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The recovery of metal values from aqueous streams via pre:ciJ,itatioIB, or reactive " ..... ' .. iX ... V .. , is both 

an and unit o .... • .. ,.t".m in a wide ofindustries. 

Howe'ver the control and "1", ..... ",.,':1 of these the limited fundamental basis for 

their in downstream prC'Ce!lSlI:lg difficulties. 

Previous work considered pre:Cipitat:ion and as an 

and qUlmtilfie,d, to a first the between the various The current 

is aimed at further nn,~tr"",.m cornp<>nents of this model the 

prillcipall:y to the exhibited 

a conlpu1tati<>nal fluid ayrlarrnCs 

in addition to those COrl'ler'VInIU momentum and mass, incO .... IOI"~lte'l models aes.cnDm,2 

the solution cne:nmmy and a discretised balance 

The DPB ofHounslow et al. which is able to account for the processes 

and in the evolution of the size is and modified. 

The of the rates of these kinetic processes on the chemical environment demands accurate 

characterisation of the solution consideration of the full range 

The non-linear of 1thelrID()dVnmnic reilltionslilips and mass balances .. mnln,vl11"" the Davies 

coefficient model to relate concentrations and ,.ctivl1rie.. which define the inf1r,.",h",,~ 

state of the system is fonnulated. The methods of solution of the ", .. ",.n ... "" differential DPB 

and of the SPC:l,;li1lLlUn calculations are established. 

A new method for the inb·ul",~ti('.n of such models with the standard CFD calculations {--;;;'li,'.;t""l!> fluid 

flow and associated behaviours numerical solution of the differential is 

prolmolted in this work. Dictated the inclusion of the solution 

ctte:nm;try, the is centred on the use ofa user-defmed Fortran subroutine which is called 

the CFD solver to the run and at the end of each time of the transient calculation. The 

extensive and solids fonnation are encoded within this subroutine and 

n ... 'fr. ........ .r! in each ofthe several thousand cells in the finite volume mesh the flow 

UVll ..... U, as are mass balances material. The transient conditions to 

" ... 1"",1'1""" these calculations dYltlaIlliclllly are sup,pIIC:<1 """,·".t-Vln,a an in-built CFD solver scheme such 

number concentrations within each size class that eql:lalllC)llS for 

are solved either on their own a fixed pre-calculatc:d flow field or a!ongS:l<1e those ofthe 

III 
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Iv Abstract 

hv(irOlMlamic variables if a timle-dleplendlent flow is modelled. It is that transfer of the essential 

precipitation calculations to a user-defined subroutine ,.. ........ ".tl" allows increased model control and 

The preliminaJry "'1"1-'''''''''','''40 of the resultant modelling T1'<I,mp,,,,n,'1{ to the "" ..... , •• ~"'4O of a non-ideal 

test viz. the semi-batch precipitation of nickel hv"lrn,,,,'p from chloride sol1lltion, is 

demonstrated. The necessary model calibration and .. p,.pn.tin,n Oil' cClmJlUtlltia,nal rep'resentati(lns of the 

lablJral:orv data ofDustan eXIleI1lmelltal geometry and flow fields are effected 

lm]portantly, due to the fact that Dustan's py, ... rimp,nfl'l 

suppor:ting CFD "'''''"''''",'''6 

WaJS never the expectatio,n. 

the extent and 

WaJS not conceived with the intention of 

of the data is such that validation of the model 

Ne"erthelless, the exercise enables some into the 

to be two of the most notable for pr8lcticalllIIUU';;1ll!1~ purposes, it is not -

unitbrmilty and that an _~ .. ,:I:~."': •• - ri,o>c:r.;l"intinn of nucleation is reasonable to aJSsmne 

It also nrovidles information on the relative merits and deficiencies of both model and 

fi1cillita1ling an ImD,rOVlil(l wlldell'StaJrldirlg of the way SigJllificaI1ltly, it 

establishes the robustness, structural jntE~ .... ijtv and internal COflsis1tem::y of the overall model. It is 

reiterated that the f8lct that the current of the model does not nec,essEIli 

ap~lr02Lchles amounts to a limitation of the data and not of the CFD n.vu .. u,u,s apJ:lrOSLCIl. 

The contribution of this dissertation is considered to lie in the de,'elolpmlent of a novel model 

arcilllte:cture ""IIVl.1U'IJ""""lIl~ the non-trivial int'~01'i~tir.n of various model features en\i'isa:lled aJS of 

",,,", .. \,ilwm value in the which aqueous 

to the one investigated here. The framework is of distinct 

value and is 8ICC1omtnodlatil1lg ullgrnides aJS fundamental undiersl:alUllmg or 

proICe!;SmllZ power becomes available or aJS increaJSed Py, ... rimp,ntlll resolution allows , ..... ,,,.,",, .. ,, 

characterisation. With to the test such work is identified aJS a 

for future endeavoWl'S if the detailed kn()wled~!e of the 

modellling is to be explOitled m,eanlmgtuUy. 

dvn.amics afforded CFD 
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1 

Due to the toxic nature ~+'_n~" metal the recovery of metal values from aqueous streams via 

pll:ciJlitatiolrl, or reactive """'U"'"'V", is both an and en'(irCmnlenltally slglllltlcant 

teclllnctloll:Y in a wide " ...... ...tr ....... of industries. the limited fundamental basis for the of 

these processes leads to difficulties in sul:tSeCluCllt plroclossiing. For o;;A~Ull~"o;;, SOll<l-1I0luul 

"",,.,, ..... ti,,.n difficulties t"II'"w.na precipitation 

result of undesirable pre:cip,ita1te charactClristics such as 

distribution include slow and UDl)rel:lic1:ablle 

.... ".A ...... "" are common. Problems. the 

and filtration and 

size 

moisture content 

sediments. in tum, translate to eqlllpinerit and ope:ratmg costs, solids handiJrlg 

difficulties and loss water. 

It is well ac(:epted that the choice oi"lprecipitation ""f~mtjno conditions affects the 

characteristics and hence determines the d""INAlteriino & Mersmann As 

intimated 

occurs. 

no'we"er. there is an absence of a fundamental de'm~intil"n of the manner in which this 

''''' .... ''11<1 consideration 

processes, allows the establishment 

continuous installations. Such "!"cu, ..... , 

the relative rates of the various ""''''''''Iit,.tir.n 

,,".,mt''''',<l1 s1ratl~gil~s for both bulk and 

aim to these 

intrinsic features in an effort to deliver the desired attnblutes, an essienillally heuristic device of 

limited value in and VI"""""""J' oll>le=trll'es. Previous work co-worker 

Andrew Dustan 

",,,<,Ull,, ",IIo.I-1'.'''''''J' the relatl1on!.h11)S between 

recogJllSC:d the need to 

opc:rating variables and the overall 

Dustan's considered prc:ciJ)itliltion and SUI)SeQUlem <1e,\;"'AtI~l'm as an 

that the level within hithClrto discrete disciplinles was under-utilised 

1 
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2 CFD anllMals of reactive cry.talilSillltlcln In stirred tanks 

for nractical atten:1Pts at __ "'_1''' __ the overall T .... _ .. , ... identification of the different 

COllnpc,neJrn processes and of the intc:r-r4~lationshjIPsbetween an model 

framework was !1ev'eIOnM aimed at nrovidimz a tool to inform and facilitate the optimisation, 

operatic)n and control ofnew and rellictolr-seDar:lltor units. 

1 

The ohil~i1~e of this is to further resolve the "",~tr ... "m COl1llponelllts of the intc:gralted model of 

Dustan theprec~jmn()n whose task it is to define a set 

to establish the thereof. Particular focus is on 

and the desired replrese:ntaltlon jnhc)molgenleiti4~. As the 

aims are to a conlpultati()nal fluid cMlaRlics to within the 

CFD a kinetic model and discretised poplWaiDOn balance to the 

requm~mcmts of a test and to demonstrate the of the resultant model "lIIf'leI"'I:trnctnre 

peJrmit1ting its emc:acv. more imJlOrtantlly within the context to this 

of this its structural mtc:2I11ty and internal conISlSl,en(l)' to be established. The intent is that the 

«IlIfW'll"«ltl"lIctll1'f! have distinct "I"" ...... "'" and be of value in the "''',.'''."',,. which 

exhibit solution To the best of the author's such an intc:gnllted 

,,,,,,,,,,,,u."'jI;,,I,,'tf"nrm has not beeJl available hitherto the research group of Mike Hounslow and 

InnJ~mv of Sheffield in the UK is this test "'v"'" ..... ,,' 

HOlmsllowet al. 

The test a 'difficult' one and one which is of consideJrable interest in its own is the SaIlle 

as that eJnloI01~e<1 Dustan viz. the semi-batch ofnickelnYc:lroxlde. It is 

iml)ol1:ant to note here Dustan's was not conceived with CFD validation or 

detailed characterisation in mind and that the extent and of the associated data is hence 

""lilr .. l" to be to CFD efforts recourse to this 

it is thus not the that the model be validated. Since the of the 

test inform the model the of the model framework 

hI'''',,,.,,,.... Plrese:nted, for the sake Slm.pli(;ity, alanWl:ide the model calibration and apt:ilicliltio1n 

outlined in Sec. ftUIlIJLIJiUI. realistically, it is nat the intention to ...... O+ .. r-tlv resolve the under 

investigation or Slgtllfi(:aDt additional cOlnpl:ehc~nsive reconciliation of 

simulation and .. .., ... ..,.;·m .. 'rlt,.1 IUXIaPC:lSltlon, information on the relative merits and 

deficiencies of model and eJqlerilmelu, as well as antll'ec~latlon of the way "",w,.ru. may 

"~"""'''''be 
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Introduction 3 

1 

A review of the relevant and literature is presented in 2. This inr.nm .... 1f'<l't....: content 

of solution therml:xl~'naJtniC:S. pJrecilpitlticm 1'1.'""'''1'''''. the balance and 

including a focus on CFD and its to stirred tanks and Where 

appluc~lt)le and/or aV~Ulaltlle. the material is discussed within the context of metal hvclrm:ide 

~TT,I'lM1'VPIV addresses the issues surroundilngthe .. ,,,, ...... ,,,,.,y. and necessary 

maJnlPllUallOn of the PYr\erjmelntl'll data at hand. What follows in 4 and 5 is a documentation of 

the ..... " .. n'l1u""", of an ..,t.,....."h.11I model structure aimed at ultima1tely of value in endeavours to 

simulate similar to the one 4 details the models 

of solution and the balance and the spe,citic;s and results of the rate extraction 

exercis,e. all of which are then with the CFD efforts S. It should be noted 

here that the annotated code files in A are considered to be a resource of 

central jml'KU1rlm(~e to this 

Selected. meanllngtul simulation results are recorded and discussed in 6, estaib lislling the 

.. 11"" ... "",,", and structural of the models. the various Iml:nnl~s and 

de"el()pnlents of value are summarised in 7, togethief with recommendations for continued 

in the field. 
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Pre:ci~'itatioln, or reactive crystallis~ltion, is used in the chemical pro:ces;stnlg industries. 

I'recipltatlon of metal is also nrevllilent~ either as a means to ..... ..",1>,,-... a solid 

with an intrinsic economic value the production or as 

of waste water treatment processes concerned with the removal of unwanted metal often as a 

hYI:iroKide, from process streams. In both cases, the of the precipiitatl~ n:U'ti,~le" are 

lml,01"ltanl~e and must pay considerable attention to '",,,,m,,,I,,, 

criteria include size .. ,~ ............ -.-

n".1i",,11111~p. shear and cornOI-essive stresses, as well as 

H."'UUH1>< surface size distribution and 

form 

surface 

are ""' •• ,,''', .... slgllifi(:ant in deberminirlg the pertol'lmaJllce of downstream pr~~essmg. The 

ease SOIIIQ-IIQUIIQ se:pwllti(}n irlcluldil1lg filt",rllhilitv SUSlpelll$ion rheolo,giCalbehaviour and and 

rates, for eXlunl)le, are all U"IJ""'U",,"" on these In the chemical 

COrnlX)sition of the in terms and form can also be if 

the has economic value. 

The dearth of fundamental un(1en.tai1ldil1tgoutlined in Sec. 1.1 means me,etirlg 'v,,,,ni,,l .. criteria 

nllr1iclllllr'lv cllalliengmg. There in metal it is in other precipitation 

are fieqUlmtlly deviations in the perfol'lmaJllce precipitation tecnn(HO~:Y in time and 

ap~lllcatJ()ns and in with chemical This can be in 

4 
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to the fact that pre:cipitation processes are still characterised in "'nlnn,~ri':nn with more 'ideal' 

the classic example and the studies in the 

literature. A ... "' ... A!, ... 'UAUA6 feature or lprecipitation processes, that to a certain extent accounts for their 

'nOln-icleality', is that are e:erlenllIv initiated at in fast nucleation 

that nucleation occurs 

"AII""U''''''''''''''''I), with and the process is further the presence of 

seconcjlary processes 8JU!1eg;atic)D and These fundamental processes are difficult to !lenamte 

and mV4:stilil:ate indepe:nd4:ntly. This is the lack 

available to accuTa'telv 

metal hv<llrml3de ~'"'T''''''' SIICCi.ficlllly, which further conlplilcate their 

features of 

are CODtlplClX solution 

che,mi!ltiy 1"""""".""'5 a wide range 

disordered h".cI .. n.v.o1I .. matrices which result in 

and the }' ....... '1-" ....... "11 

colloidal suspenlSiolns 

Fmthll'!:nT1lrtre. precipitation processes and n"" .... or,,, influenced the 

manner and InlC:nSIILY of reactant solution Fr~:qulentlly the pre:cipitation time scales are of the 

order time scales resultiing in local supc:rsa1tural:ion. The 

and al7!:rre,!!'atinn rates on solution conditions means that 

must be quamtiltied for the behaviour to be understood and to be 

effected. control feed rate, 

cOllce:ntnltioln residence time and "'S ....... , • .., .. in their there is a real need to the 

fundamental way in which these variables define 

The 'u"' ........ "u!'; of metal hv(irm~,ide precipitation at the very an 

solution spc:ci~ltioln and ......... "", .. ..,.", and mechanisms of 

solids formation. The latter two colllcep'ts are discussed below. It should be noted that in the 

5 

rernaininlg s4ectiions, as far as ....... "" ....... and where releiVatllt. are addressed with reference to metal 

The characteristic features preciplltatilon, which are also to metal hvciro)j:ide precipitation 

svstemlS. can be summarised as follows 

sparingly soluble materials and their low ""lUU'''')' 
leads to the dev,eloIlment 

nucleation a role in the preClpltatllon process since the chsu-ac:teristically elevated 

sUJ:ICl'SiatiJntion levels result in very 

nucleation rates, in tum, 

nucleation rates; 

nUDlbers r!'!I,.r'l!'!'!lv small 

the smrul size of the prc:ciIlitated n"'rn",IO~" may lead to the occurrence of severru seconclary 
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processes, mCluamg IIlllzre:gation and which can further lead to 1,;II<IIIlll<:l:::S in the 

prc:cilllitalte size distribution and the 

the necessary for precipitation and the nucleation itself both result from chemical 

reactions which are very the role -". --,--,-- cannot be overstated. 

This section considers the force fOr pre:ciJ:,itatioltl, .. , ....... ·"".·11 in tenns of 

su~lersaturation, and the kinetics of the various that determine the final 

characteristics. is addressed in Sec. 2.3. 

The~'~'UU~U1inpreclpltatlon is COlnpl,ex, the result of interactions between the cornJ)l)nents in 

the reactul2 solutions. Ions in solution will interact with each other to form CODllplc:x and with 

solution molecules to form a range of l1Vdmtl~ Even for appmeJntly reaction 

many ........ l"' ... "' ... W' .. ;mr ..... rII'"nt to pay close attention to the 

specia1tion of the 

these reactions. 

as the ~- •. , .... " ..... of the precipitating may be affected 

2.2.1.1 estimation of SP4tcltts .,!!tho,ltv 

In order to the "".uu.u<y of the and to determine the therm,~'naJrnic 

force for it is necessary to calculate the ' coefficients in solution. 

In ideal the may be taken as the concentration in solution. The as}'lDlne1ric 

convention means that the coefficient of the as the concentration of 

the apt:lro~~cnc~s zero , •••. , ..... _ ',,, .. u •• vu,. 

In solutions colltainin.g ionic "J.I"''''''.''', the forces between "'u ... "'.'" solute ions over a much 

range than those associated with the interactions of neutral molecules. even at 

very low solutions are very non~ideal. As the activities of the 

cOlnpclnents can not be taken as to their concentrations. in the 

activities of dissolved ai, and are related 1/. to 

account for therm,~'naJrnic nOIl-lcleaJlitic:s, such that 

al = 

For snall"inulv soluble cornpclunc:is at sU~Iers:atulration. eXf:lerrrnClltal estimation coettlC:lents is 

the & Garside It is therefore necessary to 

default to theoretical estimates or evaluations based on IIDt,rOI)riate correlations. These methods exhibit 

nt' '~n",hi~:tiC:Rti(\n with div'erR:enc~e n.~cnrnrla at ionic "Tn ..... .,-."" 

Ionic ~UIC:U/(~Il. J, is defined as: 
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J - O.5LM,z,'. (2.2) 

Here,., i; specie< chrugo and tho ,ummarioo i, ov<r.II""" in ""Iution. 

Many oc1ivily coefficient lIlOdol, .. e based OIl the thOO!)' of interionk int",action PIll fO!Ward by nebye 

& Htlck. l (l 923), Thi, thOO!)'_ ~nd .,,,,,,i.t<d r.!<by<-Hiiokd .c1ivily rnodd., .""oont lOr 'Ion~-ran~e> 

irn. ""rion< b.tw<en 'f'CCie, wh<re the oon,litucnt """cie, ..-< rdatively i-..- apart ond the octivity 

cocffioi<ni is mo,lly influenced b)' the ~e",eral cl>or~ed OIlvircouneru (Rafal Of ai, 1'1941. The nd')'e­

HUcke! limiting I.\y i, iivOll by 

(U) 

where A i, lh< tempetamre depeJldenllJ<bye-HOdel c-onslallt which is deflned '" 

.- i,),")7 <10' (D,T)'" (2.4) 

Thi, oqu.tioo cootoin. the con,lant> e, the ekotronic d> .. ~e, t" lk>lllmann', constant .00 N" 

Av<:>j;3dro', numbor. WhWSI/~ i. the wlvenl densily, D, the dielec1ric coostonl and r .bsolul< 

A, thi' limiling I.w i, only v.iid fu< \'Of)' diluto oolulion, (typically I" 0.00 I Tll<lUg,:,o ) it W:L1 

e>.tm:!t>l in an Oll<mpllO improv< the repres<ntativeness oftlli' equalion, TIle extended Debye-Hnokel 

reiationship, which )'idds ",lisfi>clOI) e;tim"' .. up to ionic strength, ofO, 1 mol.k~~ ,o ' is oflhe form, 

(2.5) 

Furth", comlarion' appiio.hlo to high'" ionio "'ength, arc <ktoilcd cxtcn.ivoly in Z<maiti, . 1 . 1. 

(1986) and are ,umma,;'<d ill C. imc""", (1'198). lOC"" <xpr=ion> include a '>hort-range' term whid> 

typioally ,ums a numbe, of individu.al ion-ion and i"n-molecule pair interaction lernos (Raial el ai, 

1994). State-of-the.art 'peci"'ioo modeh in the fOllll of OOfllm<roially aVllilabk ,ott-..,..-< p. ob,gos, 

,uch '" 01 .I'M. "pre''''' tIlo pinn""l< of ,!",ciati(l!l mo<lol wp/ti,tioation and C(>npr<hen,ivene" and 

"'" . pplicabl. to the high io"ic ,Irc"gtbs and complex >olulion, lypioa!ly """Kmlercd in iLxiu,nial 

process",. Th",e ,)\(If 0 ooph;,ric'1<<I ,nod. l, come ""mpl"'. witll a d.taha.", ofthennod)-namio d:illa, 

inciudillg <4oiiit>riom con5lMl', coefficient' and ion urteracuOIl p""",,.ters, 

2.2.1.2 Supersaturation 

'The thennodyn.mic driving force for pn:cipilatioo i, the dijfc~cnc< bc~wc", lhe oIK:mic.1 pol<ntial. or 

lwo chemical stale" rho: super,alUrale<i .,..,Iution (whoro th. ",IUlo i, pro .. ,,, at 1.".0" ""c"" ding 

<quihb<ium ",luhHity) and the >oiurion at eqoilit>rium wilh lhe ft<eoipilaled >olu1<. Whik tIK: 

Ihmoo<iYn;>'l1ic. ore covered c'O"'preho:nsivel), els""'here. e,g, Sandler (l9~9), it j; ,uftkienl to ,tale 
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Il< ... that oontr~1 tn tl", detormi""ti,," of th;,; driving tOrce i, It.: ,ulLJle ,,,petsam,"'i,,", S. which for Ill< 

f'l"ocipilatioo r.""tinn 1*.1' (aq) + .... IT(~·I ... A ,< B ~.» ''''')' be <i<fi""d M 

"
" ,. 

s - "t ' (al' ) 
(a,., J" (a, .. )' l, 

(at )-1". )'" 

<" 

Indeed, ,u""""tumtiun ;, oon.;;<i<red 'he L.y variab'" - even til. 'w!"t"'t ~o'.mjn& p""m.tor' 

(Llonwp(lul(l< 1993) _ f(lf to. prooipitotioo 1""""". Fig. 2.1 ,hnw' tt.: eXlenL of inn"oIlCo of 

"'p.".,,tIlratioo on the p'odpjtatioo 1"""""'. Nucl o,li=. growth .nd l,"n'/UTI""lion ki""lks, ".hieh 

largely control preoipitation.oo dclmninc lhe re,uliing ""rlidt ,ize di",ibonioo (PSLl) orth o 

P,"Cipilak ,..<:><kl<;(. are all dtpendetlf 00 ,,,,,,,r;atu .. ,tion to v"Jing deg",o'. Further. tramf""m,,iun 

~illotb di«'t. th o oo''''o"ioo of p ... dpito.to fron, pol),"orph, or hydr,lc> to mo" cry,I.llLtlt rorm,. 

while lhe po,iLion of lho >y>tem in 10. .J'PI1>I'"i"'-e ph>L;. di'grom all<) del"'nds on the ,or(<I'"tion 10".1 

i~~h .... I.t; (jaddo l'I'n). 

• 
f--

I ,~u __ , 
A(lOiog '; ""l'~ 

• t 

,.-" 

1 • --" 
t".. ... 2.1 Ihe role Ohllp,,,, .. ,n,,>1!on !n pfocipilltioo 1""""",,,,,,1>1"<' .. "'" ","'ohl\d & 

ii."",I, (I 'mIl 

Om to it, intloc""e 00.11 .sped, "flhe ""cipila'"", pr""e"_ Lhere ""im coo,id<:rabk mW"atioo for 

lh. "Ccu,"lc ond dy,,"mi< .. lim","", uflh. sol"tio" supotsatu",(ioo.. ,nd he"", th o ,<>Iut;:,,, chomi"ry·. 

in any ,nompt to off.cti,'.I)' ,;mul,to I',odpitot;nn ""h"'inc ... Thi, i, particularly LTL'" tOt lho 

predj>i(atioo or 'l'3'"il1l1l)' soluble COOl"",'",]' wl"" o I,~o v~riatioo< "' ""p<"or(umtinn 1 oithcr 0"" time 

ur 'pali.lly doc 10 mixing) ",e enOO<lnl"ed, 
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2.2.2 Nucleation and growth 

/" <tated in tl>c introduclion lu Ihi. ,ec1ioo. prccipi"tioo in Inetal h)·dwxKlc ,),.tel!>< i. cm'"ctc,ised 

b)' hio:h ,alt, or nudeation brotl&ht about by th" hi~ "'P"lsaruration .ncounl .... d upon mixino:. 

llowever. supersaturation alone. althOllgh ,.,ceSSor)'. i. not ,uflkietll to cause the on"'" of pr"cipitation. 

An additional requiremcnt i, the pre«nce in ooIution of minute e mbryo, or nuclei t"at act .. centres of 

"Y""alli.",ti<>n (Mullin 200 I). 

2.2.2.1 Nucleation 

Nudeation may be either defined '"' primary, OCCUITin~ at hi~h ,upcr'"turatiuIl5 in .,)'"tcrn< with 00 

cry.tallinc fnatler iniliall)' pr=tlI. or seconda,y. ,",currin~ at low to moderate ,up<Ol.atur.tio!U ond 

rcquirin~ lh. prestnco of P"'''tlI cryml, of!he soh,le, Primary nudeation may b. furtl"" delineated 

into homogeneous .00 Ilete'''IlenCQu, nudeatiun. Hetew~enrou, nucleation i. induced b)' the pre""noc 

of. toreign .<Ubstrate. uHen micro.copk do't pattie'-" or tlOCO i~uritits, while in l,,"»;)~.n""u, 

nudeation ,,"ch a ,ub-,tratc i, ob<ent ond new ph"'" hmaliun i, """tlIa""uu. - induced b)' ,ta Li,lic.l 

lluctuations of solute entitie, clu<te,in~ tugetller (van Leeuwen 1998). Jn the prccipilatiun of ",orin;:l) 

,uJuble ,lIb,lance", ,,",oondory nucleaLion is "it"'" .bsent Of" in>.io:nille."t and me<lion particle size i, 

,","ni)' .lle".d b)' lh" p,i","", nucl.olioo rate ",h,cll this dl""u"ioo ;, Ii",ited to (Franke & Merwmnn 

19')5). 

fundamental 11 .. "')' desctibing 11 .. kinetic", ofnudcarioo i. delailed in Siihncl & OllIsid. (1992). Jn 

gen=l, the nucleation TaL<. J with Unit' of m '., '. i, a tunetion ohurfuco .""'&},. Y'. teml"'Mur" on<! 

,upcnaturalioo cxpr"""" in the furm ohn Arrheniu, 1}'(>< «tu.tion. wlliell for prirmllY tlIldeOlioo is 

r"P"'''''nttd ,imil"'y to the followinll equation: 

Iypkally, change.' in S in ri", prc.exponcnlial factor JS "'" regarded to be or Ini"", influence cumpllIed 

10 ehono:., in S in the exponeJl<i.1 factor. Differetll expre"ion, for ~le pre-expollenti.1 foetor 

develuped b)' different r""carcher •• for boLh I>orn>o:cncoos and helero~.noou, prima,)' nucleatiun. "'" 

be found in >.1 .. """,," (1995) and SilI"'el & Omidc (1992). 

II'h<n plotted again" _.",!uran"", tile above eql.larion fur noclearion ratc. "it" appropriate 

mudilicatiom Lo repre""nl Irttroo:enoous and h()mo~=us primary nucltOli"'L yidds the followino: 

trend, exhibited in Fig, 2.2 
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Fil:u",l.l An ."."~,, oI'rclativc l>Oll"",""'''~ 
",.I holen¥<,,,,,,,,, "",",,,lion T~" 
faoi"f'lod I,om ,'an l<<<l\\~" (1m) for 
tl\< ide .. b" ,mn ,"lpl>l1o ';'''cm] 

While d,. fUJlda""nlal l""or, rog,.-ding lK>cI • .,ion i, o<ton,i,'e. eHI"OIion 0]' Ihe ,!,Iar~itic, in the rate 

'q"ati@,i.uin"'ult.p<OrticLLlarl)'lo,- the hi~hl)' noo1-hleal p<.eipjtmi"~ sySlom, wllere disord.red . 

• mo,phoLL> 0< "l<ta,,"ble phas.s may form nrst (I )ustan 2(01). I n addition, Mullin (200 I) q",,<tion, 

til< d<pondonc. "ftll< nLJCIOOli~n rat. on ,u,f""e eIlNg)', ~ ,!,,,,,,lily LML h., lillie perce,veo >I~"if,c"n" .. 

palti;;LLllIlly lOr ,m.1I muk"LL"" agg,egate> or cri,ic"1 JlLICIe", size, I" 20""",1, linlo moro "'a" 

qualilati". "2r •• mo"1 with lho .. fundamental d<oc'iption., o.n l>o fuund in th< literatuTe. On a more 

practi;;.1 le¥el, the 'Irungly nOH-liHeal bel.",io", uf ~'" exponenLi.! rei.tioo1 fo< Jll"lealioJl (H2. 2,21 

ca" SOmeli".,s po,. ooonputalio"al dimeul,i., ... <1 i",tahili,i.,. (,'an r ,<ou,"on 19'1~ ~ 

Whilst ocoring Lhi:; in miHu, in praotlo.l applieaUoJl> u" i, One" made or. seoni-.mpirical "'",ripti"" 

"fnod<at;..., r""'~ typic.lly with a powo, I.w dopond<no< 00 <lJper<aturaiion, ,,,ch tllat 

.I - '.IS-I)', (U) 

I" tho above e<Jll"HoJl. t"" nod.'li"" el~\""oc.I." ... 1<1 me ~l"'lic oroer fN "UCleatioo1, n ..... 

eonpiriWllly detertni""O, IT ,1\0,,10 be fLLrther "oted th'l k, he; 00 phys.ioal ,igJli(",",lee, hu, WI" I., 

",pao"Jcd 10 fOl]c"t ill !lule,io""lllepcJlOence OJl teml><,al",o. hyul'Olly""mio>, pre,e,,,,. of lonpmitie;, 

partide numh", 0< "on:.:' ,.-.a ('1' .... '" 1937)_ 

A> "LlCleaLioJl o"ly =ur,; ,bo¥e a certaiJl cri,ie,1 supersaturatioJl level (;ee Fig 2,2). 11 i, prudent to 

d<t.,m;no the "ng. ~V<f ",11 "h the oOOvo powc, "'-W <,!,,,tion i, ... alid appm,in",ti"" ~f the 

nucle.lion ,ale, e,!=i.lIy in ,)',,,,n,, ",hi;;h exhibil brge \'ariatiorn in 'LLpc",al",.lio". 11lC ",itloal 

SlIj)ers'klraTioo1 Iev.1 i, ofle" defi""o as me val"" ofs al which ,h I. 10 0< I ()O om '" " 

2.2.2.2 Growth 

Cry'lal grov.1h occu" as ,"lure i, ",,]>O,il«l onw "'i"'ing nuclei "" part>cle,_ (im",h in,'ul,'," " 

"LLmbe, ohlilr",ioJl, .0>Or»!ion, r."'lioJl a"d c",olller diffu,ion SlOpS which are do""ih"o filily in 

Di,,<en ."d Ring (! W 1)_ U",lal\l' the kindie growth rate e'press"", i> ba:;eu 0" Lh. ,""'-limiti"~ step 

IJl lho ~mW!h n><cll""i,,~ ohain, \>, Ililo v>Tlou, gro,,"h mod<l< Il .. e he.n d",'el~ped. in m"" practical 
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applico<ion<, , pow ... I~w r<lation i. ag~in appmpri"te ond cooveoieO! to us< os "0 approximalion u] 

gm""h rate: 

jjeJ~, ,~"" ,£o.io. tl1< con<tant k, m"y b< 00IT<1,u«l to, nun>b<r of "I'plicable P"'"TtlOtor" including 

lemp'-~"'LLrc, mea,"!e. or b)dnxlylUlJnie co,xlition' .nd, in so",e ""OS, purtie]e ,ize IT",,,,,e 19S71. 

TI>: wier in ,0" £I'(lwth ",t< powe, I"w relation,hip,~, i. typically h<"" •• n G :and 2,,1. with valu", of 

'>lity "ommonphce, TIli. approximation i, ,eon to d<liH~ • >ati,h"t"')' mathematic.1 deseriptioo of 

growth over mnge, 01 '"pc"aturMion where Ule r",e-]imilio£ .Iep in the ~ro".U' lnechani"n i> 

unchanged (DirLsen & !tin>: I '~)JJ, 

2.2.2.3 Relative nucleation and growth rates in metal hydroxide systems 

II has alrtady been ""ted dL", dte hi£o "",ersan""tic<l I<v<1< encountered in precipitation ,y'lem, 

'e", It< in the formatioo ofla .. ge "urdle" or ,,,,,,11 primary ptirtick" Thi> '")\ge", lhal preGipilatioo i.< 

J>OI ooly chara'leri,ed by high nLLckalioll mle& "" ,hod) e<!abiishe<l, bullhal £rowlh 'alOS ",e 

rclali,'ely in'i£nifJ,",j~ , ,\lore,w"" I ),,,,,(,,,,.,10' I 1993) ,tate< th", for ", ... ingly ,"",ubi< m<",1 

hydroxide" the dopcnd",lCY or nutl."t;';'" "" 'uper"'t"r.,i"" is ohh < ,~'de, 0 - 12. ""d, for wcmth 

rales. only I - 2. Ill' 'UI'.,impo,ing th .", char"'teri>!ic '"to prom., "" to 111< '"me set of:\xes. os 

dcmcmt .. ted in ],'i£.23. i, i, p,'>S,i!:He 1o id' n!iiY region' ofn"d. "rioo.oCootrolled,oJ growth­

conlroll«l l"ocipitatioo, Plot, , u,h as Ih,,,,,, 10< ,""I ,y>km; may ~lIide U!C c""lroi or 'LL!",,,alLL,"lioo 

]0<- op<,,"lioo in tl'" £1'0\'>11,-<,;00'_'011«1 ...,£ime where neee""y 10 o,.et srocif..,d particle (Iesi£n 

roquirem. nts (I l<mopoulo< 19')3, Demol"'u"" et al. 19'15) 

1-­
i 

~­"','"', .. ,-"' -"--
i • 

,/ 

"i , , , 

, , , 
i 

F;~"r< 2.3 (')", ... "'r;'1;, ,,,,,1< ;01.,,,, ","I gn)wlh 1<.,;",,, ~"ri,, ~ l""c;piuU"" "1"",,,,;>] 
hl'dl",,,""', (~"" ffOOl [)cJnO!'O"I"" {I'I')3), 

! 
I 
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Huwevcr, lhi, ph al"'" I"'''ik\e, further cvidcooc ~) '''''1= to" ooti"" that gruwth i, insignifICant in 

melal h)'d~Aide 1".dl~t"'ion ,)'''em" thl> lOr tJ-.: foll,,,,";ng ,.,,""'" (Il< ,umTllllri",d by U",",,, 

(2001)) wlwdllnake ol"'ratioo in (oc growth-co!lTrollod T<~i"", ditliouk lu in,pI<r"""t 

Fi ... tly, the ",Iubilit), of metaJ hyd,,,,k\e, i, genlnlly vel)' low, ",""ing ,11< genoratioo 01' high 

"Lp<,..al,~ation. hwe cTitk~1 nuck",i"" valuc., hard~) "",);d, 

Si.:corxlly, growlh i> ",ry .Iow and '0'" tosr,nabl< 1'0' con'c'pondingl), ,low redLICtion of 

")Iut;',,, >U1);)[,"H""t"~l. a portku la, woW.,n wo.n the crilk.1 ,'alue, fOf "ucl<:1;;'~, have bee" 

<,c<edod. 

l' inally. lUo:;leotion ,ole, cnn be vor)' high, oftl'" ,all1< c.-dcr, or ,.,,'en ,bor"'r, lhfln mixing limes, 

Thi, ""U It. in tho genoralion of locali",d poch1S "f high Sllfi"r.mturotion- even in cnc, wher;: 

CnlCllloted ' "",an' v,I"", Indict. ,upor""turation bel below those critk;nl for nucleation. In 

f,ct, Fmnk< ,t Mers",,,"n (l9<fl) '01>0" variation. in nu.cleation ratc, of up to 10 ord,," uf 

magniludc "' a ""ull or local "'P'-~,"'u",'i"" lIuo,ua,ion, alone, 

2.2.3 Aggregation and other secondary processes 

Thi, chal~er hal ,I,,~ far dis<u,,,,,, the lhree rusk; feaMos c(lfll(t~'n 10 crySl,II;;Olk<, r'ocosso" 

,upor<atumti"", nucle"ioo and g",,,1h (\lullin 20(1). In addition to th"", >TC a numl>.:r of ""condary 

l>mCe",,, ttlat may have n pmti".,d dt<ct on tl>< 11ml 1"<cip,tate pmrerties, TI>< tj"t j, a&greg"ioo. 

which genomll)' OCCUT< >oun after ooclcation ond ha, a 'ignilic""t dIld on the rc;ulting particle ,i~c 

diltriooti,~\. To" nuroo", of ",ber pre""""", with tbe p<'tomi,1 to [oWo"r ,Iter th< cllemic,l nnd phy,ical 

properlic, orto. precipitate include reery,raliL""ion, ripe<ling ,,00 agcing (the la~cr olll'1L hoeing Ihc 

collecti,'e t.,on [(If lbe", 1"""e"",), 

2.2.3.1 Aggregation and the aggregation kernel 

,\ggregati, ... ;, a rever;ible I"""''' in Wllkll ,,~"icles di<;persed in ",I"tion c<:Mlide. .dhe,o tu on< 

aoolocr.oo bcoono.: cemenled 'ogclocr 10 lOrm ncw larger p,lltiob, which may Ih;:n agg"-gale furthor. 

,Vithin lhe I;,,,,al,,,e, llr I.,tn, aggregalion, agglol""talioll fUld ","'glllati,,,,.to "ften u",d 

int,,'o"""b'Cobl)', and whi k: the tcrmioolog; for the," llToce"." h .. y,1 to he unified, thc following 

distinctioll" can be m.de; 

Aggregalion ",Ie" lu 10. clU.>leri"& of ,.parate pfl1lides 10 [,,,m la,¥<r portic""" Tbe 

mochani"", controlling th" rate ofthi' 1"000" are vaned and to. particlc, may he held klgc~her 

by a lUornber on","" 

Agg"'""ratj,., ,do" to ,he clustering "f parTk;1es alrofldy y"",,,,,d ~) f<>rm re1-.tiwly 'tmng 

>;:o,,,,dory partkb held Io;:e'ocr by c')~talline bridg;:, bu, a!so occ.,iooall)' by phy,ic.llixoc, 
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r~ulotioo i, a ,,-eifio ""'" nf og~lcmerotion in"O/Vill~ very """II pa"icle, with plly'ical 

heo, hnl di~ tllo elLlSter, to~oI"",. Floccul",ioo i, a type nf ooa:lulotim wlloro the !>ridging 

heo> .... ~rti!lcially indLJCcd through, lOr """"'pic, tho oddilion of 1I",'Cu!.n!>. 

Coll;"i",,,, bet",een partiob ""our .. " ,."",k ofthdr mc(ioo rel'live 10 efll;h otl"" due Lo Brown;an 

mc(;"" ;fl<klced ny thennal one!'iY: velocil)- ~ients in mechank.lly a~italcd ""I",n,i"",; ""d 

differomial .. t1lin~ nfindividLlllI partido> (H~ 20(0). ~Jo"bani>ln' of partide oolli,ion are ,ize 

dcpc.idon" with Browni." mot;"" ",,;'l~ 11>< dcMnin_ moohon;gm fe< vory small partio"" (j,o_ th",< 

Ie" lb.n O_~~m)_ A, portide, "lI.I:re~ote 10 fmm IOT~er unil" "!lilatinn eff. ct, be~in to dnm;not< and 

eolli,;o,,-, <>Ce,", as • rcsu~ of pfll'lide movement with the fluid in lomin..- <l1 turhulent re~in .. , <l1 

relative to the Huid due to ~r1Vil.tional <l1 irert,al fn""",. The tend<ncy fu< particlo, 10 a~e::alo al,o 

dep<OO' m Illo ortra::tive aod repol'ivc I"""""" ploy; lhe m';n at"""Li,e hoc b<1",,,,,,' pMieb i. II", 

van dOl w,"1; force, while the main repulsive force ari"" as a c"",equence of the electrostatic 

inOemctioos witllin Ihe doonle lay« 'lJIl'nundi"l1 tllo particle. (the """""lied electrical double I.,..r). 

h.idamC11.1 aggregalion 1I",<Jf)' "Cln.S from lhe work of V"" Smolud](lw,J;l (1916) WllO c"",idered 

"AAregflt.ion to be the result of bin.ry inleraction., the rot< of which con he lok. n a, I''''portioool tn Illo 

number ofinlcr'CLing pfLrtkb, While V"" Smolucltow-<ki', theo!)' provides insi~ht into lhe hehavioor 

of aggre!\"ting 'yMem" ii, opplicalioo, in the fonn of ""ui-empiri,,,l relatioo>hip" is ""trktcd to a 

f. " simple 'limiting' ca."". It 10 .. , al"" bcm ilrgucti that !he dC1ermini>!ic model, Jc"dopcd "'" 

incara!>l< nf fully de>cribing tCc complc:<itie, ",'ocimed with porticle "lW'e~.tion - a p"""e" which 

involve,> tr.n>porl and .'UJIj;ions, inlerfll;tioo of p"nicle" rupture of o::~re~ates and cementati"" of 

aggr<gat .. inlo ,Iable ogglomcral.,> - >al;,faclorily (Sl\hnel and G=ide 1992). f luthem1Of<, in 

preoipitoting 'Y"e","- the porticb oncn carl}' a Sl~f""" ch"'g,,- r"ulting in a reptlls;ve fo<ce not 

oc"",u1w fo< in the cI."kal theorie, (vaill.,'C\IW<fl 19'JS), 

A, " =ull, il i, agoin neee"OI)' to talc a mO<e empiri"'l arproa<;h to "lW'egatioo when modellin~ 

precipilation ",',,,,m,, throu~h ,he app lication nfwhal i, knnwn a., the .urcg"ion kernel. In tlM' 

"Ppm""h, Lbe r.le of.g~gati"" ofpat1icle, of'i« IL, L I de] wtth particles o['i'e [)., A I dA] ill a 

mlJili-p",uculaie 'YStem i, choraa<rised by til< .gg'OI:otioo kernel, ji(L,A), "hich i, a measure ofthe 

lrequenq with wh",h • partide nhi" L eollide",'ith m< ohiz< A 'n I(mn 0 " .. ble aggr<gal • . 11>< 

"ll.!lregolion kernel i, 01Wl e'p"',,,,,d .. !he product oflwo fact"" - a ,i'e-independent kernel. ft. all<l 

• ,uc~depende", kernel (SOSII')' 19n), It is ~C!l<.-..11y ." .. ""d II,ot the 'iz<-ciepend<nt kerr",1 i, 

CCI",ullll i!nd ""'" f",'e1ion uf so/u,;on conditi"",. In «>n'r""', tho ' iz<_;nd"l"'ndent hrnel, wkile oot 

bein~ a fu"",inn ol< i,e, i, a f""ction oftt..: chemieol ondJor phy,ioal cnvitoruncnt (i,e, variabb ,,,oh 

as 'uper",,,,,.tioo, local enerl:)' d issi pation. temperatute .10.1 

ji(L,l) - /3. ' fiLl). (l.1') 

rAllllmnn oggregotill<' kernC'!. th'" relied dHt"mll colH;ion 'llCch;w,ism, on: li5led in Table 2,1. !n 

adtliLion, other kernels are l>resented thai flte purely empirical or anolytieally eoo"""ieY>t, includin~ tl .. 
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,i~e-in""rondcnl k<::md o,>d the line .. , quodrati< IIJld cubic ,!Un ternel., The ohoi"" of aggregatiOO 

kem<1 i.llSu.ll)' ba:!ed 00 <O!nparisoo oHemcI !""lixman<e with experimental data InlCfCSlingl)', the 

.izc"ind~~e,~ ternel. which coincidentally i, the ,impiest to implemmo, bM bcCrt found i" wme 

prccipitoci,,(l smdie, to Si" . tbe be'" agreement with experimental ",suit. (e.g BTam"')' Cl 01, 19<)6. 

Hie,'ski & Wbi", 1994). 

'llIbl.l.l COOlIDOO oggrc~"~" .,'""'" 1,"101'''''[ I"" " 1)",,,,1<, ".1 (I \'16) '''' Giot" & 
Loyolka(l996)) 

"'od..,,<fI, 

Sho, ' 

J\ (L'+''i' I (L'_'~ 

'n,,, ' ' ''''' JI, (c+.<) 

In ,ome oirc"mstances, the chosen flg2)'egalioo kernel can leod to the prediction of porticles with 

infinite .i>c known "' gel. (Smit et .1 , 1994, 19\15). Thi, OCc"n wn.n • lomel pnilicU "" inc'rca>ing 

o~lion rale Wilh increo,in~ particle .ize, nu •• as a~~f'eiotion proceed. ooth the ,ize of the 

particles .nd tbe fr<qUeJlC)I witll wbich tbey C{)lIkle ilKT<:I<e., leading ev.ntually to the tormation of 

particles of'infinite' size. 1be cubic kernellw beoo ""Crt to prod""e ,uch r","I\<, While es;enlially a 

C<lll5oquc<",e o[the lnothematical formulation o[the og~~ti"n ternel. ~el",ioo has been obs.erved 

e>:J>ffimentally for the a~gati"" of ooIloid. (Span",,1 & IIndenon 1991). 

2.2.3.2 Aggreg ation in ITI<ltal hydroxide systmns 

In met.1 h)'drux>de ')',lcrn>, ",h,," grow Lh is negligible. aggrcgarioo i, the most imporlanl size 

enlarg<m<ni mech""i!llll. Fo< <xample., Pavlides ( 199'i) T"f"I"Ied that primary growth phrycd "" 

iosignif"anl role in portkle oile ..,lali...,nenl compared with aggre~ivc litowlh fur rhe H'on(lIl) 

hydroxide p",cipitatioo 'y<tem, Similarly, Ang & Mull", (1979) ob=-ved rapid aggregat'oo during til e 

pre<ipitation of M~OIJ), from Mgd, ",llllioo., A~ein~ and dO"lllite~io(l, the lou.., res"llin~ fr .. n 

she.r ll>d MOO,",,! ,tre"e •• followed thts initial ".,-i<id of owogalion, 

lijev,ki & White (1994) idenrifled og£lomeration as lho tnoin proce" of partide o"largemenr for 

ind">Iri. 1 AI(OHl; prccipitalion, Th~"y propo<><:d tile tulloWIDg mcchllIli;sm for the dcvd"l'mcnt of 
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stable a~:IOl1llenltes bound floes form due to shear induced 

'"''''''''''''''''''', SUI)'seqlUellt cementation of floes oecurs from stable 

~:IOl1llenltes are eventual Iv continued cementation. 

Dustan observation and of nuclei as the 

..... i,mOIl"" method of size for the from both chloride and ""'II''''''''' 

solutions. in contnist to the mechanism Ilievski & White substantial 

cementation of the al1l!TlI'll;ratl!'." is not observed in this the ag~~ej~atc~s formed are 

and to bre:wlge in the presence of turbulence or shear. In addltloln, 

l'Il1llrrp.ll~te structure does not conform to the ideal conservation of measured volume. Dustan's 

p.Ylr'lp.rim,~nt'AI observations with to structure and mte thus indicated a 

which has much more in common with a flocculation process than with the 

of standard 

A prc~re<~ui:site for aglP'elgatJion in L1v ...... ~ ..... uI5 :SV~ilCI.Il:s is the elimination 

forces that oppose agJl;relll:ati()n Destabilisation of the fme ... " .. hrl" .. , 

achieved the addition fiOCClllwlts, which serve to eliminate the surface 

cli"mo;r"ecI in solution. In the destabilisation can oecur as a result of 

the relatively levels encoootered its inverse with electrostatic oo1:en1ial) 

and of ionic m"I"I01th In the presence concentlmtions of ions in the on 

particlles are shielded from one another. This compresses the electrical double 

sunroUlllQurtg the one another to fall into the 

nmge where attractive forces dominate 

2.2.3.3 AOllllln,o and resultant solid character 

As mentioned in the introduction to this 

aglO1:rel!:ati()n may OO(Ieq::o 

nllrnel,!"." formed nucleation and enIJllrg ... lI 

..... "~1F..'" that affect the final character 

Ip.r.t'vp.llv termed remain in contact with the mother these processes are often 

One such process is also called isothermal or Ostwald This 

process describes the tenderlCY, within a for dissolution of smaller 

parnClles and of solute onto This shift of the PSD to sizes 

is driven the minimisation of total surface free energy. 

Another transformation. ""nritir.a to Ostwald's law which is 

aPI)Iic:ableto pre:cip,itation ,,,,,,,,,,,,.,, where solids formation prClCeleds the formation of a 

thelrmcKiYlUUllticaJlly stable that of a number of less 

energy than the stable transformation 

involves the both and chemical from the 

formed metastable solid to a more stable form. Such may include the conversion of 

IImn,.",hml!l precipi1latc~ to more the reduction of both structural and non-structural 
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water, the conversion of metastable to more stable or ""4 ••• "' ..... , ..... and the 

narllicll~!i: to fonn more coDllpact Theme 

of these is a function of Iprecip:itation conditions mCludlDg concentration of reactant sollilti(llns, 

solution ionic the the solution and the presence 

of admixtures 

For metal the initial fonnation of" lmlClrpillOlIS and subseqlJent 

transfonnation is common, for the seq!ueIIltial conversion 01" lmlC)rpillOlIS to 

increasin:gIy more stable solid In the reduction of the content of both non-structural 

(adsorltled or interstitial in the and structural water a chemical 

is characteristic in metal & Garside 1992 and 

references contained The reduction ofnon~structural water, a amount of which is 

contained in metal can be attributed to lattice and the 

In 

increases with the 

the tenc:lenc:y to fonn amorphollS plrecipibltes in metal 

of the metal ion rPl'IttM"Inn et al. 

In his nV(lrn~rln ... precipitation from chloride sollooc.ns, Dusmn that a 

number of chemical and reWrraDlgel1nents take and these have a Slgtl1fi(:ant 

on agjl~lol:ate shewr "" ''''1<.'''''' is made to resolve the 

dominant mechanisms involved in the process, a number of observations and hYJ)otilesc,s 

of nickel h..,III"",,".-I .. precip.itates Dusmn observes an increase in ",O'~,....",,,,tp forwwrd. 

a decrease in size and increase in number. These 

ch~lllgc~s in characteristics can be attributed to a loss of non-structural water and associated 

rangel1nen!ts to more with a loss of structural water 

moleculwr reamllngc:mc:nts of the metastable fonn to more stable 

As noted in Sec. the size distribution or PSD is one of the most iml>or1:ant criteria to 

be considered in the opc:ratlon 

performwnce of downstream 

precip:ltat:lon processes in to its influence on the 

it is one of the most difficult 

pro,pertles to conllpri!sed of one or more bulk which may be suthcl,entlly 

described a consideration ftemplCra,ture, Cl)mIPos.itic'n and relevant rate or OOlliitbrillll1l processes, 

diSipeJised-ph.ase systems additional infonnation to chwractmse since one 

or more indepcmdent nrnnprtiP" can be spc:cified for each individual in the disipelsed 

A 1'''' .""'."',, simultwneollsly un<!ergcllng nucleation, IIl11mrell1l1.tlnn and may be described 

a sc>lids ool[)ul:atic,n balance - a statement COIll1:inllity for n",.l1"'i1I",i·" ~J'~'-"-' In its 

most fonn the solids balance may be as 
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Kinetic eXI're~>si()ns for the various precipitation processes are then used in with the above 

!'VIJUUSUU'Il balance eqllatllon to describe the evolution of the PSD. 

1) is fonnulated in terms of both internal and external cO()rdllna1tes. where internal coordinates 

and external coordinates relate to relate to ind.epcmdent 

the POSil1l(1n of the 

the vector 

in space. In the above eqllatlon, n is the !'VI"""''''''''' function and v is 

nhllSe··SDllCe ", .. ,,,,,.,1v with both external and internal the external 

",,,,Int'·'lvv. is related to, but not ne<:es!,an identical to the fluid v .. I,..t'.·tv u. An example of internal 

velocl'hi Vi apt::llic~lble to pre:cipitation is B and D are birth and death functions 

which describe the appearance and <1IS:apt:lew:anl:e in the 

space as a result for eXIU1lJ)le, 

For a well-mixed batch L, as the internal 

the jJUIJUH:u.mIH balance reduces to v." ........ U'Il'H & Larson 

an +G an B-D. 
at aL 

Here n is the number function. This function is defined such 

are per unit volume sus,peIISI(ln in the size range L to L + 

= dN/dL et al. relates the rate 

irin the 

then at that size and 

ofthe number of 

there 

... ", .. tlr',-" in the differential size range dL to the rates of birth and death in the size range and the rates of 

into and out of the size range et al. 

Note that in the above eCllatllOn the rate, is not a function of L - a consequence of the 

McCabeMlaw 

The ease with which 

which assumes a linear rate 

may be described promotes the use as the 

internal coordinate as OPJ:IOSC:a to, for ex~unflle, volume. The len:IW1··base<1 fonns of the birth 

and death tenns for "''''{>T .. ,,.,,,tlinn & Katz 

Nucleation is COlmDlOnlly 

follows that 

of as the appearance or birth n:mt1clt~" of zero 

B 

where is the nucleation rate and is the Dirac delta function 10UIIlSIOW et al. 

from which it 
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to or than the reaction time scale. times are discussed in detail in et aI. 

However it should be noted of the mi(:rOlnixing has the "".,"u ...... to affect 

the reaction ""'''''''''.1'. while meso- and ma:erc.mixil1lg affect the reaction indue<:t1y mtlluerlclIllg the rate 

& Orciuch 

2.3.1.1 

Ma,crc,mixin.g acts on the scale of the whole vessel and serves to convey fluid where 

the turbulent vary & Jones the scale in .... nm", ... ,t .... the 

flow processes that control the mean concentration and the residence time distribution in the vessel. 

The characteristic time scale for the mean convective flow is 

for a stirred tank is 

Ie == 

the circulation te, which 

V, refers to total volume of the vessel contents, N the stirrer and the lU',,,,,,,,"" d:ianletc:r, 

whilst a is a constant, the value of which on the pwrnpilng c8)l.acity of the 1111111"""" 

2.3.1.2 

Me:sormxmg reflects turbulent diffusion and the inertial-convective eddies that 

contain ---.:-••.. !!f~IrrI~Ila:ted fluid. & Bowne define the characteristic time for turbulent 

diflfusion, tD, as follows: 

In this ",nllIQti,," is the feed addition rate, ii is the magru:tmlle of the u .. I ........ ·'" close to the fe<:d 

and is the turbulent ditlrusllvity. 

For the inertial-convective disintc:gnltioln of eddies of size r ris 

17, but smaller than the em:rg)f-C1:mtllinling eddies of size et al. 

estimate the inertial-convective characteristic ts> as 

k 3 
Is =-== 

2& 4 

where k is the turbulent kinetic ene~ and & is the turbulent kinetic ene~ dissip;aticlD rate. 

2.3.1.3 

As with two mechanisms make up viz. viscous-convective 

deformation of fluid elements and molecular diffusion. These mechanisms over scales 

smaller than the Kolmc)gorov '1'/. 
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,"U!;uuu,,,,u. time constant, tE: 

Review of relevant 

the characteristic time scale is ren,re~l!'.nt,~cI 

and literature 

what is known as the 

'E is referred to as the "'U!s ....... ,~u. pwrwtletclr and v is the kinematic viscos,itv na.lQYJl~a & Bourne 

The molecular diffusion time denoted tG. is 

where Sc is the Schmidt number of the fluid 

21 

vessels is a common unit opclration in many industrial processes. Control 

imrlnrl'l'Int as ~p.I,ectivi1!v 

effects. It is therefore critical to include 

''','''''''-.,'' or renres'ent 

and may all be influenced 

considerations in any to 

mesomi:x:ing and microlIlixillg 

models have been l1e,.,eljr\l"If~ over the last 50 years to describe and UU<I.IlULV in 

Ac(;ordiing to Villermaux & Falk these models may 

be classified into three """,p.",,,,,,,p.~. plllel1lolIlenlologic,al 

models. 

2.3.2.1 Ph1enc)lnlnc,lotIIC,11 models 

models and detailed numerical 

Phoeno1me:nollogical models extend macroscale residence time distribution con,cents to the local 

the visualisation of idealised seli!:re~tate:d zones with exc:nmlge fluxes. A mi1cro;sco1pic scale 

characteristic of these and their main dis8(hr8nltaJlr,e. is that the model 

are not known a and have to be fitted to eYI",eri,mer,tl'll data 

Vmerm,811Y & Falk are thus oflimited use in pre~l(:tlnlg behaviour and de,relc)DiIll1' rules 

for reactor scale up. 

The most common of a phl~nomenologJlcaJ model is the IEM or 'interaction with 

the mean' attributed to Harada et al. This model assumes that ta1<es 

a reversible ;:;JU;Ui3J£lg,C between feed well-mixed batch and a mean 

environment or bulk to a 

models include the 3E and 4E and four en,.irclnlJlent) models l1evelooel1 

Similar 

Ritchie & 

and Mehta & Tarbell resioectjvl~lv. These models divide the reactor into two seli!:re~tate:d 

environments and one or two well-mixed environments with transfer coefficients acc;QUlrltirlg 
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for the between environments. Villermaux & Falk 

which is seen to reduce to 

develolDOO a so-called gerlerallSE~a 

(,1unnl'l,rimiil'!nt models in certain cases. 

Ph\l'tlleal models 

t"n\'lIIC~1 models are mechanistic in that are based on fundamental dil'!~llll"lntulnll of diffusion and 

convection While are necessary the vessel is 

divided into zones based on observed flow - model can be 

inc:llepiendlenl:1y determined from an of fluid or laI)l)ra1:Ory measurements 

&FaIk 

The characteristic model here is the EDD model de,'elo,I'IOO 

derived from the en~~U'ment~:leti)mlatill)trditltusion 

Balidvll8 & Bourne which is 

based on the observation that material is bulk fluid to form 

vortices. The fluid elements imbedded in the vortices then deform and stretch to form 

is 

within these laminated molecular diftbsion occurS to about local1101noigellilsatlOlll. 

Ralidv"8 and Bourne later the EDD after that in some cases, in " ........ ," .... 

whenSc> mic:rorrlixulg and thus 

molecular diffusion and deformation can be nel~lected. This led to the de',elclpmlent of the en~~U'me'n1 

or E model & Bourne 

models are a predictions but within the range 

assllll11~'tioIIlS and with full COI~i!l8Dl~ of the limits of the flow model emDlovec 

of the 

VlllerIrlllWl & Falk 

2.3.2.3 Detailed numerical models 

Detailed numerical or IlIn'''vt'l"'llIl models are based on a cornDl'eI1I~ns:lve descrtl)tio'n of fluid dvllarrllCS in 

vessels & Falk Due to the in the field 

fluid dVilarrlics several commercial and are now available to 

facilitate the solution of the relevant mass, momentimll and energy conservation eqUllltl()ns. to 

the role CFD in this the to tilrbulence and mi(:rornixmg moaelllmg in 

CFD is the focus of the next section. 

on 

tank exhibit three-dimensional and unsteacly fluid which 

leads to considerable nn,-....t-'''nw in and sCaJle-UD. slgnltlc:ant Imllfo"errlent can be 

achieved from a detailed of the fluid flow characteristics et al. Recent 

progress and in CFD and conlpulting allow COl1nplC:x flow 

siruations to be modelled with a reasonable amount of detail and accuracy. CFD essentially involves 

the of the fluid flow behaviour the solution of the mathematical eflllllltinnll .. 'u, .. ...".11I0' 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Review of relevant and literature 23 

fluid flow and heat and mass rrH'''''''''' i.e. those the conservation of mass 

'""I11li:l.l. •• JIl}, momentum, energy and cornpl:ment mass. Each of these differential tr<ol~"nnrt 

eqllan,ons may be as a scalar advection-diffusion in coordinate-

:free notation 

+ 

The first tenn in is known as the UD!;telldy term and l'er!re!~nt!<! transient the second 

term is referred to as the convective tenn and describes the convective tralrlSport 

and the third term, the diffusive term, reflects diffusion. is the diffusion coefficient. The 

final source term retlreS;enlts creation and destruction In "",'nl""'" laminar 

but also a turbulent process, could be the equatloiDS 

.. rlr"IY.elv cOlnpllex, un!lte~1dy laminar flows. since turbulent flows are 

turIDUl1enc:e, this would However, when COI1isid,crin size that can encompass the smallest 

relevant scale. In turbulent this scale correspollds to the smallest scale of 

concentration fluctuations described the Batchelor mlc:rm;cale. which is small. The 

cornplltat:iOI1lal n~qlllirements of such direct numerical simulation of turbulence is enormous and 

the teclhni'1:!ue is therefore ............. ltlv limited to moderate .. "'lInt'II"" number flows in very 

et al. 

in order to solve these eqtlati10ns for practical alPplica1tiorls and with the finite cornplltational 

resources llV~lUllIJlC. it is necessary to make a number ap)lro:"inlations to account for the cornolexities 

introduced turbulence and mll:rormxmg et al. In most situations the above 

eqlJlatll()ns are avc:ralzea and ,",V"pn, ... to various empiriical models Sec. The .""'''' ...... 1(, 

differential eqllauons are then discretised on a finite and with the apI,llc:aficln of 

lInrll"Of\rillte b()urldat"Y and initial solved lterath/elv nl'n.nll(~e qlllantltiles like Vell::lCltv. 

pressure, and concentration for each for every time 

et al. 

2.3.3.1 Turbulence mo,deliling In CFD 

As intimated under turbulent COJlcllt:lOI1IS, such as those most trequc:ntlly encountered in stirred 

turbulence models are used to solve the trarlspo,rt el~uatlorls for the 

- 1 
¢; == dt. 

