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Abstract

The recovery of metal values from aqueous streams via precipitation, or reactive crystallisation, is both
an economically and environmentally significant unit operation in a wide spectrum of industries.
However, the control and operability of these systems is hampered by the limited fundamental basis for
their design, frequently resulting in downstream processing difficulties.

Previous work by Dustan (2001) considered precipitation and subsequent dewatering as an integral
system, and quantified, to a first order, the relationship between the various sub-processes. The current
study is aimed at further resolving the upstream components of this integrated model (i.e. the
precipitation itself), with a particular focus, due principally to the rapid kinetics typically exhibited by
precipitation systems, on mixing and representation of time-dependent spatial inhomogeneities.
Specifically, the primary objective is to develop a computational fluid dynamics (CFD) modelling
capability, which, in addition to those conserving momentum and mass, incorporates models describing

the solution chemistry and a discretised population balance (DPB).

The DPB of Hounslow et al. (1988), which is able to account for the processes of nucleation, growth
and aggregation in detailing the evolution of the particle size distribution, is developed and modified.
The dependence of the rates of these kinetic processes on the chemical environment demands accurate
characterisation of the solution chemistry, requiring consideration of the full range of agueous species.
The non-linear system of thermodynamic relationships and mass balances (employing the Davies
activity coeflicient model to relate species concentrations and activities) which define the intraphase
equilibrium state of the system is formulated. The methods of solution of the ordinary differentiél DPB

and of the speciation calculations are established.

A new method for the integration of such models with the standard CFD calculations (predicting fluid
flow and associated behaviours through numerical solution of the governing differential equations) is
promoted in this work. Dictated largely by the inclusion of the modelling of complex solution
chemistry, the approach is centred on the use of a user-defined Fortran subroutine which is called by
the CFD solver prior to the run and at the end of each time step of the transient calculation. The
extensive speciation and solids formation computations are encoded within this subroutine and
performed in each of the several thousand cells in the finite vohuime mesh representing the flow
domain, as are mass balances observing deposited material. The local, transient conditions required to
perform these calculations dynamically are supplied by specifying an in-built CFD solver scheme such
that fransport equations for species molarities and particle number concentrations within each size class

are solved either on their own using a fixed pre-calculated flow field or alongside those of the
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hydrodynamic variables if a time-dependent flow is modelled. It is argued that transfer of the essential
precipitation calculations to a user-defined subroutine currently allows increased model control and
flexibility.

The preliminary application of the resultant modelling framework to the simulation of a real, non-ideal
test system, viz. the semi-batch precipitation of nickel hydroxide from chloride solution, is
demonstrated. The necessary model calibration and generation of computational representations of the
experifnental geometry and flow fields are effected using the laboratory data of Dustan (2001).
Importantly, due to the fact that Dustan’s experimental design was not conceived with the intention of
supporting CFD modelling efforts, the extent and quality of the data is such that validation of the model
was never the expectation. Nevertheless, the exercise enables some interesting insights into the system
to be gained, two of the most notable being confirmation that, for practical modelling purposes, it isnot -
reasonable to assume spatial uniformity and that an equilibrium description of nucleation is
appropriate. It also provides information on the relative merits and deficiencies of both model and
experiment, thereby facilitating an improved understanding of the way forward, and, significantly, it
establishes the robustness, structural integrity and internal consistency of the overall model. Itis
reiterated that the fact that the current utility of the model does not necessarily exceed that of simpler
approaches amounts to a limitation of the experimental data and not of the CFD modelling approach,

The contribution of this dissertation is considered to lie primarily in the development of a novel model
architecture, encompassing the non-trivial integration of various model features envisaged as being of
particular value in the study of multi-component precipitation systems which require rigorous aqueous
thermodynamic modelling, similar to the one investigated here. The framework is of distinct generic
value and is simple to refine, easily accommodating upgrades as greater fundamental understanding or
processing power becomes available or as increased experimental resolution allows improved system
characterisation. With specific respect to the test system, such experimental work is identified as a
priority for future endeavours if the detailed knowledge of the spatial dynamics afforded by CFD

modelling is to be exploited meaningfully.
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Chapter

Introduction

1.1 Background

Due to the toxic nature of many metal ions, the recovery of metal values from aqueous streams via
precipitation, or reactive crystallisation, is both an economically and environmentally significant
technology in a wide spectrum of industries. However, the limited fundamental basis for the design of
these processes leads to frequent difficulties in subsequent processing. For example, solid;!iquid
separation difficulties following precipitation (particularly of hydroxides) are common. Problems, the
result of undesirable precipitate characteristics such as particle morphology and particle size
distribution (PSD), include slow and unpredictable settling and filiration and high moisture content
sediments. These, in turn, translate to higher equipment and operating costs, solids handling

difficulties and loss of process water.

It is well accepted that the choice of precipitation operating conditions affects the product
characteristics and hence determines the dewatering behaviour (Franke & Mersmann 1995). As
intimated above, however, there is an absence of a fundamental description of the manner in which this
occurs. Typically, consideration of, amongst other things, the relative rates of the various precipitation
processes, merely allows the establishment of general operational strategies for both bulk and
continuous installations. Such qualitative guidelines (e.g. Mersmann 1999) aim to exploit these
intrinsic features in an effort to deliver the desired product attributes, an essentially heuristic device of
limited value in meeting various design and operability objectives. Previous work by co-worker
Andrew Dustan (Dustan 2001, Dustan et al. 20052, Dustan et al. 2005b) recognised the need to
quantify explicitly the relationships between design and operating variables and the overall system
performance. Dustan’s approach considered precipitation and subsequent dewatering as an integral

system, arguing that the level of understanding within hitherto discrete disciplines was under-utilised
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for practical attempts at modelling the overall system. Through identification of the different
component processes and exploration of the inter-relationships between them, an integrated model
framework was developed aimed at providing a tool to inform design and facilitate the optimisation,

operation and control of new and existing reactor-separator units.

1.2 Objectives

The objective of this study is to further resolve the upstream components of the integrated model of
Dustan (2001) (i.e. the precipitation itself, whose task it is ultimately to define a set of suspension
characteristics) and, in so doing, to establish the potential benefits thereof. Particular focus is placed on
mixing and the desired representation of time-dependent spatial inhomogeneities. As such, the precise
aims are to develop a computational fluid dynamics (CFD) modelling capability, to integrate within the
CFD platform a fully speciated kinetic model and discretised population balance (specific to the
requirements of a test system) and to demonstrate the application of the resultant model superstructure
to this system, thercby permitting its efficacy, practical utility and, more importantly within the context
of this work, its structural integrity and internal consistency to be established. The intent is that the
superstructure have distinct generic qualities and be of value in the study of similar systems, which
typically exhibit complex solution chemistry. To the best of the author’s knowledge, such an integrated
modelling platform has not been available hitherto (though the research group of Mike Hounslow and
colleagues at the University of Sheffield in the UK is actively pursuing this goal using test systems
{Hounslow et al. 2005)).

The test system, a ‘difficult’ one and one which is of considerable interest in its own right, is the same
as that em;iioyed by Dustan (2001), viz. the semi-batch precipitation of nickel hydroxide. Itis
important to note here that Dustan’s experimental design was not conceived with CFD validation or
detailed system characterisation in mind and that the extent and quality of the associated data is hence
unlikely to be adequate to support CFD modelling efforts satisfactorily. Having recourse only to this
laboratory data, it is thus not the expectation that the model be validated. Since the particulars of the
test system necessarily inform the model features, the development of the model framework is,
however, presented, for the sake of simplicity, alongside the mddel calibration and application (as
outlined in Sec. 1.3). Although, realistically, it is not the intention to perfectly resolve the system under
investigation or provide significant additional insight into it through comprehensive reconciliation of
simulation and experimental results, in juxtaposition, information on the relative merits and

deficiencies of model and experiment, as well as greater appreciation of the way forward, may
hopefully be gained.
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1.3 Dissertation structure

A review of the relevant theory and literature is presented in Chap. 2. This incorporates content
covering the topics of solution thermodynamics, precipitation kinetics, the population balance and
mixing, including a focus on CFD and its application to stirred tanks and precipitation systems, Where
applicable and/or available, the material is discussed within the context of metal hydroxide
precipitation.

Chap. 3 effectively addresses the issues surrounding the availability, quality and necessary
manipulation of the experimental data at hand. What follows in Chaps. 4 and 3 is a documentation of
the development of an integrated model structure aimed at ultimately being of value in endeavours to
simulate precipitation systems similar to the one investigated in this work. Chap. 4 details the models
of solution chemistry and the population balance and the specifics and results of the rate extraction
exercise, all of which are then integrated with the CFD modelling efforts of Chap. 5. It should be noted
here that the extensively annotated code files presented in App. A are considered to be a resource of
central importance to this chapter.

Selected, meaningful simulation results are recorded and discussed in Chap. 6, thereby establishing the
efficacy and structural integrity of the developed models. Finally, the various findings and
developmenfs of value are summarised in Chap. 7, together with recommendations for continued study
in the field.



Chapter

Review of relevant
theory and literature

A

2.1 Complexities of metal hydroxide precipitation

Precipitation, or reactive crystallisation, is used widely in the chemical processing industries.
Precipitation of metal hydroxides specifically is also prevalent, either as a means to produce a solid
product with an intrinsic economic value (e.g. the production of AI{OH), from bauxite ores) or as part
of waste water treatment processes concerned with the removal of unwanted metal species, often as a
hydroxide, from process sireams. In both cases, the properties of the precipitated particles are of key
importance and operators must pay considerable attention to ‘particle design’ (Sthnel & Garside 1992).

Design criteria include particle size distribution, density and shape of product particles, crystal form
(including hydration state), particulate shear and compressive yield stresses, as well as particle surface
properties, including surface potential. Of these, the panicie size distribution and particle morphology
are particularly significant in determining the performance of downstream particle processing. The
ease of solid-liguid separation including filterability, suspension rheological behaviour and settling and
drying rates, for example, are all critically dependent on these properties. In addition, the chemical
composition of the precipitate in terms of purity and crystal form can also be significant, especially if

the product has economic value.

The dearth of fundamental understanding outlined in Sec. 1.1 means meeting ‘particle design’ criteria
in metal hydroxide systems is (as it is in other precipitation systems) particularly challenging. There
are frequently deviations in the performance of precipitation technology in time and space, in specific

applications and in comparison with chemical theory (Patterson 1987). This can be attributed, in part,
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to the fact that precipitation processes are still poorly characterised in comparison with more ‘ideai’
crystallisation systems — BaSQO, being the classic example and the subject of many studies in the
titerature. A distinguishing feature of precipitation processes, that to a certain extent accounts for their
‘non-ideslity’, is that they are generally initiated at high supersaturation, resulting in fast nucleation
that yields large numbers of very small primary crystals (Mullin 2001). This rapid nucleation occurs
simultaneously with particle growth and the process is complicated further by the presence of
secondary processes of aggregation and ageing. These fundamental processes are difficult to separate
and investigate independently. This is only exacerbated by the lack of experimental techniques
available to accurately detect particles smaller than 1pum (van Leeuwen 1998). Typical features of
metal hydroxide systems specifically, which further complicate their study, are complex solution
chemistry presenting a wide range of aqueous species and the precipitation of amorphous, highly
disordered hydroxide matrices which result in sticky, colloidal suspensions (Patterson 1987).

Furthermore, precipitation processes and resulting particle properties are greatly influenced by the
manner and intensity of reactant solution mixing. Frequently the precipitation time scales are of the
order of mixing time scales resulting in local regions of high supersaturation. The strong dependence
of nucleation, growth and aggregation rates on solution conditions means that spatial heterogeneities
must be quantified for the precipitation behaviour to be fully understood and ‘particle design’ to be
effected. Accordingly, given that plant operators can usually control only liquid feed rate,
concentration, residence time and agitation in their system, there is a real need to explore the

fundamental way in which these operational variables define system performance.

The modelling of metal hydroxide precipitation systems thus requires, at the very least, an
understanding of mixing, solution speciation and nucleation, growth and aggregation mechanisms of
solids formation. The latter two concepts are discussed below. It should be noted that topics in the
remaining sections, as far as possible and where relevant, are addressed with specific reference to metal

hydroxides,

2.2 Precipitation thermodynamics and kinetics

The characteristic features of precipitation, which are also particular to metal hydroxide precipitation
systems, can be summarised as follows (Sthnel & Garside 1992):
precipitation systems generally involve only sparingly soluble materials and their low solubility
leads to the development of high levels of supersaturation;
nucleation plays a major role in the precipitation process since the characteristically elevated
supersaturation levels result in very high nucleation rates;
high nucleation rates, in turn, give rise to the production of large numbers of relatively small
crystals;
the small size of the precipitated particles may lead to the occurrence of several secondary
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processes, including aggregation and ageing, which can further lead to major changes in the
precipitate size distribution and the particle morphology;

the supersaturation necessary for precipitation and the nucleation itself both resuit from chemical
reactions which are typically very fast, and, as such, the role of mixing cannot be overstated.

This section considers the thermodynamic driving force for precipitation, expressed in terms of
supersaturation, and the kinetics of the various precipitation sub-processes that determine the final
precipitate product characteristics. Mixing is addressed in Sec. 2.3,

2.2.1 The importance of speciation and supersaturation

The chemistry in precipitation systems is complex, the result of interactions between the components in
the reacting solutions. Ions in solution will interact with each other fo form complex species and with
solution molecules to form a range of hydrated species. Even for apparently simple reaction systems,
many complexation reactions exist (Dustan 2001). It is thus important to pay close attention to the
speciation of the system as the solubility of the precipitating species may be significantly affected by

these reactions.

2.21.1 Estimation of species activity

'In order to quantify the solubility of the precipitating species, and to determine the thermodynamic
driving force for precipitation, it is necessary to calculate the activity coefficients of species in solution.
In ideal systems, the activity may be taken as the concentration in solution. The asymmetric
convention means that the activity coefficient of the species approaches unity as the concentration of

the species approaches zero (infinite dilution).

In solutions containing ionic species, the forces between charged solute ions operate over a much
longer range than those associated with the interactions of neutral molecules. Consequently, even at
very low concentrations, electrolyte solutions are very non-ideal. As such, the activities of the
components can not be taken as equal to their concentrations. Thus, in electrolyte systems, the
activities of dissolved species, a,, and molalities, A, are reiated through activity coefficients, 7, to

account for thermodynamic non-idealities, such that

a, =yM,. @n

For sparingly soluble compounds at supersaturation, experimental estimation of activity coefficients is
hampered by the instability of the solution (S8hnel & Garside 1992). It is therefore necessary to
default to theoretical estimates or evaluations based on appropriate correlations. These methods exhibit
varying degrees of sophistication with greatest divergence occdrring at higher ionic strengths (Dustan -
2001). lonic strength, J, is defined as:
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F=05% Mz . (2.2
Here, 2, 1s species charpe and the summation is aver all ions in solution.

hlany activily voetficient models are hased on the theary of interionic interaction put forward by Debve
& Hilelkel (1923, This theory, and associated Debye-Hiicke] activily models, account for “long-range
interagtions between spocies where the constituent species are relatively far apart and the activity
coeficient iz mostly influenced by the seneral charged environment (Bafal et al. 1994). The Debye-
HFilckel fimiting faw is ghven by

togy, =—Alz.2_ T, (2.3)

where A [s the temperature dependent Debye-Hilckel constant, which is defined as

A ; Il_
ot - szm - 1327757 x 10 L i
2.303 | .k, 1000 (DT

This equation contaius the constants ¢, the electronic charge, &, Bodtzmann’s constant and &,
Avogadro’s mumber, whilst g, s the solvent densily, 2, the dielecide constant and I absolute

lemperature,

As this Hmiting law is anly valid for very dilute solutions (typically 7< 0.001 mol kg, , 11t was

eateudest in an atlempl o Improve the representativeness of this equation. The extended Debye-Hilukel

relationship, which yiclds satislaclory estimates up to ionic sirengths ol 0.1 mol kgy, ., is of the [ormn.

log iy = — Az.z- WP (2.5)

]+a£¢1"?.

Further gorrelations applicable to higher ionic stremgths are detailed extensively in Zemaitis et al.

¢ |'986) and are summarised i Caimeross (19983 These expressions include a3 'shor-range” term which
typically sums a number of ittdividual jon-ion and jon-enelecule pair imleraction terms (Ratal e al,
1994, State-of-the-art speciation models i the form of commercially ayailable software packages,
such as Q.M represent the pinnacle of spegiation madel sophistication and comprehensiveness and
ate applicable to the high ionic streugths and complex solutions 1y pically encountered in iadustrial
processes. These more sophisticatzd models come pomplete with a database of thermodynamic data,

mcluding equilibrium constants, coelliciens and ion injeraction parmmeters,

2.21.2 Supersaturation

The thermadynamic driving force for precipitation is the dilference between the chemical potentials ol
lwa chemical states: the supersaturated salution (where the soluie is present af levels exceeding
equilibrium solubility} and the solution at cquilibrium with the precipilated solule. Whils the

thermodynamics are coverad coenprehensively elsewhere, e.p. Sandler ( E585), it is sufficlent to stare



i CFD analysis of reactive crystallisation in stirred tanks

here that central o the determination of this driving toree 15 the solule supersauiration, 5. which for the

precipitation reaction 1458 (agh + =-8(ug) € A B 0] may b defined as

_ ey Ve )
e 1 1y 3

= (g ) Hag 17
= :

i

§ (2.6)

Here, the temperature-dependent constant &, 15 reforred to as the solubilily product,

Indzed, superssturation is considered the key variable — even the ‘supreme goveming paramzter”
(Drentopoulos 1993) — for the precipitation process. Fig 2.1 showws the extenl of influcner of
supersaturation on the precipitation process. Mucleation, growth and transformalion kinelics, which
larpely vontrol precipitation and deteomine the resulling parlicle size disteibution (PSLY ol the
precipitate product, are all dependent on supersaturation to varving degrees. Further, transformation
kinetics dicrate the conwersion of precipitate from polymorphs or bydrates to more ervstalling forms,
whilc the position of the system in ihe appropriate phusse diagram also depends on the saturation leve|

(Sthnel & Carside 1992)
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Figure 2.1  Uhe rolc of supersaturation i precipitation processcs dadapled from Silngl &
Ciursitle {19923

Dhuc to its mitlucoce oo all aspocts of the precipilation process. Lhere exists considerable marreation for
the seeurste and dy nanic estimation of the solution supersaturation. and hence the solution chemistry,
in any attempt to effectively simulate precipitation behaviooe, This is pusticularly true for the
precipitation ol sparing by soluble componnds whers large varations i supersaturation (either over time

or spatially duc o mixing) arc cncounlered,
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2.2.2 Nucleation and growth

A stated 0 the infroduction W this section, precipitation in motal by droxide systeims is chardcterised
by high rates of iuclestion brought about by the high supersauration ¢ncounlersd tpon mixing.

| lowever, supersaturation alone, althongh necessary, is not sufficient to cause the ouser of precipitation.
A additional requirement is the presonee in solution of minute embryos or nuclei that act as centres of

crystallisation (Wuobtlio 20013

2.2.21  Nucleation

Mucleation may be either defined as primary, occurring at high supersatyrations in systemsa with oo
crystalline matler inilially present, or secondary, ocetrring al low 10 modergle supersafurations snd
requining Lhe presence of parent ervstals of the sofute. Primary nucleation may be further delfineated
by hounogencous and heterogencons nuclgation. Heteropencous nueleateon 15 induced by the presence
of a foreign substrale, oilen mictoscopic dust parlicles ot trace impurities, whils in homogeneous
iucleation such a substrate s absent and new phase formation is sponlangous — induced by statistical
Huctuations of solute entjties clustering together [van Lecuwen 1998). Inthe precipitation of sparingly
suduble substances, secondary ouclealivn is eicher ghsent or insignificant and median particle size 13
mainly allecied by the primare nucleation rate which this discussion is fimited to [Franke & Mersmam
15495),

Fundamental theory describing the kinetics of nuckeation is detailed in S6bnel & Garside (1992 In
general, the nuelealion tate, S with imits of m %5 ', &5 4 function of surface eneigy, ¥, tTemperatare and
supcrsaturation cxpressed in the form of an Arrhenius type equation, which for primary nucleation is
represented similardy @ the following equation;

) ¢ ]ﬁfr{?r:llqu
J= AN eyp| ———— | {17}
YT

.,

lypically, changes in S in the pre-cxponcotial Bactor A8 are regarded to be of minor iofluence compared
1 changes 815 it the exponenttal factor, Different expiressions for the pre-exponential factor
developed by differont researchers, lor both homogeneons and heterorencous primary nuecleation, can
be found in Mersmann { 1995) ang Sthnel & Crarside (1992},

When plotted] against supersaturation. the above equation for nocleation tate, with appropriate
modifications o tepresent heterogeneons and homogeneous primany nuckeation. yields the following
trenels exhibited in Fig. 2.2
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While fhe fundamenial theory reparding nucleation is extensive, evaluation ol lhe guaniitics o the rale
equations i« difficult, particularly lor the highly non-ideal precipitaing systems wheve disordered,
amorphous or metastable phases may form fivst (1 dustan 2001 [0 addition, Mullin {200 ) questions
the dependence of the nucleation rate on surface enerey, 8 guanbily thal has lille perceived significance.
pravticulacly [or smazll rnolecular uperegates al ceitical nueleus size. logeneral, Little more than
qualisative agreement with these findamental deseriptions can be found in the literature. Ona more
practical level, the slrongly non-linewr beheviour of the exponential refation for nueleation (Fig. 2.2)

can sometimes pose computadional difficulties and nstabilities (van [eegwen 1998 )

Whilst bearing this in muned, in practical uppliculions use s olien made ol 2 semi-empirical deseripiion

of nacleation rates. tvpically with a power law dependence on supersaturation, such that
PR G L (1.8)

I the abeve equation., the noeleation constan, &, and the Kinetic order for nucleatinn, ». are
empirically determined, |t should be further noted that &, has no physical significance, but can he
expanded 1o refleet itz functional dependence on emperature, hydrody namics, presence of impurities,

prarticle nunaber or syrface area {Tavare 19587

As nucleation only occurs above g certain eeitical supsesatoration level {see 'ig 2,20, it is prudent fo
determine the ranie over which the above power law equation is a valid upproximation of fe
nucleation rale, capecially in sy stoms which exhibil large variations in supersalucstion, The eritical

supersauction level 12 often defined as the value of S atwhich 4= 1 10 op 100 cm "5 4,

2.2.2.2 Growth

Cryskal orosath ocsurs as solute s deposited ono exisiing noclel o particles. Growth mvolves a
nurber of dillusion, edserpiion, reaction and coanter diffusion steps which are clescribed fully in
Dirksen and Ring (1991 ). Usually the kinetic growth rate expression is based an the cate-limiting step

in the zrowih mechanism chain, While varicus growth models have been developed. in mosk practical
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applications, a peaver law relation is again appropriate and convenient o use as an approximalion ul

arowth rate:
12.M

[ e

lere, vnee apain, the constant &, may he corelated 1o a number of applicable parameters, inchuding
tempueralure, measures ol hydrodynamic conditions atd, in some cases, partdcle size {lavire 1987).
The orcler in the growth rate power law relatiopship, g, is tvpically between and 2.5, with valyes of
wiity commnopplace. This upproximation is seen todeliver a sstisfactory mathemadical deseription of

growth over ranges ol supersaturalion where the rare-limiting siep in the growth mechanism is

unchanged (Dhrksen & Ring 1991),
2.2.2.3 Ralatlve nucleation and growth rates in metal hydroxide systems

I s already been stated thar the high supersaniration levels epcoyntered in precipitation svstems
results inthe formation of large numbers ol small pricnary purticles. This suggests thul precipitation s
naot onby charucterised by hich oucleation rmtes. a5 slready established, but thal growlh rares are
celalively insignificant, Moreover, Demoponlos (1993) states that for sparingly seluble metal
hydroxides, the dependency ol nucleation on supersaturacion is of the order 6 — 12, and, for growib
I3 superimpasing these characteristic rate profiles on to the same set of axes. as

abes. only | - 2,

demonstrated 0 Fig. 2.3, 00 is possible to identify regions of npcleation-contenlled and growth-
cantrolled precipitation. Tlots such as Lhese lor real systems may guide e cootrol ol supersuturation

lor vperation 10 the prowth-conialled regime where necessary to meet specified particle design

requirements { | Jemopoulos 1993, Demopoulos et al. 1995).
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Figure 2.3 Charicereristic oucleition aidd aoowth eeimes during precipication ol metal

lvdnides (adanrod from Demmopon[os {00937,
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Hewewer, this plot alse provides further cvidenoe o suppott the notion that growth is insignificant im
toetal hydroxide precipitation systems; this lor the following reasons {as summarisad by Dustan

(20011 which make operation in b growth-conteelled regime diffioull b mplement;

Firstly, the solubility of metal hyvdrosides 15 gencrally very low, making the generstion ol high

supetsalucation, above critical nucleativn vahuwes, hied w gveld,

Sucondly, grovwlh is very slow and thus tesponsible for comespondingly slow reduction of

solution supersaturation, 2 particular problem when the eritice] values lor tucleation have been

ewpeeted.

Finally. nueleation rates can be very high, of the same order, or oven shorter, than mixing times,
This resylts i the generation of locabised pockets of high supersaturation — even in cascs where
calculated “mean’ valoes predict a supersaturation level below those eritical for nucleation. In
fact, Franke & hersmann {19957 Teport variztions in nuclestion rates ofup o 10 orders of

magnitude g5 g rosull ol looa] supersatumtion uetuations along,

2.2.3 Aggregation and other secondary processes

This chaper bas thos far discussed the three basic features commorn (o crystallization progesses:
supersaturztion, nucleation and growth (3ullin 2000 ). Tn addition to these are @ number of secondary
Processes that may have a profound etfect on the final precipitate propertes, The tiest iz aggregation,
which penerasily oocurs soun afteor ouclestion and has @ significant offect oo the resulting pardicle st
distribytion, The number of other processes with the potential to forther alter the chemical and phisical
properlivs of the precipitste include reervstallisation, ripeoing and agving sthe lative eften being the

collective term [or these processes),

2.2.3.1 Aggregation and the aggregation kernel

Apgresation 5 o reversible process in which particles dispersed in solution collide, adhere o one
gouther and beoorme comenled towether o lotm nes larger particles, which may then aeercpade further,
Within the lireralure, the leems geprogalion, azplometation and vosgulation are often used
interchangesbly, and whils the eominology for these processes has vl to be unificd, the following

distinetions can be made:

Awprapalion refers to Lhe eluslering of separate parlivles Lo form larzer particles, The

mechanisms conteodling the rate of this process are varied and the paticles may be held together

by o number of lorces,

Agslomeration refers to the clusiering of parficles already formed to form relatively strong

seoondary particles held logether by crystalline bridges but also occasionally by physical lorces,
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Coagulation is a specific case of agglomeration imvobving very small particles with physical
torces halding the clusters tnpether. Floccularion is a fype of coagulation where the bridging

forces are artificially tnduced through, for example, the sddition of Nocculans.

Collizions between particles ooour as & result of thedr metion relative 10 cach otbier due 1o Brownian
maetion mduced by thennal energy; velocity gradients in mechanically agitaied suspensions; and
differential settling of individual particles (Hopa 20007, Mechanisms of particle callizion are size
dependent, wiill Brownian nction heing the dominant mechanisim for very small particles (i.e. those
less than 8.5pm). As parficles agorepate to fomm larger units, agitation effects begin to dominate and
coflisions occur as a result of particle movement with the fluid in laminar or rerhulent tegimes or
refative to the fluid due to gravitational ar inertial forces. The tendency fon particles to agaregate also
depends on the attractive and repulsive forces at play; the main atiractive foree bolween particles is the
vio der Waals foree, while the main repulsive force arises as a consequence of the ¢lectrostatic

interactions within the douhle tayver surrounding the partictes {the so-called electrical double layer).

Fundamestal apgregation theory stems from the work of von Smoluchewski (1916) who conzidered
aegreeation 1o be the result of hinary ioteractions, the rate of which can be taken as proportional ta the
number of interacting pacticles. While von Smoluchewski’s theoty provides insight into the hehaviour
ofagprepating syslems, ils applivation, in the fonn of seme-empirical refationships. is restricted to a
few simple ~fimidng’ cases. It has also been arpued that the deterministic modefs developed are
incapable af fully describing the complexities assoviated with particle aggrepation — a process which
mvolves transport and collisions, intetaetion of particles, roptore of aggrepaies and cementation of
agpregates into stable agelomerales — satisfaviorly (S6hnel and Garside [992). Farthemwore, in
precipitating syilems, the particles olten cacry a sueface charge. resulting in a repuisive force not

aceownted for i the ¢lassical theories (van Lesuwen 1995,

As o resot, 1l 13 ggaih necessary o tabke 8 more empirical approach to aggregation when modelling
precipitation systems, through the application of what is known as the aggregation kermel, Tn this
approach, thewale of aggregation of particles of size | £, £ | L] with particles of size [A, A | dd] ina
multi-pariicutate system is charactertsed by the aggrepation kemel, 5L 4], which is a measure of the
frequency with which a particle of size £ cotlides with one of =ize 4 to form a viable aggrepate. The
agpregation kernel is often cxprossed as the product of fwo factors — a size-independent kemel, /&, and
o slee-dependent kernel {Sasiry 1975), Tt is peneraliy assumed that the size-dependent kornel 15
constant wid et g lunetion of sofulion condilions. [r oonlrast, the size-independent kernel, while nint
being a function of size, is a function of the chemical and/or physical environment (i, variables such

as supersatration, bocal energy dissipation. temperature cte. .

HL A= f, = f{L A}, (210

Clomman aggregation kemels thal relfect different coflision mechanisms are listed in Table 2.1, In

addition, other kernels are presented that ave purely empirical or analytically convenient, including the
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size-independent kel avd the linear, quadratic and cubic sutn kerngls, The choice of aggregation
kemnel is nsually based on comparison of kemel performance with expetimental data. Interestingly, the
size-independent kernel, which coincidentally is the simplest to implement, has been found in some
precipitation studies to give the best apreement with experimental results (e Brumley ctal. 1996,
liewski & Whita 1984,

Table 2.1  Common sgeregation kermels [adapled Inan Beamley ecal. (199467 and Ginter &

Lovalka (19%4))
F."le::hgagr;igr.n :::Aggregalihn I;Ernel L
Size incepend-ent s
Aroeriar motion S (L AL+
Gravitalional f (AP L4
Shear B {L+iy*
an ule e ha Sl 4 | LRi®y
Thomrpaan kerrat fempinicat fo (L b2
i inEd s0m Fo ity
Qg dratic aum & (247
Cubiz sLm B {2

In some circumstances, the chosen ageregation kernel can lead to the prediction of particles with
infinite size known as gels (Smit et'al 1994, 1995 This ocours when 4 kemnel predicla an increuasing
aggregalion tade with increasing particle size, Thus, as aggregation procesds both the size of the
particles and the frequency with which they collide increase, leading eventually to the tormation of
particles of “infinite’ size.. The cubic kernel has been scen to produce such results, While essentially a
consequence ol the mathematical fornulation of the aggrecation kernel, eelation has been observed

experimentally for the agprepation of colloids (Spanhel & Andersan 1991).

2.2.3.2 Aggregation in metal hydroxide systems

It metal hydroxide systems, where prowih s nepgligible, aggremrion is the most imporlant siae
enlatgement mechanism. For example, Favhdes { 1995) reported that primary growth played an
insignificant role in particle size enlargetuenl compared with aggreeative growih For the iron(1IL)
hydroxide precipitation sysiem. Shmilarly, Ang & Mullic (1979) observed rapid agpregation during the
precipitation of Ma{QI1}, from MeCl, solotions. Agetng and deagereganion, the later resulting froin
shear amd tirbuolent stresses, followed this iniial peried of azgregation,

ievski & White { 1994 idennified agelemeration as the main process of particle enlargemenr for
industrial AWOH}), precipitation. They proposed the followmg mechanism for the development of
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stable agglomerates during A OH), precipitation: loosely bound flocs form due to shear induced
collisions; subsequent cementation of floes occurs through deposition of A(OH), from solution; stable

agglomerates are eventually formed through continued cementation.

