






























































2. Literature Review 14 ----------------------

overflow or uudernm,v stream. Tlw distribution of thes(~ times, which is only applica­

ble to the discharge sLreamf->, is termed the n:sidencc lime dislribution (H:1'I)). The 

stJrnUl'll8-'f'(cS]!0718C technique, which involves the introduction of a Lracer input into 

the flow s~'sLeIll, for which a Lime record of Llw discharge respOIlf->C may be obtained, 

has been successfully employed to study awl characterise bulk fluid flow behaviour. 

IIO\ven~r, t,h(~ 1fu<au residence Ume (l\lHT) 7, is often adopted for practical applications 

because it ('au he readily determined via. eqllation 2.2, if the \'OhUlle '10. of the cyclone 
• 

and the yolmllc flow raLe V~ of the slurry are knowll. 

\I; 
(2.2) 

, mean residcllce Lime 

'10. CydollC volume 
• 
V~ Hlurry volwup flO\\' rate 

CydOIlf'f-> generally have f->hort mean ref->idenCl; Limcf->, OIl account of the high particle 

accderations arif->ing from th(~ f->wirl motion of the (low Pl. A knowledge of the MHT 

if-> eSf->cllLial bcc<wse it dei.m'mines the fnx[ll('Ilc~- "with which all~' flcw: meaf->urcmclltf-> 

f->hould be made ill order to ad(~qllaLdy capture allY details for the pnrpOH(~ of flow 

charac\.crif->atioll. III a comput.ational modelling SCUH(', the: I\IHT alHo givef-> an indication 

of the simulat.ion time span that iH necessary for the (kt.r:rminatioll of meaningful flow 

prcdicLiOllf->. 

b) Hydrocyclone primary flow patterns 

The most significant, flow paUern in a hydrocydollf', depict.ed ill figure 2.:1, iH t.he spiral 

wit.hin a f->piral [:3] [22]. The outer f->piral is rCf->pollsihle for dif->charging t.he lmdprflow 

t.hrough the spigot and t.he inner spiral for t.rmlHporLing the ovcrfluw through the vortex 

finder located ill the roof of Lh(~ cyclone [22]. The swirl motion of these two Hpirals is 

unidirectional, \vith the exception of the vertical velocity component, which (:xhibiLs 

vciocity rcverf->al Pl. The spiral motion raj of the fluid particles constitutef-> /7'<:e and 

forced llor'lin;s [I'il [2D], which are dis('nHS(~d ill detail ill S(:Ct.iOll 2.1.2 (e). 

c) Hydrocyclone secondary flow patterns 

Secondary flow patterns occnring within the (,~TI()lle awl prenlknt. in tlw main cylin­

drical chamber include shod ciTCll'il and I~'dd.ll flow, which are dcpiCL!:d in figure 2.'1. 

The f->hort circuit flmv r(:f->u!tf-> from the ohsLrlld,ioll of t.iw t.ang('ntial velocity of the 
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2. Literature Review 15 

bulk flow [:{] aIHI evolves in the rcgioll ncar tiw cyclone roof and Lhe ouLer ,vall of 

Lhe \"ortcx finder, with th<' cOllsequent substantial retardation o[ tlw bulk fluid motion 

[22]. Photographic evidence, visnal inspection Hnd 8all/plirl!] indiottc that, for a slurry, 

Lh(~ short circuit. fl(w,,. path indicated ill figure 2.1 const.itutes a cOllcent.rated hand of 

CO,lrsc solid particles t.hat. are discharged wiLh the ovcrHow without classification [lG]. 

The vorLex finder, in addition to discharging the o\'crl1ow, is intended to minimise 

tlw short. circuil Ilmv [;{]. The Eddy flow, OIl the other hand, is t.he direct. result, of 

t.he overflow orifice failing to handle the upflowillg vorLex [~)]. These issues present an 

id(~al applicatioll of CF)), part.icularly ill investigat.ing g<~olllet.ry changes that may be 

effected snch a::; 1.0 improv(~ the da::;sifieation cfIicienc~" of t.he cyclone. 

Figure 2.·1: IIycirocyclonc npper region flow st.ructure [:J] 

d) Hydrocyclone flow complementary features 

i) The hydro cyclone particle equilibrium orbit theory III addit.ion to the 

hydroeyclonc flow patterns already d(~scrihcd, there oe('nI'S int.eresting particle-relat.ed 

phenomena in the hydrocydolle radinl and a:riuZ directions t.hat establish cq'u,ilibriu7n 

orbits and lo('; respectively. According to t.he par!.iclc e<ju.iliiJriurn orbit thwn/, the 

hydrocydorlP particle::; reach an cquiliiJ'f'iu.'rn m'bil, in the radial directiolJ when the 

ccnll'i;{u(jallo"c( OIl them is balanwd by the fluid drag lorc(' [·1] [;{o]. An iIlust-ration 

of this particle force balance is given ill figure 2.5. 

The nwdmllislll of radial particle classificat.ion wit.hin the h:vdwcydonc is com­

monly l:l.CCOllllLed [or throngh the part.icle equilibrium orhit theory [,1] [~jOJ [:n] [;j2] 
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Equilibrium orbit 

I 
Centrifugal force • Drag force 
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F, / \" Fd 

Particle '-" 

Figure 2.fl; IIydrocydolH~ particle ('quilibriulll orbit [1J 

[:);)]. As such, ill a radial sense, part ide classification is uuderstood to result primarily 

from a centrifugal-drag force balance [:);~J, with radial drag of sma.ll pa.rticles towards 

the core, throughout. the couical section, awl centrifugal drift of large particles t(r 

wards the cydoJl(~ wall [:.H]. In accordance with this uwkrstall<iing, \Vills [:{2] reports 

t.ha.t t.he faster settling ('oarsPI' particles migrate t.o tlH' cyclonc \vall, \vhere Llw fluid 

w~locity is lowest, and disdmrg<: with the ull(I(~rnow. COIlv('rsdy, the slower seU,lillg 

finer parLicks migrate tOWHrds the low pressure zone located along the ccutral axis of 

t.he cyclone, duc to thn a.ction of the drag force and arc discharged \vith the overflow 

[:{2]. Although Cullivan eL al [:511 also report this COIllIllOIl conception of radial parti­

cle classification, they, in turn, chall<mg(: it. II(J\vevcr, Lh(~ir research which sought to 

sherlu('w light OIl this phenomenon, on the basis of thn~e-diIllcnsiollal particle tracking 

Ilsiug the' IAlf}lnngia.1) particle model, wit.hout. experiment.al ntlidation, is inconclusive. 

Axially, the motion of the fluid clements within t.IH~ hydroeydone occurs in two 

opposing diwcLiolls [22]. This necessiLat<~s flow re\'(~rsal and results ill a condition of 

zero axial velocity for fluid elements in1.enll(xliaL(: bd\\u~n the cOile ap()x and the region 

consistiug of fluid cl(~lIlcnts migrating t,ovv'<tnis the' H)rtcx limler [22]. The significance 

of th(~ lO(,1L,~ of Z/:l'O a:rilLl'l'eiocity, depicted ill fignrc 2.G, Hud on which d;,o-sizcd particles 

arc assullled to lie [1] [;);{], is discussed in section 2.1.2 (~). 

ii) The air core JIydrocyciollCS experiellce vcry high liquid velocit.ies in Lh(~ vicinity 

of t.Il(' central vertical axis that cause a pressure w<iuctiOll capable of yidding a gas­

liquid interface ill the n:gioll of t.he core [17]. If operating conditions are such that the 

discharge orifices of the hydrocycJollc are ()xposcd to the atmosphere, the core region 

is transformcd into a central niT COTe [17] [22]. For suHici(:ntly Imv back pressures, 

liquid vaporisation may occnr, resllitillg ill the prden'llLial formatioIl of a vapor core 
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2. Literature Review 17 

[17]. The alternative i~ the complete ~\lpprcssioll of allY core formations [22]. Follow­

ing this discussion, the implication is that both air core incept.ion and development 

arc pressuro-driven. However, a new understanding of t.he mechanism leading to air 

('ore devel0Plllent due to Cullivan ct.. aJ. Pl] has ('volw~d. Their CFD water-only 

simulations, for which experimental validat.ion was acquired, (klllOllsLrated air core 

d(~velopmcnL to be transport-driven as opposed to being pre~surc-driven. These phe­

nomena refer to air core development by mass difrusion, due to flow reversal, and 

through t.he introduction of all influx of air at, the spigot, orifice, on account, of the 

generation of a sub-atmospheric core-pressure, rcspecLiw~ly [:31]. 

Air core geometries are op<~raLing condition dependallt. and lllay assnme the form of 

linear or prccesf;illg sinusoidally-shaped cylinders [W] [17] extending in part or through­

out the hydrocydon(: length [IG] [22]. The COlllIllon understanding that the presence 

of an air cor<' within a hydroeydonc is it desirable feature, because of implied vortex 

stability, if; widdy professed in tlw liwrature P] [22]. The air core is also associated 

with the t.ype of underfluw discharge [:H]. The spray-t.ype discharge indicates the cx­

iSI,Cll(,(: of an air con: [~H] auel marks the condition where solids and liquid discharg<: 

in a violcnt. spra.y ill the shape of a hollow cone, wit.h maximum removal of solids 

[;)). The lack of all air core is indicat.ed by the ropo-Lypc discharge [~)11 in which the 

discharg<: is a rotating solid spiral. Kelsall [W] rq)()r1,(~d t.he diameter of it cylindrical 

air COf(\ positioned coaxially wilh the cyclolle and extending into the vortex finder, 

(,0 be dependent. on alld constrained by both the diameter of the orific<' at the apex of 

t.he ('(mical chamber and the ill(,(~nml diamct.()r of the \"ortcx finder. III cont.rast, exper­

imental <~vidcncc duc t.o \Villiams ct. al. [;)!)] indicated th<~ dianwt.cr of a cylindrical 

air core to be strongly dependent only on til(' diameter of the apex. A detrimental 

condit.ion, prohibit.ing format.ion of t.he overflow st.ream, would arise if the diameter of 

til<' air core \\,('rc to cxce()d that of t.ll(: vortex finder [Hi]. 

e) The three velocity components in a hydro cyclone 

Any three-dimensional velocity within a hydrocyclonc flow field Illay be resolved into 

three Illutually pcqwudicular cOIllponcnls namdy [;)] [Hi]: 

• axial/vertical cornpoll<mt (uu) paralld t,o cClltral c~'done axis 

• radial component (u.,.) - in hori;t;onLal plane along radius 

• tangential/horizont.al compolH)uL (Ill) - in horizolltal plane and perpendicular to 

central c~Tlon() axis at all radii 
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~~~------------------------------------------------------

Results of these velocity components are depicted aL difI(~rcIlt scales in Ligures 2.0, 

2.7 aud 2.8 as produced by Kelsall [lG], from an opt.ical stndy of a dilute snspension 

of aluminium parLicks. Although th('sc results do Hot reflect particle behaviour at 

practical slurry ('onnmtraLions, they are regardod to gi\'(~ the must. reliable indication 

of hydrocydone flow patterns Pl. Consistent. results ~w(~re obLailj(~d by Ilfiieh [G] in a 

rcccnt study employing Id1.8Cr J)o1)plcr Ancnlof!u:ll'lI (LI)A). Det.ails of thifi tedmiquc 

and the experiment. are discussed ill sections 2.1.1 (b) and ('), respec1.ively. In their 

(~xperilllcntal studies, both Kelsall [W] and Hsieh [G] measured the fluid tangential 

and axial velocity components at. difI<:rcnt hori;-;onLal l<'vds and calculated the radial 

velo('it~· component from the continuity equation. The subsequent discussion OIl the 

three liquid vdocity componcnt.H ill a hydro('~'dolH~ iH largely due to Kelly Pl. 

i) Liquid axial velocity Tlw liquid axial velocity component is an iJl(licaLioIl of the 

magnitude of thp two spirals and t.hcrdorc determiJl(~H the vohuncLric distribut.ion of 

t.he product bet.ween t.he overflow and lIudernovv streams. The locus or c'fIudopl' of zero 

a:':'ialuclocily, which iH a significant. f('at.un~ of t.his Y(;locity component [1], is depicted 

in figure 2.G. This velocit.y eIlvelope divides the ouLer dowm:nml flowing and the inner 

upward flowing fluid layers. In boLh C(lSCH, an iucrease in the axial velocit.y component 

is observed wiLh increase in distance from the em·dope. The velocity increase is greater 

ill Lhe uI)\vard than the downward dircct.ion of flow. 

Hsieh [fi]not,£'d marked asyrmuet.ry of the axial velocity pro1ilCH about the cyclone 

central axis, ill the n'gioB between the vorL(~x Iind(~r and the hydrocydollC wall, on 

accollnt of the geometric inlet aSYIIllllcLry [til. ThiH asymmcLry WHS less pronounced in 

til(' suh-vortex finder region but n~app(~are,d in Llw vieiuity of the apex of the conical 

chamber, where the flow passage narrows, leading to increased t urbulem'(' t.hat in turn 

c(tns(,s fluctuation of the air core [G]. "Vilh rdcn,Jl('c t.o figure 2.12, IIsidl [til n:ported 

the short-circuiting flow depicted in figure, 2"1, to he most pronollllced at 2700 and 

t.o increase with iIl('rcaS(~ in Baid viscosity and inlet volumetric flow rate. Axial flow 

rcv('rsal \",as also noted [6] to occur aloIlg most. of the hydro cyclone IClIgLh, \'·;iLh Lhe 

exception of regions in dose proximity to the apex of the couical chamber. This 

ph('llomcnon reportedly [6] (1c('ount.s for the miuimal fluid ('outeut of the underflow 

HtrCaIll. 

ii) Liquid radial velocity Of t.he three liquid vdociLy componellts in a hydrocy­

don<:, t.he radial ('oiliporwnt is the least in magnitude. As depicted iII figure: it. 

increases in magnit.ude, tIp to a. maximum in the viciuity of the cyclone wall. The 

positive velocit.y prolilcs indicate a radiall,\' inward-direct.ed lIow Held. AH a result. of 
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Figure 2.0: Distribut.ion of hydroeydonc axial velocit.y component. [:)j 

centrifugal force, part.icl(~s need to sdLle against. this ('OlllPOIl(;llt in order to enable 

their discharge as Ull(lerflow. With t.he exception of Eddy flow ill Lh(~ region bcLv,'CCll 

t.he (·.vdollc inlet. and t.he ext.erior of the vortex fimil'r, wit.h rdercIlce to figure 2.'1, t.his 

COmp(lllcnt is normally direct.ed radially ill\Vards. 

iii) Liquid tangential velocity vVil.h respect 1.0 figure 2.8, the followillg trends, in 

the spatial distribution of Uw t.a.ngential velocity component, arc observed [16]: 

1. At, hori;wntallevcis above the bot./.om of t.he vort.ex finder, there OCCllrs a velocity 

in('f(~aHe, traversing froUl the vicinity of til!' cydone wall to the exterior of t.he 

vortex finder. In dose proximit.y t.o the vort.ex linder, the velocity reaches a 

maximulll bdorc dcerc;.csillg suddenly. 