Ot, 

Ot is a time scale relative to the time scale of turbulent U"''' ... ''' .. \11I:>, and small relative to the 

time scale to be resolved. Such a definition enallies the instantaneous flow variables to be into 

their mean and UUI"lu,auulg c<()mpOilents 

¢;=="i+¢;'. 
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,n!::P.nJ',no the mathematical n,.",nPrfi_ .I'I.,"'!I'U<;'lWli "vp,r..oino UI<;'VV'UlI'!> the overbar notation from 

nol,ds·,avl~raJzed mean QWlIllti1ties for all .. ";,mit;v .. variables and the bars for averages 

may then be written in form 

as 

+V· =V· + 

is unchanged for the inclusion of a turbulent flux term additional to the 

molecular diffusive flux. These are denoted the Ke'vncuas fluxes or, if the variable under consideration 

is a vel,oci1tv the relevant tnu11SJ)Clrt eCIU81:l0n is that the stresses, and 

arise not from the linear diffusive term in but from the non-linear convective term. 

reflect the fact that convective traJ!lSport due to turbulent ..... ,""",'nJ fluctuations will act to enhance 

over and above that caused thermal fluctuations at the molecular level 

....... , .. i .. ,..., closure an Imrlrfl"ri~te turbulence which providles models for the 

clIIt.~gnri!iif~d as 

either ViSClositv models (ReIVD()lds stresses and fluxes are modelled llipehr-aiclli in terms of 

known mean quantities) or second order closure models { .. mlT .... , .... ti".; tv.,."""""ri C4~uatlOI!lS are solved for 

the turbulent 

The most turbulence closure model in CFD is the standard k-& model- a two ~llatton, 

vi!::t,f't"ltv model. The assumes that the stresses can be 

related to the mean v .. I ...... tv m",iI'i..."I" via an t .. ri, .. I,..,t\ V1S,COSlty, Jtr, in a manner 

.... "' .... I'!>UWli to the reilltionship between the stress and strain tensors in laminar Newtonian flow. 

diflilsi'vitv hYl>otllesis states that the "'C" ll,-,n.." fluxes of a scalar are 

via an to the mean scalar The thus 

becomes: 

+V· =V· + 

where 

+ 

rO(:USSilng on the IC-J',~ m(VI .. 1 the turbulent vis(::ositv is 

In the above eqillition, C JJ is a constant, k is the turbulent kinetic energy and & is the turbulent kinetic 

energy dissipl!tion rate. The value is then related to that as the model 

and the relevant flow variable of interest. Two further eQtlatilons I!!:mrernllDI!!: the conservation of k and & 

are nec:es~i8l'ilv derived in this model. These are obtained a combination of the ma:nipll1la1ion of the 

fundanlental eqlllati(lns, to construct eqllati4:lnS for the m,n,," .. ri of these fiU.lnti'ti .. " followed 
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apl,roxinllation to remove the unknown terms this process introduces. Details of these which 

contain a number of tuned constants, as well as those the stresses and fluxes and 

other are offered in Flelcher and eI ai. or indeed most texts on 

turbulence m();clelling. 

Given its SllTlpU<Clty the k-s model ........ ",. ..... " well in a wide range of turbulent flows. One drawback 

is that it assumes turbulent diffusion to be or dlflectllon:iI1ly mdepe:nd1ent. For flows 

l!Ini"!.ntrnl'l,v such as those close to walls (a Droblelm overcome the ap~)IlC;ab(m of 

near-wall runcti(lns) or in flows such an assumpti()D is and 

the model is diffusive. to the standard k-s model as 

that based on Renormalisation and even second order turbulence closure models 

such as the differential stress and differential flux models claim none at 

has been shown to the standard k-smodel Jenne 

& Reuss a critical assessment on the use of k-s turbulence models for simulation of 

Rushton-turbine induced turbulent flow in baft1ed stirred tank reactors. 

2.3.3.2 MI,.·II"ftI'll'lllvlnn modellilng In CFD 

In order to model turbulent flows in it is necessary to default to the 

..... ~, ... "Ju"'outlined in Sec. 2.3.3.1 above. in such a while and 

mesollilixling are solved in terms of convection and turbulent is 

nei1:!ected LU ..... " .. "'" & Barresi this occurs because the chemical reaction 

rates are on the instantaneous due to turbul'enc;e, 

but in the numerical simulations time values are available. The 

V'V'U'''''' is well described for & Orciuch 

To overcome this a mi(:rolnixing model needs to be added. There are several 

ap[)rollChles to that can be ...., •• 1J'1~;U with CFD codes. A and one that \s 

cornm:onlly an elective feature of CFD which was 

de'felioDe:d for the combustion reactions in turbulent flows. It is based on the 

Dremille that reaction time scales can be related to the of turbulent eddies colltaininlg 

reactirlg solutions MaglllJSsc:n & Hi..,rtJ:.o .... have att~:mJl'ted to the 

EDC model to make it aPI)lic;ablleto fast chemical reactions "", ....... ; ..... 

A more and common is to account " .... ,," .. '''' .... ;1 for the fluctuations via 

the introduction of additional models for the various scales from the 

inertial-convective to the models that seek to 

.... I'I'r .. '1Mlt the turbulence fluctuations. Hn·w .. ·v ..... much Silliplific:aticm is necessary, which often takes the 

form for a mixture fraction and its valian,ce. and PDF 

form to calculate the fluctuations. This is used to 

nreclnltminn via a reaction. More conllpl~:x models a "'O'1'·"nc .. ,." antlrOlllCh to account for 
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the mi(:I'ornixing and inte:grate this with Eulerian tranl!llnn,rt models Hnwe~ler_ apJ,lic;atic)D is 

still limited to reaction !IIV!illlen'l!il_ 

2.3.3.3 Flow pre1dlCltlOn In stirred tanks 

offluids in stirred tanks is an ImtKlrtantand well-established unit nn!~r.lIlnnthat finds 

ay~''''''_''1U is a wide range of industrial processes. As a numerous studies are detailed in the 

literature that describe the effect imJlen~cr and vessel gee,metry, fluid and "', .... "ti ... ", 

on power corlSwnption and fluid flow et aI. The most 

and studied is the baffled tank in combination with the standard Rushton 

Numerical simulation of the flow field in stirred tanks is colnpllica:ted the interaction between the 

statiionary baffles and the 

A number 

UUI'",,"~iI. which pro1duoe8 a perIOdIC wlsteady flow &Wu 

"n.,.rn~ ... h.·" have been to account for the effect of the "'''I'''d''''' in the 

stirred tank. ap[)rmlChles Ei"'''~'' .... :1 exclude the from the domain 

and prescriibe. on the basis the flow field near the as a 

Staltioniary oolwaary condition ID_ .. __ ,,_ et aI . Altem:ativ'elv. the is modelled as a 

distributed source ...... , ....... ,."'11" determined momentum and turbulence Ranade 

...... v •• l5'. effie;ctiive_ theSe apJ:lfOlllChC!S have limited due to their reliance on 

experinilenltal data. 

Rec:entllv the de,relclpmlent mesh tec.hniquc:s has allowed the 

flow field in baffled stirred tanks without the need for empirical data 

simulation of the entire 

et aI. In this 

aptlroatCh. the flow field is divided into two dOinains, an inner domain that rotates with the 

UUIJ"'II"" and a stal:1onary outer domain. At e8lCh time the additional v .. I,.,... .. ", CI)ml)On.ent due to the 

motion of the mesh is taken into 8ICCOunt. The mesh ap,)rOlIlCh can now be Iml)lerneliitea as a 

standard in most cornm,erc:ialily available CFO codes. 

Over the decade the apt:lliClllti(Jln o:t cclml)utiltl(Jinal fluid ...... __ .,-- to flow and 

reaction nrl1.hl~!n1"1 has considerable interest. Pre:cipitation processes fte,~ueJiltly 

exhibit very fast reaction lunro:m;;:s, 

It is that the detailed 1.rn/""'I ..... ~'.,. aynarnllcs afforded CFO modelllinJ/: would add 

substantial value to the " .. ~UVQ:I" 

reoorte:d on its ap~llic:llti(Jln to the field of ):lrecipitati(Jin. Efforts to model precipitation with a detailed 

deslcrilpticlD of fluid via CFO are the that arise when 

sinlul1:anC!OUlsly collsiderillg c()mr;llex DreciDitation kinetics and PSO evolution with 

& Schaer As a result there tends to be a division in the literature 
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between works that to togeth~~ P1recilpitaJtion with detailed microrrlixillg U"VU"UU:'!; and 

works that focus on replresenting the precipitation process more 111".l~lInltplv 

The work in this area was a model de!lCribinlg 

the of calcium on a local scale in a continuous reactor. This work 

was further van Leeuwen et al. who studied the two-dimensional 

nrecinitation of barium sull~hate in a continuous rectan:gul:ar flat reactor 

Garside 11 .. "' .. 1" ..... 11 two-dimensional and three-dimensional..t".'M'i"ti,~ .. "" 

Wei & 

stell.dv,-state barium 

mixer and later extended these simulations to the 

continuous pre:cipitation of barium in stirred tanks. All these pie,ne1mIlg 

recent studies those AI~Rashed & Jones and Rousseaux et al. 

and more 

assume 

mi(:rornixing within each cornplltational cell and still achieve , .... ' ..... .., ... d with 

..... r • .-rim""nh>l data. 

Other researchers maintain the imJ)ol1tan(:e mic:rornixing effects in nrPO~ini'tl1ti"n ,,,,'''''''11'''' Falk & 

a PDF method for simula1ting the orecioitation process, which Schaer for examplle, 

considers U"'_I"'~IUUIIl, and ag~~IOInerati()D sllb-~,roc:ess'es tr.", .. l'h_ with mic:rollnixilng. Hn'lIf/".VI!'!r 

their method is demonstrated for a very case of silica 11!>'llTf'.'l7l1tjnn 

and ina due to the acIJJlo'wle:dl!c:d cc)ml)le,aty of 

COilSic1eriIDg all processes sitrlUltam:ously. In contrast, larworski & Nienow assert that in stirred 

tanks the contribution to overall kinetics is in their of 

continuous precipitation of barium effects are not included in the model 

framework. There is thus a clear lack over the role of lrnic:rornixing in preclpltatmg 

~V!ll:t/".rnl!ll: which can be attributed to the still-limited and fundamental 

precipitation processes. 

It is because of these limitations that even works that concentrate on the intlegrati()R of 

pre:cipitation processes with CFD those that assume are to a number 

otlilecess:ary simlOIi:Mrll! 8l;sWrnpltioIiIS. Often the mechanisms of nucleation and are 

.. mn • .."..,,,1 power law or Arrhenius 

is modelled. This can be attributed to the fact that researchers often choose to reJi'res,ent the 

behaviour of 'model' "V",r.IT'" such Ill> the reaction ofbariwrn chloride and sodiwrn 

SUlpmu.e, where is to be minimal. Besides the effort 

are chosen because have been the most 

eXI)erJimcmulily and .... nnrl'.r! in the literature. For much the same reasons, there are no .... "'r.n •• 1i 

atte:mpts to model metal in with CFD these systems do not 

behave and are not often the focus of c~xp,erilmelntal --_._--_. r 

A further ""'11' ......... '" .... , ... in the rep'resentaticm is the use of the moment 

transformation of the "" .. " .... u.U\l,.. balance to rCll'res,ent the evolution of the size distribution. 

this is almost The of a full balance are in the 

works of Urban & Uberis and Madec et aI. In the former case, hmNe"f'.r. the flow field 
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up into a network mixed and to CPD is used to divide the 

determine the interconnections between these not considered. Madec et 

use a direct Monte-Carlo method to simulate the full POI)ul~lti(J,n balance for the case of aI. 

but this necessitates an extrerrlelv coarse CPD mesh nine cells. 

the most "'l!;SllUl.\,;WlU SllOr1:COl1nlnlg, as it relates to the under investilga1jon in all the 

.... nr\rl~ .... a1:terrlpts to model is the cursory attention to the sUJIm;atIJlf8tion 

calculation. The aqueous in the 'ideal' studied has been such that ri"'llml}!! 

........ "'"lUll5 of solution was not undertaken. in metal nurl .... ""''' .. <'!v<'!'rem,<'!, 

consideration of the critical role of solution in the control the 

is param,oullit. 
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The eXJ:lerilmelltal data Sllflnortinll!' this work is from a of the 1"'h.., .... 1"nrv cornp(me:nt of 

the of the semi-batch ofnickell'lvtl'rn"'''I'' ....... v •• E>" the intention 

was not to resolve the ---+._ ... _­ in Dustan's was extensive in its 

scope. nh, .. /"t,v .. of this to familiarise the reader with the 

relevant -_ .... _, ... _,-- ofDustan's ex))erinllmtlill pro>ce(lurc~s and program; this is considered 

........ "'llUUl"Y> in the suc:cec:aUllg ofws 

serves to hig;hli,ght the associated issues 

of the resultant which are to model de,'elolpm.ent 

paraml~ter .. vtT""finln\ and sU!:Isecluelllt evaluation of model It must be stated that no 

eXI,erimellltal results is offered. For this and for further details 

refer to Dustan a work which forms the 

basis of the information here. 

The i1pIJ'UI,;~IUIC opc:rating n .. ",,.,"I1''' .... for the semi-batch pre:cipitation of nickel from chloride 

solution may be summarised as follows. Within a baffled 5 

0.17 m, an initial solution of3 of 0.01 

vessel of diameter 

is controlled at 25°C and agitatc:d 

29 
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with a six-bladed Rushton turbine. To a solution of 0.075 NaOH is added at a constant 

rate. Once of lOis NaOH addition switches to a control mode to maintain this 

The tank is COJlfi~:urc:d in the standard Rushton such that the other dimensions may be related 

to Tthus 

blade 

blade 

disc U.ilI~m;;;u;;., 

bafile Til O. 

The feed is located at the surface of the initial 

and the vessel wall and between two of the four 

between the u", ......... shaft 

1V_!!,.,A,C',et'I bafiles. 

the course of a precipitatIon run, the is monitored a filst response 

connected to a PC. the of constant NaOH the incremental 

volumes of additional to maintain the are recorded. Online size 

and solids volume concentration are measured a Malvern Mastersizer STM instrument. A 

Masterflex™ pump is to the tank contents the and back 

into the reaction with the characterisation measurements at intervals 

tlm()U~:h01Ut the process. In aaamon, nickel concentrations in solution are "I ......... , ....... 

discrete of the a small is withdrawn and itnlrnejiia1tely filtered a 

0.45 fJ.m membrane to ICP " .... ,,'"'''''' ofthe filtrate. It should be noted to all 

."' ....... ,'!;;lj, efforts are made to collect as accurate and rep,res,entati,re a measure as ,",'"'0'"'''''''' of what is 

.. vtI1P.1UIV a non-unifomt whilst also to it. 

This section seeks to call attention to various issues ....... A .. UOI'l!> the extent available ex):,eriJrnelltai 

data and to sunrowldirlg the thereof. 

A vast array and variables exist for the control and of stirred 

tank processes. definition of the as in Sec. 3.2 reveals that a very 

limited subset of these are of interest here. variations in the volumetric NaOH feed 

rate and the stirrer controllable are eXfl,lofl:ld 

median and values for these variables are sel€:cted, as illustrated in Table 3.1. A combination of 

the two median constitutes what 

is defmed as a 'base case' scenario. The relllaillting four scenarios involve the mdepc:nd,ent variation of 

togethlef with the constant variable values spc~itied in Sec. 
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Ihe," IW\) variable valne, ood are identified in the remaitlder ofthi, ",'Or~ nsi~ the )O~kal ""ution 

pro'OJltod in Toble J.I. 

T.ble 3.1 Sp<cif""'i(lTI of p!"ocipiluli,'" (>I'-~"""'s ,00Id~;""" lOr ,,,,h "flhe "»<I",o"",tol run,. 
wilh ro'I""~ 10 inv<!tig:ud v"~,"",' (llOO_'tw.;:" ,..ill<. in i"licsj. 

~>011 oe;'on "t. Str ror,woc 
,,,,,' .. " 1.r~.1 _. u.2 Eo(l 

"I. _ ,'.c·, , " 
"~ 

, , ,,, 
"., u.2 ~, 

>I, H u.2 W 

It ghould be menlioned lhat the oddition rOle, li,tod above"", ap!,<oximale ,ioce thOle wa. some 

diJlicuU~i maintaining coo."""t torgct yolue, - ""'re preci'" me.",red valne, are recorded 1»' ti>c 

in,trnmerttation. FUl1hennOIc.'" porticul,.- si>:nifICooc< is ._hod to any oftbe.o >COloario •. Ifl<Iced. 

their .. icc-n"' ..... , li>irl, ",bitr,"~i: ho",'ovor. ti><;.'''-o oxpc<lcd 10 ,ullici<1"otiy demonstrate moaningful 

tre""" lIl1d f",iIi"te the investigation oft"" inil""nc< of the," key variahl<' in th" modelling "OIl< to 

follow 

3.3.2 Measurement techniques and difficulties 

Ilelying on the tiwl lhal the diftr .... "tion an~1o on .. ", light p,,,,ed through the ,,,,pen,;,,n ,ample is 

in"er>dy prolX'flionoito portiele";7.<:, the ).falvcrn Masters;.", SU' employ, tlo< technique 01 b>cr 

diffraction (l"",e eDITectly called l.\)",' Angle Los.r Li~ht ScottO/ing) to determino particle >oluITl< 

dL,,,ibution, irom "">lysed li~ht e""rgy d ..... U .. i, rMOC of Iho i,.11 Mie Iheury to completely ""lve 

the "'luation, fOT inlcr""lion of lii/tl wilh matter, ",portedly allowin~ "''''IT'''e r=lI" O"e.,- the ,ize 

ranlle 0.05 900 fLm (Rawlo 2OO i). The,.me p<ortk le ""d '1J:lronJin~ medium optical prol""1ios 

roquired h, Mie tlo<ory arc also "Pplicd b:>' lhe aIloly,e,. togother wilh the Beer_Lambert Law an<I!be 

meos",ed volume-t."I5<d ,i,e di<!ributiDn. to cakulate the .o lid< volume concentration. 

AltiOOll~h Ihe volume di.tribution. reported b~ tioc 'iLing "P""'''''''' are ll"nerall,' deemed the preferred 

metric ['" chemic", eng;Tl<"". ,inc. they re/J.c{ where tlo< m .. , of a ".tem lie,. ott.:r di,trihution< or 

me.., diOITl<{Cl' of interest may he calculated fwm the mc",urod d>ta OS ""'luired. An ow_ness of 

which i, .n original me.,umne-nl >nd which 0 derived value i,. however. of 'IOmo import. B .. idc. 

ri"'ing !be po>sibilily of error compounding .. , a c(>Il''''lUCloce of conYer,ion, ,ilj:nificaml, lower 

confidence i, typically .. "",iared with the occur"", of d",ived measuromont. (Rawl< 200 I). 

Acco<dingly. h is simpty mentioned h."" that caution >hoold b< exerci .. d wbert exp)Oitin~ the ,",ult,,"\ 

It aIldOrmation •. 
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r Or this partieul., aPflHcation. rortick numbl~' arc or grc-.JI irnportanoo, beth r,octic.lIy. 'hTOugh lbei, 

,.I.tionsh." w~h .,stem oper:obili!}' .00 lbe ,1,,,,<llong-lcnn obj<>otive of optimi«d <Iown,lrem[] 

rerf",matlCe, .nd th<oT<lic"lIy, lhTOu;~h Ihei' required explication f"-l""amclLr e,!imalion and 

,ubs<qocnt modelling ell"" .. , A, .L.cil, the mea,u,ed volume di,triOO!ion. are wn.ert.d to on., b .. ""d 

upon p",li,le nurn",', employin£ ""umrtion, of pmtici< 'phcrieily 'Uld ,orne form of di3tribution 

wililin each size ime",al (in til i. c_ •• con"""t numbe,-dcn,ity fUlIC(loo)_ Tile .bo,'<_mmlion<d 

caution regarding tho reli.bilil)' of oc,ived qumrcitie' i, <IIliy noted; lho: foct that liny ,I""'ule error.; in 

,,,,, .. ,ured v"lume in 'hc ,Imller ,iLe cia>.,." could fCp'."'nt ~le eqIlivalent of di'T<g,rding million' of 

parlicks, """'., a,.n illU3tMion of(ho: inherent difficultie,_ Ho"",,'CT, thl"" poIl;nt",1 i"""",""""ie" 

whil,t h.~mpcring e/furt, ,. ,)"tem cha,octeri""ion. >Irouid nOi oclr..a lron, lhe rnetOOdolOiY 

developed "nd remonstrated in Chars, 4 _ 6. In light oflll< addilional ddkim"i<, ""d uocert,in,il., 

e"idenl in thc rroce~' oc,crirtion •• "d which or< outlined in thi, d",<rto.tion in ",di""" '0 lollow, i,,, 

argued lrul pfe,;,;e expc,imc-nl"1 'luanlil,,,nlioo i, OOl pard"""'n!. Tile p,eviou,ly "'Iicublc-d p,imary 

go"l, Or~le smd), "lPIj(I,1 (he ootiOl' that _ WJl£[:l1em, c(lmp,,,able me""u,e of(he ,y>Il;", I, ",ffi<ient, 

Further, Du,I,n (200 11 co"len'" Ih,. tho r<current n,",ur< oftl .. particle ,'",e ",,_i)'';';, "' inten!al' 

thmugoo.x IDc CO"",e of. run. incrco"" UK: conl,ococo in lhe ,aicui."d portick numl"" di,lribwioo, 

3.3_3 Selected observations of results 

Th"", fcatur., ofthe dat_ deerned "",~exmall) reb",n are iocluOCd below, P,iC4' 10 con>iocring tk,o 

it i, woltil mn.rl:in£ IhO! lbe ,uspension, p,o<i.<:eJ eXperiml'1l1aii)'. li~e many r!>Cial h)'d,oxioc 

p,ecipilalc phl<le., exhibit iow cry,;tallini!}', h<ing a"""i>hou, and colioidoi in namre: th'" 

cOl'l"Junding lho: diffic"ltie, of particui.,e rnea.urentcnl>. InJc"d,'" OOled by !)wt"" (200 i). the 

pro("" 10 .. , nl""y chr.cteri,lic, mOI~ in co",,,,,,n with flocc"l",ion or >ol-gel "Ppli"'llion, lhan "ith 

cia"k c,),,,,,lIis<lllor1. In Ihi, ,eg..-d, il i, .i,o valuahk to note ur--front (hal. "i:o", in line wi~\ other 

,imilar 'y<,ILnu, grov,1h phmJlnel~1 ar. """"h>Jed 10 be in'igllil"""l by Dmt"" (200 i). A, moh, 

=t",,', pr"""",,1 _ thaI "£~re~<I,iorl i, llle predominant ,i'~enl",gclnent m",hanism whil" ",lute 

ocpo>i'ion "','"" ",lely via nuclcotion _ i, adopled here, 

In expl"'in£ tbe i"ue' to follow. i, i, 1Il", importmt to ""O<¥"i'oC th,t, ",hit" bein~ nri"dftJI of 'l~lti"l 

h<tenyrnei!}', in tl .. absen« of ,p<ltlally dlslribukd da", il can only be .,,,,med that, fC4' al",ly,i, ""d 

p"'.ntc"" exlr",,(ion ptLTJ><l><', Tll<"'UI'ed v,lue. (_nd ,hoi, oc,iv,riv,,) reple,en( Ill< Vllriable, uniform 

distribulion,. 

3.3.3.1 Variabillty of precipitate density 

Kno"kllg< of tho ocn,i!}' of(hc precipit:ue pha:;< in ,oIution i:! _ p,ere'lui.>ile h IIIL perform.nce of 

mo., b. i"nc<, \relating precipitate Volume co yield and, in CUm, 10 di,roh'ed coocentration,l in tCc 

aM!;--"'s or eXI"',imcn",1 dal. and in tho ocv<iorrncnt of models ck«riNng the process, hlr the poorly 

defied .nd 'Ignif"ar(iy h.,.drot.d procipilote, ene"wllered here, U"-, li>1ed litt .. lure v. iu,,-, fur nickel 

h),droxid< ocn,i,y «d_ l.illoc i9%) of 41 W 1eg.1ll ' fu, crySWllioe ,olid. and 36)0 kg_"'" lor 
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amorpoo" "",,,,.i11 do nol apply, Il'Ilstan (200]) lhe,..,f(l!'e it1ro<iLICed the co!>cept or an experimentail), 

de(ormined precipitate trI()br d.."ity. denn«l .. the ",,""tily ofpr«ipitoted nickel per ooh volu_ of 

detected >alid, He propoacd tru.t dming the mni·botch prccipitolioo. OIl ageing period O()llid l:>< 

ccmidcred 'lLbsequCflt to on initi.1 precipitation period in wllich e"enti,"l), oll ><JllLte dep",~ioo 

.ssumedl)' occu". In this work. we c"",em oorselve, ""Iel~' with this prccipi'alirn period, the end of 

"'hkh " 13k.n to be derna!oa",d by "" oo,;.,[Vod moxim"m itl the _.smod t01al ",lids volume, The 

arprOj)liate >alid, volume fr:>ctioo profil« .re r<r'l"ented in fi.,. ),1 

, 01, 1 

, ", i 

',COl' . ~ . 
." 

il- ....... -.-.. ~~~~~-i 

, " ". ,,ro, 
"""" (sl 

• 

., 
• 

F".rd.l Pnll"'" al"-......"d .. ~ ... n~ ... "" I,."","", k .. [be pre<ip;iolMm peria<! .". """h 01 
tho c>q>eri""","] rum, ",I",in"'';"" in tho diSpl,y ofthc ",,,,,,,,,m I!l,,,,,,,,,,,d ><>lids 
"",,,,,,,"'at''''. 

In .11 oa>.e' i1 " j"irl~' sbortl~' .ft<r the setpoilK pH of 10 h .. been attain<d tho! lhes< cliar,,,;lorblic 

maxima (evident in both >OIi"" volume ""d ",Ii'" volume liaction) occur. The ""u~tion, "ilu<loci 10 

above, llult at thi. point all niohl exi,,, in ",lutiOll.t it, «juilil:.-i,un <oocenl'ation (whicll., to.lI 

inlont, and purposes, 1> <.ero al thi' elevlllcd pHI, i, thus ,upported by the ICP _","remen!> indicMing 

lho.t. fo .. each run. th<: reah>ation oftbc 5lipOint pH very dosel)' coincide, "ith the practioally oomplete 

depletion of lOla I dissolved nickel. M"", con.ervation implies that the correspondin~ nkkel coole,1 or 

lhe lIIIIXimmll lDClI>ured ..,Iid, volume> i. thai oIthe t"'.] ,),>lcrn, making il • 'imple umkrtaking then 

to determine the re""iTld precipitate molar den~l}' Va~l". Since the v";OO>l fi",,1 ..:>lid, volume 

froction value, plotted in Fig, ),1 rCl'r~--;cnt the .anK' quanti'y or nickd. and ,inoc great <i mil";ty e <i<l;< 

between lhe fhUlI value, oftotal volLllTl< ""c""'PM[) ing each ,eric, """vc, it b "PP .... JI[ that the 

Gli!culated densil) wiue, ""'Y marLedly uOOcr diffcrc'tlt operating conditio,,"; the)' . re tobuloled below. 
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T~hl< 3.2 r'l"'n"",,;"I1~ .1"",,,,,,;,,,,.1 f""'Cipi"''' m,,1or .l,,,,,itle, tOt ,;d\ of.,. <X1'<Ii",.Jl,,1 -. 

,.to L 

P'e<Jipi<,1e """", _~Iy 

I'm"'".'" 'l 

•. 15 

0.61 

1.15 

'" 
ThroLLghoLJIthe precipil>tion period, DLJSlan (200 I) a"OL""'" loc above quanliti", 10 be con"M/ and 

char"01<,;>!k of the pal1icular >¢t of operatiog el~\dilk"'s, 110'" t'<ncis in ",Ioting II", precipilate lno]ar 

den,ity to "P6"iC4,al ,·ori.hi<, ",e de,.-Iy ",'io,,", from Table 3.2> and although Du,t"" 1200 I) note, 

Ihal den"I)' in ""ILJlioo. appc ... to be a d),MlTtie quootity - 0 nltlclion of. alr.}ng>t other po,.il>ili~". 

hom ""lid, a"" Iha<ed on oboe"a'io,,, during the ..,<ing p<riod) 3nd ",pli<d <he"," no c"r",lation wa, 

foun<! for thi, import""t p"ramcter afier hi, examination oflh~ full ,uite of e'periLncntal data. The 

,'ariable namre of til< density val"e Ito", 01>< """tIft,;O 10 another tll<,<fc"e has obvil"'" detrilll<nWI 

implicati"'" for the jKedictiv< capability of lnodelling eifn<1" ,ill,," for each operating poin' of itlt<r<" 

'<sui" Ih)(" Ill< eqLLiv.lcnl npc,in"'nl.1 run rue oc"">s"'Y '" ""'"tlOi"" a L:nodel input. Huwever. I", 

w",l1 of a s~rior )",actieal allornative. tl", .on", oW",,,,h i, od<>pted ., thi' ,tlld}'. 

I'he corrospoodin£ m"IM d<n,ity ofh)'droxide in the precipital< pha>c i, cSlimal<d throlLgh i" 

<ioiclli"metrie relatio,,,hip to nickel. It is ,,,fficient 10 <1at< " thi' 'tage to" I)",tall (2001 ), "ili[,t 

co""eding that the qlLfUlIit)· may be a tinlC-Ikpc.-.:lcnt va,i.hk and thaI it> ,·olue nl")' be di>putcd. 

".lgge,ts that the rntjo of Ni:Oll in til< , olid i, "Of)' do,"" 10 thol OXI'<"I.d Jj'om P''''' Ni(OIJ), 

fonnolil~', Le. hyclroxio" o"n,;ty val''''' ,,< <bub" thl"" pros.n1<d i'1 th< r«c.di'1~ lal>l<. 

3.3.3.2 Incongruence of results 

11>c precipitate ,,001,.- den,ili", defined.nd enumerated abc",e are central to illu,trrting on itll<">1ing 

f.a"". onhe experi"l<n<fll I'<,ul,", Tt.<), ore used in lhe e"in""i"" onhe var;"", solid,,; GOIlGCnlralion 

)",ofile< a< inforred b), m,,,, bala"'" from II", ICP 'naiy"" oftotai nickel in ",I,nil"', Compa""'" of 

th< profi l., Ihu, ge"",,,,,,d with tllC>S< l""asurod by the Mal,,",n MfL>Lruizer s·,~ (~",in~ in rig, 3.1) 

" ""Is • ,ig'1;flcant di"'epaoc)" Thi' i; graphicall), jKe<entod in Fig, 3,2 fOf the -base' ."enario. ":",h 

ur Ihe remaining ""coario, evillCe ' imilarl)' l'rlomalou, bdlavioor. "illl an aJ>llrO),imalely hn<l!T 

deere"-", in total di,,,,,lvM nickel cotT<'J>Onding, in «s<'>c<. to. con,tant rate oh'olume "'l""'itio'1. 
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'Xll , , 
" • 

I ' """ -. • 
. ~~ ..... , ~"", ....... ., • , 

,x, J---.c-- • 
c 

B , , oc; - -------_. • 

~ ~ , 
c oc, ---, 

" • , , ., 
, t'" -

, 
we,,, 

., • ,how • • • • • • • • • • 
, ,,"" :/G·C·C· ,"·c~ .~ = .,~ 

lmo (0) 

fij:u ... 3.2 prom" "holi<\> '-ol"m< f"..;ion f,,, '"""" nm .. do=ribcd by ""lido ",nccoKraolon 
1OC .. ..-clllClIt, (n><a>Ur<d).oo '" _, M,""" ,-u!,,~"'ionl; bo.",~ .... ""'" ~",><>I",J 
n;,kel ,,,,,",,,,, ... i<ln """',.,''',.",'' (ukulatedl_ 

T1,i, phenommon dloctually iIlu.;frate, why the p«cipitat< molor Je",iw is ooly c""'ulateJ althe 

conclusion of the precipitation l"'rioJ (Soc. )_).).1) .tld is I1(lt te""d at earlier time" the me.surements 

of ""lid, ",Iumc lite >ecmingly "",eliob"'. Th. matter of m""in~ >ense oftbe above re",I1O is 

OOdre"od ill ~<C. ).4 

3.3.3.3 Reproducibility of res ults 

\jn«ruintie. ond e~p<rimml.1 dillioultie, nolwith>'OIldin>:, rope'" ofth< 'base' experimental run 

(.!though no, p,,:senloo here) "',,.,,nstrate £00<1 reprOOudbiiity in me dflta oft .. viltioos =",",eJ 

prop<"""_ This " ,,',,", to build.<>me confi<icnc<; in the r<:sult.., ,ul\J!",tin~ lhflt, attrough tho """urocy 

or pre<i,ioo mfO)' :u tim", b< quesliooahte, the i""trumentolioo i.. not providing ,..,,,Iom output, bot • 

,di.bly eomj'knt ,,,"",m. of the ,yotem behaviour. The consequent [aim in me o"l'""iW to o"l'ture 

experimental ly the di.tinct!>'e teotur", (It" ch",,,,leristic. ot the different ",,<n.no. permit" into, oI. i., 

comparfl!i,'e .nruyses lO be made wilh ~ reate; .. "''''''C<. 

3.4 Manipulation of raw solids volume data 

There exist' " otear n..oo 10 roCotloilo I .. cootradicto<y dat" I""esen!ed in ~i~ ).1. Il-tliberatioo to lhi, 

end yidd, two .1I~TIla'i,'e_ pl: • .,,,bJc thoor"', tho r""t of which i, .00000d .00 implemented in thi. 

'tudy_ 
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3.4.1 Accounting for undetected solids volume 

)oJ""" (200)) ""nTend, (h", • re.",n.ble e'plan.,ion I ..... Ihe I",,~ 01" oc,iyed ogrcement between soli'" 

"olume .nd niekol concent",tio" ."""",ement' ;, , "Y'Te" .. tic failLLr. ohhe p.,liole "'in£ equipm""t. 

AlnwLLgh admittedly 'p"'.dic. lhe ICP "" . Iy"" ore doomed n more dopendnble gauge ofthe extent of 

",Iuto depcsitioo (h"" i, the ""pcn,ion ch",,,teri .. ti,,,,. Re,en.-:>tioo, 'U1T",mding the ... "'><t). ofthe 

,i", "'lOly,er Olltput bave pr ... ·iot~l)" been "'pre,sed. with ",y,tcm-,!,cci Ii, phcoxln"na ,och "-, the 

formatioo of oxy.loydro,j(lo sp<c;", il<oding (0 p<»'il:o!< "oohm""!i ... ,,,j "h,ng"" in pnrti"i< du,I",,1 

and a&£J"o~ate den",il",",i"" wilh tin" (tlumgh ,ccondory cry<!alli<ati"" ... oce,,,,,-,, iclontified '"' 

con'l'O'onding dillie"lti« coocem;'l£ h"",r dilTraclidl ,eadin~', llLb ,Ia"'e ii.e, ,ejec(i"" 01" ,ulid, 

yolume ,oo,cntmtioo n"-"a<urcment< in f:wour of those oftOlal Ilickel in ",1,"Jon) is f,nhe r ,uW""'d 

tt,..' lite obsolY.tions tl,~t 

pH proli1c' (00< >hown) indienle ,ubstal"inl eooy hydroxi<le "",,,umpli,,,; 

neilh., pH prolil"" [)()f "LLInlLI.tiye prolib of,'oluilleiric 'laOH addition ('101 \ho,,~) "'hib" ,n 

inflecti"" Ihal might be expocled to ""company (be p<riOO ())' apparent ,,,Oden aOO rapid 

(kpO:;itioo ,ellccted in the «>lid, coocenToti"" "",,,,,,ements; ,"d. 

UL< """It, of expori"",nlal milS b)' D",,(,n (200 I) LL,in~ .Il"rn.li", onion, . 11 di""l.y 

'ppro,imotely li'1<", depo,ition protll<, (,~ inferred from bolb ;olid> cooc.nlratioo aOO diWlI",d 

niokol '''''a''-lTen"n).;). whiL" .oowing "'''pon.,,, ill olhe,. Con'lO",ed pr'l'erties (e.~, pH) which 

nre oompor,ble to tho« of the oorre>jlOtlding ohloride TUn, 

in . ddi'ion. al(hough il i, ,ooceded that filt",li()n oh.mpl .. C,1l nev", be ill<lanl""""". (he 

discrep:moy in Ut< .xt.m of depo:;ition implied by lIle twu me .. ,u,en"n!> i, "" ,,,,I that f", thi , 

pr:><licallinlit.lioo to be ll,ed:lS c(}lonler_argunlO,lI wooid l~qlli'.II"'1 a ver}' 'low nud.ati", rato 

""coleral. al,~min£ly P'ico- to ""d du'ing liiLTllIi()(]. Indcod. lhe interl'rd.tioo pre",,"ted here of lhe"" 

co<"""liclory men'",.m"m, is publi"",d IPe(r;" et at. ::OCm.nd ,ul'P"rt"d b~' le.ding auth(){i,ie, in the 

lidd. including Dr AI,.., Ra"le .... e«ntly Di"i,ion,1 Mallager Appiio'lioo, S,1pPort wjlb Mal"orn 

j"'ln .. ""m>. Inc, in Ih" USA (Dt~,,,,, :'005. p"'oooal commooieatio<,)' . 

. -'., "''''h. il i, p",ikd Ihat lhe pre""'''''' of very ,moll p.rtielc., di.nlC1Of< of Iluclei have been 

pm.-i(),dy "\1i"",,,,d at II.l nm forthi, p,rtic\ll" system i~llOllitl<n et ai, )'17))- is not deleC(ed by 

(he M.lyern \1",k",iLCl ST~ un,il the'y hove .g[!Teg.ted 10' certoin minimum ','i,ible- .i"" Clearly 

Ib.n, it is roqLL;r.d Ihal SUnlC crilic,,; """-Lli"" "",%r ""f.ce cooditi", exi<l befme ,i[llliflc.nt 

.~,gre!S<~lion c,n occur, 

The n",,,,,,rod ,il. disltibuliotlS revealll"'t wlid> ,uhLnlC i, ""Iy coo,;,lenlly dcke1ed in the thin"ell 

,i .. ink",a)' .'pl"llILin~ loWCf "')Unci-; of2.0 I (, 32.2l4 ~m_ illlimotillg 1h-~1 lhe mooted 'cnt-off' si", 

t N"·mhcl,,.,. til< pos,ibility th" til< iJlt<r""eta"''''- "",,"tioo, .. .J "'hK<quent n",,,Op.<I"'i(H, or exp<nm,""'1 ,low 
""Y h< ;oc"" o<t " ""I.,"'wl,d~,d; .1L",,.ti,~ "pi .... ",'" .re "''''Z"iocd .,.1 ",'",' 5Uet'<>kd (';ce, ),(h 
IJlLim~cly_ 'o""~" wil<tl..,. Of no, thi, inlcrpr ''''tio(l i, comet ;. 1\01 of ptl",,,,", i",port .. ",. ~;tI,;" 'h, ,0HMxt "t 
ti l< iii"", of tl>c ""'k aJ.J ,I" ,1<1 H," "'t,." Ii",,, tl" """ "' .,tn"" Lim. "hie!. i, (" """ ~"" tn,,,''; " ",d ,nd "i II 
he =" ;" tl>: f'"IQ"in~ ,h'l~"'1 11>: ,J;O>'clcpmcnt or, H"""I ","chi"", ... , of ~,.""" \,.1"". 
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below which particle, ore im'i,ible to ,II< ,i>< and vo lum< me""LJrem<n" i, in me region on I'm. The 

""emingly ""',ure dim""'iot,, r.f.reJICod merely """espo!ld 10 the disorete <>Iltpnt ch,nT\Cl, ofll1< 

.i,in~ "PP.r2tn<, which_ begioolTlg o! 0.05 1'IIl, di"id .. me length domolll into inl .... ,", in • geometric 

.eric, such th'" the "Pr>er ond Lower bounds of e""h ,ize int"",ol .... itl arfllio 0[2" ' , R.collin~ thfll 

nickel '-""Y' ore preoeded ~. filtrotion of the .. mple through a 0.45 I'IIl mcmbr~TlO immcdi:>tely after 

colleotlon, it is tbe,ofor. evident thot. theoretically. the un<eell ""lid, ,'olumo \'~\',,,"nted "" the 

ditlcrcoce in fig J.2 " 05"";,,tW with partido, ill tho si1.e ratlgo (lAl - 2.(116 ~"", Coosidcring thi< 

f""t, tho s.lect.d monipuloc;on nfthe raw ""r>eTimentol diU, wheToby tbe '1",1' ",lid, "olume is ,imply 

assi~d to the smallest of the thirtee/l porticle .i,o cl .... ' (wi,h due con,iderotion of precipitoce molar 

density mid '!lUCieu,' volume). is IIOt thought to be on "'lreo""lO"le opproximaliotl. 

I, i, ofintere" to Temarl, ogaNl theoretically, that, it allowaoce, are ma<le f..- porticle; between 0,0 liS 

I'm ~nd 0.45 lUll in .iz.c, the undelec1c<l voluJlle cool<l feasibly be .ven greater, Ho"cver, it i, lot'" 

demonstrated ill Chap,. 4 aoo 6 that, whether ,."",nina 'Potiol uniformity or mndellina tho ')'slem', 

detailed 'pflli.1 dependence vi. CFD, ea[c'1l lotion, indie"'e the depo,ition I"-.dkted by tbe total 

d"",I"al nickel oonccntrl'llioo> ''-Iy approl'cilc. tl>c rruuirnum tlIcrmod)'narnie.!I)' pcrmi,.ible , 

rhi,. ill nom. implie, tilfll tho q,,~r(ity of f"<-cip~ate comlX'",d oftlle", ,"Mlle,t nf ",,"id .. i< 

J><T.Ii>tently ve")' limited, Such" ,ituoti"" is "'lluebiy tklrcali"ie, eastinB doubt 00 'he tlIcotctiolli 

assertion th'" .lllW"icles Ie" thon 0,4.1 fllll in dia~er will p:L" tilrnngh the me mbroJle (and niter 

cake), Itl p,""ti,", tbe attribution of a ,trict ci:L"ifocfllion capobility to ,ueh on elem""t.'1' filtrotion 

operotioo i, tiki)' inacotnle. 

3.4.2 Size-dependent aggregate density 

TI>e oo<ioo tlI1It me XJ.I,'e~n M.",e'-";za ST~ is tailing to di",e~n tbe pre",nce of !=ticle, as laq;c "' 2 

I'IIl dCfI!ly lIie .. contr,..". to the cons.",,,,ive claim 'itod in ~ec. },}.2 that the device .n.blos 

,,,"",,,remetlt of partkle, ot loost .. ,mlli ., 0,0) I'm, tn light of'lI<<< cnntnidiotnr}' det.otiorllimits. 

on ottowotiv. atld perhap, mnre credible explanfllion for me ""parent cootlki between 'nlulion and 

, "'!'Cn,ion mc."",crnrni> i. 'hot ,ber< ex;'t', ;n f""t, 110 """fllet, Rl'IIher, it may be po,tulated th'" the 

full ",lid, vnlun", (OT very' clo>e to it) i, ,k'ectro and rcpo<tcd ~nd 'hot the peceipt''''e mol..- <!emlty i, 

""cordingty • fWlC1iotl of particle .;,., i.e, lor~ ~oces occupy 'l:foocer specific volume than 

<mall« 0""'. Hence., it mO)- be <lcfcn>ibl)' c"""ei,'ed 'hal. although their pre,ence i, oot llCCe • .arily 

refl.ctoo itl the n", ... ,."..d ,i7~ distributions, ~nall, den."., (lllrtide, preilotninaw <luring tbe early ,tog'" 

ofthe precipitfllion; tl1<,. do ,l<1\; contribute 'ignifioandy to the ""lido vnlun",_ """ do cnmtitute a 

<ubstontial quantity of nickel, Me.,uren>CDt diJliculti"" borne of the minimal volume ""oci.led WIth 

v.st IItlmbe" of sm.lier poetklo, were mentioned pr<"k-oJ,!)' in Sec, 3,3,2. Tile ""n"'quen,,", of 

(>'Itential error> ore cleor!) ,,",,",""'ated "" the propo",d rdation5llip between p..-Lie)c ,iz.c and den,ity, 

tcitl1<lreilli: tho idel'll r.quir",,"tlt of h~her =olution pOOicte numbet d"tributlon, Oi,d cnmptk<llina 

tile t.,l of ""propriate manipulation oftllc row ",lid, dal •. 
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There"", 0 ,eleclion oft.clo"" which ,ugge'" thai thi, idea of a .,i,e-dq: .. ndent den'ity might be the 

<uperiar rationalisation of' incongruer'" experimental results. 

Foremo,t. the argume nt doe., oot ,..,Iy upon an 05<Umption of gloring Mrdwore m.lfunctioo ,,,. 

re""k onhi,. it ;, beller oble 10 jllilify cOllvillOingly lhe .. riou, >u'Ip<n,ion me,,",u,ements. 

Irrespective ofthe pwticle "iz", involved. the pr_mi~, reqllired by the reasooin~ pre,ented in 

Sec. 3.4.1, that ouch •• oo.tontial ,00id., volume remain, in,i;ible .... 10. intuitively unreasonable. 

C."""",ely, flli~e merely to resoh'_ consiS!en!ly the negli~ble f,actic"" oftotol solith volume 

resident in the smoll_r panicle size cI .. ,,", is .<Omewhat unde"randabie. 

Further. the a1ternath'e explllllation is supporttd~' exp""iment;>l ob«_rvotiom. IIlthough th e 

accuracy of measured """rage porticlo di"merers i., q ..... tiooable, empi'icol e,idence of 0 

cOll.iSlenl relationship bemeen particle size and tien,lty in solution i, provided by profile< of 

.",Ii'" volume ond ",,«age ,ize tOr the ditli:renl ".,.. spanning the lOng< of the precipitation 

pm~ initiated by DIl<!M (lOOI). (lhe reader is directed w thi' wod fof full documentation 

ofr .. ult,.) Tl>ese profile, clearly .uggey thaI the huge' the aggregate, lhe lower its density. This 

i:l mosl c"mpellin~y tieJOOnSlrated by the behavionr exhibited during the agemg period, n<>I only 

\><cau,e of~ .. greoIer ce".inty that the meo,ured ,,,lid. ""lume, for each onlle experimental 

""'n>rrios during d,,, period repreM'nt both comparable nick_I guontitie, ond the tme totol 

volume.. but abo due to the low initial ,,,lid, """"ent'ali"", (below the rocom,nended 

measurement Ton.r;e oftbe Malvern M.,t. "i= STM) "hioh render early size ,ne"",rements 

porticularly unreliable. 

In addition, wbilsl I~ de",ily .. lue, presented in 'Iable l.l m,'Y adequately refleclthe ph~i.,kal 

character oflarge. loooely_hound fIo<. ... the ... ,lgnme" to nuclei of a den,ity value cI",er 10 those 

'""p lied in the lilerature tOr nickel hydroxide (,ee S<'C. 3.3.3.1) 1£ certainl)' con,idered TllOft 

appJ'opri.te, Even the 'low' den'ity of 3630 k~.m·j Ii,ted for aTTlOlpho", <oIid tr.."late, to a 

precipi!ate molar density of ~xim1tely oW kmol,. .m-' 

Finall}', the 'lO<,_""",er, .. otion of mell£UIed oggregate ,<>Iume i. a re""gni",d tbeorO!ical 

pIIe"",""non (e,~ , G>rdner & Thei, 1~)6, lJo~~ 2(00), Indeed. such a model i, !orgel)" co",i,"ent 

with the de.=iptilHl of allgTOgate >tructure proposed (but not itnplemen!<:<l) by Du,t"" (2001) 

b"",d on his OO .. r\'ati"" ofthe some ,y,"em, 

Aoo!her featl>Ce which mllkes this desClipiion "" attractive one ;' th.t it painle~'1y OVeTCOme., the 

_xi.ting problem ofthe delet.no"" co",e'1""n"", tOr mode l p.edic"live """ability oftbe absence ofa 

correlation fo< lhe different densities measured under distinct operating conditiOn<, Moreover. it doe. 

not oolige that the core behavioural deductions eslabli,hed upon "" as,umption ofundettcted solid 

(Dustlill 2(01) be "'adth, .. d, Chieny he",. the explanation< ofmell.>l,red ""litJ. volume dota o11. red 

both in s.ec, 3,4,1 and in d,]' section each deffililld the "xlden ,,"'" ofa pe,iod of r'4lid og~regation: 

the form .... tOr .ggregate, to move into the in'lrument's fi_Id of view: the lauer, to 'create' ,'olume 

dorou21o the lIO!l-wiume-conse",ing formation ofloosely-tx,",lIld aggregates, 1111 thing' coo.,idered. a 
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combination or tho lil'gumc"IlI' p<C,cn'eu in Ih= l\,u >cdion, pwbobly ropr«<en'" the mo<t "'itable 

",,,,,,,,nt uf ,""ali,y, 

A, intimated above_ ,he concept ofa ,i7.<.depcndont demity of fh>ctol a~gregate, i. touched on by 

Om,.., (200 I), .Ithough 00< cmbra<ed with moch c'tlthu.u..m in it, unadultcnlCd fnrnl. Omtan doe, 

deoonstru<t the d<-nsily <lopendence to 0 ""mber ofpotono:i.l fun<tional components, btll Joe. n{)t 

.ubmit the p""it>lity th .. density oould be. for example, no' a function ohhear, but e """tiall)' a 

function of pmkle size aloue, wbkh ~, in norn, coo~roIled 0)' ,hear·uependent ag~egotiOll .w 
breakage fun.;tion,_ 'I he pf(}b~lity th .. re11ity ;. ".""" complex than th", d<-setil:>o>d j, nN di'lll1jsse<i; 

indee<J, !be fioel.1 dimension of oolklidol partick> "' uftcn loorolu change wilh ""llLlion 11><1 fluid 

m""hflllical conditions (Goruner & Theis 19')6), However, whilst c"",,,,ding that !be ttlarion,hip 

bet>.,.." density .,><1 p1rticle , i.e could itwlf be a function of ,ti".in& int=ity, the 'implicity .,><1 

dega""c of the appf'Oa<h o"tlined here is perhaps wurth "",,"ing, It i. «rt.inl), an improvement on 

the current, impl emented model 

UltimMely, lOO"gh, ""'h a deseriplion i, tlOt explored d". in large to the diftk"lties inherent in the 

rnodolling of "",,",con,orvation of particle ",I"mc upon ag,grogation. Furth""n,,",e, difficultie, ,till 

exi,t in e>labli>hi,,!( the mathematical ,p""ilics oftl,. relationship between .... n'it)' anJ particle ,i.e. 

Howe vor. «>me thought, OIl potenti11 <;Irnt<~i", fur """lvin~ the", pfOblem, are offerod in S<c_ 7.2_ 

Having Morn the hlXL")" or Ji!\1e><ion in uetailing M important altemati .. paradigm in thi. ,ection, il i. 

worth ",j"''"tin& th .. in the remaind ... of the ,,'Or\; the positioo, outliood in Sec,_ .'-3.3_1 ."d .1.4.1 

awl)' fur all practieal pmpo<Os, 

3.5 Concluding remarks 

TIl< mOlorial pr~><nt«1 in w,l; el....,.." has SOlVed to ""quoin< th" reode r with ,he ",rotatory system .,><1 

anal)·tk1l rnetOOd.. which :ore the ,""urcc of 'ho experimental Jata ulili""d in thi •• rudy_ In.o doing., tbe 

mflllip"lation of ""lids n,..Sllrornent, h"" been ju<tified ond det1iled_ Ad<!itio,.,lly, i".ight, hove beon 

pTUviJcd intu Jala a""ila'.:Jily fl!k! q""lil)', "hkh re .. al that ti,. infimnatiotl all"rd-.J by the exbling 

data i, in,"ffieient n eharacte,;,e the 'Y"= in great d",.il. The,o lCalLlf'" havo important 

COOlSeq11e!lCes for the aeC\Ot3C)' .lId gene ... lity on"y extracted poramete" .lId the re",ltant a"".;menl 

oftl .. applicability of Iho oomplLlaIiooal modd (Ji"""",u in Chap, 6)_ Firstly, however. the "I"'cifics 

of the ""P.,imentol <}'stem cloarly info'm the development Of'"Ch a model to de",ribe the proce"" OIl 

exorci .. which i, uocumffitcd in Chap,. 4 .ro S, 
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Chapter 

Model development and 
implementation (I): 
solution thermo­
dynamics and the 
population balance 

4.1 Introduction 

"'!,£""bly (I>< lIlt'" ' ''onti,,] CO<11poo<nr of 'Jl}' prt<ipi,,,,ioo ",,)(jel i. tI., ""<crip!j"." "" ~ p<,]",I,ti<:>n 

baloncc, ofthc OYol"l;oo of the I~Lrticlc ,iLC di,,,ibutioo. ]wcg,"i [" ,uch • OC>CliptK.l i, a 

,~I'f't,.""'ti<><l both u1"1ll< ki""'ico oj , .. pe<ti"<Jlt deli!li,,£ 1""<"".' 'Old of the ",I",iun eh. oni«,}' 

",hieh ~Qv<r'" th. m. T [><k;cd, tlx;"" ('()rui(icmtion< offcctivcl), ('()rotilutc 11-<; >ole Irec,,,,,,,, ,[eme"", in 

0"" fUWL Of ,1Jl<>I"'. of mo")' ...-idel},-oppliod cvmplltotiujl,1 1nud<1,. ,"ch ,., (I>< ~lS~lI'K "le"lel f,~ 

continuo", cl)'''~lli",",. Adoptinn of OIL 'p)",,",,'h Qfthi. typ'" i" of CO"""_ onl~ "pproprialc il; l"or .11 

p'8",ic81 n""lelli"~ P"'I""";, 1",1f.", ,jld in'Mnt1JlWl" mixing "lOy be ",'''"''''1. 

H.ving <li,,",,,,,<1 in Ch"l)' 3 the ,-,..-iou, experimenlal dal" al han<! aoolh" <Ielaii, oj the ,)'"em lrom 

wh ich they were ubi;,i'l«I, thi; <hopte, ",,,'es to P4Dvi(le the ,mthenloti",,1 spe<ific> of til< ",I>-,)}<,<Iol. 

",hted W T." .... "e lhe ley 1"'t",lolion b<tl"l",e ,uKl "'lOCO., Lhermo<lyJHLm;";, ".lcul"liuns. Oc(oil. or 

t!>o "1<,.,,. coonpu",i,"};ll ''''thnd' U"'" in t!>oi, ionplen""totioo >t •• 1...., ,uppli.d. 'ul'tl><,. til. 

p"Jtic"l.,.. uJ'lhe proced,ore <ml'lo)'ed to ",lr"c, rale function" lrom til< <xl'<rimerll8l m""",,,,!,,,,nB 

(which dr"", on tbe,," two IllOdool,) or. p<e,,,ot<d. '" is ~ diM'u"ion nn tlx; rL~ulrin~ kirK~ic 

ex!"."iuJ'" 

.. 
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Model development a nd im plementatio n (I) ( I 

4.2 Modelling of solution chemistry 

Appa", nt ITom Sec. 2.2.1 il tt-..: central impoo-tona: ohotLJIim thcrrnOOynamic • .., the dri¥ing tOrO< lOr 

",lid.. tixmati<m, So 100 i, Ihc rdakd dopend<""o on U., chomic.u onviroM",nl (in particular 

,,"pe"'OIuration) ofUle rate, ofU", vari"", kinetic processes controllill.i: pre<ipitation. ConsoqLlOntly, 

ao<""te and <!yn.."ic descriptioo of tile ooIu1ioo cocmi""J i> . r-.:ce,,,"T)' el<rocnl in any model . im<d 

.t effectivel), ,imLJIatiu~ precipitation bffi.vio]X, l"tior to Thi' eveu. quontif"'tllion of sot\llion variable, 

is .. qui .. d in the very fo",,,,loIiOll ofoppmpdate rate fum'!i""" a p<ocedure o\lllired in Sec. 4.4. 

4.2.1 Model equations 

Roq"isite charo<to,i ,,\ion Oftll. ch<mOc. 1 onv;'-Ollmcnt demon~ that the system he fully ,peciated, 

s~lC" . w en fn< 1)JIJ:u-<ntl)' l implc «aclion 'Y>tcmo (1nd particularly too.. involving elcctrotylo ,), m.ny 

r~a'tin~ 'JlOcie:l fIla} exist WiUl th~ pot.nti.u to ,;gnificontl~' affect tt-..: ""Iution properties. For the bull 

of the simuhnious perform<d in thi' work. tt-..: only reaction not .. " umed to he insta""'n<o", i, the 

>olid.. f(XlllaiiOll «:oclioo it""lI; which proceed.. l!oC""din~ 10 tile nucbdioo .iocti"", E¥en when the 

notion of eqLliiit>riun1 nocl<OIion is explored. 'p",iotion ,ak"IOIi"", .s,\""" thal.1i intrnphas. solutiou 

re1C\ions arc I"st ", !alive 10 precipitation,"'<I, •• ",;;h, m")' lie de<crit-..:d entirely by equilibrium 

reactio", 

The stale of chonlic.u oquilibdum for.li iro:i. pendent reactions oecurrin~ in • si,,&lo phos< comprisiull ~ 

"""I nf. ¥'l"'cin i, lho< <I.te which .. \i,fie. the c",,,troint. on the >y,lem, vi, the set of. '" 

.ru;,hiornctric reiati""" 

• 
n, =n", '2>.XJ ;-, 0' =1.2 . .. .. 1' 

.md the .1I equilibrium ",latiom 

) _ 1,2" .. ,..11" 

(4.1) 

(4.2) 

Here, n, md n" , "'" tile equihbrium and il~tial m. nbc, nf n.,ics or-pc,",. i respccnvdy, X, j , It-..: mol..­

extent ofthe I' ",,,,,,,io,,, where X i, defi ned l' 

(4.3) 

!Illd v. is the <loichiometric coeffic;'nt fn< 'poc;'. i in lhe r , eaclioo. defm ed <ueh tM! it is posilive fu, 

reaction prod",,!>, ne~alive fix- reactant. and cqLJaI [0 ,ero tOr incTI spedc>, A.!he above equation> 

su~.st. eq"ilit>ri"m calculations fo' multiple ",,,,,,,i{)ll 'Ystcrns arc C<lln~ic .. od. 
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42 CFD analysis of ,""clive crystdisalion in stirred tonks 

for Lh., p!'<eipil.lion '1;I.,m ,,><Je, cO!l;i<kmtion (j,e, precipitation oj' Nl(OI j), ft<>!)l >.;;rl, ",IUri011 h)' 

th< ,ddit;"'l1 ofN.oH), th< main ",Iution <qUlI,bTi, identi lied ar~ p,,:,enLed in Tabie 'U, In 

"'pr"<l1ring the", Te",lion" a di<tinnion i, m",l, bm,ttn COmlX",ent' "nd '~i<. -C<>!)l[X1O<l1", 

th""",lvc",, 'I"-',ie" ar~ the indcpendenl oo;ic LOli" ~rwhj.;;h • variety or speoie, m"y b< ,ompri«d. 

TIK", (, l-.N) ,ompoornl' "'""' in ,Kind<pe!><J",~ ,,,"oti,",, 10 rOml '" ,ddilionai ,1/ 'P"cL", yi<ldi11g • 

totru of. '\ 'P""'" with tl>< j' ",,,,tion JrodLlCing 'PCeie", V + .,j'- .k)_ 

1.bl.4.1 MoiLl ",h11ioLl oqullii>rio, ",JIll "","mPl"lyiL'I: ,I>om""'y''''",;' do"'. [.!"",itie.! r,~ \l,e 
'-!iCi,"';"OIl,'H,O 'Y,""'''. 

1,{1{146, 1()-~ 

Ni" • lHp ... Ni(OH)Joq) • ZH' 1,1XXt(J,10 " 

1,0003'10' 

hi" . >CI (> hICi,(oq) 

(+en=tio11 ofth< .hove Ii" "",ume, lhe ,omplc1~ di"oci.liun ""ll>< ",,,,,,ining mu!«"],,, aqueOlJ' 

'pceic~ HCH"'11, N.Ciil.ql ",><J NaOH('ql, ][, .dd,tion. it m",t b, l1><nti011ed tIl,t th< tabul.t<d K. 

,'.Iue, are LI"", .1 lh, «mperolL'" ,,1' imeresl (25 on a,><J [or the [<actioll "h<m« "provided, Tk 

,decli"" of H,O "' • coL~po"enl OVCT tloe >cemingl)' L~or~ lugic.l OH ic>n, "ilillJLlgh to .om< ,x1<11l 

motiv. tcxt )y,' the ",'ailahk thc'mtodyn. mi, d.l., i, e"""lliall)' an arbolr",:. une, HO"""<f, ,,11 

unimC'T\lio".1 ",ld minor .dv"~Hg' "rlhi, ,",lion ",illl><cum, '[)p""" ill ~<C_ 1,2.2, 11>< .ppm"h and 

11>0<1 of the quantit"tive information ",<d here are "t)lil., to tho,", ""plo)'cxt )y,' the ",Iuliun 'peei"'ioo 

pro~'T"~ \-JlNTEQ..,2 (Alii"'" c1 ai, 1991), wilh oddilio,".i inpul, feN- ,iIe '\'i(OHh ,yst'''' (,'<11 from 

Ila« ,t M"m<T 1197(i) 

With parliou!>c' applicatio" to the sy't<m of int<r<,"". odoptin~ the ,O">pOIl<nt,"pccie< c",,,,mtion .nd 

inlmdu,ing th< "otation n; to dmotc tk numl"" "f l~ob of e()(~poocnl i, .am .. Lloe m'" t.!1.""e 

"",,"liom (Eq. p, I illu b< rerurmuM,d OS 

; _ I, "_ ".,5 (4.4) 

n, - L Y""., ,, - ".-,' - L Y"n,." , i_I,2" _,5_ (U) 
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In the absence of redox pnc~no'mena, such balances also ensure the conservation 

.......... ""'."' .. 6 electr,oncmulllity of the SOllman, an i" ... ""rt""t consideration in the 

may now be sinlplilfied: 

j=1,2, ... ,7. 

