrampipmantge liys
| eading to changes i n t heAsahsopkikruamaTd g 2nt2e0s)y u |
empl oyi ng VORI rneokdeeeln dveads ey al anfi2028kpstigate
melt fl ow rate, gagtaesmpienrlaettu rper eosnai ywkhee rapntdi mat y f |
bal ance was deri veup towoatlseetde rom nteh e¢ heBxapbeerdianke n
on the difigeaept,y fbuPpeyeasn dy a @F,f gaamsdee §(skuirte ( F
was derkpvEdsFtEhasul ted i n umbrell a deg+dr mat i o
< dFbr es ul ddauch 6éba fnor nfahtiisoni s Fs g@8wadb Gonr r obor at i n
with the forceebadlaeade the sowey melt fl ow r
(ri-gul ch)-upr eakd for higher melt flowupate t
This in terms of fGMR @#lR4 etvhad umdletd urhdagr wen't
up, and OhoB GNMB melt undepBasmetd fomunthaini ob rcee
anot her st udhangoredu dtl e oved B2g0r 2t 1erdg +t JFartE nFs ur e d
smoot h run@C@GlEr wmde ¢ h,e+\h @ efiss Kked | nofaidali s fr e
i's shBiwndliGam .
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(b) (d)

F+F,>F +F), F+F,<F,+F, b
Umbrella deformation Fountain deformation Fo+Fyg+Fp>Fy Fyot+Fot+ Fp<Fi
Lower melt flow rate Higher melt flow rate Smooth operation Melt freeze-off

Fi g3lrEorce balance 1 deuwmp i rmigad)en ¢J,mbtrlee | me ldte f o
and b) Fountain def orincat isomo;o tahn do pGG &A-ioopne raant
of(fLiu et al ., 2023b, Wang et al .,

Addi ti on&IFIDy,s tmiodriees have been conducted
investigabée ghe I mpattpressuie en ptipmngl ®280b
that with increasing gas inlet pressure, the
me | t entrainment Theomeshét mewereozbphei stent
conducWaendy beyt avo.r e(p2vCeZ )i es Lc ar et ecandlaa{l OY 3 b
et al .cdRtOkr3e&0d t he phenomenon of nozzle clo
experi ment alMoyt aonmbasne revitAldat vy u(g2® rit8yes ulraeweraet geido n
bet ween the gas nozzl e exit baancdk nsetlite abizield oew
to nozzl,e tchleogngoizzg e c¢cl ogging is primarily b
to the | (Warmpg eests.taleOF |m0A8b) wamoadpelnrdyedarrri
out Wahryg et atlo. f(u2rOt2hdear) i nvestigate the effe
di fferent me | t entigasméhobwséqguéowed Dyp ankel
Ty pief2 measltt i nfobdbdooeowedablye gmacsddll opowr edi ct ed t ha
gas pressure, Typel flow experiences nozzle
experience nozzle clogging for any of -the pr
up mechani sdm coofl utmne rlaitchueir t hanb stehrev el d qduui rdi nsgh

fil mdomge.ver, I n commer ci al CCGA process, Type
Type?2. This i s because, in typez2, mol t en me
solyiditfo a sizeable mass making it difficuldt

Similteh2eDt WOF studi es, resear ch wWeerod icoentdu

al . c2@Hd2rd t he ared tpreinmharayy mane@@Asptoborss bo
steady and trhnst bhattsitao dsdtichd By sSR&MI| ati obwml enc
model , and for the transi ewetr es iemipH atyiteoda nk kE 8 1

simul ati owvetdeaeptiurseadabimleil ty i inn et het ga-sat atwwbder e
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simul ation predicted a si mpilteh odalif olumrtneagitnhée s h
transient simulation, t he mgel tmoe e drhair nnrmoednet| v
alsowccessfullyfchmingedeéehei prehadgihtyisd imat op
modallcaptured the complex asymmetrical recir
to the nmelidnigpp luaaexeids oafsf exper i mvudtlalsl yetobasier
anMul I'i s et Allt.houwghl it)he model revealed the ¢
and instab-mkeltyi nhet het gparse d ithkheee phmoodceela sudni dne rg ¢
did not capture tupdesphiboggdaGyMRmMel t 3 b8 eak
Arachchil agexteéenadaéd (RO&19D VOF model t o |
atomiisat duentdaeirl i ncr e asuisn gn gg aLskE Sp raess sTuureebsst e d ¢ e
revealed that the chaoteild iimttenrdatcieoms edlteese
mebhhd | eads to i aner Uad ¢ mabt ievhplk t Mdoriid o vi@dedsi t i o
to the inteitaawiaal fiomuenddladinhilastchutiohie c ol umn def o
al so det er mi ne dvhleyshhedrar epdrieesstelmecre soifde of t he
noAlL.t hough higher gas predserés tbgulinedeinse
t he,tchescnoellutran br toefdflt yt ket f ocalj egaoinnta @fr otckees sg
as pi,ncdas ngb¥®angeet bpbub IdedRadmglLpglere of ncr easc¢
aspiration pressureiatomigbemepghsapcemsbatesd
tilpeading mmel po-tb &kitenmzizll ar |l vy, canoilepwwaogt edy al
(202%d)ended the same 3IDbnwekstmaogdhdle wihteh efES® c
on thhelgas nutseirnagc tAidoanpt i ve Me3heRstudgmegutaantA
val idadedorroborafAedchbbhif agefdecasfr e@30hY) g
presAddieti onalll vy, t h e u mio nbgr |ot ip ed &l & i gchtte dd otwhnastt r

undert ake fPpwoshesigiufefnetrieantl vy . Initially they ¢
thereafter for the remainder of t hlen drieasinrcg
gas pressure increased more droplets to con
satellitkowevenm,t itomi.s adverse effect could b

angToe.study gas nozzle anglkeeei heeR oMaeeddi

6AThe study revealed, initifaldeddwitthhe ipnarrteiac
compar2fd abndd. However, further increase in g
particle size, even though the droplets wund
68 nozzle angle performed well to produce smn

the droplets to undergo more corfwamgedtanmnd
2023¢e)
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The effect of gas inlet p3B/OFume INadnsgbfyur t
et al .us(i2zmMg@ 4sbe)c o n daasr ys €geagsdiirideo A hlee sno dled t h ntch au d
mel|l t -ubpr eaarkd s omaodddlédsi emamone the atomisation
primary and secdmeamydegatshfgue e d oveds .secondary
pressure, thenlmedadmamtdes weeththt g emxeitstt i3n5g i n |
phasienb dr opl eWi tflo rimmetaiccoansdeanagns gaise, dropl et s
from | igaments although the maj-soliitg ofat adel
its abilupNyt hof brehk&r i ncrease yi natponevsssautrieo n
pr ediwhteerde-i7r 8 %4€@r opl ets arAd thoudghghi dhephasec
pressures resulted in effective atomisation,
Contrasting to theWhaongcetbabandédedéadt hnednh)
proc¢esptegt ,sFFMWang et all so(20234kb) theré&poceedal
t hBt b+ nF aoF tENsured the smooth rummsi ndpeothytdhma
pressure force

Si mi ltdhre tVOF model , various studi-pbadvave
modeDPNM)PM s empl oyed to-mehtvesthitghaeal paesghhbe
particlesd di mensi oBamiaad tbetshaldVeBo mMawel ¢
conducted bothhPMimc2Ddawmidt h8 Basreds wi t h-apA part |

contrasting detail bet ween VOF and DPM is t|
and secondary atomisation, provi dehle triec rme s h
scale particles, while the DPM model is | i mi

t he ndelrte aitjsleycttheedr mnof particl es.
Ashokkumamv(exsGd@)ated the C@Ww@Akeprconasd iwmc

wi t hprtehsee nc ediosfk Manc if he | glas efmpowyi ng DPM wi tl

upt o analyse the melt f1l ow bédh aoidonusrtTrimeaar. t |

mo d e | capt ur-feidl miedd g rhoea epsrisec laends wi r | in the
Si mi lLaurol ye't aelmpl 03@213) DPM wi t-bputt odr aaphleestt i Qe
el ement al |l oss Iin tAdepasntwwidyl @eraeauwrnicn ¢ dt Ibe igmg €
of their el etmwemal d emp praed itcd es. And i AR addit
heat resul ted i n Neevdeuctehde | eelsesme nstZaelal li lessast.d n & L
(200WabnNg et al and2@23e@)rediz@23Ib)t hat i ncrease
reduced treédhpartscbecauze of the increased Kk

velocity gas.
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DPM model with di-ipermerdte!l dr otgelr e pslkh oudel ke td |
suitabtaanayyasedthe secondary atomisation beh
gas pressure and ot herAldmpmerugthi ndg eared-wag es ingun
model s such as TFuapy | (0TrA BANn anh-dddgdyimBo Heaalkv i( KH) mo d
model , -Rayl ei g R E)oidleilt,yHEe€ mh o ht zT aRd ylre i(gkhnHRT )
mo d @ hSlcnhe h1 model , i n thameohntaktGGiAd |psrcoocgeesosd,
threeuprmadel s are wi dA&IBy KHed ananKHiRAFemoateréeé

Studies chbhdmanheyahbhpaKlaiaser (286mh@) oy e€d0K8l)
br esapgk model to i nvestigate thapiafbogndadeofr
direB8bobtbonstudies indicat ed -utph aotc ctuhrg enma xtibneueny
regcompar edajsepte it ihf@hnenreyr asnodniocutbesroddany ) act ,
particles closer to the &a&xudsheegxgmbsr chbrbmedhtver
e X peéeisn onef aocf oirhsei ncreasd@ti pahtaisclbeesni mappo
dr opl edp bared kWe b eurl tnsu nobbetrairneesd T hemKHiubdr s aku
model was comparedZhgmag nstt aditliBe (M® @ &6H f sd awt eerde
agaienptri menfth@S bbetsauilnesd from the two model s
di stri biiheomAB model exhibiadduad sedmanr paal
whereas the KH model exhi bThe de xame raisnyemnteat Irliy
PSD were closer to the ppSBiicbdityaanedgf TAB Mé &
suitabl e f eurp dwoodpell dti nbgr.e a k