2. The suh-vori('x finder regioJl is marked with a similar hut rdativcly steeper 

velocit.y incrcas(' Lhal reaches a maximum in til(' vicinity of t.he air core, before 

decreasing rapidly. 

;). The vertical inclination of Lh(~ arbitrary toniS of ('ouslanl Iml.gc7Ii'ial1 1e[ocify sig­

nifies that. the rCi'iulting udocily curdoj)cs ('olli'iist cyliw\crs coaxial wit.h the hy­

drocydoIJP [;j] [()1. 
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Figure '2.7: Distrilmtioll o[ hydrocycionc radial velocity compOlH'nL [~{] 

In contrast to the significant asymmetry cxhihi\'(~d hy the axial velocity profiles 

about the central axis o[ the hydrocycioll<', Hsieh [fi] observed similar but less p1'o­

nOlUlced asymIlletry o[ t.he tangential velocit.v profiles. This ohservation was part.ic­

ularly eonsiHLcllt. in t.he regioIlH around the vortex 1ill(h~r and the apex o[ Llw conical 

chamber. 

The Illathematical rdaLioIlHhip betweeIl the radius I', Illeasured radially [rom the 

axis o[ rotation, awl t.he tangent.ial velocity ('ompow;nt at. t.his radius, [or all positions 

within t1w c.n'loll(~, ranging from the ,vall to the illlllwdiat.(; vidnit.y o[ the central air 

con' [IG], '\.<;SIUlICS the [orIll [1]: 

(2.a) 

ViSCOllS shearing actions wit.hin real fluids arc capable of causing fluid rotations 

t.hat can develop into compound Iloi'lic('.'! [;{6] with imler cores approximat.iug forced 

l'OT'fic('s and ouLer regions approximating In'!: FOlLin:.'! [B], Such a combined vort.ex flow 

st.ructure is t.ermed a Rankine vOT'lc:r [1!l] [2!l]. IIydro('~'dOIj(' fj()\\7 similarly asslllnes a 

frec I'orlc:r ill t.he ollter region as n tends t.o unit.', and the equation defining this swirl 

lllot.ion is given by the relation: 

Univ
ers

ity
 of

 C
ap

e T
ow

n



2. Literature Review 21 

Figun~ :t.S: Dist.ribution of hydrocydoue tangputial velocit.y component Pl 

COllstant. (2.'1) 

According to equation 2.,1, ILl theoretically becoIlles infinite at. the centre of the 

vortex [:{j [9] [:)()j. This behaviour is closely approxima.ted h~' r(~al flows which aSSllnH~ 

a vortex core instcad, bearing a. diffewlli. relationship h(:t\H:CIl the tangential velocity 

compoIlcllL and radius. There OCCllrs a transition, traversing from this air core to 

the surrollnding area, which is subject.ed to a jO/'ccril'or/l':r that. revolves at. con.'!lo:nl 

angular 'Uclocily, ('xhibiLillg 'solid body mia/ion' [:)6]. The llmtiwmntical definition of 

forced vortex llloLioll is sLaLed as: 

const.ant (2.5) 

Figun: 2.H depids a vertical cross-sect.ional dew of the typical tangent.ial velocit.y 

profile exhibited by part ides contained wit.hin a hydrocydolle flmv fidd. Also ilHli­

caLcd, is j,}l(' Rankine vortex structure, which C(msLiLuLes frec and forced VOrLic(~s nca.r 

the h:nlrocydonc wall a.nd central vertical axis respecLive}:v. The corresponding region'l, 

in which the fre(, and forced vortex (~qllatiotls i.e. ('qllat.ions 2.1 and 2.o, an~ respcc­

t.ivdy valid, a.re iuciieat(:d hy t.he construction lill(~s. The parabolic p(:ak, intermediate 

between the (,\\,0 vortex regions, ma.rks a gradual Lnmsitioll between the two dist.inct 
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Figure 2.!): IIydrocydollc Rankine \'orLex sLrueLnrc [5] 

and uniquely defined vortex structures. The hypothctica.l condition of infinit.e tangen­

Lial velocity at the hy<irocydonc axis, implied by equation 2.1, is closely approximated 

by the line extending from the origin. 

f) Solid particle behaviour within a hydro cyclone 

U nforLuuHtely, very little information on the behcwionr [:)] [22] and measnrement of 

the distribution [:H] of solid particles ,\·ithill a hydro('~'c\onc flow field is published. 

Investigation of the internal flow struct.ure of a hy<iroeyclollc, for pract.ical applicat.ions, 

is normally impeded by the opacity of the slurry [;17] and the wa.lls of the device [~H]. 

As such, the subsequent discllssion IlH:rely describes probable solid particle behaviour 

due to studics conducted by Renncr and Cohpu [:1j [:)2]. 

Figure 2.10 ilHiicatcs the four regions lahdkd A-I) into ~which the int.erior of the 

hydrocydonc can b() subdivi{kd bas()d on partick si/'A: distribution. TIl(: information 

on particle size distribution can, on a regional basis, be Snll1lWlrised t.hus [~j] [~j2l: 

A feed size disLrilmt.ion i.e:. unclassified f(:('<1 

B css{:nLially coarse: produd size distribution 

C essentially fine product. size dislrilmtioll 

I) iut.ermediat.o-sized part.icle distribution 
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The concentration of til(: iIlterlH('diaLc~-siz('d particles in region )) is higher than 

in either the feed or the remainder of the hydro('yclOlIC ('ontents as a whole [:1]. This 

region coincides, ill part, with Llw region suhj('ctcd 10 Eddy flow motion, as depicted 

ill figure 2. L As sm'h, particles ill this region accuIllulate only 1,0 be displaced due 

to lack of room [:)j. This phenomenon is indicativ(: of tIl(! region act.ing as a locus of 

a('ti\"(~ dassilkation [;j2] and lack of iLs proper formatioll, Sl,(~rlllllillg from a poor design 

and/or operating conditions, may lead to poor classification [;~]. An assessment of Hnid 

flo\\" behaviour in this region, for variable cyclone geomdries a.nd op(~rating conditions, 

snch as to provi(k an improved underst.anding of the classification mechanism, falls 

within the realm of CFD. 

Figure 2.10: lIydrocydoue variable particle size spatial distribution [~3] 

The flow Held of H CyclOll(' is n~portedly [G] [17] [~38l aSYIllmetric about the central 

axis. Conseqnently, the axisymrndry ill particle size dislribution depicted ill figure 

2.10 is lmn'alisLic. Similar llUlIwrical results, which arc hased OIl ivIax<,y's lhcon~rn, 

are also reported by Dyakowski and \Villiams [;~!)j. Th(~ limitatiolls impos(~d Oll t.he 

simulat.ion of high solids concentration flows via cOlllput.at.ional fluid dynamics (CF])) 
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are rcport<xi by Slack [7], Olson and Van OIllrn(~n [IB] and .\"owako,v~ki d. al [;j8]. 

IIowcycr, med'l'iw,l hnpuiauce Tornography (EIT), a te('hlliqlH~ that map~ ~olid particle 

and n \lid media di~tribu t.ion~ on t.he ba~i~ of t.heir dec\,rical propcrtie~, ofl{;r~ promising 

pro~pcctR but lm~ only been w,ed to map cydone flow ficld~ in hori;;;ontal plallc~ [~Hl. 

Details of this Ledllliqllc are discussed ill section :2 .1.1 (a). 

2.1.3 Pressure drop across the hydrocyclone 

'I'll(' lolal pTe88UH at any point ill a cyclone is the ~HIll of the static P1'(:8811:1'( and 

'udocily pn'88nrc at, t.hat point HO]. I\'llllicrons fador~ report.edly contribut.e to cy­

done preRsnrc drop but the most noteworthy, which also (',OIlSUHWS CIler.b'Y during its 

formation [10], is the Rankine vortex. In accordance with Bernoulli's principic, which 

is a statement of conservat.ion of ellcrgy of a ph.vsind sy~tcm, velocity changes acr()~s 

~('dions of non-uniform cross-sedional area, are accompanied hy inverse press nrc vari­

ation~ ill the flow direction PO]. \ViLh particular rcf('rcllcc to cyclone flow, when 

prc'ssnriscci slurry i~ fed into the main chamber of the hydnH',vdonc, it cxpcri('IleCH 

a high ~wir1 motion that n~snltH ill radial accdcntti(m of the particles. The particle 

accelerat.ions, due (.0 in('rca~cd hulk flow veiocit.Y, incvitably Hnt. lip a ncgative preSHurc 

dif[crcnLial between (,he cyclone inlet and any downstream po~i(.ion within the body of 

th(, cyclollc. Of illt('re~L is Llw pressnre drop that. h:ads to the [ormation of a ccnlral air 

core, which has already been discnssed in sedjoll 2.1.:2 (d). The pressure drop across 

the inlet. and discharge ducLs i~ al~o significant., due to its tendency to impose high 

energy expcnditure pumping requirements. U nfortlmaLel,,", despite the mnch needed 

knowledge of the pre~snre variation aeros;; the cyclone, of all the 1Il1Hlerolls empirical, 

~cnli-cmpirical alld th(x)rdical cydon(~ pressure drop r('lat.iollShip~ t.hat have evolved, 

none prove~ to be uniV(~rsally applicabl(~ [HI]. 

2.1.4 Current experimental research techniques 

The dis(,lI~sion 011 currcnt. experimental research \'('chniqncs is limit(~d to /J'lr:clrico.l Irn­

perianCl' Tomography (EIT) and [,0.8e1' f)opplcr Anelflomdry (LDA), vv'llich arc Ils(xl to 

determine the spatial di~t.rihuLioll of fluid and parti('nlat(~ media "wit.hin a hydrocydonc 

flow Held as well as to measurc fluid vc1ocity, respectively. Det.ails of t.he experimcnt.al 

work due to Hsieh [(j], which (~llIpl()ycd 1,])A aud that, which provides t1H~ necessary 

input. used to set up the eF!) I\Iodd~ ill t.his work, are also dis(,IlHscd. 

a) Electrical impedance tomography 

The lI\ult.iplm;;c flmv imaging capabilit.y of EIT ofr(~r;; great potcntial [or fluid flow 

model \'alidal.ioIl, sqmrator design and OIl-lim, process monit.orillg [:iJj. Th(~ advantage 
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derived from the application of EIT ill mapping h~'dr()cydone flow media is that tlH~ 

acqllistion of mcasurmncnts is not impeded by' the opacity of t.he feed slurry [:H]. 

l\Ieasnrements are also taken non-intrusively and rapidly, snggesting that rapid (e.g 

2ms per frame) flow fI lId nations can be measured [;H]. 

LIT iH implelllented by mouuting plate dedrorh's around the periph(TY of the 

('~'done and measuring the slurry volt.age 011 horizonLal planes [Jl] [:i5]. l\kasurcd 

voltage data, captured via a data acquisition sVHLcm, is th(~ll interpreted using a quau­

tit.aLiv(' image reconstruction algorithm and tomographic images giving a map of the 

constituent. phases obtained [:1;-;]. Comprehensive aCCollllts of EIT and generic image 

reconstruction algorithms and tlwir limitations are pn~seIltcd by \Villiams eL al [:)G] 

[ Ill· 

b) Laser Doppler anemometry 

LJ)A is an optical tedllliquc used for localised velocity measurements of sIllall t.racer 

particles suspended ill a flowing fluid. Traccr particle velocit.ies are established via the 

determination of the j)opple/' shi;fl or laser light scattered from tlw moving partides. 

Doppler shifts refer to the frequency dHmg('s t.hat ()(Tnr in any form of wave propaga­

tion, owing 1,0 tlIC rdatiV(; motion of a source and a {,('('('liTf'. This discussion is due to 

Drain [12] and iH limited to the f)~fren;nlio.l f)opplcr Technique (I) D'1'). 

The DDT cmploYH two laser beams of equHI intcllsity, which are focused by a sin­

gle lens and crossed at the point under investigation. The light. scattered from t.he 

focal point is Lhcn focused outo a phoLodetccLor. OIl account of t.his light reaching 

t.he phot.oddcct.or simuILam:oHsly, a beat .frNjlUnClI t.hat. is cqllivaknt. to the difference 

in Doppler shifts corresponding to the two angles of scat wring is obtained. The beat 

[reqllelley In is given by equation 2.G. Several meallS, which include spedrum analy­

sis, arc a.vailable for pro('(~ssing the piloLodcLector ollLpllt signaL DDT permits light. 

collection over a \yide a.perture and om~rs considerahle signal to noise advantage for 

low partidc cOllcentrations. 

2([.. (n) 
-SlIl -
). :2 

(2.()) 

where 

,ib beat frequency 

II tracer par·tide V('lociLy at focal point. 

0' angular displacement. h('h\'(~en scctLLered iWaIns 

). light sourC(~ wan'length 
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The 1ll()HL significant limit.ation of L])A is its (kp(~lHlclH'(' on t.he presence of par­

t.icles in the flow, which lllay be prohibited and/or undesirable in cert.ain iustances. 

Provision should also he made (,0 grant. opt.ical access to the' area of interest via t.rans­

parcnt. intcvcrnillg media. The applicat.ion of L])A, IHY\n~ver, presents no obsLrucLioIl 

t.o the flow and permit.s high resolution that. is t.ypically of the ord(~r of 20 - 100 lun. 