In this ", ... <.Iv~j" the Na+ ion is included as and 

sodium the above it is clear 

the fact that it is the 

even for the .. p.I,.ti1J'p.lv 

aqueous and a collection of several nOll-unCliIf. CIQUlllled eqtlatilOns are to be 

solved if the state is to be determined. 

These calculations are further cornpl.icated as identified in 

coefficients to relate the molalities and activities of Sec. necessitate the use 

dissolved SOI)bi~~tiC:lltjcm exist for the pre,dic1tion of these coefficients in 

.. 1p',m"lvi'" ·"r~ .. 'm~· the accurate models reserved for low ionic sm:n2:ltll 

scenarios. In this the Davies "'''I" .... "un, an extension of the law 

is the selected model: 

JJellJV,;'-nIUl""''''' constant and I the ionic m~,"01th both as defined in Sec. 2.2.1.1 and Zt is 

43 

the on i. For neutral solutes undissociated .. 1 .. clT,nlvt .. ~ the z: is rePIII.Cc:o 

Iz+z_1 ' the absolute value of the of ion valences of the dissociated 

dev'elolDed for dilute 8ql.lleOlJS solutions .. 1 .. clT,,,lvt .. ,, in which the ions are non-

associati'te the Davies has valid for mixed electrCllYlte solutions and is utilised here in 

the absence of the interaction n" .. "m .. t.., ...... "·n .. i .... rl for more 

advanced coefficient models. .......... " .. • ..... limitations on the Davies --"'-."'-'~ _~'''''''UAA''J' vary 

from a maximum ionic strc:ng1t1l of 0.1'''''''''',5 .... 0 t~~enlaltls et al, to one of 0.5 

& 

The solids formation reaction is rej:lre~;enltea 

::: I =5.0118x 

for which the sUPlCrsllltur'aticlD may then be defined as 

For the relevant a wide range of values for the ""I'lihilitv have been relliOrted, 

a fact which can be attributed to the regarding the nl'l\,,,, ... ,,1 state of the ----,-:.-.,-

The value selected above is that reasoned Dustan to be most .. nr ... n.,ri"t .. for use in this 
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CFD anllivslA of reactive crystailisiltlc,n In stirred tanks 

amendment to the aplirOlleh described 

above. In this sinlation, modeilling atte:mpts demand the inclusion in the array 

of an additional for the above solids formation relICtion. 

eql18ti1ons to be solved 

presence of 

the solid must be accounted for in the relevant balance "''I.'', ..... ,,''', an uneiel1takiinR 

which calls for the effective substirution ofOH- in with Since the sUp,pliCld 

"'{ ... u,,. ...... constant is for the reaction as such action is unnecessary for the 

,,,,, ... ,v,,,, the satisfaction of which a value of one upon the as calculated 

As is standard for pure solids and pure the of the solid like 

that of the solvent in the ofTable is estimated at 

Computaltiorlall:v. the substantial task ,....,'\Iv .. ,." the state of the 

solution of a of several non-linear alg.ebI'31C ecp;la!l<ons or functions in an 

amounts to 

number of 

unknowns. A dOllblc'-Dlreciisioln subroutine for this purpose and in the 

Fortran was upon 8PJllicatic)D and free from the HSL 

Archive. Fortran is the lanligU8/ige of choice since the CFX<Il software used here in the inbegrati()n of 

CFD mo~lelIillg the de5ICrilPticin of additional or conrtple:x model features via user-defined 

Fortran subroutines. The solution method of subroutine NSIIAD ",m,nln,,<:the ideas of Newton-

~IU""'''' and with method for Jacobian matrices. In 

exe:cutinJ!: these an additional subroutine with is 

called to evaluate the inverse of the Jacobian 8PJlro,cimati()n a tecl:ilDiql1e essentially 

Gaussian elimination with row the necessary information to subroutine 

NS llAD is an initial estimate of the solution and a reasonaille size to be used for 8pllrmOm,atillg 

the derivatives the Jacobian matrix finite differences. The subroutine CALFUN 

is also sUlllplic:d to cOllrtpultethe values of the functions for which zeroes are to be found. A solution is 

NS 11 AD when a desired accuracy is actueo.'e<1. i.e. the sum of the square errors in the 

resultant function values decrease to a SDe:Cltlea maximum 8CClepulble level. 

With to this the functions calculated in subroutine CALFUN 

""'''''",_'nt the and mass deUilled in the precedin2 

which are to be satisfied. Formulated as in mass balances conserve toW connpc,nellt tll" .. ntiru 

whilst the solution the of each of the from 

which the concentrations of dissolved (expre:ssed as may be determined. HnWp.'Vl!'!!' in 

recogrliti()D of the narure and equlirernenlts of the CFD to a altered 

rep!resentatic)n of the model is encoded in subroutine CALFUN. The solution is the set of 

ex)llressea as ... v, ..... ~ and the mass balanc;es, in rum, conserve the 

molarities of the cornlX,nel!llS .... "''' .. ,., ...... ,S.J'' the condition need not be 

solved and the mass balance rel;wonsh.ip cc)Verm2 COl1npclneJlt may be ne~:lected. IV"''''''''''' then 

also rCjJIl:ICc:s mlOlamv in the calculations of ionic strcm21th and dissolved 
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Model de,,.ICllpmlent and Iml:llielnelltal:lon 

the diluteness of the solutions utilised eXI>enlme:nt8lUY, igD<orirlg the distinction between these 

two measures of concentration is jus:tifiable. In adl:lition, since the n .... Tn"m"'n ...... of subroutine 

NSIIAD is Iml>fO'trea ifboth all function and all' ~---, .• ~ cclncentration) variable values are similar in 

magmtuae, 111 .. ,,"rith ...... , are used in essence as a 

As 

repeatedly as 

....... "i ... ·1i initial estimate of the '""I, ..... u.., ..... cOllcentrati(lns, when the routine is called 

of the simulation of an actual pre,cipitation process, the modelled Wllie-steo size is 

such that either the set ...... ,"' .... '" n,on··eqlIUUbIaltea concentration values or that of the -_ .. "''--,''-'' 

values at the "' ..... '""'"'' tIme-stem is sufficient. An 'isolated' calcullati,on, such as a stand-alone specia1tion 

or that necessary at the launch of a precipitation " .. " ..... m ...... ''', demands a 

accuracy of the initial estimate is a method which does not 

initial guess, if at all. This can 00 achieved either to the eC:I1JlV;!lellt e''J.Wlt1o,n ofa 

more and robust solver that offered the ......... ",uu.'5 !"'AU"'''''I or 

.. , .. "U!!; .... ". Sllllpllltlcatl()fl of the model described the Fortran code. 

F or further details on the cornplltational irnplem,entaticln of the solution refer to 

the commented code file which the full extent of the user-defmed 

Fortran the CFXiIl model later in this work to simulate the 

preCipitatIon of nickel hvlll"",,·u1 .. As an cornpcmeltlt of this overall structure, subroutine 

NSllAD is called and its ,. .... "m ..... t list evaluated and spe~ified at several different within the 

subroutine USRTRN. The subroutine NSllAD itselfis located on p. 149 and subroutines CALFUN 

and MBOICD are to be found on pp. 146 and 155 A schematic of the 

algorit:hm is also offered in 5.6. 

Prior to apJllic;aticm of the model dep'icte:d above to the sinmlation of the current precIpitation 

"",."/Sm.,u,, was conducted aimed at Ii .. i,......,~i ... 'in .. its perform81tlcc over a range 

concentrations. This was achieved a of the gerleraited 

oohaviour the OLITM software 

""""' "" ill"" a de):lartlJre'to 00 established. The models .. ~'nln',,""" 

a C\iU'/Siu.""u leader in the field or ~ilqUle011S ttlennoc:Jyn:am:lC U''''''''ll'll/S. rell're~.ent the end in the 

range an extensive thermCOO'll'TIalntc nrnnPT'l1v 

databank, the models are for the andlor ionic "tr''!n",th solutions 

a 

of industrial processes. It should be noted that the differences in the of the 

models cOl1nnared extend not to the details of both the but also to 

the of the very considered. This underlines the '"'u'ul"t'"'" .... u,"'" associated with the 

Notwitilstwldin:g, in sunrun~'Il"lsmg the results of this it is sufficient to say that the 

predlctiOilS ofthe model detailed here are in very close with those of the 
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48 CFD .... " .. 1' ..... of reactive cry'stallls;atlcln In stirred tanks 

OLIm software for moderate ionic "1T"nart>,, ). De,{iation. n01!(eVI~T. grows 

slgJnlll,caJlltly with ionic which are consistent with the ranges of 

ap()lic;abillity for the Davies cited in Sec. 4.2.1. Here it is worth that an 

concession made in the for dilute solutions was the exclusion from 

the selected model of the tetra nickel which was included in the WlI~UV:Sl:S ofDustan 

"",llltiv ... lv low ionic dff""ath,, are encountered in the eX~lerilmerltai used for model 

calibration and validation efforts conditions under which the use 

coefficient models it can now be asserted with some confiden~e that the chemical 

characterisation model emnlO'ved in sull'Sec:IUeJllt simulations is to 

des:crilPtit1,n of the solution che:mi!'try. 

Successful simulation processes such as demands that a statement of 

cOliltimllity for the eVO'!VIIIIZ be observed. As stated in Sec. this amounts to 

solution of the differential!-'Vf' ....... l"'11 balance Since it is intractable 

anallvti,caJllv. a number of transformations and numerical methods have been ri_ ... ln ..... ri to this end 

Sec. 

In this the discretised PQl)ullati(1R balance ofHounslow et aI. for simultaneous 

and is to solve the balance and hence describe the 

prol[p"es:sion of the size distribution which involves the 

discretisation of the size domain into intervals and the assumpti()n of some form for number-

mn,rv,.. is that it transforms the balance into a set of 

"""''''1<11'"'' differential eq1Jlatic)ns. This drastically reduces the cornpl,eX11ty of its solution. An additional 

DPB over alternative numerical methods is the rep,lacement terms, 

which cornpllicate solution traditional finite difference with surnm;ati()Rs, further 

redillcirll.l' the cornptltatiOlitail'E!(mir"'ITl"'llt!l, The easy accommodation of the u.""""'"u.j; 

al1~rre~ranl)n kernels also renlre!ilE!nt~ Iml)rm/elIlem on the nM',nml" al'Df'oac:h ofDustan who 

....... "1,,·,, .. <1 a moment transformation of the !-'VI" ........... , .. volume as internal co-ordinate. 

Also then of added value is the resolution of the DPB model: imo,wlf'itlop. of the full as 

Of)):lOse:d to that of selected moments, is for it is this of the prc:CiJl'italte 

with which often controls 

The discretisation scheme associated with this ---"'-"'--DPB is selected for a combination _c •• __ , ..... 

and theoretical reasons and divides the domain into intervals in a gee,memc series such that the 
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upper and lower bounds of each size interval are in a ratio 

function within each of these intervals is assumed to be constant. 

. The idealised nUlnnl~r-l1lemnrv 

Before .............. !; the it is necessary to rewrite the defmition of the moments of a PSD 

in discrete form if it is to be value et al. 

, . 

47 

where is the number concentration in the jth interval and L{ is the .. n ..... ,."' .. i .. t .. mean size in 

the 1'" interval for calculatulg moment,and for a constant DUlIIlO<Cf-IJensny function within 

each size can be calculated as 

LI is the lower bound of size interval i. It follows from that 

dt 

Hounslowand co-workers propose the AVA,' ....... 'UA" eq\JlaU<>D to calculate the rate 

number concentration in the fl' interval due to agjuel~llon: 

= 

j=l 

I 
+-

2 

i=I,2, ...• 00 • 

ImrolCma the McCabe IlL which assumes a SIZl:-ulae;pelilaelllt linear rate 

discretised eqlliatic)n dleve'lolJl~d for the de!lCrilpticln is 

+ ) ;=1.2, ... ,00, 

whilst for nucleation it is 

In tOfllllUl,atulg the above three eqlJlaU(>DS, and G are the nucleation and linear 

reslooc1tivelv and is cnfnnf~o;:ifH' a sizle-lIlI.leperldent 

second which is some function ~+ .•• ~""~I- size. 

of 

the 

rates 

and a 
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48 CFD iIIUGIIJ'lIIiRD of reactive crysta:llIsllltlCl1n In stirred tanks 

The teclnm~:tue used to gen:era1te considers four interaction me,chsnisms, each of which 

is then repreS4=ntc~d a malthelnatlcal term. The first term in accounts for birth in 

interval i as a result of collisions between NU·tir.l,~ in the (I - interval alRd in the first to 

(i - intervals. The ~cond term formation in the fh interval collisions 

between both in the (i - interval. Death in interval i as a consequence of 

8.g.I!~eg:ati()n with in the first to (i - intervals is reflected in the third term. whilst the fourth 

term accounts for death in interval i .... ",t1ti .... from collision alRd adherence nMtlcll~S in the fh interval 

to mlrlticll~ from that or intervals. 

null for i ::::: 2. 

each of the ~ond alRd third terms are null for 

1 = 1 alRd the first term 

Such a mechalRistic "'n., .. ""~,,h to ensure the correct pre,CUellon of both number alRd volume 

a feature of the eqllati:on. BU'''''';;'." •. this is achieved in the limit as the number 

size intervals modelled tends to or, if there aIR insignificalRt number of 

I"'"''''"''''''' in the size interval. Since in this work a finite number of thirteen size intl'!l'Vials. 

selected from the p.Yr"",ri'mP',,,t,,,1 data as those in which solids were cOIllSis1tent.ly detected 

are a of modifications to are necessary. For obvious reasons, death in the 

size class is not a correction must be made for the loss in 

smaller size clas~s due to collisions with ........ ,..1, .. " 

in size thaIR the upper bound of the 

.. ~l •• _&' in pre:terence to con~ectllv reflecting the 

two alterations is reqlJlrC'Il; 

alRd 

}=I 

for the renlaiIJling or 

}=I 

alRd 

1=1,2, ...• 12 

1 
+-

2 

1 
+-

2 

i = 1.2, ... ,12 

size class which pr(ll(lu(~e "'C>'OII"P'",.,t .. " 

to conserve pre:ci}:litalte Qluantitv (or 

in number upon one of 

+ 
}=I 
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for the renlainling intervals. rU'dLV'~6'L it could be that the most apJ:trOflriate answer to the 

size mtf',rvlll~ nlaiIltaining a man3J!~eaJble problelm is number 

number reduces the cornpt1tationlalload. As a result of this nn .. " •• " .... consideration and the observed 

and to ",.,,"'nt· .. an unrealistic concentration pre:clDltalte in the 

49 

size the latter of the solutions ..... ,.."i't-t above is selected and used 

thr,ouEIDolLlt the remainder of this work. The chosen correction p.tt.",ctilvp.llv o1i<l<rf~ol'lro1<l< l'IO~rrp.ll'"tp. 

formation ... ""." ... <> nlll"nCI.~~ resident in the size class. 

l'OC:USSiing on the ...... lii ..... ' ..... differential equlati'Dns l"p.nl" .. q,"'nt,~o1 its most valuable 

attribute is that it is UlI~lnnltel~cI the first three moments of the PSD cnl'1r..ctlv this was 

to a combination of the criterion used in its "p.l'IVlllrU'm a condition that could well have 

any three of the moments. Hnw",'V",l' n .. "II,I .. ,m", arise with size domain 'end effects', pro.mJlting 

Hounslow to offer the tnll,nwino amendment to ensure the total number is " .... ·""'."' .. '1· 

the lack of fundamental basis to the formulation and conresp:ondling 

absence of its terms can to make such corrections and 

result in absurd situations such as a net loss in a size class due to the 

existence in the not an insurmountable it is 

fortunate that of these difficulties is made unnecessary the observations of co-worker 

who conducted the program. As mentioned in Sec. his of 

the .. v ..... ri· ....... ,nt .. 1 2001) reveals no evidence for the 

under COllSiclenrtioln a which is ,,, .. ,,nn.-tPll a number of other studies of 

metal hvclroJl~ide pr~cipitatil)n irldic:atirlg ""mll,rY to be 

I1ievski & White Mullin et al. Pavlides As it is that 

enlarg;emlent is as a result 3,gluelgation alone and that nucleation is the sole mechanism of solute 

Nucleation is cOlnmlonlly defined in studies to occur at zero with nuclei then 

as sites for HUWo;;;'.o;;;,. nuclei of finite size are in this 

to enable solute to OCcur nucleation. With 

to the if the size domain is discretised into a sufficient number of intervals it is to 

allow nucleation to occur in the smallest size in which case it can be accounted for 

As is evident in nm.ve,rer_ estimates of true nucleus size for the current fall 

below the minimum detected the ap~)ar~ltus under measurement conditions. In this 

situation it is to introduce the notion of a source filIlcti!on, 

from the nucleation rate, which can be considered to be the rate 

and/or in the smallest size interval modelled. 
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60 CFD anallYSIS of reactive crystalllSiatlcln In stirred tanks 

The overall rate 

relevant rates presented in 

dt 

and 

dt 
j == 2,3, ...• 13 

number concentration may thus be COl1npulted 

and 

SWl!mlillg the 

for the rerrlainling twelve size intervals simulated. This """11"'" .... '<li"' .. ...., differential 

eql.ll8.tiC:)ns may be solved nll~np.l"1i"':I<I1 conventional ODE t"""h .. i .... ".~ but once the embedded 

rate constants and have been determined in some way. 

As with the imJ,lenllenltatiC)n of the ""I ...... , ....... sJ)Cciati()n SllD-lnOClel. the cOInplltational methods 

p.mlnll'l'Ve.n in the solution of the discretised balance are dislPla'ved in Sec. A.2.2 encased 

within an annotated of the Fortran for the CFD 

precipitation model. It can be observed at various in the code of subroutine USRTRN 

ordin81ry differential equ,atioills rc~m~serited and is 

solved a reverse Euler numerical int,·o .. ,~ti" . ., tc:cluliqlle 

ultima1tely selected for simulation purposes militates 

the small size of the tUfle-S:teo 

the necesswry employment of 

more advanced and numerical methods. too. that the exists to nertnflm 

the balance calculations after the of nucleation on the PSD 

have been established. This feature is intended to be invoked when solute 

de~lOsitiolll. and is mentioned in Sec. 4.4.2.2. 

altl1lou~:h an array of different ags~el!:ati()fi kernels is encoded for It should also be remarked 

inv,estigation. the scope of this work 

SignificlUlltly. hovvevc~. besides 

ever entails the of the kernel. 

mathematiclilly the simlplest to imlplelllleillt (a consideration which 

is of reduced signifilcallce when emnlovil111i!: a aggt'Iegation has 

been as the most in a number Bramlc~y et al. 

Ilievski & White et al. 

Of further relevance is the fact that the DPB model detailed in this was dev'eloloed for a batch 

Ap,pli,catilon therefore to a semi-batch precipitation process demands that the teed be accounted 

for in the modeilling of dilution effects on and number concentrations and in mass 

balances with those de!;cribinlg solute determine the to the solution 

This is discussed in within the context of the CFD precipitation 

in 5. As indicated solution and 
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.... n"i .. ,~" that correlations the parl!l.tne:ters and to the of the solution chemi!;try 

model are available. The aDt)ro~:lCh ad()ptc:d to address this need is documented '''ll''''''''''''''''''), below. 

The rate constants central to the DPB eqlwilons are themselves ."",,"YllO,..". as functions of their 

local chemical and IWtreJtation, ph~'sICal etlvir,oMlenlts; this was stated in 2. 

Prior to the de,relolpmlent of c:xpreS:SlollS Ulescnbllng these rel:aticmslilip:s, it is necessary to establish from 

exrlet'lmeint a thrIOUJl:h01Llt the process, of both these kinetic values and the corres;polildilllg 

solution conditions which gave rise to them. 

A method cie\J'elnnefl for extJracling rate constants for simultaneous and 

is followed in this IfIfT'elfllnl1,n from eXI)cfll1l.c:nt!ll The teclhnilque is a differential one which 

L>"'~1"'''1 and co--workers for illus:trative purposes in COI:YUltlctlon with the DPB ofHounslow is used 

etal. to calculate the rates. A differential method is to the cornmonliy 

, .... ' .. '''~,.h both because of its relative ~Im,nljt~jw and since it does not some 

ImC)WleUl!:e of what constitutes an "n .......... ',.;"t .. kindic model. Additional merits of the 

differential teclhnilque outlined here are the inclusion of the source function or nucleation rate (Bo) to 

account for the movement into the field of view of the size analVSf~r. and the fact that 

it allows "ao". .. o·"ti,\n to be described a size-depemd,ent kernel. the method can be used to 

determine of the kernels be applropriate. 

With due consideration to the nature 

BlZl'O'eitation. the rates ~ .. -""h'~~A of the zeroth moment total third moment 

1'''''1''''' .. "'ll'" to total number in the first size interval may be written as 

three in terms of the three unknown rate constants: 

dt 

dt 

dN, = 
dt 

+ 

+ 

+ 

the Tnllnwm 

+ 

have been defined: 
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::::...c...:.. __ -"",-

::::-'-'----"-

:::: 

The available at discrete values for rna, m3 and very 

there exist difficulties error-free estimates if the concentration of data 

can be calculated or from these values. 

and can all be the A ........ n.'riA't .... 'lfnf'crirrl ..... lr" I 

calculated from the relevant DPB eqllatil)ns, enablulg to be solved to obtain the 

desired rate constants. Cairncross notes that these eqlJatlons can also be written matrix 

notation as 

Since the condition for the existence of a solution is :;to 0, such a rep,resentati()n facilitates 

a check on the and In<lleplmdenc:e of the constituent linear eqlllati()DS. 

In of the chaillg4e5 made to the DPB ofHounslow et al. and which are to 

uJ)(:omling mo,Clellmg attemp1ts, associated modifications to the differential rate extraction T""'II' .. ",~" .. 

detailed above are 1''''''''''''''/1 In the absence may be renlacl~ 

:::: + 
dt 

:::: 

dt 

In this set the rates of the zeroth and third moments are selected as 

the measures behaviour as alluded to in Sec. the relative 

error lies in the data. In this way, it is fortunate that may be 

nell:lected. Simultaneous solution of these for the rate constants: 
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Mod<I develop"",nt . tld impl<m<t\toti<>n (I) 

(4.33) 

(4.34) 

wh.,<. "hh . pplie.tion to tn. ']><'Cifte co.« of the modifted ~!l!egotioo <.q"atian, just developed. onJ 

recalling that 11(L.J..) = P. i(L,J..), 

-f N,_,t2J~·'j(~~. t,).'., + "I ~ i(L;_,.L:_,)N;., - I N,f2" 'jul, E,)N, 
,_l ,.. ,.,2 ,_, ,-J ''''' 
-i N,If(Tj". !.~)N, . 

. '-' 

4.4.2 Fitting of models to rate constants 

Supported h}' tbe di.!Crete <x~im<n"l ""'a,"re~" of partide size and solid:; voll.ne cOllCentrat;oo. 

lhe preceding parameler extraction e.u:tcise "lIow> proftk, ur the r.ole coMt,n'" over the eoUT"" of a 

pwiicul ... run to Oe e>tahli'hed. Proftl " too of\"Oriou, <ol~ion oond~jons con be cakuMeJ by lOe 

repeated applic",ion 10 ,he sy'lem (dynfllllk"lly defllw by .... p<riment.lly-<kri'·ed m"". bal"""" 

oo.<rving !:>oth f<ed . t><! wlute depo<ition) oftbe aqUeQI>< obemi,tJy model delailed in Seo. 4.2. Gh'ing 

due crnsideration 10 widel)' recognised linclionai relalionsllip. (. « Sec,. 2.2.2 and 2.2.3), !he 

dependence uf E, .00 P. un ",kcled ,ulLJI;oo conditi"", c,n tberJ be inve.,tigated and e", .. I.tions 

empirically determined. In so doing. l1(J o""llge in the,e <",relatioos during lhe c"..."" oftb<: 

l"edpHation (which <onld perllaps be indio.;live ofa ",ilOh in mechanism) i. cUlUidcrM. 

Furthermore. unles, otbefwi,e ,toted, the r.ole ,nd cberni,try profil'" invoked in thi, eXefo;.e ore tho« 

generated from e"""timontal "'lids dOlI> en~ineered 10 ""cord with lhe resull, oflol"l di5.><Jlved nickl 

a"ay> (",e Sec. 3.4.1/. 

It i, import""t hen: to reit<r.tle tru., having "'COl~'" only to th< T""ult< ofbt,lk experiment.1 'ompljng, 

.Ilme",uted ",lues :ore .. ",med 10 renect the variable.' unifotlll di'lriootion thT(JOJ~hout the "i,,«.1 

tonk; ipsu li>ctu, derived rate c"""ants >IIld ""1,,,;00 properties too can ooly b< T<pf<:><:ntative of a 

- It ohould re 00000 thfJt the rote extl~"'ion I<chnique w,.; 0100 opj:l.i<xJ to the unm""ipulatal ><:lid, iliIla 1_ U .. 
Malv<rtl M"",....a.et S"". Ald~ the re"-llt< ore 001 ~ n,i, e"" .. -i .. ~,,,,,,d nil< fuI1<'ti<:Jru whicll we", 
"" rnly incOOli1l<1lt .,""'" !be v,",,,,,,, OOt •• .,IS coll<coOOl1ndcr different """,,>till& ooMiti"'" ( .. "ill be _n 01 
!heex""",;m. ilevel'if><>l in S<o<~ -IA.l.I .00 4.4.2.2 i""naJ;,,,",y r,~)ow~\ but ",h..., ,,= Moo »bourn in 
Umuaoon. 
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I"acticolly unatt:>inoble 11OIooyene, .. " stale, Such <I, ob<t=ion e"" h:IV. <.,.ioo. implic.rioll< fo< to. 

efficocy of tile rate furd>on. ultim ... ly elic>tM. The t<chniqu •• mploy. d i>c~e ,,-., ori~inillly 

dc'Ve\oj>Cd I", • billeh !"'''''''', • mode "I' "I'eration in wbkh "Pill;ol inhomoieneitie> moy be e,peeted 

10 be • j:t<at deal!es, ,ignifieOJlt. 

4.4.2.1 Nucleation 

The nucl< .. joo role ""I"",,",ioo ultimately gleaned from 'b",e' expcrirnen,a) dato of extracted oocleotion 

role, and c.kulatcd ",Iution proj>Crtic, i. 

B, =l.~lxW"(S-I) ' -" , ('''l 

'b.",,· d3la alooc b e~loyed in the de,'elopment oftlli, equation. sin« th. id",1 of <XtrilCting 

fund""",,,,.l, eonsi,lent relati"'''hips ind' pend. nt of op..-Ming point provcd unottoinbic. To aid 

illu."ratioo oftllis poin, prolile> ofpreClpitote )'ield and 'up","""",otion f,.. each of the .'perim..,tal 

TLJIl> ore ploUed below. The procipilate yield ,imply .. fiects to. perc..,toge ofnickd removed from 

oohrtioo; "-, ,ueh. il is pror<rtiOlw to the third moment "rthc PSD and it' cokulati"" take> . ccoun! of 

the '<>Ial niclel e<>lllenl of the sy'tem <I,d to. .. Iev""t e'P""imont!tlly determined prcc-ipit .. e mol ... 

density. 

-oc- ·0 

'In. i' l 
lip ... 4.1 Profile. of experiIllo",oJiJ nlC'surcd 

I""ci[li_ yi. 1J ""reo .ad, of tile 
cvcrati"ll oo<KiiLioo, i:ny~LeJ. 

F;g.'" 4.2 Prolil", of wpt,..,.,...tiOil "",""1J"*>:J 

fru:ne>q;<:riooer<oI me~ 
..-.dor eocll ofilic ~ <><>!>lit .... , 
i.yO>l;g.-..I, 

It is e,'idem ji-om rig, 4,1 tl,at th. rat .. ofnocle.bon ('" the >ole mean, "rrcmoyini nickel fh.n 

",luo:;on) exhibited in, f(>l" ' '«Impl., the .",,<e'. 'TOte L' ond 'rotc H' oc,,,,,";,,, di1rer markedly. yet that 

the wlmion ,,,,,dition' ot each oft .. d.t. point, on: ,och that the eok;LJI.ted super;;allwotion vohle, in 

Fig. 4.2 (and, indctd, lho>c of otber properties too) ,,,,'er approximately lhe . ame r~nge 10< the v.i_ 

run,. Att"mpt' to extract a ,inyle, .ppropriate nLITlber·bo>ed funotion .. further thwarted b~ th. 

v..-iilbllil)- of the I"eoipitote mOO.- den,hy under different operating COIldition. (,"" Table 3.2). 

Perhap, the mo,t <>bvioos feature off;q, (4.J<;) i., to. apparont in.bilil)- to cd""e ,he high onkr 

dep. ndcncr or tile noc!cation ralc upon .upa\.lltutotion typkolly .. >odoted w~h ~"rmide 

preeipitatiool proce"e, (, .. Sf<:. 2.2.2). Tili., doe, not 'uggc'S! tho! either the ,em;-empiricol power-lay, 

nucleation rate equotionlo.mulation 0' a high onkr dependence i, inopP<DPriolo, bLll 'imply thot >!Joh 
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.n expr<ssion could 001 be d<rivod from m. ,vailabJe ""po,imonl,l dot', In ood~k>n to m. point made 

in m. previous paJ'av,ph coocerning lb. ", lalive r~os of n1lCleOOon rote ,nd "'p<tsan"'tion v.l\le" 

tl>i' " lorgely dLlO to to. furthe, o/"<",,Iioo ITom fig" 4.1 :mel 4.2 Ih~1 the", exi"" rr.- eoch ofth< 

<xpenmc"tllol ""CJl,n"" ,n , ... ,entiolly con"'''''' mil.: of ",Iule dC'P",irion irr«pective ofthe c.kul,led 

.up<,>atL~oti"" levd" Th;; i, preci,dy the rel",ion5Ilip ,bcribo<i by Eq, (4.36), Tt... the tIOCle.bon 

Me funotion ""tm:;\ed from the d'ta sen of odie, ,oonario, would ' ..... al only, <hono:e (based on til< 

difference' in mol..- rate nf deJlO'irioo exhlhited in fi~. 4. 1_ ond tho"" in portiole den<ity) in til< inibal 

con,t""t factor ofE4. (4,36), whioll doIl~I\alc. Ill< predicted b<haviuur. Such" "'-1'Mate devdopInCtIl 

for eooh ope'"tin~ point wooid be of no ultimoto benofit to the model de'Cliption (nor, it could be 

"'1!""d though, i, the modellin~ nf di,'eT:« p",dpitale molar d<n,iti .. for which no <omlOOoo ;, 

«ported). Yiekll""lik> being "" they .n; the exlroction ort'"' pn(){ anLicipoted cnn,i<l<nt, high ",de, 

funotion woold require flat 'Upors'MOOon profiles. eaoh ofa diff.,ent 'pp<upril>!e m,,!,nitLKlt, 

FlIilu"" urthi, ""erei"" tu di>tingui>h, lur e'''''''ple. the elcvolcd 'L!pC""lmlliioo level, de,rly 

re"",n,ible for "ate []' nucle"'ioo beh,viour omoIInt< to a oritio,llimitalion "ith respect to isolatin~ 

the <otIIrollin~ ",Iution conditioo valu .. in • system exhibiting hi~h "I ... Ttli' i, .ho most like~' 

linked to the quanlity ..,d ,,,,,,,I <Ii"" of ""~il",,lo npcnmental dot • ..,d Ill< ro<uitont ""umrti"'" of 

'pali.1 uniformily urwlttpinning iho OIIlire pr""''' airned .1 lho devd,,'prnenl of appropriale raLe 

fun<tions. In f<>::t. the e,pectalion that, ,in::le. ,pposile relaliornhip be extrooted fur both n"deotion 

""d aggreg.tion i, certainly oplilni.lic .nd would imply thai" "om'>geneou> "'prc,en~oo i, in ,II 

probooility ",/TId"nl f....- lnudelHng "nempts, In light uf (he .rove dj,CL"'ion, Eq. (4,36) cannot be 

expected to p"rform ,d<quotel, in it!< ""k ohccurately capturing the dopeoo.n« of the nuoieotion rate 

llikkr " '''''go: uf up¢T.ling condition>. 

Explorotion ofth< potential v.ltdity of oquiliI:M-ium_contmllod ""hrt< derosition i. mo(j,'ated by the 

rapid nucleation mlc. observed (fig. 4.1) .nd the relatively low calculated 'LEpcr>l<iurxioo ¥~Iuc, 

,uggesli,'e of a S}'stom v"'::.illl: on interphase equmbrium (ri~. 4.2), Exper;m"nta.i equilibrium ,'Leld 

profile> (fig. 4 . .1, below) .nd otIendanl I""lib uj >ululion pr<¥rti<;, ,uo), "" ,upc,,:dunlion (Pig 4.4, 

below) m" he generat<d b, furlll<r ,eworkin~ nfth< m,nipul,ted expcrin",,,,,,1 d"" ,0\<, Suoh a 

procodure ,imply .ntail. inclu,ion ofll,. ",lid >""do, and ii' e4uilibrium rol.tiuMhip in lbe ,pcoialiun 

o~ICLJloti"", (= &c. 4.2) .,,,,ociottd with <och orthc «pcrim<nt,1 d'l~ poi"'" .nd the :.diu,lmen' of 

the particle nun""" >c<ordin~ly (in \11< .. me manner outlined in Soc, 3,4, I). The conslrai""d d,,,, 

p""ented in fig. 4.4 merdy InMiles .. by d<l1nitiun, lh< ",ti,l3ctioo urt"" eqLEilibriuttl expression 10! 

Ill< ,,,lid! ""m,ti", .. actioo. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

56 CFD 1.llyolo of reactive crystalliution in ~ti""d tanks 
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P;g.", 0 r"n~il" (,I "'J"fi" .. ""II).,""..,d 
. qllilibriool pro< i pit"" Y i< 1:1 iJOO« 
"cit vftt..o "",,"'ins m>diti,"" 
in, "";g""". 

-­.~, ,J--.-~ __ ~ 
o = " KIll ooco """ 1COOO 12!XXl 

l roo ('J 

Fig.", U PT.,lil" uf ""p""",,~"'i",, ""lcu~.e<l 
tn.", 'c'I"ilii:<h." prccipin.ioo' 
eXl"nn""",1 d",. fur ,,,,,h oftt..o 
''P<r''';n~ ".ld;'~"" ;I,,·",';~""d 

,\gain 11S.",ming lIomogmcity_ Fig. 4.3 dca,1y fLKtho, '''Ppm, the llotion that the 'y,tcm «Ilihit, ,~tc, 

of soIlJte dejXl.>itk>ol WIY closely "pp'~"'hi"l: til<!! P"<SCril>«l by <G"ilibriwn con,ide'''i""" In<I<ed til< 

,,..-k>o,, cO<IT<j>Onding diffCfc"c"" in tho yi eld pmf;!", of Fig<. 4.1 and 4.3 or" ""."idOfod 11k"I)' to fuIl 

",][hin ti,e probable mor bound, oUII< dis,~h'od "i,ld m<"'lLremc"l> lJj>On ",hi<h lh< prulile, i" ril:, 

4. I or" b .. ",d. 110'0. be,ide< the st.ndard '{ll"Ce' of "ndom orror, rd",,,,,,o i, In:>de 10 th< ",,>sible 

,llIdilioll[ii ,y.lcm;c """cc ,el,,,-d tu lhe "mplc I1itmlion hkJ.ilic<l in S<c. l-4, I - oJI< tI"u mi~l~ 

imply exte"ts of doposi~()Il greater than those i"fmc<l from til< meas"'ed value, of total "ichl in 

",h"ioo ",''' therefore ol",or to tilOSO of Pig. 4.:\. Tko yalu" of the ,ohll,.lity product .'lljll",·od in tilo 

d<velopmeJ~ of the <G"ilit.-ilJlll )-kld profiles uj'Fi~. 4.l i, i[,elL ho",evCf_ " m<>tler uf ullccrtni"ly, "' 

mel~iOl\ed e~;ji", i" tl .. oi"'P'''', A. ,ucl~ if ",,,,I""'ion i. iruJeod <quilibr i"m-"'ntr~lkd, 100 "mli " 

nlue of K., may w.1I al,o he r<sl"""iblo ill l',u1 (11 "h~l o fe<' the mi'1(I1 diffor.nco, ovidellt botwoo" 

t'i~,. 4.1 .,'" 4.:\. \-101'<0"0', compar""" oftl .. oxporilllolltally '"".,,>rod pi I pr~filo, ill rig. 4.) 

1 t>clow) wi[h the cqlLiJjbrilLllt pH pruiiic> in Fil:. 4.6 (t>clow, wrtC>I"""'ing [u lhe y;cld and 

,uP''''"tl''''i~n profiles ~f Fig'. 4.3 ""d 4A 'e'prC[iyelyl Sl'gge'" [hal Ihe prorIicte<i eqlLilib ' ium <."eJ~ 

uf hydroxide ,emU\'.1 ''''lui,,,, limi'ing if agreom o"t iI; to bo illlr--m'"d. Wore it llet f01 the foct that th o 

Ni:OH ralio in lh< p''''ipiln'e ph"", I"~ in addition_ "coolcnliQlL' i""e I"' ,lIlLded tu in Sec. 3.33.1), 

tili . ob-;orvatiM ",,.,ld have wl"'leh<artodly ondors"d thol"",ition that," inc'<"e in K... i, a "OCO"'IY 

''''''"'',re to curt,il rolLlto dopo,itioll ,"~I SO boost C"!cula«" equilibrillm pli kvcl, to tl""s< me"",",1 

"p',rimcntally. 
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F~ .... 4.6 Profik> ofpll """"lot<d i-om t'ip .... 4.7 Profile< MpH c,""",latl>d ~otn 
oxp<rimonml ""'MUlm.eoo ,">de<.>elL 
of the oper:-<i"l oondl,;oo, 
i,..-o,L;gol<J, 

• cqoilibri.m prC<;pit,..;oo' 
<xpetim,rUI J,t. IT<"",", of the 
operatinl! coOOiti.,,, illyo"iga:d 

Th<: cl\arocters ortlle pH ""'po""e. piottO<! ;n Fi!\,_ 4_3 4.7' jndicate the jITC~"lor """itivity or pH to 

,igniflcant r.lative changes in <:umLJIatjy< net hydroxido oddit,,"", cffect<d by ,mall variatiOll' in yield, 

Such Ix:h.viom ;. dependent upoo tho exi"ing btlfferi~ capacity of the .oImi"" and, thou~h no{ 

unuoo.l, betray. the complex interdependent nOlure of the ooderlying equil;brium colculation, ..,d pf-I 

definiti",,_ Re()()gni.ing !hi, ",,,,,it;vity (which i. of ><>IllC relevllJlCe. ""' r.ferred to in Chap, 6). only 

,light all.rotion. in the model d."cdptiOll m.y be expe<ted to result in unproved agre<:mcnt hetween 

ri~. 4.5 ond 4.6. Inde.d. the pre,",ion of tho thermodynamic model .00 <ht. os • "hoi. ()()uld .... n be 

qoc,tioncd, A, it stand,. if the nucl .. tion rot. doe, repr""'nt equilibrium derositiOll, the problem or 

d;,eoming the ,.IOIive merits of the above Of'gLllIl.nl.< and e,tabii.bing wbieb defici<ncics, whether in 

comoination or al""". are re'lx,",iblc for the di"'l"P"'cio, both between Pig>_ 4.1 and 4.3 and belwe"" 

Fill"_ 4_~.od 4_6 j. inextrko.ble given the cu,'rent .""ilable dat., Even irthl. were oo! "'. thc pr=ding 

..... oning i, oased on asslllllpt:ioru ofunifonnity of mc"",,,,cd iIIld cakulatcd v.lue •• thus making the 

potent;"1 in.ights of limited applicability, In botter al'P'oximoti"i re.lity. ,irnul.tion of'l"'tia] 

betero~.neiti .. via crD (to be e",l<>ted in Chaps_ 3 and G). in taooom with equilibrium nucl •• liOll. ;., 

, IIl~ 001 di<j>!.yod here, ~ .. '."pl) ".."ltiot .. <1 ... p<.Hnt ofi-.,>t tho! tho YlriJor> pli profile> pro;hocod h)' 
..,pi""ti<.<l of the "",ciotioo IOOI~I to!ht .)">tem .. deflli<d by tile lWnanipillat<d .'pcri"",oto! ""'''''''"''''''"'' or 
""lid> volm>c "" 'llI""ly ;""',ooclloblo with """'" orFi~_ 4.5, U tho hypothc>i. ,,,,,,,,itl<J in 5<;,. 3.0 i , 
<li""p"le,k thil; <"""titute. furtbeloorrobomin&"'ideocc oflhc """ <1rOI> '" tiles< ""'oO\lf,"","'-'_ 
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cxpeeloo 10 rc,'c"1 dilfClcJll o\o'culi dcp<"ilion ,,~e, liom lbose llppa,e1l1 in rj~. 43 (which cllceliv.ly 

,err.scm the ,.,ull, Or" tnodellilW. appro:ooh ptCSUW<HiIW. pede<:! mixedll<"i. Wilh r.spoct to m. 
~oting cnnditioo, ,tudial in thi, wort, it m.".. b< in,'gin", that th" ... rate, ",,,uld b< highef 

p,micul,.-I), in Ihe ab,ence oj di»olution, tlx:rcb) widenin~ thc ~ap Wllh Ibe bulk cxperimcnlal 

,ne,lSUtom.nts. Nev<nlid"ss, si"". tb< af",.tn.ntiollOd u""<rTaintie.s ,urroonding t" d"'tnical 

ehOTae1e~i..tion oj tl", 'y,tc"l pef,i,t tl .. notioo ofoquilibrium nucleatioo i, "ill crcdible :md c"'" 001 

be diseoum.d. At t .. ""'Y I .. ,t, it c,., be lX>,it.d mat IIl>Oleation displllY' e'Tr.m<i, f'" ~i""tic~ 

whioh, if noT >l>le tn b< de<cribed hy equilib~um modelling. 0011'" very elo ... to !hi, ,totu" and which 

arc wor,by or lur\ocr inyc>!i~lllion. 

A, regOT'" tb< eomput:ltional >Iud} of cquilibtium nucleation. IIx: modclle-u ralc or 10ltna,ion of nuclei 

i, Ib<n ,imply,., 'PPfOpriate tr:.mlatioo (acc"unling fOf 'mHOk,~' volume, prccipilale mola, ",-1l,;;ly 

aoo ,imulation timc_>!ep ,iz.<:) of IIx: exle1l1 01 dep<"ilion diclaled b)' equilibriutn ob<ntistty 

c:onsid<rotion,. Di,,,,,lution i, d«med to be" relotivel} ,Inw IlfOCC," on<i '" "HOh. il 001 mOOclle-u; i.c. 

tbe cxi<1encc "r. ,uI>c~,aILraleu ,,,Iulion i. a ncee,,"')' ",nuilion (aoo lhe tne,. p,.se"". of solid, is 

il1SuffooionT) for the ""Ii", equilillfium rel,tion to b" iml",-..ed. In li"u of • ,ati,f>ctory falc funclion . 

.. Lcb an equillbrilJ!Il dc-s.'fiplioo i, ,Ix: l.v",~eu model oJ' nuclealion ~ine!ic,. 

How<ver, II", eoosKkmbk >d<kd expcn« of induuing lbe ",lid 'peei"" in loc spcoilllion O>lloulatiotlS 

oan, ",imin,., int.~L",d modd """'tul~, beoom< I"ooihitive (,"" s.c. 6.J.4). Accnrdingly, an attempt 

ha< b<en m,de tn <kvdop .1KHOic,tion rote cquolion which mimi'" equilibriurn-eonlrolleu solid, 

fo'mlltion boh,viou,. To ,hi, end. tl>< plOT fe,,"ured ;11 'ig. 4.H (1.,,,t poge) may I>< gencrotcd by 

expl"ilin~ inlormalion gainooJ II~ough eomp"ri>on, for .:ooli of1l\O eX[I<rj,,,,,ntlll ,un •. nfTI>< llilern't.ly 

m,.,ipulated dot" l"'il1". In all cffort tn rcl"e<ent a range of local ",Iution comp""iliOll' "" ,intila' "" 

l"'"ibl.IO lhose encounl",.d in tl>< upeomilW. mooellin~ "''''l (TI>< ,O'ul« of,,'>ich..-< l"e ... l1ted in 

Chap. G). the "mph ai,,, include, data gatocrcd Irom , CFD ,;;mullllioo of lbe pre",ipilolion prooes,. 
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" 
!ii~ " ... U Relotioo<hip b<tv,'"". ",]><,,,,,,,,"'iO<l m;j 11>< c""'''poniliJl); .x""' of oucl<,.j"" 

rc'1JiITd '" ",<lin e'1Jilibrb.Ill "ith respect '" the ><>lid 'PCcic;, {dot. """,CIT(I frcm 
1""",-, <lotio«! by exl"'riment.nd ";mul>t""'). 

Propitiru.,ly. on offlio<JlJ tn:ndline m.y be lilled IQ Fi~, 4,~, )'ieldin~ • power-law ,,.'pn,,,ioo which may 

ultimald)' be coo\'erted W an e«llivolenr ,,,,,1lber-bosed nude.tiM rote, 

, 1.265>10 '{S-l)'" 
• - {-U7) 

[NiJ... v,M 

Ifere. [':'li],.. i, the ",Ie".nt precil',t.te mnlar don.,i!),. v, i. !he 'nucku,' vulume and,it i. tIlo ,imulolioo1 

The aoove nucle.tion rate eqUati"" ""I'""" .imil .. tn • OOIlVentional """. except in relating ."Iid 

q<lantil)' ralher ,han paJ'tide ",,,1lber to SUI"'''.lU!M:.iOO. and in nec"" .. ily ,.ki~ exrlicit ."count ~fthe 

.imulation tim<>-.tep ,ize. Hnwever, in critical!)' ,.",,,;;ing lbe li:xmulalion orE4. (437), it mu,1 be 

strcS>ed th.t it does ,"'" def"'e a t,ue rate dependence. Rather, through the indu.,ioo1 of t.1. it i, n=ly 

• ro-acticaJ contrivance oimod at explo~ing the 'y"emic ,el.inn.hip depicted in Fig. 4 ,& '" • 

coovonionl me."" of "'p!'O<ludn~ the malhcm.tkol ",edfic. of the e4uilibth.n modelli~ teclUlique 

(which i!>elf ultimately employ. "" imp!'O\'iscd <hiv..ove ,ale dictalod by ~), Accordingl)', 11>0 volue 

nf tl;e exponenl in Iho ilbuve eq",olioo, oIlhoo~h nonethde" ofinl<:rost, c""nd be interpreted.., tho 

order ~fthe ood" .. ion ,ote ., the d ... k.1 .. n ... Tt i. import..,t to n(}/e thol the ... doe, ind<ed exi"" a 

,ote functioo1 defining tho actual {pulcnlially high order) d"l"'n<loncc of nuckalion rale on 

Suret,a<ur.ti~n ..,d/", C(h., ."lution ro-Of'"rtie" it .imply cannot be captured gi."n tile avail.ble 

experimental <lala aoolhe liocl thot " high order dependence in partirulO! wwld unl)' be reodily 

di",,,,,,ibie in a system exhibit;'li lower rotes, I'or p<""tical n1odeJli~ I'mP"Ses thOOlgh. tili. is nO! of 

due oonce,n "p!'npo> the ,!",oitic 'y, lem orinl"'o,", h<~o, >inoc,.., menlioned earlier in!hh >cc(iun, 

nucleation f":""eed:> ""ffidently fast th.t tho reaction prodtJC1l< =m effeoti.ely equilibrium_oontrol led, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CFD an_lysi. of ",activ~ crysta lli .. tion in stirred tonks 

An additional import..,t fcalure ofEq. (4.37) ;, 'ba~ .. with tho d",,,,iption of true "'luillbrium ,olid> 

lOrmatiO<!, s""h a modcl of nuokotion ,uo""!Iofully overcome> >Orne of the cttnpl""'-tiom •. Hied to toc 

variability of predpitate density with operatillg point. ~pc<:if",ally, the derived nlJlIlbcr-b.scd rate 

equotim (ill<)Orporating the precipitate den,ity), "' opJ'O'Cd to a purely nllmber-blsed represemation 

,ueh '" Eq. (4..16). e,lSUre. thai identical ""lutim coodition' re,ult in !he some rate of solute dq:>o::>;>ition 

mlher th.., the wne ",te ofl'"rticie fom>ation. Thi ' i. consid",od to be con';.tent with til< governing 

theoretic,l pri""irics di",us>ed in Sec. 2.2. The '«juihbrium mimic' kinetic ccolStruetioll of bq. (4.:l7l 

is llSed in the .aU majofity of .imuialions conducted lOr this 'tudy; its performance in replicating 

equilibrium b<havionr i> ovaluatod in Chap. 6. 

4.4.2.2 Aggregation 

It WM provloLJ5ly m""irn<d that tho mo", ,wrorri,to math<matioal representati~n of aggregatioo 

behaviour ;. often [OIIItd to be providod by toc sizc-ind<1'<ndCJJt aggregation kernel, a model in 

>ccordone. with which til< oggreg,rion ke"",1 (/!) compri'" only til< ,i,e-independent he,,,, tJ, In 

c;.iabii,hing the ""'relation below, the 'iz.e-iOOcpcOOcnt kernel alone was co ... iderod; he""" it i. colly 

appropriato W u'" with .uch, kem<t: 

fI, = S.33 x 10-"< "'" '-.. 
(~.l8) 

-", with the extroction ofEq. (4.36), ond for the >arne <)Ore re"""",, outlined in Sec. 4.4.2. 1, only data 

related 10 the 'base' oxperi""'ntal run ""'" employ. d in the d ..... lorrnonl ofEq. (438). ),fOTOOver_ til< 

experiment.1 profib <elected for ""e in edocing the .00", rclation>hip Me tOOse resuiting from the 

manipulation of!he data to reflect equilibrium !<>lUI. depo!iition under cOlldition. of ,pati.1 ullifurmity, 

i.e. til< .. t of profll .. including Figs. 4.), 4.4 and 4.6. The primOI)' motivati~n f("l< thi. deo;,ion i, the 

,light e,~ggeration (withT-e.pc<:t to a homoge""""" 'y,t<m) oftI-<: tenninal ond near-tcnninal yield, 

presented by the ,neuure"",nts ~hotol disI-Olved nickel; or more "P"ciflcally, the .bsurd calculated pH 

,,,I u.s (_ Fig. 4.7) which .r< tl-<: rno,t notic • ..,lc m.-nif<<tation thc ... of. 

Jbe furmulotiOll of!hc ~itegatioll ",pres,ioll is of "'110 interest, illsofior "' 'JIllre~ti~n is 

theor. tically fumured (via a reduoti"" in el<otrostotic potential) .t hi~h pH and ionic ,"rength 

Superfioially. at Ie.,,!. thi, could be construed IS • mc",ure o[ endorsement. Howev..-, rtOIwiLh.u.nding 

thi' ob.er"oti~n. l'q, (4.)8) i, IlOl c"""id<red likely 10 repr .. ."t a true .nd accurato depend"",e of tho 

~ggregation ~mct on ooIutioo coOOitio",. n.;, woold not be OIly different for toc fuoctioml 

relatio".hipo ,imilarly ed""ed for the other •• i<e-dcpcnden, kernel,. 19nonmce oftoc potential 

inflLJ<!1C< of hydrodynamic. ""ide, til< n~tnre ~fthe avoilobl< . xpmment,1 dot" tho re""ltant ne,," .. ary 

""umptiOll' ofspatial unifunnity inheront in atlemJ>/S to character;",,!he SJlStenl ki''''tico and the 

.,,,ociated j""blhty to ext",ct ~ """"i,tent fun<tion cnder toc • ..--io"" opcn'mg condition, entall that 

e'J>Cotatio", o[tl-<: equalioo', general applic,bility and wid,,"flIJ!ging predictive o'pobility ore 

U'lrealistio. 
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It is also instructive to note here that in I'u"'U"''''':1 111"1""111""'11'5 as evident in 

those solution nrnnel1lv values the Fortran code of Sec. the 

calculated after the effects on solute levels of 'simultaneous' nucleation have been 

61 

cornplltat~ioniillly actualised for a nm.e-Slteo. Tbeor'etic~ally, such a ~_.t .. ~,,, is Rnr\rnr,ri"t .. when 

either of the eqllililnium 11I1~nrlnl1l",h"Q to nucleation modellling detailed in Sec. 4.4.2.1 is emlt1lo,red.. since 

the is one of instantaneous deJlOslition. 

The selection and of the final models of solution SPC:CIBltlon, I.I'VI.I ......... 11I balance and rate 

dqlenderlCe, as to the have been .... nnll't.·r! in this as have 

intelgratt=d model their methods of solution. These form a central of the 

established in this work. The rel1naininlg model COlrnp,oncmt, necessary for processes "''''''U'''''''lljIIi 

ft.""",,,,,,,», is a ofthe the distributions of 

the varIables; this is introduced in Hnwe'veY'_ in rec:ogJDlsimgthe need to account for 

looal variations within the reactor, it has been demonstrated in this that the extracted rate 

"'ll'"'''''''». pm11cularly that are to offer a sati:sfactory dj~!:Clrintinn of 

This Sbcu100mmg is due in to the limitations of the available data. 
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As mentioned in the n .... 'v.o"", "'''"''1''1&1, the mathematical rI .. <,,,rintil'n~ submitted in this work thus far are 

sufficient invariant prf:ciJ)itatioln, CFD UIUU""'UIl!. affords the 

detailed knolwle:dlle of a dVllatrlics which is essential to the simulation 

of the nickel h"rl .. ,,,,irl.. The purpose ofthis 

and a1glorithmic details of the CFD models ri .. ", .. lnnPt'l 

de!lICn]ptiClnofthe evolution of the solution and 

the various schematic flow diagrams nre,"'''I1,terl 

is to acquaililt the reader with the structural 

intrlodul~ing this mtclnmltloln, 

a central role. So too do the code file 

CICIJ,n1l.IUCUUIl:, and the r.ntnny'ehi'm"!'lve annotation ac(:onlpanymg av<maun;; in a resource 

which is considered to be an CORlpollent of this and to which reference is 

made. Note that the files of Sec. A.2 as a it is a oenlent:te stand-

alone Fortran code for the simulation of a preclpitat'ionprocess in which ""u~u."" unifonn conditions 

are assumed to exist thrlou~mO!llt the reaction vessel. 

82 
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Model de,,.ICI.pmlent and Im~llen,enltatl(m 83 

In this the chO'sen CFD moael!lmg pla1tform is the CFX(J) software pac:ka!~e 

AEA ."""'.lUV"VISY The CFX(J) code ...... 'nln'~" a finite volume method to' fluid flQW and 

associated behaviQurs solutiQn Qf the Ilmren:llnll differential "'I'"'''''''''''' BrQadly. the l'Inl'l"n,~r.h 

invQlves the definitiQn Qfthe the splmlIlg O'fthis dQmain intO' TVI"IIr.~'lIv 

thQusands Qf small sub-vQlumes Qr cells and then the derivatiQn and sO'lutiO'n Qf a discretised 

rep'resentaticln O'fthe The final mentiQned in this sequence is Qf some elabQratiQn 

and may be summarised as fO'lIQws: 

The l'Intu'm,ril'l,t", trl'ln!l,nnn eqlJatlQns identified fQrm 

v"'lnr.,'1V c~)mIJOl1lents, pressure, turbulence var'lables, _ .••. _, .. ., and Qther scalars such as 

CQllcentn,iticlns) are Qver contrO'l vO'lumes This 

process a set linear Each variable to' be SQlved has its Qwn 

""''''l'Itil,n in each cell which describes the effect O'n that in that cell Qther variable in 

that cell and every variable in cells. The sQlutiQn then each 

variable in tum, all Qther variables as a discrete tn:in!ll"lnn cqilJiulon fQr that 

variable fQr every cell in the flQW dQmain O'utlined) and fQr the upc1atc~d values Qfthe 

variable to' a accuracy a spc:citied simultaneO'us linear eqlJlati()11 sO'lver. Such a sQlver uses 

an iterative sQlutiQn methQd in an exercise knQwn as the inner iteratiQn. A each Qfthe 

variables to' be sO'lved defines a Quter which is repeatl,d until the prClblem has 

The nQJI1-Uineamy O'fthe IIn(lerl,{lm~ C01IPI(~d 

simulated .... £ .. rm';no the coefficients Qf the discrete linearised OOtlatl,ons, 

differential eqlJatlQns is 

themQst 

calculated values Qf the Vi:UUIUIC:S, at each Quter iteratiQn. iteratiQn is employeo at twO' levels: an 

inner iteratiQn to' sQlve fQr the cQ1Jpling fQr each variable and an Quter iteratiQn to' sQlve fQr the 

CQUplHllg between variables. The is summarised diagramllilatiicalily 

in with to' the sQlutiQn Qf user scalars as Qf the intc:grfLted preclpltatlQn simulatiQn 

discussed in Sec. 5.4 

It shQuld be nQted that the treatment of "re!IStire is different from the itn!',,,,,,,,," 

since it dQes nQt a tn:i" .. ,,,,,,rt eqllatlQn. it is sufficient to state that the CQlIPIC)d nature 

Qfvelocities and presswre directs the iterative upc:lating ni'·.~ ..... ,,, ... ,,,, and COITe<;tiIlIIl 

CQlnp~one:nts to' in a knQwn as The exact 

im]plelmelntaltlOn of this methQd is defined a sp~:cltled vel:OCltv-l0re:SStire C()Upllmg alg,ont:tml. 

The structure Qf the CFX(J) sQftware is such that the necessary data detlmtlg the ge<,me:tflc:aI dQmain Qf 

the calcuiatiQn and the finite difference is cQntained within a ge<>m(:Uy created the CFXOO 

gralPhlical pre-processQr. A cO'mmand file as a user-defmed FQrtran file the 

Qfthe flQW These files are submitted to' the CFX(J) sQlver A"V~"A~, 

which the sQlutiQn to' solve the various the _.~."14'~ 
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CFD anllilYs" of reactive crylitalilisaltlon In stirred tanks 

Before even COI1tSlOenIlg the intc~lUlmc~n of the lIlVU.,.,'Uljlf, and nutnberconcentndions 

\ oe:Wileo in 4) necessary for the simulation of the process, it is to (le,'elc.o 

an alone of the flow field in the stirred tank. The BPJ,Iic:atic.n 

of the CFX~ code to this is docutnenkd here. Discussed in tum below are the reQ1Uls11te 

to the CFX-4.3™ run of which a of the initial 

flow field established explemrneritalily. 

A replrese:ntaltton of the eXJleriJmelltal oP.nmetrv , •• ___ .• __ in Sec. is built within the CFX~ .......... hi,,,,,1 

pre-processor; in so the initial fluid volutne of 3 is modelled. The tank sides and bottom 

and the surfilce are as and the four baftles are defined as walls of zero 

thickness. since the sanle gec)me:tric;a1 infonnation described here is to be p.mlnln'Llp.n in the 

simulations of the p1rOCCSS a small three-dimensional is identified for the later 

introduction of feed. Current detailed simulations flow subdivision 

of the flow domain into several hundred thousand cells. Consideration of transient precipitation 

U1V'I.l"U'Ul". in such an envirormlent that the expense, not resOlvmll the 

a fixed flow but dYllaDliallly exc:cut:ingthe calculations 

related to speclaltJon and the pop,ula1tion UGl .... ,,''"', would be substantial 

the genendlon of a is considered 3Pt,roJHiate as a first-order measure. Such a 

does not warrant a nredic1tive solution method that simulates the 111'1""'''''' J!;leoOletry, 

."VI ..... "'1<. the disc as a zero thickness and the .... I""' .. ". 

function is elucidated in Sec. are SpeCltllOO; the existence of the inllICUler 

shaft is ne~~lected due to its minimal influence on the flow field. 

In itlp. ... ti1FVi".athe location of the it is necessary to mention that there exists an 

ex(:ept:ion to the standard ge()mc:try detailed in Sec. 3.2. Miscommunication with co-worker Dustan 

recall conducted the p.YI'\I'!rim",nt,,1 over the SpeCIIII~S of the surfacle-tct-inlpeller distance 

"l'f',v1tlp.n resulted in what is now recogllisc:d as an error in the modelled im(IClller clearance. Whilst this 

constituks a (a clearance of 0.0182 m as op):lOse:dto the true value of 0.057 

it is inl)lOr1:ant to note that it in no way r.,,"' ...... 'l'\rni''''p.!: the mu:gn1ty of the overall the 

de,relc'pm.ent of which forms the core of the oDlectlve of the current work. 

As a coarse volume mesh is geillerated, nrI'IOTI!~~IVelv finer 

...... rli .. nt" and therefore 

aItnlOtlll:t1 not 

towards where solution variables may be to have 

resolution is These areas include the feed and imIICllc:rzones, 

inknded to resolve near-wall the walls. The contains and 37 

cell divisions in the radial and azimuthal directions resJOe(:tivelv. It is worthwhile remlark:mg here 
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Model de,,.lo'pmlent and Iml,lernerltat:lon 

that the entire initial volume is .IIV ........... , rather than a seg:me:nt of the 1'",,,.,,, ..... this is due 

to the of the feed 

Note addlltlo,naIly within the pre-processor, the ge<)mc~ is ren,reSlB1'ltj~rl g1raplilicluly as a 

rectan:gul:ar 'block' the dimensions of the tank onto 

space; thus the z-dimension ofthis block is 2.1f. Ac:colrdiJlgl~V, further defmition is req'uired: a 

and the set of the two extreme z surfaces are 

identified as ",,,, ... ,,.-1'1' O<"'WIUi:lnlt;:~, itlidlcatirlg the continuation of the flow domain. When the 

g«)me~caIdataisompullen the pre-processor to a it is done so 

coordinates which do not describe the rectanlgul:ar (,A:l1'l!'l·mllmnn. i.e. the mappllng exercise is re,,'er~:erl 

wl1lerl~hv the coordinate values soe:ci1'virlll the to):IOIC)gy and created are and rennrr!~d as 

those of the coordinate The pmpose of such a coordinate reference switch is in 

me:snlIlg task and to ensure the of the the of which 

fueilitates Iml)rO'vett simulation convergence. 