Al t hough-upheodeéak TAB model and KH model
model |l i ng t he yC@GAe peraocdhe tabpep Ireighdd b ®d nTLABb e r
model wor kdd weet tWerbeft omumber10O0r,anoga mtgu rbientgw e
br evapfFi(g29 e I n contr auspt ,motdhed K rdroearked bett e
number, rangd8 @, beftfweetni &l y capturingpthe s
and wergood agreement( Whompserpeet maht al 2d4a6 a
To accommodate wider rangeusp orfZddelbieramad mGwer (
devel oped -lhy br-H@Ba cealk, whliABh maodteil Wadtoe8 01 2 <
and KH modw¥et 8@@m@BaOr i<ng t he numeri cal PSD wi t
the predicted mean particbbtaimaemet éromntdhet
matched closely with th&eoipenindamiiadl2y OaBtmd a
Gu (2aDs8b)employed t-Kél wsmane | h yeb rtihdev €arBoipg aett
up dndpgloet i ng for thredl,di3,fedredatibdpaaan tdiicflfee r:
gas temg80d®@tKyr eA0D 0O KT handdo & &dKIplhdedo glt e p br eak
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occurrieddOOvimrmm downstream akbhohbtohsdpd i ax ifdlc adiirc
the droplets started at 500 mmp do®®®tnrteamm
particbhreagpk Wuts @80 c enmcheomm p.dhtei albove result
contrhogpbtai edl byand @dset(2dy0 6t)éaeémmepdar ti cl
solidified at a much, ewbl| mexr pdr si ahee ®sbéandt!
|l ater distance doMonrsetoFveearmahbdpah2é@pPpoamed( 2084
model was better and cl oser tKH tnhoddheel»sp en igrhée n
indi chayler it-#idmaBel 6s  aohbbcsatpityuyr et ot he cool i ng a
phenomdémaehe hybrid model rightly 9ireetihkted
i ncirmgass t empZeat urand Gu, 2008a)

Si mitloantr he hthrmoafeeNAgB et @&Impl 0¥ @23 KHRT br e
mo d,ehi cdc oinsbi nati on of-uKHmaldte|l cRoTmbbirneeask t he i 1
KH waves affectedalbgwnigédr dhen&®Mi cnsoabelities
of shed particles dhectdedpilrtte tfloe meded r otmr d
Ssubjected to decdars eaondelt dreatthinggdh uspees sgad
the RT instabil ity Tbheec ornaedsi utsh eo fd otnmhaei nc heiflfde cdt
t he RT wawre, nwhmdraarion rteutgk ¢ o mme nc e sktvoaniuge wh e n
small er than the(pWangneéet.Sabpke20Bl KMETemodel
for high Weber,inumwkaer utfVWd i se@i0)t o i nvestigate
pressure, gas tempdrhat KrHRTa mad diedaittg rhfe Id onw tr reeaht se
melt flow rate fftom.@.02%5MRo06051tKHgdmét ert h
increased by a factor of 2.7 whiHoevetthhee, c 0 0l
di spersi oobseneedniwhet mushssmdyl er compared
angl e adbns atheeeld conmdhwampesdnbyivhal smpROYLEY t he

KHRT méodelwas expected that i ncreased gas ir
di spersion cone angle. @mangbeavabnherahg, cot |l d.
dr opThed smodel also correctly captures the tre

on the drupphetebdsieng gas temperature from 3(

size by 20% and increased tcloanpaocaltiiveg raatad yl
the two hwpormadAdiKie,aaknd KHRT model Shwowmpscondu
al . uaoagni ti al dr opThda sstiwdy orfe viekahnentdo dtehla t

heawinldperredi cted tHhue @padt dddsrpeedvsetrak .t he model
gas vefotheyfl|l ow iws tnhe arhley ptahre iscamees as t he ga
| oadlimigs however woul d not b ei nt rtuhee wsdionhtdei, n t
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di mini sh the enkowegverft hdedthles rKHIR@wano d el eff
captured the substantial de'droeas2&wiiprhgtthiec Igea s
| oadSingi.l arly, for increasing melKHRT omodealt e
predicted increasnad cioansstihset eprnatr twictlhe tsh eztedyep e r i
findi hptalwea sRKIABmo d e | predicted a decrease in
mel t, fwigemnlre walul g noRFr dm tthreusee aibnodviec arteessu |tthsa,
TAKH model cCcheadl gt addedne ndrtchppel e CtCCGAr palocess

To further study the primary and secondar
was devel oped which model s the mel't as a VO
i ntodePMndtimeg winze dhishal dowgl ¢éb. capture th
ithe transition from |Iiqgquid coluandtsesetogdame
at omi s@dtomwminet breakup and solThdei fOE&Mtmodcelvi a
for CCGA proceWangiast samkbuiac 2e0td ¥ lhet Q@ 2 4)
conduacg @2 dt ransi ems$ ilbfEgSmulsaltuloennc @ hmedelaspects
simul at iiomdeadreetarnilcyr easedc oramuwt ateimemdl| rodes o hhe
moded mpartehecatt loi er di SAd sosddi ireedelhsave |1 mpl e me
br esapk model for the DPM part of the model, ov
br etapRes ulttheOFfpart -DPMt emiVIO&t | Wann g eeptoratle.d (b2
were consistent with tZeoVOF edi ollmatliza®dd g ond
part of the simulation effectively predict
di spersion of dWaonpg eetts aanddurde2@a2red)do Wend e2rk e
t he VOF st udWaensg reetp oadldtha d( 2e0y2 Adan g (et0 1&Ind ( 20 2
Arachchil aget ®dOMmaRMNodeébBILO8BRI| edurt dvemptme Imar y
atomisati omi wimit hguat pr.lee melt nozzle tip

Si mi IHaural ye t xlonduz®24) si mul atAM nmoudseiln ga ntd
i nvestigated t hesuesfifnegc td ioffuf pdringfofdte nbesrnetaTkB MR st u d
KHRT moawedo,deWwW, TAB model, SSD-upoawldel amd a%$ ah
experiment al results and validated KHRT mod
Howe,vetrhegerodred| | y over eFtl mwd ehdkeGMMRe rRRSD i mat |
wel | withinditmtaesnbif @mamcca&MRBe mddelccta pvtedryed
t hemddowd t hin good tol er asnicgeni foivepaeretdlry o et me
valfwe t he hi gthads SMRmg@aslkeys at tmddiemsedmpoi e
that the gas flow is incompreqnsinlatteapreabsboasg
3.5 aMRla .4. 5
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Based on the insights derived from previ
revi ew, and considering the practical feasi b
simulations, the following .CR® @EDhsdmubgt ee
usicrognmer ci alANGKNB ¢odent owirreg otug wiep loane hor mo L
anampexi sting dogasneat ami sat odaxi Siymineatiiacns .
wasonsitderreeduce the tclhenppt iama 0 ywaash acsoents;i adreg o
compressible owingntdothbeohi Qhceresstuhe noz
considered itml ebse, iansertthnee &ftdciunst eirsacdn oga g at h
understanding .Ameé itmel bdilbc earkteipal ieass, e @FPIMoy e d
howepeaerticle breakup I s not conskxpmplrcidt itnog rte
idDuimbdul e within ANSYS Flaedtt héhmebhmpmasasit
coupled progrlasmdbati cad | #u vk &8s ® dh ed i)l ysi s f
' iterature review, neo ameleeast amdha dalpedmead e
and melt f| ewurpdtead igmpa aftelbistysneoe jionmppor t ant pat
imelt flow )yamedEwmpaer@MR T e, iwe rterceciodmwdaddeilgat e

to undreaw ttamael parameters affect the process.

3.3Aim and objective of the thesis

This thesitshe nQCeGA ipgatceesss t hrough numer i c
effectomfltgasati o ( GMR) and melt temperatur e,
instability. (GMR 1s the ratio of the mass f
meét). This thesis specifically focusses on
gas and melt f 1l ow -mgelinteriantear alatei ams ,t haen dg adso €
understanding of t he pri-marymeahddispmaonidalr ¢
characteristics. The primary objectives of t

T To develdipnearstzwacalor di nates) numeri cal dot

atomi ser desi gmhasaea df Imewlaey s cam g pitawgbr & d iea n

framewor k.

T To i mpl emkefti nme du sfeuncti on (UDF) into the
melt flow rate with the aspiration pressu
1T To investigate the gas and melt f1l ow, bot

GMRs and melt temperatures to understand

instability induced in the process.
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T To analyse the gas and me | t Il nstabiliti

combinations of GMR and mel t temper at ur e
bet ween the instabilities, to map the tr
temperatur e.

To conduct compar ati wfei esltdu dyf bteheave Enowgact
temperature cases t o elucidate the anom
unpredictable nature as seen in the gas a
of tnhsetiarbiil i ti es.
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4 Met hodof oglye numeri cal model |l i ng

With the currenon hes &&FrDc ha nfad ytssmil negf b as e d
CCGAhrocgcietssi s I mperatidaetatobsenansadeandhesed
at omi sat jboont hp rtohcee s@Ergiansa, it ysegpdhcarsdea i pe lptht,aos ea

numerical pl atjpodenl t@andumelrveatl he at omisatio
to transfer as much as informati meapoegf bl k)
run a simulation that I @ @®hreapseabevetvatri, ve nart
s o, it usually resulcdoesstiHernexpen i bal anmpeu that
mod el wi t hin acc erpetaasboymemtbh®d rep wmtnactei oanadhe r e s o
transferred information on to the numeri cal

CFD model esngstabl udhing a numerical doma
numer i cal domain into smaller parts known as:t

e numerical domai n, aared st eveeglo hel wibn ¢, ot

u

h

results are visualised pmdcansasltyh@ERedASupmriceege 2P
nvol ves two phases, primary and secondary,
nd the mass flow rate ofetthkee swve ddndarey apipa s
f theppasea®digdi ned Funmdtei «€CF D( b)) |l di scusse
is devel oped using ANSYS Fluent, a Finite Vc

codiéhe fl ow chart of thd&imgdilrodol ogy i s pr esc¢

Section 4.7
DPM
sensitivity
study

Section 4.3.1

Modelling primary
phase - Gas

Section 4.3 Section 4.8

- - Different GMRs
Boundary condition Coupling gas &

and melt

Section 4.9

Section 4.1

Section 4.2

Establishing the L 2

numerical
domain

Mesh generation . .
g and assumptions meltvia UDF

temperatures

Section 4.3.2

Section 4.4 Section 4.6 Modelling
Mesh Turbulence secondary

independency sensitivity phase - Melt
study study

Section 4.5
Domain
independency study

Fi g44rSec hemati ¢ showing the fl owchart o

4. 1Establishing thetmgmerataimi siemai n

The primary step in the CFD modelling i1
replicating a(Fppdm®ecaheanaomesecal domain 1is
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cl ecsoaupl ed ghasvanpuni sraisel iats Bsehgo@n®©Owinng t o t he
symmetry about the atomiserds axis the numer
model . The geometrical extentFiogd43tehveh mtusmem i c
extiemldoluzne hbz-di amed ern n( Ndier acddiimaglc t((iromi)n and
the verti cailr @dlthiecngljeome¢ z i c al di mensions of
thus considered to allow a sufffowiiesntndtarafffi
t heext ent of the domain orpolsyTehstsegbomatdrair ¢ alc oe
the numerical domain is detceisdedst Glglatiwibmg na
Al t hough the instalhgtadtecmmiasar wios kKamg@gutoft hd e
for present atnuomearli cpaulr pnbosdees! s eonfe itshepri@9ent ed

courtlorc ktwi s Bbwg443x a

a) b)

zone A\

Gas flow

Melt
Entrainment

Schematic representation odfi ee,he gas
he gas f | ow sarhcde madlitc eln targaiammeorft ;t hb
tudy showi nginkedyt dnionzezn sei odni sa noeft etrh e
di ametOer21 mm; and melt nozzle angl

Fi g42ae
showing t
i n this s

The adopted atomiser design adsoptaseddf oor
(McCarthy eontadini @ 1B§ diasdd radtl ey agsagasihtbowse laars
Fi g3aG@ observing the schlfiiegledh donmrdigrege ,ogeEdi tt h e
irrespective of the type oD m&azsztines#zizell el w wahse |
obseroeposseserm radial profil-paetbzelrtedm ntgheed c
radially(Mquadcthast B8@2828) on this observati on,
approximated into 2D axisymmetric domai n, ar
farhi s CFD study.
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Al t hough, in the physical atomi ser a mel't
from théotrundi shiCEDmMaslttuddgel i very tube is not
in the physical atomisation process, the gas
melt delivery tube. Hence, the melt delivery

mel tnj echied.i s 6&estlu Swhddbcihsmusses the abnodundar

i mpl e meonft atthheonsecionedl ary phase

(U]
3
3
20.4 mm
24 mm

5mm

_________ Axis of rotation

r Y s mm .