In addit.ion to being a high respons(~ technique, L DA also permits din~('tional discrim­

ination of t.racer part.icle velocities. 

c) Laser Doppler anemometry experimental details 

Figure 2.11 depicts a schematic of Hsieh's [G] cxpcrimcllLal set lip. The laser system 

was aHixcd to a three-dimensional t.raverse syst.mll, with digital t.racking of spatial 

coordinates, accurat.(' to (J.()1 Illm. The laser beam was ~plit. into two bemus of equiv­

alent illtensity by a beam split.Ler. A focussing 1(~Hs, collecting lens and pin hole, in 

turIl, focussed, collected <111<llocaliscd the coherent light source onto a phot.o detector, 

"vhidl cOllverted (.he light. energy into dedrical ellergy. The wat.er jacket served 1,0 

miuimise optical rdraction of the incident light. heam. The frequency shift.er detected 

t.he fluw dircction allel measured t.he velocity of the tracer particles within the fluid 

media. The resulting Doppler ~ignals wcn; displayed on t.he o~cill()scopc and converted 

int.o a voltage signal via the signal processor. Th(, data processor converted the output 

t.o n~lo('it.\- data. 

Hsieh [G] cmploy(xl LDA with a 7!)-fHm glass hydrocydoIlC to measure t.he axial 

awl t.angential velocity components of water, in t.he pn's('Jl('(' of an air ('ore. \Vit.h 

respect (.0 figure 2.12, the tangential velocity measurements \\'(~re taken at. 0° and 

180°, and t.he axial velocity mea.Sl\n~ment.s at. all t.he iudie-at-ed ~)()() intervals. All 

velocit.y mea,.'ntn'uHmLs were t.aken at specifk horizont.al k\Cds. Fluctuations in t.he air 

core prohibited measurement of tile radial velocity component hence it.s computation 

from cont.inuity, llsillg the measured axial and tangcntial velocit.ies. f\lass flow raLes 

a(. t,he illl(:t. dUd, vort.ex finder and spigot. discharge orifices were also meaSlll'{'(i. The 

overflow and underflow sLwams were discharged at atlllospheric pressure int.o the sump 

and n~('ir(,lllated via the pUIIlp. Figure A.l depic(.s t.he c.\TloH(~ us('d for t.he experiment, 

aud det.ails of its physical diIIleIlsion~ arc given ill t.able A.1. Hsieh's [6] high qualit.y 

experimental data S(~t. was selcd(~d for t.his work beean~(' it. is published in a, manner 

suit.('d t.o validat.ion of tJH' mult.iphas(' eFD hydrocydollc lllodd~. 
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~:tJ==-1JllO--~~~~I~I]----
FneOUEIlCY l OSCillOSCOPE SIGUAL 
SHI~TEA pnOCESSon 

COMPUTER 

SUMP 

r---L 
Figure: 2.11: IIydrocvdoIlc - laser-Doppler ictllCmomeLry system [6] 

inlet 

v0!1ex tinder 

1801l 

Figure 2.12: Angular definit.ion with respect \'0 LJ)A s:vstem [G] 
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2.1.5 Summary 

Classification has heen e'itahlishcd as h(~illg imperat.ive to mUllcrous industrial processes, 

more so where it. illlpacLs direct,Jy on the linal product yidd. Consequently, an aUempt 

haH bC(~1l made to just.ify the reason why classification devices sHch as the hydrocy­

dOlW that cont.ribute directly 1,0 the n:veUllC f'pnerat.cd in such iuduHLrieH, receive much 

dCHcrvcd attention, aimed at impruvIng their operation dIidcIlCi(~H. Fundamental con­

cepts relatiug to hydrocycioncs have therefore b(~ell discussed in section 2.1 ill order 

to pnwide the reader with a baekgrollud on their applicationH and principle of opera­

tion. The inherent intricacy ill t.he hydrodynamic hdm,"ionr of hy<irocydoIl(' flow has 

also becll highlight.ed. The highly empirical nature of ClllT(:llt hydrocydonc models 

has been noted and the need for continued complemellt.ary research via computational 

tcchuiqlleH HlH:h as C1<'I), IlloLivaV:d. A Het of cxpcrimcuLal data due LO IIsieh [6] thaL 

nm be used 1,0 validaL(: the Ill1llt,iphasc eFt) hycirocydollC models derived [rom the 

current n:scarch has also heen idenLifi(~d. 
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2.2 CFD hydro cyclone modelling 

Compulalionaliluid dyna:rnics (CF!)) is, in eSHCnC(\ the iidd ('ollccn1<:(l with Lhc analy­

His of Hystems involving fluid flow, heat lranskr and associated plH'IlOmena by meanH 

of cOIllput.er-ba: .. ;cd simulation [18J. This section dis('USHCS CFD hydrocydollc mod­

elling as reported ill the li1.eratnre. \Vithoul. shift.ing fOCllS from the set. obj(x~tivcs of 

this diHsertat.ion, it is perceived instructive to gin' an oycrview of CF!) as a means of 

providing illsight int.o its underlying fundamcntal COH('CptS. As such, if (l<~emcd appro­

priate, rderence should he made t.o Appcw\ix B, which gin~s a qualitative treatment 

of the hasis of CF D. The solution t.echniques elllployed ill cOllllllercial CFD codeH are 

also discussed, with part.icular reference to t.he .fin.ite llolmnc technique employed in 

Flucnt. vcrHion (U.22 .. 

2.2.1 Preliminary overview 

:'\cw design tools an~ being sought to facilitate (,OllC(~pt design evaluat.ion and opl.i­

misat.ion prior t.o protoLyping [19J, The motivation is primarily 1.0 reduce t.he COH!,S 

inyolnxl wit.h t.he design and product.ioll of machine ('omponent.s. Sneh objecl.iv(~s are 

ill the realm of CF)), dne to its inherent. abilit.y t.o facilitate paramct.ric illvestigaLj(HlH 

1.0 be ('onduct('d at rdatively reduced t.ime Hcales ill ('ompariHoll with experimental 

t.cdmiqllcs [18J, 

Alt.hough CFD can potentially be used t.o investigate fluid flow phenomena. in 

a hydrocydollc, ther<~ st.ill exist. numcrolls limiLatiOllH to t.he Illodelling capability of 

comlllercial CF)) ('odes, impos(:d by the iucorporat.ed ('ompuLaLiollal a.lgorit.hms alld 

compute'r hardware capabilit.ies. As a result, CFJ) sHfI(~rs a drmvlmck ill that it. can-

1l0t. be professed adequat.ely "wiLhont. cOllLilllH~d rdenmc(' to cxperiment.al validat.ion 

[18]. For t.hiH reason and dnc 1.0 the inability of companies to snpport t.he high cost of 

compllt.at.ional illfrast.ru('t.nrc, CF!) has lagged in miIlPral processing and ot.her applica­

t.ions [71 [19J. IIowever, \vit.h advances in bot.h comput.er t.cdmology and ('omputational 

algorithms, we rmnain "poor but. not. destit.ut.e" [1;~J. 

Despite LlH' \vid(~sprcad availahilit.y of CF!) t.echnology, a high level of skill and 

nuderstanding is still rC(luircd 10 produce meanillgful results Ilsing commercial Cli!) 

cod(~. ::\oncLhek~s, t.he preferential adoptiou of CFD O\'er experiment.al Lc:chniqucs, 

in t.he design of fluid flow systems, may be HJ.t.rilllltcd t.o [18J: 

• t.he significant lead timc and COHt. rcduct.ions associated wit.h He,v designs 

• t.he abilit.y to computat.ionally inv(~st.igat.e aIld control systemH in ways that. may 

have otlH'rwise pr()v(~d difficult, or impossible (~xp(>rilllellt.aJly 
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• the ability to sinmlat(~ potcnLially hazardous Sy~tClllS up to and beyond their 

performance limits 

• the ability to simulate H:SllltH with an unlimited level of detail, perhaps not. 

obscr\wl or readily apparent experimentally 

2.2.2 Current CFD hydrocyclone modelling research 

Xumcrical solution of the intricat.e lllllltiphmic H\virling flow field in a hydrocydollc 

via CFI) is report.edly [7] [17] [;~7] [11] non-Lrivial. Illlproved underst.anding of the 

strategies necessary to tackle Lhis problem iH hmvcver being gained t.hrough continued 

res('arch [19] [,15]. This H(~cLion diRcusses literature publicationH of ClUTent RlH:cessfully 

implemented CF]) hydrocydone modelling stmt,(~gi(,H. Particular reference is given to 

(:xperilllentally validated cases that h(\.\'(: shown good corrdatioll to experimental data. 

The hydrocycioIlC modelling glliddirws are largely dll(' to Slack [7] awl I3n~nnan [:~7], 

boLh of "whom have undertaken the seminal hydrocydollc CF]) study, validated with 

experimental LDA resnltH dnc to Hsieh [GJ. Pioneering Ilou-CFI) \\'ork 011 hyfirocyeionc 

flow <lYllamic~ moddling \Vl:l.S conducted b.v IIsieh [G] Hild co-workers l\[onredon eL. al. 

[W] via a phenomenological model. 

a) General overview 

The extent. of volllm(~ mesh resolutioll has a significant cfli,(t on t.he 1l11111Crical aecuraey 

of the result.ing solution. For improved accurHC.V, ('omlllOll practice dictaLes increased 

vollllrH~ Illesh rCHolution, more so in n~giolls exhihiting large variations in flmv variableH 

[1f\]. The Flncnt [R] solver iIlcorpora\,(~H a dynamic self-adaptive meshing capability, for 

mesh optimisation in this regani. III instanccs wh<>1'(' tlliH option cannot be employed, 

thc~ OllUH is OIl Llw CFD UHcr to d(~Higll a mesh that is a Huitablc compromise h<:tween 

the desired an'uraey and Hoilltion cost. To minimiH<: Jal81' or nlJ:lllcric difTu88ion, it is 

imperative to align the mCHh in lhe 110w direction [IR] [21]. It. is estilllated [18] thaI. over 

GO(J!f, of the tilllc spent in induHtry on a CF I) projPct. iH <1('\'oLe<1 to geolllctry definition 

and Illeshing of the computational domaill. As such, tlw importance of this phase 

carlllol be over-emphasised because of the direct relationship hetween Lhc accuracy of 

i-t IlllIlwrical solution and its cost ill terms of t.he necessary computer hardware and 

computational time, for a specili(~d grid resolution. 

b) Established hydrocyclolle-related CFD modelling practices 

Some of t.he prohlems <1nticipaLcd to he concerned with HeLLing lip the eF]) hydro­

cydonc model that. wcre highlight(;d ill chapLer 1, s('ction Ui.1 are re-iterat,ed for 
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emphasis as well as to indicate t.h(: proccdures adopt<'d t,o ovc'[comc or address t.hem 

in part. 

i) Geometry definition and meshing The exist.ellce of numerons variable cyclone 

geometric confignrat.ions complicaU:s the t.ask of attelllPting t.o establish a generic pro­

cedure for generating t.he geomet.ries SHch that. they cau be IlH:shcd with suit.ably 

st.ructured grids. The most not.able complication, from n meshing perspective:, is pre­

sent.ed b~· SOUle types of feed inld designs and/or inkt. duct cross-sections, examples 

of v;ilich ,'I;ere discussed in section 2.1.1 (b). SOllie inlet dud-main chamber config­

urations may dicLat.e the lise of different. mesh types for t.he 1.,'1'0 components, which 

would ill turn, erfed non-conformalmcshing at the ('om mOll interface. Such a meshing 

st.rategy \Va.') adopted by Slack [7] for the outer wall t.angcntial, circular cross-sectional 

inlet duct. cyclone depict.ed in figure 2.1:), the shortfalls of which he reports t.o be: 

• high susceptibility to intcrpolaLioll error, of fluxes het.\v<~<:n the different meshes 

at the 1I0IH'onfonnal interface 

• the need to nse high order discn:tisaLioll scheme'S and comparable mesh sizes in 

order to minimise the associated Ilnx inLcrpolat,ioll error 

• marked false diffusion due 1.0 the usc of difrerent clement types e.g. LeLrahcdral­

shaped elelllent.s arc more diIrusive than I.he hexahedral type, whi('h cOlllPounds 

t.he diffnsivc cm~ct.s of the strongly (,OH\T('ti\'(~ hydrocydone flmv 

The volume meshing complicat.ions arising from th(~ inclusion of the inlet. dueL, in 

the definition of the cyclone geometry, could he avoided t.hrough its exclusion. A U8f:i'­

defined function (U I) F) could t.hen be used to sp<;cif,v a suitable input w;locity proIilc OIl 

a boundary representing the illU;rface between the inlet and lllaill chamber. However, 

it is evi<kllt. from <~xpcriment and CFD predictions t.hat. t.he iuld serves as a source 

of asymmetry and that its inclusion ill the Ilumerical modelling process is imperative 

for successful simulation of hydrocydouc flow [:UJ. Inasmuch as t.he prescript.ion of a 

UDF for the inlet velocity profile would serve to simplify the problem, establishing a 

suit.ahle inpnt vPiociLy expressioIl may prove <liflieul!., especially for high flow rates in 

\vhich the flow may Hot be fully dev(;loped Oil cntrall(,(~ into the main chamber. 

Thrc<,-dinlCIlsional meshes that wcn: aligned ill t.ll(; flo\\' direction, in an at.t.c:mpt. 

t.o miuimise lllllllcrie diffusion, were adopted b~· Slack [7] and Brennan [:n] for t.he 

main hody of tJH: cydorw. Numeric diffusion, aggn1YaLed by the impkmentation of 

a Cartesian versus a cylindrieal coordinau; system, for t.he purpose of' modelling a 
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Figure 2.13: Non-conformal inlet-duct main chamber mesh [7] 

cylindrical geometry [47], was further minimised through the application of high order 

discretisation schemes. A critical factor in deciding on the mesh resolution is ensuring 

that cell aspect ratios are moderate because high aspect ratio cells are known to cause 

convergence difficulties, more especially in swirling flows [48] . The general guideline 

[48] dictates that cells should ideally not exceed aspect ratios of 1:5. For the purpose of 

modelling multiphase flows, it is further required that the reference pressure location 

be located in the region containing the least dense of the fluids, in which the variation 

in static pressure is least, to reduce round off error [8]. 

ii) Boundary condition specification Hsieh [6] experimentally determined the 

volumetric flow rates of the feed, the overflow and underflow streams of the hydro­

cyclone circuit configuration depicted in figure 2.11, for which the cyclone discharge 

orifices are at atmospheric pressure. These experimental measurements and conditions 

are sufficient to enable adequate specification of the boundary conditions necessary for 

a CFD simulation of the hydrocyclone. The commonly specified boundary conditions 

for this set up include a velocity inlet condition at the duct inlet and pressure outlet 

conditions at the vortex finder and spigot discharge orifices [7] [37]. A no-slip wall 

boundary condition [49J is also specified for the remainder of the cyclone. 