Dustan (2001) identified, through experimental observation and analysis, aggregation of nuclei as the
primary method of size enlargement for the precipitation of Ni(OH), from both chloride and sulphate
solutions. However, in contrast {o the mechanism proposed by Iievski & White (1994), substantial
cementation of the aggregates is not observed in this system. Rather, the aggregates formed are
generally fragile and highly susceptible to breakage in the presence of turbulence or shear. In addition,
aggregate structure does not conform to the ideal conservation of measured volume. Dustan’s
experimental observations with respect to aggregate structure and aggregate rate thus indicated a
system which has much more in common with a flocculation process than with the growth-

agglomeration of standard crystallisation.

A prerequisite for aggregation in flocculating systems is the elimination of any interparticle repulsive
forces that oppose aggregation (Hogg 2000). Destabilisation of the suspended fine particles is usually
achieved through the addition of flocculants, which serve to eliminate the surface charge on particles
dispersed in solution. In the Ni(OH), system of Dustan (2001), destabilisation can occur as a result of
the relatively high pH levels encountered (through its inverse relationship with electrostatic potential)
and of ionic strength. In the presence of high concentrations of ions in solution, the charges on
neighbouring particles are shielded from one another. This effectively compresses the electrical double
layers surrounding the particles allowing them to approach one another closely enough to fall into the

range where attractive forces dominate (Hogg 2000).

2.2.3.3 Ageing and resultant solld phase character

As mentioned in the introduction to this section, Sec. 2.2.3, particles formed by nucleation and enlarged
through aggregation may undergo physical and chemical changes that affect the final product character
provided they remain in contact with the mother liquor; these processes are often collectively termed
ageing. One such process is ripening, also called isothermal recrystallisation or Ostwald ripening. This
process describes the tendency, within a dispersed solid-liquid system, for dissolution of smaller
particles and subsequent deposition of solute onto larger particles. This shift of the PSD to larger sizes

is driven by the minimisation of total surface free energy.

Another ageing process is phase transformation. According to Ostwald’s law of stages, which is
applicable to precipitation systems where solids formation proceeds rapidly, the formation of a
thermodynamically stable phase is preceded by that of a number of less stable, or metastable, phases
possessing greater energy than the stable phase (S8hnel and Garside 1992). Thus, phase transformation
involves the gradual transformation, entailing both physical and chemical changes, from the initially
formed metastable solid to a more stable form. Such changes may include the conversion of

amorphous precipitates to more crystalline forms, the reduction of both structural and non-structural
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water, the conversion of metastable phases to more stable or equilibrium phases émd the
recrystallisation of non-equilibrium shapes of primary particles to form more compact shapes. The rate
of these changes is a function of precipitation conditions including concentration of reactant solutions,
solution ionic strength, the degrec\of agitation during ageing, the solution temperature and the presence
of admixtures {S8hnel & Garside 1992).

For metal hydroxide systems, the initial formation of amorphous phases and subsequent phase
transformation is common, for example, the sequential conversion of amorphous AOH), to
increasingly more stable solid phases. In particular, the reduction of the content of both non-structural
{adsorbed or interstitial in the lattice) and structural water (bound to metal atoms through a chemical
bond) is characteristic of ageing in metal hydroxide precipitation systems (S8hnel & Garside 1992 and
references contained therein). ‘The reduction of non-structural water, 3 large amount of which is
contained in freshly precipitated metal hydroxides, can be attributed to lattice rearrangement and the
growth of crystalline particles. In general, the tendency to form amorphous precipitates in metal
hydroxide systems increases with the valency of the metal ion (Patterson et al. 1990).

In his study of nickel hydroxide precipitation from chioride solstions, Dustan {2001) suggests that a
number of chemical and physical rearrangements take place during ageing and these have a significant
impact on aggregate shear strength and apparent density. Although no attempt is made to resolve the
dominant mechanisms involved in the ageing process, a number of observations and hypotheses are put
forward. During ageing of nickel hydroxide precipitates Dustan observes an increase in aggregate
density accompanied by a decrease in particle size and slight increase in particle number. These
changes in particle characteristics can be attributed to a loss of non-structural water and associated
particle rearrangements to more compact packing together with a loss of structural water during

molecular rearrangements of the metastable form to more stable phases.

2.2.4 Solids population balance

As noted in Sec. 2.1, the particle size distribution or PSD is one of the most important design criteria fo
be considered in the operation of precipitation processes (due in large to its influence on the
performance of downstream particle processing technologies), yet it is one of the most difficult
properties to predict. Unlike systems comprised of one or more bulk phases which may be sufficiently
described by a consideration of temperature, composition and relevant rate or equilibrium processes,
particulate \dispersed-phase systems require additional information to fully characterise them, since one
or more independent properties can be specified for each individual particle entity in the dispersed
system (Randolph & Larson 1971).

A system of particles simultaneously undergoing nucleation, aggregation and growth may be described
mathematically by a solids population balance — a statement of continuity for particulate systems. Inits

most general form the solids population balance may be given as
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Kinetic expressions for the various precipitation processes are then used in conjunction with the above

population balance equation (PBE) to describe the evolution of the PSD,

Eg. (2.11) is formulated in terms of both internal and external coordinates, where internal coordinates
relate to independent particle properties (most notably particle size) and external coordinates relate to
the position of the particle in space. In the above equation, » is the population density function and v is
the vector particle phase-space velocity with both external and internal components. Here, the external
velocity v, is related to, but not necessarily identical to the fluid velocity u. An example of internal
particle velocity v, applicable to precipitation is crystal growth. B and D are birth and death functions
which describe the appearance and disappearance of particles at a particular point in the particle phase
space as a result of, for example, particle aggregation or breakage.

For a well-mixed batch system of constant volume, with length, L, as the internal particle coordinate,

the population balance reduces to (Randolph & Larson 1971)

M oo o @2.12)

Here again, » is the number density function. This function is defined such that, if in the system there
are dN particles per unit volume of suspension in the size range L to L + dL, then at that size and time,
(L) = dN/dL (Bramley et al. 1996). Thus, Eq. (2.12) relates the rate of change of the number of
particles in the differential size range dL to the rates of birth and death in the size range and the rates of
growth into and out of the size range (Hounslow et al. 1988).

Note that in the above equation the particle growth rate, G, is not a function of L — a consequence of the
McCabe AL law (McCabe 1929) which assumes a linear rate of crystal growth independent of particle
length. The ease with which growth may be described using length promotes the use of length as the
internal particle coordinate as opposed to, for example, volume. The length-based forms of the birth
and death terms for aggregation are (Hulbert & Katz 1964):

D EBUE = B, Dl = 2 ) In(A)dA
B(L) _7‘! RV @.13)
D(L) = n(L)Qj'ﬂ(L,A)n(z)dz. 2.14)

Nucleation is commonly thought of as the appearance or birth of particles of zero size, from which it

follows that
B =B,6(L), (2.15)

where B, is the nucleation rate and 8(L) is the Dirac delta function (Hounslow et al. 1988).
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to or longer than the reaction time scale. Mixing times are discussed in detail in Baldyga et al. (1995).
However it should be noted that, of the mixing processes, only micromixing has the potential to affect
the reaction directly, while meso- and macromixing affect the reaction indirectly by influencing the rate
of micromixing (Baldyga & Orciuch 2001).

2311 Macromixing

Macromixing acts on the scale of the whole vessel and serves to convey fluid through regions where
the turbulent properties vary (Zauner & Jones 2002). This, the largest scale of mixing, incorporates 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 given by the circulation time, 1., which
for a stirred tank is

V.
a
Nd}
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Here, ¥, refers to total volume of the vessel contents, N the stirrer speed and 4, the impeller diameter,

whilst a is a constant, the value of which depends on the pumping capacity of the impeller.

2.3.1.2 Mesomixing

Mesomixing reflects turbulent diffusion and the inertial-convective disintegration of large eddies that
contain partially segregated fluid. Baldyga & Bourne (1992) define the characteristic time for turbulent
diffusion, 1, as follows: '

- 4 feed
= @2)
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In this equation, (., is the feed addition rate, ¥ is the magnitude of the velocity close to the feed point
and D; is the turbulent diffusivity.

For the inertial-convective disintegration of eddies of size » (where r is greater than the Kolmogorov
microscale, 77, but smaller than the large energy-containing eddies of size L), Baldyga et al. (1997)

estimate the inertial-convective characteristic mixing time, 7, as
fg = e = e 2.23)

where k is the turbulent kinetic energy and ¢ is the turbulent kinetic energy dissipation rate.

23.1.3 Micromixing

As with mesomixing, two mechanisms make up micromixing effects, viz. viscous-convective
deformation of fluid elements and molecular diffusion. These mechanisms operate over length scales

smaller than the Koimogorov length scale, 7.
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For viscous-convective mixing, the characteristic time scale is represented by what is known as the
engulfinent time constant, f;:

Ir

v V2
= 17.24(;;—) . (2.24)

1
E
'E is referred to as the engulfment parameter and v is the kinematic viscosity (Baldyga & Bourne
1989a).

The molecular diffusion time scale, denoted 1, is given by

-1
17050) ’ 2.25
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where Sc is the Schmidt number of the fluid (Baldyga & Bourne 1989h).

2.3.2 Modelling approaches

Mixing of fluids in agitated vessels is a common unit operation in many industrial processes. Control
of mixing efficiency is important, as selectivity, product vield and product quality may all be influenced
by mixing effects. It is therefore critical to include mixing considerations in any attempt to design,
scale-up or represent (through modelling) such equipment. Many mesomixing and micromixing
models have been developed over the last 50 years to describe and quantify the role of mixing in
reacting systems (Zauner & Jones 2002). According to Villermaux & Falk (1994), these models may
be classified into three categories: phenomenological models, physical models and detailed numerical

models.

2.3.21 Phenomenologlcal models

Phenomenological models extend macroscale residence time distribution (RTD) concepts to the local
microscopic scale through the visualisation of idealised segregated zones with exchange fluxes. A
characteristic of these types of models, and perhaps their main disadvantage, is that the model
parameters, including mixing times, are not known a priori and have to be fitted to experimental data
(Villermaux & Falk 1994). They are thus of limited use in predicting behaviour and developing rules

for reactor scale up.

The most common example of a phenomenological model is the IEM or *interaction by exchange with
the mean’ model, attributed to Harada et al. (1962). This mode! assumes that micromixing takes place
by a reversible exchange between feed regions (represented by well-mixed batch zones) and a mean
environment or bulk according to a single mixing time constant (Zauner & Jones 2002). Similar
models include the 3E and 4E (three and four environment) models developed by Ritchie & Toghby
{1979) and Mehta & Tarbell (1983) respectively. These models divide the reactor into two segregated

environments and one or two well-mixed leaving environments with transfer coefficients accounting
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for the mixing between environments. Villermaux & Falk (1994) developed a so-called generalised

mixing model (GMM), which is seen to reduce to simpler compartment models in certain cases.

2.3.22 Physical models

Physical models are mechanistic in that they are based on fundamental descriptions of diffusion and
convection occurring during mixing. While simplifications are necessary — usually the mixing vessel is
divided into zones based on experimentaily observed flow patterns — model parameters can be
independently determined from an analysis of fluid dynamics or laboratory measurements (Villermaux
& Falk 1994).

The characteristic model here is the EDD model developed by Baldyga & Bourne (1984), which is
derived from the engulfment-deformation-diffusion (EDD) theory of turbulent mixing. This theory is
based on the observation that during mixing entering material is engulfed by bulk fluid to form
vortices. The fluid elements imbedded in the vortices then deform and stretch to form slabs, while,
within these laminated substructures, molecular diffusion occurs to bring about local homogenisation.
Baldyga and Bourne later simplified the EDD model, after recognising that in some cases, in particular
when Sc > 4000, the engulfment frequency is the rate-determining step of micromixing and thus
molecular diffusion and deformation can be neglected. This led to the development of the engulfiment
or E model (Baldyga & Bourne 1989a).

Physical models are capable of making a priori predictions but only within the range of validity of the
assumptions and with full cognisance of the limits of the flow model employed (Villermaux & Falk
1994).

2.3.2.3 Detalled numsrical modsis

. Detailed numerical or analytical models are based on a comprehensive description of fluid dynamics in
mixing vessels (Villermaux & Falk 1994). Due to the rapid development in the field of computational
fluid dynamics (CFD), several commercial and private computer packages are now available to
facilitate the solution of the relevant mass, momentum and energy conservation equations. Owing to
the significant role CFD plays in this study, the approach to turbulence and micromixing modelling in
CFD is the focus of the next section.

2.3.3 A focus on CFD

Mixing tank operations typically exhibit complex three-dimensional and unsteady fluid flow, which
leads to considerable uncertainty in design and scale-up. Significant improﬁement can only be
achieved from a detailed description of the fluid flow characteristics (Middleton et al. 1986). Recent
progress and continuing improvements in CFD techniques and digital computing allow complex flow
situations to be modelled with a reasonable amount of detail and accuracy. CFD essentially involves
the prediction of the fluid flow behaviour through the solution of the mathematical equations governing
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fluid flow and heat and mass transfer, i.e. those describing the conservation of mass (the continuity
equation), momentum, energy and component mass. Each of these partial differential transport
equations may be generically expressed as a scalar advection-diffusion equation, given in coordinate-

free notation by
5%—(p¢)+V~(pv¢)=V~<r,V¢)+S.- 2.26)

The first term in Eq. (2.26) is known as the unsteady term and represents transient effects, the second
term is referred to as the convective term and describes the convective transport of ¢ (v is the velocity
vector) and the third term, the diffusive term, reflects diffusion. 7 is the diffusion coefficient. The

final source (or sink) term represents creation and destruction of 4. In principle, not only laminar
flows, but also a turbulent mixing process, could be fully described by directly solving the equations
symbolised above; this, since turbulent flows are merely extremely complex, unsteady laminar flows.
However, when considering turbulence, this would require a grid size that can encompass the smallest
relevant length scale. In turbulent mixing systems this length scale corresponds to the smallest scale of
concentration fluctuations described by the Batchelor microscale, which is impractically small. The
computational requirements of such direct numerical simulation (DNS) of turbulence is enonmous and
the technique is therefore currently limited to moderate Reynolds number flows in very simple
geometries (Vicum et al. 2004).

Thus, in order to solve these equations for practical applications and with the finite computational
resources available, it is necessary to make a number of approximations to account for the complexities
introduced by turbulence and micromixing (Fletcher et al. 1998). In most situations the above
equations are averaged and coupled to various empirical models (see Sec. 2.3.3.1). The resulting
partial differential equations are then discretised on a finite mesh, and with the application of
appropriate boundary and initial conditions, solved iteratively to produce quantities like velocity,
pressure, turbulence, ternperature and concentration for each mesh point, for every time step (Fletcher
et al. 1998).

2.3.3.1  Turbulence modelling in CFD

As intimated above, under turbulent conditions, such as those most frequently encountered in stirred

tanks, turbulence models are used to solve the transport equations for the Reynolds-averaged quantities:

1+8¢

T 2.2
F== J¢d;. @an

Here, &t is a time scale large relative to the time scale of turbulent fluctuations, and small relative to the
time scale to be resolved. Such a definition enables the instantaneous flow variables to be split into

their mean and fluctuating components:

$=¢ +¢". (2.28)
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Observing the mathematical properties of Reynolds averaging, dropping the overbar notation from
Reynolds-averaged mean quantities for all primitive variables and retaining the bars for averages
involving products of fluctuating quantities, Eq. (2.26) may then be written in Reynolds-averaged form
as

Z(oh)+ V- (ovh) =V -(1V4= PV A5, @229)

Thus, Eq. (2.26) is unchanged except for the inclusion of a turbulent flux term additional to the
molecular diffusive flux. These are denoted the Reynolds fluxes or, if the variable under consideration
is a velocity (i.e. the relevant transport equation is that of niomentum), the Reynolds stresses, and they
arise not from the linear diffusive term in Eq. (2.26), but from the non-linear convective term. They
reflect the fact that convective transport due to turbulent velocity fluctuations will act to enhance
mixing over and above that caused by thermal fluctuations at the molecular level (Fletcher 1997). Eq.
(2.29) now requires closure by an appropriate turbulence model, which provides models for the
computation of the Reynolds stresses and fluxes. Such models may be broadly categorised as being
either eddy viscosity models (Reynolds stresses and fluxes are modelled algebraically in terms of
known mean quantities) or second order closure models (differential transport equations are solved for
the turbulent fluxes).

The most widely applied turbulence closure model in CFD is the standard ¢ model — a two equation,
eddy viscosity model. The eddy viscosity hypothesis assumes that the Reynolds stresses can be
linearly related to the mean velocity gradients via an eddy (or turbulent) viscosity, 4, in a manner
analogous to the relationship between the stress and strain tensors in laminar Newtonian flow.
Similarly, the eddy diffusivity hypothesis states that the Reynolds fluxes of a scalar are linearly related,
via an eddy (or turbulent) diffusivity, 7, to the mean scalar gradient. The generic Eq. (2.29) thus

becomes:

9
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where
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Focussing on the 4~ model, the turbulent viscosity is given by

kz
Hr = po, —. @)

In the above equation, ¢, is a constant, £ is the turbulent kinetic energy and ¢ is the turbulent kinetic
energy dissipation rate. The value of [, is then simply related to that of 4, as prescribed by the model

and the relevant flow variable of interest. Two further equations governing the conservation of kand ¢
are necessarily derived in this model. These are obtained by a combination of the manipulation of the

fundamental equations, to construct equations for the transport of these quantities, followed by
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approximation to remove the unknown terms this process introduces. Details of these equations, which
contain a number of tuned constants, as well as those covering the Reynolds stresses and fluxes and
other particulars, are offered in Fletcher (1997) and Hjertager et al. (2002) or indeed most texts on
turbulence modelling.

Given its simplicity, the &—& model performs well in a wide range of turbulent flows. One drawback
though is that it assumes turbulent diffusion to be isotropic or directionally independent. For flows
involving strong anisotropy, such as those close to walls {a problem overcome by the application of
near-wall functions) or in swirl flows (van Leeuwen 1998), such an assumption is clearly invalid, and
the model is overly diffusive. Nevertheless, although modifications to the standard k& model (such as
that based on Renormalisation Group (RNG) theory) and even second order turbulence closure models
such as the differential stress and differential flux models claim superior performance, none at present
has conclusively been shown to outperform consistently the standard 4—£ model (Fletcher 1997). Jenne
& Reuss (1999) present a critical assessment on the use of &~ turbulence models for simulation of

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

2.3.3.2 Micromixing modeliing in CFD

In order to model turbulent flows in mixing vessels, it is necessary to default to the Reynolds-averaged
equations outlined in Sec. 2.3.3.1 above. However, in such a representation, while macromixing and
mesomixing are solved together in terms of convection and turbulent diffusion, micromixing is
neglected (Marchisio & Barresi 2003). Essentially, this problem occurs because the chemical reaction
rates are dependent on the instantaneous species concentrations, which vary rapidly due to turbulence,
but in the numerical simulations only time (ensemble) averaged values are readily available. The
problem is well described for precipitation by Baldyga & Orciuch (1997).

To overcome this problem, a specific micromixing model needs to be added. There are several
approaches to micromixing that can be coupled with CFD codes. A popular strategy, and one that is
commonly an elective feature of CFD codes, is the eddy dissipation concept (EDC), which was
developed for the prediction of gaseous combustion reactions in turbulent flows. It is based on the
premise that reaction time scales can be related to the dissipation of turbulent eddies containing
reacting solutions (Magnussen & Hjertager 1976). Hjertager et al. (2002) have attempted to modify the
EDC model to make it applicable to fast chemical reactions occurring in the liguid phase.

A more rigorous and increasingly common approach is to account statistically for the fluctuations via
the introduction of additional models for the various scales of mixing behaviour (varying from the
inertial-convective to the viscous-diffusive) and probability density function.(PDF) models that seek to
represent the furbulence fluctuations. However, much simplification is necessary, which often takes the
form of solving transport equations for a mixture fraction and its variance, and using a prescribed PDF
form to calculate the fluctuations. This approach is used by Baldyga & Orciuch (1997) to study

precipitation via a single reaction. More complex models adopt a Lagrangian approach to account for
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the micromixing and integrate this with Eulerian transport models (Fox 1998). However, application is
still limited to simple reaction systems.

23.3.3 Flow prediction In stirred tanks

Mixing of fluids in stirred tanks is an important and well-established unit operation that finds
application is a wide range of industrial processes. As a result, numerous studies are detailed in the
literature that describe the effect of impeller and vessel geometry, fluid propertics and operating
parameters on power consumption and fluid flow patterns (Rigby et al. 1998). The most widely
applied and studied mixing configuration is the baffled tank in combination with the standard Rushton
impeller.

Numerical simulation of the flow field in stirred tanks is complicated by the interaction between the
stationary baffles and the rotating impeller, which produces a periodic unsteady flow (Koh & Wu
1998}. A mumber of approaches have been developed to account for the effect of the impeller in the
stirred tank. Early approaches generally exclude the impeller region from the computational domain
and prescribe, on the basis of simple models or experimental data, the flow field near the impelleras a
stationary boundary condition (Brucato et al. 1998). Alternatively, the impeller is modelied as a
distributed source of empirically determined momentum and turbulence quantities (e.g. Ranade 1997).
Although effective, these approaches have limited predictive capabilities due to their reliance on

experimental data.

Recently, the development of sliding mesh techniques has allowed the explicit simulation of the entire
flow field in baffled stirred tanks without the need for empirical data (Brucato et al. 1998). In this
approach, the flow field is divided into two discreet domains, an inner domain that rotates with the
impelier and a stationary outer domain. At each time step, the additional velocity component due to the
_motion of the mesh is taken into account. The sliding mesh approach can now be implemented as a

standard option in most commercially available CFD codes.

2.4 Application of CFD to precipitation systems

Over the past decade the application of computational fluid dynamics (CFD) to complex flow and
reaction problems has increasingly generated considerable interest. Precipitation processes frequently
exhibit very fast reaction kinetics, making mixing of great importance in determining product quality.
It is speculated that the detailed knowledge of spatial dynamics afforded by CFD modelling would add
substantial value to the analysis of such systems, yet there remain relatively few published attempts
reported on its application to the field of precipitation. Efforts to model precipitation with a detailed
description of fluid dynamics via CFD are hampered by the significant challenges that arise when
simuitaneously considering complex precipitation kinetics and PSD evolution together with

micromixing phenomena (Falk & Schaer 2001). As a result there tends to be a division in the literature
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between works that attempt to bring together precipitation with detailed micromixing modelling and

works that focus on representing the precipitation process more accurately.

The original work in this area was reported by Seckler et al. (1995) who developed a model describing
the precipitation of calcium phosphate on a local scale in a double-jet continuous reactor. This work
was further developed by van Leeuwen et al. (1996) who studied the steady-state two-dimensional
precipitation of barium sulphate in a continuous rectangular flat reactor with jet mixing. Wei &
Garside (1997) developed two-dimensional and three-dimensional descriptions of steady-state barium
sulphate precipitation in jet mixer pipelines, and later extended these simulations to explore the
continuous precipitation of barium sulphate in stirred tanks. All these pioneering works, and more
recent studies including those by Al-Rashed & Jones (1999) and Rousseaux et al. (2001), assume
perfect micromixing within each computational cell and yet still achieve good agreement with

experimental data.

Other researchers maintain the importance of micromixing effects in precipitation systems. Falk &
Schaer (2001), for example, present a PDF method for simulating the precipitation process, which
considers nucleation, growth and agglomeration sub-processes together with micromixing. However,
their method is demonstrated for a very simple case of silica aggregation (in the absence of nucleation,
growth and supersaturation) in a simple reactor configuration, due to the acknowledged complexity of
considering all processes simultaneously. In contrast, Jarworski & Nienow (2003) assert that in stirred
tanks the contribution of mixing to overall precipitation kinetics is marginal. Thus, in their study of
continuous precipitation of barium sulphate micromixing effects are not included in the model
framework. There is thus a clear lack of agreement over the role of micromixing in precipitating
systems, which can be attributed to the still-limited empirical knowledge and fundamental

understanding of precipitation processes.

It is because of these limitations that even works that concentrate primarily on the integration of
precipitation processes with CFD (i.e. those that assume perfect micromixing) are subject to a number
of necessary simplifying assumptions. Often only the mechanisms of nucleation and growth are
considered; represented typically by empirical power law or Arrhenius type relationships. Aggregation
is rarely modelled. This can be atiributed to the fact that researchers often choose to represent the
behaviour of ‘model’ systems, such as the precipitation reaction of barium chloride and sodium
sulphate, where aggregation is thought to be minimal. Besides simplifying the modelling effort
substantially, these ideal systems are chosen because they have been the most widely investigated
experimentally and reported in the literature. For much the same reasons, there are no reported
attempts to model metal hydroxide precipitation in conjunction with CFD (i.e. these systems do not

behave ideally and are not often the focus of experimental studies).

A further simplification in the representation of precipitation systems is the use of the moment
transformation of the population balance to represent the evolution of the particle size distribution.
Indeed, this practice is almost ubiquitous. The only examples of a full population balance are in the
works of Urban & Liberis (1999) and Madec et al. (2001). In the former case, however, the flow field



28 CFD analysis of reactive crystailisation in stirred tanks

predicted by CFD is used to divide the crystalliser up into a network of uniformly mixed regions and to
determine the interconnections between these regions. Aggregation is again not considered. Madec et
al. (2001) use a direct Monte-Carlo method to simulate the full population balance for the case of

agglomeration only, but this necessitates an extremely coarse CFD mesh of only nine cells.

Perhaps the most significant shortcoming, as it relates to the system under investigation here, in all the
reported attempts to model precipitation, is the cursbry attention given to the supersaturation
calculation. The aqueous chemistry in the *ideal’ systems studied has been such that rigorous
modelling of solution thermodynamics was not undertaken. However, in metal hydroxide systems,
consideration of the critical role of solution speciation in the control of supersaturation, the

precipitation driving force, is paramount.



Chapter

Experimental system
and available data

3.1 Introduction

The experimental data supporting this work is gleaned from a portion of the laboratory component of
the study of the semi-batch precipitation of nickel hydroxide by Dustan (2001). Although the intention
was not to resolve the particular system in great detail, Dustan’s investigation was extensive in its
scope. Accordingly, the objective of this chapter is briefly to familiarise the reader with only the
relevant particulars of Dustan’s experimental system, procedures and program; this is considered
prerequisite to the detailing, in the succeeding chapters, of this study’s own modelling efforts.
Additionally, and perhaps. more importantly, the chapter serves to highlight the associated issues
covering the extent and quality of the resultant data, which are pertinent to model development (in
particular parameter extraction) and subsequent evaluation of model efficacy. It must be stated that no
definitive, detailed display or analysis of experimental results is offered. For this and for further details
regarding laboratory methods please refer to Dustan (2001), a work which self-evidently forms the

basis of the information presented here.

3.2 Experimental system and procedures

The applicable operating procedure for the semi-batch precipitation of nickel hydroxide from chloride
solution may be summarised as follows. Within a baffled 5 dm® cylindrical glass vessel of diameter (T)
0.17 m, an initial charge solution of 3 dm’® of 0.01 mol.dm™ NiCl, is controlled at 25 °C and agitated

2%
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with a six-bladed Rushton turbine. To this, a solution of 0.0735 mol.dm™® NaQH is added at a constant
rate. Once a target pH of 10 is reached, NaOH addition switches to a control mode to maintain this pH.
The tank is configured in the standard Rushton geometry, such that the other dimensions may be related
to T thus (Lane & Koh 1997):

impeller clearance, 7/3;

impeller diameter, 7/3;

blade height, 7/15;

blade length, 7712,

disc diameter, 774,

baffle width, 7710.
The feed point is located at the surface of the initial liquid volume, midway between the impeller shaft
and the vessel wall and midway between two of the four equally-spaced baffles.

During the course of a precipitation run, the pH is continuously monitored using a fast response glass
pH probe, connected to a PC. Following the period of constant NaOH addition, the incremental
volumes of additional hydroxide required to maintain the setpoint pH are recorded. Online particle size
and solids volume concentration are measured using a Malvern Mastersizer S™ instrument. A
Masterflex™ peristaltic pump is employed to recycle the tank contents through the analyser and back
into the reaction vessel, with the suspension characterisation measurements logged at intervals
throughout the process. In addition, nickel concentrations in solution are quantified by periodic,
discrete sampling of the suspension — a small sample is withdrawn and immediately filtered through a
(.45 pm membrane prior to ICP analysis of the filtrate. It should be noted that, with respect to all
readings, efforts are made to collect as accurate and representative a measure as possible of what is

evidently a spatially non-uniform system, whilst also minimising disruption to it.

3.3 Data availability and quality

This section seeks to call attention to various issues defining the extent of the available experimental

data and to aspects surrounding the quality thereof.

3.3.1 Summary of relevant experimental program

A vast array of possible design and operating variables exist for the control and optimisation of stirred
tank precipitation processes. However, definition of the system as in Sec. 3.2 reveals that only a very
limited subset of these are of interest here. Accordingly, only variations in the volumetric NaOH feed
rate and the stirrer speed, both, incidentally, readily controllable by plant operators, are explored. Low,
median and high values for these variables are selected, as illustrated in Table 3.1. A combination of
the two median values, together with the constant variable values specified in Sec. 3.2, constitutes what

is defined as a ‘base case’ scenario. The remaining four scenarios involve the independent variation of
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Lhese mavo variable vatues and an identified in the remainder of this work vsing the logical notation

presented in Table 5.1,

Table 31  Specificalion of precimlution gperating condations tor each of the expertmental ns,
widh Tespect B itvestigaced variabibes (nob-*base” values in italics),

Mol | acditon rate Stirnor 2pons

T TR irpeal
BET s 150
rate _ (R =t
ke S 2 =
ahir | e 53
stir H bz 330

Tt should be mentioned that the addition rates listed abowve are approximale since there was some
difliculty maintaining constant tareel values — more precise measured values are recorded by the
instromentation, Fuorthermore, no particular significance is attachad to any of these scenarios. Lndeed,
their selection was faitly arbitrary;, however, they arc cxpeeled Lo sulliciently demonstrate meaningfil
trends and Facilitate the investigation v the influence of these key variables in the modelling work (o

fol o,

3.3.2 Measurement techniques and difficulties

Izefving on the tacl that the ditfraction angle of Taser light passed through the suspension sample is
imversely proportionat to particle size, the Malvern Mastersizer 5™ empluvs the technigue of laser
diffraction [more correctly cafled Low Angle Laser Light Scattering) to determine particle volume
distributivns from analysed light energy data. 17se is made of lhe {ull Mie Lheory to completely salve
the equativms for interaction of tight with matter, reportedly allowing acourate results over the size
range 0.05 900 |;.lm [Rawle 2001y, The same partiche wnd suspending mediom optical propertics
required by hie theory arc dlso applicd by the analyser. together with the Becr-Lambert Law and the

messured volume-hased size distribution, to caleulale the sobids volwme concentragion.