Z 50 mm

Fi ga3Tdhe numerical domain with geometri cal

4. 2Mesh generation

C5 cé

3.32mm
C1 ca

C5

/ 0.21 mm / 1\

Cc2
c3
| 1.8 mm

S ol )

Fi g44Sec hemati c representation of. compartm
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Foll owing the deter mi nngtiomm hddfymé hei oanmeb a
on the domain sensitivi)fhestdodai hphesoedsmad kie
subomains calvliead ael prmemndss known as meshing
compartmentalised into six parts before cre:
domain i Fighéenvidedeudimdst bCourgpalritment al i s

carried out to effectively divide the domain

mesh. Although unstructured mesh can be inco
geometry of the domai n; no movable boundari e
connectivity dat a, decreased compternstdenead

andncorporated (fAshokkusamdid m2a o0 )t he si x comp

domain were individually meshed with differe
observed in their respective part. It i's Vi
characteristiesff holwewled , ba dclaideved, So as

computatiomadi syprocesseof genwerhlti bg opati med
conducting a mesh ihsepeasentilg.ddbicn dh@esbhiedr me
Ssizes emphda yédrfeaar compar Tanledhle sSAsarocbBadrbved catie
41, compartments C2 and C®erwhmebhadeft hel got
supersonic flow characteristics, whereas <co

relatively coarser.

TabdldMes h el ement sizes used i n the diffofrerent
the mesh consi.dered for the stud
Compart|{Mesh el emen| Di mens D bc otnhpea r tzmexi,
C1l 0.1 mm x ( 5 mm78 #&Hmm
C2 0.1 mm x O 5 mm x 0. 22 |
C3 0.1 mm x O 5. 12X mbn. 22 mm
C4 0.1 mm x ( 1.8 @&m. A/ 21. 5
C5 0.1 mm x ( 21 mm X 24 m
C6 0.15 mm x 29 mm4 xmm

The generatedammdleh Ipaserd gae @ sihrowi ng t he
of the entire numericwlectdomai mf andeTlyiass zmon
gener at ed medhgubibssmeplvoeyded nf or al |l odr tihed s o unt
by iteratively & haingea ngudthet redte meme f | ow c hz¢
opti mal me s h swiztem yd of wniroith b ecrheaansged s Thlees hmes lz e .
independency studyt hogti imad ometsht cigehedbade sc
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Fi g45Mesh for the entire numerical model and
refined mesh.

4. 3Boundary conditions and aGFsmongpeli ons consi

Foll owing the mesh genermatdi drheitrhappowmpd :
valwese applied to the diffeTlhetpeoratrtsf off he
where the operating gas enters is assigned
speci fiedi tpmeseumes, oift i s considered as pr e:¢

domain where the fluid exits the atomiser i

outl et of an atomiser I s at atmosph®raouwt lpetes
It has to be not ehdavhkeo tthh eti md sdepsEtxkadaty tnherlotu g h
sanmell et . The other parts of the domain are
conditi on, as a physical atomi ser setup is

Mor edwvieee mper at Ubeceu mdiamilded , outl et and the wal
temper at ulkiek eomfi s3eQ,0KkK.he gas temperatotwevat,t h:
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the gas upon expandi nBo urneddaurcye sc oinnd iitti so ntse nappep

parts of the numeri EiadgdodeaTabhiize are presented

—\

Inlet Wall

Outlet =—»

Axis of rotational
symmetry

A

Monitor to
record aspiration

pressure
DPM Surface
\ on I /

injection locati
Fi gaad6Beoundary conditions applied to the dif

Tabd2B8ounideasr in ahed dpmaioads ti on

BoundgConditions
Il nl eflPressure |ImPd eAr,gdn ;= HgadIMIKaw. deal
Wal | INes!| i p, st at=ivpd3a3rQys&=KdxzIDPM parti cl

Axi s|lAxi s oafati onal symmetry,; DPM part

Outl ¢(Pr essurbDeP M utalretti;cl es escape.
Particl eOnsi vetxorbHPemsity nmF 3BH0tL
type -‘wagrtonpiwdngp!| &t ob heasakcukp ;n

DPM |

4. 3Madel ling and i mpl ementigtaison of the pri ma

The pri miagrays pchoanssel der etdnuesoal t iisdb@als digm e d
the atomi sati on pSiontckesi sp h enslgsiausrhse imé wAr ggd r.num &
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super

n

onic speeds, the gas is modell ed as a

cont i

=]

ui ty, momentum and energyswaeamgetdel uadt
Reynol ds AveStagh eny (NRANRHre eRAMS i ®equati ons so
study are di f2c bWi2eld t tne cStetemitvioognt ur bul ent r egi
flow i s mokdewbt addasdngur bul ence modenMe-dds t he

predictwh drreaehdesea wigd wSSmodel s have shown to und

velocity and have-dfakl edenoateheiyalpk Maahk,s s20
Furthermore, four dwdrferiemvedtuirdat ed caes mpalretl
the optimal Ituikbmspaceamddeand t heiSrecrtdsownl t s
4. 6&i nce, the flow 1is model | ed as a compr e:

compress-gateeqdaenil on albasedaensel \a€ hdeeinma aayli | 1 ¢
solved using implicit second order formul at:.

antdobt ain accurate results.

An inlet operating pressure of 4.5- MPa i
wake <conhdi si eoperating pressure was deter mi.
gasnly fl ow simulations Alts dtinfd errleeanwldtpsp eafat i ¢
outAdlyokkumearor(rdbadd)at es gva 4 Holndhwe srteusddylotcso nodfu
thi s.TWwer k emper ature oft ot BOOWKpddati ng gast hs s
set up near the meRFitgaodbewzrecexidt i has aslpioevimat i
is then coupled wifThetbheumel hgmhseswekekawt hat a

mel t flowdiratesded i n Section

The following astsampthenpr whoeysmpipas d y( dae)

cal cul atoe@dhscantdhe computati onal cost:
The gas flow is considered to be transier
The gas flow is considered to be 2D axi s\
The operating gas i si modalilded eals tad dbdemp@Anr

gas wi tthe mpaet ure of 300K.
T The presence odfmesecosdany pohbaseégieamneldy f or
fl ewWu,essuch as mesh independency and domas
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4. 3Ma@delling and i mpkemepbaiggeedbh of t he

With the i ntgedwurcda foyme Iptf,a stethhee ma dvwh a b e c 0 me
fl owang hbafsleesovan be model | ed Eiun et Evu@ newalygsn i n
appr aatdiEeu | e-rLiaaggmi aafm. )appr.d aac h h ea pf porr,oretathe  me | t
model |l ed as a fluid, whereas inUshegiEaheelE,
appr,oatcthe mefd tarbd etatke trajectory of the mel't
However, thdeme omedsinswdidtivhamt ages; very fine m
to captur e -utph e nmde ltdmelvrdaneelpt pt i ncreased compu:
such a refinedemsiemerreadmuic ed si mukMadtmegn rteismd t(
i meif f i ciienogf ddmetlugras ntTérea cottiheenrs .athpppaochgechi
which i s al so-Phmewn Mo g eDvihgedfedMiitehe mel t , i s mo
the mesh size required ihsenltieg geescudli@umtgd thieo rda
resources, facil it aNMo meo M ern,getrhiss nautl ledy ofno d u
bet ween the gas and srhetthheaxtp,l i &nd |tyhaitnt eimptt e
the highly complex 4ielappbomehupheHORMe mbHel I
for t hVMer e tsbhatydihle aboveatdswos cauppreaa.ddnesSect i or

I n the physical atomisation pr ooessse,r vtoh e )
into the atomisation chémwewvevi at hbeamemt sidi
enter into the melt delivery tube. Hence, (o
with a wall. The wall is the melt delivery t
andassigned as the | ocatiantWwkerdfeorimhod miphe t
atomi shamblers i sFisg&awiehei nmet hod adopted to .
the at omi savisan falcembhanrseicssnbbehauplkysi cal atoc
mel 8 present as a continuum fillinghAilgearent:
46which constitutes the mel't delivery tubebo:
partAktilesugh the term O6surface injecthheond mi

particles are injected from every mesh edge

Even though the size of met al powders obt
bet ween 15( Amdle 59®n Oenf oa |l t DIPAWDawdt)wlecriteddee | | e d
as a edoinasmeatnetr particle of 500 Om. This di at
computational | oad atnhgpeaati the same theae usi

range-5i00e.O0mL5 With the decrease in particle s
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of tracked particles within the domain, <corr
|l oad and-thi onemge Moreowmver, particle size of 500
size of the particles exi Asihmwdg kiumatrahned?2 @ rhi0 nsa rv
be suppl emenhuenndge ritsa vaanrddraed to fi nttree agds ons i n
mor e s peePM isealsliyp.invpay tiscleawseisze gated as pal
i's di scuss4.dVhien pSercttiicdnes ar e ¢ amnsdiedesrteadh dt o
interaction betweewayaso wmmldi ntgh ei smed mp | otywod