In as far as boundary condition specification is concerned, the following is generally 

advised [7J [48J: 
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L The adopt.ion of ,vall functions for boundary layer resolution [GO], which is justi­

fiable duc t.o: 

(a) t,llrlmlcllce lwiug generated in, and rf:mailliug restricted to, t.he main flow 

(I» the lack of experimental data of boundary layer flow, for validat.ion of the 

CFJ) models, as a result of the diflicnlt,Y im'olV('d wit.h the experimental 

nwaSllrCmCllt of now quantit.ies such as v(·locity components dose to the 

<,.n·jone 'wall [()] 

(c) the predominant occupation, by coarse particl(:;.;, of the region ncar the 

vicinit.y of the wall, in pra('tical application;.; 

2. Fine grid resolution of the spigot. orifico in onkr to adeqllatcl.v capture th(~ llIl­

derner,y ill the event. that an annular gap, dm' to the formation of an air ('on~, is 

cstablish(:d in the spigot. 

:t The spceilicatioll of radial pressure dist.ribut.ion at the vort.ex finder and spigot. 

discharge, orifices, for thr, adequate resolllLiou of the radial preSSllr<' gradinlLs 

generated due to high swirl of the cyclone flow [17] [HI]. 

In his CFJ) cyclone studies [:W], nwnmm [!)O] ('lllpl()~-ed non-equilibrium wall func­

tions, for boundary layer resolution but suggested that the implcIllc'lltation of st.andard 

\vall fund.ions, alt.hough not invest.igat.ed, was potentially adequate. III cont.rast., Sla(:k 

[7] t.ook prcca.nLioll and adopted the more conservative boundary layer meshing ap­

proach for the ncar-wall n'gion. 

iii) Turbulence modelling The staudanl k-( Illodnl has been found ullsuitahle 

for modelling the anisotropic turbulence exhibited by h.nirocyciol1(' flows [7] [:)7] [U] 
due t.o its simplifying assllmptioIl \vhich enforces e(l1mlit.~· of t.he Ilormal Reynolds 

sLn:sses, t.hus reuderiug t.he flow isot.ropic [17]. The high swirl due t.o t.he Rankine 

vori('x, already discussed in section 2.1.2 (c), int.roduces marked instahility of the 

tangential velocit.y compollcut. [7], leading to its imwcuraLe resolut.ion by t.he standard 

k-( model [lB]. The nSf,,! has been shown to repn,s(mt t.he minimulll order of accuracy 

for modelling hy<irocyclonc flow turbulence, through sU(Tcssful implement.ation wiLh 

both single and multiphas(' flows [7] [:J7]. Experience shows t.hat. a significant llllIIlber 

of iterations arc required before stability of the peak tangential velocity component. 

is attained, eY(~Il wit.h the H.Sl\I [7] [,17]. The Bml)('rons nIlsLabk flow feaLures of 

hydro('~-doncs are only adcquatdy rcsolv<'d t.hrough I.ransicuL cakulations [:J7] [,17], 
llsing a time st.ep a(. least 100"' of the cyclone wsidcl)("(' Lime [7]. A t.ransient pattern is 

obscr\'(~d if (.he hyclrocydorH' flow is I'cs01v(,d through steady st.at(~ simulations and this 
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is ('viciPIlcrxl hy a cycling in t.h(~ residuals [7]. The LES model provides au a.lt.ernative 

to (,he RSI\I bu(' is comput.ationally more cxpcnsin, [!) 1]. 

iv) Multiphase modelling l\[mlt CFD Illodelling of Itydrocydoncs has been limit.ed 

t.o single phase flo",,' i.c. water only [!)2], which is without. the added complication and 

computational expense involved wiLh modelling th(, air ('ore nnd solid part.ides [7J. An 

air core is reportedly [:31] est.ablished through the introdudion of a.ir as a component of 

the fccd and adeqnatciy resolved as a dispersed phase "in, the Algebraic Slip rvIixLure 

J'\lodd (ASI\Il\l) P7J. This has been achicwd [:n] through the spccilka.t.ion of a volulllc 

fra.ction of uuily at. t.he cyclolle discharge orifi('(,s, a condition which cusurcs that only 

air recirculates across t.he outlet. bouudaries, ac('unmlatcs aud segregates along t,he 

CydOllc central axis, (!stablishillg an air corc. The formulation and solution Ledmiqllc 

of the ASl\II\I aw disCllSHCd ill Appendix 15, section 13.1.2 (b). 

v) Constitutive equation discretisation The liddity of CF I) prcdict.iol1'-; of hy­

drocyclone flow iH largcl.y d(~pelldeIlL on the) choke of the discretisation scli(,mes em­

ployed in the discwtisation of Lll<! cOIlved,iyc LcrlllH cOlltain(,d in the fluid flow transport 

cquatiom; PRJ. Despite the existence or a \vide range! of dis(TctisatioIl schemes, only 

the firs\', secolld and third order accurate OIlCS, which are widely validated, are com­

mOIlI.\' irnplenwtcd in the Holutioll of fluid flow systems [18J. Tlw jJrC88UH; 8ia.IJycnxi 

option (PRESTO) findfi wide us(~ in the spatial <iis(TcLisaLioll of the prCfiSHrC field [19]. 

The bcnefit 1,0 llHing the PRESTO option, for which a structured grid is a co-requifiite 

[mj, is that the pressllfc and vdocity fields are stored on fij,agg(~rcd grids [18]. Conse­

qllently, recoIlfitruetion of the prCSSllW fidd, via int,(,rpolatioll at each iteration during 

the soluLioll proc(,ss, is averted [,19]. A,w spatial oscillations (~xhibited by the pressure 

field are alfio disccrIH'd so that physically realistic prc'sfimf' Held predictions result [18]. 

The cOlliinuiLy and rnorncllLlUll equations arc ('ollull<mly coupled via the S'emi-Implicil 

Mdhod for' Pn88l1nc-Linkcd 8qluilions (SLMPLE) [It] [G;~] and SI~IPLE-ConsiHtenL 
(SIl\IPLEC) [19] algorithms. The ficcond order upwind difIcrc~ll('ing scheme [:n] [H] 
and the third order accurate Quadratic Upsff'uun Inl('lpolulio71 f01' (,'oTlucdivc Kincl­

ics (QUICK) scheme [ci9] [fi;)] have bc(m utilised in Lhe discretisaLion of velocity and 

t.mbul('nL qmmLiLies. The npwiml difrerencing scheme is suited to modelling strongly 

cOllvcctivc flow behaviour [18] s11ch as t.hat exhibit!~d hy hydrocydones, due to itfi 

iu}wrent ahility io id(mtify flow directioll. The QUICK scheme O[rcrfi an alL(,rnativc 

dis(Tctisation scheme of a much higher accuracy. 
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c) Reported CFD hydro cyclone nlOdelling solution strategies 

The literature lacks d(~Lail(~d illl~)[rmtt.ioll OIl the CFD modelling solution strat.egiC's of 

hydron-done flow, especially with regard to air core development in ulIIltiphase How 

simulations. SdmcLz d. a1. [11] aud Slack eL a1. [G:1] IHwe suggcst(~d init.ialising 

the simulation with a steady sLaLe solver, llsing UH' RSJ\I for turbulcllc(: closure. This 

solution stratcg,v', "which assnnH~S a laminar flow field, is associated \',-it.h tremcndeolls 

solution instability that is collplc:d with divergence hehayiour [H]. Solution stabilit.y 

is therdor<: achi(~yed by initialising tll<' simulation at a \'olume flow raLe lower Lhan 

the operat.ing value, to \vhich it is gradually iIHTcHsed, during the iteration process 

[11]. The re:mlLing velocit.y and pressure profiles \ven' found to exhibit a physically 

s('nsible 10<:al distribution hut compan:d poorly t.o experimentally ddermincd values, 

with the press un: drop COUllHOllly nnd<>r-predictc'd b)' a factor of two or thwe HI]. 
Further inadcqllanciPs due [,0 t.he n:solnLion of the hy<irocyclollc flow field via a sLf~ady 

state solver have already been discussed in sccLioll 2.2.2 (b). 

The suhsequent impkmcnLaLion of an unsL(:ady sLaLe solw~r, for the' transient solu­

tion of the hydrocvdonc flo,v field, does not gmtrant,(:c solution convergence. Several 

key factors, which include the extent of flow development and grid resolution as well 

as the choice of the simulation Lime sLep abo U(~cd to he tak<'Il into consideration to 

cnsure solllLion stabilit.y and convergencc. The ('hoice of a simulat.ion t.ime step is 

often of paramollut. irnportallc(~ in this regard and a conservative time step of W-fi s 

is indicat.ed [11] [GOJ [G:1] to b(: generally appropriate for t.he sillllllaLion of hydrocy­

done flu\\,. In the interest of reducing HiIllulation Lime spans, Brennan [GO] Huggcsts a 

gradual increase of the simulation time step up to a. valuc of 1O:{ s. Br<:ulHm [:n] has 

also suggest.ed the usc: of a water-only solution How lidd, \\'it,h a u(:gaLive pressure at 

the ('ore [GO], as input for hydrocydoul? tnulLiphase How simulations. IIe reports [GO] a 

prelllaLlll"C cx('ccutioll of Lhis solution straL(:gy to lead t.o diverged solutions. Tlw only 

documented solution strategy for air core development, based on the literat.ure survey 

conduct.ed by the aut.hor, has alr<~a.dy been discnssed in sect.ion 2.2.2 (b). 

It is required to give ca.reful cOIlsideration when modelling the pressure strain term 

i.e. t.erm IV, via the: Reynolds strnss equation given by t.he relation ill equation RIG 

[19]. The lIloddlillg considerations are part.icularly signiIicant. with high swirl flows for 

which t.he ('orreiatioll beLwnm the fluctuating preSHure and velodt.y is sensitive [,m]. 
A comparison of hydwcydollc flow field pred ict.ious due Cullivan c:L. a1. [:) I] identi­

fied the quadrat.ic pressure strain model as a lower b011JHl for LlIrblllcm'c modelling of 

hydwcydoIlC flow [1:)], in couLrast. to UH~ liueaI' pn~SSlll'e sixain mod<'l. It. is HuggcsLcd 

by Brennan [GOJ t.o employ the linear pressure st.rain model in onln t.o mant.ain solu-
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tiOll st.ability and t.o swit.ch \'0 the more sensit.ised quadrat.ic preSSIlf<' HLrain model on 

formation of 11 stable air core. 

d) CFD cyclone modelling limitations and developments 

Tht' software ami/or algorithm limitations, which pose a challenge for both ('urn~nt 

and fut.ure CFD hy<irocydonc dynamics n:H(~ar('h \v(~re highlight.ed in chapt.er 1, sec­

tion 1.;;.1. Recent developments ill comput.ational algorithms pertinent. 1.0 muJLiphasc 

Hows offer promise for alleviat.ing some o[ the problems associat.ed ,,'iLh the Imuwr­

ical sillmlatioll of these type of flows. This sect.ion discllsses the devciopment of all 

Ellicriall- Eulerian ulIlILiplmsc algorit.hm [or usc wit.h t.he RS~L 

The currcnt Flm'nL [8] implclI\(~lltaLioIl of the ASl\Il\I employs the Eulcr-Langrangc 

a.pproach, wiI(:n llsed in conjunct.ion wit.h t.he RSl\(, for the numeric modelling of Lur­

imIen! lHulLiphase Hows [17]. Despite jh(~ sHccessful impicmentation of this approach 

in hydrocydone flow modelling, it is reported by Flucnt [8] and Sla.ck [7] t.o he llIlsuit­

ablp for modelling I1mvs in which [,h(~ volume fradiowi of (Ul~' secondary phases are in 

excess of 10% by volume. Unfortunately, SHch conditions are typical of pracLical slurry 

feed concenLraLiow-J. A complete Ellicriall- Eulerian lllUlt iplmsc algorithm, which solves 

(lisctinct momentuIll eqnations for each secondary phas<" reprcs('IlLH t.he most ddiniLiV(: 

llldhodoloh'Y currcnLiy available for llloddlillg hydrocydon(' flows with pha,I';ic volume 

fract.ions representative of typical operating cOlldiLioIlS [7] [;;2]. l{,(~cenL work duc to 

CokljaL d. al [r;2J employed an Eulerian- Euleriall algorithm, ('()upl(~d with the RSl'vl, in 

the study of hydrocydone How thaI, (:onsist,(xl of six phHS(~S. This work, which formed 

part of the development phase of an updated v(~rSiOll of Lhe Fluent version () solver 

[17], has enabled Lh(~ extension of eFt) h.\idro(')-clOll(~ Illodelling to high and medium 

density f1O\vs [;;2J. Advauc()s in cyclolle modelling IIsing lI11HLrmtnred grids are alHo 

reported by Slack ct. al. [r;;i]. 