Althwough the volume distributions reported by e siving apparatus are generally deemed the preterred
metric for chemical engineers. since they reflect where the mass of a system Hes, other distributions or
mean diamelers of interest may be catculated from the measured data s required. An awareness of
which is an orlginal measurement and which a derived valoe is, however, of soine import. Besides
risking the possibility of error compounding as a conseyuence of conversion, significantly tower
canfidence is typically assoviated wilh the accuracy of derived measurements (Rawle 20401 ).
Avcordingly, 1t is sitapty mentloned here that caution should be exercised when exploiting the resultant

transformations.
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Fur this pasticitlar application, particle aumbers are of great importanes, both practically. through their
relatianship with svstem operability and the stated lone-lerm ohjective of optimised downslream
perfarmance, and theorelically, throush Lheir regitired explication for parameter estimmation and
stbsequent modelling oflons, As such, the toeasured volume distributions ure convested to ones based
upon parlicle number, cmplaying assumptions of particle sphericity and some form of distribotion
willtin cach size interval (in thiz case. a constant menber-density function). |he above-mentionzd
caution regarding the reliahilily of derived quantitics is duly aoted; the fact that tiny abselute errons f1
measurcd volume in the smaller size classes could fepresent the eguivalent of disrcaardeing millions of
particles, scrves as an lustration of the inhercat difficulties. However, these potential ingccuracics,
whilst hanpering offorts at system characterization, should oot detrct from the methodology
developed and demonstemed in Chaps, 4 — 6. 1n light of the additional deficiencies and unceraintics
evident in the process deseription, and which are outlined in this dissentation in scetions W follow, 1L s
argued that precise cxperimental quantilication is nol paratoount, The previowsly arlicalated primary
goals of the study suppart the notion that a consistent, comparable measure ofthe system iz sufficlent,
Further, Dustan (2001 contends that the recwrrent nature of the particle 3ize analysis, at intervals

throvrghout the course OF 8 run. ereases e conlikenee 1o the caleulsled particle number distribulioos.

3.1.3 Selected observations of resulis

Those features of the data decmed comtextualby relevant ate included below, Prior 1o considering these
it 15 worth remarlang that the suspensions produced experimentably, like many metal bydroxide
precipilale phases, exlubit low crystallinity, being amorphous and colloidal in aatare; thus
compounding the difficulties of particuldie messurements, Todeed, as noted by Dustan (200H ), the
process has many characteristics more in comoos with flocculation or sol-gel applications than with
classic cryvsiallisation. [n this resand, it is also valuable to note up-front that, again in line with other
simiilar systems, growth phenomena are concluded (o be nstenilicant by Dustan (200H ). As such,
[rostan’s proposal — that aperepation is the predominant size-enlatpeiment mechanisim, whilst sobute

deposiltion doeurs solcly via nuclcation — Iz adopred hera,

In exploring the issues to folbow, 1L s dlso impoertant to tecomise that, whilst being mingdful of spatial
heterogencity, in the absence of spatially distributed dula it can oaly be wssumed that, for analysis and
pardreler ealraction purposes, mcasurcd vahees (and their derivatives ) represent the variables” waiform

disteibnrticns,

3.3.3.1 Varabllity of preclpitate denslty

bnowledge of the density of fhe pregipitate phase in solifion 35 a precegiisite [or the performance of
mass balances {relating precipitate sobume W vicld and, in lum, 1o dissolved concontrations] in the
analvses ol experitoenial dals and in the development of models describing the process, For the pootly
defined and significantly hvdrated precipitates encountveed here, te Tisted lteralure values for nicke]
hydroxide density (ed. Tinde 1996) of 4150 kg.m * for erystatline saolids aad 3650 k™ lor
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amarphons material da not apply, [hstan (2001 ) therefore introduced the concept of an experimentally
determined precipitate molar density, defined as the quantity of precipitated nickel per unil volume of
deterted solid. He proposed that during the scmi-batch precipitation, an ageing period could be
considered subsequent to an indtial precipitation period in which vssentially all solute deposition
assumedly occurs. In this work, we concern ourselves solely with this precipitation period, the end of
which is taken to be demarcated by an observed maximum in the measured total solids volume, The

appropriate solids volume fraction profiles are represented in Fig 3.1,
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Figure 3.1 Prodiles al meswred selids voloroe fraclion lor the precipilsbion penol ot each of
the cxperimental runs, culminating in the display of the maximum measired sobids
cimncenbratsn.

In all sases it is [airly shertly after the setpoint pH of 1{ has been attained that these characieristic
maxima {evident in both solids volume and solids volume fraction) ccctr. The asstimption, alluded to
above, that at this poimnt adl nickel exists I salution at its eqoilibriun concentration (which, toall
intents tnd purpeses, is zero at this elevated pHY, is thus supparted by the 1CP measurements indicating
that, for each run, the realisation of the seipeint pH very closely coincides with the practically complete
depletion of tatal dissolved nickel, Mass conservation implies that the corresponding nickel contett of
the maximeon meastzed soiids volumes is tat of the tolal systenn, making 1 8 simple undertaking then
to determine the required precipitate molar density vahies, Since the varions final sofkds volume
fraction values plotted in Fig, 3.1 represent the same gquantity ol nickel, and since preat similanty exists
belween the final values of total volume accompanying each series above, 11 is apparsn that the

calculated density values vary markedly onder different operating conditions; they are tabulated below.
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Table 32 Mxpermendally delemniped peecipiiue mnsdar Jensides the each of die experimental

k.
Precipitate molar density
LKl iy %)
base 125
rata L 415
rate b 081
stir b 1.15
atir H 2.945

Throughout the precipilation peod, Dustan (20017 asswmes the above quanlities o be consant and
characteristiv of the particular set of operating conditions, asic trends inrelating the precipitate molar
density to operational variahles ure clearly evident fron Table 3.2, and although Dustan (2060 1) notes
that deneily in solulion appears tw be a dypamic quantity — a function of. amanost other possibilities,
hoth snlids age (based on observations during the ageing perind) and applied sheur  nocorrelanom was
foumd for this importtant parameter sfter bis cxaminaton of the full suite of cxpenimental data. The
variahle natiee of the densigy value lrom one seenatio to ancther theretore has obvious detrimsntal
unphications for the predictive cupubility of modelling effnts, since for cach operuting point of interest
results oo the equivalent experimental mn are necessary W delermine a model inpul. However, [br

wint of a superior practical alternative, the same approach is agoepted in this stods.

The corresponding rmolar density ol by droxide in the previpitale phase s cstimated through s
stoichiometric reldinnship to nicke]. Itis sufficient fo state at this stage that Mustan (2000 9, whilst
vonceding bt the quantity miy be & timc-dependent variuble and that its valuc may be disputed,
sugpests that the ratio of MeCH 0 the salid is very elose to that expected rom pues N1,

foomation, i.e. hvdroxide density values are double those presented in fhe preceding table,

3.3.3.2 Incongruence of results

The procipitate molar densitics defined and cnummerated above ave central to illustrating an {nteresting
feature ol the expenmental resuls. They are used in the estimation of the vacious solids concentration
profiles as inferred by mass balance from the 1EP analvses of total nickel in solution. Compatison of
the profiles thus genetated with those measured by the Malveen Masiersizer S™ (appearing in Fig. 3.1}
reveals a sipnificant discrepancy. This i3 sraphically presented in Fig, 3.2 o the “bhase® scenaric. FHagh
ol the remaiming secoarins cvincs sinailarty snomalous hehavioor, wilh an dpprosimalely inear

decredse in totul dissolved nickel comesponding. in essence, to a constant rate of volume deposition,
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Firure 3.2 Profiles of zodids volome fmeiion fir “hase’ mn as deseribed by solids concontation
measurements (measuned s and by masis balanes caleolations based on lotal dizsolbved
nickel concentralion measureinents {caleulated).

This phenomenon ellceluatly illusirates wity the precipitate maolar density is only caleulated at the
conclusion af the precipitation period (Sec, 3.3.5.17 and is not tested ai earlier timas: the measurements
of solids volume are seemingly pnrelinhle. The matter of making sense of the above results is
addressed in Sec. 3.4

3.2.2.2 Reproducibility of resulis

Lincertainties and experimental difliculties nolwithstanding, repeats of the “base’ experimental tun
{elthough not proseniud here) demonstrate pood reproducibility In the data of the varions measured
properties. This servis to build some conlidencs in the reselts, sugpesting that, althoush the accuracy
Or precisiod may af times be questionable, the instrumentation iz not providing random outpud, but a
rehably consistent measure of the svsten hehaviowr. 1'he consequent Faith in the capacity 1o capture
experimental ly the distinctive teatures or characteristics of the different scenanios permits, inter alia

comparative analyses o be made with greater assurance,

3.4 Manipulation of raw solids volume data

There exists a clear nesx| w reconcile the contradictory data presented n Fig 3.2, MDeliberation to this
end yiclds two alternative, plavsible thoories, the st of which 18 adopted and implemented in this

Sludy.
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3.4.1 Accounting for undetected solids volume

ipustan (2001 ) confends thar & reasonable explanation [or e lack of derived agreement between solids
volume and nickel concentration measurements is a sysiemagic fuilure of the particle sizing equipment
Althoeugh admiltedly sporadic, the 1CP analvaes are deemed 3 more dependable sauge of the extent of
sulute deposition han (s 1he suspension characterisatinn. Reservations swroynding the probity of the
size analyser oufput bave previowsly been expressed, with syslem-spesific phenomena such as the
formation of oxv-teydroxide species (leading 1o possible conlumiativnal changes In padicle clusters)
and npgrevale densilicarion wilk time {through secondary crystallisation processes) jdentified as
componnding difficulties concerning luser dillraction rendings, This stunce (Le. rejection of solids
volume concentrution measurements i Byeour of those of total nickel in salution) 2 furthey supported
by the ebservations that:

pH praliles (oot shown)) indicate substantial early hydrovide consumption;

neither pH profiles oor cumulative profiles of volumetric NalH addition {nvot shown ) exhibit an

inflecticn that might be expecied to accempany the period ol apparent sudden wnd rapid

deposition rellected in fhe solids concenTation measurements; and,

the results of experimental ruts by Chastan (2001 using allemalive anions all display

approximately linear deposition protiles (us inferred from both solids concentration und dissobved

nicked meusurements ), whilst showing responses iy ather, connected properties {e.g, pH) which

are comparable ta those of the corresponding ehloride runs.
in addition, although it 15 conceded that filteation of samples can never be instantaneous, the
diserepancy in the extent of deposition implied by the two measurements is so vasl that for this
practival limitation to be used as counter-arpument would requive that a very slow nucleation rate
accelerute alurmingly prior o and during 1iration. Tndecd, the interpretation presented here of these
contradictory measurements s published {Petrie et al. 2002} and supported by leading autherities o the
lictd, including Dir Alan Rawle, presentdy Divizional Manager Applications Support with blulvern

[nstruments, g, in the USA (Dustan 2005, perasnal communication)’

A suely, il s posited that the presence of very small particles  diameters of nuclei have been
previeusky estimated at | |3 nmofor this particular systen (Suoninen et ul, 1973} — 15 nol delecied by
rhe Mabvem Mustersioer S™ unlil they have aggrepgated to g certain minimum ‘visible® sire, Clearly
then, it is required thal some critical solution sod/or surface condition exist before significant

dgpresation can oocur,

The measured size distributions reveal that solids volume is enly consistently deteeted o the thirleen

size intervals spammioy Jower bounds of 2006 32234 wm, intimating that the mocted “eut-off” sive

P Novorheless, the possibility that the bterprecation. selection wd subsequent manipalation of experimental dat.
miy b2 incoerect i achnowledaed; allemative explanaiions are recognised and cven sugpested [(Sec, 3,420,
Mumately, however, whether or nat this interpresation is comest I not of prijmary inporlunce within the contaxt of
the alme of the worke and shaull oot detract Trom e cope emn bolian, schich s (ax bas been mentoned and swali
b seen an the fllowing chapters) the development ot'a mode] arcliteciore of genede value.
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betow which particles are invisible to the size and volume measurements is in the region of 2 gm. The
seemingly obscure dimensions referenced merely correspond o the diserete ootput channets of the
sizitng apparatus, which, beginning at 005 pm, divides the length domain into inlervals o a geomeiric
serics sueh that the opper ond lower bounds of each size interval are in a ratio of 2%, Recatling that
wickel assays gre preceded by filtration of the sample through a (.45 |im membrane immediately after
codlection, it is theretore evident that, theoretically, the unzeen solids vohlume vepresented by the
dilference in Fig 3.2 is associated with particles (n the size range (h45 — 2,016 pm, Considening this
fact, the selected manipulation of the raw experimental data, whereby the ‘loat’ solids volume i3 simply
assigned to the smallest of the thitteen particle size classes (with doe consideration of precipitate molar

density and “noctens’ vatume), is not thooght to be an wnreasonable approximation.

It is of interest to remark, agan theoretically, that, it allowances are macle for particles between 0.0115
pm and 0.45 pm in size, the undelected volume coubd fasibly be even greater. Howewer, it 1s later
demonstrated in Chaps. 4 and & that, whether asswming spatiat eniformity or modeting the system’s
detailed spatial dependence via {°FD, caleulations indicate the deposition predicted by the total
dissobved nickel conventrations closely approsches the maximuom thermodynamically permissible.
I'his, in wrn, implies that the quantity of precipitate composed of these smallest of particles is
pursisiently very limited. Such a situation is arguably dorealistic, casting donbl on the iheoreticsl
assertion that all particles less than 0,45 pm in diameter will pass throongh the membrane (and [Lter
cake). I practice, the atiribution of a stvict classification capability to such an elementary fltration

operation 15 Hkely imacoirate.

34.2 5ize-dependent aggregate density

The notion thal the Malvern Mastersizer 8™ js failing to discern the presence of particles as large as 2
Hm cleatly ies contrary 1o the conservitive claim cited in Sec. 3.3.2 that the device enables
measurement of particles at least as small as 0.03 pm, In fight of these contradictery deteetion limits,
an alternative and perbaps more credible explanation for the apparent comflict between solution and
suspension messurements is that there exists, in fact, no contlict, Rather, i may be postulated that the
full sotids volume (or very close to it s detecte] and reported and that the precipitate molar densily 15
aceordingly s funcrion of particle size, i.e. Iarger aggregates occupy a greater specific volume than
smaller ones. Hence, it may be defensibly conceived thal, although their presence is nol necessatily
reflected in the measered size distribotions. small, dense parliches predominate during the early stages
of'the precipitation; these do not contribote sigmificantly to the solids volume. iy do constitute 4
substantial quantity of nickel. Measurement difficuliies borme of the minimal volome associaled with
vast numbers of simaller particles were meptioned previoushy o Sec. 3.3.2. The onsequences of
potential errors are clearty exacerbated by the proposed relationship belween paricle size and density,
reinforceng the ideal requirement of higher resolution particle nomber dismibutions and complicating

the task of appropriate manipulation of the raw solids daly.
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There ure a seleclion of taclors which suspest that this idea of a size-dependent density might be the

superor rationalisation of  mcongruent” experimental resulis,

Foremost, the arcument does oot rely upon an assumption of glaring hardware malfunction. Asa
resuit of this, it s bellet able o justify convinenigly the varfous suspension measurements.
Irespective of the pacticle sizes invobved, the premise, required by the reasoning preseited fn
Sec. 3.4, that such a substantial solids volume remains invisible seems intuitively unreasonable.
Conversely, failure merely to resolve consistently the negligibte fractions of total sofids volume

resident in the smaller particte size classes s somewhat understandable.

Further. the altetnative explanation iz supported by expevimental observations. Although the
accuracy of measyred averave particle diameters is guestonable, empitical evidence of a
vonsiztent relationship betwesn particle size and density m solution is provided by profiles of
solids volume and average slre tor the difierenl rens spanning the range of the precipitation
prograc ioitiated by Dustan (2001). {The reader is directed ta this work for full documentation
of results ) These profiles clearly suspesi thal the burger the ageresate, the lower its density. ‘This
i3 mos| compellingly demonstrated by the behaviour exhibited during the azeing period, not only
because of the greater certainty that the measured solids volumes for each of the experimental
swenarios during this petiod represent both comparable nicke] quantities and the true total
volumes, but atso due to the low tnitial sohds concentrations {below the recommended
measurement range af the Malvern Mastersizer 5™ which render early size ineasurements

patlicularly unreliable,

[n addition, whilst the density valoes presented in ‘fable 3.2 may adequately reflect the physical
character of large, loosely-bound flocs, the assipnment to nuelei of & density value closer to those
supplied in the literature tor nickel hydroxide {see Sec. 3.3.3.1} is certainty considered more
appropriate. Even the *low’ density of 3650 kem” Iisted for amomhous solid translates to a
precipitate molar density of approximatety 441 kmal m™.

Finally, the non-conservation of measured aguregate volume is 4 recognised theoretical
phenomenon {e.g. Gardner & Theis 1996, tlogp 20007, Indeed, such a model is largehy consistent
with the description of aporegate structure proposed {but not implemented) by Dustan (2001}

based o his observations of the same svstem,

Another featore which makes this description an attractive one is that it painlessly overcomes the
existing problem of the deleterious consequences for model predictive wapability of the absenve of a
vorrelition for the different densities measured under distinct operating conditions, Moreover, it does
not oblize that the core behavioural deductions established upon an assumption of undetected solid
(Duistan 2000 ¥ be readdressed, Chiefly here, the explanations of measured solids volume data oilzred
bath in Sec. 3401 and in this section sach demand the sudden onset of a peried of rapid aggregation:
the former, fot agerecates to move Into the insitument’s field of view; the latter, to ‘create’ volume

through the non-volume-conserving formation of lonsely-bound aggregates, All things considerad, a
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vombination ol the drpumenls presented o these two seelions probably represents the most soitahle

account of reality,

Az intmated above. the concept of 4 size-dependent density of fractal apgregates ts touched on by
Dustan {2001}, although not embraced with much enthusiasm in s unadulterated form. Dustan does
deconstruct the deqsity dependenee to g nnmber of potential fonctional components, but does not
submit the possibility that density could be, for example, not 4 fanction of shear, but essentially a
function of particle size alone, which s, in wrn, controlled by shear-dependent ageregation and
breakage functions. | 'he probability that reality is more complex than thus described is not dismissed;
indeed, he fraclal dimension of collotdal particles is often lound to chanre wilh solution and fluid
mechanical conditions (CGardner & Theis 1996), However, whilst conceding thuk ihe relanonship
between density and particle size could itself be a function of stirring intensity, the simplicity and
elerance of the approach eutlined here [= pediaps worth pursuing, 1t is cettainly sn improvement oo

the current, implemented model.

Ultimately, thougly, such i description is oot explored due in large to the difficulties inhetent in the
madelling of non-conservation of particle volumc upon aggrezabon. Furthenmore, difficultics still

cxist in establishing the mathematical specifivs of the relationship betwean densily and particle size.
Howwever. some thoughts on potertial stragepies for resolving these problems are nffered tn Sec. 7.2,
Having taken the vy ol digression in deiailing an impoftant altermative paradiem o this secton, it is
worth reiterating that in the remainder of the work the positions outlined in Seca. 3351 and 3.4.1

apply for all practical purposes,

3.5 Concluding remarks

The malerint presented il s chapier has served (0 goquaint the eeader with the laboratary system and
analytical methods which arc the sourie ol the experimental data ulilised in this smdy. In so doing, the
manipulation of salids measurements has been justified and detailed. Additionally, insights have been
provided ioto dats availability and gquality, whicl revenl that the information allordef by the exisling
data is nsyfficient tn characterise the svstem in preat detail. Thesce leatures have important
consequences for the nccuracy and wenemality of key extracted parameters and the resultant assessnient
of the applicability of lhe compuiational model (disceszed in Chap, 6). Firstly, however, the specifics
of the experimental system clearly inform the development of such a model to describe the process, an

exercise which is documented in Chaps. 4 and 5.



Chapter

Model development and
implementation (l):
solution thermo-
dynamics and the
population balance

4.1 Introduction

Arguably the most essential component of amy precipitation modetk is the description, by a population
balanee, of the cvalulion of the pudicle size distribution. Inteeral to such a description is o
representation both ol the kinetivs of the pertinent defining processes and of the solution chemisty
which woverns them. Todeed, these considerations effectively constilute the sole necessury clements, o
ong Torm or another, of many widely-applied computational models, such 2z the MSMPIE model for
coninuons crystallisers. Adoptiom of an approach of this type 15, of course, only appropriae i), 1or ull

practical modelling urposes, prerfiect and instantaneoss miving may be assumed.

Having disqusscd 1o Chup, 3 the various experimenta] daty ol hand and e details of the system tom
which they wese ubtaingd, this chapter sérvies to provide the mathematizal specifics of the sub-models
selevied t resulve the key population balance wod aqueous theemodynumics valeulalions. Derails ol
the relevant computational methods used in their irmplementation are alzn supplied. Fuither, the
particulars ol the procedurs epaployed 1o extract rale [ungions [rom the experimental messuremants
{which draws on these two models) are presemted, a5 (s a discussion o the Tesulting kinetic

expressions,

40
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4.2 Modelling of solution chemistry

Apparent fromn Sec. 2.2.1 is the central importance of solution thermedynamics as the doving foree for
solids formation. So too 15 the related dependence on the chemical environment {in particelar
supersaturation) of the rates of the various kinetic processes contralling precipltatiun, Consequently,
aceurate and dynamic description of the solution chemistry is a necessary elensent in any model aimed
ot ellectively simulating precipitation bebaviour, Prior to this even, quantification of selution variables

is required in the very formulation of appropriate rate functions, a procedure outlined in Sec. 4.4,

4.2.1 Model equations

Reguisite characterization of the chenrical cvironment demands that the system be fully speciated,
since, even fow apparently simple roaction systems (and particularly those involving clectrolytes), many
teacting dpecied may exist with the potential to stgnifcantly affect the solution properties. For the bulk
of the simulations performed in this work, the only reaction not assumed to be instantaneons is the
solids formation reactiom tself, which procecds according to the nucleation kimelics. Even when the
notion of cquilibrium nocleation s explored, specration calculations assume that ail intmpbass solution
reactiohs are fast relative t» precipitation, and, as such, may be described entirely by equilibrium

reachons.

The state of chemical equilibrium for .4 independent reactions cocurring in a single phase comprising a
total of.v specics is that state which satisfies the constraints on the syatem, viz. the set of. 4

staichiometnc tekations
.
s, M M FES I (4.1)
=1
and the 4 equilthrium relations
¥
K.=1]a" T P o (d.2)
=]

Here, 5, and #,; anc the couilibrium and mitial number of moles of species § respecievely, £ is the motar

extent of'the  reaction, where & {s defined as

X=m, {4.3)

¥,

amd v, is the stoichiometric cocfficient fior spectes £ in the /" reaction, defined such that it i positive for
reaction products, negative for eactants and equal g oo tor et specics. As the above cquations

suggest, equilibrium calculations for multiple reaction systems are coopdicated.
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Fur the precipitalion system under consideration (1.e, precipitation of N{OH ), fram NiCL solution hy
the addition of NadH ), the main solution egwlibria identi fed are presented in Table 4.1, Ln
representing these reactions, a distiiction is made hetween companents and specias - camponents,
themselves sprries, are the independent basic inus ol which o variety ol species may be comprisad.
Thus, (4—.4 compunenis react in & independent renctions to form ao additional # species. yielding a

total of . 4 spectes, with the /* reaction producing spocics (7 +. 4~ .40

Toble 4.1 Mfain solution cquilibria, with accompanving thermodymamic dota, identifiad e the
S e VHH O svsten,

REEﬂtiE.H'I + i I;quillhrium oconstant, &, .
Hifl s> OH + H' L .1.111]45:-10""
P+ HLO o s BIHY + HY 1.53804 « 101
NiZ* + 2H/D = NitDHg) + 2H° 1.0000 « 10 #
Mi*! + A e MIEOH3S + 3H' 1,000 =
P+ HyDor MigDH™ r oo 1,895 <10 "
Ri®! = I e NI 25061 - 10°
Wi + 2G1 «x WG]y 21201 - 10F

Creneration of the ahowe 135t assumes the vomplele dissucialion of the remammne molecular aqueous
spocivs HOH b, Matlrad b and NaOH{aghk [o addition, it must be mentioned that the tabulated &
values are those al the emperature ol wierest (235 "Ch andd for the reaction schemes as provided. The
selection of H.r as a componenl over the scemingly more logical OH - jon, althoaeh to some extent
mativatid by the available thennodynamie datd 15 cssential [y an acbitracy one. However, an
unintentionsl sid minor advaotaes ol 1his action will hecome apparedt In Sec. 42,2, The appraach and
maoat of the quantitative Inforation used here are similar to those employed by the sulution speciation
proveram MINTEQAZ (Allison vl al, 1991, wilh additions] loputs o the Yi0OH), system faken from
l$aes & Mesmer (1970

With pacticular application to the system of interest, adopting the component/spocies comantion and
introduging the notation #, to denote the mumber of moles of compenent 7, allews the mass balance

equations (Cg. (4.11) 1o be refornwlated as
o=, et ity (4.4}

or

n— Z VM, i — H. — Z L Fre gl [4.5)
il s
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In the absence of redox phenomena, such balances also ensure the conservation of charge, thereby
maintaining electroneutrality of the solution, an important consideration in the study of electrolytes.
Further, Eq. (4.2) may now be simplified:

5
K, =aus]]a" i=1,2.."7. @.6)

i=}

In this analysis the Na" ion is included as component and species despite the fact that it is the only
sodium species. Notwithstanding the above modifications, it is clear that, even for the relatively simple
aqueous system of NiCl, and NaOH, a collection of several non-linear, coupled equations are to be
solved simultaneously if the equilibrium state is to be determined.

These calculations are further complicated by thermodynamic non-idealities, which, as identified in
Sec. 2.2.1.1, necessitate the use of activity coefficients to relate the molalities and activities of
dissolved species. Varying degrees of sophistication exist for the prediction of these coefficients in
electrolyte systems; the accurate application of simpler models being reserved for low ionic strength
scenarios. In this work, the Davies equation, an extension of the Debye-Hlckel limiting law (Eq.
(2.3)), is the selected model:

)

m—oy

-A,,z[
7 =10 @n

Here, 4 is the Debye-Hiickel constant and 7 the ionic strength both as defined in Sec. 2.2.1.i and z, is
the charge on species /. For neutral sofutes (i.e. undissociated electrolytes), the quantity 27 is replaced
by |z,z_|, the absolute value of the product of ion valences of the dissociated electrolyte. Although
developed for dilute agueous solutions of single strong electrolytes in which the ions are non-
associative, the Davies ‘equation has proved valid for mixed electrolyte solutions and is utilised here in
the absence of the species specific and/or species pair interaction parameters required for more
advanced activity coefficient modéls. Reported limitations on the Davies equation’s applicability vary
from a maximum ionic strength of 0.1 mol.kgy; , (Zemaitis et al. 1986) to one of 0.5 molrkg;;tO (Stumm

& Morgan 1981).

The solids formation reaction is represented by

1 _s0118x104, @8

Ni?* +20H" ¢ Ni(OH),(s) K, =

p
for which the supersaturation may then be defined as

§ = i Aoy = Y My Fou Moy ) )
K

P

- 4.9)
Gy Do | o
For the relevant temperature, a wide range of values for the solubility product (K,) have been reported,
a fact which can be attributed to the general uncertainty regarding the physical state of the precipitate.
The value selected above is that reasoned by Dustan (2001) to be most appropriate for use in this study.
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Consideration of equilibrium precipitation requires a slight amendment to the approach described
above. In this situation, modelling attempts demand the inclusion in the array of equations to be solved
of an additional equilibrium expression for the above solids formation reaction. Further, presence of
the solid species must be accounted for in the relevant component balance equations, an undertaking
which calls for the effective substitution of OH" in Eq.(4.8) with (H,0 — H"). Since the supplied
equilibrium constant is for the reaction as stated, such action is unnecessary for the equilibrium
relation, the satisfaction of which imposes a value of one upon the supersaturation as calculated by
Eq.(4.9). As is standard practice for pure solids and pure liquids, the activity of the solid species, like
that of the solvent (water) in the intraphase equilibria of Table 4.1, is simply estimated at unity.

4.2.2 Implementation

Computationally, the substantial task of resolving the equilibrium state of the system amounts to
solution of a system of several non-linear algebraic equations or functions in an equal number of
unknowns. A double-precision subroutine (NS11AD) designed for this purpose and compiled in the
Fortran programming language was acquired, upon application and free of charge, from the HSL
Archive. Fortran is the language of choice since the CFX® software used here in the integration of
CFD modelling permits the description of additional or complex model features via user-defined
Fortran subroutines. The solution method of subroutine NS11AD employs the ideas of Newton-
Raphson and Steepest Descent, coupled with Broyden’s method for improving Jacobian matrices. In
executing these calculations, an additional subroutine MBO1CD, obtained together with NS11AD, is
called to evaluate the inverse of the Jacobian approximation using a technique essentially of simple
Gaussian elimination with row interchanges. Among the necessary information passed to subroutine
NSHLAD is an initial estimate of the solution and a reasonable step size to be used for approximating
the partial derivatives comprising the Jacobian matrix by finite differences. The subroutine CALFUN
is also supplied to compute the values of the functions for which zeroes are to be found. A solution is
accepted by NS11AD when a desired accuracy is achieved, ie. the sum of the square errors in the
resultant function values decrease to a specified maximum acceptable level.

With respect to this particular equation system, the functions calculated in subroutine CALFUN
represent the equilibrium relationships and mass balances, variously detailed in the preceding section,
which are to be satisfied. Formulated as in Eq. (4.5), mass balances conserve total component quantity,
whilst the solution sought (i.e. the unknowns) are the molar quantities of each of the species, from
which the concentrations of dissolved species (expressed as molality) may be determined. However, in
recognition of the nature and requirements of the CFD analysis fo follow, a slightly altered
representation of the model equations is encoded in subroutine CALFUN: The solution is the set of
equilibrium species concentrations (expressed as molarity) and the mass balances, in turn, conserve the
molarities of the components, Accordingly, the equilibrium condition of species H,0 need not be
solved and the mass balance relationship covering component H,0 may be neglected. Molarity then

also replaces molality in the calculations of ionic strength and dissolved species activity; considering
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the diluteness of the reagent solutions utilised experimentally, ignoring the distinction between these
two measures of concentration is deemed justifiable. In addition, since the performance of subroutine
NS11AD is improved if both all function and all (species concentration) variable values are similar in

magnitude, logarithms are used extensively in the algorithm, in essence as a scaling operation.

As regards the required initial estimate of the equilibrium concentrations, when the routine is called
repeatedly as part of the simulation of an actual precipitation process, the modelled time-step size is
such that either the set of existing non-equilibrated concentration values or that of the equilibrated
values at the previous time-step is sufficient. An ‘isolated’ calculation, such as a stand-alone speciation
or that necessary at the launch of a precipitation simulation, demands a strategy whereby the requisite
accuracy of the initial estimate is generated separately by a method which does not itself require a good
initial guess, if at all. This can be achieved either by application to the equivalent equation system of a
more powerful and robust solver (e.g. that offered by the gPROMS modelling platform) or by
intelligent simplification of the model described by the Fortran code.

For further details on the computational implementation of the solution chemistry calculations, refer to
the commented code file appearing in Sec. A.2.2, which represents the full extent of the user-defined
Fortran programming supplementing the CFX® model developed later in this work to simulate the
precipitation of nickel hydroxide. As an integral component of this overall structure, subroutine
NS11AD is called and its argument list evaluated and specified at several different points within the
subroutine USRTRN. The subroutine NS11AD itself is located on p. 149 and subroutines CALFUN
and MBO1CD are to be found on pp. 146 and 155 respectively. A schematic representation of the
algorithm is also offered in Fig. 5.6.