Random Wal k (DORRW)momdedelr.ei ntroduces the randc
averaged i n ,RAtNSe reqhuyatfiaomisl i tating in the ca
di

co

n
e
the wake and rfegrredhdowmdt mgamhdhphpPfKRWcanodplt o
scussed.ibAltSeocugber order of -wawpoébwapgousuc
updouwmlgd be empilnoghed c omp o stishdeeyo naarle cndokte e mp |
mechani s m-wafy tchhbaupttwomg bet ween the Eul erian
phase i s preXx.edl.h8&d pieonnt & edpteaiscotni ng t he wal |l anc

get refdeched iatd;defrer ttohe domain outlet, the

Si ntchee velocity and trajectory of the part
by the nature of the drag ftdosegrenipoal thoase |
scales based upon the Reynolds number appro
empl oyed. With the shape a@amdagdica(@git emaiemd t h
constant. Al so, in order to ensatrieon hpr amoelsed
magni tude of the drag fowveéocbtises sot wasl |ty
at eatii on mel t pl umehstRrary trheihser pvwerdpkd soef, Bi gg

(Bigg and MuwWhosuse@®28) statistical i mage tr
within an ataeamidiameomigplvathet hese varied fron
second in the plume centre to a few tens of
interaction of the gas and melt i s strongest

in the work io0$, Bdigg ©®&o Mubs$s of tracking as
communication) and that the atomizing gas p!
twice that in theis$babdgtehbagt Btihgeg n&ke aMuulrleids ,me |
aroundg'om0 trhe pl ume mar gi nssatairen readdisttiians o

validating the drag model that is employed

The seconidnaerlyt pchoanssei der e db5 0 wtr%Aldopt sd utilyor
the work cé&@&MciCadt oyt gtiyalm ,whz20®23)al so the a°
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adopted as dis4yuyssediia Sectéevsponding densi
3BBkgn® The average mass f |l owNd=at2e FinfgddD)iles i nj e
deter mi nend bmsexipena meine d hee $ esaad a&lhe dthemi ser
i nj ecel aocfi ttyhe i parctailcludsat ed based on an est.i
the melt in the 2 mm dforteh m onpad de .t( hFer omma stsh ef |d
of 1 Wghemimolumetric flovwl uameeri s tfhbeao modrroastse i
sect i o(@alofartehae, nitolegzdwa libofdari € o/f ptahretiiscallecsul at ed
And the velocityl.wias8s niaoadcd dt lhats dme bies assig

vel ocity.

As mentiohed eaduldyef pcusses hohne tghaes iannsdt a bhi
f 1l ow,x anyitnhieangg & ¢ | n tedArdadc,t e odmefl fte rf danotfdi meaalt te

t emper atcuornessi dweerreed tion s tnavkeisotiigggaitne dieheeper wunde

gamel t interactions aroundThbhedwaker eergi mal B
and melt temperatures and 300K, 00K, AOGOOK
2000K, respectivel y. However, these five mel

the melt mass fl ow rate tchoadmltiesd ntea talhe tadarepim
e X iFti g 4.6) e t he mel't fl ow Iryatwihtzhhgeges ¢t¢betirr

aspiratiasn tphessiumel. atTihhors prshgdtdic®RIBSS ed i n

For t-peaseofnmuwlwahta omeglt particles are not i
of the gas,tf0 ow, Rather tiimeiti alolny yt fd osm muwlr
mil |l iseconds ( ms})stuantei,| aintd rtehaecrheeasf tsetre aadnhye p
steady gas flow. This hefpsl tdobaehdeest wntdhho
mel t . Mor eover, this also provides insiaght

fluctuations ssutbéde aspiration pre

A very small t i dme sitse pr estibzies edhfi %ok dy0 pd cendp | e
mul ti phasmulf atdwars was empirically determine
which simulation results were stakligddaend i n

compl exhéesganaufsaei loact edi one tw®kut @t e §heese mc
took 13 monthd4d2t & ¢g¢mmiheISetck )PDmeensure good s
converaggwdeawv®i d any numeri cal i nstability, thi

monitored. 6tTohlee rraensciedsu aMlesr e f ound “*ft or beo ctoinrs u i
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andvexl oci Pfygrw @k @ 0i t y*f oarn de nlexrlgly. Al s o, the m

observed to be I ess than 1%.

The foll owing assumptions were considered fo
T The gas f I owsiwg tchonshied epraegd itcd ebe transi en
T The metlutp brseankot consi dered.

T The particles are inert, sphermcal in she
T Gravintogtonsi dered, as it would be irreleva
1T Stochastic nmaddcelrleitreg Rasnidrogn Wal ep p DRWH o

particl es.

1T Particl esatarte a nIdcmedteady smnatte sgasndf |h

gafsl ow field behaves with the injection o
Par tpiaclted cl e i nteraction is not considere
Heat transfer from particle to gas i s con

of the particle.
4. 4 Mes h piemddeency study

Fol |l otwnengassilmouedhdr yofamensh ti ndependency ¢
car outtad evtaHaadecurasyl bespawbet hasults conv
solutiaorendaepedndent dhet mesime s indevarseadeneyd Dtud
using singl eomlhya sfeltdhv)o wmé gt 6 onm ebdpic t3i. d.n

Four differgepnemaskedswweéhetotal mesh el eme
and 170430, with the coarsestTheimygl|l d3I00@Ms aw
monitored and were carried Alugo,unmdndi ttohresy hce
empl oyed to detef mehd dat b hdwenglhavtedrleow un unt
achieved steady st atna.e pleom ddeentceyr, mit rhee atghaet hneesd It
outl et of(Fitgu®)febo maeiarh of the meshiwesd oxzmd ywed &
for each oafrpet beemmtegdeisrFr om the plot tihe can
results obtained from meshes 110000 and 1704
the mesh with 110000 el ements is considered
run the simulati on mecdured teaaleyn msimtammen tnai t muom a
ti Méne total compuwteattibompault erreésiarnler deor each of
are t abiwmlbé3cedh oweves, nohi s nddbude nt hdequHd e i n
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600 Elements
—=— 13000
—— 60000
—— 110000
7 4007 —— 170430
£
=
8 200 -
©
>
0_ = g 12 2 2 2 2 I I
T Li T e T = T L T L T
0.000 0.005 0.010 0.015 0.020 0.025

Radial distance(m)

Fi ganvVel ocity magnitude obtainedeat the do

Tabd3€omput ati onal resource and CPU hours fc
G MF GMR-5. 5 GMR-2. 6 GMR-1. 3¢ GMR-0. 8§ GMR-0. 44
(1 k) n (2 kdh n (4 kdh n (6 kd) n (12 kY
Temp
4 @CPBore 40 CPU 40 CPU 40 CPU 80 CPU
300K40 Gb RA40 Gb RA40 Gb RA40 Gb RA40 Gb RA
134@PWBoul13440-h€@B13440-h€B40320-h€R5779206hodl
40 CPU 40 CPU 40 CPU 40 CPU 80 ChU €
600K40 Gb RA40 Gb RA40 Gb RA40 Gb RA40 Gb RA
26880-heR153&€CPWHouU13440-hE6R7302CRUOU49 7 ZAHK 0
40 CPU 40 CPU 40 CPU 40 CPU 80 CPU
1000{40 Gb RA40 Gb RA40 Gb RA40 Gb RA40 Gb RA
33600-h€6R13440-h6R40320-hE6R80640-haER456960hoQ
40 CPU 40 CPU 40 CPU 40 CPU
1500/40 Gb RA40 Gb RA40 Gb RA40 Gb RA X
2016RPW ou13440-h6R60480-heBR80640-heR
40 CPU 40 CPU 40 CPU
2000[{40 Gb RA40 Gb RA40 Gb RA X X
2688RPWoOU19280-hE&R1344006hoQu
4. 5Domain independency study
To evaluate the i mpact of computational d

i mpact the flow predictions, atllbergddrhaei m aidn dé
studyrird Blde oiurti.t i al domaiNux hE nng hedi menail oas
directions, respecd¢tAismekkumas,adap2@dd f oam f
i ndependenitiye est daikfyifaelr eandtid meamsdiicals wer e consi
numer i cafFfordotmae naxhrade ddirke&t s &nmeatals Br5INNg f r c

67



Met hodol ogy of t hhe nume

the meltFnga bwwetr ep dexsaindentebehobmoundar y | ocat
the flow. pBienii waitlow, r adtiharle edi diége n8inagm s 12N
measuring from the atomheedodémaiari snwependcem
carried ouphase nfgd slwyn gflasev) boamdarnty cfoordi ti o
t hese di fferent axi al and radi adentdi meradi dan
Sectdi. Bn 1

4. 5Ddmain indepeAxieakydistedti on

Velocity Magnitude .

5.37e+02
' 4.84e+02
4.30e+02

3.76e+02

3.22e+02

2.69e+02
2.15e+02

1.61e+02

|

1.07e+02 25N,

5.37e+01

[mis] 0.00e+00

T

-

-
P

35N,

Fi ga8Vvel ocity contours of dsorm&i n® 5Niawnidn@ 5a x

The initially consideredaxidamenst bdbniTihet B8
domain was imedeasdcdamd rless peencd ¥ IN. The res
preseirti gd& ierAl t hough the decreadfNNedamaot té@ehiabi t
any change in the flow characteristics when

2 MNg, this di mension is not consi dered. Thi s
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this thesis, imelthe ndadralaxsiionof agasthat i nc
(particles) downstream. It i s expected that
of the gas flow fluctuateam lawWoewadulid cbl ee sléo sb

With the numeri cal domai n diaviinsg otbhsee raxeida
fl ow advances further downstream, neverthele
compared on the over2SpgpmiNgdlg3nbae gpison Thhetsweasnotb
Fi ga& eThis confiemd teédmafihownchanged, and ex
the axi al direction did not exhibit any cha

numerical domain ha2a®¥wing @xn xil d @rn ence nfso ro nt lod s

4. 5D8@8main indepeRddnal ditudgti on

Velocity Magnitude

5.37e+02

4.84e+02
4.30e+02
3.76e+02 .
3.22e+02 N
2.69e+02

2.15e+02

1.61e+02

1.07e+02

5.37e+01

(mis] 000e+00 .