The nrnhlelm is defmed for the solver within the command which is in Sec. 

A.l.l all tmr.",rr'nl", of code files A appear fnaeth!'r with detailed 

instructive Note that non-default declaration in this file. 

5.3.2.1 5ulrnmlary of InfonnatJon 

The tm,,,,,,,,..,rr eq\tati1ons are solved in rvlinnlrir,,1 coorditltates fur ste:aav-sUite. incom:pre:ssible, 

isothermal and turbulent flow. The standard k-e turbulence model which 

is based upon an v.",rn<"TV hYI>otllesilS, is emlnlflve,l1. Nlot'.lVitilstllmding the fuet that it assumes 

.W'>trn:njr turbulent .. UJlU" •. U", and is hence not the model is ''''''''''''''''', 

after consideration of the low resolution of the due to its cOlnp~U'atlve.ly limited cornplltatlOl1laI 

no other model has been COflCll.llslvely shown to .... ".""" ....... 1.1 better. Set 

as a convergence criterion 

residual (contilouity 

the outer solver .. _-_., •. - the tolerance on the mass source 

nrnnertie.<: SU)JlpmlQ are those water at a 

of25°C. An ",,,,,,, .. ,,,,, ... ,,t .. " .. ,,,,.,,'" "'""r.tt",,,,, condition is spc:Clfied for the lU11""1"1 

shear to the flat free and 

standard no conditions are spe:Cltiett for the renmitlling walls the baffles and tank wall and 

nh,"Ierv'1I'IIa the flow geflera,ted a Rushton the stirrer action is modelled the 

introduction of momentum sources within the lm]pel.ler-·swept volume source terms are added to the 

" .. "nl'11"" P,,,.,,,ti,,,,., in each of the three directions as Note that the modelled presence of the 

iml)ellier disc unobstructed axial flow This """IV1"""'" 111"· ... "' ... , 

one of a number of similar nOll-e:!(Dllclt technl:quces fails to full details of 
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88 CFD ....... '11' .. ' ... of l'8actJve cry'sta,lIlsatlc.n In stirred tanks 

the flow within the 11l11iJ'Jlll'" zone, and inh,ere:ndy neldec:ts the characteristic uns;tea<iy flow 

from the interaction blades and fixed baffles. the overall 

coDlplexity of the the nature of the the various other inaccuracies and uncertainties in the 

the obilec:ti've of the ..... ,,, ..... ,,,, .. is deemed 

acx:ep1tab,le and of a consistent and suitable resolution. values for source terms are 

determined and corDPatriS()n of flow results with those of a 'sIIIllJ)sltiot' 

prc,duced from a transient simulation a cOlnm·ehl~nsive. 

The particu:lars of this detailed simulation are 

mesh tecllmi'Clue 

outlined in Sec. 5.3.2.2 below. 

it is not a COlTeSDolldillllil Circldatorv flow when investigating 

turbulence-controlled reaction rates in Sec. accurate A .. c,,..,.;ml, .... ~ of the and distribution 

of turbulence variables (k and e) are also needed. The inclusion of source terms in the modelled 

turbulence which may be effected to achieve this is established as un:necessary in this 

instance. It should also be noted that the detailed flow simulation is for the median 

stirrer of 150 rpm; when alternative rates, the momentunl sources are 

scaled proportiofJlately (admittedly, a crude SlnlpllnClltlOn) and the 11111.,.,11,'" disc 

" .. ,n ... "", bOUIld81'Y condition altered anrlmrlria!tp.i 

SU1Ppl1emienting the information contained within the command flle is a Fortran which appears in 

Sec. A.1.2. The function of user defined Fortran routines is to describe features that are too to 

be set in the command subroutine USRTRN is once the flow field has 

been to calculate a measure of the turbulent time scale which is later 

when the effect limitations on the nucleation reaction rates The 

definition of the time to the viscous variant of the 

combustion model: 

T= 
k 
e 

&.3.2.2 Detailed calibration simulation 

As mentioned in the precooling the momentunl sources inilluttc~d to the aDt)ro:drrlate CFD flow 

model used in this work are calibrated reference to the results ofa simulation c_,~I~"" •• n a 

more The ge<)m€:try, command and Fortran files for this run of 

CFX-4.3™ Solver are lIVp.rlp.I'~lteri the program _Pr"lVIiVl.,,,TM a tool A ... ,".I" ..... A puroosielv for the 

detailed vessel processes. The creation of these files traDSCnp'rs of which are not 

included in demands the of some basic infi)rmation. an 

exercise in the process of which the COlltj~tunltiolnaJ error .ul!!j.u11S' ...... in Sec. 5.3.2.1 is repleat:ed. 

The .. """"It"'" simulation emlDlolfS a very meshed and a mesh 

tec.hnllque whrp.II'p.lw parame1ters are and models are mvoked to describe the relative motions of 

a .. "t"tir.o inner inc.!'II'I'I!'I1'1I1tinllV the and a outer the "'~AA~" ,. 
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All statllonary and 

resolved. Turbulence closure is 

" ... ''' .. ~ ... ofthe "wi, .. li •• O' 

the standard ge()mc:try 

Model de"elo,pmlent and Im~'len,enllatl('n 87 

are modelled explici1:1y their interactions to be 

_ .. _._ ..... _ k-e model. The outcome is an accurate 

till1le~iJlepc~ndentflow induced a six~bladed Rushton turbine in 

at 150 rpm in 3 of water at 25°C. 

"' .... v,.&., for "'A ..... I""" the de,relclpll1lent of a free surface is not this aotlrOliICh n .. n'II''''-'' one 

of best available of the 'base' flow field established in the to any feed 

addition. 

An im.mn''''l'It necessary modification to the command file aul:orrlatically glenerat~:d CFX-

ProMixuS™ is an increase in the number of modelled time and hence the simulated duration. 

This the de,'elolpment of the flow such that a ... ",,,,,<;>u, Le. 

field which then 

variable values at the cornplltational "'.vu, •• v .... "'" 

the calibration of the cruder model. Other 

" ...... """"" to the files include the spe:Cltilcatlon of a realistic tolerance on the mass source. "''''''''.'', an 

increase in the maximum number of outer solver iterations to allow this convergence 

criterion to be met, and calculation in of the turbulent time scale. As a of 

....... ", ... since the flow is and the results are not to be to the simulation of the 

half the azimuthal extent of the tank is I"VU ..... <Ou, the total number of cells 

cOllstitutiingthe finite difference is 134940. 

The ;nt •• ,.,.."ti",n of the solution cne:ml!,try, precipitation kinetics and balance models with 

CFD flow is one of the of this work. This the desired 

dvrlamic diesc:nptlon of the distributions Ulll"U~~lUIUL the tank of the model variables the 

rates of the precipitation reactions and of the resultant IJ"'U"'~I"''''' l'Il·n .... ~rtj.~" 

As is evident from the material n .... ''' .. '',t .. rI in Sec. appIicaltion of CFD ... ,,, .. ,,,, ..... "" to 

nucleation and 

moment transfonnation of the POIOullllticln '''''''''''''''. """'VUl'''''I~ for 

TNlIf""'oort ...... 'milnn..: for the moments of the PSD 

in~ln~n .. ",'~the~ecipiitatilon··rellued are then solved alongs:ide the chemical 

emnlovinll! a transient flow those of the variables too. 

Si~:nijtlCBlIltly. aqueous reactions are not considered. In this the nature of the 

of interest demands that certain model features be included. the 

inclusion of the ... v'""'.,,,,,"" COnrlplClX solution "'''~'''''''''J 
-_.,_ ...... - at would 

ag'a'el!atilon. via a discretised 

the standard ", ... "rn,,,..,h 
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88 CFD analrys .. of reactive crystalllsllltlClIn In stirred tanks 

outlined and which hence motivate that a novel model architecture is and Iml)lernel1ttea 

here. 

Consequc:ntly, a different method int4~gnltion, still based within the CFXCI) IUU' ... "UllU5 1''' .. ,U.lll:U. is 

advanced in this work. This is achieved the use of the user-defined Fortran subroutine 

which is called the CFX-4.3™ Solver to the run, and at the end of each time of 

the transient calculation. and solids formation COl1nJ)lIttatl,ons are encoded within this 

subroutine and in each of the several thousand cells the fluid volume. The 

transient conditions are a CFX-4.3™ Solver scheme such that 

tralllSPort eq\:1a1:110ns for molarities and number concentrations within each size class 

modelled as 'unidentified' user are solved on their own a fixed pre-

calculated flow field Sec. Under such a it is the and 

SpilUW:IY I1cepeltlClent advection and diffusion and dissolved which is resolved 

external to subroutine USRTRN. A summary of the contents and function of the various data and code 

files submitted to the QOlIDlc::-Dlrecllslon CFX-4.3™ Solver for the simulation of the semi-batch 

precipitation process is 5.1. Ex1tens:ivelv annotated trarlscril'lts of the command and 

Fortran files are in Sees. A.2.l and A.2.2 of the overall 

solution ,!tn.t .. o", is DOI'Ira'Ved in 5.2. The grey circles aDlllarelnt in 

5.3 - 5.6 as the initial and final states in the nm,01"""<1.i,\ ... tIIU,\rm,,,Tllm and assist in 

retllecting the core function and ultimate obi·ective of the series of calculations depicted. The 

external files and/or routines are also identified. 

do in 

of 
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c_ . ... ,"" ,_ ..... . u por! 
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p.'<J«"-



Univ
ers

ity
 of

  C
ap

e T
ow

n

70 CFD analysi. 01 ruel"_ erystalli .. lion in .Iirred tank. 

",,..,,...-. 
_"'..,.,. of<o~'" 
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"" ... ,,'""''' ",o.. ""'.-..... ,. . ..-

" """be< ''"'''~''','''". .. 
\ ... k '''''" _ o.u '"'" / 

, ,.,,--, / 

'" <""" .... """'" // .. _.--' 

r 
,--' I 

i J~:"~'-~"~-"''-J 
,ff 

\,-------------

C"_' J'" OOlVER 

__ I _________________ _ 

c ... o« '""_"" " .. ,"'" 

--I us,,..,,, 

.-..' ---
/ .,~~ .",-.~ -'-J 

/ _""-,,,,,,, if "-",, . ,. \ 
i •• ",, __ 

'"''''''"' ,, ..... ""'.,: "" .... ,,., "'"" .. ,~--, ""' ....... "'" -<:. 
"'-'" "" """"',""",'" ~".~ 

...", "'" .. , """ _ ''''''''''''00_ / ,-, , 
""""'~'>' • .,. / 

/ 

Fi~r< ~_l ;;""'''~ll;'' ,.",<",,,,, ,.;,,,, "ftl<c '''''' ~n"1<w' or "'" '"""'-'1",,1 ",~lcll;"!, '1'1~"""h 
f,,, tic, (TD ,;",", ... ;,", of'Io< p"'cip;t"''''''' I~ I""'''''--

It ,hould PCTOOI" be ".ted herc that OPPOrilOlitio. do exi" fOT exploring ro"il>le de"ic,", .imcrl .t 

''''mr<r'''''' ofth. d<foling pt<cipi'"!ion ",,'cu'ali"'" 10 lh' ",h'." un*, "hic.h "i",on>tot".' they 

wuuld !I>cn be pcrlilnm,d in l:lJlocm "ith tho>c 0]' ptlriick .nd di,oolYCd 'I"'cic, m",p0rI " pn;ViuU41y 

dc'!CTibcd I" ,0 oo;.l~, there exi,. pfUll'iaJ t><"dlt<; to iJ.c ~ill«1. Ilow",'er, a< al,o '"g~estcd ,tIo,·,_ 
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lhere is lI<l ""U","e< tIlat 'uch m"'"""" will ev. n he p=:ticohk witllou, . ignific,nt further 

approximation. 'The "I'P",och ,clecled I"",,,,, gLl3":>llteoo functionalily ond allOrd, incrca.,ed model 

cmtrol, fte"bili'y .00 .implici'y of defini,ioo, TIr in-buill multiphH.le, paptllal"'" baJan.oe and 

micromixing modelling copl'biliti .. oflhe CfXiJl softw",e .... no< in.-oked; besides the fad th.l they 

e,.;h roquireveater assimilation of calculations in'" the sol","" this is du. to issu" SU"OIlnding 

fle~ibility, <ase of integration with other model feature" , 00. in til. eo.", of multiph.", oon.idemtion. , 

the att. nd,nt cOOlpul,tionoi bLICden. ImporLoTlt "'",ciatcd "",ulIlJl"io"" lOldcrpinning the model, .nd 

"hieh "PI"'"' rca.'IOOabic lOr the 10" cooc'CIIlraliom, low solid, .oIumc f,,,,,,ion' ond 'mall potliclc 

,iL.c. enoolJCllered {Madoc et 01, 2(01), .... that the ",esOJI<e ofthe di"oIved 'pecie. and solids volwne 

h",'e no effect on the fl"id "'''!'Cltie, or the flow .oJ that Ill. behaviol .. ofpartkie. i:I akill to that of 

di"",lv. d 'pecie, (Le. no gm"itatioo,l, oooy,IlCJ" u; drag eifcct. "'" taken into OCCOlUlt). 

fig, .. 1.3 .- 5,(' <ocll prov'" gT<ater detail of tbe underlyinlj: al~rithm, which .re only btooJ!y OIlllined 

in Pig. 5.1. Ofth ... diagrOlm. it i> the inl""",,;oH communic.t. d in Pig. SA "lljdl " ofgreatosl 

inteIT,t, ,ince this repre,en!> the m.jority of the u!lCr_ocfined modelli"" Signiticontly. altl10ugh tho 

moJols presen .. d ill thi' section are <iesitned fo< use whh the coorsel)'-Jlle>hed, simplified geometry 

.n<! the """iated "I'P)'{lximate flow foeld describ<d in 'ie<. ~..1, the Fortran fiie coold es""miruly be not 

unalt<Ted in oombination w~h , octoilcd goomctry ,nd high Tewlution flow c.kulatim (eithor , <iIl.,i 

>teady-,l"'" tepre>elllation ,ueh .. tha< oLJ!lined in S«. ~.l,2,2 0< the transient field itseU). Both 

pro!'o.,'" would d . ar!y ,ubotonti.lly inftate >jrnul:rtim tim .. .00 would . imply neco"i\:l.t. ,,"IiOll' 

mlIlOr oJjustmcnt3 primaril)' \0 the rdev1Hlt comm:lnd ond geometry fib. Simil..-Iy, , Iigh' ,Iwratiom 

principally to the contents of SllbrOlltine U~R:rRl' could ol§.(> e .. Hy realise, omoo!»\ othet upgrade<, 

tbe modelling of a 'm,llc~ nock"" , izc or ,n alternative aggrogatioo k<mel or tbe inciu, ion of growth 

(]{ other pilrti,ula", procc=:s, 
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.. 

______ __ I 
I ._ .. ____ ._.c,.':~~"~~,,..,.."'" """ ,...,,,_,,,,,,,,,,,d - -- -- -- --- --- -- 1-- --- --- -- --- --- -----
C~L.CU'~T.,..",." 0_ T,..,..,. .",ogod') ,"""",,,,,",,,,,, ~"""' ... ,,~ , '" I 

.'- ""'-"" ""''''' ''''' ..--*'" ,.... / "", ' 
/ ",,"'" ~ ... ""'..".\ 

----------------- ' "'..,..''''- - \ , ................. , 

',,,~'.~// 

focw ctl 'h, flo", ,.~I dev,lop"",,,, "I' in Ii""",;, .. ;n 'he ,"" ",II ", ,""""tine 
"SRTR" (icpOC'I<U in t)., "hi, ,'~,'I. "I' I"i~. 1.2 
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:,::;= :;'''' I CALClLAT;; "",~",;;;;.;-'" """ ...:.""" "'~ .1h " ..... d """'"'­"""" ,." .... '_ .,...,."", t ,EO", , ... _",,<10, j ........ , ._",,,-, --------
ROCAlCl.U.TO ,""'._ ,010 .. """ "",,,_, '" "'~'''-.1 """"" , ... 

CALCULAT. ' ""'" " "'''''" ,.,..,._ , 
501. ..... "-"",,., ~ ~-"""''''" """"on" """"""'-'"_" ~ l" ". ,...... E~., """".,,.) '''' __ ",mbo, ox...., .... "" .. ,... _ , "". _. 

CALCl.U.T. "' .. _'*'''''' ""''''' " .......... "" 'om<' , 
SOL ... ' ''''''''"...--, ''''' ..... O'¥" '-' __ '" """" _,.",w., .. 

lOO "" .. _ .. " ", ... 10<,.-,,,>_) "" ,.c_ "'-'_, """,""" .. ",. "',,., '0<"'" 
""R"""" ,_._~~ ... ". ~'" "","'co, .. "''''', ,." "'".d~", 

" 

----r- .". _. "'. """,",,~, 
------------- --l con,,.!~.= .. tmo 

I 
-----------------------~ 

~AlCUI-'.TO -.... " """" ,(' ... _, """ ..... :' .--
"',',,'" "'-" ... ~ ,..-.,,,, --........ ,,,.,,, ... '" 

..... ,,"' ... , ... ,,,. 
l~,"", '0< ",. 

_ """',",0" "'=, ... " 
"",_",ao' 

----- --------'-'-.<?'!'''"'"':'''''/ 

F~"" q r,,,,", "n ,"-' 1I,)w "",I ,b·<~'£""C' ,' ",- ini",;.-m,n..>n in the """'que"! "dh 10 
""l:-ro<ltioc lI>Kl1'.t- "P'-~oJ jn 11", ""i, ,ye", M ri_~ 1.2 (ne"" c<ru;" IkM"e '''',n 
in ,impli[yi"!o: ,hi , ",hem",," '<I"C>CLl'"00tl), 
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."" ........ T" ~O<HI. t~_"" "' __ h 
""'" , .. " ''''' ..".' .. ' I"''''~ ,""""' .... '" '''''''. 

oqc __ "" "po" ,"'" ' ..... flo ",,~ ,""~ ., , __ d"·",, ot fl. ,· .. _,l 
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.... _ n.u"" , ,,,,,,,.,, ,,ro· ..,_,,," i 
"""*,<""""",~",, .... / 
"- ,;0".." ""' .... i ' . 

" ' - -- - /'/ 

~I!1;II'" 5.5 Foeu,"n ,I>;; unJcrlyillj; ,1!}C';lhm "r 11., """,,,I ",h~r blocl: d<pieted in <he bo;,io 

"~'"" "rr;~. 5,2, 
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1
_;;."" .. ,"" ""ct,,," , _ . ""', ... ,-~ .. ",,,,,,," 10",-·0 I' 

"'" 0 ..... ' ...... "" '" ~ ..... _ ..., 000<,,,,,,,. '" "':0 . . ... 

___________ ,'_",,:' """""'.;."'" .... """t~,) .I 

] 
-1 

-

HI"" ~.6 r""" "" lloc \I","'I)';n~ .Igc:<i,m "f>.ubr""in, _~>j IAll dol'ic<cd in tllO "'[}muLit~ 
"ruet""" "IT;~'. 5.J ""ol l.4 

\ 

It ,hould he 110ted (hat ~i~. ~.4 IX"'ra}" ~l. sequ"nce of caloulations ex",,"led lOr "tL c'luilibrium 

"'f""'"''''''';''' ,,[ ,".:Io"n"" ,,,~I i,,, , ,pcx;ili(' Pf"ktT,,1 ',jj I";,,,, ,,.,d<I' II ;'~(~("I"I in altem .. iv" 

dl'SCrlf'lioll>e pic.", Teier to tbe USRTRN 'UbTouline in Scc_ ..\.-~.-~_ within whi<h all op""o. "'. 

,,>coded (,L>Ch oplio",. or '~nlnl <l1ting'·. aTC ",1«1«1 LIP-frOtLl 0n pp_ 116 "nd I j 7), loom.!, if 

,eekin£ code sum"u<rie> or !;rc,ieT detail in .~l"OC.,-.I, the !c.ocr i:; directed [0 Ihe code, ~le "noon". of 

which ddiOcratclj f,w)lm Ii",,"';!) alld =<c of cOO'!"""""'\o!l over oIO\:"no. or conei';oll. The 

di,grams rr.<ontO(1 ill Hg', 5.1 - ,1.0 or. abo r.~",d,d "" l,.in~ ,.jj'cxp!",,"loTY, .M "khough oeTt,in 

I i"""oe to ,<implify ha, neoe",rily bec1l " •• " in tk,. <chematic depiction>, ,he)' "'c coa;ideTc'li 
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,uflieiel1l1~' dct,iled th" ",,),thillg hLI ~ "01)' I<,¥rlly "''''''"lfl'\Il)'in~ toxtuol ov<rv",w WO\lkl f""""e 

redund""l 

5.5 Concluding remarks 

TIx; ,]'Ceilie, of the CFD mOOcllin~ compo",n, Dr thi. ,Iudy b~ve been documenled in thi, chaptc". 

I'hi' indudes "" o~lin. nfthe (1'X® fll. ,lmetures '00 &'!lerol ",Iulion ""lood,. dot,il, ofthe 

,imul"ion Dfulc ftow fiold c,tiWll i,h.d in the "itT"" tOllk and ~ do",iplion 01' the illlc~rated model 

,lrudLlTe aimed ... bein~ or uliimaLc ,'.Icc in cnC.;",'wr, to ,;mul .... peteipitati"" '~"l'"" ,imih~ to (he 

""e ;n\'esligoled in Ihi' woO',. In", doing. it ha' b<on demnmtmt, d thot. ,w",imal",,,,,oo 

ino,oc..-aci" nDtwith<n.ooing. , modol corc of ,igniflC~nt geocric v,lue h"" beC'Tl de,'eloped. A, "",h, 

II>.: Iiame",'urL i, ,in'ple to rclioc, '""ily """'lnnwd"'ilL~ u;>£t,.Jes a' £,teater fundalllO"tru 

'.'''''standing", processi,¥ pnw., b<cOll"" ,vo;lahl< or" ;nc"" " d ex]'Crin>o","1 ,">oluLion ~llow, 

irn)X'",'Cd ')',I, m ehyaclc~i"'lion. 
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Chapter 

Precipitation simulation 
results and discussion 

6.1 Introduction 

Thi . ehapt"r deroomtrate, th< applk.o:ioo of the mooel' developed in fhe p"ceJini chapLcr> tu Lbe 

system unde, inv"'li~ion. AIthoo£h a grcilt number of >imuia\ion, we .. performed (gene'oting ~ vast 

ru'ay of GUlP'" d.ta), only tho". resull' ,uff",ienll<l di,play .00 .uwort ,ej""te<i ootev.,octhy finding, 

oro pr..entod. \1,'11,"'1 thi. """,, flO! c"">titulo OIl in-depth onru}'.;. of III< dilla!, it j, '.~J '" 
adc~u"'e [0 d;'play the value and integrit), ofthe c..ve1cv<0 """"'I ,tructu"" , 

In uroo- [0 ,;mplify rder""""" from h<=rnl in ,;muilliioo, pe rfotTll<'d ume r ttl< .. "umpli"" or 

unif,..,~1y diwihwd .. actor cooten!. are ,imply known os "ho'llOgenwu, simulations" and thoo" 

r .. ojvi~ the 'patial dy,,,unic, ufthe ,y.lem (i,e. lhose pcrfunncd Il.,ing the CFX~ ooftware) "'" 

referred (0 os "erD .imulations", It shook! ,,]'" be ""ted [hal UI< Vll1iou, ' ''''ul'''ion data roiT"(' 

di'pla)'cd in tile rcmoi!lder "ftlle chapt., al" oot os 'di.cme ' "" might he infer«" from their 

p,,",enLation, In actual facl, "","It • • ,," ()(l band ~t th, e nd of .""h _,imul",,,,IU time_>le p and the discrete 

mar . .... "'" ""played merely to oid distiTlCt",n het"'oen the ditferonl serie,. 

, 11 oooolJ lw: "",,>:d "'" (!.o full ',m¥" of ,vailidc o.ta. <>en tbooc di'll'layro ""re, w=~ furttIor, '''''''' 'o-.Jel'k 
"''"Y''i!. Suc1." UJ>dcrtakin& i!, ooW€yet, "nly truly ""';L<d ><>,l ,,[ ''', ..... ".1", ,,1Ico tl!, .,-,00.,,, .. "c. 
p«<lict;," ""Pl"'~~, , J;..', of w!lid> will lw:con", 'PP"C.Ll' in Sec, 6.2. 

" 
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6.2 Comparison of simulation results with experimental data 

TIle dkctiye dec"Oupling of llle ,naly""> or yield ood "erage particle dirunete, r .. ul~ i, e"abled by the 

ab>coce or parlicic growth n.< • nte<;h,ni.nt or bolh ",lule d.position and ,ize e"blge",ent in tile 

reprc.scnlation or the 'ySlcnl. "tlciealion i, del,ned by yi.ld .lone, whilst .,'er'g. p,rtiel e diam<ter. 

thotlgh ollectcd by the 'ale or ""d.alion. i. print"il}, a ,,,,,,,,lire of ,ggregalion. (Coefficienl or 

,'",imiot, d", .... deem<d SUlphl, 10 tho 'p<Cif", r"qui",,,,,,n\:< here and arc 'Ilerd"'" not p<e",,,ted,) 

Not< that .~perilll.n.,1 re,ult, ,,,tpplied in thi, ,,,,lion rdlcet thai. d.to nt;)niplliated .. outljned in s..c. 
H.1. 

Prior 10 tile COOl pari"'" or nud .. tion and aggrcsalio" Od""'io"" in n .. ,"clion, to follow. it " 

me,n;"glul to conn",t the experiment"; and simul'tjon cuntul,t;,'e to<11 ",Iume I'rufilL~ presented 

below. 

'-1' ) 

Fi~"'" U I'rofib of c,!,crim;;nl.oll)' ",COTd<J 
lolal ""I"m" "~"""h of tile ,,,,,,,arlo, 
iLlYCsti,,,,,J, 

FI~""" 6.1 I'rofiJ"" "f rr.o::.dclkd to,,1 vo,,,,,, "~ 
,,..h ofle., ",,",~o, i","";~",,,d 

In l,.oo,.atOfY practice. diffic"lti., were .ncountcn:d in ma,ntoini"& tl>! c,'nsta"t !"g.t NaOll lOed T:>te, 

I"ted ;n Table 3.1 Simuia(>on ooJc'" I);) ..... ,'er. e",plo), !he"" pc""i« torget v.lu,", thTOtlghmK ti .. 

period or c,,"><a'" ",,)1-1 """Iition ",to only mako u-'< or e>.perimentally rccor<le<l ra'" during the pi 1 

conlrol plk1..,. '1''''"" fuetor< . ceount lOr !Ix; ob,",~. dill.,.n" •• ",'klent ,~ithin ,nd h<twccn Fig,. 6.1 

and 6.2. In Ilind'ighL the inaccur.oci<s in simulated reed ral'" ,moun! to modelling C'ITOr.; gi"en lh. 

exlrcrne >.">iti"i!y orthe re.ult. to net hydru,ide input. 

6.2.1 Nucleation 

Experimental yield jO<ofiles for .",,11 of!h< <>perimentoi rum we"e pre,'>ou:;ly prese,~ed in fig. 4.1 . 

For convenience, thi, plOI i, reprodlEc«1 belo .... (os rig. 6,3) ~ether with the profole> '" pre<lict.d by 

homage"""", ,imulxion, enlploying nu<leauon ~inelic, .w<>:f<d from m..,ipul,,,,d expc.,-imel~al dalo 

(i.e. E<l. (4,}ti)) (rig. 6.4) ,00 employing equilihdum nuclearioo (Fig. 6.5), 
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o """"(1(10"""" 0000 10000 12000 
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l;lurt i .l Pn:;>Jil<.; 01" "'ponm<n<otly ,,,,,~,,,te<l 

)l«cipitatc yic1:l11ruior each of the 
Op\.T"''''' ""<Iditiorn inYO:;< ¥otod. 

Hpn ,.~ J'rofik, of,.-tcipitat< yield Il<MiclM 

~'~""""' "",,,lot", '" 
,",,~'i~ noel.""", Id ""ic3 
<Xtn>c1«l iiom ,.."ip"I""d 
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Fi~u,~ 6,5 l'tofi)e, of pre"pil"'" yjd<l p.-._d 
try- homogellCOoIs "moIIations 
<m~loyi"", "', ,~I""jum d",c";.,.;on 
or ,,"ole """_ 

The ,00>( import."t obs,,,,o!ioll to be mooe is tho! th' ~illeti' llIldealiOl' lail, [0 ""1''''' [he 

<xpelimcnt:ll behaviour, with p;rrticul.,. reklmc"" b toc 'Me H' ,";o,,,..-io (FiS_ 6_4), Thi, i, not at all 

Lncxp<cted ,inoe, 0> di,o""ed ;n greater ddOil in Soo. 4.4,2, 1, [he nudcalion rotc equ,ation predict, an 

e"enti.li; ""!lst."t nUlllbe,-b.<ed ,"'" ofnude.tion i"espcctive of ,,,pc,,,.m.-atiOll. Due to the low 

'r"'" Jr dellsi!}' reponed in T"bJe 3.2, thi"""It' in • "lte or sotute deposition even 1." thllIl li,at fur 

the 'bo,e' """lOrio. ''''te L' bci,oviour i. o"l~' ouc=dilily , imulat«i beeame ofthe f:Ict, th.t: 

tile ov .... il '"te of depo,itim, i, au",motic.lI)' lilllited by the requirement th'" the ""lwion be 

,upe",atur",cd Ie.- nuok:lltiOit [0 ooo"r; 

the =!It of dopo<itioo withl~ ' 11)' 'i~gJe time-<tep i, lilllited by the ,maJl size of the ,imul.don 

time-'tep employed; "'t<1, 

"''ILlming 'patial unifurnJity_ eX]>CTimcnt.lly Ob<;CTV«l ""lid. lormauon clo,"l}' "l>rro",he, th.t 

pr"'"'ibcd I)'i equilibrium, 

Ind<cd, !=ring cumnc.> in modelled ocn,;t}', the oature of the nocle:llion kil,etic, i, <och th.t they m.y 

he expede<! to «produce c'X]>C"illlc"'tal dot. for- additi on ",te, "'ILIaI 10 0.- Ie .. th.., the 'b"",,' rote, under 

which condition, the nmic1Lon tIC equation wa. cxtroc led. Corre'l"'ndingly,. large, (withil, re~",nJ 

comtl\Ilt Me, ,ueh '" that whioh mO)' be elicitc<i i;"m the 'rotc H' ""I""'il:ocnlal dat" m,y be expected 

[0 ,otisiOc[o.-ily reprodoce the ~iek1 response of ""'h orthe C>.petimemol ",e,,,,,;o,, However, >och a 

rnodel i. ole..-I), oot on '"'C\~ote repre,entatioo of re.lity nod, for obvious 'ea.'''"', it " not • vi:oble 
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Fi~" ... 6.6 O:rnp.n.oo of cxpcrimcn,"U) 
"""""""d >nd ,.,.;00" ,i,,,oI'I<d 
):«cipit""')'i<kJ profiic:l fortlle 'box' 
""'" ,j}(> (.;m""t"'" <mpiO)' 'i""jo 
'c"";libri\OIl miollc' ",,,,leat""). 

"""""",,"'~'" : • ~ .. "' ... ! 

Fip ... 6.7 COOlp>ri"", of exp<riJneobll}' 
m,,,.,,,,,,,d aod .inm!.\"d pH profiles 
for tto< .t=' ."CIl:.m (sillllli.uo. .. 
om""'" k;.\elic 'equilibrium mmic' 

"""""', .... ). 
n.e ,li,git' ovetpredi"iO<l uf yield by ,he I>omogmoc"" model in Fig. G.G i. not ",'prisinl: c .. n,i<I<ri01l: 

!he maleri.l pr.,,,,~ed in Sec 4.4.2.1, where the e~p<rilllcmol yield w,," ,imply noIcd "' approaching 

oquilibrium ""lute dcpo<itioo. Th< eFT) 'imula/ion calc"l.tes a yield onl}' a little ~"ter !holt the 

holllOimcou, .imul"lion, " re"d! which w"' tu be ',",",ipated due to the exp<e1ed dov<lovrnent of local 

rewoo, of high super",!,..ati"" aOO the f",,( thO! diooution of pr«;ipil"'-e i, noI rnoddled. In"" doil,!:> 

IIowc",-~, it ,till di'plily' fairly good ag,eemont Witll exp«im<nt, Another inteteSl.in& fe.ture ofthi' 

»IO! is the excelle,( correspondence hetwee" T~D - overall' ond 'aD - bull' dala. Cun,iderc" in 

toodem with d .. 'imilarity betweo" eFD aod holllogenoou, ";Illula!ioo fe,uk" lhi> COIlkI 1>< inlcrpn.1<d 

.., 'Ufl!'Orting the nutiun oh 'I'"tially uniform <"~tom \f(]fO 00 th" topic i, offe'ed I.ter in the ch"p'e, 

(Sec, 6,),2). 

SOOTing in mind Iho ",n.,itiy< natu« ofthe pH «'pon<e, tile I",'el of ""'''''Pondenee hetw<-en 

c'<p<rimeJl!oI and C~D ,imul, lioo dolo i" Fig, 6,7 i. nut poor, Rcoog"ition that th< grea~r yi<ld 

predicted h}' tho C1·T) ,inula!inn, mighi have boon expeo!ed I.<l m.nifeM in ,elaled pH value, IoWCT 

thoo. tho.", "alculated by the hurnog«louu> oodc, unde.-.cure, th< foct that ""aly.e., ofCFD r ... ult< "'" 

nd "".ightfmward. r~nainly, ,tudJi Gfth< d.ta hi<lmy nf. 'ingle «iI in "010110" i, insufticie!~ lor 

the po.orpose, offt'li ",concili"!ion, ,inee C~D results, in ge,,,,,"!, LJ.J<Ic.-.taooably ""P'''~ II>< . palially 

interdepenoc'Tlt notlIe ofth~ modelling ""pruach. 

1bc homug"""""" simulation pro!ilc> ufthe lwo preocding plo!> <:(t!fesprnd in "'''TICe lu th~ 'ba,"' 

e>:periment,j ,,,,,,It< ofFig,. 4..3 .. ><I 4.6. The Wlgied i"" .. (V",v;';"I>]y ,"i,oo in S«;. ,.4.2.1) uf 

po,,,.,le minor <KljLJ>Imen!' !o K" .00 Ni;OH .. Ioc. l'Ild potential inoocur""ic, in experimental yi.ld .. 

colc"lat«llh.n 1.01.1 dissolved ";Ole] mell>uferll<w "'" "gain broughllo the lure by the full 'p'-'<trum 

nfinfmmalirn pr""onted in both Pig,. G.~ ."d ~.7. 

A hbreviatod yi~d prnfiio, "PP"ar in ApI'. B fOf .. ch of tile fivo operati"g poin!& i,we;ti2ated 

e>:perim<ntally (fig,. S, I - BJ), Fnrthe <b .. ",,' ... "",io, till> amotlnb!o' focu, 00 (he initiol 180, of 

Fig. 0.0. A II tile", plot< oxhibit ";milar trol"" tn Fig. 6.~, i.e, CPD ,jmuloti"", pr«ljC! • slil>htly g,eater 

,ate of oc1"',iliun th. n humogcncoLJ> ,imulatiun" which, in tum, marginally uvcrc<;jimato experi"",nt 



Univ
ers

ity
 of

  C
ap

e T
ow

n

82 CFD .n,lyoio of n>activQ c'Yolollioation in oti, ... " Ionko 

On the "hole, ,imulalioo. "'" reloti,ely "",C,""IlLI iTI approxirnatin2 ""pa-irn«uolly delcrmined yield, 

Corw<r:<cly, Inc 'LJlhor" coofidonlltlal CFD simLJIat;"'n, ,""ploy in\: nucleoti"" khl<lk, extroct~d from 

manipulOied experimental dato \'AA]ld, a, the eq"ivaient oomQi:eIloou, ,imutation, did (illustrated in 

Figs, 6.3 ond 6.4) and for the same basic reaso,,,, fail to captUre exrerimon(oIly observed beha\'iour, 

o;pecifkatly that oftl", '''''e H' =:naoo. Furthermore, the oootin",d "S,oelIl<nt hel",e"" 'CFD­

overall' and 'CfD - bull' dala evinced in fio:,. 8.1 - B..'i ,uuest, thOi the bulk experimental samrling 

of the 'y,lem may well provide an """mate ""'""ITe oflhe overall ' yslem, 

F"" the .,ok. ofint. re." •• 1'0 included (in Fig. B.o) .." lh. ,imulation ""ult., for the Lhwrelio.l cil>< of. 

practically zero impoll., spoed ('stir 0'). othorwi", def.,od as fur the 'b38. ' <eenar>:>. For 

denlOO.,tr.tioo pLJrpo,e" lhe 'bo,e' prccipilat. mola, den,ity i, ",nplojl. d in the.," ,imulatioo <odo" 

1\"", Lhat tho ",kdim here of an allcrnotive val"" ,hould, bow"","" no( nave any e!feci on yield r",ulb 

{unlike tnose of, fur example, averoge particle diameter); thi' i, ""e to the futmlliatioo ofthe utili...J 

nucleo.tion ... e equation (Eq. «(.37)), into whkh the den'ity pararocter i., .b.orOCd. Apply;ng ,imil..­

rea,ooi"o:, nomoO:"'l<m" ,imut ... ioo re,ult, fCO" 'bose', 'stir L', 'stir 11' aM "tir 0' ,"""MO' m. 

duplicate (a fact .Il"dod to previoo,ly in tha ,octioo), ' in«, for want of a ,ti" .. ' reod input, the onl)' 

differenc« in tho rel"".,t pro=~' model de,",i",ioo, ,, the precipitate mol", den'ity. In line ,,;lh lhe 

ikl!;cip"'ed behaviour i" • SJI'tom Wilh ,uch limiled agitatioo, tho low crJ) ,i"1\]l",,"," predictioo, 

pre.=rted in Fig. 8.0 mo." lihl)' <,""titute a 'irlenc. of Ioc.];,=! nickel rkpktion in lhe feed reg;""'. 

'NotwithMandin\: the increMod demand, of'LJCh • partiC\]13r ,""fWriO '"' the 0CClKl'I;e repre,..,nt.t io" of 

dilu(ioo aM miCfon~<ing .!foot<. oil in all, f;g •. 8.1 - 8.6 d;,play , e""ibk, inluil;ve respon,e; 10 

chonge, in operating coOOitio",. Wiln porticul..- ",ferCfl"" 10 lne v..-io"" cotre.pondi~ differwce" 

betwe"" 'CFD overoll', 'CFD bulk'.oo homogenrou> , imul"""",, outJ>Ul, th .. ><:TVe, .. " I",tlml<nl 

to tbe mathomatical and <lructLJnl intogr;ty of the ,nodel" 

Vtewed in eo<nbin.tton, tho ,"suk, ", • .."lIod in thi. """tion md in App. U = to indicot. thot "" 

equ;libriLJIII de""iplioo of n",,"'ot;"" ;, awopriote, ,ubjro. 10 pro'pcdive twcalin& of K~ and Ni:OIl 

Vail'"' , In,,, rroclaiming, the low order of the '«tIlilibrinm mimic' nudeation ,ate equation is ohorne 

inlerest, M mentioned emil", in Soc, ~.4,2.1. Motivote<J by thi' finding, ail further ,imulotion output 

displayed rcpr<:><nb the t<"u~, of code rnaiin& u,e of eqLJilibriLJIII n""le.tion or 'equii;brlum mimic' 

nucl. otion kin<!:i"" A, ",oh, fo< all pm<tical PLJr)lU' c , (I""uming tho nile of d;,solLJIiOll .. not limiting 

and \:iven ,eason. ble "Olitation), a sin\:le equilibrium calculatioo i, in fact suftkiwtlo doter'lline tho 

fonal product y iold. Howa '..-, it n1LJ.,t be <I"""d thot thi, foct \mUld only rond.,- the CFD model of no 

obvioos value ifn"cleatioo were the only pan;CIllate p~, (aggrq:ation h", hee" i<lernified .. ' II", 

prime doterm",,,, of product qu.lity (Du,1lIn '" 01. 2005 .. Du.'tan ot 01. 2005b)) or ;f, for ex.mple, lhe 

roode of oper"'ioo were ,witched 10 balch. Whii>t it is conceded Ihat, for " ' ingic batch addilioo, a 

,pari.!!), Wlifurm dbtriootion of nucle; md ",lution pmpertio< """Id 'I0O/I dev.lop, In. ",mi·baloh 

narn", of tire proce" (alli«J to procti<11I mi<ing Ii<nitatiom) dkt.te. that noo·oomogw.;ty pe"ist.' in 

lhe ve",d fur sufficient duration f", mCl!nin~ful, kinolicaily-OO<l!rolled aggregation phenomeM to 

pro<=d in jus/. ,uch a ,potiolly d;,lributed OIlvironmont. Thu" due 10 lhe 'yalem', innate inter­

dependencie" both n!!Ck",ion "00 aggreg.tion require ,patiaily noo·unifurm r..,re>ClOtion and, 
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ProeiJ>itltion ~imul.lion ",.ult. ~no oiseu",",n 8~ 

no!wilhSlfUlding the ",pid nucleali"", Ih .... i, hence iloherel~ valc>c inlhe CFD modelling .ppro:ach '. 

lJldeed, the spedf"" ofthe manner of contacting has • sig,tifio",n effecl 00 ~IC linal preciJ>il1l!<; 

rroouct, . fact manif.,ted expe,iment,ll), in the different p.rticle ,izo d,.meleristics proouc.d \HIder 

the ."io." opcC!lling conditio",. 

6.2.2 Aggregation 

The e~pe,imental ond OOmog<ne,,1S ,irn"lotion profile, of ."e"'ge J""1ide diamcler prc><nl<;d bel" .... in 

fig. , ".8 ond 6.9 ~Te chiofl),' intended to d"play the .impk reality that with the «certi"n "fthe 'b"",,' 

,,,,!IOrio, lhe OOmDg""""'" modd ok..-Iy hdl. ,!>ort of occ"Tlllcil' . imul llling the experimentall)' 

m.asured rospoose, Thi, pll<oo<n.non i. no! in ,h. kast 'LItp,i,ing 10' Ie""",' to be dj"'"n"d ,hortl),. 

Although b)' no """.n' on c>lobl;,hed l",,~ lhe oo",ual e<pcnmcntal beha.iour e>hibited b)' th. "rate L' 

""en.no doc. lo'ter "",c<ll.tion "" to the ""cumey oftl", Iobornlory data ~ci,ll)' given the 

reserv,tioos concerning the mea:lu ... noeJU l<;chniquc, elo. expressed in Chap. 3. Addition • .ll,,_ it ,hould 

he borne in mind wheIJ Ciln,idering the foll"win~ fig""" lhal lhe m""im"m atlainabk "Y"'lr" pMticlc 

di~mel,,, i, limited Iry' the finite TOnge ofpartick <ize cl"""" modelled, 

'l ----
..=." '" 

...... 
!lI "" '. 

• co," 

!: , .. " H 
.~;,'l 

~ 
c .... " -5,. 

i 10 t,- -------
,< ,;. . '" , ,~"~ ... " • , = = = = 10000 ,1000 

, "'" (0) 

Fi&u ... U 1'rofol .. of«~ilD".,tally """""",d 
..,.,~ ... , l"I'ti,k di"",1or ,Older '''''' of 
fur "",,"'iJl~ ,..,.>diti .. " .,,,<tig:r.d. 

, -< 

-=----t1 oj. "" - -"" 

I • . ",,, 
" <, ,,", H : " . ~, 

0 ~ 
" ""," 'r' " • -, " -1----j 

• '" , 

J , , 
Il-'r .... ~.....z z , --... ~ , 

~ .- -- ""'" ""'" time{.) 

li~."'"", Pn)iil<, of ..,.~'" p""id, di"",,,,,, 
pr<dict<d l>y 00r001<J>roIl' ,imul"'i,~", 
empklyin;"n "'l',iiilri,m do""';p<ioo 
oflRlC,,1Ilioo 

)t h .. been 1"."i0usiy n .. ntlooed with respeCl to yield result. !halllte COil' dfec~i\'e di!fcrellCC> in tr.. 

noothelnaliuol description< oflhe 'baS<', "lit L' OlKi "Ii! H' 'cenari", ~Te the modelled totol .00um. 

rroiiles OS iIIu,traled in ~ig, 6,2, An OOdittonaJ differe""e wl~ch "Iree\; cak-ulated aVCI.&e l"'T'iok 

diru""le, i, the ""luc of the I"cciJ>ilate molar den,ity, which dic!<lle' lhe tlIunhe, or"nucki' I"oduced 

gi.en a ""rt.in mol" exlent of depa<i1ioo. Howe • ." it i. "ill the f(lf"t1l<, d;fferen« which is alno",! 

,oIely responsible fo< !he di<par"le pranb evidenced fot these lhree ",en",;'" in fig. 6,9 -lhi, 

furough the effect ofNoOH OOditioo 00 pH pmfil .. (<ee Fig. 6.10) .t>d the fo",wl",ion fUld ... sultant 

"' n'~i'ity "fthe 'gilt.gat;',,, CJ<press;oo, 
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B4 eFO analysis of .. active cry.tallisation In stl""d tanks 

" 
" 

,.' 
! 

, : 11='''' '--, • .) . "",,, 0,,,. -.-,..,. 

: I 
"""'M" -.- ..... , 
<> " ,. " 

o 2OOO'(IOO""",,'0C>0 10000 12000 

-I.) 

Fi=ul'< 6.11 Profi)c, of pH prcdict<d b)' 
"""Of"''''''''' ~m.[; .. i,_ '''"4'",.i,Of 
~l .qoo;libriwn "",,,,,Ji~tio,, of 
n,><I,,';<", 

11 .. .00". ploc al"" "'tve< to reitorate tbe ",,!Tome """itiv;!) of pH to hydrox<le .dditio" 000 r<moval 

mroogh re.ctor f..,d .00 ,<>lid. ron"otiort re'rtttivel), 

The ;:>rofi Io, of ",'ocag. particle dhma" "-,,,,,,iMro with Fig'_ 6,6 ond 6_7 owe'" in Fig, 6,11 (below), 

the m:>>1 importllnt feal .... , or whic.fl or< t" r"p<c1i,'e '''eees, .oct foi lure oft .. hnmo£<,tlOOu, at><! 

CI'tl ,imulatio11' in ""i,i'xl;)rily rredicri"l: ""rerio>etlt Stidd"".oo Topid iocr",."" in lhe overage 

particle dillJ1lcter fortto,t by the homage"",,", ' in~LI<lti"" ;, mo,t likely the re,"1t oft .. fa"ou,obIo 

",lutinn condition' for a£~ro2"'i,", (in p.,1icuior pi t) ocoompanyi11g nic"l depiction_ Simil.,-l}, the 

""rlier rapid Ol1..t ofporticic mlorgerocnt OO>CHro in the ITD model dol. con Ix: .1lril>t~ed to the pi I 

re,ronse in the 0..1, (rer.r to l'-i~ , ~,1), [n 2eneral. CI'Ll 'OS" It< ore i11dicative of rnirly compk>: 

interpl.y I:>et\>'oen ,olUlio11 C011dition,. ramcul.te I'mpertie, at><! aggregation .ale "n thc 1oc.1 level. A 

rurt'" reatur< orthe fhllo"iJO£ pint i, oi:ilin tho e"oll. m o£T.eO\en( ~t\\'""n 'Uf) m .,-.11' and 

'CFD ___ bulk', ... ie, 

F~" .... 6,JI Com"ui",,, ur '-'P"<;""""I, 
""''''''~O" "" d ,",i,,,,, "",,,1.',,( 
"""," particle Jj:roo<er profi"" for 
'"" '""",' ""'"". , (' i",," ""io,-., 
emplo), kiMLic 'oquilibrhlJn miOlic' 
",,,,I,,,Il"") 

The >upen"" f~ of bomogcnoom mod<l data to expc<iment i, omir<l} 10 Ix: e'peclod 0' 0 dir<c1 .. ,ult 

nf(he "-,,,umptioo of 'fI"tial uniforlmt)' lJIlderpi11ni11g the aggreg;otion r.otc e,tr",-,ioo exerei",_ Thi, 

r.i>c, tbe OO,io", ~"c>tioo abollt how one go<:> aboo.,t val<l.ting the CFD mOOel1ito£ work, 1,.oo.d. tile 
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P",cipitation . imul.li<>n ",.ulls and di . cuss i.,n 

only model fCO" which """,ptobl< "Il",eJn<m with expori"lO,,1 eNid reasonably haw been aJ~ioipo(ed j, 

tt." homo!"'neoo. 'h.",' CDOC, for lhe," Me U", c""d~ioo, UI><I.,. "hiob tile oggregatioo beh.viO\il" of 

tile "Ystem w .. charoctcri>cd, The,e i, thu< cle..-I), 00 ".1 pn:dicti.l' ""I"hilil)- ill oltber eFT) '" 

bomogencotl' model. with ,e'peellO particle enl .. ~'Cmenl, 0 r,,"ult' which w"" not unfmo", ... blo i. 

ligb! Gflbe informOlion presented hI Chaps, 3 .nd 4, Although acbwwlcdgcd OS a <igniJieanl 

sbo<iOOln hl.!l C{.,,,*I<,ill~ th .. It is the O;:1>"'&olioll beha, iour which is cenlr.1 in delermining p'eoipilale 

p;OOuct oharacter ."d the ""ult.nl d""'atcrillg performaoco, tho fact that tbe ",perlITJ<lltoily derived 

"~p"'S&i«l roc a~&regal;"" has lime procl~l volu, """, no! comproJ""," the inhOIont .00L'" in the 

moo.llillg franl<w(1<\; 

J" addilion. reg.role" uf[he .b<Ne limi['lioo', lhe Sl'uc1utal sound"",", .nd >elf_oon,i<t,,,,cy oftbe 

Jnodel, developed in rh.p'. 4 atKi 5 i,,>01 in doubt. Thi, is filM" illu;;tr ... d by tbe abbrevi""'d 

I""lib ofa.",,-gc parlicle di",""ier (c~pond;ng to tho"" of yield discu.<<<>d briefly ill S",. 6.2.1) 

pro"""t.d ill Aj>[l. R. (Fig •. R.7 fI, I 2). which agoln di,pl.y SI1l-001h. reodi ly explai,Ulble basic lrend<. 

6.3 Further observations of interest 

Addilion,,; linding. ocemed . ignilicanl in the coolext oflilil ohapter'. oIljec-!i,,,. ate >elected below 10< 

ox]Xl,ilion .od di",u"ion. 

6.3.1 Success of 'equilibrium mimic' kinetics 

Fig •. 6.12 6.15 (ovorl ... f) ,bow the ""."'perfect "",,,,.,,,,, ,>1 be"'OOll til< results of 'bflSe' 

homogell<oo, , inmlati"", omj>lnying equilibriu", nLJcieatioo .00 Ih",o O\\CO<I<d with Ihe l\ucle»tion 

rate ",'eloped 10 "'iJ~ic it. ~iJ~ikv'ly, compari.on of ~'i!l., 6.5, 6,9 .nd 6, 10 ",,-ith Fig', B, 13 - B.15 

'"<pecti .. ly, il><licatothat thi , accOfd appl l<' equally w<11 to o",b ofdlO operating ,O<ll ... io., 

, Thi, = k ,I", """'i'",,, the """"Iying """;"o(i,," "" the yel\lec foc,",. thro,,!:i¥:U. t)Y;; dt..o:nMioo. Oil yi<:id 
d ... than 00 p!Wtk1< ,jze dll<l, despj1< rcOO!:ni'''1 ,100 ],""," " the """ in which ilic .-.od,Uinl:;' of.-- .0.11><­
,he ",I"' ;,~ ."",,,,,, "fn .. nude.' .. _t;oo 1""""' .... p._t;",lIy ..... ""10 ; .. ;g]," i",o 'he m""" oHll< "",' 
sy,"'", IIIld d .. ""IYM hos oorucqu<ntiy p.-ooll,,.d >OID< _"'>li"".oo di>c"",jo." .of jlll""'''-
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86 CFD .na 1Y515 01 rea<tive cry.ta l~s.tion in stir", d I;tnk. 

. 
" I 

"" ,-
"'T 

" 
'" 
" 

+,,,..,,,, ,-.",--
,!L-~_ " • 

F~ .... 6. 12 ("umpori>oJn or'"",~' I""'ipit"'" yield 
prom" ~c1<d by homoS""""", 
,j"lUlaion, emp\<yinl <qJilibrium 
nuc",";o" :wl ki"",,,, ""luH--" 
m,,"ie' oocieoti"" 

u-

. 0"""""" " .... -" ""'~-, 

~il"" '-14 Cumpori",n o!"'boo",' ",....--io-n 
pnJ 1;1<. l"<'Ji ,""<1 ~)' "'-'son""", 
,imul"""", ,mpi<y inJ: <:qUi!"""",, 
00<1t .. "",:wl kjr.eti< ·.~ul~tri!m 

mimio'ruehti"" 

' ,-, 

Fip« '.13 CompIICison of ." .... ' pH ....,filc> 
predielod by hom<J~ ,imuloli_ 
emplo)'i"!l "'luil;\>oium nocioatioln ..,d 
kiD:lic ',quili,,",,", .. im;':" "",,"'tion_ 

• e" ...... '''' 

,"oqo_i"" ,,0"'" 

I 

li ~"", ' _I ~ C","poriooo of 'o..c' over'P' p<tJticl" 
di.mcltr profiie> prcJiotod by 
1-.,,""go""""" ,imui:ll""", employi"1 
e~ullibrVo oo<k.,.,n..,.j ki",,(io 
·"'lui~bru." mim",' ruck",iOll. 

Conducting the equivalent inve>tigoti"" for 'ba,",,' eFD ,imulatio"" Fij:" 6,16 - 6, 18 also ,,,,,,ai 0 

",e. de~r .. of o,'edar, 'ugge"ing that the fonnulalioo of the nucleation rat. equotion i, indeed 

' lJCc"",ful iTI mimicking <qullibrium pr..,ipiIOCioo_ Pig_ 6, 19, howevef, "!lain highlight, th< highly 

.. nsitlve nOCure ofoggregation cokul"'LoM. ,uch that what m",( amoont to only vel)' .moll 

di,c"'p.nc~ in predicttd ,oIid, d<pooiliun "."ul, iTI su/f",iern variations in local wiution cond,tt""" to 

have. ,ignif",.nl impo'i on the rate of oggregolio"_ TN. i, envi. agc-d to b. pnm..-ily applicoble 10 the 

feed region_ 'The more extreme ""luri"" condition, di,;velopc-d Iocall)' here do not occu' u"der the 

.. ,umption of 'l'"tialuTIifconily. Thi, fact, together with the vo>tly superior numhet- of calculation. (>( 

Went of ood.ocion requir.d b)' the CFD modelling approach, ilCc<xmu fo< the comp",ative mOlch and 

mi,match d;'playod i" Pi!')'_ 6_ 13 ""d 6.19 ""p"Olivci), 
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Precipitation simulation re"ult:. and discussion 8T 

, 

, '" tm. (. ) 
,[I) 

F~ .... 6. 16 (,""'<lui"", oh"",m 'h"",,' 
r,r<cipit"" )...,Id ~~·oj;).; ~"cd,,"d by 
(,fn ,i""I ".i,,", 'm~I")',,,~ 
..qtIilil'l'iu", nochtLou c<>J kinetic 
'",.;IiI~iu", "'.,,'" nu,b',,,_ 

Fi="'" 6,18 ('(>"l"';'('" or't.." '"l""~"","""n 
[,«oj;", r",I,",,<I "! ern ,.",ul"'i,,~ 
c"'-f'l<'yin.'. cQllilit<i<>m ",,,,k,ti,,, ",d 
"netic 'oquiliMllJll ",;m!c' ",de",;"'" 

, 

.. ..,~, 
"~-~-, __ ---==:-:c=-

'CC .", 

Ii"", I.) 

lip,.. '.17 ( ""P"""'" or'""",' pH I"(oj;"~ 
p,,-,I;."lo<1 h)' ern ,;mul "'~,,, 

<",(,k,)·j".'. equilil<;u", ",,,,,I .. ti,," , .. I 
'i"",i< 'e'l';lil~,u" mi,,;,' "(>"",1,,,,, 

~ 3c 
~ '-' ,. .. ,-~, -_ .. 
"* '-> I .-• ....-,urn """" - ,..., .. 

Ii "'!=i-"""-""'" 1 ,. ._'-""""'-.... 
~ ;:~ L"'-'="";-;=-,,,;~c>-

I ;.~ j*'O-.................... . 

? '.1 t---
~ " ~-'--, , 

" ""' {' ) 

~.'"' 6. l' C""'P""<'<'" ,~. , . .,;,,,,, '_' .'''"''1'' 
portkl' Jia",,'" Il",fil" Pl"il;,W by 
C'fn ,i""I"I;",,, ,"~~oy.', 
"JUilil"illtn nu,,,,,j,,, an4 kinetk 
'"~,;Iil~;,",, ,,'imi,' ",,,,bl,"" 

Dc'p,le U" re!at;vely 1"-"" fK exhibited ill Filt. 0.1 '!. i, ,h""ld l>< p..ointoa ",it thot the ;11'''1I'O/,d '..,ge in 

rI" val,,,, ofa\'"oge I"'''ie)'' di.""tor i< Hly limitod OIld thatth" ootpLJt of tl", two lllOOC13 may be 

""",·.ted tu ,""" "",I"!!",, lrend. and CVl'1l to ""nv.,~e ",m,,,,h<>< ih compariSctl ""er a lOllS" lime 

pe,iQJ we", a"ailo!:>le 

,\ II thing, eo(C,.iocm\' tl>c 'cquihbrium mimic' m.deatio" kindic. m,y he eon,idcrcd "cry ",,,·~e.,ful 

Ree"llins Ihal Ill< m(lti_ioo Ie" U" cle\'okt"""''' oflhi' ,xW",ioo ""'-' II", eomido",hl, 

com!"""i"",,1 exp""_'" ;n,umd by the expli'·'l ioclu,ion of the ",lid ;pec;",;" cqUlhbrium c"lcut .. ;OI1.s 

(;CO s.c. ·1.-1.2.1), lhe O<llHllion Oil" ~e'><'ol opproacb comtitut, 0 valuohk; t"'-,L in in,;tonee. of Ii mitoa 

6.3.2 Spatial distribution of reactor contents 

Jt w", menlioned in Sec. G_2. j <10 .. II" level or cor"'5pOIl<Iooce !>em ... " 11" ct'D ';muiali"", 

Ilon"-'l"nooLl' ,ifIllllm~)n alld eXfi",;nlOll,ol I"ofiic< pre,entod in f ig_ 6,6, and th.: ","erlap of cakulatod 

'CFD - 0,.,011' oud TI'll- bulk' \'alue;, ;u!l~e''''J ,bo,1.I" "y,rom m~I" indeed b, 'rotially 

11O'r.~on<ou,. ,\ Ithough the 'gr""",,,n' Ixl,,,,en 'CFD - o"cmll' and CFD - bulk' d"", pe,-;i;[S, 'he 

di'pority h"",oon CFD ,00 hU""'6"nl'V\" ,imul";on !e,""Ie; ",,,,,,lcd in riot' oi;play,d ",bs<q,,,,,,jy 
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S8 eFD .naly.is 01 r •• olive orystallisatioo in stirred u,,'s 

( •• 11;. Fill;" 6.7 ond 6.11) di<mis .. s this idea. inJicming !hoi th" coocto< coTUnt< or" non_uniforml~ 
diSl!ib,..J. 

AdditiOO3l lIlmi'(akoblt "'id"""" ,u!'Porting Ill< h~t.o';. ola 'p.lially dive"" SJI'tem is off.rod in 

Fig,. 620 OIld 6.21 (below). 111< mo,l pcrlintn[ ""J>Of\"" .... hibiled in Fill;. 6.20 or" Ill< 'imlllO/cd 

profiles 01 the maximllm and minimllm values ofpll throughout; th. stilTed t.nk volum ..... oalculated 

by the eFD code. 

0_ 

ime I'i 
•• 

"1& ...... 20 rom,..,_ o["<x,..,.-;men"'lly 
me=-! .00 y.,.iow """"",, d ~H 
rmfi] .. for tht 'bas<' """"io 
(.<imalaian" eqoloy kitletic 
'equilibn"", mimic' n"ole"""). 

i" ''>I'''='''=''''''=£>'"~'~H-

~ ,. ' 

J o. :I 
", l======-=· •. ;';';"," ~':O~~" __ ~."';nv., 

o ZOO """ , (;0;«, 
-(0) 

rip ... UI Comp<ri>on of'bII><' "'peJ"",turat;"" 
p",fib ~Jic",J l»o rJon .nO 
~. oimu""ion. employinl 
kinctic ',qulbbtium mioli,' ""'Ieati<>n. 