4.2.3 Validation

Prior to application of the model depicted above to the simulation of the current precipitation system, a
thorough investigation was conducted aimed at determining its performance over a range of electrolyte
concentrations. This was achieved through a comparison of the generated outbut with the speciation
behaviour predicted by the OLI™ software (OLI Systems, Inc.) for a variety of hypothetical input
conditions, thereby allowing a ‘point of departure’ to be established. The models employed by OLI™,
a recognised leader in the field of agueous thermodynamic modelling, represent the high end in the
range of sophistication and comprehensiveness. Supported by an extensive thermodynamic property
databank, the models are reportedly appropriate for the complex and/or high jonic strength solutions
typical of industrial processes. It should perhaps be noted that the differences in the descriptions of the
models compared extend not only to the details of both the thermodynamic model and data, but also to
the identity of the very species considered. This underlines the complications associated with the

modelling of aqueous electrolyte systems.

Notwithstanding, in briefly summarising the results of this investigation it is sufficient to say that the

predictions of the relatively simple model detailed here are in very close agreement with those of the
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OLI™ software for moderate ionic strengths (< 0.2 mol.kgj; , ). Deviation, however, grows

significantly with increasing ionic strength, findings which are loosely consistent with the ranges of
applicability for the Davies equation cited in Sec. 4.2.1. Here it is worth stating that an original
concession made in achieving the degree of correspondence for dilute solutions was the exclusion from

the selected model of the tetra nickel species Ni,(OH)¢ which was included in the analysis of Dustan
(2001).

Only relatively low ionic strengths are encountered in the experimental study used for model
calibration and validation efforts (see Chap. 3), conditions under which the use of simpler activity
coefficient models is justified. Indeed, it can now be asserted with some confidence that the chemical
characterisation model employed in subsequent simulations is expected to give satisfactory quantitative

~ description of the solution chemistry.

4.3 The discretised population balance of Hounslow et al.

Successful simulation of particulate processes such as precipitation demands that a statement of
continuity for the evolving particulate phase be observed. As stated in Sec. 2.2.4, this amounts to
solution of the partial differential population balance equation. Since it is generally entirely intractable
analytically, a number of transformations and numerical methods have been developed to this end (see
Sec. 2.2.4).

In this study the discretised population balance (DPB) of Hounslow et al. (1988) for simultaneous
nucleation, growth and aggregation is employed to solve the population balance and hence describe the
progression of the particle size distribution (PSD). The advantage of using a DPB, which involves the
discretisation of the size domain into intervals and the assumption of some form for n(L) (the number-
density function) within each interval, is that it transforms the population balance equation into a set of
ordinary differential equations. This drastically reduces the complexity of its solution. An additional
advantage of this specific DPB over alternative numerical methods is the replacement of integral terms,
which complicate solution by traditional finite difference techniques, with summations, further
reducing the computational requirements. The easy accommodation of the modelling of size-dependent
aggregation kernels also represents an improvement on the previous approach of Dustan (2001), who
employed a moment transformation of the population balance using volume as internal co-ordinate.
Also then of added value is the higher resolation of the DPB model: knowledge of the full PSD, as
opposed to simply that of selected moments, is advantageous for it is this property of the precipitate
phase, along with particle morphology, which often controls product quality.

The discretisation scheme associated with this particular DPB is selected for a combination of practical

and theoretical reasons and divides the length domain into intervals in a geometric series such that the
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upper and lower bounds of each size interval are in a ratio (7) of 2'°. The idealised number-density

function within each of these intervals is assumed to be constant.

Before detailing the model, it is necessary to rewrite the definition of the moments of a PSD (Eq.
(2.16)) in discrete form if it is to be of any subsequent value (Hounslow et al. 1988):

my=Y LIN,, . “.10)
=

where N, is the particle number concentration in the / interval and I is the appropriate mean size in

the  interval for calculating the /® moment, and which, for a constant number-density function within

each size interval, can be calculated as
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L, is the lower bound of size interval i. It follows from Eq. (4.10) that

dm,
dt
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J i, 4.12
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Hounslow and co-workers (1988) propose the following equation to calculate the rate of change of

particle number concentration in the  interval due to aggregation:

Fii

an, S 1 el 7l | By e
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* "~ L = (4.13)
- N,y B(L, )N, i=1,2,...,0.
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Invoking the McCabe AL law, which assurmes a size-independent linear rate of particle growth, the
discretised equation developed for the description of growth is

an,| __ 26 L N +N-—1—nN,, i=1,2,...,, (4.14)
dtIs +nL \r2-1"" rt-1 '

whilst for nucleation it is simply

aNyj

2| =B “.15)
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In formulating the above three equations, B, and G are the nucleation and linear growth rates
respectively, and £(L,4) is the aggregation kernel, comprising a size-independent portion, £, and a

second factor, /{L,A), which is some function of particle size.
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4.3.1 Discussion of, and necessary modifications to, the DPB

The technique used to generate Eq. (4.13) considers four binary interaction mechanisrs, each of which
is then represented by a single mathematical term. The first term in Eq. (4.13) accounts for birth in
interval i as a result of collisions between particles in the (f — 1)® interval and particles in the first to

(i —2)* intervals. The second term represents aggregate formation in the # interval by collisions
between particles both in the (f — 1)® interval. Death of particles in interval i as a consequence of
aggregation with particles in the first to ( — 1)™ intervals is reflected in the third term, whilst the fourth
term accounts for death in interval i resulting from collision and adherence of particles in the  interval
to particles from that or higher intervals, Clearly, each of the first, second and third terms are null for
i=1 and the first term again null for i = 2,

Such a mechanistic approach helps to ensure the correct prediction of both particle number and volume
- a key feature of the equation. However, this is only achieved in the limit as the number of particle
size intervals modelled tends to infinity, or, simply stated, if there exist just an insignificant number of
particles in the largest size interval. Since in this work a finite number of thirteen size intervals,
selected from the experimental data as those in which solids were consistently detected (see Sec.3.4.1),
are modelied, a couple of modifications to Bq. (4.13) are necessary. For obvious reasons, death in the
largest size class is not permissible. Further, a correction must be made for the loss of particles in
smaller size classes due to collisions with particles in the largest size class which produce aggregates
farger in size than the upper bound of the largest interval. Opting to conserve precipitate quantity (or
volume) in preference to correctly reflecting the change in particle number upon aggregation, one of
two possible alterations is required:

LALD
dt
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for the remaining intervals. Although it could be argued that the most appropriate answer to the
problem is simply modelling a greater number of particle size intervals, maintaining a manageable
number reduces the computational load, As a result of this practical consideration and the observed
capacity of Egs. (4.16) and (4.17) to produce an unrealistic concentration of precipitate in the highest
size interval, the latter of the solutions provided above (i.e. Egs. (4.18) and (4.19)) is selected and used
throughout the remainder of this work. The chosen correction effectively disregards aggregate

formation involving particles resident in the largest size class.

Focussing on the family of ordinary differential equations represented by Eq. (4.14), its most valuable
attribute is that it is guaranteed to predict the first three moments of the PSD correctly. Indeed, this was
the criterion used in its derivation, a condition that could equally well have applied to a combination of
any three of the moments. However, problems again arise with size domain ‘end effects’, prompting

Hounslow (1990) to offer the following amendment to ensure the total number of particles is preserved:

2
av,| 26 ff, r N, -——N, |. (4.20)
&t (+r)L, P2 -1 r -1

8

Ultimately though, the lack of fundamental basis to the formulation of Eq. (4.14) and corresponding
absence of physical interpretation of its terms can complicate attempts to make such corrections and
result in absurd situations such as a net loss of particles in a particular size class due solely to the
existence of particles in the immediately highef interval. Though not an insurmountable problem, it is
fortunate that addressing of these difficulties is made unnecessary by the observations of co-worker
Dustan, who conducted the experimental program. As mentioned in Sec. 3.3.3, his rigorous analysis of
the experimental measurements (Dustan 2001) reveals no evidence of particie growth for the
precipitation system under consideration, a finding which is supported by a number of other studies of
metal hydroxide precipitation indicating primary growth to be negligible (e.g. Domingo et al. 1994,
Thievski & White 1994, Mullin et al. 1989, Paviides 1995). As such, it is proposed that particle
enlargement is as a result of aggregation alone and that nucleation is the sole mechanism of solute

deposition.

Nucleation is commonly defined in precipitation studies to occur at zero size, with nuclei then acting
primarily as sites for particle growth. However, nuclei of finite size are certainly required in this
analysis (i.¢. in the absence of growth) to enable solute deposition to occur by nucleation. With respect
to the DPB, if the size domain is discretised into a sufficient number of intervals it is usually possible to
allow nucleation to occur in the smallest size interval, in which case it can be accounted for by Eq.
{4.15). As is evident in Chap. 3, however, estimates of true nucleus size for the current system fall
below the minimum detected by the apparatus under experimental measurement conditions. In this
situation it is appropriate to introduce the notion of a source function, analytically indistinguishable
from the nucleation rate, which can be considered to be the rate of appearance of particles, via growth

and/or aggregation, in the smallest size interval modelled.
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The overall rate of change of particle number concentration may thus be computed by summing the

relevant rates presented in Egs. (4.15), (4.18) and (4.19):

N, _ diy +L%' @21
dt At e A g

and

av, _aN, i=2,3,...13 (‘422
d  drlg

for the remaining twelve size intervals simulated. This system of coupled ordinary differential
equations may be solved numerically using conventional ODE techniques, but only once the embedded
tate constants (3, and B,) have been determined in some way.

4.3.2 Implementation

As with the implementation of the equilibrium speciation sub-model, the computational methods
employed in the solution of the discretised population balance are displayed in Sec. A.2.2 encased
within an extensively annotated transcript of the Fortran requirements for the integrated CFD
precipitation model. It can be observed at various points in the code of subroutine USRTRN (p. 113)
that, in this study, the system of ordinary differential equations represen&ed by Egs. (4.21) and (4.22) is
solved using a simple reverse Euler numerical integration technigue — the small size of the time-step
ultimately selected for precipitation simulation purposes militates against the necessary employment of
more advanced and time-consuming numerical methods. Note, too, that the option exists to perform
the aggregation-related population balance calculations only after the effects of nucleation on the PSD
have been established. This feature is intended to be invoked when modelling equilibrium solute

deposition, and is mentioned again in Sec. 4.4.2.2.

It should also be remarked that, sithough an array of different aggregation kernels is encoded for
investigation, the scope of this work only ever entails the application of the size-independent kernel,
Significantly, however, besides being mathematically the simplest to implement (a consideration which
is typically of reduced significance when employing a DPB), such a description of aggregation has
been recognised as being the most appropriate in a number of analyses (e.g. Bramley et al. 1996,
Iievski & White 1994, Seyssiecq et al. 2000).

Of further relevance is the fact that the DPB model detailed in this chapter was developed for a batch
system. Application therefore to a semi-batch precipitation process demands that the feed be accounted
for (both in the modelling of dilution effects on species and particle number concentrations and in mass
balances which, together with those describing solute deposition, determine the inputs to the solution
chemistry model). This is discussed in greater detail, within the context of the CFD precipitation
model, in Chap. 5. As indicated above, meaningful solution of Egs. (4.21) and (4.22) additionally
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requires that correlations relating the parameters £, and B, to the outputs of the solution chemistry

mode! are available. The approach adopted to address this need is documented immediately below.

4.4 Development of rate functions

The rate constants central to the DPB equations are themselves recognised as being functions of their
local chemical and often, in the case of aggregation, physical environments; this was stated in Chap. 2.
Prior to the development of expressions describing these relationships, it is necessary to establish from
experiment a record, throughout the process, of both these kinetic values and the corresponding

solution conditions which gave rise to them.

4.4.1 Rate extraction from experimental data

A method developed by Bramley et al. (1996) for extracting rate constants for simultaneous growth and
aggregation from experimental data is followed in this study. The technique is a differential one which
is used by Bramley and co-workers for illustrative purposes in conjunction with the DPB of Hounslow
et al. (1988) to calculate the requisite rates. A differential method is preferred to the commonly
employed integral approach both because of its relative simplicity and since it does not require some
prior knowledge of what constitutes an appropriate kinetic model. Additional merits of the particular
differential technique outlined here are the inclusion of the source function or nucleation rate (B;) to
account for the movement of crystals into the field of view of the particle size analyser, and the fact that
it allows aggregation to be described by a size-dependent kernel. Thus, the method can be used to
determine which, if any, of the existing aggregation kernels might be appropriate.

With due consideration to the nature of particle nucleation, particle growth and volume-conserving
aggregation, the rates of change of the zeroth moment (or total particle number), third moment
(proportional to total particle volume) and particle number in the first size interval may be written as

three equations in terms of the three unknown rate constants:

%’:—"= B,®, + B, @23)
i‘;’% =GD,+ B, (4.24)
‘%‘: D, +GD, +B, . « (4.25)

Here, the following have been defined:
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The experimental PSDs, available at discrete times, yield values for mg, m, and N, very simply, and,
though there exist difficulties generating ervor-free estimates (particularly if the concentration of data
points is low), the rates of change can be calculated graphically or numerically from these values.
Further, using the appropriate experimental data, the values of @,, ©,, @, and @, can all be readily
calculated from the relevant DPB equations, enabling Eqgs. (4.23) — (4.25) to be solved to obtain the
desired rate constants. Cairncross (1998) notes that these equations can also be written using matrix
notation (Ax = b) as

dm,
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Since the condition for the existence of a unique solution is det(A) = 0, such a representation facilitates

a simple check on the consistency and independence of the constituent linear equations.

In light of the changes made to the DPB of Hounslow et al. (Sec. 4.3.1) and which are applied to
upcoming modelling attempts, associated modifications to the differential rate extraction technique
detailed above are required. In the absence of growth, Egs. (4.23) — (4.25) may be replaced by

a;‘, = f,®+ B, {4.31)
dm; ey
i S 3
& N {4.32)

In formulating this set of equations, the rates of change of the zeroth and third moments are selected as
the measures of precipitation behaviour since, as alluded to in Sec. 3.3.2, the greatest potential relative
error lies in the NV, experimental data. In this way, it is again fortunate that particle growth may be

neglected. Simultaneous solution of these equations produces expressions for the rate constants:
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4.4.2 Fitting of models to rate constants

Supparted by the discrete experimental megsurements of particle size and solids volume concentration,
the preceding parameter extraclion exerelse allows profiles ol the mte constants over the course of 5
particular un to be established. Proftles too of various solution conditions can be caleulated by the
repeated application 1o the system (dynamically delined by expetimentally-denved mass balance
ohserving bath feed and solute deposition) of the aqueous chemistry moded detailed in Sec, 4.2, Giving
due consideration 1o widely recognised funclionat relativnships (see Secs, 22,2 and 2.2 3), the
dependence of B, and £, on selected solution conditions can then he investigated and covrelations
ermpirically determined, 1n sa doing, no change in these correlations during the couwrse of the
precipitation {which could perhaps be indicative ol a switch in mechanism) is considered.
Furthermiore, vnless otherwise stated, the rate and chemistry profiles invoked in this exercise are those
generated from experimental solids data engineered Lo accord with the results of tolal dissolved micke]

assays (see Sec. 1.4, 1]7.

It is important here to reiterate that, having recourse anly to the results of bulk experimental sanpling,
all measured values are assurmed to reflect the variables® uniform distribution throughout the sticeed

Lanks ipso Bacto, derived rate constanls and solution properties too can only be representative of a

" 1t shwold be roted thae the vate exteaction echnigue was also applicd w the wisanipulated solids data froan e
Malwvern Mastersizer 5™, Although the results ave ro presented, s exercize prodweed rabe funetions which were
not ohly ineonsistant aeross the various data sets collected tnder different operatine conditions {as will be seen of
the grprgssions developed 1 Secs. 4.4.2.] aml 4.4.2.2 franediadely olloning), but which werne also absurd in
formu lation.
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practically ynattainable homogensous state, Such an abstrackrion can have serious implications for the
efficacy of the rate functions ultimately elicited. The technigue employed here was onginally
developed for a bateh provess, a mode of operation in which spatial inhomaogeneities may be expected

1o be a greal deal less significant.

4421 HNucleation

The nucleation ratc expression ultimatcly gleancd from ‘basc” experimental dats of extracied nuclestion

rates and calculated solution propertics is
g, =Ll {5 -1, {43@

*base” data alone 1s emploved it the development of this equation. since the ideal of extracting
{undamental, consisient relationships independent of operating point proved unattainabic. To ad
iNustration of this point, profiles ol precipitate yicld and supersaruration for each of the experimental
runs are ploteed below. ‘I'he precipitate yield simpiy reflects the percentage of nicke! removed from
solution; as such, it is proportional to the third momenl ol the PSD and its ealculation takes account of

the rotal nickel content of the system and the relevant experimentally determined precipitaee molar

density.
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Figure 4.1 Vrofiics of experimental by measured Figure 4.2 Proliles of supersaturation caleubated

precipitate yield under each of the
operating condilions investigeled.

from experimentsl measuremenis
wnidar each of the opuradng conditions

invesliguied,

It is evident from Fig, 4.1 that the rates of nucleation (as the sole means of removing nickel from
solution) exhibited i, for example. the *base’, ‘rate L and ‘rate H* scenanos differ markedly, vet that
the salution conditians at each of the data points arc such That the caleuiated supersaturation values in
Fig. 4.2 cand. indeed, those of other propetties o) cover appraximately the same range [or the various
runs. Attempis to extract a single, appropriate number-based funclion are further thwarted by the

variability of the previpitate molar density under different cperating conditions (see Tablc 3.2).

Perhaps the most obvious feature of Eq. (4.36) is the apparent inability to educe the high erdet
dependence ol the nucleation rale upen supersaturation ypically associated with bydroxide
precipitation processes (see Sec. 2223 This does not suggest that cither the semi-empirical power-law

nucleation rate equation formuolation or a high ordet dependence is inappropriate, but simply that such
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an expression sould not be derived fron the available experimental data. 1o addition to the poinl mads
in the previous parazraph conceming the relative ranges of nucleation rate and supersatiration values,
this is larzely due to the further ohservation from Figs. 4.1 and 4.2 that there exists fonr each of the
experimental scenarios an essentially constant rate of solute deposition imespective of the calculated
supcersdaliration levels. This is precizely the relationship described by Eq. (4.36). Thus the nucleation
rate function extraceed from the data sets of other scenarios would reveal ondy a change (based on the
differences tn mintar rate of deposition exhibited in Fig. 4.1, and these in panticle density] in the initial
constam fuctor ol Ey. (4.36), which dominuates the predicled behuviour. Such a separate development
for each operating point would be of no ultimate benefit to the model deseription (nor, it could be
argued though, is the modelling of diverse precipitate modar densities for which no correlation is
reporicd). Yield proliles being as they are, the extraction ol the prior anticipated consistent, high order

function would require flat supersaturation profiles, each of a different appropriste pragenitede.

Failun: of this exercise to distinguish, lor example, the clevaled supersaluration tewets clearly
responsible for “rate 11" nueleation behaviow amounts to a critical limitation with respect o isolating
the controlfing solution condition vakues in a system exhibiting high rates, This is also most lkeby
linked to the quantity and resolution ol available cxperimental data and the resubtant assumptions of
spalinl uniformily uhderpinning Lhe entire process auned 1l the development of appropridle rale
functions. In fact. the expectation that a single, appositerelationship be extracted for both nucleation
and agpregation is certainly optimistic and would itnply that a humogeheous representation is in al|
probability seliicient for modelling atempts, [nficht of the above discission, Eq. (4.536) cannet b
expected to perform adequately in its task of agcurately capuring the dependence of the nucleaticn rate
under & range of operaling conditions,

Exploration of the potential validity of equilibriume-comtrofted sohe deposition s motivated by the
rapid nucleation rates observed (Fie. 4.1 and the relatively fow caleulated supersaluration values
sugeasiive of a systent verging on interphase equilibeium (Fig. 4.2). Experimental equilibriunt vield
profiles (Fig. 4.3, below) and attendant proliles of sulution propertics such as supersaturation (Fig. 4.4,
below) may be generated by further reworking of the manipulated experimental data sets. Sucha
procedurs sumply entails inchision of the solid species and its syuilibriom relationship in the speciation
calculatioms {see See. 4.2} assooiated with each ol the experimental data points and the adjustment of
the particle numbels accordingly (in the same wanner outlined in Sec. 3.4.1). The constrained dava
presented in Fig. 4.4 merely manilest, by deliniion, the satislaetion ol the cqulibrium expression Lo

the solids formation reaction.
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Figure 4.3 Prodiles ol experimentally-dehined Tigure 4.4 Profiles of superialoration aaleglyed
equilibrium precipitat vi2d under o *couilibriom precipitaien”
cach f the vpersting conditions cxperinwntal data for cach of the
inwestigated. apeTeimi corkdilinns imves|raded.

Agpain azsuming homogeneily, Fig. 4.3 eleatly further supports the notion that the systen exhibits rates
of sofute deposition very closely approaching that preserbed by equilibrium considerations, [ndeed fhe
various corresponding differences in the vield profiles of Figs. 4.1 and 4.3 are conzidered fikely to faif
within the probable ereor bounds ol the dissolved sichel measurements upon whick the proliles in Uiz,
4. lare based. Here, besides the standard sourges of random error, relistence 15 made to the possible
additions] syslemic source reluted to the swmple filteation idenolied inSec. 347 — otie thar might
imply extents of deposition greater than those inforeed from the measured values of total nickel in
soilution and therefore closer to those of Fig. 4.3, The valoe of the sohibility product emplaved in the
development ol the squilibdun vield profifes ol Fig, 4.3 1s el however, 4 matler of uncerlainiy, as
mentioned sarlier o this chaprer, As such, if soclsation is ndeed squilibrivi-controlied, oo small a
value of &, may well alsa be responsible in part or whale for the minor differences evident between
Figs. 4.1 and 4.3 Maoreover, comparison of the expari mentally measored pll profiles in Fig. 4.5
{below]) with the equilibeinn pH profiles 1o Fig. 4.6 {below, comresponding o the yickd und
supersaturation profiles of Figs: 4.5 and 4.4 respectively h sugpests thal Lhe predicied egquilibrivm extent
of hydroxide removal requires limiting if agreement is to be improved. Were it not for the fact that the
Mi:OH ralio o the precipitale phase 1s, in addition, 4 conlenlious issuc 45 alluded o in Sce. 3.3.3.1),
this obsetvation wonld haye wholsheartedly endorsed the position that an ingrease n K, 15 2 ngcessary
measyre to curtail solute deposition and so boost calenkated equilibrivm pll levels to those medsured

experimontally.
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Figure 46 FProfiles of pH caleulated from Figare 4.7 Profiles af pH caleulated from
“equilibrium précipitanon” expenmenta] méasuements under each
experimental date for sach of the of the operating comditions
operating conditions investigated. iivasligated,

The characters ol the pH responses plotted in Figs. 4.5 47" indicate the imegular sensitivity ol pH to
significant relative changes in comulative net hydroxide addition cffected by small variations in vieid,
Such hehaviour is dependent upon the existing buffering capacity of the solution and, thoueh not
unusual, betrays the complex interdependent nature of the underlying cquilibrium caleudations and pH
definition. Recopnising this sensitivity {which is of some relevance, as referred to in Chap. 6), only
slight alterations in the model description may be expected 1o result in improved apreement between
Figs. 4.5 and 4.6, Indeed, the precision of the thermodynamic mode] and data as a whole could even be
questioned. As it stands, if the nucleation rate does represent equilibrium deposition, the problem ol
disceming the relative merits of the above argements and cstablishing which deficiencics, whether in
combination or along, are responsible for the discrepancies both between Figs. 4.7 and 4.3 and belween
Figs. 4.5 and 4.6 ic inextricable given the current avanlable data, Even il this were not so, the preceding
reasaning is based oo assumptions of uniformity of measured and calenfated values, thus making the
potcntial insights of limited applicability, [n beter approximating reality, simuelation of spatial
heteropeneities via CFD (1o be explored in Chaps. 5 and 61, in tandem with equilibrium nocleation, is

" Although ot displayed here, it is simply mentioned as 4 point af inlerest that the various pH profiles produced by
application of the specistion moedk] fo the system as defined by the wunanipulated experbmental measucements ol
solids volume are entively irreconeilable with thost af Fig. 4.3, Tt the hvpothesis submitted in Sce. 34,2 is
disregardad, this constitures funther carroborating evidence of the gross ermors in these messiremenls.
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expeetet 1o revenl dilferent oversll depesilion cotes rom hese apparent in Fig, 4.3 (aditel ellectively
represent Lhe results o o modelling upprouch presupposing perfeet mivedness), With respect 1o the
aperating conditions studied m this work, it may be fnagined that these rates woald be higher,
particubarly in lhe gbsence of dissolution, therchy widening the gap with the balk cxperimental
measiuramants, Meversheless, sinee the aforetmentioned uneertainties siueranding the chermnical
charaeterisafion of the system persist. the notion of equilibrium nucleation s still credible and can not
ke diseomimed. At the very least, It can be posited that nucleation displays extramely fast kinetics,
which, if not able to be described by equilibriwn modellng, come very close to this status, and which

wre worthy of [urther ineslization,

As regards the computational study of equilibium noclestion. the modelled te oF lortmation of nucler
is then simply an approprizée translation {gecounting for *noeleos volome, pregipifate molsr deosily
and stmulation fime-siep size] 0F the exlenl ol deposilion dictuled by equilibrivm chentisoey
considerations. Dissolution is desmed B he a eelatively slow process and, ws sach, 38 ool medelled; 1o
the existence of @ supersaturaled selulion is o necessary condiiton (und the mere presence of solids is
insufficient) for the solids equilibeiom relation to be imposed. Tn liew of & satesfactory Take funclion,

sueh an equilibrivm deseription i the evowred model ol nueleulion kKmelics,

However, the considerable added expense ol neludiog the solid speeics in b speciation caleulstions
Gatl, within an integrured model structure, become prohihitive (see Sec. 6.3.4). Acenrdingly, an attempt
has been made to develop a nucleation rate equation which memics equilibrium-controlled solids
formation behavioue, ‘Lo this end. the plot feptured jn Fig. 4.8 (mext page) may be pencrafed by
exploiling inlormation sxined Urough comparison, for euch of the experimental runs. of the alfernately
manipulated data peints. Tnoan offort to represent @ range of local solution compoesifions gs sinlilse s
possible o those encountered in the upeoming modefling work (the results of which are prasented in

Chap. &), the graph alse incledes dats gathered fom a CFD sioudantion of the precipilstion process.
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Disore 1.8 Refationship betwees supersanaration and the cotresponding extent of nucleation

roquirtd to attain cquilibrium with respect to the solid specics (data gamercd from
puninls dedined by experiment and simulation).

Propitiously. an abvious rendline may be Glled 1o Figo 4.8, yiclding o power-law expression which may

ultimately be converted to an equivalent aumber-based nucleation rate;

_1.265%10 F(8—1)°7
[Nilg vt

(4.37)

t+

Hege, [Ni],,, is the relevant precipitate malar density, v, is the ‘nucleus” volume and Az is the simulation

time-slep size.

T'he above nucleation rateequation appears similar to a conventiongl one. except in relating solid
quantity rather than particle mumber 1o supersaturation, and in necessarily taking exphcit account of the
simmulation time-step size, However, in erifically assessing the lommulation ol Eyg. (4.577, it must be
stressed that it does oot define a true rate dependence. Rather, thpough the inclusion of Ay, 1t is merely
i praciical contrivance aimed at explofting the systemic relationship depicted in Fip. 4.5 as a
comvenionl means of repraducing Lthe mathematical specifics of the equilibeivm modelling technique
(which itself nhtimately employs an improvised denivadve rale dictated by A0, Accordingly, the value
of the exponent in the above equalion, although nonetheless of interest, cannel be interpreted as the
opder of the micleation rate in the classical sense. Tt is important to note that there does indeed exista
rate function defining the actual {polentially high order) dependence ol nucleation rale on
supersaturation and/or other solution properties: it simply canpot be captured given the available
experitnental data and the [acl that 4 high order dependence in particular would ealy be readily
discemible i a svstem exhibiting Tower rates, 'or practical modelling purposes though, this is not of
due concern apropos the specitic syslem ol inleres) here, sinee, as menbioned carliet in this section,

nucleation proceeds sufficiently fast that the reaction products seem effectively equilibrinm-controlled,
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An additional impotiant feature of Eq. (4.37) is that, as with the deseription of true equilibrium solids
formation, such a model of nueleation suseessfully overcomes some of the complications allied io the
variability of precipitate density with operating point. Specifically, the derived number-based rate
equation {incorparating the precipilate density), as oppased to a purely number-based representation
such as hq. (4.36). ensures that ientical salution conditions result in the same rate of solute deposition
rather than the same rate of patticle formation.  This is considered to be consistent with the govening
theoretical principles discussed in Sce. 2.2, The “egquilibrivm mimic’ Kinetic construction of Bq, (4.37}
15 wsed in the vast majority of simulations conducted Tor this study; its perfomance in replicating
equilibrium behaviour is evaloated in Chap. &,

4.4.2.2 Aggregation

Tt was previously meneioned that the most appropriate mathematical representation of agpregation
behaviour is often lound to be provided by the size-ndependent ageregation kermel, & madel in
accordance with which the aggresation kemel [ #] comprises only the size-independent factor . In
cstablishing the correlation below, the size-independent kernel alone was considered; hence it iz only

appropriate for use with such a kemel:
£, =833% [0-TE g An0h 11060

:fﬁl

(4.39)

Ax with the exdraction of B, (4.36), and for the same core reasons outlined in Sce. 4.4.2.1, only data
related to the *base’ experimental run was employed in the development of Eq. {438). Moreover. the
experimental profiles sefected for use in edocing the aboye relationship are those resulting from the
manipulation of the data to reflect equilibrium solute deposition under conditions of spatial unifarmity,
i.e, the set of profiles including Figs. 4.3, 4.4 and 4.6. The primary modivation for this decision is the
slight exagperation [ with respect to a homogensous aystem) of the terminal and near-tenminal vields
presanted by the imeasurements of totel dissolved nickel; or mare specifically, the aebsurd calculated pH
values {see Fig. 4.7} which are the most noticeable manifestation thereof,

The formulation of the aperegation expression is of some [nterest, lnsofar as aggregation (s
theoretically favoured (via a reduction in electrostgtic potential) at high pH and ionic strength.
Superlicially, at least, this could be construed as a measure of codorsement. However, nolwithstanding
this ahservation, Eq, (4,38) is not considered likehy 1 represent a true and accurate dependence of the
agpreeation Ketnel on sofution conditions. This would not be any different [or the functional
relationships similacly educed for the ather, sive-dependent kernels. lgnorance of the potential
influence of hydrodynamics aside, the nature of the gvailable experimental data, the resultant necessary
assumptions of spatial unifonnity inherent in attempes to characterise the system kinetics and the
assoviated inability to cxtract a consistent fimetion under the various operating conditions entail that
expectations of the cquation’s gencral applicability and wide-ranging predictive capability arc

unrealistic,
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It is also instructive to note here that in practically implementing Eq. (4.38) there exists, as evident in
the Foriran code of Sec. A.2.2, the option of supplying as input those solution property values
calculated only after the effects on solute levels of ‘simuitancous’ nucleation have been
computationally actualised for a particular time-step. Theoretically, such a strategy is appropriate when
either of the eguilibrium approaches to nucleation modelling detailed in Sec. 4.4.2.1 is employed, since

the underlying concept is one of instantaneous deposition.

4.5 Concluding remarks

The selection and development of the final models of solution speciation, population balance and rate
dependence, as specifically applied to the system of interest, have been reported in this chapter, as have
their methods of solution. These descriptions form a ceﬁtral part of the overall, integrated model
established in this work. The remaining model component, necessary for processes exhibiting rapid
kinetics, is a representation of the relationships governing the time-dependent spatial distributions of
the system variables; this is introduced in Chap. 5. However, in recognising the need to account for
local variations within the reactor, it has been demonstrated in this chapter that the extracted rate
functions, particularly that covering aggregation, are unlikely to offer a satisfactory description of
reality. This shortcoming is due in large part to the limitations of the available experimental dats.