Fi g49Ve |l ocity contours of domains Nhaving r e

The i niti arldddianemsairdebrimeadl MNa.i STo eval uate th
of rtahdei al ed&kdmaritn, nt wdhedi ff er edawte rrea cecimgpll olyemrdg t
results of the Fdtguty Faorre tphree sneunnieerdi cianl domai i

6 aN t was observedetbhevel exfiicgled nmegiieonf arrad i
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downstream. To obtaifialderegvehocitthe irmdi h
i ncrease®eadn dt @1 281l NN was observed, with the incr
Figa9 e taerwonmel ocity is edieidatedunadieat d
fl ow. However, this numeri cal domain is not
the atomisation pr ocegqsNi,s itnmtechgrtantodndge s umel s 0n
process the atomised droplets are propelled
't i s expected that gwiltmpar rant adetdaimes sofont
such as the extent of particle distriMution
i's considered par taiccloenma ids, & radnilde nt od oavwmeas| tyrseea n
inter Mor eoschamgt meg rddacitalnce of the wall con
(Mot amamwoud®l3nosi mutati dmei n any dmasntmaswrc, e S i
arti,ftadjabst ed to-vfed oficdirit g4 heecdha&a ezerhe assumpti
sliposwal!l conpr & s rowe dagd ¢ n stdhdee mel i al tdi mens|
understand t hfewrdt pywnhpehadi IMod amainn 0180t s

4. 6Turbul ence sensitivity study

Wi t h $jheet ofadioswt n chegr turbebemet fiewessenti
appropri atme dtedr i wl seensi bly capture and predi
the nozzle whera&nd haeo wnasst rexapaehdweeE ve. lFolre Mac
turbulence sensitivity study, four dwdeérferent
k- -6aRNG,wskt an,daarnddS SKFor each of the selected t
defaul t mo d e | constantsuwér ¢ hemp luoagelld \asl ot lea s
sensiotfi enhpeh oyedt meddhedp. model s -avrelrye frluow,f oa
foll owed the boundary condi 3Tihten rsestutlitrsg < odnps
four differentargerug afkicagdlete model s

't was obBieg &l thhre@mid- wSSmodel s underpredi
fl ow exgpamparocmd t o thewkeeapernmeédiehb hitletiar i o
gui cker downstream t han tehep et iurdgo ttcarndr1y. e@d GOBi3t
Thusder prid difwcitgehd u ghhgddas mhehtbkwd oxespecti ve m
Figdax(® Li kle-vweimodelnodi dpr eddc swihge ridansShSimo d e |
predicted a mdcédkwehaer e MpeBRiIN&Gd.d eSi miviearplrye,d i

the gas flow velocity, and exhibited regions
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to increased numerical error ., resulting 1 n g
the vebok-teRE@&odedn be whesrroecalgavetpgcity sca
presented for iemichdkdd whhee emand ell d the other
velocity within a nakteBWG@Gtoalled r a Moe e oareaeptt hf

mod el i's usually employed in internal fl ows.

k-wSt andadwldpt edi ct edi skecdlhlobk and fl ow ch
as observed in the experiment, unl i ke- the o
cells and overprSednidtagdef modehveponedt gt s t he
and offers i mproved acMareacweg acso tpheiweld wina etr h e
St antdarbul ence modelt imassk vcaal rirdviaettde do aat gvdbigroslt3 )
conductegaseat eexipsgefrtiinbrennt s opeard ytifhnggwultoemida
where was al scocut heopgeasmeu € pge oif detrwar gt Urhkeul en
modekK-swst andakddwSSTiable fortvwhsd®tthzmn vkd
exper isnteundiya lk-lwestt anldefr Id e cptheyds i tcad supersonic f
including the séertrbndovrsBPoeadaktylma kelser eas t he
ot herldimodde@eot exhi-ddaltl sdrr Mehyee shhroaarkdetsl T@eswn st r
fl ow pheinsomdiseon viesth | adradpd gacri s ¥y wdyn d boEsepdi n a
and PiomeHén&kdmdt98ndartdul ence model i's empl
presented,iandhis tabetd4sed. 1nto the Section
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u B
0.00 53.83 107,67 161.50 215.33 269.17 323.00 376.84 430.67 484.50 538.34

0.00 56.63 113.26 169.89 226.52 283.15 339.78 396.41 453.04 509.67 566.30

0.00 53.86 107.72 161.59 215.45 269.31 323.17 377.04 430.90 484.76 538.62

N _ T - T
0.00 53.75 107.50 161.25 215.00 268.75 322.50 376.25 430.00 483.75 537.50

Fi g4r¥el oci t yfcdmtuourds fferent turbul ence mo
study.
4. 7TDPM sensitivity study
Prelismiondrgs were conducted on the DPM par
gas fl ow on thvwo DIPM fperrantc | seesnosnidtuicvtfetdues ted b
stochast indiltuyp,mcandie si ze. Si nce p htahsees ef | towo
the boundary condition setting for primary ¢
Sectdi.@&n#l. 3. Pesplert adetl hseeacro mdmarsye boundary coc
mentioned4. . Serctti men DPMesansohsvahy mebtd ma
0.016(1kg #®is employed.
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4. 7TDPM sensi t-iwniftlywesnitcedyf stochasticity

ThBPM sensitivity study is carried out to
particl esphiamsetSHebotvast i ¢ model , al so known
(DRW) model isadewomel!/fdwaed amdftiboehsi ch are filter
the averaging (iecRAMER2appobathe two simul at:i
ms (from 30 to 100 ms) and were analysed for
two simulati ofRsgarleopr ebensedui at wasbséaen, DR
it i's obskiryeld®e ftthogeta r sii tjl ect ed f ol |l ows hehe s
previous paretxihcilbeimtrithegt | pwét deowott palaings ci 8 smo
clearl wheot obsedr ved at the melbtr ajewndearigomnt
prfei | momg@ or | ess | ike multiple Iines coming
t hBRW model empl oysed,FitgMadepahi bct esrandomnes
particle trajectories, refl &Rlcgao,ngt hfdi dmailattgup
seen at the melt nozzle front iIs obsa&arvéde to
particle trajectori ddcstaleRW nedxdaemtd 1 etdo mor evadi
of particles as it imbivegedsrieSowrcst r @ dma naod s oo ven
prfei |l midgsandbuti on of particles agrees bett
pl ume as cappeaeedf bymhngh DRW medeéEFDiIi st ednp | o

Velocity Magnitude

5.37e+02 Orderly flow of particles
. 4.84e+02

(a) 100 ms

4.30e+02

3.76e+02

3.22e+02 \ : \ o Al
2.69e+02 Pre-filming Scattered flow of particles

2.15e+02

R ‘// \ (b) 100 ms
1.07e+02 Sss : "““ﬂ \/((.? o

5.37e+01 g 5 4 . ! : #

0.00e+00

Imis1

shown for wi t h al

Figar®article trajectories
the background.

contour in
4. 7TDPM sensi t-iwniftyesitcedyf particle size

DPM sensitivity study wesieng ndtieocstamalhyesde atr
effects of partieféeparzteifclammdmaans tanm nt thega
trajdatrerrey di fferent parftoircltehisa nzse so Ingadyr, ew ecroen:s
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500m amB@mM6 The particle sizes were considere
par triecdlueed and multipliedhly & Oftaptaeaotri &lfke t wc
t htehrsgaaudi es wel emsr u(nf rfooom 30 Time tesb6Dt snsdf t |
preseiri gdlrZn

Velocity Magnitude

5.37e+02
4.84e+02
4.30e+02
3.76e+02
3.22e+02
2.69e+02
2.15e+02
1.61e+02
1.07e+02
5.37e+01

0.00e+00

[mis]

Figar®Particle trajectories with velocity cort
di fferent-3partébDmseaald 6B3&ken at 50 ms

The flewd and particle trajectories for
changes. | frwagddtrkebat veftielfd avemains i nsensit
size. This is due ¢t ett,haested @pa ds,d peexmsta@nn4c S
pl enum tvnirdtubg.hdfa mm (210 Ompt yaeajgesifofzezd tei. v €Tl hy
domi nates any influence WWhe hpféitedwdc | beesi nhga vien sc
to MO Particle size, no further smaller size

study, tohhei gl tompuitati eqgailr e® st

4. 8Coupling of gas anui anedlidd neavsese abgfionng r at e s
pressur e

As mentionkbd pefmaey objective oniodtehli sofs't
gas atomisation process, ttohtaogeeglryidceatsa atnhde tphhey
present in the melt and t hmelgtasi nfTlleoewa bteh aotw. a
Sectd4d. o0hell. ez ail s the methodol ogy of devel o
User Definedi&uocsiomi § 9DFdnNn f eat,urweh ipcrhe saelnltc

additional physics or complexity to be progr
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4. 81 mpl ementation of UDF to couple gas and n

The process modelling is carri(@)d ooutheby acs:
fl ow variabl e, such that with the chalnsgoe i n
modi fied. The flow variable coupled (@9 the m
since in the physical atomi sati on, t he amouil

control bed ebxyi sthse at t hasmehbwodbaalde i 5r oetc or
for every timestep by sdeitst ipnrgo pudpr,tai aomoanlit btooma it
the experimentall pplopsiec aledat ¢ mivsual ¢l @ sso uernt bay
(20a8@Mc Carthy et aalpr o0 1300 nalsawnigperdoanesntaend i
Equa4l on
G 0zo 4.1
The proportiiosnaclailtcyu lcaotnesd abnatsl et eo mi nlea e ot
only. fUopwal | y, aitromti lseat p loysppraepdcseusrse ains oavpeprl i e
to prevent ifoffromnoeltto repeézeate -phessuper.i
of 50 kPa is consildrerHdwaftoigon dmputmod ebdby ¢ o ml
estimated initial aspiesasuioe, pweischireomaes t o
0=3.2 "kgilmdThivs s compluted. ® 56 Asg dsi scussed i
4. 3. 2ive different nominal massUVYadlowe rfadcmese a
of the nominal mass fTladdder at es are tabul ated
The UDF code developed to couple the mass
measoOr,edboased dhannHipbddeisomompil ed so as to | o
thereby making it part of the ANSYS Fluent e
melt mass fl ow Appesdaxke presented in

Tabd4€&r oportécomsgl)amtycul ated for the five non

S. NMelt FlowY)| Melt Flow *#dProporti onalKj:H
1 0.016 1 3.2 7"k g'iped
2 0.033 2 6 .x6 "1k0g™ Psa
3 0. 066 4 1 .x3 4kog*pPsd
4 01 6 1.x9 9kog?Psa
5 0.2 12 38x -9k0g™ Ps&
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4. 8TRnreeveraging of pressure imembke ©UDBwt oat e

As di scugs@eed sabroevceor ded f oanedvies ytchieli mees t e
From a @ramitsatilon protessyaeéd speconeistdep Wi zc¢
as used jtroed himehlatt wdy | not besxalrleanet chirgehs f are
changes induaentan¢éebesli.wemde-atviemagheg mest emp!

the mé@surTehi s madciefeinesi nt4fEdny at € win avé it dgme
averagddree different time averaging durati ¢

ti@meeragd,nganodvnetrreey nst amncaoneeydmd &5FKor t he
three mentioned runs, an Oi kigdiwals (crommii rdelr)e dr
for this nomi mandndearespifd ®awi ormatgrrbessurk of 7!
presented 4lwafgeaal wBakk @k gldsdTea bd4e Wh etnh e

Si muliastpiroongr éshe aspiration pressure continuo
the gds eflfldow!| eadi nig tFoof b & agre wmheeo ails th &4 tn e d

t he m¢Fnigtd6)re wiapsd at elled i neé mrE giurm #.iwint hout - any t
aver aghenrgeas-aver agese t he aspiration pressurt
(Fi g46) e vbass anedt i5>#@@ er aged, respecti vel o, befor

term of 4HEqou acthitbanian uteh e

The instasgst aaaenenageds atmdmeSmged fl ow rate
obtained via UDFg4lrse @mames evetrFeadraintmhley siends.t ant an
an initial rapid fluctuation can be seen at
t hes 5t-awmer avgisnq@,p pd imalr gi nal change in the ini
as seemi gdir3e beat as time progresses egstt-i meevi
averaged plot follows the same trend of the
From the above trend | tavwasagapipa®gpents muwlve d ap
| i 4 mloe smoot hi nmeleff ffedcstaviogimla& ¥hies | nd-acatadi hbe
period should bes hilgmhmef aktithgadrfIstobrm tnioleisét S0 f t he
5 sg t-awmer pdibigue)eplact | y over | aps (bolnatcok tdRleat!l ns
the considered mel't i'mj eotnisomdeveéelhgcitthe afur &
averagi ngespertihoed noebintbpdiestp | 7#beseh woul d not b
a physical atomi sation as the surface tensi
amplitude oscill-aveoagindglewae,i tbeed s meémakbs

the melt respovadi abi bhe mDe s ses e &d \neatdd gmaalsisy .
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trend

pl ot s.