2.2.3 Summary 

The prerequisite for Uw realisation of physically realist.ic fluid How predictions of any 

fluid dynamicH problem is a thorough knowledge of tlH~ physical behaviour of the 

sYfil,eIll. Some In'Y aSl)(~ct,s, whieh are essential for successful CFD hydrocydonc mod­

elling have been highlight,(~d in conjuction with the asso('iat(~d dmllcngeH. The need 

to model the hydrocydollc ill a tJtr(~('-dillleIlsiollal domaill with hexalwdra,} mesh d­

('meats aligned \'>'iLh t.he ('ircuIllf('rml(,(~ of tlw cyclone and ill Lh(~ flow direction, so 

as to minimise' UllItleric diffusion, has bc(~n icielltifi('d [18]. The appropriate ('hoiC(~ 

of a tllrlmkucc model that, is suited to the purpose of accurately capturing tlw free 
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to forced vort.ex transition, which iH aHsociaLcd wiLh anisot.ropic tllrlmh'llce, haH also 

heen diHcusscd. The role of discret.isation Hch'nleH ill lllinilllising IllUllcric diffusion and 

providing Huitablc conpling between t.he fluid flow gon~rning equations has also been 

mentiolled. Transi(:IlL HimulatiouH, although HCllSiLivc t.o the extent of grid resolut.ion 

and the choice of Himulatioll time StCPH, have also heen noted t.o improve Holut,ion 

stability and t.he definit.iou of LIt(: c<:ntral low-pressure core PRJ. 

The limiLat.iomi impoHcd 011 currenL CF!) Lcdllliqu('H have also been diHcussed. 

Perhaps worLhy of mentioning is the fact, that. d(:spiLc these limitations, meaningful 

r<:sults on hydrocydone IIcnv dynamics have been deriv(:d [7] [:)7] [11] [52J. Some of \,he 

cliaU(:ngcH still facing CFD hydrocydollC modelling S\'(:lll, in part, from the inabiliLy 

to acquire experimental daLa t.hat. represents r<~alistic boundary cOlldit,ions for a CFD 

model ['lRj. Single point mcaHllrerncuLH of HLatic preSHurc, made at. cyclone discharge 

orifices arc, for example, not representative of t.he radial press un: distribnLion dfected 

ai these orifices due to the swirl HR]. The difIiculLy associated wiih modelling t.hc air 

('ore also imposes 1-1 serious resLricLion to \'he llHdlllrH'ss of CFD h.nirocyclonc models 

because cydon(~s commonly operate \viLh air ('on:s, \\"!tieh arc fundament.al to their 

operation becanse they dcLcnninc the flmv split to the overflmv aIHI underflow [,18]. 

For CFt) modelling purposes, it. is sngg(~st,cd [IRJ not 1,0 prescribe' the IllHHS split i,o th(~sc 

sLrcalllH, even if t.he maSH flow rai,(:H of the: ov(:rIlov,' and underflow streams are known, 

\)ecallHc the problem becomes over-collstraiued. IkHpit.c only having highlight.ed the 

fundamentals related to hydrocydones, it is hoped that the intricacy involved with Lhe 

CFD modelling thereof, haH been adequately Illotivat(:d. 
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Chapter 3 

CFD Methodology of Solution 

ThiH chapt.er outlines the key aspects of the' eFD h.n1rocydonc model geomet.ry gen­

eration and Ifl(:shillg procedures adopted. The diH(,llssioll focuses 011 1.he iterative 

development of til<' mesh and motivates the final choic(' thereof. The mcLhodology 

or Holution is Hlso preHent.ed and is disCllSHCd ill (,crmH of the implemented bOllnd­

ar~' conditiollH and the it,(:rativc csLablisllIll('nt of suitable solu(.ion stratcgicH for Hingle 

phase (\mtcr-only) and mlllLiphaHc (wat<~r / air) How moddling. EmphaHis is placed OIl 

the procedural methodology adopt.ed in aUempLillg to develop the umlt.iphasc model, 

which is aimed at. providing an understanding of the mechanism for inception and dc­

n~lopmell(, of the air ("orc. The l"<lLionai!: lIsed in dc\"ising the exploratory and adopted 

solutioIl strategicH is, together with the dCclHion to illlpl(~Illcnt. the HclccLed mnnerical 

models and gow:rning t.ransport. equation discreLisation sdwmeH, motivated. 

A first order aC(,llratf~ pressure straiu lkYllolds Stress l\lodel (HSJ\I) and the ho­

mogeneous implementation of t.he Algebraic Slip J\Iixture l'\lodd (AS:tvIM) ,,,ere us(~d 

ror illrbukucc and llmlLiphasc flow moddling, rCHpcctivdy. The procc<iurcf-) adopted 

ill on1(:r (,0 esLahlif-)h computationally economic solution strategies, in accordance with 

the research objectives, are highlighted. The choice of the eircular inlet hydrocycJorH: 

gCOlllctry depicted in figure: A.l, which imposes diHicnltics with HH:Hhing, was mo­

tivated by the availability of a good experimental data Hf't due to IIf-)ich [OJ, which 

prm'ides the means for validaLion of t.he Illlllt.iphase CFD hy<irocycionc models. 'lh i1l­

vCHtigat.e inlet geometry (~fI(~CLS, flow field predicLiolls at"(: derived from ideuticallY-Hi:6cd 

circular and recta.ngular inleL hydro("ydOI}(~H and the outputs contrasted in chapter ,1. 

The explorat.ory w('Hhing and ([ow field Hilllulal,ioll sLraV:gy iIlw'HLigations are con­

ducted via the circular inkt hydrocyclone and their rigonr Lr:sLcd via the rectangular 

illipj g(~()metric configuration. 
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3.1 Iterative developlnent of solution strategies 

This sccLion outlines tbe i(kas explored wit.h bot.h w'omdry g(~neral.ioll and meshing. 

The solut.ion strategies are discussed with respect (,0 t.he Reynolds Stress l\Iodd (HSM) 

and t.hc Algebraic Slip l\1ixtnn~ Model (ASl\H\I) thaI \x;(~w llsed for turbulence and 

nmltiphasc flow modelling, resped.ivcly. 

3.1.1 Geometry generation and meshing 

a) Geometry generation 

The basic cyclone geometry used for t.he CFD model is depicted in figure :i.l, 'wiLh 

respect. to the global coordinate system. For simplicit.y, the external ducL connection to 

the H>rLcx Hnder is modelled as a 2Gmm protrusion and th(~ \yaH thickness of I.h(' vortex 

finder is ncglcc\.cd. Th(, origin of I,he locol coordinate sys\,(:m is loeatpd along the cent.ral 

axis, in t.he plane of the roof of l,hc~ cyclone. The positioning of t.his origin is fnnctional 

bcc<lus(' it, also serves as the reference Pf(:SSIlrC 10('al.io11. The significance of 1.he spatial 

posit.ioll of t.h<: rder<:nce pressllre location, with regard t,o llluitiphasc flow moddlinp;, 

\yas discussed in section 2.2.2 (b). The top-down geometry generat.ion approach was 

adopted in generating the hydroeydollc CFD Illodd i.c. p;eoIllcLry compou<mts were 

created using standard geometry primitives that, w<,re subsequently manipulat.ed via 

booleau operations, in ordcr to est.ablish t.he rcq1lin'd cyclone p;eolllctry. The basie 

c,n'lolH: geometry depicted ill figure ;j.l was further suhdivided illto smaller constituent. 

volumes, in accordmH'c with the adopted meshing st.rategies, which an: discussed in 

t.he subsequent sect.ion. 

b) Meshing 

Some of t.he aspects that arc considered critical \'lith r('sped t.o the meshing of cyclone 

geometries t.hat. ha\T~ already b(X~1l disclIss(~d include Lhe difIiculLics H:';sociat.ed wiLh 

mcshing the various inlet-main chamber p;eolll('t.rie conliguraLiolls. The shortfalls of 

non-conformal IlH~shing were highlighted [7] ill line wit.h ihis consideration, in section 

2.2.2 (b). The import.ance of illdudillp; the inlet duct in ddining the geometry of 

Lh<: CFD hydrocydone model, du(' (,0 LlH' asynlIllcLry it introduccs to the internal 

flow st.rueLure [()], has already been pointed out [:n]. The difIicult.y associat.cd with 

ddininp; a suitabk vdocity profile via a user-deIiJl(~d rUBct.ioIl (UDF) at, the equivalent. 

of au inlct-main chamber int.erface has also been addr('ss(~d. Aligllment. of the grid in 

Lhc flow dirccLioll [IX] [21] [,18] and t.he appropriat.e select.ion of dis(Tct.isaLioll schemes 

[,17], for t.he pllrpos(: of minimising llllmeric diffusion, were also emphasised. Further 

grid-relat.ed requisites thaL include t.he design of grids consisting of low aspect ratio 
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Figure :ll: Basic CF)) cyclone Illodd gcorlH~t,ry 

cdb, ill onkr to CllSnr(~ IlnHlCflC stability of the solution [lRJ, were identified. The 

meshing reqniremcnts of the viscosity-afrected IlCar-\Hl11 region were, in th(~ context 

of LurbulcIlC(, modelling, also disc1lssed wiLh n~spect 1.0 adoption of the wall fnncLion 

and boundary lay(~r Ill(~shiIlg approadte~,i. This section therdore discusses t.he devised 

meshing concept.s, which wcn~ aimed al addn~ssing the ai>ov<'-mcnLiorwd Ill<~sh-rdaLed 

problem specifks. 

i) Inlet-main chamber meshing Thc t.etrahedral dCIrH'llL meshing scheme (TGrid) 

[R] COIlstitutes the ddault meshing scheme of the C.\'dOIlC inl(,t. duct depicted in figure 

;{'1, b~ virtue of !.liP ease with which tetrahedral dClllents can he mapped onto t.he 

highly skewed port.ion of Llw geometry. An example of a nOH-conformal inlet dllcL­

lllaiu chamber lllcsilillg configuration is depicted in Iiglln~ 2. U. The usc of tetrahedral 

mesh dement.s is, however, ulld(~sirablc duc \'0 their n~lat,ivdy high numeric diffusion 

capacity [7]. A h('xahedral lIlesh Lhen.fon~ pres('uts H better meshing option because 

it. allows for flo\\" direction alignmellt of the grid, parLkularly in the main body of 

the cydone, ill addit.ion 1.0 m;(~rLillg nOll-conforlllal meshing at. t.he cyclone: inlet.-main 

chamber interface. 

To ('nable hexahedral meshing of Lh(~ iuieL dueL, its longitudinal face was hiscct(~d 

horizoIltally and vertically via planes paralld and perpclHlicular to the roof of the 
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CydOlW, respectivciy. ThclICTlcr types of UwucriiCC8 located along the longitudinal 

bisectors, "which lie in the vertical plane, ,";ere subscqJ1(~JlLl~' converted [rom sides to 

(emls, in order 1.0 enable t.he applica(.ion of the mapping scheme (llex-Ivlap) [8] 011 

the longit.udinal inlet duet. [accs as \ve11 as t.he ovcntll hexa.gonal dement. Illcshing 

(IIexj\Vedge-Cooper) [8] of t.he inlet. duct.. The dual perpendicular planar bisect.ion o[ 

the longit.udinal [ace of t.he lnld duct al:-:lo givcH Lhe ad\'allLagc of increased control in 

the manipulation of t.he longit.udinal inlet. duct. grid densil,y, OIl account. of t.he capability 

of explicit node allocation along the estahlished longitudinal edge:-:l. The HLrllet.nral 

regularity o[ the grid aI, the inld. face t.o th(~ inlet. ducl. presents anot.her factor that 

reqnin~H cardul consideration wit.h respect t.o Ill(~shiIlg of t.he iIlh~t. dueL, part.icularly 

ill iIlHt.auccH vdlerc :-:lolid parLidcH arc t.o be int.roduced <tH part. o[ t.he feed. Cullivan ct.. 

al. [:H] have cHLabliHhcd that. Holid particle t.rajcctorin..; are largely iuflucnccd by t.he 

point of cntry at the inkt. face to t.hc inlet. duct. ThiH mesh rcgularitv-inllucnccd bias 

in part.icle t.rajectories conld negat.e I>article daHsificaLion HnalYHcH. 

ii) Cyclone body rneshing ThiH s('ction presents t.he two concept.s that. were con­

sidered [or t.he pnrpOHC o[ Ill(~shing !.h(~ main body o[ the cyeloue and motivates the 

choice [or, adoption, of one meshing concept over the ot.her. COllllllon to bot.h meshing 

COIlccptH, are mCHhes predominantly structured ami aligm'd in such a manner aH to 

capt.nre the main fluw feaLun:s that. include the short.-circuit., the Eddy, and bulk flow 

swirl. Addit.ional eOIlHiderat.ions that wen~ made for the appropriate meshing o[ certain 

specific regioIls o[ int.erest are also addrcHscd. 

Meshing concept A The mesh due 10 meshing COIlC(:Pt. A, which rcprescnt.s the 

Illc:-:lhillg concept. init.ially considered, iH (kpict.ed in figure ;{'2. Despite the prcdorni­

nanUy regular radial HI,rllct.llrC of this hybrid meshing nmfignratioll, its core COIlHisLs 

of an llIlst.rucLurcd cylindrical column t.hat is likely to int.roduce mmlCric iUHLabilit.y 

and to enhance llumeric diffusion in t.he vicinity of l.he ('(:nl.ral axis of t.he hydrocy­

dOlle. By virt.ne o[ t.his region b(~ing highly 11llHtablc ph~'Hieally, 011 account. of t.he axial 

flow rever Hal cxhibi((~d and the establiHhmcut of an iutriuHically Hll:-:lLable air core, snch 

nlll11<~ri(' inHtabilil.y iH highly llndcHirablc bccamH: it nUl pot.ent.ially l(md Lo diverged 

solntiollH. In addition, the cH1.abliHlullcnt of a phYHically realist.ic flow fidd aH well as 

the inceptioll, devnlopmcnt. and SllHtenanc(' of an air core, may either be prolonged 

or pn~vellt.('d. In vimv of Lhis potential predicament, the diameter o[ t.he uns!.ruc­

Lured cy lin<irical colmnn was :-:let. slllall ('nough 1,0 (~IlHun: a maximum radial n:gular 

mesh strudure while ret.a.illing an lllIHt.rllcLul'cd corc of a radiuH potentially smaller 

thall that. o[ a fully developed air ('ore. The choic(' \'0 mllploy a ('~'Iilldrical cohuIln o[ 

constant. (TOHH-s('ctional area, extending across tlw whole iI'lIgt.h of the c~'donc, was 
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motivated by the simplificatioJl introduced to the' meshing pr()(wlllrc. 