Chapter

Model development and
implementation (ll):
computational fluid
dynamics

5.1 Introduction

As mentioned in the previous chapter, the mathematical descriptions submitted in this work thus far are
sufficient only for the modelling of spatially invariant precipitation. CFD modelling affords the
detailed knowledge of a process’s spatial dynamics which is argued as being essential to the simulation
of the nickel hydroxide system. The purpose of this chapter is to acquaint the reader with the structural
and algorithmic details of the CFD models developed to provide ultimately a spatially-dependent
description of the evolution of the solution and particulate properties. In introducing this information,
the various schematic flow diagrams presented here play a central role. So too do the code file
reproductions and the comprehensive annotation accompanying them (available in App. A), a resource
which is considered to be an integral component of this chapter and to which repeated reference is
made. Note that using the files of Sec. A2 as a basis, it is a fairly simple exercise to generate stand-
alone Fortran code for the simulation of a precipitation process in which spatially uniform conditions

are assumed to exist throughout the reaction vessel.

82




Model development and implementation (i) 83

5.2 CFX® basics

In this study, the chosen CFD modelling platform is the CFX® software package (CFX International,
AEA Technology pic). The CFX® code employs a finite volume method to predict fluid flow and
associated behaviours through solution of the governing differential equations. Broadly, the approach
involves the geometrical definition of the region of interest, the splitting of this domain into typically
thousands of small sub-volumes or cells and then the derivation and solution of a discretised
representation of the problem. The final step mentioned in this sequence is worthy of some elaboration

here, and may be summarised as follows:

The appropriate transport equations identified (of the form of Eq. (2.26) and potentially spanning those
covering the velocity components, pressure, turbulence variables, enthalpy and other scalars such as
species concentrations) are integrated over control volumes (cells) using specified procedures. This
process yields a set of coupled linear algebraic equations. Each variable to be solved has its own
equation in each cell which describes the effect on that variable in that cell of every other variable in
that cell and every variable in neighbouring cells. The solution technique then comprises taking each
variable in turn, regarding all other variables as fixed, formulating a discrete transport equation for that
variable for every cell in the flow domain (as just outlined) and solving for the updated values of the
variable to a desired accuracy using a specified simultaneous linear equation solver. Such a solver uses
an iterative solution method in an exercise known as the inner iteration. A cycle through each of the
variables to be solved defines a single outer iteration, which is repeated until the problem has
satisfactorily converged. The non-linearity of the underlying coupled partial differential equations is
simulated by reforming the coefficients of the discrete linearised equations, using the most recently
calculated values of the variables, at each outer iteration. Thus, iteration is employed at two levels: an
inner iteration to solve for the spatial coupling for each variable and an outer iteration to solve for the
coupling between variables. The technique is summarised diagrammatically (and quite simplistically)
in Fig. 5.5, with respect to the solution of user scalars as part of the integrated precipitation simulation

discussed in Sec. 5.4

It should be noted that the treatment of pressure is slightly different from the foregoing description,
since it does not 6bey a transport equation. Here, it is sufficient to state that the closely coupled nature
of velocities and pressure directs the iterative updating of pressure and correcting of velocity
compoﬁents to satisfy continuity, in a procedure known as pressure-correction. The exact

implementation of this method is defined by a specified velocity-pressure coupling algorithm.

The structure of the CFX® software is such that the necessary data defining the geometrical domain of
the calculation and the finite difference grid is contained within a geometry file, created by the CFX®
graphical pre-processor. A command file and, as required, a user-defined Fortran file provide the input
specification of the flow problem. These files are submitted together to the CFX® solver module,

which implements the solution algorithms to solve the various equations describing the problem.
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5.3 Flow simulation

Before even considering the integration of the modelling of species and particle number concentrations
(detailed in Chap. 4) necessary for the simulation of the precipitation process, it is prudent to develop
an adequate description alone of the flow field generated in the laboratory stirred tank. The application
of the CFX® code to this problem is documented here. Discussed in tum below are the requisite inputs
to the CFX-4.3™ Solver, a double-precision run of which yields a steady-state depiction of the initial
flow field established experimentally. '

5.3.1 Geometry creation

A representation of the experimental geometry (defined in Sec. 3.2) is built within the CFX® graphical
pre-processor; in so doing, the initial fluid volume of 3 dm’ is modelled. The tank sides and bottom
and the liquid surface are specified as boundary walls, and the four baffles are defined as walls of zero
thickness. Further, since the same geometrical information described here is to be employed in the
simulations of the precipitation process itself, a small three-dimensional region is identified for the later
introduction of feed. Current detailed simulations of impeller-driven flow typically require subdivision
of the flow domain into several hundred thousand cells. Consideration of transient precipitation
modelling in such an environment suggests that the computational expense, not only of resolving the
transport equations (even if using a fixed flow field), but of dynamically executing the calculations
related to speciation and the population balance, would be substantial (see Sec. 6.3.4). Consequently,
the generation of a fairly coarse grid is considered appropriate as a first-order measure. Such a grid
does not warrant a fully predictive solution method that directly simulates the impeller geometry, and,
accordingly, only patches isolating the impeller disc (defined as a zero thickness wall) and the impeller-
swept volume (its function is elucidated in Sec. 5.3.2.1) are specified; the existence of the impeller
shaft is neglected due to its minimal influence on the flow field.

In identifying the location of the impeller-related patches it is necessary to mention that there exists an
exception to the standard geometry detailed in Sec. 3.2. Miscommunication with co-worker Dustan
{who recall conducted the experimental work) over the specifics of the surface-to-impeller distance
provided, resulted in what is now recognised as an error in the modelled impeller clearance. Whilst this
constitutes a significant inaccuracy (a clearance of 0.0182 m as opposed to the true value of 0.057 m),
it is important to note that it in no way compromises the integrity of the overall methodology, the

development of which forms the core of the primary objective of the current work.

As previously intimated, a reasonably coarse volume mesh is generated, progressively slightly finer
towards regions where solution variables may be expected to have high spatial gradients and therefore
greater resolution is required. These areas include the feed and impeller zones, and, although not
intended to resolve near-wall effects, the boundary walls. The resulting grid contains 16, 17, and 37

cell divisions in the axial, radial and azimuthal directions respectively. It is worthwhile remarking here
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that the entire initial volume is modelled, rather than merely a segment of the cylinder; this is due

largely to the non-axisymmetric positioning of the feed point.

Note additionally that, within the pre-processor, the system geometry is represented graphically as a
rectangular ‘block’ by directly mapping the logical (x,7,8) dimensions of the cylindrical tank onto
(x,9,7) space; thus the z-dimension of this block is 27 Accordingly, further definition is required: a
symmetry patch is applied to the y = 0 plane (the axis) and the set of the two extreme z surfaces are
identified as periodic boundaries, indicating the cyclic continuation of the flow domain, When the
geometrical data is outputted by the pre-processor to a geometry file, it is done so using cylindrical
coordinates which do not describe the rectangular construction, i.e. the mapping exercise is reversed,
whereby the coordinate values specifying the topology and grid created are interpreted and reported as
those of the cylindrical coordinate system. The purpose of such a coordinate reference switch is in
simplifying the meshing task and helping to ensure the orthogonality of the grid, the quality of which

facilitates improved simulation convergence.

5.3.2 Problem specification

The problem is defined for the solver primarily within the command file, which is reproduced in Sec.
A.1.1 (as previously stated, all transcripts of code files in App. A appear together with detailed

instructive comments). Note that only non-default inputs require declaration in this file.

8.3.2.1 Summary of Information

The transport equations are solved in cylindrical coordinates for steady-state, incompressible,
isothermal and turbulent flow. The widely applied standard k¢ turbulence model (Sec. 2.3.3.1), which
is based upon an eddy viscosity hypothesis, is employed. Notwithstanding the fact that it assumes
isotropic turbulent diffusion, and is hence not ideally suited to swirling flows, the model is selected,
after consideration of the low resolution of the grid, due to its comparatively limited computational
requirements. Further, no other model has been conclusively shown to perform consistently better. Set
as a convergence criterion controlling the outer solver iteration, the tolerance on the mass source
residual (continuity error) is 1 x 107 kg.s™. The fluid properties supplied are those of pure water at a
temperature of 25 °C. An appropriate angular velocity boundary condition is specified for the impeller
disc, a free slip (zero shear stress) boundary condition is applied to the flat free liquid surface, and
standard no slip conditions are specified for the remaining walls (i.e. the baffles and tank wall and
bottom).

Observing the flow generated by a Rushton turbine, the stirrer action is simply modelled through the
introduction of momentum sources within the impeller-swept volume (i.e. source terms are added to the
velocity equations in each of the three directions as required). Note that the modelled presence of the
impeller disc prevents unobstructed axial flow through the impeller region. This simplified method,
one of a number of similar non-explicit techniques (Sec. 2.3.3.3), clearly fails to capture full details of
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the flow within the impeller zone, and inherently neglects the characteristic unsteady flow originating
from the interaction of rotating impeller blades and fixed baffles. However, considering the overall
complexity of the system, the nature of the grid, the various other inaccuracies and uncertainties in the
process description and, again, given the primary objective of the study, such an approach is deemed
acceptable and of a consistent and suitable resolution. Approximate values for the source terms are
determined through repeated ‘tuning’ and comparison of flow results with those of a *snapshot’
produced from a transient simulation using a comprehensive, high resolution sliding mesh technique
(Sec. 2.3.3.3). The particulars of this detailed simulation are bricfly outlined in Sec. 5.3.2.2 below.
Here, it is not only a corresponding circulatory flow pattern that is desired, but, when investigating
turbulence-controlled reaction rates in Sec, 5.4, accurate descriptions of the magnitude and distribution
of turbulence variables (£ and &) are also needed. The inclusion of source terms in the modelled
turbulence equations, which may be effected to achieve this end, is established as unnecessary in this
instance. It should also be noted that the detailed flow simulation is only performed for the median
stirrer speed of 150 rpm; when exploring alternative agitation rates, the mormentum sources are merely
scaled proportionately (admittedly, again a fairly crude simplification) and the impeller disc angular
velocity boundary condition altered appropriately.

Supplementing the information contained within the command file is a Fortran file, which appears in
Sec. A.1.2. The function of user defined Fortran routines is to describe features that are too complex to
be set in the command file; here, subroutine USRTRN is called, once the steady-state flow field has
been determined, to calculate a measure of the turbulent mixing time scale which is exploited later
when considering the effect of micromixing limitations on the nucleation reaction rates (Sec. 5.4). The
definition of the mixing time corresponds to the viscous mixing variant of the eddy break-up

combustion model:

2 0.2%
r=0.04237(pk ) k. 6.0
UE

£

5.3.2.2 Detalled callbration simulation

As mentioned in the preceding section, the momentum sources inputted to the approximate CFD flow
model used in this work are calibrated through reference to the results of a simulation employing a
more rigorous modelling approach. The geometry, command and Fortran files required for this run of
CFX-4.3™ Solver are generated by the program CFX-ProMixus™, a tool developed purposely for the
detailed analysis of mixing vessel processes. The creation of these files (transcripts of which are not
included im App. A) demands only the specification of some basic (chiefly geometrical) information, an
exercise in the process of which the configurational error highlighted in Sec. 5 32.1is repeated.

The resulting simulation employs a very finely meshed geometry and a high-fidelity sliding mesh
technique whereby parameters are supplied and models are invoked to describe the relative motions of

a rotating inner grid (incorporating the impelier) and a stationary outer grid {containing the baffles).



Model development and implementation (il 67

All stationary and rotating parts are modelled explicitly, allowing their periodic interactions to be
resolved. Turbulence closure is again by the two equation k—¢ model. The outcome is an accurate
prediction of the swirling turbulent, time-dependent flow induced by a six-bladed Rushton turbine in
the standard geometry (but for the impeller clearance) rotating at 150 rpm in 3 dm’® of water at 25 °C.
Although, for example, the development of a free surface is not considered, this approach provides one
of best available representations of the ‘base’ flow field established in the laboratory prior to any feed
addition.

An important necessary modification to the command file automatically generated by CFX-
ProMixus™ is an increase in the number of modelled time steps, and hence the simulated duration.
This permits the development of the flow such that a quasi (cyclical) steady state is attained, i.e.
equivalent impeller-baffle alignments yield steady variable values at the computational monitoring
point. It is this final ‘steady’ field which then guides the calibration of the cruder model. Other
changes to the files include the specification of a realistic tolerance on the mass source residual, an
increase in the maximum permitted number of outer solver iterations to allow this convergence
criterion to be met, and calculation (as in Eq. (5.1)) of the turbulent mixing time scale. As a point of
interest, since the flow is symmetrical and the results are ndt to be applied to the simulation of the
precipitation, only half the azimuthal extent of the tank is modelled; the total number of cells .
constituting the finite difference grid is 134940.

5.4 Integration of model components for precipitation
process simulation

The integration of the solution chemistry, precipitation kinetics and population balance models with
CFD flow modelling capabilities is one of the major objectives of this work. This permits the desired
dynamic description of the distributions throughout the tank of the key model variables controlling the
rates of the precipitation reactions and of the resultant particulate properties.

5.4.1 Model approach and structure

As is evident from the material presented in Sec. 2.4, application of CFD modelling to precipitation
typically involves the simple moment transformation of the population balance, accounting for
nucleation and particle growth only. Transport equations for the moments of the PSD (which
incorporate the precipitaiion—related source terms) are then solved alongside the chemical species
transport equations, and, if employing a transient flow field, those of the hydrodynamic variables too.
Significantly, aqueous speciation reactions are not considered. In this study, the nature of the particular
system of interest demands that certain model features be included. Of these, it is primarily the
inclusion of the modelling of complex solution chemistry, but also that of aggregation, via a discretised

population balance, which, if possible at all, would clearly greatly complicate the standard approach
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just outlined and which hence motivate that a novel model architecture is developed and implemented

here.

Consequently, a different method of integration, still based within the CFX® modelling platform, is
advanced in this work. This is achieved through the use of the user-defined Fortran subroutine
USRTRN, which is called by the CFX-4.3™ Solver prior to the run, and at the end of each time step of
the transient calculation. Speciation and solids formation computations are encoded within this
subroutine and performed in each of the several thousand celis representing the fluid volume. The
requisite local, transient conditions are supplied by specifying a CFX-4.3™ Solver scheme such that
transport equations for species molarities and number concentrations of particles within each size class
{which are simply modelled as ‘unidentified’ user scalars) are solved on their own using a fixed pre-
calculated flow field (see Sec. 5.3). Under such a scenario, it is essentially only the temporally and
spatially dependent advection and diffusion of particles and dissolved species which is resolved
external to subroutine USRTRN. A summary of the contents and function of the various data and code
files submitted to the double-precision CFX-4.3™ Solver for the simulation of the semi-batch
precipitation process is provided in Fig. 5.1. Extensively annotated transcripts of the command and
Fortran files are presented in Secs. A.2.1 and A.2.2 respectively. A broad representation of the overall
solution strategy is porfrayed in Fig. 5.2. The grey circles apparent in Fig. 5.2 illustrate (as they do in
Figs. 5.3 — 5.6 as well) the initial and final states ‘in the progression of information, and assist in
reflecting the core function and ultimate 6bjcctive of the series of calculations depicted. The inputs of
external files and/or routines are also clearly identified.
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Figure 5.2 Sehgnwlic represeniation oF the coce sioetare of the developed modelling approach
fiat the CF 0 sirmulatiom of the prscipilalion procsss.

It should perhaps be stated here that opportunities do oxist for exploring possible devices gimed at

transferance of the defining precipitation calculations 1o the solver, under which circwnstances they

wonbd then be perlonned in tandemy with those ol particle and dissolved species trosport as proviousty

deseribed. Inosodomng, there exist potential benefits to e pained, liowesver, a3 also supgested ahove,

agqulillbreted dizacwad f"
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there is no assurance that such methods will even he practicable without signifieant further
approximation. The appraach selecred hoasts puaranteed functionalily and alfords tnereased model
control, flexihility and simplicity of defimitton. The in-built multiphuse, population balance and
micromixing modelling capabilities of the CFX00 sofiware are not inveked; besides the fact thul they
cach require greater assimilation of calculations into the solver, this (s due to issues surrounding
flexibility, ease of mtegration with other model] features, and, m the case of multiphase considerations,
the attendant computational burden. Tmporiant sssocialed sssumplions underpinning the model. and
which appear reasonable for the low concenlralions, low solids volume tactions and small particle
sizcs cncountered {Madec el al, 2001 ), are that the presence of the dissolved species and solids volume
have no effect on the flurd properties or the flow and that the behaviour of particles Is akin to that of

dizsolved species (i.e. no gravitational, buoyaney or drag cffects are taken inte account).

Figs 5.3 - 5,6 each provide greater detail of the underlving algorithms which ave only broadly outlined
m Fig. 5.2, O these diagrams. it is the information communicated in Fig. 5.4 which ts of greatest
interest, sinee this represents the majonty of the user-defined modelling, Signiticantly, although the
models presented in this section are desipned for use with the coarsely-rmeshed, simplified geometry
and the associated appraximate flow field described in Sec. 3.3, the Fortran file couid essentialiy be run
unaltered in combination with a detailed geometry and high resolubon flew caleulation (either a quasi
slendy-=lale tepresentation such as that outlined in Seg, 5.3.2.2 or the transient (Teld iisell). Both
proposals would clearly substantially inflate simulation tmes and would simply necessitate vavions
minor adjustments primaciby 10 the relevant command and geometry files. Simtlarly, slight alterations
principally to the contents of subroutine LISETEN could also easily reaiise, amongst other upgrades,
the modelling of a smaller nuclens size or an alternative aggregation kemnel or the inclusion of growth

ar other particulube prososscs,
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It should be noted that Fig. 3.4 poctrays the sequence of calvulations execyied lor an cyuilibrium

represantubion nlnecleation and ot g specilic prelemst Sdilaion mnd el 10 imterested in allermative

desenplions. please reler 1o the TISRTRM subroutine in Scc. A2.2 within which all apiions are

encoded [such options, or *general settings’, are selected up-from oh pp. L6 und 117). Indeed, if

4

78

\.

seeking code suimtnaries or gredter detad] in peneral, the veader is dirccted 1o the code, the structure of

which deliberately favours linearity and case of comprehension over elesance oF concision. The

diagrams presented i Figs, 5.1 — 3.6 are also regurded as being sell~cxplunatory, and although certain

licence to simplify has necessarily been taken in these schematic deplotions, they ure considered
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sublicienlly detailed that anything hot a very lengthy accompanying textual everview woukd prove

redundant,

5.5 Concluding remarks

The specifics af the CFD medelbhng compenenl of this sludy bave been decomenled in this chupiet,
T'his ieludes an owkine of the ' X% file stmctires and general solution nethods, details of the
simudaticn of the flow fleld cstablished in the stired tank and a desceiplion ol the inleerated modut
slrueture timed sl being of ollimue value in endesvours 10 simubate precipiiation syvsients similar to the
e investigated inthis work. 1nose domg, it has been demonstrated that, approximatiens and
imgeeuracies notwithstanding, o model core of significant generic vabhue has been developed. As such,
U [rumework is simple 1o reline, easily scoommaodating uperades us preater fundamental
understuding of processing power becomes availahle or as mereased experimental resobulion allows

improved system characterisalion.



Chapter

Precipitation simulation
results and discussion

6.1 Introduction

This chapter demonstrates the application of the models developed in thie preceding chaplers to Lhe
system wnder investigation. Although a great number of simulations were performed (generating avast
array of ourpun data), only those results sullivient to display and suppert selected. noteworthy findings
gre presented. Whilst this does not constitute an in-depth analyvais of the datal, it is regatded as
aderuate o display the value and iotegrity of the developed model stuctures,

Io wrder Lo simplify veferences, from hereon in simutations performed ynder rhe sssumption of
uniformby distrilsuted reactor contents are simply known as “homogensous simulations™ aid those
resolving the spatial dvitatnics of the system (ie Bwse performed using the CFX® software) are
referred Lo as "CFD sitnulations™, [t should also be ooled that the various simulation data points
displayed io the remainder of the chapter are not as “discrete’ as might be inferred from their
presentation. In actual facl, vesults ave on hand at the eod of each simulation time-step and the discrote

markers are employed merely to aid distinction etween the differamt series.

* 11 conld he argned Tha he full rmnge of available data. cven those displayed here, warrant fiurther, maore in-tkrpilh
analvsis. Such an undertaking is, however oily truly rerited and of vhyvivies valye when the models have a
prediciive capacity, g Jack of which will beeome apparcid in Scc. 6.2,
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6.2 Comparison of simulation results with experimental data

The efteetive decoupling of the analyses of wicld and avergpe particic diameter resulis 15 enabled by the
gbscnee of particle growth a8 g sechanisie of both solule depasition and size enlargement in the
represeniation of the system. Nuelcation i delied by vield alone whiist average particle diameter,
though afiecied by the rate of sucleation, is primarily a measure of agoresgation, {Cocfficion of
variation darg are deemed surphis to the specific requirements here and e therefore nol presented. )
Mo that experimemtal results supplicd o this seetion relleet that dala manipulated as outlined in Sec.
4L

Prior to the comparfaon ol nucleation and aggreealion bebiaviowrs in the sections wo follow: it is

meanipeiul to contrast the cxperimental and simulation cunmlative total volume profiles presented
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Figure f.l  Frofiles of cxpoimentally necorded Fipure 8.2 Profiles of modellod total volpme fir
Lol val wme dir eack of the seendrios gch of the scenarios investizated,
Iveetigated,

In luboratory practice. difficulties were encountered in muinlaining 1he constaat target Matdl 1 feed rates
listed in Table 3.1 Simulation vedes, however, employ these precise target values throughout the
puriod of constant ~NatiH addition aed only make use of exporimentally recorded rares during the ptl
controd phiase. These factors account for the obsewre dillerences evident within and hetween Figs. 6.1
and #.2. Tn hindsighl, the inscciracies in simulated feed rares amouat to modelling crrors given the

cxlreme sensitivity ol the results to net hydroside Tput.

6.2.1 Nucleation

Expurimental vield profiles for each of the experimental runs were provicusly presvated in Fig. 4.1,
For comvenicnee, this plol is reproducesd below (as Fig, 6.3 wgether with the profilus as predicted by
homogeneows simulations cmiploying nueledrion kinetics extracted from manipulated cxporimental dula

(i BEg(4.360) (Fiz. 6.4 and employing equilibrium nucleation (Fig. 631,
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extracied from manipilaed ol mjcleation.

experimental data

The most mportant observation to be made is that the kinetie nucleation fils 1o caprure the
expenmental buhaviour, with partieular referenee to the ‘rate H' scenario (Fig. 6.4), This 1= not at all
mexpected since, as discussed in preater detail in See. 4.4.2.1, the nueleation rate vquation predicts an
essentially ponstant mimber-based rate of mucleation irrespective of supersaturdion, Due to 1he low
“rate 117 density reported in Table 3.2, this results in a rate ol solute deposition even less than that for
the Fhase” seenatio. “rate L behaviour Is only successfully simulated because of the facts that;

the rverall rate of deposition is automatically limited by the requirernent thae che solaion be

supersaturated [or nmelestion o ovear;

the extent of deposition within any single tre-step is limited by the siall size of the simulaton

tina-siep emploved; and,

assuming spatial uniformib: experinentally observed solids formation cloesety approaches that

prescribed by equilibeium,
Indecd, barmng extremes I moedelled density, the asture of the oucleation kinetics 15 such that they may
be expocted tor reproduce experimental dats for addition rates equal to or less than the *hase’ rate, under
which conditions the aurcleation rate equation was extracled, Comespondinghy, a larger (within regson)
conslant rate, such as that which may be clicited fnnm the ‘rate H' experimental data, may be expected
o satisfacorily reproduce the vield response of each ol the experimental scenarios. However, such a

mnde] is clearly not an acourate representation of reality and, for obvious rensons, it is not a viable
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Figure 6.6 Comparison of experimentally Figure 6.7 Comparison of experimentally
measored and vafious sifelated meeszuned and simulsted pH profiles
rrecipitane yield profiles fur the "basc’ for the “hase” wecnario (simulations
seenaniéa (sintilations employ kinetie emplay kinetre “equilibium mimic’
‘cquilibrivem niimic’ auclcation), nueleation),

The slight overprediction of yvield by the homogeneous maodel in Fig. 5.0 is not syeprising considering
ihe material presented in Sec. 4.4.2.1, where the experimental yield was simply noted as approaching
equilibrium sohre deposition. The CFTX simulation caleulates a vield onby a liGtte preater than the
homogeneous simulation, a resull which was to be anticipated due to the expected development of focal
regions of high supersaiuration and the fact that dissolution of precipitate is nol modelled. In so daing,
however, it still displays fairly gonod agreement with experiment, Another interesting feature of this
plot is the excetlent cosrespondence between "CFD — overall and "CFD — bufk’ data. Cunsidered in
tandem with the similarity between CFD and homogeneous simuolation results, this coudd be inlerprited
as supporting the notion of a spatiaily uniform system. Mure oo this topic is offered later in the chaptet
(Sec. 6.3.2), |

Bearing in mind the sensitive nature of the pH response. the level of correspondence betwesn
experimental and CFD simulation data io Fig, 6.7 is not poor. Recopnition that the greater yield
predicted by the CFTY siimudations intght have been expecied 1o imanifest in refiled pH values lower
than those caloulatad by the homogeneous sode, underscores the fact that analyses of CFD results are
nat sraightforward. Certainly, study of the data history of a single cell in isolation is insufticient for
the purposes of full reconciliation, since CFD tesults, in general, understandably expose the spatially

inlerdependent nature of the modelling approach

The homogencous simulation profiles of the lwo preceding plols correspond in essenee to the “base”
expetimental resulis of Figs. 4.3 and 4.6, The tangled 1ssues [previously raised in Sec. 44.2.1) of
possible minor adjustinents 10 &, and Ni:OH values and potential inaccuracics in experimental yvield as
caleulated Trom Lotal dissolved nickel messutements are again broughl Lo the fore by the full spuctrom
af infarmation presented in both Figs. 6.6 and /.7,

Abbreviated vield prafiles appear in App. B for each of the five operating poinds itvestigated
experimentally (Figs, 8.1 —B.3), Far the *base’ scenaria, this amounds 1o a focus on the mitial 180 5 of
Fig. 4.0, All these plots exhibit similar trends to Fig. 6.6, i.e, CFD simulations predicd a stightly greater

rate of deposilion than homogeneous simulations, which, in lum, marginally overcstimate experiment.
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On the whole, simubations are relatively suceesstul in approximating experimenially determined yield,
Conversely, the author i confident thal CFD simulations employing nucleatton kinetics extracted from
manipulated experimental data would, as the equivalent homogeneaus stmulations did (illustrated in
Figs. 6.3 and 6.4} and for the same basic reasons, fail to capture experimentally observed behaviour,
specifically that of the “rate H® seenanio. Furthermore, the continued apresment between 'CFD —
overall’ and "CFD — bulk” dwla evineed in Figs. B. 1 — B.5 suggests that the bulk expetimental sampling

ol the system may well provide an scourale measurs of the overall systen,

For the sake of interest. also included {in Fiz. B.6) are the simulation results for the theoretical case of 3
practically zera bnpetler speed {*stir (7). otherwise defined as for the ‘hase’ scepanio. For
demonstration purposes, the ‘base” precipitate miclar denstty t5 emploved in these simulation codes,
MNote that the selection bere of an alternative value should, however, nol have oy slfect on yicld tesults
{unlike those of, for example, average particle diameter); this is due to the formuation of the utilised
nucleation rate squation (Eq. (4.37)), into which the density parameter is abzorbed. Applying similar
reason ing, homageneois simulation results for *hase’, 'stir L7, *stir 11° and “stir " scenanios are
duplicate {a fact alluded to previously in this section), since, for want of a stirrer spead input. the only
differences in the relevant process model descriptions is the precipitate molar density.  In ling with the
anticrpaied behaviows in g system with such limited agitation, the low CTD simulation predictions
presented in Fig. B.6 most Hkely copstitute evidence of localised nickel depletion in the feed region.
MNorwithsianding the increased demamds of such a particular scenario on the accurate representation of
dilution and micromixing effects, all jo all, Figs. B.1 — B.6 dizplay sensible, intuiitve responses o
changes in operating conditions. Willt particular reference o e various corresponding differences
between *CFD overall’, "CFD bulk® and bomiopensous sioulation outpot, this serves as & feslament

to the mathematical and structural integrity of the modets,

Viewed in combination, the results presented in this section and in App. ¥ seem to indicate that an
equilibrivm deseription of nocleation is sppropriale, subject to prospective tweaking of £, and Ni:OLL
values, Lo so proclalining, the low ordet of the “equilibrinm minic® nuckeation rate equation is of some
interesl, as mentioned sarller In Sec, 4.4 2.1 Maotivated by this finding, alt further stmulation cutpui
displayod represents the resubls of code making uze of squitibrivm noeleation or *squilibrium menic’
nucleation kinetics. As such, for all practical purpuses {assuming the rate of dizsolution iz hot limiling
and given reasonable agitation), a single equilibrivm caleulation is in fact sufficient to determine the
fingl product yield. However, it must be stated that this fact would only tender the CFD modsal of no
obvious value if nucleation were the only particulate process {agpregation has been identified as the
primie determiner of product quality (Dustan et al. 2005a, Dustan et ab. 2005b)) or if, for example, (he
made ol operation Were switched to bateh, Whilst it i2 conceded that, Tor a single bateh addition, a
spatially uniform distribution of nuclei and solution properties would soon develop, the semi-batch
natiure of the process {allied to practical mixing limitations) dictates that non-homogeneity persists in
the vessel for suflicient duration for meaninglul, kineticalby-conirotled agerspation phenomena 1o
proceed in just such a spattally disiriboted environment. Thos, due 1o the syziem’s innals inlet-

dependencies, both nucleation and aggrepation tequite spatially non-uniform represeniation and,
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notwithstanding the rapid tucleation, there is hence inhercnt value i the CFD modelling approach’.
Indeed, the specitics of the manner of contacting has a significant effect on the final precipitale
product, a fact manifested experimentally in the different particle size characteristics produced under

the various operating conditions.