Met hodol ogy

of t he

rat e
t he fl ow rate

ed nt-at vineer a5QOiFn g ufrpeoi t ( can

of mas s

pl oRi gadelr s @ee mofrreorditshhe nct

nume

di fferen

i sesdimd =g efnlt ow or

be

observed

t h

i's preserved,

forCEFDestudy

el iminating essnt-awmehagimpgobigedfr

Time-averaging Period

0.026 —

0.024

o
o
R
N
1

Mass Flow Rate(kg/s)
|

0.018 —

0.022 ]

0.020

= |nstantaneous
— 55
— 5015

0.018

0.016
0.0300

0.0301 0.0302 0.0303

Ju

| T

0.036

0.030 0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046
Flow-time(s)
Fi galr3¥njection mass flow rate pl otasvy esha@gwinrgg
perilondst anteane aaesd, 59

4. 9Di fferent GMRs and melt temperatures cons

Foll owing the mesh generati on, d dwwee Igtni ng
mass flow rate with aspiratiiocsn riecaedgysecet &i &
simulations for the five di Fberaht popdmiheael sn
di f freeletntmass fl ow rates carried out, the ga
This results in a range of GMRs investigatec
melt mass fl ow rate i sTadbdhbetouweavteerd, aintd hiass pbree
these GMRs are the nominal valwues, and will

Tab45&omi nal melt flow rates and their res
Operati Gas FIl o Mel t f_I Mel t FI GMR
Pressur g (kd s (kg Min (kd s

4.5 0. 088 1 0.016 5.5

4.5 0. 088 2 0. 033 2.6

4.5 0. 088 4 0. 066 1.32

4.5 0.088 6 01 0. 88

4.5 0. 088 12 0.2 0. 44
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Similar to the difbkeneast impdtte dna stshef | iomp

temperature iIis also ihorseaghtetl thethomi C&I
ment i ohaebdtSei nf i ve di ff er ein3t0 Onke | t6 0t0OeKmp elr0altOuKr, e sl
200awere considered to investigate how the m
the gas and mel't flow. Howeversonfl gr nsedloilee nc

—+

emperatures .welrne tiontvaels t2i2g astiemdul ati ons wer e
combi ntatdatonser e conduct ed alraebddea raknedd tvhiotshe a h
nocdarried out ar e mahrek esdi nwiltaht i @ nrse dvhad rcdis sa.r e
cr dlsswer GMR/ hi ghejarteemipte rcaatrurriee dc acsuets si nce t
run suctTekesfawéry. GMR/ hi gher temperature case
underonti nuous divergence even under decreas
after continuous wdtfobltes, tdred pemwe dc drmos ibeker
resource available, ouSecstbdenas!| sset benpésucht s

22 simulations carried out.

Tabdedgabl e difonsirmun ain this thesis. The bl ue
red cross indicates they are not
GMAR GMR-5. | GMR-2. |GMR-1. |GMR-0. {GMR-0 .
(1 kd)|(2 k|(4 kd|((6 kg|(12 kY
Temper
300K
600K
1000K
1500K X
2000K ) ¢ X
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Results of the Numeri c

5 Res wliIft 8uhmee r Sicnad | a.t i ons

This section presents t heTarbd6eulctas rtade dt loeu
under st amael tt hiengtaabi |l iti ks hasthe BE€EGAopedce
mass flow rates: ,ake Apombnabndntl2idmltymah mn
The values of the injection mass, dilcotwatreadt eby
Equa4l on

Thgeneralul ts preseattehde iimjtelcits omleattaiswsmi fclho
i s the mass f | owb@attiemecearl acqueldataegpiursaitnigon pr
Equad4li>o@st i meermges fl ow rate plot obtl(alded a
par tiictl eenlex via the outl et of the domai n;
boundarpasticle trajectories of t hien mteh ¢ (
backgraonudred ;ocity contours without the partic
without the particles, It i s tadahdeaes naneédmel
fl ows are si mulint &rheoudolmaimr.esSTehret vel oci ty con
presented just to provideowawr cofearhaenges st ha
CCGA prMdMecessver, p ayratnidc | vee | torcafji egcubroae s tcoruorp p e d
appropriately to presentt aawd rs meddntet ghizre a
t hemiumer i c al donraigd3.iesn oamet asmenodi bhedabese
velocity monitors recorded at (Fiegvod)mendli fFfFdr e n
pl ots are facsremepoésehteedi mul ati ons.

Location of seven velocity monitors

Fi gblLeoc astoif ot he sevenempl ogetdyi monhnheostudy t
of the.(lgmsgrdolvoiwd e sl onoaatintdonhed® ce vel adideyd. e
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Results of t he Numeri c

5. 1Resullkyg ohf @GMR = 5. 5) wunder increasing mel

This sectiomrspieée kegrodhabd \WEeMB=5i.rbvesti gati ng
effect of increasing melt temperatures. The
300K, 600K, 1000KTaMbarchke, saencd-di20n0 @é&d stuob pr es

anal yse the results fiomdiewicchualfl v he mel t ten

5.1Mélt temBOOKtur e:

0.023 1’ - — Mass flow rate
» ]
S 0.022 | (hae
i‘/ 4 0.020 -
[}
‘é’ 0.021 0.018-
; 1 0.630 0.0‘32 O.IJ'34 0.636 0.0|38 0.0|40
2 0.020- i ]"ﬂ“n 0.01967
% i MUWMMWW«MWWWMWWM
S 0.019- }

0.0184

T T T T T T T T

. . . ————————
003 0.04 0.05 006 007 008 009 010 0.11
Flow time (s)

Fi gbh2ienj ecatsisonf Inow r at &wiptlhotmeolft ,3t0OeB§p emsiant ur e
shoas ti me progresses the flustabei masattleow

The 1 @ .ol kovwdsalh GMR valamel aonfel 5. 5 emper a
30was r Umg(f3dr t& 114 ms). The i njectHiognurmea s s
522The oscill ations observed in the mel't i nj €
pressure to which they are coupl ed.i ghirem t he
thewaan initial steep rise in the mass fl ow |
t hereaf tde mtdod naqpevdb | fvlRsc s e@niFd g B2nsettahret i ng at 3
t her edadithipghe ampl it wthechl dampadi on¢y slhet he
From observation, thiegi2canotaansohi phe$eergedn
modul ated into the whoivwwhemeéedpaardpiaydd dudtu.Astu att | B
t htei me pdfowrrteltsesrel ow frequency dtlruacn wiatti@acomi mg
stesadgte heategdns |l ow 7&ige Bhoe i0n i0Otligabl fl u.
observed from theé&i pa e cfalnower atte rplbat ed t o

injection into the domafiinelwlhi clhe addii sntgu rtbos tthh
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Results of the Numeri c

aspiration pressure. To identify different f
flow rate plot, Fast Fourier Transform (FFT)
di stinct frequencies were flHand0d. a1l drasn) ,naand
high frequency of 9.1 kHz (0.1 ms).

(i) (i) (iii)

a) 30.00 ms

———. S b

Velocity Magnitude

5 370002 b) 30.20 ms
4.84e+02
4.30e+02 Melt build-up at nozzle front c) 31.50 ms
3.76e+02
3.22e+02
d) 31.60 ms
2.69e+02
2.15e+02
1616402 : Particles moves in a columnar fashion -e) 32.00ms |
1.07e+02 > -
SaTedl f) 32.20 ms
[mis] 0000700 " — —
. “jmm'::’s’ e SR
Partiles disperses more with time —'g) 33.80 ms
Fi gb3Pearticle trajectories witfhorvetlhea,ilt yk g om
300K schaoswe meg evol vemehntifaiomgarntsied! efsi | imn jnegc t i

and movement downstream.

Considering the particflieehdtalh e chvaiatklerstohvwer d
onset of melt injection i nthavrasme i dcd maiad (sa tgc
di sturbance that-fcanhThe sosbeseenr vbEal gthlla@bnt IThw s
can be at tdriishrwigetiieot 0t dcdadrlys efd odwnes et o of hene | t i 1
Toi | | utshdimdteuthly ®ddaes he dl ignue sd ewe rFei gbhlBaaacnedd a't
werc® mpdamgea Fhngha3be Gluisie), (iwempeé aamiEidghbldada gt
t he Maicths,s kst agnati on podingdk, ames pectoinde IMya.c hWI
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Results of the Numeri c

can be s emennt i&derye dmbeind &iisoRni egdbi3avwer e s hi fted dis
Figh3b€&ol | owi ntgh e hmwelptr-feu hé@8rnlg5 ms with its me
butiulp al most perpendicul-farelothsehRiegudc.®&cits on o
wal | |l i ke melt buildup by the advancing mel't
zonfehe melt that is pulled radially out by t
with the s-upeswbfstcy gpeshed downstream owi
possessed by t-hieelsaipeUsbinli c32]1 »dwms it can b
pushed downstreameflrldomegthled yf iciogB3de&smagd elduf | at
withme the edmontidélspersttaftromhaoc&lFbeyy3déd t he
This progressive dispersiofi gidelwd eno adtearl M g/d
37 mMsgHd4aée the particles t hwehtitche ctéheed uasxhiesd odfo \
atomi ser around the region of statgoadhheed poi
axi s, at a | ocation fur tFiegbdaepsitm eaanctatf rH&me
Fi gbdtehe | ocaft ipi@metticdegtsh engaxi s i s shown using

“Pamcles touching the axis a) 37.00 ms|
5.37e+02 e
b) 40.00 ms

4.84e+02

4.30e+02

Velocity Magnitude

3.76e+02

— c) 45.00 ms

2.69e+02

2.15e+02

1.61e+02 d) 50.00 ms

1.07e+02

5.37e+01

[mis] 0-00e+00 "Particles touching the axis further upstream e) 57'00 AL

2Ny
i gbh4Pearticle trajectotdined hwi tofmocrk etlr hmet,intdyk gc om
OOK dcearsoenstrating how par ttiicnhecahdrisobwo svms i on i
hfer smb olwsw Itehses dp ampteir Sieabhgsbee c aomoe e di sper sed
ti mes, s é&emfmien