Booting in mind thO/ • v.lll< of unity i. indic.ri,'" ofinterph ••• "'ILlili","m, lit< .uper,muralion profile 

rr.Jicted by tit< CFD , imlll.ion (Fig. 6.21) impli .. th . t 001", .. dep",ition mo." lik.el~· ""0"" 

exdu>ivel~' in • « 1";"01)' .mall portion ofthe ,"""t", volume r", •• ignif"'OIlt I"'riod of time. and that 

only limited nucleation <:>c<u" in the ool~, This ",hoe, the finding, of&ckler .t oi, (19'l3) (S«. 2.4) 

Re,,~to of 'P<df", invt.li2.tion. ;"10 tit< VflfjooS mocrconixing tim. scale, also pruvide • me",_ of 

th. ,p.ti.1 non·uniformity. Tabul",ed below. they retkct in .och c .... the tim. roquj,ro ( .. prroio[<d by 

CFD ,imul.tion. ond in [lie .b. .. ne< ofpra;ipitlltion) befoce lit< Cl"kL~"'ed pH .xlreIJt.1Ilroo200L~ the 

flow domain Jiff.r by no IlIOfe than 0,0' Ilnits .lter ai, reriod offoed £lJditjoo, Tim .. , ore inclu,iv .. 

orth e I • f .. <d p<riod ';1""imum.nd minimum pH d.ta ",,,,,,,i.ted with e.ch oftlt< .cenorio. jjsted in 

T.bIe 6.1 .... rre .. nteJ graphic.11y in App. U (Fi!1;S, U. t 6 - U.20). \\",thout; delving into undue det.iI 

(giveJl tit< limitotion, oftlle study). it can It< '\3Iro ' imply th. t the , .. ,ul" _or Iogicoi .00 th.t tlt<)' 

'"ggest a maximum chflfacteri.rio ,"acron)ixing 'ime of approximately l' s for til. ·b ... • level of 

all;iMion, 
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Precipitation . imul.tion ,,",ults . nd d ioc,,~. ion 39 

T.~t. 6.1 ' Cak:ulat<1I ctlaructeriilk m""",m i,i'>t\ lime, Iilr __ ~ of 10< =,..", ~ """"'tion> 
im"'ti~",od. 

Yin.IIy, all!wo.12h nol SIlpplied here, il m.y .. noted that co",," vi''' . li .... tklllS of the distribution of 

rractiC3lly ""y ooc oftbe modelled ""lulion or parlicul1lko propcrtle< (generated wah,n the CFXOO 

gr.lp/licoJ po't-~r fruJ~ J","P lile Jatal furlllOl anJ con'"",ingl) ill"'trote llle helerogtneily of 

th¢ sy'tem und« sn,dy. 

It i, "iJpfl:<:Tll finn< lhe preceding ""al)',i, Ihal, lOr lhe Pl.Opo"'" of drtctiye no:xlolling .tttmpt' , til< 

notion of. porJ'octly nti,tJ reoclor vulumt has, in Jillt wilh rntionall) lounJoJ txpttlotiorn, ~ 

refuted. Thi, i, ill no "".li part due 10 the ,,,,,id kinetic, which ",e eha1l>cterj,tic ofhydroxidc 

precipitatiun prooesse>. Detfliletllrtotment orthe effects of mixing .00 hydrooynanlie" >uch "' lhat 

aohic\'ed throogh (J.U modelling, .. flU' of m"JOr impatal>ec ill providing a r;gorou" 'rat,"lIy 

di.lribul<d rtprt><nlation uHey v,~iable ,alueo;, Howe,,,, so '" Ie expluit """'tructi,tl), lbi; 

knowledge of"".ti. 1 dynamic" a coo.' ktent and compar.blt b'oi of o'pcrimen,.1 ... soIution is 

requir<d, thereby f,., ilitating improved kioclic de'ICriptioo and greater fund.mentaJ eh~rliCter; ,atioll of 

th¢ ,yst<m '" a whole, 

6,3,3 Significance of speciation calculations 

The ,ignific.nt d;ffercnce hctY.een tbe total di",.ved nickel coOC¢ntr",ioo.nd Ni " idivity prom« 

dil pl:>ytd in l'i2, 6,22 lti!>hli.\:hn the importance oftht 'Ptdat1on e:o[col""1o""" Havill£ ,aid thaI. 

bowever, it i, worth ,t"';ng that ,och e.iculatioo. ore onl), of hc""fil if, "' would be expected from 

thtorctical conside,:ot;ons, kinetic expt'O"ions h.n" .. in2 th< , .. ultant outp\lt ",w. lly o""turt the 

prOCOM¢" tn .. dependen<ie" ! .. , "" exa",,,It, use ufa , pecic, activity'" uppo><d tu "wlllj>OOtnt 

eon<ontra~on (eJ~ploying tho yoc. bul. 'Y of('h . p. 4) ;n dckmlining a m,,,,,,, ... of ,u" ... , ,.,,,.tion c""ld 

on!) be con,iJertu ' ~ri()f if the rtle,""t rfltO i , oorrectJ)' " funct"" uflh< toort occ,~""'ly e<l.hli.mod 

n lue. 
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90 eFD an~ly.is of "'''''live cryotalhation in sti,red t'nks 

o 012 -

" -

,-,." 

" ,,,.-,,,,~. 
< ''''<'''-0.''''' 

-+-C-u·""" 

FiC"" ~_11 Cl>lq>~ '-'" ",]lC"i.,,,;t,",ll~ "",.,..ed ond v","",,,imu],,,,,d "lcl:<l data prot, ... 
for the ' btI>e' >«Mrlo (ilinul .. ;o,-" cmVloy ki,-",tk 'C<]uil!hOum mimk'n"olc"~.,). 

Also evkl.tlt in the above plol i, tho: fairly elm. a>:,eemem be\v. .. on CFIl and oomog<n""", 'imulatioo 

",.,,-,Irs., '''''''gil ,hi, i, not ' apn,ing """"i<kring tho cqui,'alrnt 'imilarity of the wrrc,pondin~ yiokJ 

p",dic1ioos iII,,'tratod in rig, 6,6, A final inlc""tin~ thtu", of Pig, 6,22 j,. tho ol=rv.tion that 'CFD 

ovc,"-U' data point> ""0, (lOCO again, mirrored by ("'"'c oftI'M: 'CFD - bull> se,ics, chis timo with ""peet 

to total nickd in 501~, The c"",istoney ofthi, ,dorion'hip 10.- tcali,tic ,(irrer 'pcod, aUo,,"', one to 

conciooo tbot bllik d.tl, tilough ccrt.il~y not ,dlcetivc of the van.blo,.' ooifixm di.wibution, oo.c. gh'O 

a ,diablo indication ofthe ""c",l1 value. in tho <cad"", vos,d. A, it is 10.- pH ""d ,up=atura{ion, the 

CO(wcl't <>I' on 0",,,,11 l\i" :>e1ivity in • ,potially di,tribcted 'yolem i. undefined. 

6.3.4 CPU time 

in order {o idontiiY the most <OO1pulalionlllly inlerui,'e calc"lation, within the integlll("" mO<1ol, .. ><I 

al"" 2i,'0 on ido. aftlt< overaliiolld. it is val"""l. to Moly« tit< CPU tim .. <xpended by diffotont 

,imwation mdes, AIlt.lugh the r3j1id eUITent (and luturo prodictrd) adv",,"e, in COmpctOf tc"hnology 

meM that proce;<ing time, ..-e seldom doci,jwly limi(in~, tb< >olulion ofhigh-dol1nition CrD 

,imul.tion. can b< inCfodibl}' ti"","c",,"umill£ . cti,-iti ., ond k1lOwi<dg. of tho relativo burdon. aftlt< 

wri""" _thematiC3l rolIines '"'" bo in>truc1ivc in direc1ing the 1'00"" of luture wort 

Tho .oov~mo"tioo<d tocooalogical ><lvonco, make 0 QUt\lit.~v. discus.ion of r"<t"ir<d cornputalianoJ 

time. m"", meooi!l£ful th<in 0 re<md ofactual obsolUle tim ... /lowever, 00 0 C"rrOtlt-20neration, mid­

,onge dc,l{op mad,ioc, on approximate dwac1o"i,oc figure fo" a t.lmogellOOus . imwation i, 0,1)003 , 

po< (imo.,top, whi!!. for tho comporotiy<I}' crudo CF I) c(lde, do;'otoped in tIli. work it i, 10,~ , por 

{im(>-,{ep. Omissi"" ofdil!cren( modd toat""o< in ;".olanon revoo.l, tIlat roughly &0";' of lhe 
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cornpl1tat.iol1lal effort in CFD simulation runs is ex~,encjed on the calculation each tlmle-siteJ) of the 

distributions 

Fortran rn"ifin,,,,, which may be 

and number concentrations. J:TClCe!ISlrlg of the user-defined 

divided into calculations of solution the:nno(hrnami(~s and those 

aimed at the discretised POI)ullltioln OJ .............. , then constitutes 20% of the total burden. 

70% goes toward the solution :li..,.. .... UILl.IU.U. hloDl08:en,eollS simulation times also 

indeed the various ap))()rlIiOllmcmts ascertained are ........... lc .. hlv consistent. The h01DOjgenleOlJS Dloolellmg 

"IUItr.lC··o.;ClICU CFD "'" ....... , .. v ... , with thus no cause to solve 

the the distributions 

that mUllUJlIlCIIlUJfl of the characteristic 'CPU time per ume-slrep' for the 

hOlDOjgel1leOils code the number of cells in the CFD volume mesh should then a value 

of the measured 'time per tlme-Slrep' for the CFD simulations. 

The stated CPU times are for simulations <;;UIUIU'".U'iI< kinetic rep,resentaticID of nucleation. 

InC:CllTlOnltin,n of the solid into the calculations can increase the time to 

sJ)e(:late the up to 3500%. Inc:realSlng the desired accuracy of the SJ)t:ci~ltioln calculations 

does not, appear to come at "'S"'U'I\,""" c1DmlPutilticinal expense. Selection of the convergence 

criteria for the solution of the unciel1pinnirig discretised differential has the 

potl~nti:al to slgmlllCalltiy affect the normalised prolCes.smlg whilst selection of the size 

the total actual time. Specificllticm then of these two naram,!';ter values is somewhat of a 

cnrnn,·nm,;" .. between times and accuracy. 

This has demonstrated that the ae"ll'elOIDea models fail to the experinlent:ally 

observed behaviour. nj~:rell'ardlinl>" even the geclm1etri.cal de~:crill'1tirm error outlined in 5, this is not 

unc~xp'ected, due to the resolution of the data used in ch~l.rac:terisirll>" the 

Consequcmtly, whilst this delt1ci,enc:y does not diminish the inherent structural value of the ... "'.,,.' ....... ,"" 

and the 

has thus served to showcase the "'t'tm",,,U\J'" and internal o.;UIISI~;ICIICy of the models. Were it 

not for these more and discussion of the both of additional 

simulation results and those presented jus'tific:d in the interests 

This extend to the anaLlvsis colour rep,resent:aticlns alluded to in Sec. 6.3.2. 

Such as it is, here have been those results to demonstrate and corroborate the 

prilncipal'"''''AU.F,''' which are summarised in 7. The useful discerned in the 

de1{el'Dprnellt and assessment of the AU" ........ ", 

recommendations for future work. 

their inherent Ilmlltal10n.s, also informs the 



Univ
ers

ity
 of

  C
ap

e T
ow

nIII 

I 

The various ..... "n,., ... ,,1 findinlgs, arrived at thr!OUg~Olilt the course of this dissertation, are reviewed here. 

92 

conclusions: 

CPD is a ... n,,,,, .. ,1111 modelling tool partlcluar value in the elevated 

reaction rates. Precipitation processes fi"equc~ntlly exhibit very fast reaction ..... u"' .... !", 

jml'\Or1~~nj~e in detlermdnillg 

The ap~lltciatI(J1O of CPD to precipitation research remains .... I'd.", .. lv limited. relevance 

are the facts that in which aruuell!;atllon phlen(Jlm~:na are '''''"''';0:;.0''''''''' are seldom simulated 

and that the p!Il'UI,;UlillU;; is roultmely described a low-resolution moments 

transformation of the polPullaticlO balance. jmr'nrl'~ntlv n"Wif'lv .. r no attempts to 

incorporate detailed of the solution che:mi!'try on rate-

are ....... "ri •• 1i elsewhere. 

The model architecture and resultant CPD UlvU,",""UF; ....... ' ...... " .. , evolved in this work suc:ce:sstillll:!i 

fill the above-mentioned gap in the field. Solutions of a full discretised J.lUIJUU~UIJ'U balance 

the C8J)laclty to account for agiue~~tion) and an inclusive set 

calculations are int(:iUa<ted into the CPD code. 

The cornpllta1ioDlal models dev'elolDed are intl~mlidly consistent and robust and the 

framework accommodates feati1res which are discussed in 

remainder of this 

model 

detail in the 
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to the investilgalion of the nickel hvclro}l:ide test include: 

The low resolution of the available .. v ........ m"nt",1 data 

is insufficient to characterise the ore:cioitation 

nartlcLllarto the process kinetics the ideal 

delxmdellclc~S, and which can then be 

its extent and is such that it 

detail. This failure relates in 

extJracl:ing rate the true 

with corlfidenc.e, 

poor model calibration results obtained restrict the nrellic1tive .... alJ'...., ...... }' 

unattainable. The 

thus 

into the the de\'elo'pment and apJ>llcatlC)o of the models and 

atte:mpts to reconcile simulation results and eXI~erlmcmtill observations do enable me:anllngrul 

conclusions to be reinforce the value of the model architecture and 

its cOlnpc:>ne:nts r~Ir""<;l""ntthe inclusion 

Semi-batch of the nickel hvdlro')l·iclt'.pre:clPitation which exhibits reaction 

leads to the de"o'elo>pment variation in the reactor contents. As a 

QeJIOSlltiOln, for eXflmI,le, is restricted to a small sub-volume around the feed loc;ati1on, 

an observation in line with those studies Seckler et aI. 

ACCOI~dillg~V, for efforts it is not reasonable to assume 

CFD is able to 

go\'ernlmg nrnn .. rti_ and is thus poitenitially value in the of such 

However. for the under COllsicieriatiC)D in order to the 

detailed afforded CFD an Imr)rm/ernlent 

""X1'It'.nme:ntl1ll characterisation and resultant kinetic .-I .. ~· ... ri,,,tir.n 

""I''''''''''''''''j' to the rep,resentatic,n a dominant role in CletinlIlg the 

here. More on this issue is offered in Sec. 7.2. 

The rate of solute rl""''Il'I<;liticln is very close to that prc:scrlOlI::U 

considerations. An ""I'.UIIUllIWll ,j .. ~ ... ";,,,t;".n of nucleation therefore appears apl)ro]pri:ate. It should 

be noted that this does not suggest that a kinetic nucleation is 

inaDPI~ooriate. but that the rate extraction exercise the data used to 

an rate function. 

The of a may well be a suitable reflection If 

im)lelnellltec:i, such an "nr ... n' .... h .. t1"'''''.I1,v .. llv overcomes the lack Ofl)reciictive ""I""U'IU,1 stelrlming 

from the current reliance upon an eXI)erimlmtlll)'-plred,eterrniined prf:cil=.ita'ie 

constant with respe:ct to size but is an unestablished function 

discussion is in Sec. 7.2. 

which is 

Further 

Consideration of the full range and the associated reactions has a 

SlgmtllcaIlt effect on the calculated solution upon which the various sub-

processes are This fact underlines the im.~nr1" .. ",,, 
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The CFD simulation results indicate very close a!D'eelnelrlt between 'bulk' data toa 

selected cell in 1he bulk zone, which to 1he eXf'Ier1lmeli1tlli ""'1111'1111& and 

altl1louJUl1he 'overall' data (smnrl'lnriateiv 11I,,,p.rl1lO'f~ for 1he entire 

environment has been shown to be hetleroJ~eneoulS, its nature is such that bulk zone 

lab()rat:ory saD1lplillg I);()ssiblv nrovidle8 an accurate measure of1he overall an observation 

"",,,nit,, ... ,,, .. and validation which may be of some interest wi1h to .. vr""';·m..,,,t,, I 

efforts. 

The • __ ... "" ........ - mimic' nucleation rate ...... "'_'''' fannulation is reasolilabily successful in 

replliClltil11g 1he heh,IlVl,OUr nrf',cllctecl reJ)lresentatic:m of solids formation. 

COllSideril1lg 1he substantial additional conlpu1tati()Dal burden 

1he solid in 1he "1J''''''''''',lVU cal,cul:atiC)IlS, such a de,'elo1pment is 

circumstances where available prolCe5.siolg time or power is restrictive. 

1he inclusion of 

pul":;lIlmU value in 

As alluded to '''''''''''111>1' fundamental rep,resentatil)n of1he kinetics of nucleation and 

aruueJ~atiionis a if1he models are to be wi1h confidence to 1he under 

investiiga1:ion here. wi1hout it, 1he of CFD itself amounts to i.e. 

1he benefits of 1he are not realised if an in 1he extracted 

rate functiollS in 1he level of refinement of 1he 

various model is not effected. The o1her considered to be in most need of 

address may be overcome 1he of a more realistic nucleus size wi1h a 

The substantial demands 1hus characterisation necessitate extensive 111Ih<r.mj'nl"V work. 

PR~ferabl''1, such an exercise would be conducted in a me1hodical and sysltennatiic manner, m'''''''"''5'''''''!!. 

1he different processes and various insofar as is po!!s![m::, in isolation. As an 

examplle, Man1h et al. have spc:cifiically dle8igned a such 1hat 

n .. ".-in,it<>finn may be studied under holnol~eneollS conditiollS. Man1h and co-workers claim 1hat 

1he IUlI]f-LUH.JUI!:;Ut reactant prelmix:ing 'thiemlodyruunically correct' 

kinetic equlati()Ds. "1'''''''''':1 distributed of1he current .. vr, ............. 'nt .. would also be of 

OO1h in 1he data for 1he unclertakulg outlined and ultimaJtely in the 

validation of1he CFD model results. As a last resort, such spatialily distributed data could 

also be used in wi1h a CFD model of1he to extract unknown model 

pa!~arrlete:rs, in what would be a tedious and iterative Whatever 1he 

me1hods it is most not be on an erroneous 

assumpti()n such as 1he one 1he rate extraction tec;hnique. 

characterisation would be further aided resolution 
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number data the accurate measurement of the numbers of smaller a realisable scenario if 

the latest +--.. -, .• - ... -~ are utilised. Such information is for both in 

better olscernmg lij~gn:ga1tion phcmolmella and in to establish the mathematical of the 

desired rel:atic)flship between size and latter of which may, to some extent, be 

theoretical fractal considerations and the ass:wrlptilonthat the of nuclei is that 

nickel h,,"I .. ''''i ..... 

The COlllPU'IaUlJlllil imI,lenlenltati()fl of the Sl.U~~c1c:pellc1elnt al!lm~2alte is un:tor1:uruiltelly not as 

dr,.iol~tf(\I'W'ard as that of the nnl1l"a.1ecl kinetic It was mentioned in Sec. 3.4.2 that 

atte:mpts to model fractal formation are often frustrated the difficulties inherent in 

acc,owrting for n0I11~volwrle-c,ons,ervl agj!1e~:ati(}n in the po1Pul:aticm balance. For use here with the 

eXIStlrl2 discretised POI)ulllticln u.:u .......... , an extension and re-discretisation of the size domain is 

.. ul:>I5'" ....... to surmount these the re~discretisation is informed the translation 

ofa molar vs. size' to one of of nickel per vs. 

size' and executed such that the nickel content of the diaDleter of the upper and 

lower bounds of each size interval are in a ratio of 2: 1. Such a is considered to be consistent 

with the Hounslow et al. in their discretised ,u,..,... .. ",,,t,nn eql1atJlons, 

which are based upon a size domain discretised such that the volume of the diaDleter of the 

upper and lower bOlmds of each size interval are in a ratio of 2: 1. In both mass remains the 

conserved \,Iu~, ..... ,y. 

once the above-mentioned inaccuracies in the process have been rectified would it be 

.... 11;" •• ,'" other of the model. Foremost aDlong these is the 

emnlovment of a more detailed rep'res,cntaticln of the flow - this entail correction of the 

n"~'vklH",llv 11'1;;""'",,11'''''' gc~rrletric error and the use of the ...... """ .. ~" .. in colliunction 

with a meshed ge<,mc:try in which all featilres are modelled eXJ:'liclltly. LDV measurements could 

also be "'A~"''''''''' to validate the flow field geIleralted and assist in i:IlSs"ssmg the of 

alternative wbulence such as the differential stress model. Viewed in the context of the 

ultimate of the reSeal'cn, additiorual such as surface which are warned for 

downstreaDl model Further avenues for the 

cornpleXl1Y of the c1e'll'elonel1 models include the inccJrplClraltion lUU:IU}-'"""" 11.'''''',",111111:>, consideration 

for "'AOUUj,""', the detailed shear distribution . of other processes such as hre:ak:u.e 

of rrncf(>mbcing and invlestil~ati()n 

into the aplmcaOimy sl~e-aepc:nc1,ent aalYl'p.aaTmn kernels - each ,,,..,,norfecl 

eXl~riml~ntlll data. There also exists the inte:rfa<:ing with pro1pri1etaJ:y SlleClane,n software. 

In this incremental model it is recommended that CFD software be maintained 

as the this since most commercial codes in-built and 

multi'P1hw.e u.v .... "", .. ;s ""IJAI.l'llUIQ and thus convenient media for all the most cOlnplLlta1tiollalJly 

aernarl(llrlg increases in model resolution. The model framework n .... "' .. t1ltp.cI in this is such that 

most of the above may be with minimal and advances in 
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cOlmputillf,1 hardware dictate that these refinements are inc:rel3LSinlldv praiCti<:able. Once the resultant 

tn-4(1enth alr1al'iI!l:i~ of the models a to su(:ce!!Sfillly simulate the "Yr ... rim .. nt~1 

full available PSD and the file data visualisations ( ............. tI" not deemed Ulnrth'JI1hil would be 

warranted. Such 'm."v~ .. ' would result in a more detailed exJ)IiClatioln of results and valuable 

additional into the behaviour. 

Within the context of the still conrlpaJrati~,ely narrow field of the BPJllicaticm of CFD to precipiitatiion, the 

novelties or rarities may be claimed for this work: 

use of a discretised ooll)ul:aticm balance in Dre:ferenc:e to a moment trwllSfiomlati~on, 

~""""~"'11'!; both resolution infomation and easy of different 

BP~lIic:aticln to a 'real' ofiinte:rest, as OPJlOSC::d to an 'ideal' and convenient model (a 

fact from which the two .....".," ... <1;,.,0 

In line with the stated aims a tool has thus been ri .. ,,' .. J,.. ......... which is partiClllar value for 

aqueous Since 

the model de"elclpmlent (Jelnatldsthe non-trivial intc~lUlil.tioln of various model features and since the 

resultant model structure has .. _ .••. _'_, the contribution is prilmwrily one of model 

aIChitecture. D .. ,." .. rll;'.,,, the demonstration of the it could be that this would have been 

more elegaIltly 

state of the 

aplpllcatil)D to a wen--chaIacteri~!led, model for which the 

urullteJred, may be such a scenario would be 

that the attcmlIJlted "I'~}l''', .... ~, .. to a 'difficult' in of value-

cOITes:pollldingIy. it was nn:vi()Usllv articulated that the intention here is not to DfC.du,cc definitive model 

resolution. 

Other contributions of llligIrifi4:::ance in this dissertation include the "'" ....... " .. h, ..... "i" .. survey of the 

and u .... , .... ' ..... , the de"eic)pllient of code ...... ·,...;}.i .. '" the various • dilution 

the current umuult'll within CFD to model the distinctive transient toDolol!\' of semi-

batch prc.cel!Sesi), the modifications made to the 1W'!felltatic)n ec~uatiOilS of the DPB and the con,ceP,tion 

of the mimic' nucleation rate the awareness and .. " ..... .." ......... 

throw:tl1o'ut the course of the research allow valuable for the direction offuture work to be 

fomulated. The~ are towards the ultimate nhiiec1:ive of this line viz. the 

de,'elclprnlent of a nu!:tt-Iloe.lltv model which may find BPI)lic:atioln, as an oplimiiution to 

commercial reactor It is "' ... ',,. .. "''''u that such a tool could be eXlJloilted in enl~an,cinlg both the 

of new prc:citlitaJtioll-dleW!lterine installations and the control and units. 
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With to this ambitious a small but nevertheless Imrlortant in the direction is 

considered to have been taken in this 
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/*This command file is intended to be run in double prec1s1on and in conjunction 
with the Fortran file f and the geometry file approximate.geo. 
The simulation employs a coarse grid and a much simplified approach 
in an attempt to generate a steady state flow field, which, ignoring the 
characteristic unsteady interaction between baffles and blades, 
reproduces the final quasi steady state of initial 
experimental field predicted by the high sliding mesh simulation 
method. Efforts to model the effects of the impeller are made through the 
introduction of source terms in the velocity (better known as momentum 
sources), one of a number of similar techniques. No extra source 
terms are included in the modelled turbulence equations. When investigating 
alternative impeller speeds, the momentum source values are simply scaled 

»OPTIONS 

The widely applied k-epsilon turbulence model is used. Only non­
are included in this command file.*/ 

RECTANGULAR GRID 
CYLINDRICAL COORDINATES 
AXIS INCLUDED 
TURBULENT FLOW 
USER SCALAR EQUATIONS 6 

»USER FORTRAN 
USRTRN 

»VARIABLE NAMES 
/*all names below are of special class recognised by software; variables 
treated as places to store information rather than for solution in scalar 
transport equations; included as user scalars to make variable values 
available to output facilities, e.g. allows writing to dump file for 

display*/ 
component of shear stress throughout domain [N.m-2]*/ 

USER SCALARl 'XY NODAL SHEAR STRESS' 
/*y-z component of shear stress throughout domain [N.m-2]*/ 
USER SCALAR2 'YZ NODAL SHEAR STRESS' 
/*z-x component of shear stress throughout domain [N.m-2]*/ 

103 
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104 Selected annotated CFX® file. 

USER SCALAR3 'zx NODAL SHEAR STRESS' 
!*turbulent mixing time scale (user-defined at cell centres) [s]*! 
USER SCALAR4 'USRDCC TMIX' 
!*radial velocity (user-defined at all nodes) [m.s-l]*! 
USER SCALAR5 'USRD VRAD' 
!*rotational velocity (user-defined at all nodes) [m.s-l]*! 
USER SCALAR6 'USRD VROT' 

»MODEL DATA 
/*simulation of impeller effect*1 
»SOURCES 

!*volume swept by impeller blades*! 
PATCH NAME 'USER3D_IMPBLADE' 
PER UNIT VOLUME 
!*values 'tuned' such that results approximate flow field predicted by 
rigorous, resolution, sliding mesh simulation (in this case, impeller 

of r.p.m.)*/ 
component*/ 

U VELOCITY -4.S00000E+03 !*[kg.m-2.s-2]*1 O.OOOOOOE+OO 
I*radial component"/ 
V VELOCITY 6.000000E+03 /*[kg.m-2.s-21*1 O.OOOOOOE+OO 
/*rotational cOmponent*/ 
W VELOCITY -S.2S0000E+03 /*[kg.m-2.s-2]*/ O.OOOOOOE+OO 

»PHYSICAL PROPERTIES 
»STANDARD FLUID 

FLUID 'WATER' 
STANDARD FLUID REFERENCE TEMPERATURE 2.98ISE+02 I*[KJ*I 

»SOLVER DATA 
»PROGRAM CONTROL 

MINIMUM NUMBER OF ITERATIONS 10 
MAXIMUM NUMBER OF ITERATIONS 5000 

»UNDER RELAXATION FACTORS 
U VELOCITY 5.0000E-OI 
V VELOCITY 5.0000E-OI 
W VELOCITY S.OOOOE-Ol 

»MODEL BOUNDARY CONDITIONS 
»WALL BOUNDARIES 

surface"! 

!*free - zero wall shear stress*/ 
TAUX 0.0 [N.m-2]*/ 
TAUY 0.0 /*[N.m-2]*/ 
TAUZ 0.0 /*[N.m-2]*/ 

»WALL BOUNDARIES 
/*impeller disc*! 
PATCH NAME 
/*no slip on rotating wall -
ANGULAR VELOCITY -15.7079632679 0.0 0.0 

»STOP 

that of impeller*! 

C This Fortran file (subroutine USRTRN) calculates the steady state values of 
C turbulent mixing time scale, radial velocity and rotational velocity within each 
e interior cell. 
e 

SUBROUTINE USRTRN(U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,SCAL,XP, 
+ YP,ZP,VOL,AREA,VPOR,ARPOR,WFACT,CONV,IPT,IBLK, 
+ IPVERT,IPNODN,IPFACN,IPNODF,IPNODB,IPFACB,WORK, 
+ IWORK, CWORK) 

C 
C********************************************************************** 
e 
C USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT 
C THE END OF EACH TIME STEP 
C THIS SUBROUTINE IS CALLED BEFORE THE START OF THE RUN AS WELL AS AT 
C THE END OF EACH TIME STEP 
C 
C »> IMPORTANT «< 
C »> «< 
C »> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN «< 
C »> THE DESIGNATED USER AREAS «< 
C 
C********************************************************************** 
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C 
C THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES 
C CUSR TRNMOD 
C 
C********************************************************************** 
C 
C CREATED 
C 27/04/90 ADB 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

MODIFIED 
05/08/91 
01/10/91 
29/11/91 

05/06/92 
03/07/92 
23/11/93 
03/02/94 
22/08/94 
19/12/94 
02/07/97 
02/07/99 

IRH NEW STRUCTURE 
DSC REDUCE COMMENT LINE GOING OVER COLUMN 72. 
PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT, 

CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2 
PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3 
DSC CORRECT COMMON MLTGRD. 
CSH EXPLICITLY DIMENSION IPVERT ETC. 
PHA CHANGE FLOW3D TO CFDS-FLOW3D 
NSW MOVE 'IF(IUSED.EQ.O) RETURN' OUT OF USER AREA 
NSW CHANGE FOR CFX-F3D 
NSW UPDATE FOR CFX-4 
NSW INCLUDE NEW EXAMPLE FOR CALCULATING FLUX OF A 

SCALAR AT A PRESSURE BOUNDARY 

C********************************************************************** 

C 
C SUBROUTINE ARGUMENTS 
C 
C U - U COMPONENT OF VELOCITY 
C V - V COMPONENT OF VELOCITY 
C W - W COMPONENT OF VELOCITY 
C P - PRESSURE 
C VFRAC - VOLUME FRACTION 
C DEN - DENSITY OF FLUID 
C VIS VISCOSITY OF FLUID 
C TE - TURBULENT KINETIC ENERGY 
C ED - EPSILON 
C RS - REYNOLD STRESSES 
C T - TEMPERATURE 
C H - ENTHALPY 
C RF - REYNOLD FLUXES 
C SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS) 
C XP - X COORDINATES OF CELL CENTRES 
C YP Y COORDINATES OF CELL CENTRES 
C ZP - Z COORDINATES OF CELL CENTRES 
C VOL - VOLUME OF CELLS 
C AREA - AREA OF CELLS 
C VPOR - POROUS VOLUME 
C ARPOR - POROUS AREA 
C WFACT - WEIGHT FACTORS 
C CONV CONVECTION COEFFICIENTS 
C 
C IPT 1D POINTER ARRAY 
C IBLK - BLOCK SIZE INFORMATION 
C IPVERT - POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES 
C IPNODN POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS 
C IPFACN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING FACES 
C IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTRES 
C IPNODB - POINTER FROM BOUNDARY CENTRES TO CELL CENTRES 
C IPFACB - POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACESS 
C 
C WORK - REAL WORKSPACE ARRAY 
C IWORK - INTEGER WORKSPACE ARRAY 
C CWORK - CHARACTER WORKSPACE ARRAY 
C 
C SUBROUTINE ARGUMENTS PRECEDED WITH A '.' ARE ARGUMENTS THAT MUST 
C BE SET BY THE USER IN THIS ROUTINE. 
C 
C NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE 
C ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4 
C USER MANUAL. 
C 
C********************************************************************** 

C 
DOUBLE PRECISION U 
DOUBLE PRECISION V 
DOUBLE PRECISION W 
DOUBLE PRECISION P 
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DOUBLE PRECISION VFRAC 
DOUBLE PRECISION DEN 
DOUBLE PRECISION VIS 
DOUBLE PRECISION TE 
DOUBLE PRECISION ED 
DOUBLE PRECISION RS 
DOUBLE PRECISION T 
DOUBLE PRECISION H 
DOUBLE PRECISION RF 
DOUBLE PRECISION SCAL 
DOUBLE PRECISION XP 
DOUBLE PRECISION YP 
DOUBLE PRECISION ZP 
DOUBLE PRECISION VOL 
DOUBLE PRECISION AREA 
DOUBLE PRECISION VPOR 
DOUBLE PRECISION ARPOR 
DOUBLE PRECISION WFACT 
DOUBLE PRECISION CONV 
DOUBLE PRECISION WORE 
DOUBLE PRECISION SMALL 
DOUBLE PRECISION SORMAX 
DOUBLE PRECISION DTUSR 
DOUBLE PRECISION TIME 
DOUBLE PRECISION DT 
DOUBLE PRECISION DTINVF 
DOUBLE PRECISION TPARM 
DOUBLE PRECISION SGNWL 
LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN,LAXIS, 

+ LPOROS,LTRANS 
C 

CHARACTER*(*) CWORK 
C 
C++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++ 
c---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES 
C 

INTEGER I,INODE 
c 
C++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++ 
C 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

C 

COMMON /ALL/NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM, 
/ALLWRK/NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE,/ADDIMS/NPHASE, 
NSCAL,NVAR,NPROP,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST, 
NRLIST,NTOPOL,/CHKUSR/IVERS,IUCALL,IUSED,/CONC/NCONC, 
/DEVICE/NREAD,NWRITE,NRDISK,NWDISK,/IDUM/ILEN,JLEN, 
/LOGIC/LDEN,LVIS,LTORB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN, 
LAXIS,LPOROS,LTRANS,/MLTGRD/MLEVEL,NLEVEL,ILEVEL, 
/SGLDBL/IFLGPR,ICHKPR,/SPARM/SMALL,SORMAX,NITER,INDPRI, 
MAXIT,NODREF,NODMON,/TIMUSR/DTUSR,/TRANSI/NSTEP,KSTEP,MF, 
INCORE,/TRANSR/TIME,DT,DTINVF,TPARM 

C++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS 
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE 
C NO CONFLICT WITH NON-USER COMMON BLOCKS 
C 
C++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++ 
C 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

C 

DIMENSION 

DIMENSION 

DIMENSION 

U(NNODE,NPHASE),V (NNODE,NPHASE),W(NNODE,NPHASE), 
P(NNODE,NPHASE),VFRAC(NNODE,NPHASE),DEN(NNODE,NPHASE), 
VIS(NNODE,NPHASE),TE(NNODE,NPHASE),ED (NNODE,NPHASE), 
RS(NNODE,NPHASE,6),T(NNODE,NPHASE),H(NNODE,NPHASE), 
RF(NNODE,NPHASE,4),SCAL(NNODE,NPHASE,NSCAL) 
XP(NNODEl,YP(NNODE} ,ZP(NNODE} ,VOL(NCELL),AREA(NFACE,3) , 
VPOR(NCELL),ARPOR(NFACE,3),WFACT(NFACE), 
CONV(NFACE,NPHASE) ,IPT(*) ,IBLK(5,NBLOCK) , 
IPVERT(NCELL,B),IPNODN(NCELL,6),IPFACN(NCELL,6), 
IPNODF(NFACE,4) ,IPNODB(NBDRY, 4) ,IPFACB(NBDRY),IWORK(*) , 
WORK(*),CWORK(*) 
SGNWL(6) 

C++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS 
C 
C---- AREA FOR USERS TO DEFINE DATA STATEMENTS 
C 
C++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++ 
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C 
DATA SGNWL/l.ODO,1.0DO,1.ODO,-1.ODO,-1.0DO,-1.ODO/ 

C 
C---- STATEMENT FUNCTION FOR ADDRESSING 

IP(I,J,K) = IPT«K-1)*ILEN*JLEN+ (J-1)*ILEN+I) 
C 
C----VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG 
C 

C 

IVERS = 3 
ICHKPR = 2 

C++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++ 
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=l 
C 

IUSED = 1 
C 
C++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++ 
C 

IF (IUSED.EQ.O) RETURN 
C 
C---- FRONTEND CHECKING OF USER ROUTINE 

IF (IUCALL.EQ.O) RETURN 
C 
C++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++ 
C 
C---- EXAMPLE (SET TIME INCREMENT FOR NEXT TIME STEP) 
C 
C DTUSR - 0.1 
C 
C---- END OF EXAMPLE 
C 
C---- EXAMPLE (CALCULATE FLUX OF FIRST SCALAR AT A PRESSURE BOUNDARY) 
C 
C lPHASE = 1 
C FLUX = 0.0 
C USE IPALL TO FIND ADDRESSES OF BOUNDARY NODES ON PATCH PRESS 1 
C CALL I PALL ( 'PRESS1' , 'PRESS' , 'PATCH.' , 'CENTRES' 
C + ' , 1PT, NPT, CWORK, IWORK) 
C LOOP OVER ALL BOUNDARY NODES 
C DO 300 I=l,NPT 
C USE ARRAY IPT TO GET ADDRESS 
C INODE IPT(I) 
C lBDRY INODE - NCELL 
C IFACE IPFACB(IBDRY) 
C INDUM IPNODB(IBDRY,2) 
C NWL lPNODB(lBDRY,4) 
C FLUX FLUX 
C++ SGNWL(NWL)*CONV(IFACE,IPHASE)*SCAL(INDUM,IPHASE,l) 
C 300 CONTINUE 
C 
C---- END OF EXAMPLE 
C 

file. 107 

C call routine GETSCA to find number of scalar variable within SCAL array 
C 

C 

C 

C 
C 
C 

C 
C 

C 

C 
C 
C 

& 

& 

C 
10 

C 

turbulent time scale [5] 
CALL GETSCA('USRDCC TMIX',ITM,CWORK) 
radial velocity [m.s-1] 
CALL GETSCA('USRD VRAD',IRAD,CWORK) 
rotational velocity [m.s-1] 
CALL GETSCA('USRD VROT',IROT,CWORK) 

call utility routine IPALL to return cell-centre addresses of those cells 
occupied by tank contents (i.e. all interior cells) 
CALL IPALL('*', '*', 'BLOCK', 'CENTRES',IPT,NPT,CWORK,IWORK) 

within each cell in flow domain 
DO 10 I 1,NPT 

INODE IPT(I) 

calculate turbulent mLxLng time scale (corresponds to viecous mixing variant 
of eddy break-up combustion model) [el 
SCAL(INODE,l,ITM) = O.04237*««DEN(INODE,1)}*«TE(INODE,I»** 

2.0) ) / ( (VIS (INODE, 1) ) * (ED(INODE, 1» ) ) **0.25 
) * «TE (INODE, 1» / (ED(INODE, 1») 

CONTINUE 
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C at each cell and boundary centre 
DO 20 INODE = l,NNODE 

C calculate radial velocity [m.s-l] 
SCAL(INODE,l,IRAD) = V(INODE,l) 

C calculate rotational velocity [m.s-l] 
SCAL(INODE,l,IROT) W(INODE,l) 

20 CONTINUE 
C 
C++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++ 
C 

RETURN 
C 

END 

/*This command file is intended to 
with the Fortran file 

be run in double 
the geometry 

steady state 
the fixed 

and in conjunction 
approximate.geo and a 

flow calculation or this 
flow field to be used in 

the various relevant calculations; latter also contains the initial 
distributions of species and particle number concentrations. The transient 
simulation essentially models the course of the experimental semi-batch 
precipitation (NiCl2/NaOH system), the solution 
conditions the ultimately resultant evolution the size 
distribution on a local scale. The multiphase, population balance and 
micromixing of the software are not invoked, due 
variously to surrounding simplicity (and related computational 
demands), flexibility and ease of integration with other model features. 
in the main comprise values pertaining to the solution of and 
species equations. Only non-default inputs are in this 
command file. 
»CFX4 

»SET LIMITS 
TOTAL REAL WORK SPACE 5000000 
TOTAL CHARACTER WORK SPACE 2000 

»OPTIONS 
RECTANGULAR GRID 
CYLINDRICAL COORDINATES 
AXIS INCLUDED 
TURBULENT FLOW 
TRANSIENT FLOW 
USER SCALAR EQUATIONS 55 

»USER FORTRAN 
USRTRN 
USRCVG 
USRSRC 

»VARIABLE NAMES 
/*dissolved species concentrations (scalar transport equations solved) 
[kmol.m-3] */ 
/*H.+*/ 
USER SCALAR! 'HION' 
/*Ni.2+*/ 
USER SCALAR2 'NIION' 
/*Na.+*/ 
USER SCALAR3 'NAION' 
/*Cl.-*/ 
USER SCALAR4 'CLION' 
/*OH.-*/ 
USER SCALARS 'OHION' 
/*Ni(OH)2 aqueous*/ 
USER SCALAR6 'NIOH2' 
/*NiCl2 aqueous*/ 
USER SCALAR? 'NICL2' 
/*NiCl.+*/ 
USER SCALARS 'NICLION' 
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/*NiOH.+*/ 
USER SCALAR9 'NIOHION' 
/*Ni20H. 3+* / 
USER SCALARlO 'NI20HION' 
/*Ni(OH)3.-*/ 
USER SCALARll 'NIOH3ION' 
/*particle number concentrations 
behaviour that of dissolved 

or drag effects) 
/*lst interval*/ 
USER SCALARl2 'PNI' 
/*2nd size interval*/ 
USER SCALARl3 'PN2' 
/*3rd size interval*/ 
USER SCALARl4 'PN3' 
/*4th size interval*/ 
USER SCALARlS 'PN4' 
/*Sth size interval*/ 
USER SCALARl6 'PNS' 
/*6th size interval*/ 
USER SCALAR17 'PN6' 
/*7th size interval*/ 
USER SCALAR18 'PN?' 
/*8th size interval*/ 
USER SCALAR19 'PN8' 
/*9th size interval*/ 
USER SCALAR20 'PN9' 
/*lOth size interval*/ 
USER SCALAR2l 'PNlO' 
/*llth size interval*/ 
USER SCALAR22 'PNll' 
/*l2th size interval*/ 
USER SCALAR23 'PNl2' 
/*l3th size interval*/ 
USER SCALAR24 'PNl3' 

Selected annotated CFX® flies 

(scalar transport equations solved); 
(advection, diffusion, no gravitational/ 

/*all names below are of special class recognised by software; variables 
treated as places to store information rather than for solution in scalar 

equations; included as user scalars to make variable values 
to output facilities, e.g. allows writing to dump file for 
display*/ 

(user-defined at cell centres)*/ 
USER SCALAR2S 'USRDCC S' 
/*pH (user-defined at cell centres)*/ 
USER SCALAR26 'USRDCC PH' 
/*ionic strength (user-defined at cell centres) [kmol.m-3]*/ 
USER SCALAR27 'USRDCC I' 
/*Ni.2+ activity (user-defined at cell centres)*/ 
USER SCALAR28 'USRDCC ACTNIION' 
/*total dissolved nickel concentration (user-defined at cell centres) 
[kmol.m-3]*/ 
USER SCALAR29 'USRDCC TOT DISS NI' 
/*Oth moment (user-defined at cell centres) [m-3] */ 
USER SCALAR30 'USRDCC MOMO' 
/*lst moment (user-defined at cell centres) [micron.m-3]*/ 
USER SCALAR3l 'USRDCC MOMl' 
/*2nd moment (user-defined at cell centres) [micron2.m-3]*/ 
USER SCALAR32 'USRDCC MOM2' 
/*3rd moment (user-defined at cell centres) [micron3.m-3]*/ 
USER SCALAR33 'USRDCC MOM3' 
/*solids volume fraction (user-defined at cell centres)*/ 
USER SCALAR34 'USRDCC SOL VOL FRAC' 
/*precipitate yield (user-defined at cell centres) [kmol.m-3]*/ 
USER SCALAR3S 'USRPCC PPT' 

diameter (user-defined at cell centres) [micron]*/ 
'USRDCC PAVE' 

/*coefficient of variation (user-defined at cell centres)*/ 
USER SCALAR3? 'USRDCC COVAR' 
/*x-y component of shear stress throughout domain [N.m-2]*/ 
USER SCALAR38 'XY NODAL SHEAR STRESS' 
/*y-z component of shear stress throughout domain [N.m-2]*/ 
USER SCALAR39 'YZ NODAL SHEAR STRESS' 
/*z-x component of shear stress throughout domain [N.m-2]*/ 
USER SCALAR40 'zx NODAL SHEAR STRESS' 
/*turbulent mixing time scale (user-defined at cell centres) [s] * / 
USER SCALAR4l 'USRDCC TMIX' 
/*kinetics time scale (user-defined at cell centres) [5]*/ 
USER SCALAR42 'USRDCC TKIN' 

109 
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I*radial velocity (user-defined at all nodes) [m.s-l]*1 
USER SCALAR43 'USRD VRAO' 
I*rotational velocity (user-defined at all nodes) [m.s-l]*1 
USER SCALAR44 'USRO VROT' 
I*following variables included as user scalars to store equilibrium 
species values from one time step to next for use as 
estimates where necessary (user-defined at cell centres) 
I*H.+*I 
USER SCALAR4S 'USRDCC STOREl' 
I '"Hi. 2+* I 
USER SCALAR46 'USRDCC STORE2' 
I*Ha.+*1 
USER SCALAR4? 'USRDCC STORE3' 
l*e1. -* I 
USER SCALAR48 'USRDCC STORE4' 
I*OH.-*I 
USER SCALAR49 'USRDCC STORES' 
/*Ni(OH)2 aqueous*/ 
USER SCALARSO 'USRDCC STORE6' 
I*NiCl2 
USER STORE?' 
/*NiC1.+*/ 
USER SCALARS2 'USRDCC STORES' 
/*NiOH.+*/ 
USER SCALARS3 'USRDCC STORE 9 ' 
I*Ni20H.3+*/ 
USER SCALARS4 'USRDCC STORE10' 
/*Ni(OH)3.-*1 
USER SCALARSS 'USRDCC STOREll, 

»MODEL DATA 

speciation 
[log(kmol.m-3)]*/ 

/*SET INITIAL GUESS subcommand not Le'UU.LL'CU if restart file contains 
information related to 

»SET 
/*uniform initialisation*/ 
»SET CONSTANT GUESS 

distribution of species and 

I*in this case, 0.01 kmol.m-3 solution of NiCl2 [kmol.m-3]*/ 
HICN O.OOOOE+OO 
NIlON 1.0000E-02 
NAION O.OOOOE+OO 
CLlON 2.0000E-02 
OHION O.OOOOE+OO 
NIOH2 O.OOOOE+OO 
NICL2 O.OOOOE+OO 
NICLION O.OOOOE+OO 
NIOHION O.OOOOE+OO 
NI20HION O.OOOOE+OO 
NIOH3lON O.OOOOE+OO 
twin this case, no solids present [m-3]*/ 
PNI 0.0 
PN2 0.0 
PN3 0.0 
PN4 0.0 
PNS 0.0 
PN6 0.0 
PN? 0.0 
PNS 0.0 
PN9 0.0 
PNIO 0.0 
PNll 0.0 
PN12 0.0 
PNl3 0.0 

»PHYSICAL PROPERTIES 
»STANDARD FLUID 

/*assumed that and solids volume has no 
effect on 
FLUID 'WATER' 
STANDARD FLUID REFERENCE TEMPERATURE 2.981SE+02 I*[K]*/ 

»SCALAR PARAMETERS 
»DIFFUSIVITIES 

I*approximate values for dissolved aqueous species [(kg.m-3). (m2.s-I)]*/ 
HION 1.0000E-06 
NIlON 1. 0000E-06 
NAION 1. 0000E-06 
CLICN 1.OOOOE-06 
OHION 1.0000E-06 
NIOH2 1.0000E-06 
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NlCL2 1.0000E-06 
NlCLlON 1.0000E-06 
NIOHION 1.0000E-06 
NI20HION 1.0000E-06 
NIOH3ION 1.0000E-06 

Selected annotated CFX® files 

values predicted by Stokes-Einstein equation for colloidal 
of representative size [(kg.m-3) .(m2.s-1)]*/ 

PNI 1. OE-ll 
PN2 1.0E-ll 
PN3 1.0E-ll 
PN4 1.0E-ll 
PN5 1.0E-ll 
PN6 1. OE-l1 
PN7 1.0E-ll 
PN8 1.0E-ll 
PN9 1. OE-ll 
PNI0 1.0E-ll 
PNll 1. OE-ll 
PN12 1. OE-ll 
PN13 1. OE-ll 

»TRANSlENT PARAMETERS 
»FIXED TIME STEPPING 

/*selected time step size somewhat between solution 
accuracy and computational time 
TIME STEPS 7200*2.5000E-2 /*[s]*/ 
/*INITIAL TIME keyword required if default initial time (i.e. zero or, 
when run is a restart, that taken from restart file) to be overwritten*/ 

»TURBULENCE PARAMETERS 
specification 

formula n~DnrQ'~ri 

resultant high mOlecular 
independent of parameter values 
walls)*/ 
»LOGLAYER CONSTANT 

HION 10.0 
NIION 10.0 
NAlON 10.0 
CLlON 10.0 
OHION 10.0 
NIOH2 10.0 
NlCL2 10.0 
NICLION 10.0 
NIOHlON 10. 0 
NI20HION 10.0 
NIOH3ION 10.0 
PN1 10.0 
PN2 10.0 
PN3 10.0 
PN4 10.0 
PN5 10.0 
PN6 10.0 
PN7 10.0 
PN8 10.0 
PN9 10.0 
PN10 10.0 
PNll 10.0 
PN12 10.0 
PN13 10.0 

»SUBLAYER THICKNESS 
HION 10.0 
NIION 10.0 
NAlON 10.0 
CLlON 10.0 
OHION 10.0 
NIOH2 10.0 
NICL2 10.0 
NICLlON 10.0 
NIOHlON 10.0 
NI20HION 10.0 
NIOH3ION 10.0 
PNI 10.0 
PN2 10.0 
PN3 10.0 
PN4 10.0 
PN5 10.0 
PN6 10.0 
PN7 10.0 

at all 
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PNa 10.0 
PN9 10.0 
PN10 10.0 
PNll 10.0 
PN12 10.0 
PN13 10.0 

»SOLVER DATA 
»PROGRAM CONTROL 

files 

number concentration equations solved on their own 
with fixed field of restart file; assumed that volume addition and 
presence of dissolved species and solid volume have no effect on flow; 
characteristic unsteady steady state) interaction between baffles and 
impeller blades 
ITERATIONS OF HYDRODYNAMIC EQUATIONS 0 

»UNDER RELAXATION FACTORS 
HION 11. OOOOE-Ol 
NIION a.OOOOE-Ol 
NAION a.OOOOE-Ol 
CLION a.OOOOE-Ol 
OHION a. 
NIOH2 a. 
NICL2 a.OOOOE-Ol 
NICLION a.OOOOE-Ol 
NIOHION a.OOOOE-Ol 
NI20HION a.OOOOE-Ol 
NIOH3ION a.OOOOE-Ol 
PNl a.OOOOE-Ol 
PN2 a.OOOOE-Ol 
PN3 a.OOOOE-Ol 
PN4 a.OOOOE-Ol 
PN5 a.OOOOE-Ol 
PN6 a.OOOOE-Ol 
PN7 a.OOOOE-Ol 
PNa a.OOOOE-Ol 
PN9 a.OOOOE-Ol 
PN10 a.OOOOE-Ol 
PNll a.OOOOE-Ol 
PN12 a.OOOOE-Ol 
PN13 a.OOOOE-Ol 

»MODEL BOUNDARY CONDITIONS 
»OUTPOT OPTIONS 

»DUMP FILE FORMAT 
/*double precision specified to prevent floating error during write*/ 
DOUBLE PRECISION 

»STOP 

C Throughout the flow domain this Fortran file performs the necessary speciation 
C calculations, the results of which inform the rates of the precipitation nrocesses 
C of nucleation and aggregation, and establishes and the 
C population balance which describe the of the particle size 
C distribution. In CFX-4.3 Solver convergence criteria are set and the 
C localised source terms used to model the introduction of feed are calculated for the 
C relevant Indeed, if a fixed pre-calculated flow 
C field, it is transport (advection and of particles and dissolved 
C which modelled external to a user-defined subroutine. This 
C could be flow field generated by the high resolution 
C flow calculation (a selected quasi steady state representation) or even the 
C transient field itself. Both would substantially inflate simulation times 
C and necessitate various but minor alterations to the relevant command and 
C geometry files. The latter may require revision of subroutine USRCVG within this 
C file. 
C 
C********************************************************************** 

C 
C This subprogram is a long one and, as such, only a relatively brief summary is given 
C here. 
C 
C Subroutine USRTRN is called by CFX-4.3 Solver before the start of the run and at the 
C end of each time step. At the first call, initial conditions are read and the 
C system simply within each interior cell using subroutine NSlIAD. 
C Species and number concentrations are then passed back to CFX-4.3 Solver. 
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C At subsequent calls, many more calculations are performed, again within each 
C interior cell. Cell contents are first diluted as preferred and the system is 
C equilibrated through a call to subroutine NSIIAD. These calculations allow the 

113 

C various solution conditions governing the rates of nucleation and aggregation to be 
C established. Other processes affecting the properties of the solid 
C phase are deemed and neglected. If limited by the turbulent mixing 
C rate, the nucleation rate is adjusted before the effects of the formation of new 
C nuclei and are taken into account and the particle size distribution 
C updated using's method of numerical integration. The discretised population 
C balance of Hounslow et al. is amended and employed here. Observing the impact of 
C solute deposition, the equilibrium concentrations of the dissolved species are then 
C determined (subroutine NSIIAD again invoked) prior to their return, together with 
C the associated particle number concentrations, to CFX-4.3 Solver. The various other 
C user scalars are evaluated as Assorted data of interest are also written 
C to user files at selected times. parameters and option settings are 
C inputted, and a number of checks are included to prevent the generation and 
C of errors. Particles are assumed to be spherical. Over reasonable 
C of feed addition the various dilution options (both those encoded and the 
C many others possible) are, as a result of the small time step size, ultimately not 
C too dissimilar in effect. Finally, reservations over the different available 
C the for the nucleation rate and the size-independent 
C kernel (extracted from bulk experimental measurements) 
C order to exploit adequately the detailed spatial dynamics 
C afforded, confidence in results and real insight into the system of 
C interest, a more fundamental description of kinetics, obtained by a more 
C appropriate method and capturing true dependencies, is desirable. Also ideally 
C preferred is the modelling of a smaller, more realistic nucleus size in conjunction 
C with a consistent, size-dependent aggregate density. 
C 

SUBROUTINE USRTRN(U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,SCAL,XP, 
+ YP,ZP,VOL,AREA,VPOR,ARPOR,WFACT, CONV, IPT,IBLK, 
+ IPVERT, IPNODN, IPFACN, IPNODF, IPNODB,IPFACB,WORK, 
+ IWORK,CWORK) 

C 
C********************************************************************** 

C 
C USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT 
C THE END OF EACH TIME STEP 
C THIS SUBROUTINE IS CALLED BEFORE THE START OF THE RUN AS WELL AS AT 
C THE END OF EACH TIME STEP 
C 
C »> IMPORTANT «< 
C »> «< 
C »> USERS MAY ONLY ADD bR ALTER PARTS OF THE SUBROUTINE WITHIN «< 
C »> THE DESIGNATED USER AREAS «< 
C 
C********************************************************************** 

C 
C THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES 
C CUSR TRNMOD 
C 
C***************************************************** ********~******** 

C 
C CREATED 
C 27/04/90 ADB 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

MODIFIED 
05/08/91 
01/10/91 
29/11/91 

05/06/92 
03/07/92 
23/11/93 
03/02/94 
22/08/94 
19/12/94 
02/07/97 
02/07/99 

IRH 
DSC 
PHA 

PHA 
DSC 
CSH 
PHA 
NSW 
NSW 
NSW 
NSW 

NEW STRUCTURE 
REDUCE COMMENT LINE GOING OVER COLUMN 72. 
UPDATE CALLED BY COMMENT, ADD RF ARGUMENT, 
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2 
ADD PRECISION FLAG AND CHANGE IVERS TO 3 
CORRECT COMMON MLTGRD. 
EXPLICITLY DIMENSION IPVERT ETC. 
CHANGE FLOW3D TO CFDS-FLOW3D 
MOVE 'IF(IUSED.EQ.O) RETURN' OUT OF USER AREA 
CHANGE FOR CFX-F3D 
UPDATE FOR CFX-4 
INCLUDE NEW EXAMPLE FOR CALCULATING FLUX OF A 
SCALAR AT A PRESSURE BOUNDARY 

C********************************************************************** 

C 
C SUBROUTINE ARGUMENTS 
C 
C 
C 
C 

U 
V 
W 

- U COMPONENT OF VELOCITY 
- V COMPONENT OF VELOCITY 

W COMPONENT OF VELOCITY 
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C P - PRESSURE 
C VFRAC - VOLUME FRACTION 
C DEN - DENS forTY OF FLUID 
C VIS - VISCOSITY OF FLUID 
C TE - TURBULENT KINETIC E~ERGY 
C ED - EPSILON 
C RS - REYNOLD STRESSES 
C T - TEMPERATURE 
C H - ENTHALPY 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

RF 
SCAL 
XP 
YP 
ZP 
VOL 
AREA 
VPOR 
ARPOR 
WFACT 
CONY 

IPT 

- REYNOLD FLUXES 
- SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS) 
- x COORDINATES OF CELL CENTRES 
- Y COORDINATES OF CELL CENTRES 
- Z COORDINATES OF CELL CENTRES 
- VOLUME OF CELLS 
- AREA OF CELLS 
- POROUS VOLUME 
- POROUS AREA 
- WEIGHT FACTORS 
- CONVECTION COEFFICIENTS 

1D POINTER ARRAY 
C IBLK - BLOCK SIZE INFORMATION 
C IPVERT - POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES 
C IPNODN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS 
C IPFACN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING FACES 
C IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTRES 
C IPNODB - POINTER FROM BOUNDARY CENTRES TO CELL CENTRES 
C IPFACB - POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACES 
C 
C 
C 
C 
C 

WORK 
IWORK 
CWORK 

- REAL WORKSPACE ARRAY 
- INTEGER WORKSPACE ARRAY 

CHARACTER WORKSPACE ARRAY 

C SUBROUTINE ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST 
C BE SET BY THE USER IN THIS ROUTINE. 
C 
C NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE 
C ROUTINE GET ADD, FOR FURTHER DETAILS SEE THE VERSION 4 
C USER MANUAL. 
C 
C********************************************************************** 
C 

DOUBLE PRECISION U 
DOUBLE PRECISION V 
DOUBLE PRECISION W 
DOUBLE PRECISION P 
DOUBLE PRECISION VFRAC 
DOUBLE PRECISION DEN 
DOUBLE PRECISION VIS 
DOUBLE TE 
DOUBLE ED 
DOUBLE PRECISION RS 
DOUBLE PRECISION T 
DOUBLE PRECISION H 
DOUBLE PRECISION RF 
DOUBLE PRECISION SCAL 
DOUBLE PRECISION XP 
DOUBLE PRECISION YP 
DOUBLE PRECISION ZP 
DOUBLE PRECISION VOL 
DOUBLE PRECISION AREA 
DOUBLE PRECISION VPOR 
DOUBLE PRECISION ARl'OR 
DOUBLE PRECISION WFACT 
DOUBLE PRECISION CONV 
DOUBLE PRECISION WORK 
DOUBLE PRECISION SMALL 
DOUBLE PRECISION SORMAX 
DOUBLE PRECISION DTUSR 
DOUBLE PRECISION TIME 
DOUBLE PRECISION DT 
DOUBLE PRECISION DTINVF 
DOUBLE PRECISION TPARM 
DOUBLE PRECISION SGNWL 
LOGICAL LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN,LAXIS, 

+ Ll'OROS,LTRANS 
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C 
CHARACTER*(") CWORK 

C 
C++++++++++++++++ USER AREA 1 +++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES 
C 

& 

5. 