6.2.2 Aggregation

The experimental and homogenzous simulation profiles of average particle diamcler presented below in
Figs. 0.8 and 6.9 are chieflv intended to display the simple reality that, with the exception of the “base’
soenatio, the homogencous model clearly Falls short of accurately simulating the experimentally
measured response. This plwnomenon is not io the least surprising Fof reasons to be discussed shorthy.
Although by no means an cstablished fact, the unusual ecxpedmental behavionr exhibited by the “rate L)
stenano does foster spectlation as to the accuracy of the laboratory data, especiolly given the
reservations concerning the measurement icchniques ele. expressed in Chap. 3. Additionally, it should
be boene in mind when considering the following figures that the maxmum silainabic wverage particle

diameter is limited by the finite range of particle size classes modelled,
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Figure 6.8 lrofiles of expzrimentally measured Figmee 6.9 Proliles al gverape particle diameter
avernge particle dismetor uader cach of pradicted by homoeenaous simulatinns
the operating cenditiins imvestipated ernplaying an eynilihonin deseripion

of nuclestion,

1t has been previously mentioned with respect to vield resulis that the only effective differences in the
mathe matical descriptions of the “base’, *stir L and *s1ir H® seenarios are the modelled total volume
profiles gs illustrated in Fig, 6.2, An additional difference which atlects caleulated average particle
diamneter is the yaloe of the precipilate molar density, which dictates the owmber of “nuciei® produced
giveen a certain molar extent of deposition. However, it is still fhe former difference which is alimost
solely responsible for the disparaie profiles evidenced for these three scenarios in Fig 6.9 — this
through the effect of NaOH addition on pH profiles {see Fig. 6,10} and the formulation and resulian

sensitivity of the apzresation expression,

Y EF thee rate of mocleation is lower, the valoe in the approach iz readily appacznt.
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Figure 6.10 Profiles of pH predisted by
homuzeneous simolalioms employiog
an equihibrium description of
nuglealion,

The above plot also serves to reiterate the extreme sensitivity of pH to hydroxade addition and removal

through reactor feed aod solids loomation respectively,

The profiles of averaze particle dimweter associated with Figs. 5.6and 6.7 appear in Fig. 6,11 {below),
the most important fealures ol which are the respective siceess and lailure of the homnogeneous and
CF simulations in satisfackorily predicting cxperiment. Sudden and rapid increase in the average
paricle dismcler forecast by the homogengous sinlation iz most likely the result of the favourable
solution conditions for apgregation {in particular pl 1) accompanying nickel depletion. Similarly, the
carlier rapid anset of particle enlargement abserved in the CFD model data van be attributed to the pll
response in the bulk {reler to Vg, 6.7). [ogeneral, CFD results are indicative of fairly vcomplex
interplay between solution conditions, partivulate properties and ageregation rate on the local level, A
further leature ol he fillowing plod is again the excellent apreement between "CEIY averall” and
R - holk® series.
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Figure 6,11 Comnparison ol experinetally
mrzgsierec and varicos siamdaled
averaze particle diamecrer prafiles tor
The “hse’ soenario (Simelulions
cmploy kinode “cquilibriiun mimic”
nuclcativom .

The superior fil of homogeneous mode] dala 1o cxpetiment 15 entirely o be expecled as a direct result
of the assomption of spatial aniformity underpinning the ageregation rate extraction exercese. This

raises the obvicus guestion aboul how one goes aboul validating 1he CED modelling work, lndeed, the
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oily model for which acceptable agreement with experiment could reasonably have been anticipated iu
the homogeneaus *hase’ code, for these are the conditions under which the agprepation behaviour of
the system was characterised. There is thus elearly oo real predictive capability in either CFT3 ar
hormapencots models wilh respeet o particle enlargeineal. a rasult’ which was nat unfreseeable in
lizhi of the information presented in Chaps. 3 and 4. Although ackoowledzed as a signilicant
shorteoming considering that it &5 the agoresation behaviour which is central in determining precipitate
product character and the resuftant dewatering performance, the fact that the experimentally derived
expression [or agerepation has linle practical vabue dows nol compromise the inherent value in the

maodelling framewnork.

11 addition, repardless of the above limitalions, the siructucal soundness sod self-cansistency of the
models developed in Chaps. 4 and 5 15 not I doubt. This is farther iThustrated by the abbreviated
profles of averape parlicls dissneler (comesponding to those of yield discussed briefly in Sec. 6,213
presented n App, B, (Figs. B.7 - B, 12), which again display smooth, readily explainable basic trends.

6.3 Further observations of interest

Additionat iindings decmed significant in the conlext of 1his chapter™s objectives are selected below oo

exposition and discussion.

6.3.1 Success of ‘equilibrium mimic’ kinetics

Figs. 6.12 615 {overleal) show the near-perfect agreement between the results of *bhase’
homapenenus simalations employviop equilibrium nucleation and those encoded with the nuclention
vate developed to mimic it. Similarly, comparison of Figs, 6.5, 6.9 and 6,10 with Figs. B.13 —B.15

respectively, indicate that this aceord applies equally well to each of the operating scenariog.

" This result qlse comstilules Lhe underlying molivation Jor the preaier Teos, troushoul fhe dlssertation, on vield

dat than on particle size daca, despite roeogniszing the lulter 34 the wrea in which the modelling is of most value —
the refative success of the nocledlion representalion permily potentially valughls insighls inlo the namre of the test
svateny and the anglysis has conzequently produced some observations and discussions of interest.



BE

il 5%

CFD analysis of reactive crystalhisation in stirred tanks

e P atas st
R [= % L R Py i

| o
E5 e s i Sz e e
40 s
a0 -# pauiliium

== equilibium mmic |
ij 2000 4030 G030
lime {g}

Figure 6,12 Comparison ol Tuse’ precipitate yield

AL rersglaralian

praliles predivted by homopeneois
simulations employing equilibrinm
nigleation and kinetic “equilibeiom

inknic’ oueleation,
JiEe
oe &
e 4 i e -
3 el oA
P R _
! # equilicrum
Dt =RE & egulioii mime
9n . . =t
u 200G 4000 nonon
L {)

Figure 6.14 Comparison ol bese’ supériaturation

rahles predivted by homopeneons
simulations conploylog cquilibrirm
mcleation and kinetic ‘equilfhnum
mimic' melcation,

pll

awg. particla diameter o)

1 e e I e T T T e S T L HE T,

@ = i

£
P al |
3 hmppenanaennn®
T FreT Ly

s - gquilibnum i

&) i 2o EqUIL IR NG
51 T T 1

o] F0oa 4000 BRI

lime {3}

Figmrr 6,13 Comparison of *hase’ pH profiles

predicted by homea gereous stnulalions
employing equilibrum nueleation and
kincttc ‘cquilibrim nvimic’ nyel gation.

o
tn

W 2silibrityr
v aguilibriterrnlmie

=

’?,_L_é

et
o

(%]

)
th

1

A0 BAH]
fime {5}

Tigure .15 Cowparison of *bese’ average particls

dimmcter profiles predicted by
hamigenents simulations enploying
equilibrivm nucleation and kinghic
“ayuilibriscy mimie’ nueleation.

Conducting the equivalent [nvestigation for *base’ CFD simulations, Figs, 6.16 — 6,138 also reveal a

oreat degree of overlap, suggesting that the formulation of the nucleation rate equation is indeed

successtul i mitkicking equilibtium peecipitation. Fig. 6,12, however, again highlights the highly

sensitive npture 6f ageregatjon caleylations, such that what must amount o only very small

discrepancies in predicted solids deposition resalt in sufficlent varistions in local solution conditions to

have a significant impact on the rate of aggregation. This is envisaged to be primarily applicable to the

feed region. The more extreme solution conditions developud locally here do not ocenr under the

assumption of spatial uniformity, This fact, together with the vastly superior mamber of caleulations of

extent of hucleation required by the CFD medelling approach, accounts for the comparative maich and

iismatch displayed in Figs. 6,15 and 619 respectivily.
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Figure 6.18 Comparison of ‘s’ supersalurabion Fizure 6,19 Cinupareson of varions “hase” average
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“veplibmigrn eimic” noclaulion.

Despile the relatively poor fit exhibited in Fig, 6,19, it should be pojntzd out that the illustrated range in
rhe wahes of average particle digenetzr is very limited and that the cutput of the two wmodels may be
expected to shony analogous lrends and even by converge semewhat 17 s comparisen over i longer Lime

period were wailable.

Ml things considered, the *equilibrivm mimiv’ nuelestion kinclics may be considerod very swewessful,
Focalling Lhal the mocdivation Ioe the development of this expression was the considerahle
compulational expense incumed by the explivil ioclusion of the solid species ) cquilibrium calculaions
[#ee Sec. 442,00, the equation and general approach constitute a valuahle tool in nstances of limitzd

accessible compubing pewer.

6.3.2 Spatial distribution of reactor contents

It was menloned in Sec. 621 that Lbe level of correspondence betwesn the CFD simulalion,
homogeneous simulanon and experimantal profiles presented I Fag. i, and the overlap of calculated
*CFD — owverall” aod *CU1 = bolk” values. suggested thar the system might indeed be spatially
homogeneous. Although the agrecment belween ‘CFD — overall” and CF D — bulk’ dala persisls, the

disparity hetwean CFD and homogeneous simulation resolis revealed in plots displaved subseguanily
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(2. Figs. 6.7 and 6.11) dismisses this idea, indicating that the reactor cantents are non-uniformly

distributed.

Additional unniistakahle evidence supporling the hvpothesis of a spatially diverse system is offered in
Figs, 620 and 6.21 {below). The most perlinent tesponses exhibiied in Fig. 6.20 are the simuolated
profiles of the maximum and minimum values of ptl throuphout the stirred tank volume, as calculated
by the CFD code.
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Figure 6.20 Comparison of experimentally Figore 6.21 Companzon of “hasc’ supersaturation
measured and varions simulated pH profiles predicsed by CFD amed
pafiles fior the *base” scenaric Liomopenenus simulations employing
{simalations engploy kinetic kinctic equilibrium mimie’ nucleation.

“equilibr i memic’ ucleation ).

Bearing in mind that & value of unity is indicative of interphase equilibrium, the supetsaturation profile
precicted by the CFD simolation (Fig, £.21 b implies that solute deposition most likely ocoars
exclusively in o relatively small portion of the réactor volume [or a significant petiod of time. and that

only limited nucleation oceurs in the bulk. This echoes the findings of Seckler et al, (1995) (Sec. 2.4,

Results of specific investigations into the vations mecromixing time scales also provide a measure of
the spatial non-unitbhrmite, Tabolated belonw, they reflect in each case the time required (as predicted by
CFD simulation. and in the absence of precipitation) before the caleulated pH exirema throughout the
flow dewmain ciffer by no more than 0,03 units aftera 1 s period of feed addition, Times are inclusive
ol the | = feed pertod. Maximum and minimum pH dita sssociated with each ol the scenarios listed in
Table 6.1 are presented graphically in App. B (Figs, B16 — B.200. Withowt delving inte undue detail
[given the limitations of the study, it can be stated simply that the results appear logical and thet they
sipeest 4 maxinim characteristic macromixing thne of approximately 15 s for the “base’ level of

agitation,
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Table 6.1° Calculated charuetetistic mastaimixing Limes for cach of |he ppemating conditions
investipatad.

Macromix ng fime sehs
[5i

Fisrse 118
talk L 15 025
1alE H 1475
alir L THATR
slir H ; 11

Finalky, although not supplied here, it may be noted that colour visnalisations of the disteibution of
practically any one of the modefled selution or particulate proportics {gencrated within the CFXE
graphical pest-processor from dwmp file data) furlher and convmeingly Hlustealé 1he helerogeneily of
the system under shady.

[t is apparent from the proceding analyais That, for the purpeses of ellective modelling attempts, the
notion ol a petlectly mixed reacior yolume has, in line with ratonally lounded expectalions, been
refited. This 15 1 ne small part due to the rapid kinctieswhich are characteristic of hydroxide
precipitation processes. Detailed treaiment of the sllects of mixing und hydrodymamics, such as that
achieved through CFLD modelling, is thus of major imporance in providing 4 rigorous, spatially
disleibuled represemation ol key wirlable values, However, so as o exploil constructively this
knowledpe of spatial dynamics, a congistent and comparable leve] of experimental resolution is
required, therehy facililRbing improyved kineie desoription and greater fundamental charactensation of

the system as a whele,

6.3.3 Significance of speciation calculations

The significamt diffcrence between the tntal dissolved nickel concemtration and Ni* activity profiles
displaved in Fig. 6.22 highlizhes the importance of the speciation calculations. Having sald that,
heowewer, it is worth stating that such calouwlations arc only of benefit if, as would be cxpected from
theorctical considerativns, kinetic expressions harnessing the resultant output actoally capture the
processes’ trie dependencies. As an example, use ol a spocies activily as opposcd to a component
congentration femploying the vocabulary of Chap. 4) in detormining a migasure of supersaturation could
only be considered superior il the relevani rate iz cum:.cﬂy a funchion olthe more accurstely cstablished

value,
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Fignre 622 Comparisen of experimetita]ly mensred and vaciows simulaced nickel data profiles
fiar the “basza’ scenario (simulations cmploy kinetic “cquiliboum mimic " mcleation),

Also evident in the ahove plot is the fairly ciose ngreement between CFI and homogeneous simulation
results, thoygh this is not surpnsing considering the equivalent similaty of the comesponding yicld
predictions ilfustrated in Fig, 6.6, A final interesting feature of Fig, 6,22 is the observation that *CFD
everall’ data points ure, onee again, mirmored by those of the *CFD — buolk” series, this time with respect
to total nickel in solution, The consistency of this relationship tor tealistic stirrer speeds allows one 10
conclude that bulk data, though certamly not reflective of the vanables” uniform distribution, docs give
a rcliable indication of the overall values in the reaction vessel.. As it is tor pH and supensaturation, the

concept of an overall N activity in & spatially distrtbuted system is undelined,

6.3.4 CPLU time

in vrder o identify the mosl computationally intensive calculations within the intermited modef, amd
also give an idea of the overall load, it is valuable to analyse the CPL times expended by different
simulation codes, Allhough the rapid cument {and future predicted) advances in computer technobopy
mean thal processing times are seldom decisively limiting, the solution of high-delinition CTD
simulations can be inctedibly time-consuming activities and knowledee of the relative burdens of the

various iathematical toutines can be instroctive 10 directing the focus of future work.

The aboyve-mertioned technological advances make & qualitative discussion of required computational
times more meaningfil than a record of actual absclute times. However, on a current-generation, mid-
range desktop machine, an approximste characteristic figure for s hbomogencous simulation 15 {00003 5
per time-step. whilst for the comparativels crude CF eodes developed in this work it &5 10.5 s per

time-step, Omizsion of ditferent model features in isolation reveals that voughly 80%% of the
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computational effort in CFD simulation runs is expended on the calculation each time-step of the
updated distributions of species and particle number concentrations. Processing of the user-defined
Fortran routines, which may be broadly divided into calculations of solution thermodynamics and those
aimed at resolving the discretised population balance, then constitutes 20% of the total burden. Of this,
70% goes toward the solution speciation. Homogeneous simulation times also suggest this 70/30 split;
indeed the various apportionments ascertained are remarkably consistent. The homogeneous modelling
approach may be viewed conceptually as a single-celled CFD simulation, with thus no cause to solve
the partial differential equations describing the dynamic distributions of species and particles. Despite
this, it is still reassuring that multiplication of the characteristic ‘CPU time per time-step’ for the
homogeneous code by the number of cells in the CFD volume mesh should then yield a value

approximately 20% of the measured “time per time-step’ for the CFD simulations.

The stated CPU times are for simulfations employing kinetic representation of nucleation.

Incorporation of the solid species into the equilibrium calculations can increase the time required to
speciate the system by up to 3500%. Increasing the desired accuracy of the speciation calculations
does not, however, appear to come at significant computational expense. Selection of the convergence
criteria for the solution of the underpinning discretised partial differential equations obviously has the
potential to significantly affect the normalised processing time, whilst selection of the time-step size
clearly impacts the total actual time. Specification then of these two parameter values is somewhat of a

compromise between acceptable computational times and satisfactory accuracy.

6.4 Concluding remarks

This chapter has demonstrated clearly that the developed models fail to capture the experimentally
observed behaviour. Disregarding even the geometrical description error outlined in Chap. 5, this is not
unexpected, due ultimately to the resolution of the experimental data used in characterising the system.
Consequently, whilst this deficiency does not diminish the inherent structural value of the developed
modelling approach, the results provide only limited insight into the system of interest, and the chapter
has thus served primarily to showcase the application and internal consistency of the models. Were it
not for these facts, more comprehensive scrutiny and discussion of the data, both of additional
simulation results and those presented here, would be justified in the interests of greater explication.

This might extend to the analysis of the graphic colour representations alluded to in Sec. 6.3.2.

Such as it is, displayed here have been only those results required to demonstrate and corroborate the
principal findings, which are summarised in Chap. 7. The useful knowledge discerned in the
development and assessment of the models, despite their inherent limitations, also informs the

recommendations for future work.



Chapter

Conclusions

7.1 Summary of major findings

The various principal findings, arrived at throughout the course of this dissertation, are reviewed here.

Summarised, they include the following general conclusions:

92"

CFDisa powerful modelling tool of particular value in the study of systems displaying elevated
reaction rates. Precipitation processes frequently exhibit very fast reaction kinetics, making

mixing of great importance in determining product quality.

The application of CFD to precipitation research remains relatively limited. Of special relevance
are the facts that systems in which aggregation phenomena are recognised are seldom simulated
and that the particulate phase is routinely described using a low-resolution moments
transformation of the population balance. Perhaps most importantly, however, no attempts to
incorporate detailed modelling of the solution chemistry (with its potential impact on rate-

governing properties) are reported elsewhere.

The model architecture and resultant CFD modelling capability evolved in this work successfully
fill the above-mentioned gap in the field. Solutions of a full discretised population balance (with
the capacity to account for aggregation) and an inclusive set of intraphase equilibrium
calculations are integrated into the CFD code.

The computational models developed are internally consistent and robust and the generic model
framework easily accommodates upgrades, features which are discussed in greater detail in the

remainder of this chapter.



Conclusions 93

Significant findings specific to the investigation of the nickel hydroxide test system include:

The low resolution of the available experimental data (both its extent and precision) is such that it
is insufficient to characterise the precipitation system in great detail. This failure relates in
particular to the process kinetics — the ideal of extracting rate equations capturing the true
dependencies, and which can then be broadly applied with confidence, proved unattainable. The
poor model calibration results obtained restrict the predictive capability of the model, thus
limiting insight into the system, Nevertheless, the development and application of the models and
attempts to reconcile simulation results and experimental observations do enable meaningful
conclusions to be drawn, and, at the same time, reinforce the value of the model architecture and

its components (which represent the inclusion of key physico-chemical phenomena,

Semi-batch operation of the nickel hydroxide precipitation system, which exhibits rapid reaction
kinetics, leads to the development of significant spatial variation in the reactor contents. Asa
result, solute deposition, for example, is restricted to a small sub-volume around the feed location,
an observation in line with those of similar, previous studies (e.g. Seckler et al. 1995).

Accordingly, for practical modelling efforts it is not reasonable to assume spatial uniformity.

CFD is able to provide time-dependent spatial distributions of supersaturation and other key
governing properties, and is thus potentially of great value in the modelling and analysis of such
systems. However, for the system under consideration, in order to successfully exploit the
detailed knowledge of spatial dynamics afforded by CFD modelling, an improvement is required
in, above all, the experimental characterisation and resultant kinetic description. This applies
especially to the representation of aggregation, which plays a dominant role in defining the
quality of precipitate product here. More on this issue is offered in Sec. 7.2.

The rate of solute deposition is certainly very close to that prescribed by equilibrium
considerations. An equilibrium description of nucleation therefore appears appropriate. It should
be noted though that this does not necessarily suggest that a kinetic nucleation expression is
inappropriate, but merely that the rate extraction exercise (and the experimental data used to

support it} fail to yield an apposite rate function.

The concept of a size-dependent aggregate density may well be a suitable reflection of reality. If
implemented, such an approach effectively overcomes the lack of predictive capability stemming
from the current reliance upon an experimentally-predetermined precipitate density which is

constant with respect to particle size but is an unestablished function of operating point. Further

discussion is presented in Sec. 7.2.

Consideration of the full range of aqueous species and the associated intraphase reactions has a
significant effect on the calculated solution properties upon which the various precipitation sub-
processes are dependent. This fact underlines the importance of rigorous thermodynamic

modelling.
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The CFD simulation results indicate very close agreement between *bulk’ data (related to a
selected single cell in the bulk zone, which corresponds to the experimental sampling point) and
‘gverall’ data (appropriately averaged for the entire volume). This suggests that, although the
environment has been shown to be clearly heterogeneous, its nature is such that bulk zone
iaboratory sampling possibly provides an sccurate measure of the overall system, an observation
which may be of some interest with respect to experimental design, monitoring and validation
efforts.

The *equilibrium mimic’ nucleation rate equation formulation is reasonably successful in
replicating the behaviour predicted by a detailed equilibrium representation of solids formation.
Considering the substantial additional computational burden experienced through the inclusion of
the solid phase in the speciation calculations, such a development is of great potential value in

circumstances where available processing time or power is restrictive.

7.2 Recommendations for future work

As alluded to above, attaining a superior fundamental representation of the kinetics of nucleation and
aggregation is a priority if the developed models are to be applied with confidence to the system under
investigation here. Indeed, without it, the employment of CFD itself amounts to over-resolution, i.e.
the potential benefits of the approach are not realised if an accompanying improvement in the extracted
rate functions (thereby providing the degree of equivalence required in the level of refinement of the
various model features) is not effected. The other deficiency considered to be in most urgent need of
address may be overcome through the modelling of a more realistic nucleus size coupled with a

consistent, size-dependent aggregate density.

The substantial demands thus placed on system characterisation necessitate extensive laboratory work.
Preferably, such an exercise would be conducted in a methodical and systematic manner, investigating
the different processes and various influencing factors, insofar as is possible, in isolation. Asan
example, Manth et al. (1996) have specifically designed a piece of apparatus configured such that
precipitation may be studied under homogeneous mixing conditions. Manth and co-workers claim that
the highly-turbulent reactant premixing permits the derivation of true, ‘thermodynamically correct’
kinetic equations. Spatially distributed sampling of the current experimental set-up would also be of
value, both in the provision of supporting data for the undertaking just outlined and ultimately in the
validation of the CFD model results, As a last resort, such spatially distributed experimental data could
also be used in conjunction with a sophisticated CFD model of the system to extract unknown model
parameters, in what would be a tedious and highly intensive, iterative procedure. Whatever the
methods employed, however, it is most important that they not be predicated on an erroneous
assumption such as the one of homogeneity underpinning the present rate extraction technigue.
Additionally, improved system characterisation would be further aided by higher resolution particle
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number data (i.e. the accurate measurement of the numbers of smaller particles), a realisable scenario if
the latest particle sizing technologies are utilised. Such information is useful, for example, both in
better discerning aggregation phenomena and in helping to establish the mathematical specifics of the
desired relationship between aggregate size and density (the latter of which may, to some extent, be
guided by theoretical fractal considerations and the assumption that the density of nuclei is that of pure
nickel hydroxide).

The computational implementation of the size-dependent aggregate density is unfortunately not as
straightforward as that of the upgraded kinetic descriptions. It was mentioned in Sec. 3.4.2 that
attempts to model fractal aggregate formation are ofien frustrated by the difficulties inherent in
accounting for non-volume-conserving aggregation in the population balance. For use here with the
existing discretised population balance, an extension and re-discretisation of the size domain is
suggested to surmount these problems. Accordingly, the re-discretisation is informed by the translation
of a plot of ‘precipitate molar density’ vs. ‘particle size’ 1o one of *quantity of nickel per particie’ vs.
‘particle size’ and executed such that the nickel content of particles of the diameter of the upper and
lower bounds of each size interval are in a ratio of 2:1. Such a strategy is considered to be consistent
with the theory employed by Hounslow et al. (1988) in deriving their discretised aggregation equations,
which are based upon a size domain discretised such that the volume of particles of the diameter of the
upper and lower bounds of each size interval are in a ratio of 2:1. In both instances, mass remains the

conserved quantity.

Only once the above-mentioned inaccuracies in the process description have been rectified would it be
appropriate to begin refining other aspects of the model. Foremost among these is probably the
employment of a more detailed representation of the flow ~ this might entail correction of the
previously highlighted geometric error and the use of the sliding grid solution technique in conjunction
with a finely meshed geometry in which all features are modelled explicitly. LDV measurements could
also be exploited to validate the flow field generated and assist in assessing the performance of
alternative turbulence models, such as the differential stress model. Viewed in the context of the
ultimate objectives of the research, additional variables, such as surface potential, which are wanted for
downstream (i.e. dewatering) model input, require quantification. Further avenues for increasing the
complexity of the developed models include the incorporation of multiphase modelling, consideration

- of other particulate processes such as breakage {given, for example, the detailed shear distribution
throughout the vessel) and ageing effects, more rigorous treatment of micromixing and investigation
into the applicability of size-dependent aggregation kernels — each supported by appropriate
experimental data. There also exists the option of interfacing with proprietary speciation software.

In pursuing this incremental model sophistication it is recommended that CFID software be maintained
as the primary modelling platform; this since most commercial codes possess in-built micromixing and
multiphase modelling capabilities and thus represent convenient media for all the most computationally
demarxling increases in model resolution. The model framework presented in this study is such that

most of the above upgrades may be integrated with minimal difficulty and continuing advances in
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computing hardware dictate that these refinements are increasingly practicable. Once the resultant
models display a capacity to successfully simulate the experimental system, in-depth analysis of the
full available PSD and the dump file data visualisations (currently not deemed worthwhile) would be
warranted. Such analysis would result in a more detailed explication of results and yield valuable
additional insight into the system behaviour.

7.3 Contribution and significance

Within the context of the still comparatively narrow field of the application of CFD {o precipitation, the
following novelties or rarities may be claimed for this work:
use of a discretised population balance in preference to a moment transformation, thereby
facilitating both greater resolution of particulate information and easy exploration of different
aggregation kernels;
modelling of aggregation itself)
modelling of detailed speciation calculations; and,
application to a ‘real’ system of interest, as opposed to an ‘ideal’ and convenient model system (a
fact from which the two preceding points largely stem).

In line with the stated aims (Chap. 1), a tool has thus been developed which is of particular value for
multi-component precipitation systems requiring rigorous agueous thermodynamic modeiling. Since
the model development demands the non-trivial integration of various model features and since the
resultant model structure has strong generic qualities, the contribution is primarily one of model
architecture. Regarding the demonstration of the tool, it could be argued that this would have been
more elegantly achieved by application to a well-characterised, model system for which the present
state of the model, largely unaltered, may be appropriate. However, such a scenaric would be
unrealistic, and it is argued that the attempted application to a ‘difficult’ system is, in itself of value -
correspondingly, it was previously articulated that the intention here is not to produce definitive model

resolution.

Other contributions of significance in this dissertation include the comprehensive survey of the
pertinent theory and literature, the development of code describing the various ‘dilution options’
{necessitated by the current inability within CFD to model the distinctive transient topology of semi-
batch processes), the modifications made to the aggregation equations of the DPB and the conception
of the ‘equilibrium mimic’ nucleation rate expression. Finally, the awareness and experience gained
throughout the course of the research allow valuable suggestions for the direction of future work to be
formulated. These are geared towards the ultimate objective of this line of research, viz. the
development of a high-fidelity model which may find application, as an optimisation tool, to
commercial reactor set-ups. If is envisaged that such a tool could be exploited in enhancing both the

design of new precipitation-dewatering installations and the control and operability of existing units.
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With respect to this ambitious goal, a small but nevertheless important step in the right direction is
considered to have been taken in this study.
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Appendix

Selected annotated
CFX® input files

A.1 Simpilified flow simuiation

A.1.1 Command file

/*This command file is intended to be run in double precision and in conjunction
with the Fortran file approximate flow.f and the geometry file approximate.geo.
The simulation employs a relatively 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 impeller blades,
reproduces the final quasi steady state representation of the initial
experimental field predicted by the high fidelity, sliding mesh simulation
method. Efforts to model the effects of the impeller are made through the
introduction of source terms in the velocity equations (better known as momentum
sources), one of a number of similar non-explicit techniques. No extra source
terms are included in the modelled turbulence equations. When investigating
alternative impeller speeds, the momentum source values are simply scaled
accordingly. The widely applied k-epsilon turbulence model is used. Only non-
default inputs are included in this command file.*/
>>CEFK4
>>0OPTIONS
RECTANGULAR GRID
CYLINDRICAL COORDINATES
AXIS INCLUDED
TURBULENT FLOW
USER SCALAR EQUATIONS 6
>>USER FORTRAN
USRTRN
>>VARTABLE 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
graphical display*/
/*x-y component of shear stress throughout domain [N.m-2]*/
USER SCALAR1 'XY NODAL SHEAR STRESS'
/*y-z component of shear stress throughout domain [N.m-2]*/
USER SCALARZ 'YZ NODAL SHEAR STRESS'
/*z-x component of shear stress throughout domain [N.m-2]*/
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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-1]*/
USER SCALARS °*USRD VRAD'
/*rotational velocity (user-defined at all nodes) [m.s-1]1%/
USER SCALARS 'USRD VROT'
>>MODEL DATA |
/*simulation of impeller effect*/ i
>>SOURCES ‘
/*volume swept by impeller blades*/
PATCH NAME 'USER3D IMPBLADE'
PER UNIT VOLUME
/*values ‘tuned’' such that results approximate flow field predicted by
rigorous, high resolution, sliding mesh simulation (in this case, impeller
speed of 150 r.p.m.)*/
/*axial component*/
U VELOCITY -4.500000E+03 /*{kg.m~2.8-2]*/ 0.000000E+00
/*radial component*/
V VELOCITY 6.000000E+03 /*[kg.m-2.8-2]1*/ 0.000000E+00
/*rotational component*/
W VELOCITY ~5.250000E+03 /*[kg.m~2.8-2]%*/ 0.000000E+00
>>PHYSICAL PROPERTIES
>>»STANDARD FLUID
FLUID 'WATER®
STANDARD FLUID REFERENCE TEMPERATURE 2.9815E+02 /*[R]*/
>>S0OLVER DATA
>>PROGRAM CONTROL
MINIMUM NUMBER OF ITERATIONS 10
MAXIMUM NUMBER OF ITERATIONS 5000
>>UNDER RELAXATION FACTORS
U VELOCITY 5.0000E-01
V VELOCITY 5.0000E-01
W VELOCITY 5.0000E-01
>»MODEL BOUNDARY CONDITIONS
>>WALL BOUNDARIES
/*free liquid surface*/
PATCH NAME 'WALL_SURFACE’
/*free slip condition - zero wall shear stress*/
TAUX 0.0 /*[N.m-2]1*/
TAOY 0.0 /*[N.m-2]*/
TAUZ 0.0 /*[N.m-2]*/
>>WALL BOUNDARIES
/*impeller disc*/
PATCH NAME °'WALL IMPDISC’
/*no slip condition on rotating wall - angular velocity that of impeller*/
ANGULAR VELOCITY ~-15.7073632679 0.0 0.0 /*[(rad).s-1]*/
>>8TOP

A.4.2 Fortran file

C This Fortran file (subroutine USRTRN) calculates the steady state values of
C turbulent mixing time scale, radial velocity and rotational velocity within each
C interior cell.

C
SUBROUTINE USRTRN(U,V,W,P,VFRAC,DEN, VIS, TE,ED,RE, T, H,RF, SCAL, XP,
+ YP, ZP, VOL, AREA, VPOR, ARPOR, WFACT, COWV, IPT, IBLK,
+ IPVERT, IPNODN, IPFACN, IPNODF, IPNODB, IPFACE, WORK,
+ IWORK, CWORK)

Akdhhhhhkhhhrhhhhhbhrdhhhhhhrhhhhhhhh kbbb hehhhh kA hhhhhrhhrhhxhhhhrh ik

USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT
THE END OF EACH TIME STEP
THIS SUBROUTINE I8 CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH TIME STEP

>>> IMPORTANT <«
o <<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>>»> THE DESIGNATED USER AREAS <<

EE R A SRR RS a Rttt tt st s iR s TSRS SRR P RE]

C
C
C
C
C
C
c
C
C
cC
C
C
C
C
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C

¢ THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINES

[ CUSR  TRNMOD

o
C******k**********************-k****************************************
C

C  CREATED

[od 27/04/%0 BADB

C  MODIFIED

C 05/08/91 IRH NEW STRUCTURE

C 01/10/91 DSC REDUCE COMMENT LINE GOING OVER COLUMN 72.

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 05/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3

c 03/07/92 DSC CORRECT COMMON MLTGRD.