E
3
t
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Results of t he Numeri c

This transition from the collimated traje
attributed wp thetmasdomai hdpDue tast 3doawass
i Fi gb4ee untitthe 7Tmanst pooPNd(hreazdz lasheda@ckesdowns
before stabamesi agarad maibrhddrh e helinmuwlvatniceme nt
of the melt poob$ dselhidypbiban pi mehadbaes metl er ence
' i ne at thkearesittf r wmbiwhen compared against t
of other frames starting from 37 ms, displ a
melt pool headAFsom B8@eupnaidy tinhsda | do néiye dc an
comparipmagti bfeleo wipals@t @ 65 ebt ai ned at the outl e
against the i njkicda2okr ofm g 85/l oiws, rnaot6d3te(ealt
the mass fl ow rate of the partstcdtees Havaivn gn ga
of 5.40gt'9s

0.025
)— Mass flow rate’
T 0.06429 ohinbi
~0.020 bt ”M mmmmﬁ ?‘NM' M W”M‘ memmwwmm W‘lﬂ :
g Mw \ Mass flow rate at the exit of the
000157 M{‘W domain becomes near constant
£ ) W\ 0.015 Particles starts
%0.01 0 - MM’ to exit the _ v - .
= i 0.010 4 E— _ - Gradual increase in the
0 r mass flow rate indicates
8 0.005 - J 0.005 1 more particles are
S f 0.0004 pushed across the exit.
0.000 4 0.030 0.032 0.034 0.036 0.038 0.040 0.042 0.044
I L I > T ¥ I 4 1
0.04 0.06 - 0.08 0.10 0.12
Flow time (s)

Fi gbhoMass f lodw trhaetogba mati ineldesat t hef ooruttlheet of
lkgni'mm 300&hotalsee particles takes aroumas<f. 4 m
fl ow r atne arpeparcehkeessndaf ee maad 4f Bowmsr at e

Consi o &geafsh g wel dil okfghtmhiE@ OK mel t temperatur
i Fi gbG eit was observed, due-ftieltdhevaisnjdd csttiua
its ori gsitnatle scoemdiyt if o @] d c & sEsviehtnd atfthlooumgsh. t h e
present i n aHilgbtBheceordiramebBe o¥el ocity contour
vi sual i se-fikleodguansd efrlsdcvand t his phenomena ser
flodwekeddt ai ned at cl oseanwlemeecutaicke df upw Cih
fldwel d were noted by iumseisng it)hr gd FRV)ghGamncal( ig
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Results of the Numeri c

(30 ms) atdi skr stst ®Mgolti on pda isrkt,, remd es e C 0¥
compaweilnggai nst the other frames of the stack
Fi ghtaeagainst the otheeldrames)] | ahadi geeablo
56b) and ddowmgsecrke ainl. (embovieoned f eaftiueeledss noofv ed
upstream-faiseltches hHrlvommk, and subsequently move.
al so observed-ftihdtd wintdlertgloe nfgyl s Wwuctuat+i on,

wake co(npdrietsieonnce -oif sTher sbwMatheam movement O
head adigdf&imlisgnosefrvem t he v elFo ghbdbye acnadn ttchuer s
| ocations of ftchre emmedh opfia otlkkhedd efardainmeg ibsl ack cir

(i) (i) (iii)

L : a) 30.00 ms
5.37e+02 S I \_—__—-——

4.30e+02 : : : b) 30.94 ms
— 1 1

3.22e+02 —

c) 31.34 ms
2.69e+02

<

2.15e+02

nie s d) 31.69 ms

1.07e+02 ™=

5.37e+01

0.00e+00

[m/s]

|

Melt pool

head —

Fi gbhoveel oci t wichomuoupattkg! mBGeslkowhaeg t he
i niti-failelfd ofwl uctuati on duri,ngsttal@@ ionadsheats oifs t
i I ustsn amtged thn ene sg il g, e p(antn)ef daat rdef ( ardsiits) kMa c h
stagnation poi fti,skand elshpaeamal viMddpydio | h-eads of
are marked in the c-liircéeartfidéisol mop tti hoei itefrdd en eg
fluctuation is illustrated.

Foll owing the ini-tialdft uah s-aviaikeonnedditthipotnd |
and remained in the same configurati#orlfdor
fluctuation continued to -tampdobecpmegstabl e
However, evedii @i destabel icede doevnsorehe pe

of the melt pool head, the wake rEgghmewas i
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Results of the Numeri c

wher e-lgwmiedde are pinned at viarebdst alegnl attcald b o
compared aghiebtd bhestibsewqueHdti nfelsow it)i, mgs.i )F
and (v) wdrnghmenmdadd medt pool h-ealdl t i epndeaofd s

shoxe&l | , stagnati on-dpsiknt ,r esmpdkcdae ovend . Maddh ca
t he f reameesxceapt for melt pool head tip al/l t
| @¢ i on, revealing steady fl| ow.

Comparigabltéhheel d fslwmicdthuathe nmel t fluctua

obtained from the FFT analysi s, it was det
corresponds tfa etlde fil ruicttivaalt i folnow However, the
not correspdncédltdatamy ifolndwelTthe wase f éxami ne
| ocal maxi ma and | ocal mi ni ma of t he ktHxo do
obtained via the FFT analysis, to observe fo
mi ni ma df 4t kHz fluctuation, the wake region
t he -ffil olwd FS g&Bb&dn when compiageGde aGGamnksarl y, i
maxi ma, the wake Feghto&eHaveew ern, iftosr stihzee h(i g

9.1 kHz, ncoo ucl odr rbeeb aot bwseeer nv-fetidlee df lasmwl t he | oc al

mel t fluctuati on.

(i) (i) (iii) (iv) (v)
Velocity Magnitude ‘

5.37e+02

; . —
! b) 38.0 ms

4.84e+02

4.30e+02 -

3.76e+02

3.22e+02

2.69e+02

2.15e+02

1.61e+02

1.07e+02

5.37e+01

0.00e+00

Fi ghftveel oci t wiechouwourt ©e 1p &rgt, imd3l@eGss I koer n t ahte

di f ffelrtewmmee present ed siho ws mgyufeineblwda | e xoirsdte ri n

wake comdigttiadsat i s eI h6 madt pool heads of a
mar ked in red circles.
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Results of t he Numeri c

5.1M2lt temp®OXKt ur e:

0.0234
e Mass flow rate

®
;'—.)0.022— 0.022
it 0.020
2 0.0211
© 0.018
% 0.020- 0030 0032 0034 0036 0038 0040
= 0.01935
? %‘ﬁw““‘”m”‘w Ao Nt N At 0O sy
@ 0.019+
E -

0.018+

T ; I " | ! I ; I ! I : I ! I : ! ; I ! I ; ! ! I ; |
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16
Flow time (s)

Fi gbh8lenj ecti on masfsk dhilcwweamel t tempO®O&Kt ur e
After the | mitdt2i &l hnefsheugit u@datmdoinfna lslee mass f | o
bef or e nbgee-athgt e at 63 ms.

Foll owi ng tthhee 310%0kky scemi smea,sa rmerd twiteBn@ @K at ur
for 125 mmstf@0i nwe slti5g &1 e viadleedrag derdatewsrge ner al
behavi osraset iwiamisl ar t o th,aebiaiftet fifé ce@0dB KD h e
particl e.Howajvedtgonfidesscanwerdd § € v edaviha &athhe c a:
recorded bel ow. Unlafkteh e tahtet e3n0u0aKmictabsieg t wichheer eir
témass fl ow rat-et dteec,0 Mes 6 HBWEdYs adual ri se a
the mass fl ow rat.e Thpiose sieski B d&kEant bowBnogist hi s
mass f bowbr &&nseeadt eiqrdtgd € e t h ewi3 80 ke @msshaasnst
flowvalate okgh. 01935

Velocity Magnitude

5.37e+02
. 4.30e+02
3.22e+02
2.15e+02

1.07e+02
[ . 0.00e+02
ms

Fi gbh9Particl e tr abj3esek bor isend irvifgkighe aparticl es
recircul dtsiognszarme. mel t pool headspeomes at i
stabl e.

D

25N,
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Results of t he Numeri c

Similmrbhseoving thetparimeddrepwrdartamen g ori
31mé with the particle tFragB3ée droirest hsea n8e0 0&Ks
However, there pwiesl|l wmiim@mpadeaeid 8P OiKh slasdoss. t
par tir@al efcalolrdcvwvesd t he same patNeverbvohepeegrea
degree of dispersion Tihgrse @ emt [@ichg H9mee W ihe@rOeK tc a
partamctiders recirculation zone ad&rhada gaiornt a wina tod s t
fl ow t he r eciSran lleawtreilnoina sz omémeel.t st abi l i sati on
the 600K case, the melt pool heddodownst 68an
This i s prga®eeted in

Moreoweexami ning the melt pool head movem
at the outl et Fdfghirfeei domannbefobmerved there
up in the domain similar to that of the 300k
mass fl owFr gt&&aenpdl otthei nout | et iag®slr0f | Tohwe rnaatses
flow rate rsdaealdes sittassenvaatrdiu ad &9 33> dogfmpsar ed

to the 300K case, where mass flow rate achi e
300K and the 600K cases were run with | ower
in a commeri cal at omi satciaotni,n g eaandyi nfgo rtcoe dt hien
is seen in the physical atomi sation proces:¢

temperatures were employed.