C 

C 

DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 

DOUBLE 
DOUBLE 

DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 

PRECISION KSP,PI,PSIZE,R,RHO 
PRECISION FEEDCONC,FEEDVOL 
PRECISION INITTIME,INITVOL 
PRECISION FEEDPVOL,GEOMVOL,TOTALVOL 
PRECISION PAVEl,PAVE2,PAVE3 
PRECISION AGGREG,BIRTH,DPPT,MOM3I,PN 
PRECISION AR,ARl,AR2,AR3,AR4,EXPl,EXP2,SUMl,SUM3,SUM4, 

TERMl,TERM2,TERM3,TERM4 
PRECISION PHMAX,PHMIN 
PRECISION OVERCV,OVERMOMO,OVERMOMl,OVERMOM2,OVERMOM3,OVERN 

,OVERPAVE,OVERPPT,OVERSVF,OVERTDNC 
PRECISION ACTIV 
PRECISION CC 
PRECISION LAS,STION 
PRECISION A,ACC,F,STEP,STPMAX,WO,X 

INTEGER GENSETl,GENSET2,GENSET3,GENSET4,GENSETS 
INTEGER NOPSI,FEEDSTEP 
INTEGER I,INODE,J,K 
INTEGER FEED 
INTEGER IPRINT,IW,MAXFUN,N 
INTEGER SPECSETl,SPECSET2 

C++++++++++++++++ END OF USER AREA 1 ++++++++++++++++++++++++++++++++++ 
C 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

C 

COMMON /ALL/NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM, 
/ALLWRK/NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE,/ADDIMS/NPHASE, 
NSCAL,NVAR,NPROP,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST, 
NRLIST,NTOPOL,/CHKUSR/IVERS,IUCALL,IUSED,/CONC/NCONC, 
/DEVICE/NREAD,NWRITE,NRDISK,NWDISK,/IDUM/ILEN,JLEN, 
/LOGIC/LDEN,LVIS,LTURB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN, 
LAXIS,LPOROS,LTRANS,/MLTGRD/MLEVEL,NLEVEL,ILEVEL, 
/SGLDBL/IFLGPR,ICHKPR,/SPARM/SMALL,SORMAX,NITER,INDPRI, 
MAXIT,NODREF,NODMON,/TIMUSR/DTUSR,/TRANSI/NSTEP,KSTEP,MF, 
INCORE,/TRANSR/TIME,DT,DTINVF,TPARM 

C++++++++++++++++ USER AREA 2 +++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS 
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE 
C NO CONFLICT WITH NON-USER COMMON BLOCKS 
C 

C 

COMMON /UCSPECI/KSP 
COMMON /UCSPEC2/CC 
COMMON /UCSPEC3/LAS,STION 
COMMON /UCSPEC4/SPECSETl,SPECSET2 
COMMON /UCFEEDI/FEEDCONC,FEEDVOL 
COMMON /UCFEED2/FEEDPVOL,GEOMVOL,TOTALVOL 
COMMON /UCFEED3/GENSET3 

C++++++++++++++++ END OF USER AREA 2 ++++++++++++++++++++++++++++++++++ 
C 

C 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 

DIMENSION 

DIMENSION 

DIMENSION 

U(NNODE,NPHASE),V(NNODE,NPHASE),W(NNODE,NPHASE), 
P(NNODE,NPHASE),VFRAC(NNODE,NPHASE),DEN(NNODE,NPHASE), 
VIS(NNODE,NPHASE),TE(NNODE,NPHASE),ED(NNODE,NPHASE), 
RS(NNODE,NPHASE,6),T(NNODE,NPHASE),H(NNODE,NPHASE), 
RF(NNODE,NPHASE,4) ,SCAL (NNODE, NPHASE,NSCAL) 
XP(NNODE),YP(NNODE),ZP(NNODE),VOL(NCELL),AREA(NFACE,3), 
VPOR(NCELL),ARPOR(NFACE,3),WFACT(NFACE), 
CONV(NFACE,NPHASE),IPT(*),IBLK(5,NBLOCK), 
IPVERT(NCELL,8),IPNODN(NCELL,6),IPFACN(NCELL,6), 
IPNODF(NFACE,4),IPNODB(NBDRY,4),IPFACB(NBDRY),IWORK(*), 
WORK(") , CWORK (*) 
SGNWL(6) 

C++++++++++++++++ USER AREA 3 +++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS 
C 

files 115 

C specify bounds of explicit-shape arrays as constant expressions to be adjusted 
C as and when necessary; automatic arrays, e.g. those using NCELL as array 
C specification, can result stack overflow; alternative is to increase stack 
C size 
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C 
DIMENSION PSIZE(13) 
DIMENSION PAVEl(13),PAVE2(13),PAVE3(13) 
DIMENSION AGGREG(13,10064) ,BIRTH(10064) ,DPPT(10064) ,MOM3I (10064) , 

& PN(13,10064) 
DIMENSION AR(10064) 
DIMENSION OVERN(13) 
DIMENSION ACTIV(12,10064) 
DIMENSION CC(4) 
DIMENSION LAS(l2) 
DIMENSION A(l2,12),F(l2),WO(400),X(12) 

C 

C 

DIMENSION FEED(10064) 
DIMENSION IW(12) 

C---- AREA FOR USERS TO DEFINE DATA STATEMENTS 
C 
C++++++++++++++++ END OF USER AREA 3 ++++++++++++++++++++++++++++++++++ 
C 

DATA SGNWL/l.ODO,l.ODO,l.ODO,-l.ODO,-l.ODO,-l.ODO/ 
C 
C---- STATEMENT FUNCTION FOR ADDRESSING 

IP(I,J,K) = IPT«K-l)*ILEN*JLEN+ (J-l)*ILEN+I) 
C 
C---- VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG 
C 

C 

IVERS = 3 
ICHKPR = 2 

C++++++++++++++++ USER AREA 4 +++++++++++++++++++++++++++++++++++++++++ 
C---- TO USE THIS USER ROUTINE FIRST SET IUS ED-I 
C 

IUSED = 1 
C 
C++++++++++++++++ END OF USER AREA 4 ++++++++++++++++++++++++++++++++++ 
C 

IF (IUSED.EQ.O) RETURN 
C 
C---- FRONTEND CHECKING OF USER ROUTINE 

IF (IUCALL.EQ.O) RETURN 
C 
C++++++++++++++++ USER AREA 5 +++++++++++++++++++++++++++++++++++++++++ 
C 
C---- EXAMPLE (SET TIME INCREMENT FOR NEXT TIME STEP) 
C 
C DTUSR = 0.1 
C 
C---- END OF EXAMPLE 
C 
C---- EXAMPLE (CALCULATE FLUX OF FIRST SCALAR AT A PRESSURE BOUNDARY) 
C 

IPHASE = 1 
FLUX = 0.0 

C 
C 
C USE IPALL TO FIND ADDRESSES OF BOUNDARY NODES ON PATCH PRESSI 
C CALL IPALL('PRESSl','PRESS','PATCH','CENTRES' 
C + , IPT, NPT, CWORK, IWORK) 
C LOOP OVER ALL BOUNDARY NODES 
C DO 300 I=l,NPT 
C USE ARRAY IPT TO GET ADDRESS 
C INODE = IPT(I) 
C IBDRY INODE - NCELL 
C I FACE IPFACB(IBDRY) 
C INDUM IPNODB(IBDRY,2) 
C NWL IPNODB(IBDRY,4) 
C FLUX FLUX 
C++ SGNWL(NWL)*CONV(IFACE,IPHASE)*SCAL(INDUM,IPHASE,l) 
C 300 CONTINUE 
C 
C---- END OF EXAMPLE 
C 
C 
C 
C 

select 
1 -
of nu-c.: .... ' .. " 
GENSET1 1 

settings 
description of nucleation; 2 - employ kinetic description 

C 1 - perform aggregation-related calculations after effects of nucleation 
C established; 2 - aggregation-related calculations before effects of 
C nucleation 
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GENSET2 = 1 
1 - apportion fluid volume associated with feed among all cells (i.e. 
distribute dilution effect); 2 - confine fluid volume associated with feed to 
feed patch (i.e. isolate dilution effect); 3 - confine fluid volume associated 
with feed to feed patch, apportion among all cells prior to return to CFX-4.3 
Solver, team with time-dependent feed source coding in subroutine OSRSRC 
(strategy ensures mass conservation) 
GENSET3 = 3 
1 - do not stop if contents of stirred tank 
2 - stop if contents of stirred tank deemed 
GENSET4 = 1 
I - read uniform initial conditions from command file; 2 - read initial 
conditions from restart file 
GENSET5 = 1 

write output to file fort.99 
WRITE(99,*) 'TIME',TIME 

calculate pi 
PI = ACOS(-1.0) 

specify various model parameters 
lower bound of first size interval [micron] 
PSIZE(l) 2.016 
ratio of and lower bounds for any size interval (non-adjustable 
for DPB Hounslow et al.) 
R = 2.0**(1.0/3.0) 
number of particle size intervals 
NOPSI = 13 
Ni(OH)2 solubility product at temperature of interest (25 deg C) 
KSP = 1.9953E-15 
experimentally determined precipitate molar density [kmol.m-3] 
RHO = 1.26 
volumetric feed rate [m3.s-1] 
FEEDVOL = 2.0E-7 
feed NaOH concentration [kffiol.m-3] 
FEEOCONC = 0.075 

if uniform initial conditions read from command file 
IF (GENSET5.EQ.l) THEN 

specify initial volume [m3] 
INITVOL = 0,003 
calculate initial time [5] 
INITTIME = TIME-(KSTEP*DT) 

if initial conditions read from restart file 
ELSE IF (GENSET5.EQ.2) THEN 

specify initial volume associated with relevant uniform initialisation [m3] 
INITVOL = 0.003 
specify initial time associated with relevant uniform initialisation [s] 
INITTIME = 0.0 

END IF 

duration of feed addition in terms of number of time steps (equate to 
feed uninterrupted for duration of simulation) 

FEEDSTEP = NSTEP 

if feed addition ongoing 
IF (KSTEP.LE.FEEDSTEP) THEN 

calculate total volume [m3] 
TOTALVOL = INITVOL+(FEEDVOL*(TIME-INITTIME» 

if feed addition halted 
ELSE 

calculate total volume [m3] 
TOTALVOL = INITVOL+(FEEDVOL*(TlME-INITTIME-(KSTEP-FEEDSTEP)*DT) 

) 

specify zero volumetric feed rate [m3.s-l] 
FEEDVOL = O. 0 

END IF 

call utility routine GETSCA to find number of scalar variable within SCAL array 
dissolved species concentrations [kmol.m-3] 
H.+ 
CALL GETSCA ( 'HI ON' , IH, CWORK) 
Ni.2+ 
CALL GETSCA('NIION',INI,CWORK) 
Na.+ 
CALL GETSCA ( 'NAION' , INA, CWORK) 



Univ
ers

ity
 of

  C
ap

e T
ow

n

118 Selected annotated CFX® 

C Cl.-
CALL GETSCA('CLION',ICL,CWORK) 

C OH.-
CALL GETSCA('OHION',IOH,CWORK) 

C Ni(OH)2 aqueous 
CALL GETSCA('NIOH2',INIOH2,CWORK) 

C NiC12 aqueous 
CALL GETSCA('NICL2',INICL2,CWORK) 

C NiCl.+ 
CALL GETSCA('NICLION',INICL,CWORK) 

C NiOH.+ 
CALL GETSCA('NIOHION',INIOH,CWORK) 

C Ni20H.3+ 
CALL GETSCA('NI20HION',INI20H,CWORK) 

C Ni(OH)3.-
CALL GETSCA('NIOH3ION',INIOH3,CWORK) 

C particle number concentrations [m-3] 
C 1st size interval 

CALL GETSCA('PNl',Il,CWORK) 
C 2nd size interval 

CALL GETSCA('PN2',I2,CWORK) 
C 3rd size interval 

CALL GETSCA('PN3',I3,CWORK) 
C 4th size interval 

CALL GETSCA('PN4',I4,CWORK) 
C 5th size interval 

CALL GETSCA('PNS',IS,CWORK) 
C 6th size interval 

CALL GETSCA('PN6',I6,CWORK) 
C 7th size interval 

CALL GETSCA('PN7',I7,CWORK) 
C 8th size interval 

CALL GETSCA('PNS',IS,CWORK) 
C 9th size interval 

CALL GETSCA('PN9',I9,CWORK) 
C 10th size interval 

CALL GETSCA('PN10',I10,CWORK) 
C 11th size interval 

CALL GETSCA('PNll',Ill,CWORK) 
C 12th size interval 

CALL GETSCA('PN12',Il2,CWORK) 
C 13th size interval 

CALL GETSCA('PN13',I13,CWORK) 
C supersaturation 

CALL GETSCA('USRDCC S',ISUPER,CWORK) 
C pH 

CALL GETSCA('USRDCC PH',IPH,CWORK) 
C ionic strength [kmol.m-3] 

CALL GETSCA('USRDCC I',ISTION,CWORK) 
C Ni.2+ activity 

CALL GETSCA('USRDCC ACTNIION',IANI,CWORK) 
C total dissolved nickel concentration [kmol.m-3] 

CALL GETSCA('USRDCC TOT .DISS NI',ITDNC,CWORK) 
C Oth moment [m-3] 

CALL GETSCA('USRDCC MOMO',IMO,CWORK) 
C 1st moment [micron.m-3] 

CALL GETSCA('USRDCC MOM1',IMl,CWORK) 
C 2nd moment [micron2.m-3] 

CALL GETSCA('USRDCC MOM2',IM2,CWORK) 
C 3rd moment [micron3.m-3] 

CALL GETSCA('USRDCC MOM3',IM3,CWORK) 
C solids volume fraction 

CALL GETSCA('USRDCC SOL VOL FRAC',ISVF,CWORK) 
C precipitate yield [kmol.m-3] 

CALL GETSCA('USRDCC PPT',IPPT,CWORK) 
C average particle diameter [micron] 

CALL GETSCA('USRDCC PAVE',IPA,CWORK) 
C coefficient of variation 

CALL GETSCA('USRDCC COVAR',ICV,CWORK) 
C turbulent mixing time scale [s] 

CALL GETSCA('USRDCC TMIX',ITM,CWORK) 
C kinetics .time scale [s] 

CALL GETSCA('USRDCC TKIN',ITK,CWORK) 
C logarithm of dissolved concentrations (stored from previous time step; 
C stored for use in time step) [log(kmol.m-3)] 
C H.+ 

CALL GETSCA('USRDCC STORE1',IS1,CWORK) 
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10 
C 

Ni,2+ 
CALL GETSCA('USRDCC STORE2',1S2,CWORK) 
Na.+ 
CALL GETSCA('USRDCC STORE3',1S3,CWORK) 
Cl.-
CALL GETSCA('USRDCC STORE4',1S4,CWORK) 
OH.-
CALL GETSCA('USRDCC STORES',ISS,CWORK) 
Ni(OH)2 aqueous 
CALL GETSCA('USRDCC STORE6',IS6,CWORK) 
NiC12 aqueous 
CALL GETSCA('USRDCC STORE7',IS7,CWORK) 
NiCl.+ 
CALL GETSCA('USRDCC STOREB',ISB,CWORK) 
NiOH.+ 
CALL GETSCA('USRDCC .STORE9', IS9,CWORK) 
Ni20H.3+ 

Selected annotated CFX® 

CALL GETSCA('USRDCC STOREI0',1SlO,CWORK) 
Ni(OH)3.-
CALL GETSCA('USRDCC STOREll',1Sll,CWORK) 

calculate lower bounds of size intervals [micron] 
DO 10 I = 2,NOPS1 

PSIZE(I) = PSIZE(1-l)*R 
CONTINUE 

files 118 

C 
C 

calculate appropriate mean size in each size interval for calculating 1st, 2nd 
and 3rd moments [micron] 

C 

.. 

DO 20 I = 1,NOPS1 
PAVEl (I) (1. 0/2. 0) * « (R**2. 0) -1. 0) / (R-1. 0) ) *PSIZE (I) 
PAVE2 (I) ( (1. 0/3. 0) * ( ( (R**3. 0) -1. 0) / (R-1. 0) ) * (PSIZE (I) **2. 0) ) 

**(1.0/2.0) 
PAVE3 (I) ( (1. 0/4.0) * ( ( (R**4. 0) -1. 0) / (R-1. 0) ) * (PSIZE (I) **3.0) ) 

& **(1.0/3.0) 
20 CONTINUE 

C initialise tank geometry volume (mesh volume) [m3j 
GEOMVOL = 0.0 

C 
C call utility routine 1PALL to return cell-centre addresses of those cells 
C occupied by tank contents (i.e. all interior cells) 

CALL IPALL('*', '*', 'BLOCK', 'CENTRES',IPT,NPT,CWORK,IWORK) 
C 
C within each cell in flow domain 

C 

C 

30 
C 
C 

C 
C 
C 

.. 
C 
C 

C 

C 

40 
C 
C 

C 

C 
C 
C 

DO 30 I = 1,NPT 
INODE = IPT(I) 
calculate tank geometry volume (mesh volume) [m3] 
GEOMVOL = GEOMVOL+VOL(INODE) 
flag as non-feed cell 
FEED (INODE) = 1 

CONTINUE 

initialise feed patch volume [m3] 
FEEDPVOL = 0.0 

call utility routine IPALL to return cell-centre addresses of those cells 
occupying feed patch 
CALL IPALL('USER3D_FEED', 'USER3D', 'PATCH', 'CENTRES',IPT,NPT,CWORK 

,IWORK) 

within each cell in feed patch 
DO 40 I = 1,NPT 

INODE = IPT(I) 
calculate feed patch volume [m3] 
FEEDPVOL = FEEDPVOL+VOL(1NODE) 
flag as feed cell 
FEED (INODE) = 2 

CONTINUE 

initialise maximum pH with arbitrarily small value 
PHMAX = 0.0 
initialise minimum pH with arbitrarily large value 
PHMIN = 100.0 

call utility routine IPALL to return cell-centre addresses of those cells 
occupied by tank contents (i.e. all interior cells) 
CALL IPALL('*', '*', 'BLOCK', 'CENTRES',IPT,NPT,CWORK,IWORK) 
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C 
C within each cell in flow domain 

DO 50 K l,NPT 
C 

INODE IPT(K) 
C 
C stop if negative species concentration(s) outputted by CFX-4.3 Solver 

IF (SCAL(INODE,l,IH) .LT.O.O.OR.SCAL(INODE,l,INI).LT.O.O.OR. 
Ii SCAL(INODE,l,INA).LT.O.O.OR.SCAL(INODE,l,ICL).LT.O.O.OR. 
.. SCAL(INODE,l,IOH) .LT.0.0.OR.SCAL(INODE,l,INIOH2).LT.0.0.OR. 
& SCAL(INODE,l,INICL2).LT.0.0.OR.SCAL(INODE,l,INICL) .LT.O.O.OR 
.. .SCAL(INODE,l,INIOH).LT.0.0.OR.SCAL(INODE,l,INI20H) .LT.O.O. 
Ii OR.SCAL(INODE,l,INIOH3).LT.0.0) THEN 

C write to file fort.99 

C 

C 

WRITE (99, 'ERROR: NEGATIVE SPECIES CONCENTRATION(S) 'II 
Ii 'OUTPUTTED BY CFX-4.3 SOLVER' 

WRITE(99,*) 'CELL',INODE 
stop with message 
STOP 'NEGATIVE CONCENTRATION(S) OUTPUTTED BY CFX-4.3 S 

.. OLVER' 
END IF 

C if negative number concentration(s) by CFX-4.3 Solver 
IF (SCAL(INODE,l, .LT.0.0.OR.SCAL(INODE,1,I2).LT.0 .. OR. 

& SCAL(INODE,1,I3).LT.0.0.OR.SCAL(INODE,l,I4).LT.0.0.OR. 
& SCAL(INODE,l,I5).LT.0.0.OR.SCAL(INODE,l,I6).LT.0.0.OR. 
& SCAL(INODE,l,I7).LT.0.0.OR.SCAL(INODE,l,I8).LT.0.0.OR. 
& SCAL(INODE,l,I9) .LT.O.O.OR.SCAL(INODE,l,IlO).LT.O.O.OR. 
Ii SCAL(INODE,l,Ill).LT.0.0.OR.SCAL(INODE,l,I12).LT.0.0.OR. 
Ii SCAL(INODE,l,Il3).LT.0.0) THEN 

C write to file fort.99 
WRITE (99, * 'ERROR: NEGATIVE PARTICLE NUMBER 'II 

& 'CONCENTRATION(S) OUTPUTTED BY CFX-4.3 SOLVER' 
WRITE(99,*) 'CELL',INODE 

C stop with message output 

C 

STOP 'NEGATIVE PARTICLE NUMBER CONCENTRATION(S) OUTPUTTED BY C 
IiFX-4.3 SOLVER' 

END IF 

C temporarily rename particle number concentration variables for ease of 
C referencing [m-3] 
C 1st size interval 

PN(l,INODE) = SCAL(INODE,l,Il) 
C 2nd size interval 

PN(2,INODE) = SCAL(INODE,l,I2) 
C 3rd size interval 

PN(3,INODE) = SCAL(INODE,1,I3) 
C 4th size interval 

PN(4,INODE) = SCAL(INODE,1,I4) 
C 5th size interval 

PN(5,INODE) = SCAL(INODE,l,I5) 
C 6th size interval 

PN(6,INODE) = SCAL(INODE,l,I6) 
C 7th size interval 

PN(7,INODE) = SCAL(INODE,l,I7). 
C 8th size interval 

PN(B,INODE) = SCAL(INODE,l,IB) 
C 9th size interval 

PN(9,INODE) = SCAL(INODE,l,I9) 
C 10th size interval 

PN(lO,INODE) = SCAL(INODE,l,IIO) 
C 11th size interval 

PN(ll,INODE) = SCAL(INODE,l,I11) 
C 12th size interval 

PN(l2,INODE) = SCAL(INODE,l,I12) 
C 13th size interval 

PN(l3,INODE) = SCAL(INODE,l,I13)' 
C 
C at beginning of first time step 

IF (KSTEP.EQ.O) THEN 
C 
C 

C 

calculate initial 3rd moment [micron3.m-3] 
MOM3I(INODE) = 0.0 

DO 60 I = l,NOPSI 
MOM3I(INODE) = MOM3I(INODE)+«PAVE3(I)**3.0)*PN(I,INODE» 

60 CONTINUE 
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calculate precipitate yield [kmol.m-3] 
SCAL (INODE, I,IPPT) = (PI*MOM3I(INODE)/6.0)*RHO*I.OE-18 

if uniform initial conditions read from command file 
IF (GENSET5.EQ.l) THEN 

tile. 

estimate logarithm of equilibrium concentrations (supplied as 
initial estimate to subroutine required of accuracy 

121 

provided stand-alone equilibrium calculation powerful and robust 
solver as that offered by gPROMS modelling platform) [log(kmol.m-3)] 
H.+ 
X(l) = -6.0 
Ni.2+ 
X(2) -2.0 
Na.+ 
X(3) -1000.0 
Cl.-
X(4) -1.7 
OH.-
X(5) -7.9 
Ni(OH)2 aqueous 
X(6) = -9.0 
NiC12 aqueous 
X(7) = -4.7 
NiCl.+ 
X(8) = -3.6 
NiOH.+ 
X(9) = -6.0 
Ni20H.3+ 
X(lO) = -8.6 
Ni(OH)3. 
X(ll) = -14.0 

calculate total component concentrations (excluding solid species; used in 
subroutine CALFON to close mass balance) [kmol.m-3] 
H.+ 
CC(l) = SCAL(INODE,1,IH)-SCAL(INODE,1,IOH)-(2.0* 

SCAL(INODE,1,INIOH2))-SCAL(INODE,1,INIOH)­
SCAL(INODE,1,INI20H)-(3.0*SCAL(INODE,1,INIOH3)) 

Ni,2+ 
CC(2) 

Na.+ 
CC(3) 
Cl.­
CC(4) 

SCAL(INODE,1,INI)+SCAL(INODE,1,INIOH2)+ 
SCAL(INODE,1,INICL2)+SCAL(INODE,1,INICL)+ 
SCAL(INODE,1,INIOH)+(2.0*SCAL(INODE,1,INI20H))+ 
SCAL(INODE,1,INIOH3) 

SCAL(INODE,l,INA) 

SCAL(INODE,l,ICL)+(2.0*SCAL(INODE,1,INICL2))+ 
SCAL(INODE,l,INICL) 

if initial conditions read from restart file 
ELSE IF (GENSET5.EQ.2) THEN 

estimate logarithm of equilibrium species concentrations as logarithm of 
current species concentrations (supplied as initial estimate to subroutine 
NSIlAD) [log(kmol.m-3)] 
H.+ 
X(l) = LOGIO(SCAL(INODE,l,IH)) 

Ni.2+ 
IF (SCAL(INODE,l,INI).EQ.O.O) THEN 

X(2) -1000.0 
ELSE 

X(2) 
END IF 

Na.+ 

LOG10(SCAL(INODE,1,INI)) 

IF (SCAL(INODE,l,INA) .EQ.O.O) THEN 
X(3) -1000.0 

ELSE 
X(3) 

END IF 

Cl.­
X(4) 
OH.-

LOGIO(SCAL(INODE,l,INA)) 

LOGlO(SCAL(INODE,l,ICL)) 
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X(5) = LOGlO(SCAL(INODE,l,IOH» 

Ni(OH)2 aqueous 
IF (SCAL(INODE,1,INIOH2) .EQ.O.O) THEN 

X(6) -1000.0 
ELSE 

X(6) LOGI0(SCAL(INODE,1,INIOH2» 
END IF 

Nic12 aqueous 
IF (SCAL(INODE,1, INICL2) .EQ.O.O) THEN 

X(7) = -1000.0 
ELSE 

X(7) = LOGIO(SCAL(INODE,1,INICL2» 
END IF 

Nicl.+ 
IF (SCAL(INODE,l,INICL) .EQ.O.O) THEN 

X(8) -1000.0 
ELSE 

X(8) LOGIO(SCAL(INODE,l,INICL» 
END IF 

NiOH.+ 
IF (SCAL(INODE,l,INIOH) .EQ.O.O) THEN 

X(9) -1000.0 
ELSE 

X(9) = LOGI0(SCAL(INODE,1,INIOH» 
END IF 

Ni20H.3+ 
IF (SCAL(INODE,1,INI20H) .EQ.O.O) THEN 

X(lO) -1000.0 
ELSE 

X(lO) LOGI0(SCAL(INODE,1,INI20H» 
END IF 

Ni(OH)3.-
IF (SCAL (INODE,l, INIOH3) .EQ.O.O) THEN 

X(ll) -1000.0 
ELSE 

X(ll) LOG10(SCAL(INODE,1,INIOH3» 
END IF 

calculate total component concentrations (excluding solid species; used in 
subroutine CALFUN to close mass balance) [kmol.m-3] 
H.+ 
CC(l) = (lO.0**X(l»-(10.0**X(5»-(2.0*(lO.0**X(6»)-(lO.0 

**X(9»-(10.0**X(10»-(3.0*(10.0**X(1l») 
Ni.2+ 
CC(2) (10.0**X(2»+(10.0**X(6»+(10.0**X(7»+(10.0**X(B» 

+ (10.0**X(9»+ (2.0* (10.0**X(10» )+(lO.O**X(ll» 

lO.0**X(3) 
Na.+ 
CC(3) 
Cl.­
CC(4) (lO.0**X(4»+(2.0*(10.0**X(7»)+(lO.0**X(B» 

END IF 

calculate logarithm of current Ni(OH)2 solid concentration (supplied to 
subroutine NSIIAD and returned unchanged) [log(kmo1.m-3)] 
IF (SCAL(INODE,l,IPPT) .GT.O.O) THEN 

X(12) LOGIO(SCAL(INODE,I,IPPT» 
ELSE 

X(12) = -1000.0 
END IF 

N = 12 

required by subroutine NS1IAD 
number of unknowns (species concentrations) 

to calculate estimates of Jacobian (partial derivatives) matrix 

STEP = 1. OE-12 
generous estimate of 'distance' between initial approximation and required 
solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFUN 
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MAXFON = 500000000 
no printing 
IPRINT = 0 

Selected annotatad CFX® 

required accuracy (maximum sum of square errors) 
ACC = 1. OE-20 

exclude solid species from equilibrium calculation 
SPECSETl = 1 

if nickel present in solution 
IF (CC(2) .GT.O.O) THEN 

include nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

call subroutine NSllAD to resolve equilibrium state of system 
CALL NSlIAD(N,X,F,A,STEP,STPMAX,ACC,MAXFON,IPRINT,WO,IW) 

calculate activities 
00 70 I = 1, 

ACTIV (I, INODE) 
CONTINUE 

= lO.O**LAS(I) 

calculate 
SCAL (INODE, 

calculate 

«ACTIV(2,INODE»*«ACTIV(5,INODE»** 
2.0»/KSP 

SCAL(INODE, IPH) = -LAS(l) 
calculate ionic strength [kmol.m-3] 
SCAL(INODE, l, ISTION) = STION 
calculate Ni.2+ activity 
SCAL(INODE,l,IANI) = ACTIV(2,INODE) 
calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,l,ITDNC) = (10.0**X(2»+(10.0**X(6»+(10.0**X(7»+ 

at end of each time step 
ELSE 

(10.O**X(8»+(10.0**X(9»+(2.0*(lO.0** 
X(lO» )+(10.0**X(1l» 

if dilution effect distributed 
IF (GENSET3.EQ.l) THEN 

calculate diluted particle number concentrations [m-3] 
00 80 I = I,NOPSI 

PN(I,INODE) PN(I,INODE)*(TOTALVOL-(FEEDVOL*DT»/ 

CONTINUE 

estimate 
current 
subroutine 
H.+ 

TOTALVOL 

X(l) = LOGlO(SCAL(INODE,l,IH)*(TOTALVOL-(FEEDVOL*DT»/ 
TOTAL VOL) 

Ni.2+ 
IF (SCAL(INODE,l,INI) .EQ.O.O) THEN 

X(2) -1000.0 
ELSE 

X(2) LOG10(SCAL(INODE,1,INI)*(TOTALVOL-(FEEDVOL*DT»/ 
& TOTALVOL) 

END IF 

Na.+ 
IF (SCAL(INODE, l, INA) .EQ.O.O) THEN 

X(3) -1000.0 
ELSE 

X(3) 

END IF 

Cl.-

LOGIO(SCAL(INODE,l,INA)*(TOTALVOL-(FEEDVOL*DT»/ 
TOTAL VOL) 

files 123 

logarithm of 
estimate to 
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Selectrltd anllobltrltd CFX® files 

X(4) LOGlO(SCAL(INODE,1,ICL)*(TOTALVOL-(FEEDVOL*DT»/ 
TOTALVOL) 

OH.-
XeS) LOG10(SCAL(INODE,1,IOH)*(TOTALVOL-(FEEDVOL*DT»/ 

TOTAL VOL) 

Ni(OH)2 aqueous 
IF (SCAL(INODE,I,INIOH2).EO.0.0) THEN 

X(6) = -1000.0 
ELSE 

X(6) LOGlO(SCAL(INODE,l,INIOH2)*(TOTALVOL-(FEEDVOL*DT» 
/TOTALVOL) 

END IF 

NiCl2 aqueous 
IF (SCAL(INODE,1,INICL2) .EO.O.O) THEN 

X(7) = -1000.0 
ELSE 

X(7) = LOGIO(SCAL(INODE,l,INICL2)*(TOTALVOL-(FEEDVOL*DT» 
/TOTALVOL) 

END IF 

NiCl.+ 
IF (SCAL(INODE,l,INICL) .EQ.O.O) THEN 

XIS) -1000.0 
ELSE 

XIS) LOG10(SCAL(INODE,1,INICL)*(TOTALVOL-(FEEDVOL*DT»/ 
TOTALVOL) 

END IF 

NiOH.+ 
IF (SCAL(INODE,l,INIOH) 0.0) THEN 

X(9) = -1000.0 
ELSE 

X(9) LOG10(SCAL(INODE,I,INIOH)*(TOTALVOL-(FEEDVOL*DT»/ 
TOTAL VOL) 

END IF 

Ni20H.3+ 
IF (SCAL(INODE,I,INI20H) .EQ.O.O) 

X(IO) -1000.0 
ELSE 

THEN 

X(IO) LOGIO (SCAL(INODE,1,INI20H) * (TOTALVOL-(FEEDVOL*DT) 
) /TOTALVOL) 

END IF 

Ni(OH)3.-
IF (SCAL(INODE,1,INIOH3).EQ.0.0) 

X(ll) -1000.0 
ELSE 

THEN 

X(ll) LOG10 (SCAL(INODE,1, INIOH3) * (TOTALVOL-(FEEDVOL*DT) 
)/TOTALVOL) 

END IF 

if dilution effect isolated 
ELSE IF (GENSET3.EQ.2) THEN 

within feed cel1(s) 
IF (FEED (INODE) .EO.2) THEN 

calculate diluted particle number concentrations [m-3] 
DO 90 I = I,NOPSI 

PN(I,INODE) = PN(I,INODE)*«VOL(INODE)*INITVOL/GEOMVOL) 
+(VOL(INODE)/FEEDPVOL)*«TOTALVOL-INITVOL 
)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)* (TOTALVOL­
INITVOL) ) 

CONTINUE 

estimate logarithm of equilibrium species concentrations as 
current diluted species concentrations (supplied as initial 
subroutine NSIIAD where sufficient) [log(kmol.m-3)] 
H.+ 
X(I) = LOGIO(SCAL(INODE,l,IH)*«VOL(INODE)*INITVOL/ 

GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL-INITVOL) 
-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/GEOMVOL)+( 
VOL(INODE)/FEEDPVOL)*(TOTALVOL-INITVOL») 

of 
"1:Jl""'.1:" to 
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Selected annotated CFX® 

Ni.2+ 
IF (SCAL(!NODE,1,IN!) .EQ.O.O) 

X(2) -1000.0 
THEN 

ELSE 
X(2) 

END IF 

Na.+ 

LOG10(SCAL(INODE,1,INI)*«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL) + (VOL(INODE)/FEEDPVOL)* (TOTALVOL-INITVOL 
» ) 

IF (SCAL(INODE, 1, INA) .EQ.O.O) 
X(3) -1000.0 

THEN 

ELSE 
X(3) 

END IF 

Cl. -

LOG10(SCAL(INODE,1,INA)*«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)* (TOTALVOL-INITVOL 
») 

X(4) = LOG10(SCAL(INODE,1,ICL)*( (VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL-INITVOL) 
-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/GEOMVOL)+( 
VOL(INODE)/FEEDPVOL)*(TOTALVOL-INITVOL») 

OH.-
XIS) LOGIO(SCAL(INODE,l,IOH)*«VOL(INODE)*INITVOLI 

GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL-INITVOL) 
-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/GEOMVOL)+( 
VOL(INODE)/FEEDPVOL)*(TOTALVOL-INITVOL») 

Ni(OH)2 aqueous 
IF (SCAL(INODE,1,INIOH2) .EQ.O.O) THEN 

X(6) -1000.0 
ELSE 

X(6) 

END IF 

LOG10(SCAL(INODE,1,INIOH2)*«VOL(INODE)*INITVOL/ 
GEOMVOL) + (VOL(INODE)/FEEDPVOL)* «TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*(TOTALVOL-INITVOL 
») 

NiC12 aqueous 
IF (SCAL(INODE,1,INICL2) .EQ.O.O) 

X(7) -1000.0 
THEN 

ELSE 
X(7) 

END IF 

NiCl.+ 

LOGIO(SCAL(INODE,l,INICL2)*«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)* (TOTALVOL-INITVOL 
») 

IF (SCAL(INODE,1,INICL) .EQ.O.O) 
XIS) -1000.0 

THEN 

ELSE 
XeS) 

END IF 

NiOH.+ 

LOG10(SCAL(INODE,1,INICL)*«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*(TOTALVOL-INITVOL 
») 

IF (SCAL(INODE,l,INIOH).EQ.O.O) 
X(9) -1000.0 

THEN 

ELSE 
X(9) 

END IF 

LOG10(SCAL(INODE,1,INIOH)*«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)* (TOTALVOL-INITVOL 
») 

flies 12& 
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Selected annotated CFX® flies 

Ni20H.3+ 
IF (SCAL(INODE,1,INI20H) .EQ.O.O) 

X(10) -1000.0 
ELSE 

THEN 

X(10) LOGIO(SCAL(INODE,I,INI20H)*«VOL(INODE)*INITVOL 
/GEOMVOL)+(VOL(INODE)/FEEDPVOL)*«TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+ (VOL(INODE)/FEEDPVOL)* (TOTALVOL­
INITVOL» ) 

END IF 

Ni(OH)3.-
IF (SCAL(INODE,1,INIOH3) .EQ.O.O) 

X(ll) -1000.0 
ELSE 

THEN 

X(ll) LOGIO(SCAL(INODE,l,INIOH3)*( (VOL(INODE)*INITVOL 
/GEOMVOL)+ (VOL(INODE)/FEEDPVOL)* «TOTALVOL­
INITVOL)-(FEEDVOL*DT»)/«VOL(INODE)*INITVOL/ 
GEOMVOL)+(VOL(INODE)/FEEDPVOL)* (TOTALVOL­
INITVOL» ) 

END IF 

within each remaining cell in flow domain 
ELSE 

estimate logarithm of equilibrium concentrations as logarithm of 
current species concentrations ~~~p.L~"U as initial estimate to 
subroutine NSIIAD where sufficient) [log(kmol.m-3)] 
H.+ 
X = LOG10(SCAL(INODE,1,IH» 

Ni.2+ 
IF (SCAL(INODE,l,INI) .EO.O.O) THEN 

X(2) -1000.0 
ELSE 

X(2) LOGIO(SCAL(INODE,l,INI» 
END IF 

Na.+ 
IF (SCAL(INODE,l,INA) .EQ.O.D) THEN 

X(3) -1000.0 
ELSE 

X(3) LOGIO(SCAL(INODE,l,INA» 
END IF 

Cl.-
X(4) LOGIO(SCAL(INODE,l,ICL» 
OH.-
XIS) = LOGIO(SCAL(INODE,I,IOH» 

Ni 
IF 

X(6) 
ELSE 

X(6) 
END IF 

2 aqueous 
(INODE,l,INIOH2) .EO.O.O) THEN 

= -1000.0 

= LOGIO(SCAL(INODE,l,INIOH2» 

NiC12 aqueous 
IF (SCAL(INODE,l,INICL2) .EQ.O.O) THEN 

X(7) = -1000.0 
ELSE 

X(7) = LOGIO(SCAL(INODE,1,INICL2» 
END IF 

Nicl.+ 
IF (SCAL(INODE,l,INICL) .EQ.D.O) THEN 

XIS) = -1000.0 
ELSE 

XIS) = LOGIO(SCAL(INODE,l,INICL» 
END IF 

NiOH.+ 
IF (SCAL(INODE,l,INIOH) .EO.O.O) THEN 

X(9) = -1000.0 
ELSE 

X(9) = LOGIO(SCAL(INODE,l,INIOH» 
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Selected annotated CFX® 

END IF 

Ni20H.3+ 
IF (SCAL(INODE,1,INI20H) .EQ.O.O) THEN 

X(10) -1000.0 
ELSE 

X(10) = LOG10(SCAL(INODE,1,INI20H)) 
END IF 

Ni(OH)3.-
IF (SCAL(INODE,1,INIOH3).EQ.0.0) THEN 

X(ll) = -1000.0 
ELSE 

X(ll) LOG10(SCAL(INODE,1,INIOH3)) 
END IF 

END IF 

files 127 

if dilution effect isolated, then distributed and teamed with time-dependent 
feed source term 
ELSE IF (GENSET3.EQ.3) THEN 

within feed cell(s) 
IF (FEED (INODE) .EQ.2) THEN 

calculate diluted particle number concentrations [m-3] 
DO 100 I = l,NOPSI 

PN(I,INODE) = PN(I,INODE)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/ 
GEOMVOL) * (TOTALVOL-FEEDVOL*DT)+( 
VOL(INODE)/FEEDPVOL)*(FEEDVOL*DT)) 

CONTINUE 

estimate logarithm of equilibrium species concentrations as logarithm of 
current diluted species concentrations (supplied as initial estimate to 
subroutine NSIlAD where sufficient) [log(kmol.m-3)] 
H.+ 
X(l) = LOGIO(SCAL(INODE,l,IH)*«VOL(INODE)/GEOMVOL)*( 

TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

Ni.2+ 
IF (SCAL(INODE,l,INI) .EQ.O.O) THEN 

X(2) -1000.0 
ELSE 

X(2) LOG10 (SCAL(INODE,l, INI) * «VOL(INODE)/GEOMVOL)*( 
& TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/GEOMVOL)*( 
& TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
& FEEDVOL*DT))) 

& .. 
& 

& 

& 

& 

& 

& 

& 

END IF 

Na.+ 
IF (SCAL(INODE,l,INA) .EQ.O.O) THEN 

X(3) -1000.0 
ELSE 

X(3) 

END IF 

Cl.­
X(4) 

OH.­
XIS) 

LOGIO(SCAL(INODE,l,INA)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

LOGIO(SCAL(INODE,l,ICL)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

LOGIO(SCAL(INODE,l,IOH)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT))/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT) +(VOL(INODE)/FEEDPVOL) * ( 
FEEDVOL*DT) ) ) 

Ni(OH)2 aqueous 
IF (SCAL(INODE,1,INIOH2) .EQ.O.O) THEN 

X(6) = -1000.0 
ELSE 
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Selected annotated CFX® files 

X(6) 

END IF 

LOGIO(SCAL(INODE,l,INIOH2)*«VOL(INODE)/GEOMVOL) 
*(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

NiCl2 aqueous 
IF (SCAL(INODE,1,INICL2) .EQ.O.O) THEN 

Xl?) -1000.0 
ELSE 

Xl?) = LOGlO(SCAL(INODE,1,INICL2)* «VOL(INOOE)/GEOMVOL) 
I< *(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)*( 
& TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
& FEEDVOL*DT») 

I< 
& 
I< 

& 

I< 
I< 

& 
& 

I< 

I< 
I< 

I< 

END IF 

NiCl.+ 
IF (SCAL(INODE,l,INICL) .EQ.O.O) THEN 

X(S) = -1000.0 
ELSE 

X(S) LOGI0(SCAL(INODE,1,INICL)*«VOL(INOOE)/GEOMVOL)* 
(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

END IF 

NiOH.+ 
IF (SCAL(INODE,l,INIOH) .EQ.O.O) THEN 

X(9) = -1000.0 
ELSE 

X(9) LOGI0(SCAL(INOOE,1,INIOH)*«VOL(INODE)/GEOMVOL)* 
(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOHVOL)*( 
TOTALVOL-FEEDVOL*DT) + (VOL(INODE)/FEEDPVOL) * ( 
FEEDVOL*DT) ) ) 

END IF 

Ni20H.3+ 
IF (SCAL(INODE,1,INI20H) .EQ.O.O) 

X(10) -1000.0 
THEN 

ELSE 
X(10) LOG10(SCAL(INODE,1,INI20H)*«VOL(INODE)/GEOMVOL 

)*(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)* 
(TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL) * ( 
FEEDVOL*DT) ) ) 

END IF 

Ni(OH)3.-
IF (SCAL(INODE,1,INIOH3) .EQ.O.O) 

X(ll) -1000.0 
ELSE 

THEN 

X(ll) LOG10(SCAL(INODE,1,INIOH3)*«VOL(INODE)/GEOMVOL 
)*(TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOHVOL)* 
(TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT) ) ) 

END IF 

within each remaining cell in flow domain 
ELSE 

concentrations as logarithm of 
as initial estimate to 

estimate logarithm of equilibrium 
current species concentrations 
subroutine NSI1AD where sufficient) 
H.+ 

[log (kmol.m-3) 1 

X(l) = LOGI0(SCAL(INODE,1,IH» 

Ni.2+ 
IF (SCAL(INODE,1,INI).EQ.0.0) THEN 

X(2) -1000.0 
ELSE 

X(2) = LOGIO(SCAL(INODE,l,INI» 
END IF 

Na.+ 
IF (SCAL(INODE,l,INA) .EQ.O.O) THEN 

X(3) -1000.0 
ELSE 

X(3) LOG10(SCAL(INODE,1,INA» 
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Cl.-
X(4) LOG10(SCAL(INODE,1,ICL)) 
OH.-
XeS) LOG10(SCAL(INODE,1,IOH)) 

Ni (OH) 2 aquec)us 

Selected annotated CFX® 

IF (SCAL l,INIOH2).EQ.0.0) THEN 
X(6) = -1000.0 

ELSE 
X(6) LOGIO(SCAL(INODE,l,INIOH2)) 

END IF 

NiCl2 aqueous 
IF (SCAL(INODE,1,INICL2) .EQ.O.O) THEN 

X(7) -1000.0 
ELSE 

XC?) LOGIO(SCAL(INODE,l,INICL2)) 
END IF 

NiCl.+ 
IF (SCAL(INODE,l,INICL) .EQ.O.O) THEN 

XeS) -1000.0 
ELSE 

XeS) LOGIO(SCAL(INODE,l,INICL)) 
END IF 

NiOH.+ 
IF (SCAL(INODE,l,INIOH) .EQ.O.O) THEN 

X(9) = -1000.0 
ELSE 

X(9) = LOG10(SCAL(INODE,l,INIOH)) 
END IF 

Ni20H.3+ 
IF (SCAL(INODE,1,INI20H) .EQ.O.O) THEN 

X(lO) -1000.0 
ELSE 

X(lO) LOGIO(SCAL(INODE,1,INI20H)) 
END IF 

Ni(OH)3.-
IF (SCAL(INODE,1,INIOH3) .EQ.O.O) THEN 

X(l1) -1000.0 
ELSE 

X(ll) LOGIO(SCAL(INODE,l,INIOH3)) 
END IF 

END IF 

END IF 

calculate initial 3rd moment [micron3.m-3] 
MOM3I(INODE) = 0.0 

DO 110 I = l,NOPSI 
MOM3I(INODE) = MOM3I(INODE)+«PAVE3(I)**3.0)*PN(I,INODE)) 

CONTINUE 

calculate precipitate yield [kmol.m-3] 
SCAL(INODE,l,IPPT) = (PI*MOM3I(INODE)/6.0)*RHO*1.OE-18 

files 129 

calculate total component concentrations (excluding solid 
subroutine CALFUN to close mass balance) [kmo1.m-3] 

species; used in 

H.+ 
CC(I) 

Ni.2+ 
CC(2) 

Na.+ 
CC(3) 
Cl.­
CC(4) 

(10.0**X(1) )-(10.0**X(S) )-(2.0* (lO.0**X(6)) )-(10.0** 
X(9))- (lO.O**X(IO)) -(3.0* (lO.O**X(ll))) 

(10.0**X(2) )+(10.0**X(6) )+(10.0**X(?) )+(10.0**X(8) )+( 
IO.0**X(9))+(2.0*(IO.0**X(10)))+(10.O**X(11)) 

10.0**X(3) 

(10. O**X (4) ) + (2.0* (10. O**X (7) ) ) + (10. O**X (8) ) 

calculate logarithm of current Ni(OH)2 solid concentration (supplied to 
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subroutine NS11AD and returned unchanged) [10g(kmol.m-3») 
IF (SCAL(INODE,l,IPPT) .GT.O.O) THEN 

X(12) LOGIO(SCAL(INODE,l,IPPT» 
ELSE 

X(12)-1000.0 
END IF 

estimate logarithm of equilibrium species concentrations as final 
equilibrium values at previous time as initial estimate to 
subroutine NSlIAD where necessary) [log 
H.+ 
X(l) = SCAL(INODE,l,ISl) 
Ni.2+ 
X(2) = SCAL(INODE,I,IS2) 
Na.+ 

X(3) = SCAL(INODE,1,IS3) 
Cl.-
X(4) SCAL(INODE,1,IS4) 
OH.-
X(5) = SCAL(INODE,l,IS5) 
Ni(OH)2 aqueous 
X(6) = SCAL(INODE,l,IS6) 
NiC12 aqueous 
Xl?) = SCAL(INODE,1,IS7) 
NiCI.+ 
XIS) = SCAL(INODE,l,ISS) 
NiOH.+ 
X(9) = SCAL(INODE,1,IS9) 
Ni20H.3+ 
X(lO) = SCAL(INODE,1,ISIO) 
Ni(OH)3.-
X(11) = SCAL(INODE,l,ISll) 

specify input parameters required by subroutine NSIIAD 
number of equations; number of unknowns (species concentrations) 
N = 12 
X-step used to calculate estimates of Jacobian (partial derivatives) matrix 

generous estimate of 'distance' between initial approximation and required 
solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFON 
MAXFUN = 500000000 
no printing 
IPRINT = 0 
required accuracy (maximum sum of square errors) 
ACC = LOE-20 

exclude solid species from equilibrium calculation 
SPECSETI = 1 

if nickel present in solution 
IF (CC(2) .GT.O.O) THEN 

inclUde nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

call subroutine NSllAD to resolve equilibrium state of system 
CALL NSllAD(N,X,F,A,STEP,STPMAX,ACC,MAXFON,IPRINT,WO,IW) 

calculate species activities 
DO 120 I = I,ll 

ACTIV(I,INODE) = lO.O**LAS(I) 
CONTINUE 

calculation supersaturation 
SCAL(INODE,l,ISUPER) «ACTIV(2,INODE»*«ACTIV(5,INODE»** 

2.0»/KSP 
calculate pH 
SCAL(INODE,l,IPH) -LAS (1) 
calculate ionic strength [kmol.m-3] 
SCAL(INODE,l,ISTION) = STION 
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calculate Ni.2+ activity 
SCAL(INODE,l,IANI) = ACTIV(2,INODE) 

Selected annotated CFX® 

calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,l,ITDNC) = (lO.0**X(2»+(lO.0**X{6»+{lO.0**X(7»+ 

(lO.0**X{8»+(lO.0**X(9»+(2.0*(10.0** 
X(10»)+{lO.0**X(ll» 
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calculations performed before effects of nucleation 

IF (GENSET2.EQ.2) THEN 

calculate size-independent portion of aggregation kernel (units dependent 
upon aggregation kernel) 
AR(INODE) = 8.33E-78*EXP«14.0*SCAL(INODE,1,IPH»+(l050.0* 

SCAL(INODE,l,ISTION») 

END IF 

if solution supersaturated 
IF (SCAL(INODE,l,ISOPER).GT.l.O) THEN 

if equilibrium description of nucleation employed 
IF (GENSETl.EQ.l) THEN 

calculate total component concentrations (including solid species; used 
in subroutine CALFUN to close mass balance) [kmol.m-3] 
H.+ 
CC (1) = (10. O**X (1» - (10. O**X(5) ) - (2.0* (10. o**x (6) » - ( 

10.0**X(9»-(10.0**X(10»-(3.0*(10.0**X(11»)-( 
2.0*(lO.0**X(12») 

Ni.2+ 
CC(2) 

Na.+ 
CC(3) 
Cl.­
CC(4) 

(10.0**X(2»+(10.0**X(6»+(lO.0**X(7»+(10.O** 
X(B»+(10.0**X(9»+(2.0*(10.0**X(10»)+(10.0** 
X(ll) )+(10.0**X(12» 

10. O**X (3) 

(10. O**X (4» + (2.0* (10. OUX (7) ) ) + (10. o**x (8» 

estimate logarithm of equilibrium Ni(OH)2 solid concentration if no 
solid currently (supplied as initial estimate to subroutine 
NSllAD) [log .m-3) J 
IF (SCAL(INODE,l,IPPT).EQ.O.O) X(12) = -6.0 

input parameters required by subroutine NS11AD 
of equations; number of unknowns (species concentrations) 

N = 12 
X-step used to calculate estimates of Jacobian (partial derivatives) 
matrix numerically 
STEP = 1.OE-12 
generous estimate of 'distance' between initial approximation and 
required solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFUN 
MAXFUN = 500000000 
no printing 
IPRINT = 0 
required accuracy (maximum sum of square errors) 
ACC = 1.0E-20 

include solid species in equilibrium calculation 
SPECSETl = 2 

if nickel present in solution 
IF (CC(2).GT.0.O) THEN 

include nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

call subroutine NS1lAD to resolve equilibrium state of system 
CALL NS1lAD(N,X,F,A,STEP,STPMAX,ACC,MAXFUN, IPRINT,WQ, IW) 

calculate species activities 
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DO 130 I = 1,11 
ACTIV(I,INODE) 

CONTINUE 

files 

IO.O**LAS(I) 

calculate supersaturation 
SCAL(INODE,1, ISUPER) «ACTIV(2,INODE»*«ACTIV(5,INODE) 

)**2.0»/KSP 
calculate pH 
SCAL(INODE,I,IPH) -LAS (I) 
calculate ionic strength [kmol.m-3] 
SCAL(INODE,I, ISTION) m STION 
calculate Ni.2+ activity 
SCAL(INODE,I,IANI) = ACTIV(2,INODE) 
calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,I, ITDNC) = (IO.0**X(2»+(IO.0**X(6»+(10.0** 

X(7) )+(10.0**X(8) )+(lO.O**X(9) )+( 
2.0*(lO.O**X(10»)+(10.0**X(11» 

calculate nucleation rate corresponding to equilibrium solute deposition 
[m-3.s-l] . 
BIRTH (INODE) = «(10.0**X(12»-SCAL(INODE,I,IPPT»* 

I.OE+18)/(RHO*(PI*(PAVE3(1)**3.0)/6.0)*DT) 
calculate change in precipitate yield [kmol.m-3] 
DPPT(INODE) = BIRTH (INODE) *DT* (PI*(PAVE3(1) **3.0)/6.0)* 

1. OE-IS*RHO 

if kinetic description of nucleation employed 
ELSE IF (GENSETI.EQ.2) THEN 

calculate nucleation rate [m-3.s-l] 
BIRTH (INODE) = «1.265E-5*«SCAL(INODE,l,ISUPER)-I.O)** 

O.77»*I.OE+18)/(RHO*(PI*(PAVE3(1)**3.0)/ 
6.0)*DT) 

calculate change in precipitate yield [kmol.m-3] 
DPPT(INODE) = BIRTH(INODE)*DT*(PI*(PAVE3(l)**3.0)/6.0)* 

1. OE-IS*RHO 

if change in precipitate yield greater than total dissolved nickel 
concentration (i.e. extent of nucleation exceeds maximum allowable) 
IF (DPPT(INODE) .GT.SCAL(INODE,l,ITDNC» THEN 

calculate adjusted change in precipitate yield [kmol.m-3] 
DPPT(INODE) = SCAL(INODE,l,ITDNC) 
calculate adjusted nucleation rate [m-3.s-l] 
BIRTH (INODE) (DPPT(INODE)*I.OE+18)/(RHO*(PI*(PAVE3(1) 

**3.0)/6.0)*DT) 
END IF 

END IF 

calculate kinetics time scale (estimated as inverse of approximate rate of 
of dissolved nickel mass fraction; inspired by corresponding use of 

mass fraction in eddy break-up combustion model) [s] 
SCAL(INODE,I,ITK) = 1.0/«(DPPT(INODE)*58.71)/DEN(INODE,I» 

lOT) 

if turbulent m~x~ng time scale greater than kinetics time scale (i.e. 
reaction rate controlled by turbulent mixing rate) 
IF (SCAL(INODE,I,ITM) .GT.SCAL(INODE,I,ITK» THEN 

write output to file fort.99 
WRITE(99,*) 'INFO: TURBULENT MIXING IS RATE LIMITING' 
WRITE(99,*) 'CELL',INODE 

calculate adjusted nucleation rate [m-3.s-l] 
BIRTH(INODE) = BIRTH(INODE)*(SCAL(INODE,l,ITK)/ 

SCAL(INODE,I,ITM» 
calculate adjusted change i~ precipitate yield [kmol.m-3] 
DPPT(INODE) = DPPT(INODE)*(SCAL(INODE,I,ITK)/ 

SCAL(INODE,l,ITM» 

if equilibrium description of nucleation employed 
IF (GENSETI.EQ.I) THEN 

calculate adjusted total component concentrations (excluding solid 
species; used in subroutine CALFUN to close mass balance) [kmol.m-3] 
H.+ 
CC(I) = (IO.O**X(I»-(IO.0**X(5)+(2.0*DPPT(INODE)*« 
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Selected annotated CFX® 

SCAL(INODE,l,ITM)/SCAL(INODE,l,ITK»-l.O»)-( 
2.0*(lO.O**X(6»)-(lO.O**X(9»-(10.0**X(10»-( 
3.0*(lO.O**X(ll») 

(lO.O**X(2)+(DPPT(INODE)*«SCAL(INODE,l,ITM)/ 
SCAL(INODE,l,ITK»-l.O»)+(lO.0**X(6»+(10.0** 
X(7»+(lO.0**X(8»+(lO.0**X(9»+(2.0*(lO.0** 
X(lO» )+(lO.O**X(ll» 

lO.0**X(3) 

(lO.0**X(4»+(2.0*(lO.0**X(7» )+(lO.O**X(B» 
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calculate logarithm of current reduced Ni(OH)2 solid concentration ( 
to subroutine NSllAD and returned unchanged) [log(kmol.m-3)] 

LOGlO(lO.0**X(l2)-(DPPT(INODE)*« 
SCAL(INODE,l,ITM)/SCAL(INODE,l,ITK»-l.O») 

estimate logarithm of equilibrium species concentrations as logarithm 
of current augmented species concentrations (supplied as initial 
estimate to subroutine NSllAD) [log(kmol.m-3)] 
Ni.2+ 
IF «lO.0**X(2)+(DPPT(INODE)*«SCAL(INODE,1,ITM)/ 

SCAL(INODE,l,ITK»-l.O») .GT.O.O) X(2) = LOGlO(lO.O 
**X(2)+(DPPT(INODE)*«SCAL(INODE,l,ITM)/ 
SCAL(INODE,l,ITK»-l.O» ) 

OH.-
IF «lO.0**X(S)+(2.0*DPPT(INODE)*«SCAL(INODE,l,ITM)/ 

SCAL(INODE,l,ITK»-l.O»).GT.O.O) XIS) = LOGlO(lO.O 
**X(S)+(2.0*DPPT(INODE)*«SCAL(INODE,1,ITM)/ 
SCAL(INODE,l,ITK»-l.O») 

specify input parameters required by subroutine NSllAD 
number of equations; number of unknowns (species concentrations) 
N = 12 
X-step used to calculate estimates of Jacobian (partial derivatives) 
matrix numerically 
STEP = 1. OE-12 
generous estimate of 'distance' between initial approximation and 
required solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFUN 
MAXFUN 500000000 

required accuracy (maximum sum of square errors) 
ACC = 1. OE-20 

exclude solid species from equilibrium calculation 
SPECSETl = 1 

if nickel present in solution 
IF (CC(2).GT.0.0) THEN 

include nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

call subroutine NS11AD to resolve equilibrium state of system 
CALL NS11AD(N,X,F,A,STEP,STPMAX,ACC,MAXFUN,IPRINT,WO,IW 

) 

calculate species 
DO 140 I = 1,11 

ACTIV(I,INODE) 
CONTINUE 

calculate 
SCAL (INODE, 

calculate pH 

activities 

= 10.0**LAS(I) 

«ACTIV(2,INODE»*« 
ACTIV(5,INODE»**2.0»/KSP 

SCAL(INODE,l,IPH) -LAS (1) 
calculate ionic strength [kmol.m-3] 
SCAL(INODE,l,ISTION) = STION 
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calculate Ni.2+ activity 
SCAL(INODE,l,IANI) = ACTIV(2,INODE) 
calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,l,ITDNC) = (lO.0**X(2»+(10.0**X(6»+(10.0** 

END IF 

END IF 

X(7) )+(10.0**X(B) )+(10.0**X(9) )+( 
2.0*(10.0**X(10»)+(10.0**X(11» 

if kinetic description of nucleation employed 
IF (GENSETl.EQ.2) THEN 

total component concentrations (excluding solid 
species; subroutine CALFUN to close mass balance) [kmol.m-3] 
H.+ 
CC(l) = (10.0**X(1»-(10.0**X(5)-(2.0*DPPT(INODE»)-(2.0 

* (1O.0**X(6»)- (10.0**X(9»- (lO.O**X(lO»- (3.0* ( 
10.0**X(ll») 

Ni,2+ 
CC(2) (10.0**X(2)-DPPT(INODE»+(10.0**X(6»+(10.0**X(7) 

)+(10.0**X(B»+(10.0**X(9»+(2.0*(10.0**X(10»)+( 
10. oux (11) ) 

10.0**X(3) 
Na.+ 
CC(3) 
Cl.­
CC(4) (10.0**X(4»+(2.0*(10.0**X(7»)+(10.0**X(S» 

calculate logarithm of current Ni(OH)2 solid concentration 
U~IJ~A.eu to subroutine NSIlAD returned unchanged) [log(kmol.m-3)] 

) = LOGlO(10.0**X(12)+DPPT(INODE» 

estimate logarithm of equilibrium species concentrations as logarithm of 
current reduced species concentrations (supplied as initial estimate to 
subroutine NSIIAD) [log(kmol.m-3)] 
Ni.2+ 
IF «lO.O**X(2)-DPPT(INODE» .GT.O.O) X(2) LOGlO(IO.O** 

X(2)-DPPT(INODE» 
OH.-
IF «10.O**X(5)-(2.0*DPPT(INODE»).GT.O.0) XIS) LOGIO( 

10.0**X(5)-(2.0*DPPT(INODE») 

if no nickel present in solution 
IF (CC(2) .EQ.O.O) THEN 

specify logarithm of 'zero' species concentrations to 
subroutine NSllAD and returned unchanged) [log(kmol 
Ni.2+ 
X(2) = -1000.0 
Ni(OH)2 aqueous 
X(6) = -1000.0 
NiCl2 aqueous 
X(7) = -1000.0 
NiCI.+ 
XIS) = -1000.0 
NiOH.+ 
X(9) = -1000.0 
Ni20H.3+ 
X(10) = -1000.0 
Ni(OH)3.-
X(l1) = -1000.0 
write output to file fort.99 
WRITE(99,*) 'INFO: NO NICKEL REMAINING IN SOLUTION' 
WRITE(99,*) 'CELL',INODE 

END IF 

ke'qu.Lkt'U by subroutine NS11AD 
unknowns (species concentrations) 

N = 12 
used to calculate estimates of Jacobian (partial derivatives) 
numerically 

STEP = 1. OE-12 
generous estimate of 'distance' between initial approximation and 
required solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFUN 
MAXFUN = 500000000 
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required accuracy (maximum sum of square errors) 
ACC = 1. OE-20 

exclude solid species from equilibrium calculation 
SPECSETl = 1 

if nickel present in solution 
IF (CC(2) .GT.O.O) THEN 

include nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

files 

call subroutine NSllAD to resolve equilibrium state of system 
CALL NSllAD(N,X,F,A,STEP,STPMAX,ACC,MAXFUN,IPRINT,WO,IW) 

calculate species activities 
DO 150 I = I,ll 

ACTIV(I,INODE) = 10.0**LAS(I) 
CONTINUE 

calculate supersaturation 
SCAL (INODE, I, ISUPER) ( (ACTIV(2, INODE» * ( (ACTIV(5, INODE) 

)**2.0»/KSP 
calculate pH 
SCAL(INODE,l,IPH) -LAS(l) 
calculate ionic strength [kmol.m-3] 
SCAL (INODE,l, ISTION) = STION 
calculate Ni.2+ activity 
SCAL(INODE,l,IANI) = ACTIV(2,INODE) 
calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,l,ITDNC) = (10.0**X(2»+(10.0**X(6»+(10.0** 