[o} 23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.

c 03/02/94 PHA CHANGE FLOW3D TO CFDS~FLOW3D

[od 22/08/94 NSW MOVE *IF(IUSED.EQ.0} RETURN' OUT OF USER AREA
c 19/12/94 NSW CHANGE FOR CFX~-F3D

c 02/07/97 NSW UPDATE FOR CFX-4

o 02/07/99 NSW INCLUDE NEW EXAMPLE FOR CALCULATING FLUX OF A
o SCALAR AT A PRESSURE BOUNDARY
(c:***'k******'k*i***i**********i’*i*t***ft**i******i*i****i***********it*i*
C

C  SUBROUTINE ARGUMENTS

C

C U - U COMPONENT OF VELOCITY

C v - V COMPONENT OF VELOCITY

o} W -~ W COMPONENT OF VELOCITY

o P ~ PRESSURE

c VFRAC -~ VOLUME FRACTION

[od DEN - DENSITY OF FLUID

C VIS - VISCOSITY OF FLUID

[o} TE -~ TURBULENT KINETIC ENERGY

[o} ED - EPSILON

[od RS - REYNOLD STRESSES

o T -~ TEMPERATURE

c H - ENTHALPY

o} RF - REYNOLD FLUXES

[o} SCAL - SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
C Xp - ¥ COORDINATES OF CELL CENTRES

C YP - ¥ COORDINATES OF CELL CENTRES

[od zZp ~ % COORDINATES OF CELL CENTRES

c VOL - VOLUME OF CELLS

c AREA - AREA OF CELLS

o} VPOR - POROUS VOLUME

o ARPOR - POROUS AREA

[od WFACT -~ WEIGHT FACTORS

[od CONV  —~ CONVECTION COEFFICIENTS

o

o} IPT -~ 1D POINTER ARRAY

o IBLK - BLOCK SIZE INFORMATION

C IPVERT - POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES
o IPNODN - POINTER FROM CELL CENTRES T0 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

o

o} WORK - REAL WORKSPACE ARRAY

c IWORK -~ INTEGER WORKSPACE ARRAY

[od CWORK ~ CHARACTER WORKSPACE ARRAY

C

C  SUBROUTINE ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST
¢ BE SET BY THE USER IN THIS ROUTINE.

c

¢ NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX~4 USING THE

C  ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4

¢ USER MANUAL.
g*****************************'k***t*******a’r************i***i*******i***
C

DOUBLE PRECISION U
DOUBLE PRECISION V
DOUBLE PRECISION W
DOUBLE PRECISION P
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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

PRECISION
PRECISICN
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION

VFRAC
DEN
vis
TE

ED

RS

T

H

RF
SCAL
Xp

P

P
VOL
ARER
VPOR
ARPOR
WFACT
CONv
WORK
SMALL
SORMAX
DTUSR
TIME
DT
DTINVE
TPARM
SGHNWL

LOGICAL LDEN,LVIS,LTURB,LTEM?,LBUOY,LSCAL,LCOMP,LRECT,LCYN,LAXIS,

+ LPOROS, LTRANS
Cc

CHARACTER®™ (*)} CWORK
Cc
CHtttttrttttttti+ USER AREA 1 +tttdtdbbtibtitrietdtttbtedttddtttttiitd
Cw=== BREA FOR USERS EXPLICITLY DECLARED VARIABLES
[

INTEGER I,INODE
c
CHitttttttttbtsts+ END OF USER ARER 1 ++tddttittttttdtrtttttbtttttttttdt
Cc

COMMON /ALL/NBLOCK, NCELL, NBDRY, NNODE, NFACE, NVERT, NDIM,

+ /BLLWRK/NRWS, NIWS, NCWS, INRFRE, INIFRE, IWCFRE, /ADDIMS /NPHASE,
+ N¥SCAL, NVAR, NPROF, NDVAR, NDPROP, NDXNN, NDGECM, NDCOEF, NILIST,
+ NRLIST, NTOPOL, /CHKUSR/IVERS, TUCALL, TUSED, /CONC/NCONC,
" /DEVICE/NREAD, WWRITE, 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, DTINVE, TPARM
c
CH+tttttttbttdb+++ USER AREA 2 +++d+tbtbtdbtttdb bbbt ddbtbbr bbb bt bbb bbbt
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

CrHitdtttitbtdditi+ END OF USER AREA 2 +i+ddtdbdtdttitbtdtrdbdbtbtbttttet
C
DIMENSION U(NNODE,NPHASE),V(NNODE, NPHASE) , W (NNODE, NPHASE) ,
P {NNCDE, 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 {(HNODE, NPHASE, 4) , SCAL (NNODE, NPHASE, NSCAL)
DIMENSION XP {NNODE), YP (NNODE}, ZP (HNODE) , VOL (NCELL) , AREA (NFACE, 3},

o

+ VPOR {NCELL) , ARPOR (NFACE, 3) , WFACT (NFACE) ,
+ CONV {NFACE, NPHASE) , IPT (*), IBLK (5, NBLOCK} ,
+ IPVERT (NCELL, 8) , IPNODN (NCELL, 6) , LPFACN (NCELL, 6) ,
+ IPNODF (NFACE, 4}, IPHODB (NBDRY, 4) , IPFACE (NBDRY) , IWORK (*},
+ WORK (*} , CWORK (*)
DIMENSION SGNWL(6)
c
Chatddddddtdbbtt+ USER BREA 3 bbbt ddbttbbbdbdtddbdbbdbtdddbdbd bt bbb bbb+ 4
Cm-—-~ RREA FOR USERS TO DIMENSION THEIR ARRAYS
c
L~~~ AREA FOR USERS TO DEFINE DATA STATEMENTS
c

Chttddbbdtttdtrts END OF USER AREA 3 +++ttbtttdtttttrrtttttbidbitttbtdts
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C
DATA SGNWL/1.0D0,1.0D0,1.0D0,-1.0D0,~-1.0D0,~-1.0D0/
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
IVERS = 3
ICHKPR = 2
o
CHt+dtdtddddttddss USER AREA 4 ++dddddddddbdttbdbdtdtdbttdbttbttbttbd bt
C---- TQ USE THIS USER ROUTINE FIRST SET IUSED=1
C
IUSED = 1
C

Ctt+tbtrtttttt+++ END OF USER AREA 4 ++dtbtbtdtttttttddetttttttrbtttit
C
I¥F {IUSED.EQ.0} RETURN

C
C-=== FRONTEND CHECKING OF USER ROUTIKE
IF (IUCALL.EQ.0) RETURN
C
CHtdtddbtttdtttbst+ USER ARER 5 ++4+tttbtdtbtbtbdtbdttdrttbttdddtb bbbt bbb bt bt
C
C~-=-- EXAMPLE (SET TIME INCREMENT FOR NEXT TIME STEP)
c N
C DTUSR = 0.1
C
C~—-- END OF EXAMPLE
C
C---~- EXAMPLE (CALCULATE FLUX OF FIRST SCALAR AT A PRESSURE BOUNDARY}
IPHASE = 1
FLUX = 0.0

USE IPALL TO FIND ADDRESSES OF BOUNDARY NODES ON PATCH PRESS1
CALL IPALL('PRESS1','PRESS’, '"PATCH', ‘CENTRES®
+ , IPT, NPT, CWORK, TWORK)
LOOP OVER ALL BOUNDARY NODES
DO 300 I=1,NPT
USE ARRAY IPT TO GET ADDRESS
INODE = IPT(I}
IBDRY = INODE - NCELL
IFACE = IPFACE(IBDRY)
INDUM = IPNODB(IBDRY,2)

NWL = TIPNODB (IBDRY, 4)
FLUX = FLUX
+ + SGNWL (NWL) *CONV (IFACE, IPHASE) *SCAL (INDUM, IPHASE, 1)

300 CONTINUE
-—== END OF EXAMPLE
call utility routine GETSCA to find number of scalar varieble within SCAL array

turbulent mixing time scale [s]
CALL GETSCA ('USRDCC TMIX', ITM, CWORK)

aooooaoaogaoaaoooooaoonaaaoon

C radial wvelocity [m.s-1]

CALL GETSCA ('USRD VRAD', IRAD, CWORK)
C rotational velocity [m.s-1]

CALL GETSCA{'USRD VROT', IROT, CWORK)
C
C call utility routine IPALL to return cell-centre addresses of those cells
o occupied by tank contents (i.e. all interior cells)

CALL IPALL('*",**', 'BLOCK', 'CENTRES', IPT, NPT, CWORK, IWORK)
C
o} within each cell in flow domain

DO 10 I = 1,NPT
C

INODE = IPT{I)
C
C calculate turbulent mixing time scale (corresponds to viscous mixing variant
C of eddy break-up combustion model) ([s]
SCAL (INODE, 1, ITM) = 0.04237*(( ((DEN(INODE,1))* ((TE(INODE,1))**

& 2.0))/ ((VIS({INODE,1))* (ED(INODE,1})))**0.25

& }* {{(TE{INODE, 1))/ {(ED{INODE, 1}))
C

10 CONTINUE
C
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C at each cell and boundary centre
DO 20 INODE = 1,NNODE
[+ calculate radial velocity [m.s-1]
SCAL{INODE, 1, IRAD) = V(INCDE, 1}
[ calculate rotational velocity [m.s~1]

SCAL (INCDE, 1, IROT) = W({INODE, 1)
20 CONTINUE

c

CHttttttttttdt+++ END OF USER ARER § ++++++td+ttttttdttttetttttbddbtbdddt
c

, RETURN

c

END

A.2 Precipitation process simulation

A.2.4 Command file

/*This command file is intended to be run in double precision and in conjunction
with the Fortran file precipitation.f, the geometry file approximate.gec and a
restart file generated by the approximate steady state flow calculation or this
code itself. Either restart option provides the fixed flow field to be used in
the various relevant calculations; the 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 process (NiCl2/NaCH system), charting the changing solution
conditions and the ultimately resultant evolution of the particle size
distribution on a local scale. The multiphase, population balance and
micromixing modelling capabilities of the software are not invoked, due
variously to issues largely surrounding simplicity {and related computational
demands), flexibility and ease of integration with other model features. Inputs
in the main comprise values pertaining to the solution of particle and dissolwved
species transport equations. Only non~default inputs are included in this
command file.*/ '
>>CFX4
>»>8ET LIMITS
TOTRL 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
USREBRC
>>VARIABLE NAMES
/*dissolved species concentrations (scalar transport equations solved)
[kmol .m~3]*/
f*H 4%/
USER SCALARI 'HION'
J*NL L 24%/
USER SCALARZ "NIION'
/*Na. +*f
USER SCALAR3 "NAION'
/*CL. =%/
USER SCALAR4 ‘CLION'
/*OH. ~*/
USER SCALARS fOHION'
/*Ni (OH) 2 aqueous*/
USER SCALARG6 *NIOH2'
/*NiC12 aqueous™*/
USER SCARLART °*NICLZ®
/*NICL. +*/
UBER SCALARE 'NICLION'
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/*NiOH. +*/

USER SCALARS "NIOHION'

/*Ni20H. 3+%/

USER SCALAR1IO 'NIZ20HION'

/*Ni{CH)3.~-*/

USER SCALAR11 'NIOH3ION'

/*particle number concentrations {scalar transport equations solved);
behaviour that of dissolved species (advection, diffusion, no gravitational/
buoyancy or drag effects) [m-3}*/

/*1st size interval*/

USER SCALAR1Z 'PN1'

/*2nd size interval*/

USER SCALAR13 'PHN2'

/*3rd size interval*/

USER SCALARL4 'PH3Y

/*4th size interval*/

USER SCALARLS 'PH4'

/*5th size interval*/

USER SCALARLIG 'PHS?

/*6th size interval*/

USER SCALAR17 'PHG'

/*7th size interval*/

USER SCALAR1S8 'PNT7'

/*8th size interval¥x/

USER SCALAR1S 'PNB'

/*9th size interval*/

USER SCALARZO '"PH9'®

/*10th size interval*/

USER SCALARZL 'PN10’

/*1ith size interval*/

USER SCALAR2Z 'PNLIl’

/*12th size interval*/

USER SCALAR23 'PN1Z°

/*13th size interval*/

USER SCALARZ4 °PNL3’

/*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
graphical display*/

/*supersaturation {user-defined at cell centres)*/

USER SCALARZS TUSRDCC 8°

/*pH (user-defined at cell centres)*/

USER SCALARZ26 'USRDCC PH'

/*ionic strength (user-defined at cell centres) [kmol.m-3]*%/

USER SCALAR27 TUSRDCC I°

/*Ni.2+ activity (user-defined at cell centres)*/

USER SCALARZ8 'USRDCC ACTNIION'

/*total dissolved nickel concentration (user~defined at cell centres)
[kmol.m~3}*/ .

USER SCALARZS "USRDCC TOT DISS NI'

/*0th moment (user-defined at cell centres) [m-3]1*/

USER SCALAR30 'USRDCC MOMO'

/*1st moment (user-defined at cell centres) [micron.m-3}*/

USER SCALAR31 'USRDCC MOML'

/*2nd moment (user-defined at cell centres) [micron2.m-3]*/

USER SCALAR3Z ‘USRDCC MOM2Z'

/*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]1*/

USER SCALAR3S 'USRDCC PPT’

/*average particle diameter (user-defined at cell centres) [micron]*/
USER SCALAR36 'USRDCC PAVE' '
/*coefficient of variation (user-defined at cell centres)*/

USER SCALAR37 'USRDCC COVAR'

/*x~y component of shear stress throughout domain [N.m-2]*/

USER SCALAR3B 'XY NODAIL SHEAR STRESS'

/*y-z component of shear stress throughout domain [N.m-2]*/

USER SCALAR3IS 'YZ NODAL SHEAR STRESS'

/*z~x% component of shear stress throughout domain [N.m-2]*/

USER SCALAR4( 'Z¥X 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) [s]*/

USER SCALAR4Z 'USRDCC TKIN'
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/*radial wvelocity (user—defined at all nodes) [m.s-1]1*/
USER SCALAR43 °‘USRD VRAD®
/*rotational velocity (user-defined at all nodes) [m.s-1]1%*/
USER SCALAR44 'USRD VROT'®
/*following variables included as user scalars solely to store equilibrium
species values from one time step to next for use as initial speciation
estimates where necessary {(user-defined at cell centres) [log{kmol.m-3}]*/
/*H %/
USER SCALAR4S 'USRDCC STOREL'
/01 2+%/
USER SCALBR46 ‘USRDCC STOREZ'
/*Ha.+%/
USER SCALAR47 'USRDCC STORE3'
/*CL. =%/
USER SCALAR48 °*USRDCC STORE4'
/*OH.~*/
USER SCALAR4Y9 TUSRDCC STORES'
/*Ni(0OH)2 aqueous*/
USER SCALARS0 ‘USRDCC STORE6'
/*NLiCl2 aqueous*/
USER SCALARS1 ‘USRDCC STORE7®
J*NLCL . +*/
USER SCALARS2 'USRDCC STORES!
/*NLOH.+%/
USER SCALARS3 TUSRDCC STORES!'
/*Ni20H.3+*/
USER SCALARS54 ‘'USRDCC STOREL(O®
/*Ni(OH)3.~-*/
USER SCALARSS 'USRDCC STORELL®
>>MODEL DATA
/*SET INITIARL GUESS subcommand not required if restart file contains
appropriate information related to initial distribution of species and
particle number concentrations*/
>>SET INITIAL GUESS
/*uniform initialisation*/
>>SET CONSTANT GUESS
/*in this case, 0.01 kmol.m-3 solution of WiCl2 [kmol.m-3]*/
HION 0.0000E+00

HIION 1.0000E-02
NAION 0.0000E+00
CLION 2.0000E-02
CHION 0.0000E+00
NIOHZ 0.00008+00
NICLZ 0.0000E+00

HICLION 0.C000E+00
NIOHION 0.0000E+00
NI20HION 0.0000E+00
NIOH3ION 0.0000E+00
/*in this case, no solids present [m-3}*/
PN1
PN2
PN3
PH4
PNS
PHE
PN7
PH8
PNY
PN10 0.0
PN11 0.0
PN12 0.0
PN13 0.0
>>PHYSICAL PROPERTIES
>>STANDARD FLUID
/*assumed that presence of dissolved species and solids volume has no
effect on fluid/suspension properties*/
FLUID ‘WATER®
STANDARD FLUID REFERENCE TEMPERATURE 2.9B15E+02 /*[K]*/
>>SCALAR PARAMETERS
>>DIFFUSIVITIES
/*approximate values for dissolved aqueous species [{kg.m-3}).{m2.s-1}]1*/
HION 1.0000E-06
NIION 1.0000E-06
NAION 1.0000E-06
CLION 1.0000E-06
OHION 1.0000E-06
NIOHZ2 1.0000E-06

N
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NICL2 1.0000E-06

NICLION 1.0000E-08

NIOHION 1.0000E~06

HNIZOHION 1.0000E-06

NIOH3ION 1.0000E~06

/*approximate values predicted by Stokes-Einstein equation for colloidal
particles of representative size [{(kg.m-3).(m2.s-1)1*/

PNl 1.0E~-11
PN2 1.0E-11
PN3 1.0B-11
PN4 1.0BE-11
PHNS 1.0E-11
PN6 1.0E-11
PN7 1.0E~11
PN8 1.0B-11
PN9 1.0E-11

PN10 1.0E-11
PN11l 1.0E~11
PN12 1.0E-11
PN13 1.0E-11
>>TRANSIENT PARAMETERS
>>FIXED TIME STEFPPING
/*selected time step size somewhat of a compromise between solution
accuracy and computational time efficiency*/
TIME STEPS 7200%2.50008-2 /*{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 PARRMETERS '
/*arbitrary specification of below parameters (specification required
since default formula inappropriate due to above diffusivities and
resultant high molecular Schmidt numbers; arbitrary since solution
independent of parameter values as a result of zero flux of scalars at all
walls)*/
>>LOGLAYER CONSTANT
HION 10.0
NIION 10.
NAION 10.
CLION 10.
OHION 10.
NIOHZ 10.
NICLZ 10,
NICLION 10.0
WIOHION 10.0
NIZ20HION 10.0
NIOH3ION 10.0
PNl 10.0
PN2 10.
PN3 10.
PN4 10.
PN5 10.
PNE 10.
PN7 10.
PNE8 10.
PN9 10.
PN10 10.0
PN11 10.0
PN12 10.0
PH13 10.0
>»>SUBLAYER THICKNRESS
HION 10.0
NIION 10.0
NAION 10.0
CLION 10.0
OHION 10.0
NIOH2 10.0
NICLZ 10.0
NICLION 10.0
NICHION 10.0
NIZ2OHION 10.0
NICH3ION 10.0
PNl 10.0
PN2 10.0
PN3 10.
PN4 10.
PHN5 10.
PN6 10.
PN7 10.
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>

>
>

>

PN8 10.0
PN9 10.0
PN10 10.0
PN11 10.0
PH12 10.0
PN13 10.0
>SOLVER DATA
»>>PROGRAM CONTROL
/*species and particle number concentration equations solved on their own
with fixed velocity field of restart file; assumed that volume addition and
presence of dissolved species and solid volume have no effect on flow;
characteristic unsteady {quasi steady state) interaction between baffles and
impeller blades neglected*/
ITERATIONS OF HYDRODYNAMIC EQUATIONS O
>>UNDER RELAXATION FACTORS
HIOH 8.0000E-01
NIION 8.0000E-01
NAION 8.0000E-01
CLION 8.0000E-01
CHION 8.0000E-01
NIOHZ2 8.0000E-01
NICL2 8.0000E-01
NICLION 8.0000E-01
NICHION 8.0000E-01
NI2CHION 8.0000E-01
NICH3ION 8.0000E-01
PNl 8.0000E-01
PN2 8.0000E-01

PN3 8.0000E-01
PN4 8.0000E-01
PNS 8.0000E-01
PN6 8.0000E-0L1
PN7 8.0000E-01
PN8 8.0000E-01
PNS 8.0000E-01

PN1C 8.0000E-01
PN11l 8.0000E-01
PN12 8.0000E-01
PN13 8.0000E-01
>MODEL BOUNDARY CONDITIONS
>QUTPUT OPTIONS
>>DUMP FILE FORMAT
/*double precision specified to prevent floating error during write*/
DOUBLE PRECISION
>STOP

A.2.2 Fortran file

isReRrEsEeRrNeNsNsNeNsNeNesNoNoNsNeNoNoNeNe NoNoNeNe]

Throughout the flow domain this Fortran file performs the necessary speciation
calculations, the results of which inform the rates of the precipitation processes
of nucleation and aggregation, and establishes and integrates the discretised
population balance equations, which describe the evolution of the particle size
distribution. 1In addition, CFX-4.3 Solver convergence criteria are set and the
localised source terms used to model the introduction of feed are calculated for the
relevant transport egquations. Indeed, if employing a fixed pre-calculated flow
field, it is only the transport (advection and diffusion}) of particles and dissolved
species which is modelled exclusively external to a user-defined subroutine. This
file could be run in tandem with a fixed flow field generated by the high resolution
flow calculation (a selected quasi steady state representation) or even the
transient field itself. Both proposals would substantially inflate simulation times
and necessitate various but relatively minor alterations to the relevant command and
geometry files. The latter may require revision of subroutine USRCVG within this
file.

Ik hhhhhhhhhhhhhh bk hhFhhhhhhhhhhhhkhhkhbhhhkrhhhhbhhhh bk kb kbbb hhhbhhhbhhdhs

This subprogram is a long one and, as such, only a relatively brief summary is given
here.

Subroutine USRTRN is called by CFX-4.3 Solver before the start of the run and at the
end of each time step. At the first call, initial conditions are read and the
system simply equilibrated within each interior cell using subroutine NS11AD.
Species and particle number concentrations are then passed back to CFX-4.3 Solver.
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At subsequent calls, many more calculations are performed, again within each
interior cell. Cell contents are first diluted as preferred and the system is
equilibrated through a call to subroutine NS11AD. These calculations allow the
various solution conditions governing the rates of nucleation and aggregation to be
established. Other precipitation processes affecting the properties of the solid
phase are deemed insignificant and neglected. If limited by the turbulent mixing
rate, the nucleation rate is adjusted before the effects of tHe formation of new
nuclei and aggregates are taken into account and the particle size distribution
updated using Euler's method of numerical integration. The discretised population
balance of Hounslow et al. is amended and employed here. Observing the impact of
solute deposition, the equilibrium concentrations of the dissolved species are then
determined (subroutine NS11AD again invoked) prior to their return, together with
the associated particle number concentrations, to CF¥X-4.3 Solver. The various other
user scalars are evaluated as necessary. Assorted data of interest are also written
to user files at selected times. Required parameters and option settings are
inputted, and a number of checks are included to prevent the generation and
propagation of errors. Particles are assumed to be spherical. Over reasonable
periods of feed addition the various dilution options (both those encoded and the
many others possible) are, as a result of the small time step size, ultimately not
too dissimilar in effect. Finally, reservations over the different available
formulations of the equations for the nucleation rate and the size-independent
portion of the aggregation kernel (extracted from bulk experimental measurements)
must be expressed. In order to exploit adequately the detailed spatial dynamics
afforded, inspire confidence in results and gain real insight into the system of
interest, a more fundamental description of the kinetics, obtained by a more
appropriate method and capturing true dependencies, is desirable. Alsc ideally
preferred is the modelling of a smaller, more realistic nucleus size in conjunction
with a consistent, size-dependent aggregate density.

SUBROUTINE USRTRW(U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS,T,H,RF,3CAL,XP,

+ YP, ZP, VOL, AREA, VPOR, ARPOR, WFACT, CONV, IPT, IBLK,
+ IPVERT, TPHODN, IPFACN, IPNODF, IPNODB, IPFACE, WORK, ,
+ IWORK, CWORK)

C**'k**‘k khkhhkhhhhhhhhkbhhhdhhhhhhkhhhhdhhdhhhkdhhhdhhhhh bbb i hrbh o bhhd

eNoNsEeRsEeRsNeNsEsBoNsNoRsRoRrNoNcNsRoNsNsErEsEeNsNoNoNsNoNoNeNoRsNoNoNesNeNeNeNe Ne]

USER SUBROUTINE TO ALLOW USERS TO MODIFY OR MONITOR THE SOLUTION AT
THE END OF EACH TIME S3TEP
THIS SUBROUTINE IS CALLED BEFORE THE START OF THE RUN AS WELL AS AT
THE END OF EACH TIME STEP

>>> IMPORTANT <<<
>>> <<<
>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>> THE DESIGNATED USER AREAS <<<

khkkhkhhhhhhhhhhdhhhbhhhbdhhddhhbhrhhdbrhhhhhhd b kb h bbb hhhbhrbk bbb hhhhd

THIS SUBROUTINE I5 CALLED BY THE FOLLOWING SUBROUTINES
CUSE TRNMOD

Gk k kK kA ke kA kR kA kR Ak kT Ak hh h ke h hhhhh bk hkhh hkhhh kb hhhhhhhhhkhd

CREATED
27/04/%0 ADB
MODIFIED
05/08/91 TIRH NEW STRUCTURE
01/10/9%1 DSC REDUCE COMMENT LINE GOING OVER COLUMN 72.
29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2
05/06/92 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3
03/07/92 DSC CORRECT COMMON MLTGRD.
23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.
03/02/94 PHAR CHANGE FLOW3D TO CFDS-FLOW3D
22/08/94 NSW MOVE 'IF(IUSED.EQ.0) RETURN' OUT OF USER AREA
19/12/94 NSW CHANGE FOR CFX-F3D
02/07/97 WSW UPDATE FOR CFX-4
02/07/99 NSW INCLUDE NEW EXAMPLE FOR CALCULATING FLUX OF A
SCALAR AT A PRESSURE BOUNDARY

hhkkhkhhhhhhhhhhhhhhhhhhhhhhhkkhhhthhhhhhkhhhhhxhhhhhbhhkrbhtah bk rhh bk d

SUBROUTINE ARGUMENTS

U - U COMPONENT OF VELOCITY
v - V COMPONENT OF VELOCITY
W - W COMPONENT OF VELOCITY
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P - FRESSURE

VFRAC -~ VOLUME FRACTION

DEN - DENSforTY OF FLUID

vis - VISCOSITY OF FLUID

TE - TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T -~ TEMPERATURE

H - ENTHALPY

RF - REYNOLD FLUXES

SCAL - SCALARS (THE FIRST 'NCONC®' OF THESE ARE MASS FRACTIONS)
Xp - X COORDINATES OF CELL CENTRES :
p43 - ¥ COORDINATES OF CELL CENTRES
P - Z COORDINATES OF CELL CENTRES
VOL - VOLUME OF CELLS

AREA ~ AREA OF CELLS

VEPOR - POROUS VOLUME

ARPOR -~ POROUS AREA

WFACT -~ WEIGHT FACTORS

CORV - CONVECTION COEFFICIENTS

IPT -~ 1D POINTER ARRAY

IBLK - BLOCK SIZE INFORMATION

IPVERT ~ POINTER FROM CELL CENTRES TO 8 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

IPFACE ~ POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACES

WORK ~ REAL WORKSPACE ARRAY
IWORK ~ INTEGER WORKSPACE ARRAY
CWORK - CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX~4 USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4
USER MANUAL. .

g ode e g de ode e de g fe de de e e e de Ve e de ke e e e v de e e g e e e e e ok e e o e de de e e e e e e o e e e e Sk o e e e o e e o ok e ke o e ke ok e e

aaaoaaaoaagaaaaoaoaaoaooaaaaaoaaaoaaoaaaaaaaoaoaaaoaooaoaaaoaaan

DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
DOUBLE PRECISION
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 FRECISION 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 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,L3CAL,LCOMP, LRECT, LCYN, LAXIS,
+ LPOROS, LTRANS

goE < ol
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C
CHARACTER* (*) CWORK
C
Ctdtttttttd+td+44+ USER AREA 1 +4+++4+tdtdbtbtddt bbb sttt ++ e bbb bbb+t bbb 4+
Cwm-— BREA FOR USERS EXPLICITLY DECLARED VARIBABLES
C
DOUBLE PRECISION KSP,PI,PSIZE,R,RHO
DOUBLE PRECISION FEEDCONC, FEEDVOL
DOUBLE PRECISION INITTIME, INITVOL
DOUBLE PRECISION FEEDPVOL,GEOMVOL, TOTALVOL
DOUBLE PRECISION PAVEL, PRVEZ, PAVE3
DOUBLE PRECISION AGGREG, BIRTH, DPPT, MOM3I, PN
DOUBLE PRECISION AR, ARl,ARZ,AR3,AR4,EXPl, EXP2,SUMl, SUM3, SUM4,
& TERM1, TERM2, TERM3, TERM4
DOUBLE PRECISION PHMAX, PHMIN
DOUBLE PRECISION OVERCV,OVERMOMO,OVERMOM1,OVERMCMZ, OVERMOM3, OVERN
& ,OVERPAVE, OVERPPT, OVERSVF, OVERTDNC
DOUBLE PRECISION ACTIV
DOUBLE PRECISION CC
DOUBLE PRECISION LAS,STION
DOUBLE PRECISION a,ACC,F,STEP, STPMAX, WO, X

INTEGER GENSET1,GENSET2, GENSET3, GENSET4,GENSETS
INTEGER NOPSI,FEEDSTEP
INTEGER I,INODE,J, K
INTEGER FEED
INTEGER IPRINT, IW,MAXFUN,N
INTEGER SPECSET1,SPECSET2

c

CHdttddbtttdbdd++ END OF USER AREA 1 44++++tdtdttttdtidbtttbttdddbbtt bbbt

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, KSTEF, MF,
INCORE, /TRANSR/TIME, DT, DTINVF, TPARM

R

c
Crrttdttbttbtttbt+ USER AREA 2 ++4++++ttbdtdbddtrbbdbbbdtdbb bbb bbbttt
Cw=== AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C TEESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
c HO CONFLICT WITH HON-USER COMMON BLOCKS
c
COMMON /UCSPEC1/KSP
COMMON /UCSPECZ2/CC
COMMON /UCSPEC3/LAS, STION
COMMON /UCSPEC4/SPECSETL, SPECSET2
COMMON /UCFEED1/FEEDCONC, FEEDVOL
COMMON /UCFEEDZ2/FEEDPVOL, GEOMVOL, TOTALVOL
COMMON /UCFEED3/GENSET3
c
Ctbttt+4td44+++4+ END OF USER AREA 2 +44++b+ddbddbdbbddbdbtdt bt bbbt bt bbbt
c
DIMENSION U(NNODE, NPHASE), V(NNQDE, KPHASE) , W (NNODE, NPHASE) ,
P (NNODE, NPHASE) , VFRAC (NNODE, NPHASE) , DEN (NNODE, NPHASE) ,
VIS (NNCDE, 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)
DIMENSION XP (NNODE), YP(NNQDE)}, 2P (WNODE) , VOL (NCELL} , AREA (NFACE, 3},

R
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+ VPOR (NCELL) , ARPOR (NFACE, 3) ,WFACT (NFACE) ,

+ CONV (NFACE, NPHASE) , IPT (*) , IBLK (5, NBLOCK) ,

+ IFVERT (NCELL, 8) , IPNODN (NCELL, 6} , IPFACN (NCELL, 6) ,

+ IPNODF (NFACE, 4) , TPNODB (NBDRY, 4) , IPFACB (NBDRY) , IWORK (*) ,

+ WORK (*) , CHORK (*)

DIMENSION SGNWL(6)

C
Chttttttddtttttst USER ARER 3 +d+tddddddtbtttdtbtbdtdd bttt bbbt bbb bt
C~—~= AREA FOR USERS TO DIMENSION THEIR ARRAYS
C
c specify bounds of explicit-shape arrays as constant expressions to be adjusted
c as and when necessary; large automatic arrays, e.g. those using NCELL as array
[of specification, can result in stack overflow; alternative is to increase stack
C size
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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(12)

DIMENSION A(12,12),F(12),W0(400),X(12)

DIMENSION FEED(10064)