Figure ;1.2: Cyclone meshing COI1<'(~pL A 

Although the ('hoi('(~ of a ('(~rLain specific diameter for the cylindrical, irregularly­

meshed central colulIlIl may present an oplimum solution, tJl(~ choice thereof ifi nOll­

triviaL A rCfiLrictioll on the diameter of the cylindrical ('ohmlll ifi, for example, iIllPOfiCd 

by th(' nced for siglliIicant rcglliar Iw~sh resolutioll of the spigot discharge orifice, for 

t.he purpose of adequately resolving auy spray discharge likely to be effected due to Llw 

possihle formation of an air core. Furthermore, ou account of the 1: 1 periphery edge 

nodal ratio of the fipigot and the c(~nLral cylindrical colullln, a higher m(~sh densit.y, 

kifi depicted in figures ~L) (a) and (h), arises at, t.he core. U ufortunate\y, in order t.o 

ensnre solut.ion stability via moderate aspect. mLio ... sih('d c('Us at the core, it is w<Iuircd 

to c(lllsLrnct. an llllcconomically fine 1U(~sh, by incrcasing the mesh density iu the axial 

direction. The mesh dnc to meshing c()Jtcept A resulted in approximat.ely ;mo 000 mCfih 

volumes, for which further rdiw'Ill(~llt w01l1d prescut a prohihitin:ly fine rnefih, with 

wgard to the compllt.ational resources (:lOG GIlh PentiullI! processor, 2 Gn HAl\I). 
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b) unstructur"ed core 

<l) spigot discharge orille e 

Fignre ;t;{: Spigot discharge orifice wiLh irregnlarl~' structured circular core 

Meshing concept B The main feature that distinguishes meshing concept B from 

A, is the alternative means it pwscnLs for meshing the core of Lh(~ cyclone, The resulting 

hybrid mesh \,'as derived by sub-dividing the basic cylonc geometry, via the x-y and y-'I: 

plane'S, into quarter segments, as dq)idcd ill figure :t1. The ccntral cylindrical colmnn 

from 1Il(~shing concept A was replaced by two sqlla['(~ columns, positioned within the 

vortex finder and the spigot and cOllned(~d via a pyramidal frllsLrmu located at the 

core of the conical chamber. The pyramidal frllstrulll tapcwd down from the S1'1:(, 

of the square column protruding through t.he vortex finder, 1.0 the si'l:c of the square 

column within the spigot, facilitating identical meshing of tIl<: vortex findcr and spigot. 

diseharg(~ orifices, The hybrid mesh structure at the spigot discharge orifi('{~ is dcpidcd 

ill figure :tG, 

Figure ;i,l: COllC(~pL B geometry planar view 

Similarly, the 1: 1 periphery edge Hodal rat.io of tll(~ couical chamber ends results 

ill a higher mesh densit.y at the cOllical chamber-spigot. interface, which also imposes 
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the a(lopLion of a prohibit.ively fine mesh in the axial direction, ill onh;r to (;llSUrC cells 

of moderate aspect ratios. Such a situation \nlS m'()rLed t.hrough the application of a 

nodal distribution size fuudion along Lhe longitudinal nmical chambpr edges, \vhich 

estahlished a progressive incn~ase ill the node-to-nodp Hpacing, t.nn'ersing froUl the 

spigot to the main chamber. :rvlcHhillg COIl("(~pt B result.ed in approximately 257 000 

mesh voluBles, which, in additioll to addressing all t.ll(' lllnshing shortfalls illhermlt (,0 

meshing concept A, prescnts a signi1kant.l.v more computationally economic meshing 

solution. The hydrocyclone CFD modd mesh structure was Llwrdon: based on meshing 

concept. B. 

Figur<~ ;),5: Spigot discharge orifin: wit.h regularly structnred square core 

3.1.2 Boundary condition specification 

A system volume flovv' rate of GfUm kg/min \vas gClleraLcd [(j] via a pressure drop of 

W.7 kPa. The resulting magnitude of Lh(~ inld velocit~· of the water was compnted via 

equat.ion ;tl [:)()], using the default [R] liquid water with density and viscosity values 

of !l!)S.2 kg/m3 and O.OOl()();) Pa·s, res p(:cL ivdy. An iuZefue{ocit..II boundar:v condition 

L~'l)(' and a ve]ocit.v of 2.28 m/s were specified at the duel, inlPt. 

• 
III {JAu 

where 

(J fluid density 

11 inlet duct (Toss-sectional area 

u mean flow velocity 

lWne(: 
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! 

Boundary 
Boundary condition Boundary condition 

type specification 
ducL iulet, inlet velocity 2.28 m/s 

ovcrflov,· discharge pressure <mLid o Pa (gauge) 
uuderflow dischargc~ prc:ssnw outlet o Pa (gauge) 

cyclone wall wall o Ill! (no ... slip) 

Table ;i.l: (;F J) hydrocydone model boundary couditions 

• 
TIl. 

p!\ 

6ti.99 

GO (99R.2) (7f /1) 

'IL 2.28 m/s 

45 

l'n88UH: outlet boundary ('ondiLioll types \VC[(' spccilipd at both cyclone discharge 

orifices at which a standard atmospheric pressun~ condit.ion of 101 ;)2;-) Pa (0 Pa ... 

gange) ,nl.S specilicd. The radial pwssurc gradient thaI, is gClwraLed duc to the swirl 

of the hy(h'ocydonc flow H8] was accouuted for by allowing for radial equilibrium 

pressure distribution across the cyclone disdmrg(~ orifices. A detrimental condition, 

which art.ificiaU.r suppresses the swirl and influellces Lhc internal hydrocyciollC flow 

strmture, arises if a ('onstant. pn~ssnrc is, insU'ad, spccificd at the difwhargc orifices 

PS]. A no-slip wall boundary condil,ion was spm:iJied at the cyclone wall boundaries. 

A summary of the implcllIc:nted houndary conditions is given in table: ;j.l. 

The mean residence; time I of the hy<irocydollC', which is an important. parameter 

for characterising the flow, was dctermiIH:d via equation 2.2 and found (,0 be O.G7s, for 
• 

the specified H)luIllC flow rate V s of ()(um kgl min. The gcometric volume V;. of the 

cyelollf' WHl-i dct(~nllincd in AuLodesk Inventor [01]. 

hellce 

T 
V;. 
Au 

I. O.G7s 

3.1.3 Turbulence modelling 

I 
V;. 

7.502 X lO~1 

(7f /1) (!Ul25)2 (2.28) 

The RSI\I, which was identified [7] [;n] [W] to r<:prc;;cut the lower bound [or turbulence 

modelling of h.nlrocydonc flow, was implement.ed for Lllrbnknce closure. St.amlard wall 
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3. CFD of Solution 

Equation 
1 )f(:HH un' 

conpling 
IvlomcntlUll 

Volume 
Turhulence kincLic (:Ilcrgy 

'rur bulencc raLe 
Reynolds stresHCH 

Discretisation scheme 
PRESTO 

T;'lble ;j.2: Implemented governing trall:-;port equation di:-;creti:-;aLioll :-;ehcIIle:-; 

46 

[ullcLiom; ''''eTC adopt(~d [or the ncar-wall treatmcnt o[ the flow field. The methodology 

adopLcd ill order t.o verify the validity of their illlplcJll('nCaLioll with the RSM, for 

the selected grid configuration, is discussed in detail ill :-;ccLioll ;1.l.G (c). The linear 

pr<'ssnr(~ :-;train model waH llsed 1.0 model (.he prcs:-;u1'(: :-;Lraill term in the Reynold:-; 

stress eqnation given by the relation in equatioll B.W. 

3.1.4 Multiphase modelling 

The ASl\Hd, which linds wide u:-;c [19] [;)7] [52] in the) lIloddliug o[ Illnltiphasc hydro­

cydone flow fidds, was implemented for the two-phase (water/air) (;F]) sinmlations. 

The iterative development of a Huitablc nmltiphasc flo,,' lllodelling :-;olnt.ioll st.rategy, in 

which the water constit.utes th() primary phase, is diH(,llssed in deL ail ill :-;ncLioll ;j.1.7. 

3.1.5 Constitutive equation discretisation 

Th("' importance of the appropriate selection of the discretisation schemes llsed for t.he 

llumerical prcdidion of the hydrocydolle f10\" field, was cmphasis('d ill section 2.2.2 

(1)), with rnspect to reporLH presented in the literature. Unless otherwise specified, the 

goV(~rning transport eqllations were discreLiscd as indicat.ed ill t.able :t2. 

3.1.6 Iterative development of single phase flow solution strategy 

The single phase solution represents a wat.er-only simulation. Although it is suggc:-;(,cd 

[tl] [:;;)](.0 initiate the solution n(n\' field with a st.eady :-;Latc solver, insufficient det.ail 

is given 011 the appropriate input pHramet('l's ncc<'s:-;ary to obtain a cOllvcrged solution. 

AU(·mpt.s 1.0 init.iate the sinmlaLioIl at inll't. velocit.ies l(:ss t.han the operating value 

or 2.28 mis, as suggesL<~d by Schud;-; ct. aI. [H], g.we diverged solutions. Solution 

('Ollvergence via a st()a<iy state solv(:r ,vas t.hus achi('nxl through the a.pplication o[ 

under-relaxation facLors of O.;~5 and 0.5 to the mOIllcutulll and turbulent. viscosity 
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3. CFD Methodology of Solution 47 

equations, respectively. The flow was subsequently simulated transiently, with conver­

gence criteria of 0.001 specifled for all solution variables. 

a) Progression of steady state single phase flow solution 

The convergence history of the solution is depicted in figure 3.6, with respect to conti­

nuity and the three velocity components. Convergence plots of the turbulence kinetic 

energy, the turbulence dissipation rate and the Reynolds stresses, which are bounded 

by continuity, are omitted for clarity. As indicated, the solution appears Lo converge 

up to approximately 2500 iterations, beyond which divergence is initiated, before the 

residuals level off in a cyclic fashion. This point of transition represents the period 

during which flow reversal across the spigot discharge orifice is effected, supposedly 

due to the development of a negative pressure within the spigot, as depicted in figure 

3.7. On account of this destabilising axial flow reversal, solution divergence ensues, as 

indicated by Lhe r('.-Sidual plot of the axial velocity component. From a mass conser­

vation perspective, flow reversal across the spigot discharge orifice implies that mass 

"accumulates" within the hydrocyclone i.e. the mass flow rate at the inlet is not 

equivalent to the combined discharge flow rates, hence continuity is not conserved. 

The divergence in the continuity residual plot is testament to this fact. 

1 e-01 

1 e-02 

1 e-03 

1 e-04 Residuals 
- continuity 

x·velocity 
- y·velocity 
- z·velocit 

o 500 1000 1500 2000 2500 3000 3500 4000 

Iterations 

Figure 3.6: Convergence history of single phase flow simulation 

The steady state solution was simulated for a total of 9000 iterations. Despite 

knowledge of the transient behaviour of hydrocyclone flow, the steady state solver 
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3. CFD Methodology of Solution 48 

was implemented with the primary objective of achieving economy with the overall 

simulation time. It was also intended to develop physically realistic velocity and pres­

sure field profiles, before employing the relatively computationally expensive unsteady 

state solver. The stipulated convergence criteria were dissatisfied via solution with the 

steady state solver. The overall progression in flow development and the justification 

of the adoption of the transient solver are discussed in the subsequent section. 

9.02 

8.31 

7.83 

7.36 

6.89 

6.41 

5.94 

5.47 

4.99 

4.52 

4 .05 

3.57 

3.10 

2.63 

2.15 

1.68 

1.21 

073 
0 .26 

-0.21 

-0.69 

-1.16 

-1.63 Pa 

Figure 3.7: Predicted vertical planar start-up condition pressure profile 

b) Progression of transient single phase flow solution 

The inadequancy of the steady state solver in resolving transient flow was indicated 

by a cycling in the residuals as reported by Slack [7J. At this juncture, the transient 

solver was subsequently employed, with an optimum simulation time step of 1O-3s. 

In order to achieve convergence, it proved neccessary to switch from single to double 

precision numerical represantation. A total flow time of 1.5s, which is approximately 

equivalent to two mean residence times, was simulated over a seven and a half-day 

period, with convergence at each time step. The significance of the total simulation 

period is that it permits meaningful predictions to be derived because it is greater 

than the maximum particle retention period, which was assumed to be equivalent to 
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3. CFD Methodology of Solution 49 

the total time taken by a particle to travel from the inlet to the spigot and back up 

such as to be discharged with the overflow stream. 

5.11 5.20 

4.77 4.86 

4.54 4 .62 

4 .32 4 .39 

4.09 4.16 

3.86 3.93 

3.63 3.70 

3.41 3.47 

3.18 3.24 

2.95 3.01 

2.73 2.77 

2.50 2.54 

2.27 2.31 

2 .04 2.08 

1.82 1 .85 

1.59 1 .62 

1 .36 1 .39 

1 .14 116 

0 .91 0.92 

0.68 0.S9 

0.45 0.46 

0.23 0.23 

0.00 mls 0.00 mfs 

a) steady state (9000 iterations) b) transient (Is) 

Figure 3.8: Comparison of steady state and transient vertical planar velocity profile 
predictions 

In accordance with reports due to Slack [7] and wiLh reference to figures 3.8 and 3.9, 

the adoption of the transient solver improved the definition of the velocity and pressure 

field profiles, respectively. T'he steady state solution also indicated 8000 iterations to 

be sufficient for developing a negative core pressure, which otherwise subsequently 

diminished. A converged and numerically stable solution was obtained for a further 

two mean residence times, without significanL changes in the velocity and pressure field 

profiles. All pressure profile plots depict pressures that are relative to an atmospheric 

pressure value of 101 kPa (101 325 Pa). 

c) Grid considerations with respect to near-wall flow treatment 

A y* value of 14.383 was found after transient resolution of the hydrocyclone flow 

field over a simulation period of Is. Such a considerable deviation in y*, from the 

recommended lower bound value of 30, signifies that the adoption of the standard wall 

function approach is highly inappropriate, for this specific grid configuration. Since 

y* > 11.225, a turbulent boundary layer is assumed, and the mean fluid velocity at 

all near-wall nodes P is determined via the logarithmic mean velocity law given by 
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2515 26.64 

23 .40 24 .04 

21.84 22 .30 

20 .28 20.56 
18.71 18.82 
17.15 17 .08 

15.58 '15 .34 
14 .02 13.60 
1246 11.87 
10 .89 10 .13 

9 .33 8 .39 

7.77 6 .65 

6.20 4.91 

4.64 3 .17 

3.08 1 .43 

1.51 -0.31 

-0 .05 -204 

-1.62 -3.78 
-3.18 -5.52 
-4 .74 ~7 .26 

-6 .31 -9.00 
-7.87 -10.74 

-9.43 Pa -12.48 Pa 

a) steady state (9000 iterations) b) transient (1 s) 

Figure 3_9: Comparison of steady state and transient vertical planar pressure profile 
predictions 

equation B.27a_ Although this methodology for determjning the validity in application 

of the standard wall function approach appears plausible, it is not rigorous_ By virtue 

of having variable perpendicular nodal-wall distances , of the near-wall node.s P, in 

different regions of the cyclone, it is, in fact, misdirected to assume a global value for 

y* . The deduction made on the choice of the velocity law suited for the determination 

of the velocities at the near-wall nodes P, on the basis of the standard wall function 

y* criteria, is in fact likely to be invalid in the spigot and vortex finder regions where 

the mesh density, in the vicinity of the internal wall boundaries, is highest. A more 

rigorous approach, in which the different wall boundaries were considered in isolation, 

is discussed in section 3.2.1 (a). 