END IF 

X(7) )+(10.0**X(8) )+(10.0**X(9) )+( 
2.0*(10.0**X(lO»)+(lO.0**X(ll» 

if solution not supersaturated 
ELSE 

specify zero nucleation rate [m-3.s-l] 
BIRTH (INODE) = 0.0 
specify zero change in precipitate yield [kmol.m-3] 
DPPT(INODE) = 0.0 
specify very large kinetics time scale to denote infinite value [s] 
SCAL(INODE,l,ITK) = 1.OE+lOO 

END IF 

calculations performed after effects of nucleation 

IF (GENSET2.EQ.l) THEN 

131 

calculate particle number concentration in 1st size interval using simple 
reverse Euler numerical integration technique [m-3] 
PN(l,INODE) = PN(l,INODE)+(BIRTH(INODE)*DT) 

calculate size-independent portion of aggregation kernel (units dependent 
upon aggregation kernel) 
AR(INODE) = 8.33E-78*EXP«l4.0*SCAL(INODE,1,IPH»+(1050.0* 

SCAL(INODE,l,ISTION») 

END IF 

within each size interval 
DO 160 I = I,NOPSI 

initialise 1st term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-l] 
TERM! = 0.0 

if appropriate for size interval 
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IF (I.GT.2) THEN 

evaluate summation in 1st term in modified aggregation rate equation of 
DPB of Hounslow et al. [s-1] 
SUM1 = 0.0 

DO 170 J ,. 1,1-2 
EXPl ,. J-I+l 
size-independent kernel [m3.a-l] 
ARl ,. AR(INODE) 
Brownian kernel [m3.s-l] 

ARl ,. AR(INODE)*«PAVEl(I-l)+PAVE1(J»*«PAVE1(I-l)**(­
l.O»+(PAVEl(J)**(-l.O»» 

gravitational kernel [m3.s-l] 
ARl ,. AR(INODE)*«(PAVEl(I-l)+PAVEl(J»**2.0)*(ABS( 

PAVEl(I-l)-PAVEl(J»» 
shear kernel [m3.a-l] 

ARl ,. AR(INODE)*«PAVEl(I-I)+PAVE1(J»**3.0) 
particle inertia kernel [m3.a-l] 

AR1 ,. AR(INODE)*«(PAVEI(I-l)+PAVEl(J»**2.0)*(ABS« 
PAVEI(I-I)**2.0)-(PAVEl(J)**2.0»» 

Thompson kernel [m3.a-l] 
ARl ,. AR(INODE)*««PAVEI(I-l)**3.0)-(PAVEl(J)**3.0»** 

2.0)/«PAVEI(I-l)**3.0)+(PAVEl(J)**3.0») 
linear sum kernel [m3.s-1] 

ARI ,. AR(INODE) * (PAVEl (I-l)+PAVE1 (J» 
quadratic sum kernel [m3.s-l] 

ARl ,. AR(INODE)*«PAVEI(I-I)**2.0)+(PAVEI(J)**2.0» 
cubic sum kernel [m3.s-l] 

ARI ,. AR(INODE)*«PAVEl(I-l)**3.0)+(PAVEI(J)**3.0» 
SUMI ,. SUMI+«2.0**EXP1)*AR1*PN(J,INODE» 

CONTINUE 

calculate 1st term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-l] 
TERM I ,. PN(I-I,INODE)*SUMI 

END IF 

initialise 2nd term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-l] 
TERM2 = 0.0 

if 
IF 

size interval 

size-independent kernel [m3.s-l] 
AR2 = AR ( INODE) 
Brownian kernel [m3.s-l] 

AR2 ,. AR(INODE)*«2.0*PAVEI(I-I»*(2.0*(PAVE1(I-1)**(-1.0 
») ) 

gravitational kernel [m3.s-1] 
AR2 = 0.0 

shear kernel [m3.s-l] 
AR2 = AR(INODE)*«2.0*PAVEI(I-I»**3.0) 

particle inertia kernel [m3.s-I] 
AR2 0.0 

kernel [m3.s-l] 
0.0 

linear sum kernel [m3.s-I] 
AR2 AR(INODE)*(2.0*PAVEI(I-1» 

sum kernel [m3.s-l] 
AR(INODE)*(2.0*(PAVE1(I-I)**2.0» 

cubic sum kernel [m3.s-l] 
AR2 ,. AR(INODE)*(2.0*(PAVEI(I-I)**3.0» 

calculate 2nd term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-l] 
TERM2 = 0.5*AR2*(PN(I-I,INODE)**2.0) 

END IF 

initialise 3rd term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-I] 
TERM3 ,. 0.0 

if appropriate for size interval 
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IF (I.GT.1.AND.I.LT.NOPSI) THEN 

evaluate summation in 3rd term in modified aggregation rate equation of 
DPB of Houns1ow et a1. [s-lJ 
SOM3 = 0.0 

DO 180 J ~ 1,1-1 
EXP2 = J-I 
size-independent kernel [m3.s-l] 
AR3 = AR (INODE) 
Brownian kernel [m3.s-1] 

AR3 = AR(INODE)*«PAVE1(I)+PAVE1(J»*«PAVE1(I)**(-1.0) 
)+(PAVE1(J)**(-1.0»» 

gravitational kernel [m3.s-l] 
AR3 = AR(INODE)*{{(PAVEl{I)+PAVE1(J»**2.0)*(ABS( 

PAVEl(I)-PAVEl(J»» 
shear kernel [m3.s-l] 

AR3 = AR(INODE)*«PAVE1(I)+PAVEl(J»**3.0) 
particle inertia kernel [m3.s-l] 

AR3 = AR(INODE)*{{(PAVE1{I)+PAVEl(J»**2.0)*(ABS« 
PAVEl(I)**2.0)-(PAVEl(J)**2.0»» 

Thompson kernel [m3.s-1] 
AR3 = AR(INODE)*({«PAVE1(I)**3.0)-(PAVE1(J)**3.0»** 

2.0)/«PAVEl(I)**3.0)+(PAVE1(J)**3.0») 
linear sum kernel [m3.s-l] 

AR3 = AR(INODE)*(PAVE1(I)+PAVEl(J» 
quadratic sum kernel [m3.s-l] 

AR3 = AR(INODE)*«PAVEl(I)**2.0)+(PAVE1(J)**2.0» 
cubic sum kernel [m3.s-l] 

AR3 = AR(INODE)*«PAVEl(I)**3.0)+(PAVEl(J)**3.0» 
SOM3 = SOM3+«2.0**EXP2)*AR3*PN(J,INODE» 

CONTINUE 

calculate 3rd term in modified aggregation rate equation of DPB of 
Hounslow et al. [m-3.s-1] 
TERM3 = PN(I,INODE)*SOM3 

END IF 

initialise 4th term in modified aggregation rate equation of DPB of 
Hounslow et a1. [m-3.s-l] 
TERM4 = 0.0 

if appropriate for size interval 
IF (I.LT.NOPSI) THEN 

evaluate summation in 4th term in modified aggregation rate equation of 
DPB of Hounslow et al. [s-l] 
SOM4 = 0.0 

DO 190 J = I,NOPSI-l 
size-independent kernel [m3.s-1] 
AM = AR ( INODE ) 
Brownian kernel [m3.s-1] 

AR4 = AR(INODE)*«PAVEl(I)+PAVEl(J»*«PAVEl(I)**(-l.O) 
) + (PAVEl (J) ** (-1. 0»» 

gravitational kernel [m3.s-l] 
AR4 = AR(INODE)*«(PAVE1(I)+PAVEl(J»**2.0)*(ABS( 

PAVE1(I)-PAVEl(J»» 
shear kernel [m3.s-l] 

AR4 = AR(INODE)*«PAVEl(I)+PAVE1(J»**3.0) 
particle inertia kernel [m3.s-l] 

AR4 = AR(INODE)*«(PAVE1(I)+PAVE1(J»**2.0)*(ABS« 
PAVEl(I)**2.0)-(PAVE1(J)**2.0»» 

Thompson kernel [m3.s-l] 
AR4 = AR(INODE)*««PAVE1(I)**3.0)-(PAVE1(J)**3.0»** 

2.0)/«PAVE1(I)**3.0)+(PAVE1(J)**3.0») 
linear sum kernel [m3.s-l] 

AR4 = AR(INODE)*(PAVEl(I)+PAVE1(J» 
quadratic sum kernel Im3.s-l] 

AR4 = AR(INODE)*«PAVE1(I)**2.0)+(PAVE1(J)**2.0» 
cubic sum kernel [m3.a-l] 

AR4 = AR(INODE)*«PAVE1(I)**3.0)+(PAVEl(J)**3.0» 
SOM4 = SOM4+(AR4*PN(J,INODE» 

CONTINUE 

calculate 4th term in modified aggregation rate equation of DPB of 
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c 

C 

C 

Hounslow et al. (m-3.s-l] 
TERM4 = PN(I,INODE)*SUM4 

END IF 

C calculate aggregation rate [m-3.s-l] 
AGGREG(I,INODE) = TERMl+TERM2-TERM3-TERM4 

C 
160 CONTINUE 

C 
C calculate particle number concentrations using simple reverse Euler 
C numerical integration technique [m-3j 

DO 200 I = 1,NOPSI 
PN(I,INODE) = PN(I,INODE)+(AGGREG(I,INODE)*DT) 

200 CONTINOE 
C 
C calculations pe;formed before effects of nucleation 
C 

C 
C 
C 

C 

c 
C 
C 
C 

c 

c 

C 

C 
C 
C 

C 
C 

C 
C 

C 

C 
C 
C 

C 
C 

C 
C 
C 

210 

& 
220 

Ii 
Ii 
Ii 

Ii 
Ii 
& 

IF (GENSET2.EQ.2) THEN 

reverse 
PN(1,INODE) 

number concentration in 1st size interval using simple 
numerical integration technique [m-3] 
PN(l, INODE) + (BIRTH (INODE) *DT) 

END IF 

correct 
cause to aggregation 
immediately larger size 
DO 210 I = 1,NOPSI-l 

particle number concentration(s) 
of like particles to produce particles 

IF (PN(I,INODE) .LT.O.O) THEN 
PN(I+l,INODE) ~ PN(I+l,INODE)+(0.5*PN(I,INODE» [m-3] 
PN(I,INODE) = 0.0 ! [m-3] 
write output to file fort.99 
WRITE(99,*) 'INFO: NEGATIVE NUMBER CONCENTRATION RIGHTED' 
WRITE(99, *) 'SIZE CLASS' ,I 
WRITE(99,*) 'CELL',INODE 

END IF 

CONTINUE 

if negative particle number concentration persists in final size interval 
(a result of precision-related difficulties with aggregation calculations) 
IF (PN(NOPSI,INODE).LT.O.O) THEN 

specify zero particle number concentration in final size interval [m-3] 
PN(NOPSI,INODE) = 0.0 

calculate 3rd moment [micron3.m-3] 
SCAL(INODE,1,IM3) = 0.0 

DO 220 I = I,NOPSI 
SCAL(INODE,I,IM3) 

CONTINUE 

IF (GENSET2.EQ.l) THEN 

SCAL(INODE,I,IM3)+«PAVE3(I)**3.0)* 
PN (I, INODE» 

calculations performed after effects of nucleation 

excess solid to appropriate maximum size class 
IF ,u"T"DJ.l.LT.NOPSI) THEN 

PN(KSTEP+l,INODE) = PN(KSTEP+l,INODE)+«(MOM3I(INODE)+( 
(6.0*DPPT(INODE»/(PI*RHO*1.OE-18» 
)-SCAL(INODE,I,IM3»/( 
PAVE3(KSTEP+1)**3.0» ! [m-3] 

ELSE 
PN (NOPS I, INODE) 

END IF 

PN(NOPSI,INODE)+«(MOM3I(INODE)+«6.0 
*DPPT(INODE»/(PI*RHO*I.OE-18»)­
SCAL(INODE,1,IM3»/(PAVE3(NOPSI)**3.0 
» ! {m-3J 

calculations performed before effects of nUCleation 

ELSE IF (GENSET2.EQ.2) THEN 
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assign excess solid to appropriate maximum size class 
IF (KSTEP.LT.NOPSI) THEN 

PN(KSTEP,INODE) = PN(KSTEP,INODE)+«(MOM3I(INODE)+«6.0 
*DPPT(INODE»/(PI*RHO*1.OE-18»)­
SCAL(INODE,1,IM3»/(PAVE3(KSTEP)**3.0 

ELSE 
PN(NOPSI,INODE) 

END IF 

END IF 

END IF 

» ! [m-3] 

PN{NOPSI,INODE)+«(MOM3I(INODE)+({6.0 
*DPPT(INODE»/{PI*RHO*I.OE-18»)­
SCAL(INODE,I,IM3»/(PAVE3(NOPSI)**3.0 
» ! [m-3] 

calculate 3rd moment [micron3.m-3] 
SCAL(INODE,1,IM3) = 0.0 

DO 230 I = 1,NOPSI 
SCAL{INODE,1,IM3) 

CONTINUE 

SCAL(INODE,1,IM3)+«PAVE3(I)**3.0)* 
PN(I,INODE) ) 

if particle number concentrations incorrectly reflect absence 
(a result of precision-related difficulties with aggregation 
IF (SCAL(INODE,1,IM3).EQ.0.0.AND. (MOM3I(INODE)+«6.0* 

DPPT(INODE»/(PI*RHO*1.OE-18»).GT.0.0) THEN 

files 139 

if aggregation-related calculations performed after effects of nucleation 
established 
IF (GENSET2.EQ.l) THEN 

specify arbitrary positive particle number concentration in appropriate 
maximum size class 
IF (KSTEP+I.LT.NOPSI) THEN 

PN{KSTEP+1, 1.0 ! [m-3] 
ELSE 

PN(NOPSI,INODE) 1.0 [m-3] 
END IF 

if aggregation-related calculations performed'before effects of nucleation 
established 
ELSE IF (GENSET2.EQ.2) THEN 

specify arbitrary positive particle number concentration in appropriate 
maximum size class 
IF (KSTEP.LT.NOPSI) THEN 

PN(KSTEP,INODE) 1.0 [m-3] 
ELSE 

PN(NOPSI,INODE) 1.0 [m-3] 
END IF 

END IF 

calculate 3rd moment [micron3.m-3] 
SCAL(INODE,1,IM3) = 0.0 

DO 240 I = I,NOPSI 
SCAL(INODE,I,IM3) 

CONTINUE 

END IF 

SCAL(INODE,1,IM3)+«PAVE3(I)**3.0)* 
PN(I, INODE» 

ensure calculated particle number concentrations reflect correct change in 
precipitate yield 
IF (SCAL(INODE,1,IM3) .GT.O.O) THEN 

DO 250 I = 1,NOPSI 
PN(I,INODE) = PN(I,INODE)*«MOM3I(INODE)+«6.0* 

DPPT(INODE»/(PI*RHO*1.OE-18»)/ 
SCAL(INODE,1,IM3» ! [m-3] 

CONTINUE 
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END IF 

if dilution effect isolated, then distributed and teamed with time-dependent 
feed source term 
IF (GENSET3.EQ.3) THEN 

within feed cell(s) 
IF (FEED (INODE) .EQ.2) THEN 

calculate redistributed particle number concentrations [m-3] 
DO 260 I = 1,NOPSI 

PN(I,INODE) = PN(I,INODE)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL 
)*(FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)* 
TOTALVOL) 

CONTINUE 

estimate 
current n,.[lH,,:r 

of equilibrium species concentrations as logarithm of 
species concentrations (supplied as initial 

estimate 
DO 270 I 

to suBroutine NSllAD) [log(kmol.m-3)] 
= I,ll 

IF (lO.O**X(I) .EQ.O.O) 
XII) -1000.0 

THEN 

ELSE 
XII) LOGIO«lO.O**X(I»*«VOL(INODE)/GEOMVOL)*( 

TOTALVOL-FEEDVOL*DT)+(VOL(INODE)/FEEDPVOL)*( 
FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)*TOTALVOL» 

END IF 

CONTINUE 

within each remaining cell in flow domain 
ELSE 

calculate redistributed particle number concentrations [m-3] 
DO 280 I = 1,NOPSI 

PN(I,INODE) = PN(I,INODE)*«VOL(INODE)/GEOMVOL)*( 
TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/ 
GEOMVOL)*TOTALVOL) 

CONTINUE 

estimate 
current 
estimate 
DO 290 I 

no,~r"T.,m of equilibrium species concentrations as logarithm of 
r"",rAn species concentrations (supplied as initial 

to subroutine NSIIAD) [log(kmol.m-3)] 
= 1,11 

IF (lO.O**X(I) .EQ.O.O) 
XII) -1000.0 

THEN 

ELSE 
XII) LOG10«10.0**X(I»*«VOL(INODE)/GEOMVOL) *( 

TOTALVOL-FEEDVOL*DT»/«VOL(INODE)/GEOMVOL)* 
TOTALVOL) ) 

END IF 

CONTINUE 

END IF 

calculate 3rd moment [micron3.m-3] 
SCAL(INODE,1,IM3) = 0.0 

DO 300 I = 1,NOPSI 
SCAL(INODE,1,IM3) SCAL(INODE,1,IM3)+«PAVE3(I) **3.0)* 

PN(I, INODE» 
CONTINUE 

calculate precipitate yield [kmol.m-3] 
SCAL(INODE,l,IPPT) = (PI*SCAL(INODE,1,IM3)/6.0)*RHO*1.0E-18 

calculate total component concentrations 
subroutine CALFUN to close mass balance) [kmol 
H.+ 

solid species; used in 

CC(l) (lO.O**X(l»-(10.0**X(5»-(2.0*(10.0**X(6»)-(lO.O 
**X(9»-(lO.0**X(lO»-(3.0*(lO.O**X(11») 

Ni.2+ 
CC(2) (lO.O**X(2) )+(10.O**X(6) )+(lO.0**X(7) )+(10.O**X(8» 
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+(10.0**X(9) )+(2.0*(10.0**X(10» )+(lO.O**X(ll» 

10.O**X(3) 

(lO.O**X(4»+(2.0*(10.O**X(7»)+(10.O**X(8» 

files 

calculate logarithm of current Ni(OH)2 solid concentration (supplied to 
subroutine NSllAD and returned unchanged) [log(kmol.m-3)] 
IF (SCAL(INODE,l,IPPT) .GT.O.O) THEN 

X(12) = LOGlO(SCAL(INODE,l,IPPT» 
ELSE 

X(12) = -1000.0 
END IF 

required by subroutine NSllAD 
number of unknowns (species concentrations) 

X-step used to calculate estimates of Jacobian (partial derivatives) 
matrix numerically 
STEP = 1. OE-12 

141 

generous estimate of 'distance' between initial approximation and required 
solution 
STPMAX = 5.0 
maximum number of calls of subroutine CALFUN 
MAX FUN 500000000 

required accuracy (maximum sum of square errors) 
ACC = 1. OE-20 

exclude solid species from equilibrium calculation 
SPECSETI = 1 

if nickel present in solution 
IF (CC(2) .GT.O.O) THEN 

include nickel species in equilibrium calculation 
SPECSET2 = 1 

if no nickel present in solution 
ELSE 

exclude nickel species from equilibrium calculation 
SPECSET2 = 2 

END IF 

call subroutine NSllAD to resolve equilibrium state of system 
CALL NSllAD(N,X,F,A,STEP,STPMAX,ACC,MAXFUN,IPRINT,WO,IW) 

calculate 
00 310 I = 

activities 

ACTIV(I,INODE) = 10.0**LAS(I) 
CONTINUE 

calculation supersaturation 
SCAL (INODE,I, ISUPER) ( (ACTIV(2, INODE» * ((ACTIV (5, INODE) ) 

**2.0»/KSP 
calculate pH 
SCAL(INODE,I,IPH) -LAS (1) 
calculate ionic strength [kmol.m-3] 
SCAL(INODE,l,ISTION) = STION 
calculate Ni.2+ activity 
SCAL(INODE,I,IANI) = ACTIV(2,INODE) 
calculate total dissolved nickel concentration [kmol.m-3] 
SCAL(INODE,I,ITDNC) = (10.0**X(2»+(10.0**X(6»+(10.O**X(7) 

END IF 

END IF 

) + (10. O**X (8) ) + (10. O**X (9) ) + (2.0* ( 
10.0**X(10» )+(10.0**X(1l» 

calculate Oth [m-3], 1st [micron.m-3], 2nd [micron2.m-3] and 3rd [micron3.m-3] 
moments 
SCAL(INODE,I,IMO) 0.0 
SCAL(INODE,l,IM1) 0.0 
SCAL(INODE,1,IM2) 0.0 
SCAL(INODE,I,IM3) 0.0 

DO 320 I = I,NOPSI 
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C 

.. 

.. 

SCAL(INODE,l,IMO) 
SCAL (INODE, 1, 1Ml) 
SCAL(INODE,1,1M2) 

SCAL(INODE,1,IM3) 

320 CONTINUE 

= SCAL(INODE,l,IMO)+PN(I,INODE) 
SCAL(INODE,1,IM1)+(PAVE1(I)*PN(I,INODE» 
SCAL(INODE,1,IM2)+«PAVE2(I)**2.0)* 
PN (I, INODE» 
SCAL(INODE,1,IM3)+«PAVE3(I)**3.0)* 
PN(I,INODE» 

C calculate solids volume fraction 
SCAL(INODE,1, ISVF) - (PI*SCAL(INODE,l,IM3)/6.0)*1.OE-18 

C calculate precipitate yield [kmol.m-3] 
SCAL(INODE,l,IPPT) = (PI*SCAL(INODE,l,IM3)/6.0)*RHO*1.OE-18 

C 
IF (SCAL(INODE,l,IMO) .GT.O.O) THEN 

C calculate average particle diameter [micronl 
SCAL(INODE,l,IPA) = (SCAL(INODE,1,IM3)/SCAL(INODE,1,IMO»** 

.. (1.0/3.0) 
C calculate coefficient of variation 

C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

SCAL(INODE,l,ICV) «SCAL(INODE,1,IMO)*SCAL(INODE,1,IM2)/( 
.. SCAL(INODE,1,IM1)**2.0»-1.0)**(1.0/2.0) 

END IF 

write output from 
time intervals 
IF (ANINT(lOO. 

2222) THEN 

specified cell in 'bulk' zone to file fort.97 at specified 
10 s) 

.O.EQ.ANINT(TIME/IO.O).AND.INODE.EQ. 

WRITE(97,*) 'TIME',TIME 
WRITE(97,*) 'SIZE CLASS', 'PARTICLE NUMBER CONCENTRATION' 

DO 330 I = 1,NOPSI 
WRITE(97,*) I,PN(I,INODE) 

330 CONTINUE 

WRITE(97,*) 'OTH MOMENT',SCAL(INODE,l,IMO) 
WRITE(97,*) '1ST MOMENT',SCAL(INODE,I,IMI) 
WRITE(97,*) '2ND MOMENT',SCAL(INODE,l,IM2) 
WRITE(97,*) '3RD MOMENT',SCAL(INODE,1,IM3) 
WRITE(97,*) 'SOLIDS VOLUME FRACT10N',SCAL(INODE,l,ISVF) 
WRITE(97,*) 'PRECIPITATE YIELD',SCAL(INODE,l,IPPT) 

IF (SCAL(INODE,l,IMO) .GT.O.O) THEN 
WRITE(97,*) 'AVERAGE PARTICLE DIAMETER',SCAL(INODE,l,IPA) 
WRITE(97,*) 'COEFFICIENT OF VARIATION',SCAL(INODE,1,ICV) 

END IF 

WRITE(97,*) 'SUPERSATURATION',SCAL(INODE,I,ISUPER) 
WRITE(97,*) 'PH',SCAL(INODE,I,IPH) 
WRITE(97,*) 'IONIC STRENGTH',SCAL(INODE,l,ISTION) 
WRITE(97,*) 'NI.2+ ACTIVITY',SCAL(INODE,l,IANI) 
WRITE(97,*) 'TOTAL DISSOLVED NICKEL CONCENTRATION', 

.. SCAL(INODE,l,ITDNC) 
WRITE(97,*) 'GRID CELL VOLUME', VOL (INODE) 
WRITE(97,*) '"REAL" TOTAL VOLUME',TOTALVOL 

END IF 

C update user scalars used to store speciation estimate for following time step 
C [log (kmol.m-3) I 
C H.+ 

SCAL(INODE,l,ISl) X(l) 
C Ni.2+ 

SCAL(INODE,l,IS2) X(2) 
C Na.+ 

SCAL(INODE,1,IS3) X(3) 
C Cl.-

SCAL(INODE,l,IS4) X(4) 
C OH.-

SCAL (INODE, 1, ISS) X (5) 
C Ni (OH) 2 .aquelous 

SCAL(INODE, IS6) X(6) 
C NiC12 aqueous 

SCAL(INODE,l,IS7) X(7) 
C NiCl.+ 

SCAL(INODE,l,ISS) XIS) 
C NioH.+ 

SCAL(INODE,1,IS9) X(9) 
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C 

C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 
C 

C 

C 

C 

& 

& 

& 

& 

& 

& 

Ni20H.3+ 
SCAL(1NODE,l,1SlO) 
Ni(OH)3.­
SCAL(1NODE,l,1Sll) 

X(lO) 

X(ll) 

Selected annotated CFX® files 

update user scalars representing dissolved species concentrations [kmol.m-3] 
H.+ 
SCAL(INODE,l,IH) = lO.O**X(l) 
Ni.2+ 
SCAL(1NODE,l,1N1) lO.O**X(2) 
Na.+ 
SCAL(INODE,l,INA) lO.O**X(3) 
Cl.-
SCAL(INODE,l,ICL) lO.O**X(4) 
OH.-
SCAL(INODE,l,IOH) lO.O**X(5) 
Ni(OH)2 aqueous 
SCAL(INODE,1,IN10H2) lO.O**X(6) 
NiCl2 aqueous 
SCAL(INODE,1,INICL2) lO.O**X(7) 
NiCl.+ 
SCAL(INODE,l,INICL) lO.O**X(B) 
NiOH.+ 
SCAL(INODE,1, INIOH) lO.O**X(9) 
Ni20H.3+ 
SCAL(INODE,1,INI20H) lO.O**X(lO) 
Ni(OH)3.-
SCAL(INODE,l,1NIOH3) lO.O**X(ll) 

user scalars representing particle number concentrations [m-3] 
size interval 

SCAL(INODE,l,1l) = PN(l,1NODE) 
2nd size interval 
SCAL(1NODE,1,12) = PN(2,1NODE) 
3rd size interval 
SCAL(1NODE,l,13) = PN(3,INODE) 
4th size interval 
SCAL(INODE,1,14) = PN(4,1NODE) 
5th size interval 
SCAL (INODE, 1, 15) = PN(5,1NODE) 
6th size interval 
SCAL(INODE,1,I6) = PN(6,1NODE) 
7th size interval 
SCAL(1NODE,1,17) = PN(7,INODE) 
8th size interval 
SCAL(INODE,l,I8) = PN(8,INODE) 
9th size interval 
SCAL(1NODE,1,I9) = PN(9,INODE) 
10th size interval 
SCAL(INODE,1,I10) = PN(lO,INODE) 
11th size interval 
SCAL(INODE,1,Il1) = PN(ll,INODE) 
12th size interval 
SCAL(INODE,1,I12) = PN(12,INODE) 
13th size interval 
SCAL(INODE,1,Il3) = PN(13,INODE) 

stop if negative species concentration(s) inputted to CFX-4.3 Solver 
IF (SCAL(INODE,l,IH) .LT.O.O.OR.SCAL(INODE,1,IN1) .LT.O.O.OR. 

SCAL(INODE,l,INA).LT.O.O.OR.SCAL(INODE,l,ICL) .LT.O.D.OR. 
SCAL(INODE,l, IOH) .LT.O.O.OR.SCAL(INODE,1,INIOH2) .LT.O.D.OR. 
SCAL(INODE,1,INICL2).LT.O.O.OR.SCAL(INODE,1,INICL) .LT.O.D.OR 
.SCAL(INODE,l,IN10H) .LT.O.O.OR.SCAL(INODE,1,INI20H) .LT.O.D. 
OR. SCAL (INODE, l, INIOH3) .LT.O.O) THEN 

write output to file fort.99 
WRITE(99,*) 'ERROR: NEGATIVE SPECIES CONCENTRATION(S) 'II 

'INPUTTED TO CFX-4.3 SOLVER' 
WRITE(99,*) 'CELL',INODE 
stop with message output 
STOP 'NEGATIVE SPECIES CONCENTRATION(S) INPUTTED TO CFX-4.3 SO 

&LVER' 
END IF 

143 

C stop if negative number concentration(s) inputted to CFX-4.3 Solver 
IF (SCAL(INODE,l, .LT.O.O.OR.SCAL(INODE,1,I2).LT.O.O.OR. 

& SCAL(INODE,1,I3) .LT.O.O.OR.SCAL(INODE,1,I4).LT.O.O.OR. 
& SCAL(INODE,l,I5) .LT.O.O.OR.SCAL(INODE,1,I6).LT.O.O.OR. 
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C 

& 

I< 

I< 

I< 

SCAL(INODE,1,I1) .LT.O.O.OR.SCAL(INODE,1,I8) .LT.O.O.OR. 
SCAL(INODE,1,I9) .LT.O.O.OR.SCAL(INODE,l,IIO) .LT.O.O.OR. 
SCAL(INODE,l,Ill) .LT.O.0.OR.SCAL(INODE,1,I12) .LT.O.O.OR. 
SCAL(INODE,1,I13).LT.0.O) THEN 

write output to file fort.99 
WRITE(99,*) 'ERROR: NEGATIVE PARTICLE NUMBER 'II 

'CONCENTRATION(S) INPUTTED TO CFX-4.3 SOLVER' 
WRITE(99,*) 'CELL',INODE 

C stop with message output 

C 

STOP 'NEGATIVE PARTICLE NUMBER CONCENTRATION(S) INPUTTED TO CF 
&X-4.3 SOLVER' 

END IF 

C calculate maximum pH 
PHMAX = MAX(PHMAX,SCAL(INODE,I,IPH» 

C calculate minimum pH 
PHMIN = MIN(PHMIN,SCAL(INODE,I,IPH» 

C 
50 CONTINUE 

C 
C initialise overall Oth [m-3], 1st [micron.m-3], 2nd [micron2.m-3] and 3rd 
C [micron3.m-3] moments 

OVERMOMO 0 . 0 
OVERMOMI 0 . 0 
OVERMOM2 0 . 0 
OVERMOM3 0 . 0 

C 
C write output to file fort.99 

WRITE(99,*) 'SIZE CLASS', 'OVERALL PARTICLE NUMBER CONCENTRATION' 
C 
C within each size interval 

DO 340 I = 1,NOPSI 
C 
C initialise overall particle number concentration [m-3] 

OVERN(I) = 0.0 
C 
C call utility routine IPALL to return cell-centre addresses of those cells 
C occupied by tank contents (i.e. all interior cells) 

CALL IPALL('*', '*', 'BLOCK', 'CENTRES',IPT,NPT,CWORK,IWORK) 
C 
C within each cell in flow domain 

DO 350 J = I,NPT 
C 

C 
C 

C 
C 

C 
C 

C 
C 

C 

C 

C 

C 

C 
350 

C 
C 
C 

& 
I< 

& 

INODE = IPT (J) 

if dilution effect distributed 
IF (GENSET3.EQ.I.OR.GENSET3.EQ.3) THEN 

calculate overall particle number concentration [m-3] 
.OVERN(I) = OVERN(I)+ (PN(I,INODE) *VOL(INODE) IGEOMVOL) 

if dilution effect isolated 
ELSE IF (GENSET3.EQ.2) THEN 

within feed cell(s) 
IF (FEED (INODE) .EQ.2) THEN 

calculate overall particle number concentration [m-3] 
OVERN(I) = OVERN(I)+ (PN (I,INODE) * «VOL(INODE)*INITVOLI 

GEOMVOL) + (VOL (INODE) IFEEDPVOL) * (TOTALVOL­
INITVOL»/TOTALVOL) 

within each remaining cell in flow domain 
ELSE 

calculate overall particle number concentration [m-3] 
OVERN(I) OVERN(I)+ (PN(I,INODE) * (VOL(INODE)*INITVOLI 

GEOMVOL)/TOTALVOL) 
END IF 

END IF 

CONTINUE 

calculate overall Oth [m-3], 1st [micron.m-3], 2nd [micron2.m-3] and 3rd 
[micron3.m-3] moments 
OVERMOMO OVERMOMO+OVERN(I) 
OVERMOMl OVERMOMI+(PAVEI(I)*OVERN(I» 
OVERMOM2 OVERMOM2+( (I)**2.0)*OVERN(I» 
OVERMOM3 OVERMOM3+( (I)**3.0)*OVERN(I» 
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C 
C write output to file fort.99 

WRITE(99,*) I,OVERN(I) 
C 

C 
C 

C 

C 

340 CONTINUE 

calculate 
OVERSVF = 
calculate 
OVERPPT = 

overall solids volume fraction 
(PI*OVERMOM3/6.0)*1.OE-18 
overall yield [kmol.m-3] 

.0) *RHO*l. OE-18 

C write output to file fort.99 

C 

WRITE(99,*) 'OVERALL OTH MOMENT',OVERMOMO 
WRITE(99,*) 'OVERALL 1ST MOMENT',OVERMOMI 
WRITE(99,*) 'OVERALL 2ND MOMENT',OVERMOM2 
WRITE(99,*) 'OVERALL 3RD MOMENT',OVERMOM3 
WRITE(99,*) 'OVERALL SOLIDS VOLUME FRACTION',OVERSVF 
WRITE(99,*) 'OVERALL PRECIPITATE YIELD',OVERPPT 

IF (OVERMOMO.GT.O.O) THEN 
C calculate overall average particle diameter [micron] 

OVERPAVE = (OVERMOM3/0VERMOMO)**(l.0/3.0) 
C write output to file fort.99 

WRITE(99,*) 'OVERALL AVERAGE PARTICLE DIAMETER',OVERPAVE 
C calculate overall coefficient of variation 

OVERCV = ((OVERMOMO*OVERMOM2/(OVERMOMI**2.0»-1.0)**(1.0/2.0) 
C write output to file fort.99 

C 

WRITE(99,*) 'OVERALL COEFFICIENT OF VARIATION',OVERCV 
END IF 

C initialise overall total dissolved nickel concentration [kmol.m-3] 
OVERTDNC = 0.0 

C 

filH 

C call utility routine IPALL to return cell-centre addresses of those cells 
C occupied by tank contents (i.e. all interior cells) 

CALL IPALL('*', '*', 'BLOCK', 'CENTRES',IPT,N~T,CWORK,IWORK) 
C 
C within each cell in flow domain 

DO 360 I = I,NPT 
C 

INODE = IPT(I) 
C 
C if dilution effect distributed 

IF (GENSET3.EQ.I.OR.GENSET3.EQ.3) THEN 
C 
C calculate overall total dissolved nickel concentration [kmol.m-3] 

OVERTDNC = OVERTDNC+ (SCAL (INODE,l, ITDNC) *VOL(INODE)/GEOMVOL) 
C 
C if dilution effect isolated 

ELSE IF (GENSET3.EQ.2) THEN 
C 
C 

C 

C 

C 

C 

C 

& 

& 

& 

within feed cell(s) 
IF (FEED (INODE) .EQ.2) THEN 

calculate overall total dissolved nickel concentration [kmol.m-3] 
OVERTDNC = OVERTDNC+(SCAL(INODE,l,ITDNC)*((VOL(INODE)* 

INITVOL/GEOMVOL) + (VOL(INODE)/FEEDPVOL) * (TOTALVOL 
-INITVOL»/TOTALVOL) 

within each remaining cell in flow domain 
ELSE 

calculate overall total dissolved nickel concentration [kmol.m-3] 
OVERTDNC OVERTDNC+ (SCAL (INODE, l, ITDNC) * (VOL (INODE) * 

INITVOL/GEOMVOL)/TOTALVOL) 
END IF 

END IF 

360 CONTINUE 
C 
C write output to file fort.99 

C 

WRITE(99,*) 'OVERALL TOTAL DISSOLVED NICKEL CONCENTRATION', 
& OVERTDNC 
WRITE(99,*) 'TANK GEOMETRY VOLUME',GEOMVOL 
WRITE(99,*) '''REAL'' TOTAL VOLUME',TOTALVOL 
WRITE(99,*) 'MAXIMUM PH',PHMAX 
WRITE(99,*) 'MINIMUM PH',PHMIN 

C write output to file fort.98 at specified time intervals (every 10 s) 

141 
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C 

370 
C 

C 

C 

C 

C 
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IF (ANINT(lOO.O*TIME)/IOOO.O.EQ.ANINT(TIME/lO.O» THEN 

WRITE(98,*) 'TIME',TIME 
WRITE(98,*) 'SIZE CLASS', 'OVERALL PARTICLE NUMBER 'II 

& 'CONCENTRATION' 

DO 370 I : I,NOPSI 
WRITE(98,*) I,OVERN(I) 

CONTINUE 

WRITE(98,*) 'OVERALL OTH MOMENT',OVERMOMO 
WRITE(98,*) 'OVERALL 1ST MOMENT',OVERMOMI 
WRITE(98,*) 'OVERALL 2ND MOMENT',OVERMOM2 
WRITE(98,*) 'OVERALL 3RD MOMENT',OVERMOM3 
WRITE(98,*) 'OVERALL SOLIDS VOLUME FRACTION',OVERSVF 
WRITE(98,*) 'OVERALL PRECIPITATE YIELD',OVERPPT 

IF (OVERMOMO.GT.O.O) THEN 
WRITE(98,*) 'OVERALL AVERAGE PARTICLE DIAMETER',OVERPAVE 
WRITE(98,*) 'OVERALL COEFFICIENT OF VARIATION',OVERCV 

END IF 

WRITE(98,*) 'OVERALL TOTAL DISSOLVED NICKEL CONCENTRATION', 
& OVERTDNC 

WRITE(98,*) 'TANK GEOMETRY VOLUME',GEOMVOL 
WRITE(98,*) '"REAL" TOTAL VOLUME',TOTALVOL 
WRITE(98,*) 'MAXIMUM PH',PHMAX 
WRITE(98,*) 'MINIMUM PH',PHMIN 

END IF 

C if simulation to stop if contents of stirred tank deemed to be uniformly 
C distributed 

IF (GENSET4.EQ.2) THEN 
C 
C if criteria for uniformity met 

IF (KSTEP.GT.0.AND.PHMAX-PHMIN.LE.0.05) THEN 
C write output to file fort.99 

WRITE(99,*) 'INFO: SPATIAL UNIFORMITY ACHIEVED' 
C stop with message output 

C 

C 
C 
C 

C 

STOP 'SPATIAL UNIFORMITY ACHIEVED' 
END IF 

END IF 

zero volumetric feed rate (corrected for use in subroutine USRSRC) 

IF (KSTEP.EQ.FEEDSTEP) FEEDVOL = 0.0 

C++++++++++++++++ END OF USER AREA 5 ++++++++++++++++++++++++++++++++++ 
C 

RETURN 
C 

END 
C 
C********************************************************************** 
C 
C Subroutine CALFUN is called by subroutine NSllAD to compute the values of the 
C functions for which zeroes are to be found. These functions represent the 
C equilibrium relationships and mass balances to be satisfied. The Davies 
C deemed suitable for the relatively low ionic strengths encountered, is 
C calculate the activity coefficients which relate species concentrations and 
C activities. Molarity, as opposed to the technically correct molality, is used 
C the measure of concentration. The of logarithms is 
C exercise, since the NSllAD is improved if all 
C values are similar same applies to the species concentration 
C variables. Necessary are inputted. 
C 

C 

C 

SUBROUTINE CALFUN(N,X,F) 

DOUBLE PRECISION LKA,Z 
DOUBLE PRECISION F,X 
DOUBLE PRECISION CC,KSP 
DOUBLE PRECISION LACS,LAS,STION 
DOUBLE PRECISION CCO,LKAO 

INTEGER I 
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C 
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C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 
C 
C 
C 

C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 
C 

C 

10 
C 

20 
C 
C 
C 
C 
C 

C 

C 

INTEGER N 
INTEGER SPECSET1,SPECSET2 

COMMON /UCSPEC1/KSP 
COMMON /UCSPEC2/CC 
COMMON /UCSPEC3/LAS,STION 
COMMON /UCSPEC4/SPECSET1,SPECSET2 

DIMENSION LKA(12),Z(12) 
DIMENSION F(12),X(12) 
DIMENSION CC(4) 
DIMENSION LACS(12),LAS(12) 
DIMENSION CCO(4),LKAO(12) 

Selected annotated CFX® flies 

specify logarithm of equilibrium constant for species formation reactions 
at temperature of interest (~5 deg C)I values specified for reactions as 
presented (i.e. only species designated as components combine to form 
additional species) 
H20 = OH.- + H.+ 
LKA(5) = -13.998 
Ni.2+ + 2H20 = Ni(OH)2 aqueous + 2H.+ 
LKA(6) = -19.0 
Ni.2+ + 2Cl.- = NiC12 aqueous 
LKA(7) = 0.96 
Ni.2+ + Cl.- = NiCl.+ 
LKA(8) = 0.399 
Ni.2+ + H20 = NiOH.+ + H.+ 
LKA(9) = -9.86 
2Ni.2+ + H20 = Ni20H.3+ + H.+ 
LKA(lO) = -10.7 
Ni.2+ + 3H20 = Ni(OH)3.- + 3H.+ 
LKA(ll) -30.0 

calculate logarithm of Ni(OH)2 solubility product at temperature of interest 
(25 deg C) 
Ni(OH)2 solid = Ni.2+ + 20H.­
LKA(12) = LOGIO(KSP) 

specify species charges 
H.+ 
Z(l) = 1.0 
Ni.2+ 
Z(2) 2.0 
Na.+ 
Z(3) 1.0 
C1.-
Z(4) -1.0 
OH.-
Z(5) -1.0 
NiCl.+ 
zeal = 1.0 
NiOH.+ 
Z(9) = 1.0 
Ni20H.3+ 
Z (10) = 3.0 
Ni(OH)3.­
Z(ll) = -1.0 

calculate ionic strength (charged species only) [kmol.m-3] 
STION 0.0 

DO 10 I 
STION 

CONTINUE 

1,5 
STION+(O.5*(Z(I)**2.0)*(10.0**X(I») 

D0201=8,11 
STION = STION+(O.5*(Z(I)**2.0)*(10.0**X(I») 

CONTINUE 

(for substitution in the Davies 

147 

calculate 'charge' of uncharged 
equation) as square root of 
constituent ion charges 

value of product of positive and negative 

Ni(OH)2 aqueous 
Z(6) = 2.0**0.5 
NiC12 aqueous 
Z(7) = 2.0**0.5 
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C 
C 

30 
C 
C 

40 
C 
C 
C 

C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

Selected annotated CFX® files 

calculate logarithm of activity coefficient of dissolved species using the 
Davies equation 
DO 30 I = 1,11 

LACS (I) -0.5092*(Z(I)**2.0)*«(STION**0.5)/(1.0+(STION**0.5» 
& )-(0.3*STION» 

CONTINUE 

calculate logarithm of species activities 
DO 40 I = 1,11 

LAS(I) = LACS(I)+X(I) 
CONTINUE 

calculate appropriate relationship between current species activities 
H20 = OH.- + H.+ 
LKAO(5) LAS(5)+LAS(1) 

if nickel species included in equilibrium calculation 
IF (SPECSET2.EQ.l) THEN 

Ni.2+ + 2H20 : Ni(OH)2 aqueous + 2H.+ 
LKAO(6) = LAS(6)+(2.0*LAS(1»-LAS(2) 
Ni.2+ + 2Cl.- = NiC12 
LKAO(7) = LAS(7)-LAS(2)- .0*LAS(4» 
Ni.2+ + Cl.- = NiCl.+ 
LKAO(8) = LAS (8)-LAS(2)-LAS(4) 
Ni.2+ + H20 = NiOH.+ + H.+ 
LKAO(9) = LAS (9)+LAS(1)-LAS(2) 
2Ni.2+ + H20 = Ni20H.3+ + H.+ 
LKAO(lO) = LAS(10)+LAS(1)-(2.0*LAS(2» 
Ni.2+ + 3H20 = Ni(OH)3.- + 3H.+ 
LKAO(ll) = LAS(11)+(3.0*LAS(1»-LAS(2) 

if nickel species excluded from equilibrium calculation 
ELSE IF (SPECSET2.EQ.2) THEN 

LKAO(6) LKA(6) 
LKAO(7) LKA(7) 
LKAO(8) LKA(6) 
LKAO(9) LKA(9) 
LKAO(lO) = LKA(lO) 
LKAO(ll) = LKA(ll) 

END IF 

C if solid species excluded from equilibrium Cd.LCt'~d'~ 
IF (SPECSETl.EQ.l) THEN 

LKAO(l2) = LKA(l2) 
C if solid species included in equilibrium calculation 

ELSE IF (SPECSET1.EQ.2) THEN 
C Ni(OH)2 solid = Ni.2+ + 20H.-

C 

LKAO(12) = LAS(2)+(2.0*LAS(5» 
END IF 

C calculate total component concentrations based on current species concentrations 
C [kmol.m-3] 
C if solid species excluded from equilibrium calculation 

IF (SPECSET1.EQ.l) THEN 
C H.+ 

CCO(l) (lO.O**X(l» (lO.O**X(5» (2.0*(lO.O**X(6»)-(10.O** 
& X(9»-(lO.O**X(lO»-(3.0*(lO.O**X(11») 

C Ni.2+ 
CCO(2) (lO.O**X(2»+(10.0**X(6»+(lO.0**X(7»+(10.0**X(8»+( 

& lO.O**X(9»+(2.0*(10.0**X(10»)+(lO.0**X(11» 
C if solid species included in equilibrium calculation 

ELSE IF (SPECSETl.EQ.2) THEN 
C H.+ 

C 

C 
C 

C 

C 

CCO(l) = (lO.0**X(1»-(10.0**X(5»-(2.0*(lO.O**X(6»)-(10.O** 
& X(9»-(10.0**X(lO»-(3.0*(10.O**X(11»)-(2.0*(lO.O** 
, X(l2») 

& 

& 

Ni.2+ 
CCO(2) 

END IF 

Na.+ 
CCO (3) 
Cl.­
cco (4) 

(10.0**X(2) )+(lO.0**X(6»+ (10.0**X(7» +(10.0**X(8»+ ( 
lO.O**X(9) )+(2.0*(lO.O**X(10» )+(lO.O**X(ll) )+(10.0** 
X(12) ) 

lO.O**X(3) 

(10.0**X(4»+(2.0*(10.0**X(7»)+(lO.O**X(8» 

C calculate function for which zero is to be found 
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C satisfy mass balances 
DO 50 I = 1,4 

F(I) = CCO(I)-CC(I) [kmol.m-3] 
50 CONTINUE 

C 
C satisfy equilibrium relationships 

DO 60 I = 5,12 
F(I) ~ LKAO(I)-LKA(I) 

60 CONTINUE 
C 

RETURN 
C 

END 
C 
c******************************************************************** 
C 

C Subroutines NSllAD and MBOlcD and functions FD05AD, ID05AD and ZAD2AS were 
C together, upon application, from HSL Archive. Any changes to the original 
C are indicated. 
C 
C******************************************************************** 
C 

C Subroutine NSllAD is called by subroutine USRTRN to resolve the 
C equilibrium state of system (i.e. to perform the necessary speciation 

148 

C calculations). computationally, this task amounts to solving a system of a number 
C of non-linear algebraic equations or functions and mass balance 
C relationships) in an equal number of unknowns concentrations). The 
C solution method uses the ideas of Newton-Raphson and Steepest Descent, coupled with 
C s method for improving Jacobian matrices. An initial estimate of the 
C (i.e. the set of equilibrium species concentrations) as is a 
C reasonable step size to be used for approximating derivatives matrix) by 
C finite differences. Subroutine CALFUN is called to calculate each of the function 
C values for each updated set of species concentrations. In addition, subroutine 
C MBDlcD is invoked to evaluate the inverse of the Jacobian approximation. A solution 
C is accepted when a accuracy is achieved. The simulation is stopped if 
C this calculation 
C 
C COPYRIGHT (c) 1993 AEA Technology and 
C Council for the Central Laboratory of the Research Councils 
C 

C None of the comments in this Copyright notice between the lines 
C of asterisks shall be removed or altered in any way. 
C 
C This Package is intended for compilation without modification, 
C so most of the embedded comments have been removed. 
C 
C ALL USE IS SUBJECT TO LICENCE. For full details of an HSL ARCHIVE 
C Licence, see http://hsl.rl.ac.uk/archive/cou.html 
C 
C please note that for an HSL ARCHIVE Licence: 
C 
c 1. The 
C 
C 
C 
C 
C 2. 
C 

for use by any other person. 
by the Licensee to a third party 

written agreement between AEA 
Licensee on suitable terms and conditions, 

financial conditions. 
the Package is provided to the Licensee on the 
the details thereof are confidential. 

c 3. All publications issued by the Licensee that include results obtained 
C with the help of one or more of the Packages shall acknowledge the 
C use of the Packages. The Licensee will notify the Numerical Analysis 
C Group at Rutherford of such publication. 
C 4. The Packages may be the Licensee 
C for such use in research time shall such 
C Packages or modifications of the 
C Licensee. The Licensee shall make available of charge to the 
C copyright holder for any purpose all information relating to 
C any modification. 
C 5. Neither CCLRC nor AEA Technology pIc shall be liable for any 
C direct or consequential loss or damage whatsoever arising out of 
C the use of Packages by the Licensee. 
C 
C******************************************************************** 
C 
C tool decs employed. 
C a mOdified version of NSOlAD with integer workspace 
C argument IW added. 
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C SAVE statements added. 
C NS11CD reference removed. 
C Arg dimensions set to *. 
C DFLOAT -> DBLE. 
C Modified for obsolescent features (Feb 1997) 
C 
C EAT 21/6/93 EXTERNAL statement put in for block data so will work on VAXs. 
C 

SUBROUTINE NS1IAD{N,X,F,AJINV,DSTEP,DMAX,ACC,KAXFUN,IPR,WO,IW) 
C 
C modify original routine - include new variable 

DOUBLE PRECISION DENOM 
C 

DOUBLE PRECISION ACC,DMAX,DSTEP 
INTEGER IPR,KAXFUN,N 
DOUBLE·PRECISION AJINV(N,N),F(*),WO{*),X(*) 
INTEGER IW(N) 
DOUBLE PRECISION ANMULT,DD,DM,DMM,DMULT,DN,DS,DSS,DTEST,DW,FMIN, 

+ FNP,FSQ,PA,PJ,SP,SPNS,SS,TINC 
INTEGER I,IC,IPRINT,IS,ITER,J,K,KK,KS,KAXC,MW,ND,NDC,NF,NT,NTEST, 

,+ NW,NX 
EXTERNAL CALFUN,MB01CD 
EXTERNAL NSllCD 
INTRINSIC DABS,DBLE,DKAXI,DMINI,DSQRT,MOD 
COMMON /NS11BD/LP,LPD,IERR 
INTEGER IERR,LP,LPD 
SAVE /NSllBD/ 
KAXC = 0 
IPRINT IPR 
IERR = 0 
ITER = 0 
IF (LP.LE.O) IPRINT = 0 

C NT = N + 4 
C 
C 
C 

C 

modify original routine 
residuals 
NT = N + 400000000 

NTEST = NT 
DTEST = DBLE(N+N) 0.5 
NX N*N 
NF NX+N 
NW NF + N 
MW NW+N 
NDC = MW + N 
ND = NDC + N 
FMIN = O.ODO 
DD = O.ODO 
DSS = DSTEP*DSTEP 
DM = DKAX*DMAX 
DMM = 4.0DO*DM 
IS = 5 
TINC = I.ODO 

increase NT to prevent error due to failure to improve 

IF (IPRINT.NE.O) WRITE (LP,FMT=86) 
86 FORMAT ('1') 

1 KAXC = KAXC + 1 
CALL CALFUN{N,X,F) 
FSQ = O.ODO 
DO 2 I = 1, N 

FSQ = FSQ + F(I)*F(I) 
2 CONTINUE 

IF(FSQ-ACC.GT.O) GO TO 4 
3 IF (IPRINT.EQ.O) GO TO 5 

WRITE (LP,FMT=7) KAXC 
7 FORMAT (/,I,/,5X, 'THE FINAL SOLUTION CALCULATED BY NS11A REQUIRED' 

+ ,I5,' CALLS OF CALFUN, AND IS ') 
WRITE (LP, FMT=8) (I, X (I), F (1),1=1, N) 

8 FORMAT (/,1,4X, 'I',7X, 'X(I) ',12X, 'F(I) ',1,1, (I5,2D24.l6» 
WRITE (LP,FMT=9) FSQ 

9 FORMAT (/,5X, 'THE SUM OF SQUARES IS',D24.16) 
C 5 RETURN 
C 
C modify original routine - stop simulation if error in speciation calculation 

5 IF (IERR.EQ.O) THEN 
RETURN 

ELSE 
WRITE(99,*) IERR, 'ERROR IN SPECIATION CALCULATION' 
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STOP 'ERROR IN SPECIATION CALCULATION' 
END IF 

4 GO TO (10,11,11,10,11) IS 
10 IF(FSQ-FMIN.LT.O) GO TO 15 

IF(DD-DSS.GT.O) GO TO 11 
NTEST = NTEST - 1 
IF(NTEST.LT.O) GO TO 13 
IF(NTEST.GT.O) GO TO 11 
IF (LPD.GT.O) WRITE (LPD,FMT=16) NT 
IERR = 1 

16 FORMAT (/,/,/,5X, 'ERROR RETURN FROM NSI1A BECAUSE', IS, 
+ ' CALLS OF CALFUN FAILED TO IMPROVE THE RESIDUALS') 

17 DO 18 I = 1,N 
XII) - WO(NX+I) 
F(I) = WO(NF+I) 

18 CONTINUE 
FSQ = FMIN 
GO TO 3 

13 IF (LPD.GT.O) WRITE (LPD,FMT=19) 
IERR = 2 

19 FORMAT (/,/,/,5X, 'ERROR RETURN FROM NSIIA BECAUSE F(X) , 
+ 'FAILED TO DECREASE USING A NEW JACOBIAN') 

GO TO 17 
15 NTEST = NT 
11 IF(MAXFUN-MAXC.GT.O) GO TO 22 

IF (LPD.GT.O) WRITE (LPO,FMT=23) MAXC 
IERR = 3 

23 FORMAT (/,/,/, 'ERROR RETURN FROM NSl1A BECAUSE THERE HAVE BEEN' 
+ ,IS,' OF CALFUN') 

IF(FSQ-FMIN.LT.O) GO TO 3 
GO TO 17 

22 IF (IPRINT.LE.O) GO TO 24 
IF (MOO(MAXC,IPRINT) .NE.O) GO TO 24 
WRITE (LP,FMT=26) MAXC 

26 FORMAT (/,/,/,5X, 'AT THE',I5,' TH CALL OF CALFUN WE HAVE') 
WRITE (LP,FMT=8) (I,X(I),F(I),I=l,N) 
WRITE (LP,FMT=9) FSQ 

24 GO TO (27,28,29,87,30) IS 
30 FMIN = FSQ 

DO 31 I = 1,N 
WO(NX+I) XII) 
WO(NF+I) = F(I) 

31 CONTINUE 
32 IC 0 

IS = 3 
33 IC = IC + 1 

X(IC) = X(IC) + OSTEP 
GO TO 1 

29 K = IC 
DO 34 I = 1,N 

WO(R) (F(I) -WO (NF+I) ) /OSTEP 
K = K + N 

34 CONTINUE 
X(IC) = WO(NX+IC) 
IF(IC-N.LT.O) GO TO 33 
K = 0 
00 36 I = 1,N 

DO 37 J = 1, N 
K = K + 1 
AJINV(I,J) WO(K) 
WO(NO+K) = 0.000 

37 CONTINUE 
WO(NDC+K+I) = 1.000 
WO(NDC+I) = 1.000 + OBLE(N-I) 

36 CONTINUE 
CALL MBOICO(AJINV,N,N,IW,F) 

38 OS O.ODO 
ON = 0.000 
SP = O.ODO 
ITER = ITER + 1 
IF (IPRINT.GE.O) GO TO 6 
IF (MOO(ITER,-IPRINT).NE.O) GO TO 6 
WRITE (LP,FMT=25) ITER 

25 FORMAT (/,/,/,5X, 'AT THE',I5, 
+ ' TH ITERATION THE LEAST CALCULATED SUM OF SQUARES IS AS FOLLOWS' 
+ ) 

flies 151 
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WRITE (LP,FMT=8) (I,WO(NX+I),WO(NF+I),I=l,N) 
WRITE (LP,FMT=9) FMIN 

6 DO 39 I = 1,N 
XII) '" O.ODO 
F(I) '" O.ODO 
K '" I 
DO 40 J = 1, N 

XII) = XII) - WO(K)*WO(NF+J) 
F(I) F(I) - AJINV(I,J)*WO(NF+J) 
K ~ K + N 

40 CONTINUE 
DS = DS + X(I)*X(I) 
DN = DN + F(I)*F(I) 
SP = SP + X(I)*F(I) 

39 CONTINUE 
IF(FMIN*FMIN-DMM*DS.LE.O) GO TO 41 
GO TO (43,43,44) IS 

44 IF (LPD.GT.O) WRITE (LPD,FMT=45) 
IERR = 4 

45 FORMAT (/,/,/,5X,'ERROR RETURN FROM NSI1A BECAUSE A NEARBY' 
+ 'STATIONARY POINT OF F (X) IS PREDICTED') 

GO TO 17 
43 NTEST = 0 

DO 46 I = l,N 
XII) = WO(NX+I) 

46 CONTINUE 
GO TO 32 

41 IS = 2 
IF(DN-DD.GT.O) GO TO 48 
DO = DMAXl(DN,OSS) 
DS = 2.5D-l*ON 
TINC = 1.000 
IF (DN-DSS.GE.O) GO TO 58 
IS = 4 
GO TO 80 

48 K = 0 
DMULT = O. ODO 
DO 51 I = 1,N 

DW '" O.ODO 
DO 52 J = 1,N 

K = K + 1 
DW = OW + WO(K)*X(J) 

52 CONTINUE 
DMULT = DMULT + OW*DW 

51 CONTINUE 
DMULT '" OS/DMULT 
DS = 
IF(OS-DD. 
IF(DD.GT.O) GO TO 56 
DO = DMAXl(DSS,DMIN1(DM,DS» 
DS = DS/ (DMULT*DMULT) 
GO TO 41 

56 ANMULT '" O.ODO 
DMULT = DMULT*DSQRT(DD/DS) 
GO TO 98 

53 SP = SP*OMULT 
C ANMULT = (OO-OS)/ «SP-DS)+DSQRT«SP-00)**2+ (ON-OD)* (OO-DS») 
C 
C modify original routine - introduce and monitor DENOM to prevent floating error 

DENOM = «SP-DS)+DSQRT«SP-DD)**2+ (ON-OD)* (DO-DS») 

C 

IF (DENOM.EQ.O.O) THEN 
DENOM = 1. OE-5 
WRITE(99,*) 'INFO: ZERO DENOMINATOR CORRECTED' 

END IF 
ANMULT = (DD-DS)/DENOM 

DMULT = DMULT* (l.OOO-ANMULT) 
98 DN = O.ODO 

SP = O.ODO 
DO 57 I = l,N 

F(I) '" DMULT*X(I) + ANMULT*F(I) 
DN = DN + F(I)*F(I) 
SP = SP + F(I)*WO(ND+I) 

57 CONTINUE 
DS = 2.50-1*DN 
IF(WO(NDC+l)-DTEST.LE.O) GO TO 58 
IF(SP*SP-DS.LT.O) GO TO 60 
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GO TO 58 
50 IS = 2 
60 00 61 I = 1,N 

XCI) = WO(NX+I) + OSTEP*WO(NO+I) 
WO(NOC+I) = WO(NOC+I+l) + 1.000 

61 CONTINUE 
WO(NO) = 1.000 
DO 62 I = 1,N 

K = NO + I 
SP = WO(K) 
IF (N.LT.2) GO TO 62 
00 63 J = 2,N 

WO(K) = WO(K+N) 
K = K + N 

63 CONTINUE 
WO(K) = SP 

62 CONTINUE 
GO TO 1 

58 SP = 0.000 
K = NO 
00 64 I = 1,N 

XCI) = OW 
OW = 0.000 
DO 65 J = 1,N 

K = K + 1 
OW = OW + F(J)*WO(K) 

65 CONTINUE 
GO TO (68,66) IS 

66 WO(NDC+I) = WO(NDC+I) + 1.000 
SP = SP + OW*OW 
IF(SP-OS.LE.O) GO TO 64 
IS = 1 
KK = I 
X(l) = OW 
GO TO 69 

6B XCI) = ow 
69 WO(NOC+I) = WO(NOC+I+1) + 1.000 
64 CONTINUE 

WO(NO) = 1.000 
IF(KK-l.LE.O) GO TO 70 
KS = NOC + KK*N 
DO 72 I = 1,N 

K = KS + I 
SP = WO(K) 
00 73 J = 2,KK 

WO(K) = WO(K-N) 
K = K - N 

73 CONTINUE 
WO(K) = SP 

72 CONTINUE 
70 00 74 I = 1,N 

WO(NW+I) = 0.000 
74 CONTINUE 

SP = X(l)*X(l) 
K = NO 
IF (N.LT.2) GO TO 99 
0075I=2,N 

OS OSQRT(SP* (SP+X(I)*X(I») 
ow = SP/OS 
OS = X(I)/OS 
SP = SP + X(I)*X(I) 
00 76 J = 1, N 

K = K + 1 
WO(NW+J) = WO(NW+J) + X(I-1)*WO(K) 
WO(K) = OW*WO(K+N) - OS*WO(NW+J) 