P _ ——— Mass flow rate\
0.01933
o WWMWWWWWMWMMWWWMWWWW
= ]
%0.015 - MWM
= l MW " 0.020-
“ \ _ :
20010 4 0.015 |
q_90010 ] M'J 0.010 |
%0.005— ‘ 0_005_: 0.06478
= | M 0.000
0.000 -4 0.63 O.IO4 0.65 0.b6 0.67
0.|O4 I O.|06 | 0.|08 I 0.|10 I 0.|12 I 0.|‘I4 : 0.|16

Flow time (s)

Fighlr®art mxd & sfolodoweadi tnhte o utdoemd ionk giti lne
600KaseshoWwiend !l ow matad emtdat o e smdbai6tdhalaue of
0.01933 kg s
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Results of t he Numeri c

5.1M8Ilt temA@O&KuUr e:

| o0.024;
0.0234 | .02 — Mass flow rate
0
S 1|l o.020-
50'022 0.0190
o 0.018
w© 0.0214 0.0189
= 0.030 0.032 0.034 0.036 0.038 0.040
2 0.0188 , : ; :
2 0.020+ 00720 00722 0.0724 0.0726  0.0728
0 5 0.0189
@ 0.019I1f NWM
=
0.018+

I . I . I ! I y I ! I . I d | ‘ I ‘ I ‘ I '
0.03 0.04 005 006 007 0.08 009 010 011 012 0.13
Flow time (s)

Figbhlrlenjoacamsis f |l ofWwor akgnie'pll ox6 &,s es h 6 Wwiemsget o f
a high ffrequatatyonms whi ch remains f.dhethe r
high frequency fluctuation was eval u:

The 1 kcqwmiamel t temper atumrnd®mds(f3 01 0o )KL 3 2
and the injectibs mpaeseHitgebdrler ahehehot i al flo
t he masswasleoewn rsatneg | ar to thas dlfowelveéd@ 00K a
46ns there Iis a suddewmalfwes eoiwepdt by magsafiubaw
At 60 ms there is a significant difference |
frequency fluctuation can be obsdédovedheorkest
t he duBEvaetni otnh dilhggth frequenaylef weotuatipemat ed
fluctuation, having ffricxmex hdnp |lingcu deea suematninl almiy
be observed. Ev alhuiagthi nfgr et ghuee,nGEM/Rw oIS u ddcuEndd i ¢
4. B2 mil arl vy, 0 Maismsv & d toivigiag ditripy sptFtiegt ¢ ntawo s i s
frequencdioeaddde kélz antdhled &tf & rwihid  heesdpm® ntdhe hi gl

frequency fluctuati on.

Velocity Magnitude

5.37e+02
l 4.30e+02
3.22¢+02
2.15e+02

1.07e+02
[m! 0.00e+02

1t =69.00 ms

3Ny
FigbhlrBarticle trajectori 8\adownabdeamaéeé méBt ms
mel t powhlerheead stabilises.
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Results of t he Numeri c

Si mi,ltdrel yparticle trajectetdreirgs soatfriatt aee f I3@OKK
and 608K Thaes®eaderpabert mi ng (aandd 1f.o/r nmshe 600K
31. g.Lmg&ewiparntitdlees pr odyorveesismevderidy melstpep sel
advadownstr ecdOmsamslit adbdaiBNgs as skiogwlr 2 me mel t
pool head a ddvoawnncsi tnigengf urr & th et6b0 Otckh may be attri b
to the st euepp imma stsh ebawdolnddbien.i nTTreirgy ed by compar
outl et massstowhmi gotenkp lgbir® r esplrcamvteheg .out |
mass flow r &i gbhhbkr ovwt a@fe snid sosw r at ea wsehraer ps ereins
showy the grie@e@mcatrow increased rate of pa
domai nadasdeai gyrsahdowenl t ureisneg oil redii reagutc b er as s of
particles being pusoHhddwanrmgosshitshda heo maiitn .et
conswiamhtval ue ofl. 0.01886 kg s

—— Mass flow rate
0.01888

e w memwswmmmwwwwwmmw *************

kg/s)

~=0.015
@
© . ’WM 08929 WMWWWW
= ' | 0.015 |
Z0.010 - ”“ : |
‘; l W 0210 | 0.08607
@ ‘ 0.005
= 0.005 - 0,000
0.0300 0.0325 0.0350 0.0375 0.0600 0.0675 0.0750 0.0825 0.0900
0.000 -

T T T T T T T T T T T T T T 1
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Flow time (s)

Fi gbhlr®ass flow rate of the partiftoeskdodthi n
milm 1000KThase are tiwoowiadthgemvefl empss ncr eac
pointed by the green arrow, and a gradua

Fur ttloert reixa mitohgeafgl 6 wealmndni t i al idni btthdewle & dc e
due to the onsetsiaonfi |l tame tmeltth ait fFodychif)iwoars pr e v i
obserSyesequehnt #h weltthddialt i s3e2t damssi t i onwalke i nt o
condiandormadnhoi neemaitmat cuonnFidlgmsAat iSdmwansn t her e
onset of i rfdthbavberHdi o hydtdldel shavélod f | Tbeudl e@ctuat |
started oluut gwiatdhndtleilnge fi ed i . e. the spatial
grew wiMdhr e¢gavtreed. 2. 4 mEdivledkd st edwaikne ocpoannddi t i on
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Results of t he Numeri c

continued t owakeanad mindint iogre ndTuor i fnugr tthheer fu nudcet rus
fldweéldctuati d¢dn ;0 wae lostetroiuerss omerr ec lodbstea i cmeermds e c u
ti mewlerse acked asFipgrbédrdee Gtl@ dheeisn wer e pl aced at
Figblre and were compared sagafFEkser wi tlal ndei de
(i), (iandwéwpirared( av)ftihres te esbhloocfkeed @eofd sheck

cel |, stagnation point, o Hliiscku e asnldo cskesckoenfdo r\
resped®@atmiot énley. seedamdkear(ywhguiededashed | ine) 1is
secondceslhlockf all t hAl ssa,anecst tmpdedoamiesdt rasreda ¢ k e x t

t wea kree gd ownsdueamg t h,en o tlquedrtdieaasiscerd onnect t he
stagnation poiBvenofhatubghttbhbkbef mamEspgslr4r esen
only velocity contours are prfeiselnd eded mpe died It
wake rDagiomg. t hei tf [wacsttueavtoidogAnit g,@ ih@e )f i cet | shoc
remained fixed throddghowiihnbdae( iwkausc tsadastoamrane d
s hoxel | mar gidial liyt si rgeeroaieesdven § & a € a | dtaecrknt s o

or i gcionnafli giulFiag B.lola i . e . same as (ttFhegbkté&nfigur
Contrattei sglaygynat idopspoé adinaomivgedlr@and edt urn
back tosd diorcalti on at the(Feglr®ti kKbwi S§kuctbaetd
bet ween the oblique shock tdigakhd st pe esendnde
di sk gradually decreased to a very <close pr
showrFiight & amidg 6.1 ¢, r es plehcet i fvred yuencfyi eolfd t h
fluctuati on was evaluated tfor ebgeu e2n8c.y5 nkeHzt, fcl
seefRi ghlle

Apart from this, a continuous wave -propag
di sk. ThiBi gs8r48yhoevmpliomyi ng el l i pses to trace
dur ati on -foifeltdnef [fucotwua-meaoh] oméd ¢ Mha+d dgabdodien
underwent <cyclic repetition. Correlations b
fluct Bathi oknHz ,2 seen i Ri @ ilele maansds -ffhled Wi | rbaauec t (u e
seelki ghlrdwer e anal ysed. Even though, there ex
i n t hfei glldowt hr oughout the durati efn,elndo beevtiwdeee
opetno cWwakedwere found;fibedtd rceotnhe rn utahdek efol ocew
condi tion.
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Results of the Numeri c

(i) (i) (iv) (v)
I O ) 70.003 s

—
S S— -
-‘-i

c) 70.013 ms

(i)

U U S

1"y iyininn

Velocity Magnitude

5.37e+02

4.84e+02

[ e
0 s s |

I/l

\

4.30e+02

3.76e+02
[ —

o D . W

3.22e+02
2.69e+02

2.15e+02 C

[ W ..
f) 70.028 ms

_ﬁ

1.61e+02

.

1.07e+02

5.37e+01

0.00e+00

1 " 2"%3"2%2"7% 12

&’

i

hn“- -~

AVINNINNY

Wil

Fi gbhlrdel oci t ywiddmtuaurpsart i cl1e0s0 fKogd atsheen-gl fkligo w

field fluctuation correspondi ng ntjoemtdaleo nhi gh

flow rate. sBodddolfd sseecaogmdat i on point i s seen

back to its original poifnltawélbei wWaaei pnopsag
usield.i pse

5. 1Mélt temdédO0O&Kur e:

0.023- | ¢.0221 Mass flow rate
/&; i
0.0224 || 0.020- 0.0184
= l
0.018- 0.0182
2 0.021]|
= 0.030 0.032 0.034 0.036 0.038 0.040 0.0180
2
o 0.020 ! . . . . ,
& 01050 01052 0.1054 0.056 0.1058 0.1060
= 1
£ 0.019-
©
3 ] 0.01813
0,018l AR
: T
1 " 1 ¥ 1 9 1 g 1 N 1 ¥ I ¥ 1 4 1 L 1 $ 1 ' 1 % 1 b 1
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16
Flow time (s)

Fighlrdenjection mask Kdglocmismameltth t e mA&E0OKuUT e
showi ng anr iifoaltlioandlerds thegecpi nn ¢ wqo sSthaogvens usi ng ¢
and violet arrows
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Results of t he Numeri c

The kglcmisne with a melt temperat@u3e@ ©od 1
15@s.Thenjection mass f0b0@Kpaewvsepthilgiin® t hbe
| ooed i mi |l ar to that dwetvheer ,1 0tOhOekr ec anseer e f ew
obser vhefdt er the attenuatiodtOlo dwadshtee @ pnrirtti ;ad f
mass flLowheammaé didgaotlelloywe d ban da egxritaedwkael d h
eventswailhgpo al-sntoes d dnye-aaonnds t antf laonwltn atsel s i gni f i
t o obgebnvgebir’>e t he onset of t et hd 3J hmd,r eweauleln chy
high frequeéemndwrhenilQO00BK oAfeds)er t he deeripms e s e,
the mass fl ow r atae sitfeaipeeh oinfoaieedy réatdaugad s f al |
by thangireleas arrspkltdan eafltyer, t he dhasd ofl ll ow
a r ephenadt or der Ifyr ofm utc twiah@damer age mass fl ow
0.018 1 ®nk@vs,l wats i hhgeu nhdi gh fflruecqt bueastciwam yi ng GMI
val ue ioaf. 98whé ch when compared ewmiitdhe ntthley 100b0sOe
that the amplitude of. tOne cfolnudautcu a tnigoont hheansE FiT
mass flow 1itawoe fplegqtuencies were obt atemred: 1
correspontde high frlemeuepamwe d il dwdfb dcit omat i on s
in the 1PIOPKrcaseesponding to thevalsil glo fsreeaqu
in the 1WWIO0OKh cacmdroe stploen di2dIf b u ktHz aTthieonf | uct ua
possédheedamesi ndtl hbantéi bodntassr sxeen i n (Rihelr® 00K c

Velocity Magnitude
5.37e+02

. 4.30e+02
3.22e+02

2.15e+02
1.07e+02

. 0.00e+02
[mis]

Fighlr@article tr ajccatsoer iweist ho fmelll Sk0g0 éhmpnd t @t w e
at md2 showing the extent mefdtotwines tnreelatm.p o o |

——

4N,

The particle trajectories follaweédssa ver:
Howeverwerbchewe didstf feokeseeged in the particl
par turcd erpweent mi ng (aan B 1f.Or mshe 1000Kdaasne it
Figalet can be observed the wmeobdwn ptorod anh elnaf

stabilising at that | ocation at 72 ms.
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