3.1.7 Iterative development of multiphase flow solution strategy 

A water-only flow field solution corresponding to a flow time of Is, was used to ini­

tiate the multiphase (water/air) flow simulation. In accordance with reports due to 

Brennan [50], use of a water-only flow field solution with an adequately developed sub­

atmospheric core pressure, as input for the hydrocyclone multiphase flow simulation, 

proved necessary in order to obtain a converged solution. 
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ViiI 

,,~ 
(:t2) 

:U117 x 10-5 

All estimate of the operating volUllle fractioJl of air V:r",) ,,'as obtained via equation 

~t2) b.\- approximating a fully developed air ('orp as a cylindrical air columll of spigot 

diameter, extending HCross the length of the ('.\'dOll<'. On the Imsis of this assllluption, 

an air volume fraction of S%, which is half the 10% hy yoluUlC or a s('condary phase, 

beyond which the ASrvIM is reported [7] [8] to be lIwmitablc for modelling lIlultiphase 

flows, ,,\-as obtained. 

a) Preliminary multiphase flow investigations 

To accollnt for th(~ couglomerate VOlllm(~ fradioll of th(~ air that. llmy be' dispersed in 

Lhe bulk nO\Y, an operating volume fracLioll of air of 9% was assumed and illtroduc<:d 

at the illl('1" as part of the feed. The bOlludmy ('owlitiolls gin'Il in tablc :tl were 

implcIlH'nt.ed wit.h 1,,\,0 lllulLiplmse models, rnn ill parall(~l, \vhi('11 cIllployed the slip 

vdocity and homogeneous formulations of th(~ ASf\ll\I, wspceLivcly. All inlet velocity 

of 2.;jS m/s \vas specified, for the 2.0 llllll diameter partid(;s of t.he secondary phase, 

with i he rnultiplmse model which employed the slip vl'iocit.y formulat.ion. A siuHllation 

Lime st.ep of 1O-1s \vas identified as optimulll and as mIlCh as GOO iterations p(;r Lime 

st.ep, were allowed ror, in order t.o ensnre solut.ion ("OIlYCrg(~lH'(' at (~ach t.ime st.ep. 

lJ pOll entry into t.he main chamber, of 1.IH' air introduced at the inlet, the backflow 

VOllllll(' fracl.ion of air was set. to unity, at both the spigot and yorLex finder dischargc 

orifices [;{7], in onkr \.0 artilicially develop an air ("orc_ 110\\'('\,('1', the investigations re­

vealed t.hat. in order to obtain a converged solution, the backflow volume fraction of air 

at. the disdmrg(' orifices had (,0 be increased gradually from h(~ro to unit.y, only at this 

jUIl('t.lln~. Successive illcrcamcnLs of O.2G, at. every OIlC qnarter period of the residence 

time, prond ~llfIiciellt t.o satisfy cOllverg(;llCC conditiolls. :\oncLhdcss, the hydrocy­

done flow field remained larg(~ly llndmIlg(~d and 110 air core illCcpLion \va~ observed at. 

Ih(' spigot, wit.h either solution st.rategy, over a simulat.ion period of approximately two 

residcllce tillws. As cxpc('t(~d, the solut.ion ('lllplo~'ing t.he llon-homogpucous iIllpi<'rncu­

t.a/ioll of t.he ASMM, proved computationally Illor<~ (,XI)(~lIsiy(' due t.o the additional 

slip velocity equation requiring solution, for the secondary phase part.ides. Unless oth­

erwise specified, thl' gellcric aspcct.s of the strat.egy ('st.ablish('<1 during this it.erative 
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3. CFD Methodology of Solution 52 

solution strategy formulation process, will be employed for the multiphase flow models. 

The subsequent secLion discusses a strategy which led to the successful simulation of 

air core inception. 

b) Preliminary multiphase flow solution strategy 

In the interest of achieving economy with simulation run times, the homogeneous im­

plementation of the ASMM was employed with the multiphase flow CFO hydrocyclone 

model. The operating volume fraction of air was increased to 50%, despite the est i­

mated operating value of 5%. This was done with the intention to expell, into the 

atmosphere, any excess air not contributing to the formation of the air core nor to 

the volume of air remaining entrained in the bulk flow, during the artificial air core 

development process. In a manner consistent to experimentally observed phenomenon, 

air core inception was initiated at the spigot discharge orifice. Figures 3.10 (a) to (c) 

depict an increase in the normalised volume fraction of air admitted via the spigot dis­

charge orifice, across which significant recirculation persists. The blue-coloured region 

is indicat ive of an atmospheric spray discharge of liquid water. The instance at which 

a significant portion of the area across which recirculation is exhibited, was predomi­

nantly occupied by air , as depicted in figure 3.10 (b), is represantative of the juncture 

at which a value of unity was specified for its backflow volume fraction, across both 

discharge orifices. 

1 .00 

0.93 

0 .89 

0.84 

0.80 

0.75 

0.71 

0.87 

0 .62 

0.58 

0.53 

0.49 

0.44 

DAD 
0 .36 

0.31 

0 .27 

0.22 

0 .16 

0.13 

0.09 

0.D4 

0.00 volume fra ction (air) 

b) 1 03s 

c) 1058 

Figure 3.10: Normalised spigot discharge orifice air volume fraction profiles 
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Accordingly, solution instability and divergence occured due to the inherently un­

stable air core formation process and the lack of conservation of continuity, respectively. 

To mantain a converged solution at an optimum simulation time step of 1O-3s, the 

convergence criteria of all the solution variables were relaxed to 0.0.5, at the instance 

where the recirculation of air across the discharge orifices was initialised. Continued 

air core development and sustenance were achieved by progressively relaxing the con­

vergence criteria, at the point of solution divergence. All convergence criteria were 

relaxed to a final value of 0.0625, beyond which solution convergence could not be 

achieved, even with variable and smaller simulation time steps of up to 1O-6s. 

1 .00 

0.91 

0 .86 

0.80 

0 .74 

0 .69 

0 .63 

0 .57 

0 .51 

0 .46 

0.40 

0 .34 

029 

0.23 

0.17 

0 .11 

0 .06 

a) vertic.1 plane (z=O) 

0.00 'do lume fraction (a ir) 

b) horizontal plane (12 5 rrm depth) 

Figure 3.11: Artificial vortex finder air core inception and inlet feed air trajectory 

Upon entry into the main chamber, the air-water mixture introduced at the feed 

inlet is deflected radially outwards by the incident swirling How field, as depicted in 

figure 3.11 (b). Subsequently, on account of the radial pressure gradient and the 

differential operating media densities, the less dense air stream is conveyed radially 

inwards by the clockwise swirling fluid motion. Following this, it is then trapped 

against the outer wall of the vortex finder, along which the constituent bubbles coalesce 

and segregate. When this air rich How stream short-circuits as depicted in figure 3.12, 

it reinforces with the artificially induced air core that is prevalent within the vortex 

finder. This flow mechanism, which is inherenL to hydrocyclone flow dynamics, is 

indicative of the potential for the successful implementation of this strategy, in the 

artificial development of the air core from both discharge orifices. However, figure 3.11 

(a), which depicts the artificially induced air Core without any short-circuit flow of the 

air stream, seems to suggest that air core inception and development may be achieved 

via the introduction of little or nor air, at the feed inlet. Such a simulation strategy 

Univ
ers

ity
 of

 C
ap

e T
ow

n
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would result in significantly reduced computational expense. The air COre inception 

effected at the spigot discharge orifice is depicted in figures 3.13 (a) to (d), up to the 

point approaching maximum air core development. The spontaneity of the air core 

inception event, which is indicated by the Lime span from the initial burst to the nearly 

fully developed air core, accounts for the numeric instability of the solution. 

0.97 

0.90 

0.86 

0.82 

077 

0.73 

0.69 

0.64 

0.60 

0.56 

0.51 

0.47 

0.43 

0.39 

0.34 

0.30 

0.26 

0.21 

0.17 
0.13 Yertical plane (z=O) 

0.09 

0.04 

0.00 volume fraclion (air) 

Figure 3.12: Enhanced artificial air core development 

3.2 Implemented solution strategies 

This section presents the solution strategies implemented with both single phase and 

multi phase hydrocyclone flow fields. The exploratory solution strategy adopted with 

the single phase flow model was also implemented with an identically-sized cyclone with 

a 25mm x 20 mm rectangular, outer wall tangential inlet. This exercise was aimed at 

providing an assessment of the genericity of the devised meshing procedure as well as 

facilitating the investigation of inlet geometry effects on the hydrocyclone flow field. 

Meshing concept B and a conformal, regularly-structured inlet-main chamber geometry 

mesh were employed in meshing the rectangular inlet cyclone. The grid considerations 

made in order to account for the near-wall treatment of the now field are also discussed 

in detail. The preliminary multiphase flow solution strategy discussed in section 3.1.7 

(b) was also adopted, with slight modifications, for the multiphase flow model. 
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1.00 

0.93 
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0.84 

000 

0.75 

0.71 
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0.40 
035 

031 

027 

022 

0.18 

0.13 

009 
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b) 1.0~s c) 105s d) 1.065 

Figure 3.13: Spigot air core inception and development 

3.2.1 Implemented single phase flow solution strategy 

55 

The hexahedral element meshing scheme (Hex-Map) [8] constitutes the default meshing 

scheme for the selected rectangular cross-sectional geometry of the cyclone inlet. As 

such, no geometric manipulations were implemented in order to avert non-conformal 

meshing of the inlet-main chamber geometric configuration. The mesh used with this 

cyclone geometric configuration consisted of approximately 200 000 mesh volumes and 

is depicted in figure 3.14. To ensure the validity of the application of standard wall 

functions, for the near-wall treatment of the flow field, the perpendicular distances of 

the near-wall nodes P from the disctinct internal wall boundaries, were increased. The 

pertinent details are discussed in the subsequent section, in terms of the y* validation 

criteria. The results are contrasted with those of the outer wall tangential, circular inlet 

cyclone, for which the disctinct internal wall boundaries were considered in isolation. 

a) Grid considerations for near-wall flow field treatment 

As projected in section 3.1.6 (c), with reference to the y* values listed in table 3.3, 

the internal wall boundaries of the vortex finder and the spigot, represent the regions 

where the logarithmic mean velocity law given by equation B.27a, is inappropriate for 

determining the velocity distribution in the near-wall region, for the mesh employed 

with the circular inlet cyclone. This grid-related inadequancy is also exhibited in 

the vicinity of the conical chamber wall. The y* criteria, in addition to giving an 

indication of the expression used to approximate the velocity distribution in the near­

wall region, also provides a means for evaluating the validity in its application, which 

determines the extent to which the boundary layer is suitably bridged, with respect to 

Univ
ers

ity
 of

 C
ap

e T
ow

n
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Figu[(~ 3. H: Rectangular (Toss-sect.ional iIllcl. c:>'Clonc mesh 

a specific grid configuration. Fort lltlatcly, d(~pit.e grid illadeq1tanch~ that rnay rcsnlL 

in the inappropriate application of the wall function approach, the FlllcnL [~] solver 

rq)()rtedly [8] ddaull.s to Lh(~ laminar stress-strain relationship given by eqnation B.28, 

\\'ithin Hear-wall [('gion cells in \vhieh y* < 1l.22!). The shortfall of this functionality 

is Lhal any severe now variabk gradicuts exhihited in th(~ nca.r-,\vall n~gions lIlay he 

inad('qlla.Ldy resol\'(~d. Depending on the sc\'(~riLy of the grid inadeqnancy, divcrg('d 

or physically unrealistic sol111,iolls may result, hCllcc t.he Jl(~cd for proper ass()ssIlwuL of 

t.he appli('abilit.~· or t.his approach, wiLh rcsp()cL to a spccific grid cOllfignraLion. 

A signiIicanL improvement with r()gard to grid gew:raLion, in the context of the 

adoptioll and the appropriat,(, impicmentat.ion of the wall fUllction approach, is oh­

s(:r\'(:d with tJl(; y* valllcs of the rectangular inlet cyclonc, which ar(' listed ill table 

:L,t Save for the spigot, all the y* values after Is of flow, arc within :31.1% of the 

recoJllmended [xl value of :iO, in cont.rast (,0 the ():~o/t, descrqmIlcy indicat.ed by the ;y* 

valu!' of the ('onical chamber wall of the circular inkt. cydone. Tlip .11* results due to 

the meshes of the variable cyclolle in)(~t g(:ometric configurations, seelll t.o Sllgg(,st that. 

the application of a boundary layer IH(:sh wit.hin the spigot 'would be more appropri­

aU'. The lack of t.he need to adopt this lIlore ('ollscrvat.iY<' approach, particularly wit.h 

n'spccj, to the remainder of the int(~rnal wall structure of Llw (·~·dOIlC, was UloLivaLcd 
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inlet cross-section type 
-----~-----------------,-----~-- ------------

circular rectangular 
simulation type fitendy LnmfiicnL fiLcady transient. 