76 CONTINUE 
75 CONTINUE 
99 SP = 1.000/0SQRT(ON) 

00 77 I = 1,N 
K = K + 1 
WO(K) = SP*F(I) 

77 CONTINUE 
BO FNP = 0.000 

K = 0 
00 78 I = 1,N 

XCI) = WO(NX+I) + F(I) 
WO(NW+I) = WO(NF+I) 
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DO 79 J = 1,N 
K '" K + 1 

files 

WO(NW+I) = WO(NW+I) + WO(K)*F(J) 
79 CONTINUE 

FNP'" FNP + WO(NW+I) **2 
78 CONTINUE 

GO TO 1 
27 OMULT '" 9.0D-l*FMIN + 1.00-1*FNP - FSQ 

IF(DMULT.GE.O) GO TO 81 
OD'" DMAXl(DSS,2'.5D-1*DD) 
TINC '" 1.0DO 
IF (FSQ-FMIN.LT.O) GO TO 83 
GO TO 28 

81 SF = O.ODO 
SS = O.ODO 
DO 84 I '" 1,N 

SF = SF + DABS(F(I)* (F(I)-WO(NW+I») 
SS = SS + (F(I)-WO(NW+I»**2 

84 CONTINUE 
PJ = 1. + DMULT/ (SF+DSQRT(SP*SP+DMULT*SS» 
SFNS = 4.0DO 
SF = DMIN1(SPNS,TINC,PJ) 
TINC = PJ/SP 
DD = DMINl(DM,SP*DD) 
GO TO 83 

87 IF(FSQ-FMIN.GE.O) GO TO 50 
83 FMIN '" FSQ 

DO 88 I = 1,N 
SF - XII) 
XII) '" WO(NX+I) 
WO(NX+I) = SF 
SP = F(I) 
F(I) = WO(NF+I) 
WO (NF+I) = SP 
WO(NW+I) = -WO(NW+I) 

88 CONTINUE 
IF(IS-l.GT.O) GO TO 50 

28 DO 89 I = 1,N 
XlI) = XlI) - WO(NX+I) 
F(I) = F(I) - WO(NF+I) 

89 CONTINUE 
K '" 0 
DO 90 I = l,N 

WO(MW+I) = XII) 
WO(NW+I) = F(I) 
DO 91 J = 1, N 

WO(MW+I) = WO(MW+I) AJINV(I,J)*F(J) 
K = K + 1 
WO(NW+I) = WO(NW+I) - WO(K)*X(J) 

91 CONTINUE 
90 CONTINUE 

SF '" 0.000 
SS = O.ODO 
DO 92 I = 1,N 

DS = O.ODO 
DO, 93 J '" 1,N 

DS = DS + AJINV(J,I)*X(J) 
93 CONTINUE 

SP '" SF + DS*F(I) 
SS '" SS + X(I)*X(I) 
F(I) = DS 

92 CONTINUE 
DMULT '" 1. 000 
IF(DABS(SP)-0.1*SS.GE.0) GO TO 95 
DMULT = 8.00-1 

95 PJ = DMULT/SS 
FA = DMULT/ (DMULT*SF+ (l.-DMULT)*SS) 
K = 0 
DO 96 I = l,N 

SP '" PJ*WO(NW+I) 
SS = PA*WO(MW+I) 
DO 97 J = 1,N 

K '" K + 1 
WO(K) '" WO(K) + SF*X(J) 
AJINV(I,J) '" AJINV(I,J) + SS*F(J) 

97 CONTINUE 
96 CONTINUE 
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GO TO 38 
END 
BLOCK DATA NSllCD 
COMMON /NSllBD/LP,LPD,IERR 
INTEGER IERR,LP,LPD 
SAVE /NSllBD/ 
DATA LP/6/,LPD/6/ 
END 

Selected annotated CFX® 

C******************************************************************** 
C 

files 156 

C Subroutine MBOlCD is called by subroutine NSllAD to evaluate the inverse of the real 
C matrix of estimated partial derivatives. The method is one of simple Gaussian 
C elimination with row interchanges and double precision accumulation of inner 
C products. 
C 
C COPYRIGHT (c) 1992 AEA Technology 
C 
C None of the comments in this Copyright notice between the lines 
C of asterisks shall be removed or altered in any way. 
C 
C This Package is intended for 
C so most of the embedded comments 
C 

~ithout modification, 

C ALL USE IS SUBJECT TO LICENCE. For full details of an HSL ARCHIVE 
C Licence, see http://hsl.rl.ac.uk/archive/cou.html 
C 
C Please note that for an HSL ARCHIVE Licence: 
C 
C 1. The must not be copied for use by any other person. 
C 
C 
C 

part of the library by the Licensee to a third party 
to written agreement between AEA 

and Licensee on suitable terms and conditions, 
C financial conditions. 
C 2. information on the Package is provided to the Licensee on the 
C that the details thereof are confidential. 
C 3. issued by the Licensee that include results obtained 
C with the help of one or more of the Packages shall acknowledge the 
C use of the Packages. The Licensee will notify the Numerical Analysis 
C Group at Rutherford Appleton Laboratory of any such publication. 
C 4. The Packages may be modified by or on behalf of the Licensee 
C for such use in research applications but at no time shall such 
C Packages or modifications thereof become the property of the 
C Licensee. The Licensee shall make available free of charge to the 
C copyright holder for any purpose all information relating to 
C modification. 
C 5. CCLRC nor AEA pIc shall be liable for any 
C direct or consequential loss or whatsoever arising out of 
C the use of Packages by the Licensee. 
C 
C******************************************************************** 
C 
C DATE 7 Dec 1992 
C tool decs 
C reference 
C ZERO and ONE made PARAMETER. 
C FM02AD and WI references removed. 
C SAVE statements added. 
C 
C EAT 21/6/93 EXTERNAL statement put in for block data so will work on VAXs. 
C 

SUBROUTINE MBOICD(A,M,IA,IND,C) 
DOUBLE PRECISION ZERO,ONE 
PARAMETER (ZERO=O.ODO,ONE=l.ODO) 
INTEGER IA,M 
DOUBLE PRECISION A(IA,M),C(M) 
INTEGER IND(M) 
DOUBLE PRECISION AMAX,DIV,SCPROD,STO,WO 
INTEGER I,Il,IMAX,IPROD,ISTO,IW,J,Jl,K,Ml 
INTRINSIC DABS 
COMMON /MBOIDD/LP,IFLAG 
INTEGER IFLAG,LP 
EXTERNAL MBOlED 
SAVE /MBOIDD/ 
IFLAG = 0 
IF (M-l) 50,2,3 

2 IF (A(l,l).EQ.ZERO) GO TO 60 
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A(l,l) ONE/A(1,1) 
GO TO 99 

3 Ml = M - 1 
AMAX = ZERO 
DO 32 I = 1,M 

IND(I) = I 
IF (DABS(A(I,l»-DABS(AMAX» 32,32,31 

31 AMAX '" A(I,l) 
IMAX = I 

32 CONTINUE 
IF (AMAX.EQ.ZERO) GO TO 60 
00 41 J = 1,Ml 

IF (IMAX-J) 35,35,33 
33 IW = IND(IMAX) 

IND(IMAX) '" IND(J) 
IND(J) = IW 
00 34 K '" 1,M 

WO = A(IMAX,K) 
A(IMAX,K) = A(J,K) 
A(J,K) = Wo 

34 CONTINUE 
35 Jl '" J + 1 

IF (J.EQ.l) GO TO 38 
C IBMD IGNORE RECRDEPS 

DO 31 I = Jl,M 
SCPROD = ZERO 
00 131 IPROD = 1,J - 1 

SCPROD = SCPROD + A(J,IPROD)*A(IPROD,I) 
131 CONTINUE 

A(J,I) = A(J,I) - SCPROD 
37 CONTINUE 
38 DIV '" ONE/AMAX 

00 440 I '" J1,M 
A(I,J) = A(I,J)*DIV 

440 CONTINUE 
C IEMD IGNORE RECRDEPS 

DO 40 I = J1,M 
SCPROD .. ZERO 
00 139 IPROD '" 1,J 

SCPROD = SCPROD + A(I,IPROD)*A(IPROD,J+l) 
139 CONTINUE 

A(I,J+1) = A(I,J+l) - SCPROD 
40 CONTINUE 

AMAX = ZERO 
00 240 I = J1,M 

IF (DABS(A(I,J1»-DABS(AMAX» 240,240,239 
239 AMAX = A(I,Jl) 

lMAX = I 
240 CONTINUE 

IF (AMAX.EQ.ZERO) GO TO 60 
41 CONTINUE 

DO 13 Il = 1,Ml 
I=M+I-Il 
C(I-l) - -A(I,I-1) 
00 1011 J = I - 2,1,-1 

SCPROD = ZERO 
00 1109 IPROD = J + 1,1 - 1 

SCPROD = SCPROD + A(IPROD,J)*C(IPROD) 
1109 CONTINUE 

C(J) = -A(I,J) - SCPROD 
1011 CONTINUE 

DO 12 K = 1,I - 1 
A(I,K) = C(K) 

12 CONTINUE 
13 CONTINUE 

WO = ONE/A(M,M) 
00 320 J '" 1,M - 1 

C(J) = A(M,J) 
320 CONTINUE 

C(M) = ONE 
DO 21 J = 1,M 

A(M,J) = C(J)*WO 
21 CONTINUE 

DO 122 I = M - 1,1,-1 
WO = ONE/A(I,I) 
DO 120 J = 1,I - 1 

SCPROD = ZERO 
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DO 11B IPROD = I + I,M 
SCPROD = SCPROD + A(I, IPROD) *A(IPROD,J) 

118 CONTINUE 
C(J) = A(I,J) SCPROD 

120 CONTINUE 
SCPROD = ZERO 
DO l11B IPROD = I + I,M 

SCPROD = SCPROD + A(I,IPROD)*A(IPROD,I) 
111B CONTINOE 

C(I) = ONE - SCPROD 
DO 2120 J = I + I,M 

SCPROD = ZERO 
DO 2118 IPROD = I + 1,M 

SCPROD = SCPROD + A(I,IPROD)*A(IPROD,J) 
2118 CONTINUE 

C(J) = -SCPROD 
2120 CONTINUE 

DO 121 J I,M 
A(I,J) C(J) *Wo 

121 CONTINUE 
122 CONTINUE 

DO 26 I = I,M 
23 IF (IND(I)-I) 24,26,24 
24 J = IND(I) 

DO 25 K = I,M 
STO = A(K,I) 
A(K,I) A(K,J) 
A(K,J) = STO 

25 CONTINUE 
ISTO = IND(J) 
IND(J) = J 
IND(I) = ISTO 
GO TO 23 

26 CONTINUE 
GO TO 99 

50 IF (LP.GT.O) WRITE (LP,FMT=55) 
55 FORMAT (51H ERROR RETURN FROM MBOICD BECAUSE M IS NOT POSITIVE) 

IFLAG = 1 
GO TO 99 

C 60 IF (LP.GT.O) WRITE (LP,FMT=65) 
C 65 FORMAT (52H ERROR RETURN FROM MBOICD BECAUSE MATRIX IS SINGULAR) 
C IFLAG = 2 
C 
C modify original routine - suppress repeated message output 

C 

C 

60 IF (LP.GT.O) GO TO 65 
65 IFLAG = 2 

99 RETURN 
END 
BLOCK DATA MBOlED 
COMMON IMB01DD/LP,IFLAG 
INTEGER IFLAG,LP 
SAVE /MBOIDD/ 
DATA LP/61 
END 

C********************************************************************** 

C 

fll •• 

C Function FD05AD may be called to access real-valued machine constants relating to 
C floating-point storage and arithmetic for double precision computations. 
C 
C COPYRIGHT (c) 1993 AEA Technology 
C DATE 21 Jan 1993 
C Toolpack tool decs employed. 
C SAVE statement added. 
C 1/10/98 DC(3) not initialized to avoid SUN f90 failure 
C 

DOUBLE PRECISION FUNCTION FD05AD(INUM) 
C----------------------------------------------------------------
C Real constants for: IEEE double precision (8-byte arithmetic) . 
C 
C Obtained from H.S.L. subroutine ZE02AM. 
C Nick Gould and Sid Marlow, Harwell Laboratory, April 1988. 
C----------------------------------------------------------------
C .. Scalar Arguments 

INTEGER INUM 
C 

157 
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C .• Local Arrays .. 
DOUBLE PRECISION DC(S) 

C 
C .• Save statement .. 

C 
C 
C 

SAVE DC 

Data statements •• 

C DC(l) THE SMALLEST POSITIVE NUMBER: 1.0 + DC(l) > 1.0. 
C DC(2) THE SMALLEST POSITIVE NUMBER: 1.0 - DC(2) < 1.0. 
C DC(3) THE SMALLEST NONZERO +VE REAL NUMBER. 
C DC(4) THE SMALLEST FULL PRECISION +VE REAL NUMBER. 
C DC(5) THE LARGEST FINITE +VE REAL NUMBER. 
C 

DATA DC(1)/2.2204460492504D-16/ 
DATA DC(2)/1.1102230246253D-16/ 

C DATA DC(3)/4.9406564584l26D-324/ 
DATA DC(4)/2.2250738585073D-30S/ 
DATA DC(5)/1.7976931348622D+30S/ 

C 
C .. Executable Statements •. 

C 

C 
2000 

+ 
C 

C 

IF (INUM.LE.O .OR. INUM.GE.6) THEN 
WRITE (6, 2000)INUM 
STOP 

ELSE IF (INUM.EQ.3) THEN 
FD05AD DC(4)/2.0DO**52 

ELSE 
FD05AD 

END IF 

RETURN 

DC (INUM) 

FORMAT (' INUM =',13,' OUT OF RANGE IN FD05AD.', 
, EXECUTION TERMINATED.') 

END 

C********************************************************************** 
C 
C Function ID05AD may be called to access integer-valued machine constants relating to 
C floating-point storage and arithmetic for double precision computations. 
C 
C COPYRIGHT (e) 1993 AEA Technology 
C DATE 4 Feb 1993 
C Toolpack tool decs employed. 
C SAVE statements added. 
C 

INTEGER FUNCTION ID05AD(INUM) 
C----------------------------------------------------------------
C Integer constants for: IEEE double precision (S-byte arithmetic) . 
C 
C Obtained from H.S.L. subroutine ZE02AM. 
C Nick Gould and Sid Marlow, Harwell Laboratory, April 1985. 
C----------------------------------------------------------------
C •. Scalar Arguments 

INTEGER INUM 
C 
C .. Local 

INTEGER IC 
C 
C .. Save statement 

SAVE IC 
C 
C 
C 

Data statements .. 

C IC(l) THE BASE (RADIX) OF THE FLOATING-POINT ARITHMETIC. 
C IC(2) THE NUMBER OF BASE IC(l) DIGITS IN THE SIGNIFICAND. 
C IC(3) THE NUMBER OF BITS USED FOR THE EXPONENT 
C IC(4) = 0 FLOATING-POINT ADDITION CHOPS, = 1 IT ROUNDS. 
C IC(5) = 0 A GUARD DIGIT IS NOT USED FOR *, = 1 IT IS. 
C lC(6) LARGEST -VE INTEGER:l.O + DBLE(IC(1»**IC(6) > 1.0. 
C IC(7) LARGEST -VE INTEGER:l.O - DBLE(IC(1»**IC(7) < 1.0. 
C IC(8) LARGEST -VE INTEGER: DBLE(IC(1»**IC(8) > 0.0. 
C IC(9) LARGEST -VE -INTEGER: REAL(IC(1»**IC(9) IS NORMAL. 
C IC(lO) LARGEST +VE INTEGER: REAL(IC(l»**IC(lO) FINITE. 
C 

DATA IC(1)/2/ 
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C 
C 

C 

C 

C 

DATA IC(2)/53/ 
DATA IC(3)/1l/ 
DATA IC(4)/l/ 
DATA IC(5)/l/ 
DATA IC(6)/-52/ 
DATA IC(7) /-53/ 
DATA IC(B)/-l074/ 
DATA IC(9)/-10221 
DATA IC(10)/1023/ 

.. Executable Statements 
IF (INOM.LE.O .OR. INOM.GE.ll) 

WRITE(6, 2000)INOM 
STOP 

ELSE 
ID05AD 

END IF 

RETURN 

IC(INUM) 

Selected annotated CFX® 

THEN 

2000 
+ 

FORMAT (' INOM =',13, 'OUT OF RANGE IN ID05AD.', 
I EXECUTION TERMINATED. ') 

C 
END 

C 
C********************************************************************** 
C 
C Function ZA02AS may be called to access the CPU clock reading. 
C 
C COPYRIGHT (c) 1993 AEA Technology and 
C Council for the Central Laboratory of the Research Councils 
C Toolpack tool decs employed. 
C 

REAL FUNCTION ZA02AS(X) 
C 
C Gives the CPU time in seconds for a Generic Unix machine. 
C This version is appropriate for Compaq/Dec, HP, Silicon Graphics, 
C Sun and Intel(Linux) machines, using default compilers. 
C 
C .. Scalar Arguments .. 

REAL X 
C 
C .. Local Arrays 

'REAL RRTIME(2) 
C 
C .. External Functions 

REAL ETIME 
EXTERNAL ETIME 

C 
C .. Executable Statements 
C 
C DTIME CAN BE USED FOR TIME DIFFERENCE. 

C 

C 

ZA02AS = ETIME(RRTIME) 
RETURN 

END 

C********************************************************************** 
C 

ftles 169 

C Subroutine USRCVG is called CFX-4.3 Solver at the end of each outer iteration to 
C check the value of the which indicates whether or not the problem is 
C satisfactorily converged. the number of required iterations is simply 
C specified. As experience demonstrates necessary, this number is increased for a 
C selected initial Specification of a particular residual tolerance could 
C prove to be a hit-or-miss if highly variable species and particle number 
C concentrations are the only residuals calculated (i.e. the only transport equations 
C solved); a further difficulty is that the process modelled is semi-batch. However, 
C the system's chlorine content is constant, and, although the implementation of most 
C dilution options makes it appear to CFX-4.3 Solver as if this is 
C decreasing, setting a suitable tolerance on the sum of the the 
C species concentrations (inserting appropriate stoichiometric coefficients) is 
C nevertheless a viable alternative. A more rigorous, structured approach such as 
C this potentially yields improvements in accuracy and efficiency. 
C 

SUBROUTINE USRCVG(U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,SCAL,XP, 
+ YP,ZP,VOL,AREA,VPOR,ARPOR,WFACT,CONV,IPT,IBLK, 
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+ 
+ 
+ 

IPVERT,IPNODN, IPFACN,IPNODF, IPNODB, IPFACB, CMETH, 
MNSL,MXSL,RDFC,RESOR,URFVAR,LCONVG,WORK,IWORK, 
CWORK) 

C 
C********************************************************************** 
C 
C THIS SUBROUTINE ALLOWS USERS TO MONITOR CONVERGENCE, ALTER 
C UNDER RELAXATION FACTORS, REDUCTION FACTORS ETC 
C AND WRITE SOLUTION DATA AS A FUNCTION OF ITERATION 
C 
C »> IMPORTANT «< 
C »> «< 
C »> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN «< 
C »> THE DESIGNATED USER AREAS «< 
C 
C************~**************************************** ***************** 

C 
C THIS SUBROUTINE IS ~ALLED BY THE FOLLOWING SUBROUTINE 
C CUSR CVGTST 
C 
C********************************************************************** 
C 
C CREATED 
C 09/12/88 ADB 
C MODIFIED 
C 08/08/91 IRH NEW STRUCTURE 
C 03/09/91 IRH ADD CONV TO ARGUMENT LIST 
C 23/09/91 IRH ADD USEFUL COMMON BLOCKS 
C 29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT, 
C CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2 
C 03/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3 
C 07/07/92 IRH CORRECT EXAMPLE 
C 23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC. 
C 03/02/94 PHA CHANGE FLOW3D TO CFDS-FLOW3D 
C 03/03/94 FHW CORRECTION OF SPELLING MISTAKE 
C 22/08/94 NSW MOVE 'IF(IUSED.EQ.O) RETURN' OUT OF USER AREA 
C 19/12/94 NSW CHANGE FOR CFX-F3D 
C 25/03/96 NSW CORRECT MAXIMUM VELOCITY EXAMPLE 
C 02/07/97 NSW UPDATE FOR CFX-4 
C 
C********************************************************************** 
C 
C SUBROUTINE ARGUMENTS 
C 
C U - U COMPONENT OF VELOCITY 
C V - V COMPONENT OF VELOCITY 
C W - W COMPONENT OF VELOCITY 
C P - PRESSURE 
C VFRAC - VOLUME FRACTION 
C DEN - DENSITY OF FLUID 
C VIS - VISCOSITY OF FLUID 
C TE - TURBULENT KINETIC ENERGY 
C ED EPSILON 
C RS - REYNOLD STRESSES 
C T - TEMPERATURE 
C H - ENTHALPY 
C 
C 
C 
C 
C 
C 
C 

RF 
SCAL 
XP 
YP 
ZP 
VOL 
AREA 

- REYNOLD FLUXES 
- SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS) 
- x COORDINATES OF CELL CENTRES 

Y COORDINATES OF CELL CENTRES 
- Z COORDINATES OF CELL CENTRES 
- VOLUME OF CELLS 
- AREA OF CELLS 

C VPOR - POROUS VOLUME 
C ARPOR - POROUS AREA 
C WFACT - WEIGHT FACTORS 
C 
C 1FT - 10 POINTER ARRAY 
C IBLK - BLOCK SIZE INFORMATION 
C IPVERT - POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES 
C IPNODN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS 
C IPFACN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING FACES 
C IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTRES 
C IPNODB POINTER FROM BOUNDARY CENTRES TO CELL CENTRES 
C IPFACB - POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACES 
C 
C CMETH - SOLUTION METHOD 
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C 
C 
C 
C 
C 
C 

MNSL - MINIMUM NUMBER OF SWEEPS 
MXSL MAXIMUM NUMBER OF SWEEPS 
RDFC - REDUCTION FACTORS REQUIRED 
RES OR - NON LINEAR RESIDUALS 
URFVAR - ONDER RELAXATION FACTORS 

* LCONVG LOGICAL CONVERGENCE FLAG 

Selected annotated CFX® 

C WORK - REAL WORKSPACE ARRAY 
C IWORK - INTEGER WORKSPACE ARRAY 
C CWORK - CHARACTER WORKSPACE ARRAY 
C 
C SUBROUTINE ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST 
C BE SET BY THE USER IN THIS ROUTINE. 
C 
C NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE 
C ROUTINE GET ADD, FOR FURTHER DETAILS SEE THE VERSION 4 
C USER MANUAL. 
C 
C********************************************************************** 
C 

+ 

C 

C 

DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
LOGICAL 

LOGICAL 

PRECISION U 
PRECISION V 
PRECISION W 
PRECISION P 
PRECISION VFRAC 
PRECISION DEN 
PRECISION VIS 
PRECISION TE 
PRECISION ED 
PRECISION RS 
PRECISION T 
PRECISION H 
PRECISION RF 
PRECISION SCAL 
PRECISION XP 
PRECISION YP 
PRECISION ZP 
PRECISION VOL 
PRECISION AREA 
PRECISION VPOR 
PRECISION ARPOR 
PRECISION WFACT 
PRECISION CONY 
PRECISION RDFC 
PRECISION RES OR 
PRECISION URFVAR 
PRECISION WORK 
PRECISION SMALL 
PRECISION SORMAX 
PRECISION TIME 
PRECISION DT 
PRECISION DTINVF 
PRECISION TPARM 

LDEN, LVIS,LTURB, LTEMP, LBUOY, LSCAL, LCOMP, LRECT, LCYN, LAXIS, 
LPOROS,LTRANS 
LCONVG 

CHARACTER*(*) CMETH,CWORK 

C+++++++++++++++++ USER AREA 1 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES 
C 
C+++++++++++++++++ END OF USER AREA 1 +++++++++++++++++++++++++++++++++ 
C 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

C 

COMMON /ALL/NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM, 
/ALLWRK/NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE,/ADDIMS/NPHASE, 
NSCAL,NVAR,NPROP,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST, 
NRLIST,NTOPOL,/CHKUSR/IVERS,IUCALL,IUSED,/DEVICE/NREAD, 
NWRITE,NRDISK,NWDISK,/IDUM/ILEN,JLEN,/LOGIC/LDEN,LVIS, 
LTURB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN,LAXIS,LPOROS, 
LTRANS,/MLTGRD/MLEVEL,NLEVEL,ILEVEL,/RESID/IRESID,NRESID, 
/SGLDSL/IFLGPR,ICHKPR,/SPARM/SMALL,SORMAX,NITER,INDPRI, 
MAXIT,NODREF,NODMON,/TRANSI/NSTEP,KSTEP,MF,INCORE, 
/TRANSR/TIME,DT,DTINVF,TPARM 

C+++++++++++++++++ USER AREA 2 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS 

files 161 
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C THESE SHOULD START WITH THE CHARACTERS iUC' TO ENSURE 
C NO ~ONFLICT WITH NON-USER COMMON BLOCKS 
C 
C---- COMMON BLOCK FOR EXAMPLE IN USER AREA 6 
C COMMON /UCI/ VELOLD 
C 
C+++++++++++++++++ END OF USER AREA 2 +++++++++++++++++++++++++++++++++ 
C 

DIMENSION CMETH(NVAR,NPHASE),MNSL(NVAR,NPHASE),MXSL(NVAR,NPHASE), 
+ RDFC(NVAR,NPHASE),RESOR(NVAR,NPHASE),URFVAR(NVAR,NPHASE) 

DIMENSION U(NNODE,NPHASE),V (NNODE,NPHASE),W(NNODE,NPHASE), 
+ P(NNODE,NPHASE),VFRAC(NNODE,NPHASE),DEN(NNODE,NPHASE), 
+ VIS(NNODE,NPHASE),TE(NNODE,NPHASE),ED (NNODE,NPHASE), 
+ RS(NNODE,NPHASE,6),T(NNODE,NPHASE),H(NNODE,NPHASE), 
+ RFCNNODE,NPHASE,4),SCAL(NNODE,NPHASE,NSCAL) 

DIMENSION XP(NNODE),YP(NNODE),ZP(NNODE),VOL(NCELL),AREA(NFACE,3), 
+ VPOR(NCELL),ARPOR(NFACE,3),WFACT(NFACE), 
+ CONV(NFACE,NPHASE),IPT(*),IBLK(S,NBLOCK), 
+ IPVERT(NCELL,B),IPNODN(NCELL,6),IPFACN(NCELL,6), 
+ IPNODF(NFACE,4),IPNODB(NBDRY,4),IPFACB(NBDRY) ,IWORK(*) , 
+ WORK(*),CWORK(*) 

C 
C+++++++++++++++++ USER AREA 3 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS 
C 
C---- AREA FOR USERS TO DEFINE DATA STATEMENTS 
C 
C+++++++++++++++++ END OF USER AREA 3 +++++++++++++++++++++++++++++++++ 
C 
C---- STATEMENT FUNCTION FOR ADDRESSING 

IP(I,J,K) = IPT«K-I)*ILEN*JLEN+ (J-I)*ILEN+I) 
C 
C---- VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG 
C 

C 

IVERS = 3 
ICHKPR = 2 

C+++++++++++++++++ USER AREA 4 ++++++++++++++++++++++++++++++++++++++++ 
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=1 
C 

IUSED = I 
C 
C+++++++++++++++++ END OF USER AREA 4 +++++++++++++++++++++++++++++++++ 
C 

IF (IUSED.EQ.O) RETURN 
C 
C---- FRONTEND CHECKING OF USER ROUTINE 

IF (IUCALL.EQ.O) RETURN 
C 
C+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++++++++++++++++++ 
C 
C---- EXAMPLE: (TEST ON'MAX OF MASS RESIDUAL AND ENTHALPY RESIDUAL) 
C 
C 
C 
C 
C 
C 
C 
C 10 
C 
C 
C 
C----
C 
C 
C 

C 

CALL GETVAR('USRCVG', Ip 
CALL GETVARC'USRCVG', 'H 

URESM=O.O 

',IPRES) 
, ,IH) 

DO 10 IPHASE=I,NPHASE 
URESM=MAX(URESM,RESOR(IPRES,IPHASE),RESOR(IH,IPHASE» 
CONTINUE 

LCONVG = URESM .LT. 1.OE-5 

END OF EXAMPLE 

specify desired number of CFX-4.3 Solver iterations (increased for defined 
initial period) 
IF (KSTEP.LE.50) THEN 

LCONVG = NITER.EQ.50 
ELSE 

LCONVG = NITER.EQ.I0 
END IF 

C+++++++++++++++++ END OF USER AREA 5 +++++++++++++++++++++++++++++++++ 
C 
C 
C+++++++++++++++++ USER AREA 6 ++++++++++++++++++++++++++++++++++++++++ 
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C 
C---- EXAMPLE: MONITOR CHANGE IN MAXIMUM VELOCITY 
C 
C 

ADJUST UNDER RELAXATION ACCORDINGLY 

C VELMAX=O.O 
C DO 20 IPHASE=l,NPHASE 
C USE IPALL TO FIND lD ADDRESSES OF ALL CELL CENTRES 
C CALL IPALL('*','*','BLOCK', 'CENTRES', IPT,NPT,CWORK, IWORK) 
C LOOP OVER ALL CELL CENTRE LOCATIONS IN FLOW DOMAIN 
C DO 30 I=l,NPT 
C USE ARRAY IPT TO GET ADDRESS 
C INODE=IPT(I) 
C VELMAX=MAX(VELMAX,ABS(U(INODE,IPHASE»,ABS(V(INODE,IPHASE», 
C + ABS(W(INODE,IPHASE») 
C 30 
C 20 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 40 
C 
C 

CONTINUE 
CONTINUE 

IF (NITER.GT.l) THEN 
DVEL=(VELMAX-VELOLD)/VELMAX 
URFMIN=O.Ol 
URFMAX=0.8 
URF=(l.O-DVEL)*URFMAX+DVEL*URFMIN 
WRITE (NWRITE, lOO)NITER, DVEL, URF 
CALL GETVAR('USRCVG','U ',IU) 
CALL GETVAR('USRCVG','V ',IV) 
CALL GETVAR('USRCVG', 'w ',IW) 
DO 40 IPHASE=l,NPHASE 
URFVAR(IU,IPHASE)=URF 
URFVAR(IV,IPHASE)=URF 
URFVAR(IW,IPHASE)=URF 
CONTINUE 

ENDIF 

C VELOLD=VELMAX 
C 
C---- END OF EXAMPLE 
C 
C+++++++++++++++++ END OF USER AREA 6 +++++++++++++++++++++++++++++++++ 
C 

RETURN 
C 

END 
C 
C********************************************************************** 
C 

files 

C Subroutine USRSRC is called by CFX-4.3 Solver twice each outer iteration for each 
C transport equation to be solved. For the user scalar representing the 
C Na.+ and OH. dissolved species concentrations, terms are 
C calculated (such addition of terms is executed at the first These sources 
C simulate feed addition and are applied to those cells selected and identified as 
C feed patch cells. The associated water (volume) is neglected - an attempt to 
C account for its effect is made in the dilution calculations in subroutine USRTRN. 
C 

SUBROUTINE USRSRC(IEQN,ICALL,CNAME,CALIAS,AM,SP,SU,CONV,U,V,W,P, 
+ VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,SCAL,XP,YP,ZP,VOL, 
+ AREA,VPOR,ARPOR,WFACT,IPT, IBLK, IPVERT,IPNODN, 
+ IPFACN,IPNODF,IPNODB,IPFACB,WORK,IWORK,CWORK) 

C 
C********************************************************************** 

C 
C UTILITY SUBROUTINE FOR USER-SUPPLIED SOURCES 
C 
C »> IMPORTANT «< 
C »> «< 
C »> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN «< 
C »> THE DESIGNATED USER AREAS «< 
C 
C********************************************************************** 
C 
C THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES 
C CUSR SCDF SCDS SCED SCENRG SCHF SCMOM SCPCE SCSCAL 
C SCTE SCVF 
C 
C********************************************************************** 
c 
C CREATED 
C 08/03/90 ADB 

183 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

Selected annotated CFX® files 

MODIFIED 
04/03/91 
26/06/91 
28/09/91 
10/02/92 

03/06/92 
23/11/93 
07/12/93 

03/02/94 
03/03/94 
06/03/94 
09/08/94 

19/12/94 
02/07/97 

ADB ALTERED ARGUMENT LIST. 
IRH NEW STRUCTURE 
IRH CHANGE EXAMPLE + ADD COMMON BLOCKS 
PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT, 

CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2 
PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3 
CSH EXPLICITLY DIMENSION IPVERT ETC. 
NSW INCLUDE CONV IN ARGUMENT LIST AND CHANGE IVERS 

TO 4 
PHA CHANGE FLOW3D TO CFDS-FLOW3D 
FHW CORRECTION OF SPELLING MISTAKE 
NSW CORRECT SPELLING 
NSW CORRECT SPELLING. 

MOVE 'IF(IUSED.EQ.O) RETURN' OUT OF USER AREA. 
INCLUDE COMMENT ON MASS SOURCES. 

NSW CHANGE FOR CFX-F3D 
NSW UPDATE FOR CFX-4 

C********************************************************************** 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

SUBROUTINE ARGUMENTS 

IEQN 
I CALL 
CNAME 
CALlAS 
AM 
SU 
SP 
CONV 
U 
V 
W 
P 
VFRAC 
DEN 
VIS 
TE 
ED 
RS 
T 
H 
RF 
SCAL 
XP 
YP 
ZP 
VOL 
AREA 
VPOR 
ARPOR 
WFACT 

- EQUATION NUMBER 
- SUBROUTINE CALL 
- EQUATION NAME 
- ALIAS OF EQUATION NAME 
- OFF DIAGONAL MATRIX COEFFICIENTS 
- SU IN LINEARISATION OF SOURCE TERM 
- SP IN LINEARISATION OF SOURCE TERM 
- CONVECTION COEFFICIENTS 
- U COMPONENT OF VELOCITY 
- V COMPONENT OF VELOCITY 
- W COMPONENT OF VELOCITY 
- PRESSURE 
- VOLUME FRACTION 

DENSITY OF FLUID 
- VISCOSITY OF FLUID 
- TURBULENT KINETIC ENERGY 
- EPSILON 
- REYNOLD STRESSES 
- TEMPERATURE 
- ENTHALPY 

REYNOLD FLUXES 
- SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS) 
- x COORDINATES OF CELL CENTRES 
- Y COORDINATES OF CELL CENTRES 
- Z COORDINATES OF CELL CENTRES 
- VOLUME OF CELLS 
- AREA OF CELLS 
- POROUS VOLUME 
- POROUS AREA 
- WEIGHT FACTORS 

IPT - ID POINTER ARRAY 
IBLK - BLOCK SIZE INFORMATION 
IPVERT - POINTER FROM CELL CENTRES TO B NEIGHBOURING VERTICES 
IPNODN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS 
IPFACN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING FACES 
IPNODF - POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTRES 
IPNODB - POINTER FROM BOUNDARY CENTRES TO CELL CENTRES 
IPFACB - POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACESS 

C WORK - REAL WORKSPACE ARRAY 
C IWORK - INTEGER WORKSPACE ARRAY 
C CWORK - CHARACTER WORKSPACE ARRAY 
C 
C SUBROUTINE ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST 
C BE SET BY THE USER IN THIS ROUTINE. 
C 
C NOTE THAT WHEN USING MASS SOURCES, THE FLOWS THROUGH MASS FLOW 
C BOUNDARIES ARE UNCHANGED. THE USER SHOULD THEREFORE INCLUDE AT 
C LEAST ONE PRESSURE BOUNDARY FOR SUCH A CALCULATION. 
C 
C NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE 
C ROUTINE GET ADD, FOR FURTHER DETAILS SEE THE VERSION 4 
C USER MANUAL. 
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C 
C***************************************************** ***************** 

C 

+ 
C 

C 

DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
DOUBLE 
LOGICAL 

PRECISION AM 
PRECISION SP 
PRECISION SU 
PRECISION CONV 
PRECISION U 
PRECISION V 
PRECISION W 
PRECISION P 
PRECISION VFRAC 
PRECISION DEN 
PRECISION VIS 
PRECISION TE 
PRECISION ED 
PRECISION RS 
PRECISION T 
PRECISION H 
PRECISION RF 
PRECISION SCAL 
PRECISION XP 
PRECISION YP 
PRECISION ZP 
PRECISION VOL 
PRECISION AREA 
PRECISION VPOR 
PRECISION ARPOR 
PRECISION WFACT 
PRECISION WORK 
PRECISION SMALL 
PRECISION SORMAX 
PRECISION TIME 
PRECISION DT 
PRECISION DTINVF 
PRECISION TPARM 

LDEN,LVIS,LTURB, LTEMP,LBUOY,LSCAL,LCOMP, LRECT,LCYN,LAXIS, 
LPOROS,LTRANS 

CHARACTER*(*) CWORK 
CHARACTER CNAME*6,CALIAS*24 

C+++++++++++++++++ USER AREA 1 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS EXPLICITLY DECLARED VARIABLES 
C 

C 

C 

DOUBLE PRECISION FEEDCONC,FEEDVOL 
DOUBLE PRECISION FEEDPVOL,GEOMVOL,TOTALVOL 

INTEGER I,INODE 
INTEGER GENSET3 

C+++++++++++++++++ END OF USER AREA 1 +++++++++++++++++++++++++++++++++ 
C 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

C 

COMMON /ALL/NBLOCK,NCELL,NBDRY,NNODE,NFACE,NVERT,NDIM, 
/ALLWRK/NRWS,NIWS,NCWS,IWRFRE,IWIFRE,IWCFRE,/ADDIMS/NPHASE, 
NSCAL,NVAR,NPROP,NDVAR,NDPROP,NDXNN,NDGEOM,NDCOEF,NILIST, 
NRLIST,NTOPOL,/CHKUSR/IVERS,IUCALL,IUSED,/DEVICE/NREAD, 
NWRITE,NRDISK,NWDISK,/IDUM/ILEN,JLEN,/LOGIC/LDEN,LVIS, 
LTURB,LTEMP,LBUOY,LSCAL,LCOMP,LRECT,LCYN,LAXIS,LPOROS, 
LTRANS,/MLTGRD/MLEVEL,NLEVEL,ILEVEL,/SGLDBL/IFLGPR,ICHKPR, 
/SPARM/SMALL,SORMAX,NITER,INDPRI,MAXIT,NODREF,NODMON, 
/TRANSI/NSTEP,KSTEP,MF,INCORE,/TRANSR/TIME,DT,DTINVF,TPARM 

C+++++++++++++++++ USER AREA 2 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS 
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE 
C NO CONFLICT WITH NON-USER COMMON BLOCKS 
C 

C 

COMMON /UCFEED1/FEEDCONC,FEEDVOL 
COMMON /UCFEED2/FEEDPVOL,GEOMVOL,TOTALVOL 
COMMON /UCFEED3/GENSET3 

C+++++++++++++++++ END OF USER AREA 2 +++++++++++++++++++++++++++++++++ 
C 

DIMENSION AM(NCELL,6,NPHASE),SP(NCELL,NPHASE),SU(NCELL,NPHASE), 
+ CONV(NFACE,NPHASE) 

C 

files 166 
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188 Selected annotated CFX® files 

DIMENSION U(NNODE,NPHASE),V(NNODE,NPHASE),W(NNODE,NPHASE), 
+ P(NNODE,NPHASE),VFRAC(NNODE,NPHASE),DEN(NNODE,NPHASE), 
+ VIS(NNODE,NPHASE),TE(NNODE,NPHASE) ,ED(NNODE,NPHASE) , 
+ RS(NNODE,NPHASE,6),T(NNODE,NPHASE) ,H(NNODE,NPHASE) , 
+ RF(NNODE,NPHASE,4),SCAL(NNODE,NPHASE,NSCAL) 

C 
DIMENSION XP(NNODE),YP(NNODE),ZP(NNODE),VOL(NCELL),AREA(NFACE,3), 

+ VPOR(NCELL) ,ARPOR(NFACE,3),WFACT(NFACE) ,IPT(*), 
+ IBLK(5,NBLOCK) ,IPVERT(NCELL,B) ,IPNODN(NCELL,6) , 
+ IPFACN(NCELL,6) ,IPNODF(NFACE,4) ,IPNODB(NBDRY, 4) , 
+ IPFACB(NBDRY) ,IWORK(*) ,WORK(*) ,CWORK(*) 

C 
C+++++++++++++++++ USER AREA 3 ++++++++++++++++++++++++++++++++++++++++ 
C---- AREA FOR USERS TO DIMENSION THEIR ARRAYS 
C 
C---- AREA FOR USERS TO DEFINE DATA STATEMENTS 
C 
C+++++++++++++++++ END OF USER AREA 3 +++++++++++++++++++++++++++++++++ 
C 
C---- STATEMENT FUNCTION FOR ADDRESSING 

IP(I,J,K) = IPT«K-1)*ILEN*JLEN+ (J-1)*ILEN+I) 
C 
C---- VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG 
C 

C 

IVERS = 4 
ICHKPR = 2 

C+++++++++++++++++ USER AREA 4 ++++++++++++++++++++++++++++++++++++++++ 
C---- TO USE THIS USER ROUTINE FIRST SET IUSED=l 
C 

roSED = 1 
C 
C+++++++++++++++++ END OF USER AREA 4 +++++++++++++++++++++++++++++++++ 
C 

IF (IUSED.EQ.O) RETURN 
C 
C---- FRONTEND CHECKING OF USER ROUTINE 

IF (IUCALL.EQ.O) RETURN 
C 
C---- ADD TO SOURCE TERMS 

IF (ICALL.EQ.1) THEN 
C 
C+++++++++++++++++ USER AREA 5 ++++++++++++++++++++++++++++++++++++++++ 
C 
C---- EXAMPLE (HEAT SOURCE) ADD 100W PER UNIT VOLUME IN BLOCK 
C 'BLOCK-NUMBER-2 ' 
C 
C USE IPREC TO FIND ADDRESSES 
C 
C CALL IPREC('BLOCK-NUMBER-2', 'BLOCK','CENTRES',IPT,ILEN,JLEN,KLEN, 
C + CWORK,IWORK) 
C 
C FIND VARIABLE NUMBER FOR ENTHALPY 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

CALL GETVAR('USRSRC','H ',IVAR) 
IF ENTHALPY EQUATION ADD SOURCE TERMS 

IF (IVAR.EQ.IEQN) THEN 
LOOP OVER PATCH 

DO 103 K = 1, KLEN 
DO 102 J = 1, JLEN 

DO 101 I = 1, ILEN 
USE STATEMENT FUNCTION IP TO GET ADDRESSES 

INODE = IP(I,J,K) 
ADD HEAT SOURCE 

SU(INODE,l)=SU(INODE,1)+100.0*VOL(INODE) 
CONTINUE C 101 

C 102 
C 103 
C 

CONTINUE 
CONTINUE 

ENDIF 
C 
C---- END OF EXAMPLE 
C 
C if Na.+ or OH.- species concentration equation 

IF (CALIAS.EQ. 'NAION' .OR.CALIAS.EQ. 'OHION') THEN 
C 
C call utility routine IPALL to return cell-centre addresses of those cells 
C occupying feed patch 

CALL IPALL('USER3D_FEED', 'USER3D','PATCH', 'CENTRES',IPT,NPT, 
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:, "ihtio, . • ff.ct ioo'''.'', chn .i .• tribe • •• od t ...... d _c'.I, ' .. i. ,-d""",,,,,, ,,,. 
fo.d ,m,"c. cor. 

, 

, 

E I.u",·' .~ . 31 l"X!:N 
o.loul"t . food . ourc. to bo ._. 1<, ._'-.-' ."' _' 
'" (L>I0"', i) _ '" (LNCL)I;. _1 • (~,,""PO:, " .• 'nOVOL'"~o'e",,,e' 

VoL I LNOo<) / ,',"O''''L:· 'GEO""O~nO''''''o~ 
it food ,m'E. tor-. ._-in_odont .L,. 

oolou'o ," hod ,ourc. to bo ._" [:,;, _' , . -3, , -11 
SU IIIO[:£, CI SU I '""01: , 1) • ", iI,OCE, 1) '?EE""OL"!'[EOCoo;C" 

VOT. : IHO<O:i /?"Ol","', 

0+++++++++-+++++++ .KC 0,' "".~ AU/< ; +++++++++++ ,.++++++-++ ..... H' I ,,< , 
, 
C ____ O'·E~.'f\I~E Sm~OE C1:"" 

rr :IC.'--'L,I;.;l," n: .... 
c 
'e.+" ...... ""++' r,., ,,..,. , '"'H".++'H+HH,,,·,·H'H'''''+++++++ , 

, , , 
C 

OAL-' GET".'.'." US~&"C' , ' l-: 

,. or "V.' • . '~.UOK: ,-,'''" 
o m " HALL TO ,'l!1"C 1c .'ODOL,' ''" 0,' .'LL O.<u. c.n .... , 
o C....,. ,,!.L.!.'''', .. ' , ' ~=~' . ' OE,.., .. E"· ,L~". KPT, O""~". '''''''~) 
C LOOI' O"E~ !.L.!. '""ERICfI. O,",LS 
C Y) 2" 1 _1,,0. 
C 'JSE UK'., 1:". "'" G.E • • '.""'JOSS 
C "001:_" . '" 
C OW.f\'I>l:n S()()<C~ """"', 
c SIT (nOO~, 1 ) _'JOe. O·VOT.ITlOOO>l 

c '"0 con",,,, 
c no" , 
C ____ F./W OF "-'-"O'.E 

0"+++-+++++,++-++ E,p 0, ,'CU . . ,.EA , +++++ .... +++++++.++++++++++<- •• H+ 
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Appendix 

-• 
Supplementary 
simulation results 

, 
" ~ , 

"a , ' 
" , 

Fip ... B.I Comporu.,n of cxpcrimrnt1ill~ 
_""""'" ond ,"'co> '''' u\"'-«I 
P'«iru", y;.,,)d rrolil'" k>< tl>< '"-" 
;c<n,.;o (.imuh.;"" ""'p\ny kin¢lic 
'C<[ll ilimum mi1l1K:' nnci"tioo). 

". 

Fl"" ... B.2 ('ctnp1risort of cxpcrm.:ntllily 
""",'""'<I .00 v.,;oo, ,im"\ "-'<I 
I<"C~ y",-iJ prof"", ,w the ',,,,,, 
L' occomo (,iJwJ.tiorK uo;>loy kinctk 
'cqllilim"", 1I1imi<' """" .. ion; l. ck of 
"I'plk,bic c"["'Ii",,,"" \ d"" 
",1a",v.k.l. 
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-I') 

F;~" .. II..! C'""I'.n.o. of oxporimcol"uy 
"",,,,,,,,,,d ",d v.,;., ... ,muLled 
precipitate yio1d profile, lor lbe '"", 
H' """""" isimuL\i,,,,, .. mph\)' 
kinotic 'e<JriliMurn min~c' 
"""l"tioo). 

,. 
limo (' 1 

,. 

~il"'" 8.~ Comp"';"", "r«perim<ll"lly 
mc",,",cd m;l ,,>riou, ,"'\11'"«1 
prccipit1<C yiold profil, .. ~ u., ',p, II' 
,C<IIlWiO (';n~d"'i""., <mrM"), li""io 
'<'1Jililxicm, ,\>",ic' "' ... i<> I ico). 

~i •• ", 8.7 C""'Il"ri''"' of ,~im"",lly 
"".~,=:I "nd , .• ""'" 'in,~ 
"""'. pN'tick dillll>Oter r<Ofib for 
,he '!we' "",ll>rio (simulouoll3 
"",pio), 'i",," '",!ui1~'tium ,"im,,' 
"ocle"'i"n~ 

SUJ>Plemontary s imulation ruulm 169 

, ., , 
l " , 
," • > 

, 
" , 
" 0 , • '00 

,,,'" (.) 
F;",u'-, BA C"",!",n~m or expetim<,,",lIy 

loc""",,,d m;l ,.noos Wl\\,IaW 
pred"it"" y;cid "",fib tOr U,. '.m l' 
=nor;" (simulaioos o.npjoy kinetic 
',,,,,,liM,,,,, mimiC " .. dOllioo; loci: "f 
opplicablc exp.orin-.orru data 
"""""w\cds,d). 

,m 
time i' ) 

Fi~" ... R. (omp""""" oh>rioo., .simuhod 
I.:ccipitatc yidd prom" ~ u., "'ir 0' 
",,,,,,,n" (,;m\li "';"". ,mrM ")' ",,,,,,,ie 
'c~uiiiruurn min'''' TIl"I,,"oo). 

, ' 
~, .• 
)'" 
!'-' I ,., 
" 2.S 

:S'" .", 
--.-~-~ 

--em_"'.-.· .. <>COl· · ..... I 

I 
K-""~~_>_-_--_~ __ -__ l 

3. 2.' 

" ! ,l-~~~~---J 

F;= .... ~ C"""",n . ..-.. or "p'-";m<,,",lly 
IDC"'llrod ""d ,'orioo." ,in~,",,,d 
,."',~ """"Ie <Ii""",,, profil" for 
th, ',;a" ].' ,,,,,,...io (~'nuhlti" ... 
employ 'i""tic 'cQUiWmurn miml<' 
nucl,oti".o; i"",of "I'!'1"",,", 
"perin"",") da" od.>",,,,",~oo) 
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170 Suppl. rn. nt"y simulation .. su"" 

.H'o· ...... ' <>em·"," 
~ hon"".,.."", • "P"_ 

. -~,",,Q 

"''<J~ . 

'00 
,;mo l') 

r;~".--. n.' C"",p;r;~" "I" "l"fimoJ'1OII, 
"""",Ired .nd v""",,, . ;""').1," 
""'",,' partido <1;'.-",<,,, [X',"h ro.­
(1." '''",0 IT' SL"""" (~".,blim' 
c.oUpl()~i ki""dc 'eqlilibrium nli .,,;e' 
npebti,,,, •. 

, 
.-.eR'· ".,., <·em· .... 
~~-.-... . "',..,-.~ 

1 

00 '00 '00 m 
- II ) 

Fj~,", B.ll ('0"11'0';'0" of "pmmen'.II" 
''''''''WM anu \'~cw , imutated 
' "''''''0''' I"'liok <Ii""",,,,, l"" fib f,~ 
t J.: '" i, 11' ,,-~ •• rio (,;,,",1 .. "''' 
')llplo~ )'iL>elk 'cvilibriwll ,";mie' 
n"c""'ioo). 

,00 · .... 1 , , 
00 I 

r- oo 

• .. " .. I 
• 00 -.-, ... , I , _r"',H .. "'" I ~ ... " 

liE.'" B.ll ['",1;1" "I' J'f"<; rO'''' ,-j, 1<1 fl«'1; ,,,<I 
~y bo"",c'TJ<."Q(I> "_,,,iou< 
'-"T"P1oyi., • ~;n,,'ie 'cQuilhi"m 
'",mi.- <l=.-rip.;'", "1',,","",,,. 

, '00 
,m. ('1 

F;':u .. 8.10 Comp,.""" of e:<perimontlll" 
nlO'''-''''" ""I ,-.00." """,1"",,, 

'E'-' 
3 , , 
I " • 
! , 
11", , , 

0 

.. " .... ' l"'L;eie <liame'", prol;ie, lo.­
Ll.; ',ti, L' """"',;" i,i""I"';,," 
cmploy kine'ic '<q\lH;~ri\lnl ",;.,,;c. 
""'-["'ioo; I""k of "Wlio"'o 
«peri",on,,1 tiot, rloow~cd). 

,00 
t"", 1<) 

,00 

Fi~"'" R, 12 Com!",;,oo "h-.... " ,i".,I".,,'[ 
,,,,rOil' pvtido <li",,,,""'r pt' om"" roc 
the ',,~ II' <,,,,,,,jo {>in>.,I"k", 
,-",pI<,), k"';k "'l',il<ri<"" 'ni,,,;,' 
""d"ti,,"). 

i~!~~· r- r-
~ 15,-. )- 1 

!l. to , - .. --+- - 'i---' 
t ~ ~~~"""",~ ..... l 

, = <C<>O C1YXJ ItOOO ,roJO ,= 
.me i') 

Ngu .. 8.14 l'TI,iil" "I' oyer.." p.o-Lkl< ,h""" ... 
predicted ~y ~e",,,,,, ""1\11"';003 
CJllpi.oyi", , "i",tic 'cqt,ilibrium 
",i".,· '"" '";1'';''' "I' ",,,,,,,tim 
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o "no ""'" 6000 0000 10000 1Z",," 

' .... 1·) 

IiIII'''' B.15 !'rofil" "fpll!"",""",,.1 hj" 

" " 
" 
" , • , 
, 

''''''''~''''''' .. " ,;mul.alo<" ,,,,ployi,,& , 
kioclic ;,q.,ili ~i"" mim,,' Je . .c,iltictl 
of L.ICIc ~ ~,n. 

+"'~'.'" 1 
. co. " I 

! -
~. , 
'" " " ' -1.) 

Fil:ur< 8.17 !'rofLlcs Oi"LroXimllnl ",oJ "';nim"m I'll 
l""Jid,J ')" CFD ,i",,,kt;oo ail);<.1 at 
del<LlllininE mocromhing Ii"" h lho 
r"., I' "'"la,'" 

"I " ,-
" 

"~--c-~ 

""" lime (') 

Fi~uro: H.l' Pml]'" 01" ""xi","", .,ld ",ini","", pH 
ludicl<J b! rFn .,im"". i,", .,,,,,,,1., 
.Ie""", i oj,,,, """""",i'i',,, U LOC lOr ()" 
'>.L;'- L "",>riH 

Supplemenlory simwation ,.sult. 171 

, , 
'" ' -1.) " 

FiI1;Ion II.!. l\ofLlcs oi"LmxiLmm 'w miniLmm pll 
l",,,li.,",1 bj" ('I'D ,irn"h"~", .["",,1 " 
""<m,il\io~ m,,"""mi,io~ lim< Ii:< the 
'bm., .. "",,"';0 

~lg.'" B.IS 1',<>Iil" of m"imllm , .. 01 Ll:tLlinlllm pH 
p<C,ii,;c,i ')' rFn """'''I;on .i".,J.l 
Jci'r",;nil\_~ m"",omixin~ tiro;: h tlK 
-,." IT' .,"""->riD_ 

" " 
" 
'" 

~:r\.. -
O-o-~ 

. ·,,""·.'::'"::::::-----,----c ' ~--
0',,""'" 

Irr", 1<) 

f~"re H.2. ~rolib "f ,",,,im"m ,,,oj mini,,-,.,m pi [ 
pr<dicl<<I by CFU ,jnllllat j", ,iLoco at 
.1et"""i,"'O "",",,,,mi,;,,,, lim, Ii~ L1", 
'~i,H·,=,.,iD 
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Notation 

a effective diomele' Qfhyd""ed ion, Eq. (2.S) (AJ 

a colUtaot,Eq.(2.21) 

A I)"bye-lltlckel conSlallt (k.j:' '.Jll(lj ,.') 

A con<WlI,Eq.(2.1j(m-' .• -') 

a, .ctivity of species I 

A, IOtaI partid. ,urfl>ce ore" per unit volume of '"'pension. Eq. (l. 19) (~m' ,m ') 

II con<tan!. Eq, (2.5) (kg'" .Illol "'.k') 

f) birth .... t. (m '_l1m-' .• -L) 

fl, nocl<~ti<m r:alc (rn-) .• _L) 

", oon>taot. Eq. (2.32) 

I) deoduate(m ' ,fIIl1'".'j 

I), diele<!rk oonstOJll, Eq. (2.4) (r.".-') 

d-, impeller dillffie!t:r. Eq. (2.21) (m) 

D, turbulont diffu.ivity. Eq. (2.22) (m'., -') 

, deClronio oha<gt: (C) 

, <ngulfrnclI pornmctcr, Eq. (2.24) (._L) 

, ki..,tic order for lO'owth. Eq. (2.9) 

G linear ~rowth 1'010 (1'",.,-') 

, ionic """flj1;th (moI,kg;:,o) 

, llUolo .. i"" r~t. (rn ',,_J) 

, turbulcnl Lffietic <ocrgy (In' .• -') 

" '",a 'hope r.ctor, Eq. (2.]9) 

" equilibrium CQn>tant 

" Boltzmann', conSllUlt U.K-') 
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Notati"B 173 

i , gro,,,h Coo".o', Eq. (2_9) 

., I<llgth ,I,.pe fuetor, hq_ (2. I ~j 

' . n"cl<ol;"n <"n'l'nl, [q, 12_~) 

k'~ wlubilil)' prodLJC-t 

k, volume ,llOpe foetor, hq_ (2.20) 

L odd}' ,;ze. Eq, (2,23) (m) 

L Pt\rtide ,i'e (I"'~lk) Iflm) 

!., lower !>oond of ,i.o int"",.1 i (~m) 

L-' oWropriOI< n",on size in SiLO in,.","1 j fOf <.lc"l"ling.t ,romenl (fLrn') 

L., 101"1 particlo 1"'&111 per "nit ,'0/""", of,u'pe'bion, [ (I 12, 19) (fLrn.nl ' ) 

Itt.- I' mornen' ofpopul.'ioo de""ity fUIlction ()(rn-'.m-)) 

n pop"lotion dOl"i,,.- f\lll"ion (m' fLm"j 

n l:in.li< ",der for n"cl<<oIjo11, hq_ (~,gf 

S ' limr 'pood. [q. 12,21) (, ') 

S, !wogo<im',"umi'>crlmol') 

n "Guili"'fiunl q"antil;-' of >r<d .. j 1"",1) 

n,: equilibrium qu.ntity or componont i (mol) 

":" iniliol qu",,(il)' or compo'",nl i (mol) 

.-\'" tot.1 p"rtick llUmb<rper unit"Diu"", or""p"mion, Eq. (2.17) 1m ') 

INi I,.. pre<ipilO10 ,roiar """,i", (knX>l,.., nl ') 

Q.", food oddi,ion r.!c_ Eq. (2_22) 1m' ,-') 

",tio ofupp<r .nd lowor bound, of ooch ,i,e interv.l 

5 , upers<olurotion 

5, >our« (or 'ink) of' (kg,[ ~ I_m ' ,s ') 

&: S<hrnidl nUnll .. , 
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174 _ 

r tiDle (s) 

,. lam. ~;"n ...... s..-.:. 3.21m1 

r I.'~,","" (K) 

" ci,eOllatioo time. ":q. (1.~1 ) I.) 

I" lUroul.m diffusion litr.e scolo, Cq. 12.22) III 

r, _'1I!\l lIinc ... l time """u"'. E~. (2.241 (') 

r. ~.diff",iun bm<..::de, Fq i2 ~I,.., 

r, iMfliol..c:<lOlvecti .... mi><i"l: lime ~e. t.q. (2.23) I.) 

i mogni.wc of""loc.~ cJ"", to r ... ,..,...<.I .q \2 22) (10_"') 

v "",1", ~.d[ ~-'>P"c .. "'""ity. [~ (2. 11) (10 .... ) 

~ ¥o]"",l) >I"''''' (m~-') 
" ·n .. "I ..... ' volume (m' ) 

V. n><>i[Cul..- volume. ":q. (2.1) (m' ) 

lot" "' ..... tn. "", ... <01 """'.IItI. !3<l. (2.2 1) (.>t') 

, , lOW p>ortide '0 .... "" .... ".i, ",110", ~r "'",""""" ~. (LlO ) (jU1I.'.m-·) 

mO~~'~I O(~ 

;, eh;orp: "" "1""""" , 

~ ltIUV.lr""oo krnd , 01' .• "') 

Po li7o-ir><lependent porti,., or.~IV.~ .. i"" \'.,00 lm'.J ' .[fIt"<)r') 

Ii Dit"" dell" fL.,ction 

Ifr .¥", ... in~ time . cale. !-.q. (Z.Z7l I') 

.II ",,,",la/ton .,m.-,.. "P WO (.) 

• _Ion' ~in<tic ... ~ di .. ip.1Oi.!rI ... , (.,,' .5 ') 

; ...... CSC1tW1_-., ""ohn. Eq .. ,!.26} f"lJO) 

<l> ..s doliMd iR Eq 14.35l1IALAJ) 01 ") 

~ ....... l ... d ln [q.i4 26)HflU1 1. m"\ 

~, .. .... r"' .. 'd '" Eq. (4.271 (V"" m" ) 

~, flO <ldi""d in Eq. (4.28) ([fI!).)] m" ) 
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~, ... &r ... aI '" Eq. (~.29) ("",~.III ') 

r. "",.vltt· """jJ" .. """ of~ .... I 

r' ,urfo<:. C11"'l!Y. Eq. (2.7) (l.rn·') 

r. ,no/eoulor diiflJ'livity of ; (~.m '.1 '1 

Ii . ., .1l"Cli~. <liffilSivity of • (kg.rn " .• ') 

r; T ,ur\lulonl <liifusivil}' of. ();g, m" ,"J 

.i. _iabl. of intcgmi ... (p<Or1J<lc .u. (l""lId.) ) /~",) 

J' '''''(IS'Iy(k~--1 ... --1) 

I" IWbul<M vo.ro.;l) (q.m ' .. ') 

" ki-'o "';<COI~y (m· .. ·' j 

", stn«:hiomdrio "dlidenll~ >(W>.I~; 

() fluid dell,ity (kg,m" ) 

1\ IOlv.", drnoity. Eq. (2 4) (kg,m ') 

r "lrbulml mW.K Ii",. "",,1. (0) 

R<ynnlds-.a • ...-.ogrd ........ ;ty. ~ UJ. I 

Atrt_ing """'f'OOClII qo"" l). Socc. U U 
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