~------ ----~---------

~l()()O I {lOOO ---_ iterations I flow time Is 1000 nooo Is 

r=-:-----.---- wall~____ ~- .1/* value 
---_._-,-- -----

;30.018 n.1!)1 27.1!);j 27.180 1. mlct. d nct 29.98~) ;Hl.OGO 
.~--

2. c.\-done roof 10.120 12.080 12.W8 18.I!)1 20.G11 20.25;{ 
vortex finder (ext) 

f--------
I ;1. 1O.n76 I0.nOS 10SH) ID.721 2S.5f)O 27.,1;{0 

------
I 1. vortex finder (int.) 7.7G1 I1.D67 11.581 1;{.820 2;).106 20.067 
I G. main ehamiH'r lG.;3(;2 J 7.8GG 17.;30() 27.!)!);3 29.150 29.070 

G. ('onical chamber 8.8nO 12.7;')1 11.121 15.881 21.220 18.779 

L 7. ~pigo!. 2.-17fi ;t 7();) ;3.98!} ;-t287 1.892 0.12:3 

Tahle :).;j: \Vall function validat.ion criteria of circular and wcLangular (Toss-fiect.ional 
inlet n'dOJl(~fi 

in fi(~('tion 2.2.2 (b) and is fillpport.ed by tlw.l/* rcsnltfi ('orn~fip(lIlding to the redanglliar 

inkt cyclone. Gin~Il the ph,Yfii('al dilllcnsions or 1.he spigot, if the associated grid were 

set up such as t.o satisfy LiH' y* crit.eria, the underflow fiIlc SIH·H.\' discharge stn~alIl 

that flows against t.he spigot. internal wall boundary would 1)(' inadeqnately resolved. 

1I000\,(;v(;1', froIll a practical pcr:-;pccLiv(\ inadequate resolution of t.he hycirocydonc flow 

fidd \\-ithin t.he spigot j:-; not. critical hecause the iudication from figurf' 2.10 is that 

no aeLiw~ classification O('Cllr:-; within it.s confine'S. In addition, t.he overflow stream 

spiral which predominantly conveys lim; part.ides, also r('n:rsps ill the' vicinity of the 

apex of the ("ouical chambe1', Nonethelcss, froIll a CFD point of vicw, this aspect is 

poLc'utiall.\' critical. Th(: resnlts pn:s('IlU'd ill tahle ;Li indicate that. the I'(:cLangular 

inlet. cyclone grid confignration is better suited to Llw adopLioll of t.he sLandard wall 

fuuction approach. 

b) Progression of single phase flow siumlation 

The single phase flow simulation progrcsficd in a similar llIHllller \,() t,jmL discussed 

in sections ;(, 1.0 (a) and (b). Snprisingly, given only a 2% discwpancy in volume 

How rates, the relative devPiopmcnL of th<' flmv Held of the rectangular inlet cydonc, 

was marginally qllick(:r. The relatively marginal p(,Ollomy achieY<xl with the overall 

Sillllllat,ioll Lime ruay be attribut.ed to the significant variatioll in mesh densities. Qual­

itati\'(:!y consist,cut, velocit.y and pr<~fisun~ lield profile:') \n'rc obtained with boLh cyclone 

gcollld.ric configurations awl quantitat.ive comparisons of th(' flow field w1riables an' 

drawll ill the subsequent chapter. 
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3. CFD Methodology of Solution 58 

3.2.2 Implemented multiphase flow solution strategy 

A similar simulation strategy to that discussed in section 3. 1.7 (b), was employed 

with the multiphase CFD hydro cyclone model. In contrast , convergence criteria were 

relaxed gTadually from 0.001 to 0.005 and improved solution stability, at the point 

of air core inception, was achieved by altering the discretisation scheme for all the 

equations employing the third order accurate [18] QUICK scheme to the first order 

accurate upwind differencing scheme. A pulse of air core inception at the spigot, which 

is identical to that observed during the physical start-up process of a hydrocyclone [49], 

was successfully simulated. Following this pulse, the air core developed at the spigot 

subsided, leaving behind the artificially simulated portion prevailing within the core of 

the spigot. Solution stability, without any subsequent air core inception at the spigot, 

was mantained for a further 0.05s of simulated How time, which was achieved over 

a two-week simulation period. Figures 3.15 (a) and (b), depict the air recirculation 

zones at the spigot discharge orifice, at instances after the point of maximum air core 

development and near disappearance, respectively. A significant reduction in the air 

recirculation zones as well as the pure air fraction content recirculated, are observed. 
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0.31 
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0.22 

0 .18 

0.13 
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b) 1 .ISs 

Figure 3.15: Diminished spigot discharge orifice air recirculation zones 

3.2.3 Summary 

A discussion on the exploratory and implemented strategies that are relevant to the 

numerical simulation of both single phase and multiphase hydrocyclone flow fields has 

been presented. Certain specifics, which are concerned with geometry generation and 
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3. CFD of Solution 59 

meshing of the cyclone geometry, hOllIldary condition specification and flow ('<Illation 

discrdisal.ioll as \vdl as turbulence aud lllult.iphas(' flow modelling, have also been 

highlighted. An aSSCSSIlwnt or 1.lw int<'grit.y of the predict.ed Ill1lI1C'ric results is made 

ill t.he subsequent ('hap/.(~r. 
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Chapter 4 

CFD Results and Discussion 

The lllllllcrical flow Held predidions due to the eFD hydrocydollP models thaJ, \vere 

highlighted in chapter ;~, are prcs(~ntcd and discussed in d(:tail in the present chapLer, 

with n'gard to the velocity and pressure fidd profiles. The nnsuccessful simulation of 

the air core, although beyond the scope of t,his work, renders the selected [6] air ('orc­

operated hydrocydoIlC experimental data set UIllIsablc for the purpose: of validating 

the \yater-only CF)) hydrocydollf' models dcvdoIH'd ill this work. FurLherlllOn\ the 

lack of published experinwnLal data on watcr-ouly operated cyclOllcS also prescnts 110 

Im'HUS to validate the CFD hydrocydOlH: models, The integrity of the CFD predic­

tions is Ihus motivaLed via qualitative comparison \dill ('xpcrim(~ntal air com-operated 

hydrocyclollc velocity trends that are reporLcd in tJH' literature. 

Unk~s oLh(Twi~(' sLated, all results an' discl\ssed with rcsped to the !low field pn:­

dictions due to t.h<' circular inkt hydrocyciOlJ('. Inkt geoIlletry effects arc assessed 

by cOllt.rast.illg the turlmkuce intensity l(~vds of the flow fidd in the feed entry sec­

tions of circular ami redanguiar inld hyrirocycionns. Superimposed graphical plots of 

hori;;,olltal planar component velocity profile predictions dllc to these variable: hydro­

(,~Tlon(' geometric configurations, whieh can be used for fut.ure comparative studies, 

are presented ill Appcmdix C. Comment is also giv(~Il OIl the appropriatc~ne:is in im­

plementation of the standard wall functioll approach, with regard to the ncar-wall 

treatment. of the hydrocycl()nc~ flow fidd. The) insight gained from the nmlt.iphas(~ flow 

simulations, which pn~scllt a credihle accollnt of the posflihlc mechanism for air core 

incept.ion and dc\"elopfllcnL, is also dis(,lISS(xi. All pressure profile plots depict pres­

SHrC'S that arc relative to an atrnosph<'ric pressure vHIIle' of 101 kPa (101 ;{25 Pal. The 

coordinate syst.em adopV~d is consistcut with that defined in chapter :j, sc~cLion ;tl.l 
(a). All vertical planar cross-s(x'\'ioual views of th(' h~'dro('~'doIlC represcmL the x-y 

planc, in v,hidl Lh(~ Lhn'()-diIllcnsional ovc~rnow discharge spiral is also depicted. 

GO 
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~----~--------.~--------------~------------------

4.1 Predicted single phase flow fields 

Experiment.al obs('rvation indicates that. upon initiation of inlet. flow into a void cy­

done, circumferential flow is (~st,ablished against the p(~riph('ral intcrual wall structure 

[Hl]. The cyclone Sll bscqncutiy [ills from the' spigot llJnmrds, facilitating Lh(~ expulsion 

of th(~ ('('ut.rally cnt.rained air core via the overflow disdmrgc orifice, thus allowing for 

the' pre-air con~ inception flow field to <i('veiop as a water-only flo-IX [WJ. The rmmcri­

cal flmv fidel was initiaLed wiLh a water-filled cyclone bearing the houndary condit.ions 

listl~d in table ;{. L As such, the initial phase of t.h(: sta.rt.-up period of the actual phys­

ical proeess, 'which is of no practical significance, was not capt.ured. \Vhilc bearing in 

mind this inh('n~llt. limitation of the CFD hydrocydollc Illodds, pr(:dicLions providing 

insight on it.s hydrodynamic bchaviom from the complctd:',-filled to t.he cquilibrimn 

single phase flmv condition, wcn~ derived and thcs(~ arc discussed in the subsequent 

section. 

4.1.1 Predicted hydro cyclone flow field development dynamics 

The hydrodynami(, d(~vclopmcnL of the h~tdro('ydoIl(~ flo\\" licld is discussed \vith resped 

to t.he \'dociLy and preSSllr<' Geld predictions. The st.art-up and equilibrium flow con­

ditions are considered, \\'hich, unkss oLhprwise sLaLed, correspond to a. lOOO-iteration 

and a t.wo-second simulation period, of flow field resolut.ion via the sL(~ady sLaLe a.nd 

t.ransient. solvers, respectively. Unless otherwisp stated, all horizontal planar flow field 

profile \,iews depict plots on Llll' plane that. constitut.es t.he horizontal inlet, dmt bisec­

tor, which is locat.ed at a dq)th of 12.0 rHIll helm\" the roof of the hydrocyclonc. 

a) Velocity flow field development and exhibited spatial distribution trends 

U pOll initiation of the inlet. flow, the in Id HI n~alll t.ranslates liu('arly into the main 

challlber, where ii. impinges upon Lh(~ static stream, as depicled in figure 1.1 (a). On 

account of the negative pressure gradicllL (~stablishcd b(~LweCIl the inlet. a.nd t.he dis­

{'harg(~ orifiC(~s, the lukL stream is <leederated [,0 a local How vdocit.y higher than that 

Hpcdficd at the inh~L boundary. A radial velocity gradient iH thus established within 

the confines of tlw yortex linder-main dtamber <-llllllllus, within \,,\tieh slower moving 

fluid str<~alllS are obHcrved ill the vicinity of Lhe wHlls. On accounl of the progrcs­

si\'(~ dc('celeration of Ih(' dynamic inlet fluid stn'Hm, progressiycly less 1lI0111cntlll11 is 

imparted onto the static fluid contaiucd within the main chamher, heHce the csLabliHh­

lUI'Ilt of the stagnant Hui(t ",one, in t.he vicinit.y of the yorLcx Iimh'r, ,1S indica.ted by the 

blue-coloured regions in figun~s ,1.1 and ,1.2 (a). Fluid displaccment, via mass diffusion, 

through the vortex finder and spigot. constrictions, leads to its lincar acceleration and 
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4. CFD Results and Discussion 62 

atmospheric discharge, as depicted in figure 4.2 (a). Likewise, an asymmetric veloc­

ity distribution that comprises faster flowing periphery fluid streams and a stagnant 

central fluid zone, is exhibited in the vertical plane, as depicted in figure 1.2 (a). Dur­

ing this phase, which marks pre-establishment of swirl within the bulk of the fluid, 

short-circuit flow represents the only secondary flow pattern developed. 
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Figure 4.1: Horizontal planar start-up and steady state velocity profiles 

With reference to figures 4.1 and 4.2 (b), which represent the equilibrium flow 

condition, the bulk of the flow field mantains a relatively constant velocity, as indicated 

by the dominant green-coloured regions. In contrast to the start-up conditions, the 

inlet fluid stream is, upon entry into the main chamber, briefly accelerated by the swirl 

motion before it assumes the bulk flow velocity. A relatively insignificant portion of 

the fluid remains stagnant within the vicinity of the exterior of the vortex finder. The 

no-flow condition exhibited on the internal wall structure is consistent with the no­

slip condition specified at these boundaries, in close proximity to which, insignificant 

velocity gradients are observed. The establishment of the stagnant fluid zones that 

are located within the core of the vortex finder and the spigot, as depicted in figure 

4.2 (b), may be attributed to the flow reversal effected across the discharge orifices 

on account of the sub-atmospheric pressure generated along the central axis of the 

hydrocyc1one. The relatively marked buildup of this fluid within the vortex finder, 

in contrast to that contained within the spigot, is due to the additional downward­

directed gravitational force exerted on the fluid, against which the fluid recirculating 

across the spigot discharge orifice has to act. Such fluid recirculation across the spigot 

discharge orifice is physically unrealistic and merely represents a mathematical feature 

of the CFD hydrocyc1one models, which provides the means by which they treat flow 
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across pressure outlet boundaries. An insignificant portion of a slow moving stream, 

which stretches along the length of the conical chamber, also exists at the core of the 

flow field. 
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Figure 4.2: Vertical planar start-up and steady state velocity profiles 

In the vicinity of the central axis of the hydrocyclone, lie the fastest asymmetric 

fluid flow streams, which extend from the apex of the conical chamber up to the 

vortex finder discharge orifice, as depicted in figure 4.2 (b). The circular horizontal 

cross-sectional view of the precessing fluid stream depicted in figure 4.1 (b), consists 

of a cylindrical annulus that encircles slower moving secondary streams. This implies 

that the outermost precessing fluid stream is the overflow stream which constitutes 

the innner spiral depicted in figure 2.3 . Solid body rotation, which is synonymous 

with the forced vortex structure discussed in section 2.1.1 (c), is also implied. The 

graphical plot in figure 4.3 depicts spirals that comprise the overflow and underflow 

discharge streams, as well as pathlines of fluid particles released from the inlet. 

b) Pressure field development and exhibited spatial distribution trends 

The development of the flow pressure field is marked by the initial establishment of 

sub-atmospheric pressures within the spigot and vortex finder, as depicted in figure 4.4 
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