DIMENSION IW(12)
g———— AREA FOR USERS TO DEFINE DATA STATEMENTS
g++++++++++++++++ END OF USER AREA 3 ++tittidtitttbittitittittitbibitts
c DATA SGNWL/1.0D0,1.0D0,1.0D0,-1.0D0,-1.0D0,~1.0D0/

c
C--—- STATEMENT FUNCTION FOR ADDRESSING
IP(I,J,K} = IPT((K-1)*ILEN*JLEN+ (J-1)*ILEN+I)
c
Cww—m VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
C
IVERS = 3
ICHKER = 2
c
CHt++4+++++++4+44+++ USER ARER 4 ++tittitbbbbbdbttbbbbbbbbbt bbbttt bbb+ 44
C~---- TO USE THIS USER ROUTINE FIRST SET IUSED=1
c
IUSED = 1
C

Cidttttttrttt++ END OF USER AREA 4 +++t+ittdttbitittitrtttibiititsbts
c
IF (IUSED.EQ.(0) RETURN

Cc

C~-—-- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN

C

CHtttttttttttttt+ USER AREA 5 ++ttttttttttttttdtttttttttttttttttbbtrtts
c

Cmw=— EXAMPLE (SET TIME INCREMENT FOR NEXT TIME STEP)

C

cC DTUSR = 0.1

C

Cow—~ END OF EXAMPLE

C

C-==-=- EXAMPLE (CALCULATE FLUX OF FIRST SCALAR AT A PRESSURE BOUNDARY)
IPHASE = 1
FLUX = 0.0

USE IPALL TO FIND ADDRESSES OF BOUNDARY NODES ON PATCH PRESS1
CALL IPALL{'PRESS1', 'PRESS', 'PATCH', 'CENTRES’
+ + IPT, NPT, CWORK, IWORK)
LOOP OVER ALL BOUNDARY NODES
DO 300 I=1,NPT
USE ARRAY IPT TO GET ADDRESS
INODE = IPT(I)
IBDRY = INODE -~ NCELL
IFACE = IPFACB{IBDRY)

INDUM = IPNODB(IBDRY,Z2)
N¥WL = IPNODB(IBDRY, 4}
FLUX = FLUX
+ + SGNWL (NWL) *CONV ( IFACE, IPHASE) *SCAL (INDUM, IPHASE, 1)

300 CONTINUE
~—-- END OF EXAMPLE

select various general settings

1 « employ equilibrium description of nucleation; 2 - employ kinetic description
of nucleation

GENSETL = 1

1 ~ perform aggregation-~related calculations after effects of nucleation
established; 2 - perform aggregation-related calculations before effects of
nucleation established

GQaoaoaaaooaaaaaooaaaoaoanaaOooaan
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GENSETZ = 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 CF¥-4.3
Solver, team with time-dependent feed source coding in subroutine USRSRC
(strategy ensures mass conservation)

GENSET3 = 3

1 - do not stop if contents of stirred tank deemed to be uniformly distributed;
2 - stop if contents of stirred tank deemed to be uniformly distributed
GENSET4 = 1

1 - read uniform initial conditions from command file; 2 - read initial
conditions from restart file

GENSETS = 1

write ocutput to file fort.89
WRITE(99,*} 'TIME',TIME

calculate pi
PI = ACOS(~1.0)}

specify various model parameters

lower bound of first size interval [micron]

PSIZE(1l) = 2.016

ratio of upper and lower bounds for any size interval (non-adjustable
for DPB of 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 [kmol.m-3]

FEEDCOHNC = 0.075

if uniform initial conditions read from command file
IF (GENSETS.EQ.l) THEN
specify initial volume [m3]
INITVOL = 0.003
calculate initial time [s]
INITTIME = TIME- (KSTEP*DT)
if initial conditions read from restart file
ELSE IF (GENSETS.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 :

specify duration of feed addition in terms of number of time steps (equate to
NSTEP if 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* (TIME~INITTIME- (KSTEP~FEEDSTEP) *DT)
}
specify zero volumetric feed rate [m3.s-1]
FEEDVOL = 0.0
END IF

call utility routine GETSCA to find number of scalar variable within SCAL array
dissolved species concentrations [kmol.m-3]

H.+

CALL GETSCA('HION',IB,CHWORK)
Ni.2+

CALL GETSCA('NIION', INI,CWORK)
Na.+

CALL GETSCA('NAION',INA, CWORK)
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C Cl.~

CALIL GETSCA('CLION',ICL,CWORK)
C QH. -

CALL GETSCA('OHION',IOH,CHWORK)
c Ni (OH) 2 aqueous

CALL GETSCA('NIOHZ', INIOHZ, CWORK)
c NiCl2 agueous

CALL GETSCA('NICL2',INICLZ, CWORK)
[ HiCl.+

CALL GETSCA('NICLION', INICL,CWORK)
[ WiOH.+

CALL GETSCA{'NIOHION', INIOH, CWORK)
C Wi20H. 3+

CALL GETSCA('NIZOHION', INIZ0H, CWORK)
[ Ni{OH}3.~

CALL GETSCA('NICH3IOW', INIOH3, CWORK)
[ particle number concentrations [m-3]
C lst size interval

CALL GETSCA('PN1',Il,CWORK)
o} 2nd size interval

CALL GETSCA('PN2',I2,CWORK)
o} 3rd size interval

CALL GETSCA('PN3',I3,CWORK)
cC 4th size interval

CALL GETSCA ('PN4',I4,CWORK)
C 5th size interval

CALL GETSCA('PNS5',I5,CWORK)
c 6th size interval

CALL GETSCA('PN6',I16,CWORK)
C 7th size interval

CALL GETSCA('PN7',I7,CWORK)
cC 8th size interval

CALL GETSCA('PN8',I8,CWORK)
c 9th size interval

CALL GETSCA('PNY',I9%,CWORK)
C 10th size interval

CALL GETSCA({'PN10',I10,CWORK)
c 11th size interval

CALL GETSCA('PN1l1',Ill,CWORK)
C 12th size interval

CALL GETSCA('PN12',I12, CWORK)
o} 13th size interval

CALL GETSCA(*PN13',I13,CWORK)
C supersaturation

CALL GETSCA('USRDCC SY,ISUPER, CWORK)
c pH

CALL GETSCA('USRDCC PH',IPH,CWORK}
C ionic strength [kmol.m~3}

CALL GETSCA{'USRDCC I',ISTION,CWORK)
C Wi.2+ activity

CALL GETSCA{'USRDCC ACTNIION®,IANI,CWORK)
o] 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, CHORK)
C 1st moment [micron.m=-3]

CALL GETSCA({'USRDCC MOM1', IM1, CWORK)
C 2nd moment [micron2.m-3]

CALL GETSCA('USRDCC MOMZ', IMZ, CWORK)
[ 3rd moment [micron3d.m=-3]

CALL GETSCA('USRDCC MOM3', IM3, CWORK)
C solids volume fraction

CALL GETSCA{'USRDCC S0OL VOL FRAC', ISVF,CWORK)
C precipitate yield [kmol.m-3]

CALL GETSCA('USRDCC PPT', IPPT, CWORK)
o] average particle diameter [micron]

CALL GETSCA('USRDCC PAVE', IPA, CWORK)
C coefficient of wvariation

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)

logarithm of dissolved species concentrations (stored from previous time step;
stored for use in following time step) [log(kmol.m-3}]

H.+

CALL GETSCA('USRDCC STOREL', IS1,CWORK)

¢ ReRe]
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Ni.2+

CALL GETSCA(TUSRDCC
Na.+

CALL GETSCA('USRDCC
Cl.~-

CALL GETSCA('USRDCC
OH.~

CALL GETSCA('USRDCC
Wi (0OH)2 agqueous
CALL GETSCA ("USRDCC
NiCl2 agueous

CALL GETSCA{'USRDCC
WNiCl.+

CALL GETSCA('USRDCC
NiOH.+

CALL GETSCA({'USRDCC
Ni20H. 3+

CALL GETSCA({'USRDCC
Hi(OH)3.~

CALL GETSCA ('USRDCC

Selected annotated CFX® Input files

STOREZ ", 182, CWORK)
STORE3', 183, CWORK)
STORE4', 184, CHORK)
STORES ', I55, CHORK)
STORE6', 156, CWORK)
STORE7", I57, CHWORK)

STOREE ', 158, CWORK)

.STORE9', I59, CWORK)

STORELO®, 1510, CWORK)

STOREL1",IS11, CWORK)

calculate lower bounds of size intervals [micron]

DO 10 I = Z,NOPSI

PSIZE(I) = PSIZE(I-L)*R

CONTINUE
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calculate appropriate mean size in each size interval for calculating lst, 2nd
and 3rd moments [micron]

Do 20 I = 1,NOPSI

PRVEL(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} = ((1L.0/4.0)*(((R**4.0)~1.0)/(R-1.0))* (PSIZE(I)**3.0))
**(1.0/3.0)
CONTINUE

initialise tank geometry volume

GEOMVOL = 0.0

call utility routine IPALL to return cell-centre addresses of those cells

{mesh volume)

[m3]

occupied by tank contents (i.e. all interior cells)

CALL IPALL({'*','*', 'BLOCK', 'CENTRES', IPT, NPT, CWORK, IWORK)

within each cell in
DO 30 I = 1,HPT
INODE = IPT(I)

calculate tank geometry volume

flow domain

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

cccupying feed patch

CALL IPALL('USER3D FEED', 'USER3D', 'PRTCH', 'CENTRES', IPT,NPT, CHORK

» TWORK)

within each cell in
DO 40 1 = 1,HPT
INODE = IPT(I)

feed patch

calculate feed patch volume [m3]
FEEDPVOL = FEEDPVOL+VOL (INODE)

flag as feed cell
FEED (INODE) = 2
CONTINUE

{(mesh volume)

[m3]

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 = 1,NPT
C
INCDE = IPT(K)
C
c stop if negative species concentration(s) outputted by CFX-4.3 Solver
IF (SCAL(INODE,1,IH).LT.0.0.0R.SCAL(INODE,1,INI).LT.0.0.0R.
& SCAL (INODE, 1, INA) .LT.0.0.0R.SCAL (INODE, 1, ICL) .LT.0.0.0R.
& SCAL (INODE, 1, IOH).LT.0.0.0R.SCAL{INODE, 1, INIOH2) .LT.0.0.0R,
& SCAL (INODE, 1, INICL2) .LT.0.0.0R.SCAL (INODE, 1, INICL) .LT.0.0.0R
& .SCAL (INODE, 1, INIOH) .LT.0.0.0R.SCAL(INODE,1,INI20H).LT.0.0.
& OR.SCAL (INODE, 1,INIOH3).LT.0.0) THEN
c write output to file fort.99%
WRITE(99,*) 'ERROR: NEGATIVE SPECIES CONCENTRATION(S) '//
& 'OUTPUTTED BY CF¥X~4.3 SOLVER'
WRITE (99,*) 'CELL',INODE
c stop with message output
STOP "NEGATIVE S5PECIES CONCENTRATION(S) OUTPUITED BY CFX-4.3 8
&OLVER'
END IF
C .
c stop if negative particle number concentration(s) outputted by CFX-4.3 Solver
IF (SCAL(INODE,1,I1).LT.0.0.0R.SCAL(INODE,1,I2).1LT.0.0.0R.
& SCAL (INODE, 1, 1I3).LT.0.0.0R. SCAL (INODE,1,14).LT.0.0.0R.
& SCAL{INCDE, 1,I5).LT.0.0.0R.SCAL({INODE, 1,16} .LT.0.0.0R,
& SCAL (INODE,1,1I7).LT.0.0.0R.SCAL(INODE, 1,18).LT.0.0.0R.
& S5CAL(INCDE, 1,19} .L7.0.0.0R.SCAL{INODE,1,T10).LT.0.0.0R.
& SCAL (INODE,1,1I11).LT.0.0.0R.SCAL{INODE,1,112).LT.0.0.0R.
& SCAL(INODE,1,I13).L7.0.0) THEN
ol write output to file fort.99%
WRITE (99,%) 'ERROR: NEGATIVE PARTICLE NUMBER '//
& "CONCENTRATION (S) OUTPUTTED BY CFX-4.3 SOLVER'
WRITE (99,*) 'CELL'®, INODE
C stop with message output
STOP ‘HEGATIVE PARTICLE NUMBER CONCENTRATION(S) OQUTPUTTED BY C
&FX-4.,3 SOLVER'
BND IF
C
c temporarily rename particle number concentration variables for ease of
C referencing [m-3]
[ 1st size interval
PN {1, INODE) = SCAL(INODE,1,Il)
c 2nd size interval
PN (2,INODE) = SCAL(INODE,1,I2)
[of 3rd size interval
PN (3, INODE) = SCAL(INODE,1,I3)
c 4th size interval
PN{4,INODE) = SCAL{INODE,1,I4)
o} 5th size interval
PN(5,INODE) = SCAL(INODE,1,15)
c 6th size interval
PN ({6, INODE) = SCAL(INODE,1,16)
[of 7th size interval
PN({7,INODE) = SCAL(INODE,1,I7).
(o} 8th size interval
PN{8,INCDE} = SCAL(INODE,1,18)
cC 9th size interval
PN{9, INCDE) = SCAL{INODE,1,19)
(o} 10th size interval
PN (10, INODE) = SCAL(INODE,1,I10)
C 1lth size interval
PN (11, INODE) = SCAL(INODE,1,I1l)
c i2th size interval
PN(12,INODE} = SCAL{INODE,1,I12)
(o} 13th size interval
PN {13,INODE} = SCAL(INODE, 1,113}
C
c at beginning of first time step
IF (KSTEP.EQ.0) THEN
C
c calculate initial 3rd moment [micron3.m-3]
MOM3I (INODE) = 0.0
C

DO 60 I = 1,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,1,IPPT) = (PI*MOM3I (INODE)/6.0)*RHO*1.0E-18

if uniform initial conditions read from command file
IF (GENSET5.EQ.1) THEN

estimate logarithm of equilibrium species concentrations (supplied as
initial estimate to subroutine NS11AD; required degree of accuracy
provided by stand-alone equilibrium calculation using powerful and robust
solver such as that offered by gPROMS modelling platform) [log(kmol.m-3)]
H.+

X(l) = ~6.0
Ni.2+

X(2)y = -2.0
Na.+

X{3) = -1000.0
Cl.-

X(4) = ~-1.7
OH, -

X(5) = ~7.9
Ni(OH)2 agueous
X(6) = -9.0
NiCl2 agueous
X(7) = -4.7
NiCl.+

X(8) = ~3.6
NiOH. +

X(9) = -6.0
Ni20H. 3+
X(10) = -8.6
Ni (OH) 3.~
X{11) = ~14.0

calculate total component concentrations (excluding solid species; used in
subroutine CALFUN to close mass balance) [kmol.m-3]
H.+
CcC{l) = SCAL(INODE,1,TH}-SCAL(INODE,1,IOH)—-{2.0%
SCAL (INODE, 1, INIOH2) ) ~SCAL (INODE, 1, INIOH) -
SCAL (INODE, 1, INIZ20H) - (3.0*SCAL (INODE, 1, INIOH3))
Ni.2+
CC(2) = SCAL(INODE,1,INI)+SCAL(INODE, 1, INIOHZ)+
SCAL (INODE, 1, INICL2)+SCAL (INODE, 1, INICL) +
SCAL (INODE, 1, INIOH)+ (2. 0*SCAL(INODE, 1, INIZ20H) ) +
SCAL(INODE, 1, INIOH3)
Na.+
CC(3) = SCAL(INODE,1,INA)
Ccl.~
CC(4) = SCAL(INODE,1,ICL)+(2.0*SCAL(INODE,1,INICL2) )+
SCAL{INODE, 1, INICL)

if initial conditions read from restart file
ELSE IF (GENSETS5.EQ.2) THEN

estimate logarithm of equilibrium species concentrations as logarithm of
current species concentrations (supplied as initial estimate to subroutine
HNs11aDp) [log(kmol.m~-3}]

H.+

X(1) = LOGL1O0(SCAL(INODE,1,IH))

Hi.2+
IF (SCAL{INCDE,1,INI).EQ.C.0) THEW
X{2) = -1000.0

ELSE
X(2) = LOGLO(SCAL(INODE,1,INI})
END IF
Ra.+
IF (SCAL(INODE,1,INA).EQ.0.0) THEN
X{3) = -1000.0
ELSE
X (3) = LOG10 (SCAL(INODE, 1, INA))
END IF
Cl.~
X({4) = LOGlO(SCAL(INODE,1,ICL))
OH.—
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X({5) = LOGLlO(SCAL(INODE,1,IOH))

Ni (OH)2 agueous
IF (SCAL(INODE,1,INIOH2).EQ.0.0) THEN
%(6) = -1000.0
ELSE
%{6) = LOG10(SCAL(INODE,1, INIOH2))
END IF

NiCl2 aqueous
IF (SCAL(INODE,1,INICL2).E(.0.0) THEN
X(7) = -1000.0
ELSE
¥(7) = LOG10{SCAL(INODE, 1, INICL2)})
END IF

NiCl.+
IF (SCAL({INODE,1,INICL).EQ.0.0) THEN
%{8) = ~1000.0
ELSE
%(8) = LOGLO(SCAL(INODE, 1, INICL))
END IF

NiOH.+
IF (SCAL{INODE,1,INIOH).EQ.0.0) THEN
X(9) = =-1000.0
ELSE
X{%9) = LOGLO (SCAL(INODE,1,INICH))
END IF

Ni20H. 3+
IF (SCAL(INODE,1l,INI2CH).EQ.0.0) THEN
£(10) = -1000.0
ELSE
X(10) = LOGLO(SCAL (INODE,1, INI20H))
END IF

Ni(OH) 3.-
IF (SCAL(INODE,1,INIOH3).EQ.0.0) THEN
. %(11) = -1000.0
ELSE ,
%(11) = LOG1D(SCAL (INODE, 1, INIOH3))
END IF

calculate total component concentrations (excluding seolid species; used in
subroutine CALFUN to close mass balance) {[kmol.m-3]
H.+
CC{l) = (10.0%*X{L))~-(10.0**X(5))~(2.0*%(10.0**X(6)))~-(10.0
*FHR(9) - {10.0%*X(10))~(3.0*(10.0%*X(11)}}

Ni.2+
CC(2) = (10.0%*X(2))+(10.0**X(6))+(10.0**X(7))+(10.0%*X(8))
+(10.0%*X(9) )+ (2.0*% (10.0%*X(10)))+(10.0**X(11))
Na.+
CC(3) = 10.0%*%(3)
cl.~
CC(4) = (L0.0%**X(4))+(2.0* (10.0**X(7)))+(10.0**X(8)}
END IF

calculate logarithm of current Ni(OH)Z solid concentration (supplied to
subroutine NS11AD and returned unchanged) [log(kmol.m-3)]
IF (SCAL(INODE,1,IPPT).GT.0.0) THEN
X(12) = LOG10(SCAL(INODE,1,IPPT))
ELSE
X(12) = =-1000.0
END IF

specify input parameters required by subroutine NS11AD

number of equations; number of unknowns (species concentrations)

N =12

X-step used to calculate estimates of Jacobian (partial derivatives) matrix
numerically

STEP = 1.0E-12

generous estimate of 'distance' between initial approximation and required
solution

STPMAY = 5.0

maximum number of calls of subroutine CALFON
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MAXFON = 500000000

no printing

IPRINT = (

required accuracy (maximum sum of square errors)
ACC = 1.0E-20

exclude solid species from equilibrium calculation
SPECSET1 = 1

if nickel present in solution

IF (CC(2).6T.0.0) THEN
include nickel species in equilibrium calculation
SPECSETZ = 1

if no nickel present in solution

ELSE
exclude nickel species from equilibrium calculation
SPECSETZ = 2

END IF

call subroutine NS11lAD to resolve eguilibrium state of system
CALL WS11lAD(W,X,F,A,STEP, STPMAX,ACC,MAXFUN, IPRINT, WO, IW)

calculate species activities
PO 70 I = 1,11
ACTIV(I,INODE) = 10.0%**LAS (I}

CONTINUE

calculate supersaturation

SCAL (INODE, 1,TSUPER) = ({ACTIV(2,INODE))* ({(ACTIV (5, INODE))**
2.0)) /&SP

calculate pH

SCAL(INODE, 1,IPH) = -LAS(1)

calculate ionic strength [kmol.m-3]

SCAL (INODE, 1, ISTION) = STION

calculate Ni.2+ activity

SCAL(INODE, 1,IANI) = ACTIV{Z,INODE)

calculate total dissolved nickel concentration [kwol.m-3]

SCAL (INODE,1,ITDNC) = (10.0**X(2))+(10.0**X(6))+(10.0**X{7)+
(10.0**X(8) )+ (10.0**xX(9))+(2.0*%(10.0%*
X{10)))+{10.0**X(11})

at end of each time step
ELSE

if dilution effect distributed
IF (GENSET3.EQ.l) THEN

calculate diluted particle number concentrations [m-3]
DO 80 I = 1,NOPSI
PN{I,INODE) = PH{I,INODE)* (TOTALVOL~ (FEEDVOL*DT))/
TOTALVOL
CONTINUE

123

estimate logarithm of equilibrium species concentrations as logarithm of

current diluted species concentrations {supplied as initial
subroutine NS11AD where sufficient) {[log({kmol.m~3)]

H.+

¥{1) = LOG10{SCAL{INODE,1,IH)* (TOTALVOL~ (FEEDVOL*DT))/

TOTALVCL)
Wi.2+
IF (SCAL(INODE,1,INI).EQ.0.0) THEN
X(2) = ~1000.0
ELSE
X(2) = LOGLO(SCAL(INODE, 1, INI)*(TOTALVOL-(FEEDVOL*DT))/
TOTALVOL)
END IF
Na.+
IF (SCAL(IRCDE,1,INA).EQ.0.0) THEW
X(3) = -1000.0
ELSE
X(3) = LOGL0{(SCAL(INODE, 1, INA)* (TOTALVOL~ (FEEDVOL*DT)}/
TOTALVOL)
END IF
Cl.~

estimate to
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X{4) = LOGlO(SCAL(INODE,l,ICL)*(TOTALVOL—(FEEDVOL*DT))/
& TOTALVOL)
c CH, -
X(5) = LOGlO(SCAL(INODE,1,IOH)*(TOTALVOL-(FEEDVOL*DT))/
& TOTALVOL)
c
C Ni{CH)2 aqueous
IF (SCAL{INODE,1,INIOH2).EQ.0.0) THEN
X(6) = ~1000.0
ELSE
%{6) = LOG10 {SCAL(INODE, 1, INIOH2)* (TOTALVOL~ (FEEDVOL*DT))
& /TOTALVOL)
END IF
c
c NiCl2 aqueous
IF (SCAL{INODE,1,INICLZ).EQ.0.0) THENW
X(7) = -1000.0
ELSE
X(7) = LOG10{SCAL{INODE, 1,INICLZ)* (TOTALVOL~ (FEEDVOL*DT))
& JTOTALVOL)
END IF
c
c NiCl.+ )
IF (SCAL(INODE,1,INICL).EQ.0.0) THEN
X{8) = ~-1000.0
ELSE
®{8) = LOGL0 (SCAL{INODE, 1, INICL) * (TOTALVOL~ (FEEDVOL*DT)} /
& TOTALVOL)
END IF
c
c NiOH.+ )
IF (SCAL(INODE,1,INICH).EQ.0.0) THEH
x{9) = ~1000.0
ELSE .
%{9) = LOG10(SCAL(INODE,1, INICH)* (TOTALVOL=~ (FEEDVOL*DT) )/
& TOTALVOL)
END IF
c
c HiZ2CH. 3+
IF (SCAL(INODE,1,INI2OH).EQ.0.0) THEN
®(10) = -1000.0
ELSE
¥(10) = LOGIO(SCAL(INODE, 1, INIZ20H}* (TOTALVOL~ (FEEDVOL*DT)
& } / TOTALVOL)
END IF
c
[ Ni{OH)3.~
IF {(SCAL(INODE,1,INICH3).EQ.0.0) THENW
X{(11) = -1000.0
ELSE
¥(11) = LOGLO({SCAL(INODE, 1, INICOH3)* (TOTALVOL~ (FEEDVOL*DT)
& } /TOTALVOL)
END IF
c
c if dilution effect isclated
ELSE IF (GENSET3.EQ.2) THEN
c
o} within feed cell(s)
IF (FEED (INODE).EQ.2) THEN
c
C calculate diluted particle number concentrations [m-3]
DO 90 I = 1,H0PSI
PN (I,INODE) = PN(I,INODE)* ((VOL(INODE)*INITVOL/GEOMVOL)
& +{VOL (INODE) /FEEDPVOL) * { {TOTALVOL-INITVOL
& )~ {FEEDVOL*DT) } } / { {VOL (INODE) *INITVOL/
& GECMVOL) + {VOL (INODE} /FEEDPVOL) * (POTALVOL~-
& INITVOL))
80 CONTINUE
c
C estimate logarithm of equilibrium species concentrations as logarithm of
c current diluted species concentrations (supplied as initial estimate to
C subroutine NS11AD where sufficient) {[log{kmol.m-3)]}
c H.+
(1) = LOGL0 (SCAL{INODE, 1, IH)}*((VOL{INODE)*INITVOL/
& GEOMVOL) + (VOL { INODE) /FEEDPVOL) * ( (TOTALVOL~INITVOL)
& =~ (FEEDVOL*DT) ) ) / { (VOL(INODE) * INITVOL/GEOMVOL) + {

& VOL (INODE) /FEEDPVOL) * (POTALVOL~INITVOL) ) }
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Ni.2+

IF (SCAL(INODE,1,INI).EQ.0.0) THEN
%{2) = ~1000.0

ELSE

¥(2) = 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
)

END IF

Na.+

IF (SCAL(INODE,1,INA).EQ.0.0) THEN
X{(3) = ~1000.0

ELSE

%(3}) = LOGLO(SCAL(INODE,1,INA)* ((VOL(INODE)*INITVOL/
GEOMVOL} + (VOL (INODE) /FEEDPVOL} * { {TOTALVOL~
INITVOL) - (FEEDVOL*DT) )}/ { (VOL (INODE) *INITVOL/
GEOMVOL) + (VOL (INODE) / FEEDPVOL) * {TOTALVOL-INITVOL
BN
END IF

Ccl.- :

X(4) = LOG10(SCAL(INODE,1l,ICL)*((VOL{INODE)*INITVOL/
GEOMVOL) + {VOL (INODE) /FEEDPVOL) * { { TOTALVOL~INITVOL)
-~ (FEEDVOL*DT) ) } / ( (VOL {INODE}) *INITVOL/GEOMVOL) + {
VOL (INODE) /FEEDPVOL) * { TOTALVOL-INITVOL) ) )

OH. -

%{5) = LOGLO0 (SCAL (INODE,1,IOH)* ( (VOL (INODE)*INITVOL/
GEOMVOL) + (VOL (INODE) /FEEDPVOL) * ( {( TOTALVOL~INITVOL)
~{FEEDVOL*DT} } ) / { (VOL (INODE} *INITVOL/GEOMVOL) + (
VOL (INODE) /FEEDPVOL) * { TOTALVOL~INITVOL) )}

Ni(OH)2 aqueous
IF (SCAL(INODE,1l,INIOH2).EQ.0.0) THEN
%{6) = -1000.0
ELSE
X({8) = LOGlO(SCAL(INODE, 1, INIOH2Z)* ((VOL(INODE)*INITVOL/
GEOMVOL} + (VOL (INODE) /FEEDPVOL) * { { TOTALVOL-
INITVOL) ~ (FEEDVOL*DT) ) ) / ( (VOL (INODE) *INITVOL/
GEOMVOL) + {VOL (INODE) /FEEDPVOL) * (POTALVOL~INITVOL
IB N
END IF

NiCl2 aqueous
IF (SCAL{INODE,1l,INICL2).EQ.0.0) THEN
{7y = ~1000.0
ELSE
{7} = LOGLO(SCAL{INODE, 1, INICL2)* ({VOL (INODE)*INITVOL/
GEOMVOL) + (VOL (INODE) /FEEDPVOL) * { {TOTALVOL~
INITVOL) - (FEEDVOL*DT) )} ) / ( (VOL (INODE} * INITVOL/
GEOMVOL) + (VOL (INODE) /FEEDPVOL) * (TOTALVOL-INITVOL
Y .

END IF

NiCl.+

IF (SCAL{INODE, 1,INICL).EQ.0.0) THENW
%(8) = -1000.0

ELSE

%(8) = 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
IR

END IF

NiCH.+

IF (SCAL(INODE,1l,INIOH).EQ.0.0) THEN
X{9) = ~1000.0

ELSE

X(9) = 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
IR

END IF

128
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c
o Ni20H. 3+
I¥ (SCAL(INODE,1,INIZ2CH).EQ.0.0) THEN
X(10) = -1000.0
ELSE
X(10) = LOG10 (SCAL (INODE, 1, INI20H) * ( (VOL (INODE) *INITVOL
& /GEOMVOL) + (VOL (INODE) / FEEDPVOL) * { (TOTALVOL~
& INITVOL)~ (FEEDVOL*DT) ) )/ ( (VOL(INODE) *INITVOL/
& GEOMVOL) + (VOL (INODE) /FEEDPVOL) * (TOTALVOL~
& INITVOL)))
END IF
c
c Ni (OH) 3.~
IF (SCAL (INODE,1,INIOH3).EQ.0.0) THEN
X(11) = -1000.0
ELSE
X(11) = LOGIO0(SCAL{INODE, 1, INIOH3)* ( (VOL{INODE) *INITVOL
& /GECMVOL) + {(VOL (INCDE) /FEEDPVOL) * ( (TOTALVOL~-
& IRITVOL) ~ (FEEDVOL*DT)) ) / { (VOL {INODE) *INITVOL/
& GECMVOL) + (VOL (INODE) /FEEDPVOL) * (TOTALVOL~ -
& INITVOL)))
END IF
c
c within each remaining cell in flow domain .
ELSE
c
c estimate logarithm of equilibrium species concentrations as logarithm of
o current species concentrations (supplied as initial estimate to
[of subroutine NS11AD where sufficlent) {logl(kmol.m-3}]
c H.+
(1) = LOG10(SCAL(INODE,1, IH))
c
C Ni.2+
I¥ (SCAL(INODE,1,INI).EQ.0.0) THEHN
X{2) = -1000.0
ELSE
(2} = LOGLO(SCAL(INODE,1,INT})
END IF
c
c Na.+
I¥ (SCAL(INODE,1,INA).EQ.0.0) THEN
®(3) = -1000.0
ELSE
#{3) = LOGLUO(SCAL(INODE,1,INA))
END IF
Cc
C Ccl,-
X{4) = LOG1O(SCAL(INODE, 1, ICL)}
c OH.~
X{5) = LOGLO(SCAL(INCDE,1,IOH)}
c
C Ni(OH) 2 aqueocus
IF (SCAL(INODE,l,INIOHZ).EQ.0.0) THEN
X{6) = -1000.0
ELSE
X(6) = LOGLO(SCAL(INODE,1,INIOHZ})
END IF
c
c NiCl2 aqueocus
IF {SCAL(INODE, 1,INICLZ).EQ.0.0} THEN
X(7) = ~1000.0
ELSE
(7)) = LOGLO(SCAL(INODE,1,INICLZ2})
END IF
c
c NiCl.+
IF (SCAL(INODE,1,INICL).EQ.0.0) THEN
%{8) = =1000.0
ELSE
X{8) = LOGIO(SCAL(INCDE,1,INICL)}
END IF
c
c WiOH.+

IF (SCAL({INODE,1,INICH).EQ.0.0) THEN
X(9) = -1000.0

ELSE
X{9) = LOG10(SCAL(INODE,1l,INIOH))}
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END IF

Ni2O0H. 3+
IF (SCAL(INODE,1l,INI20H).EQ.0.0) THEN
X(10) = -1000.0
ELSE
X{10) = LOG10(SCAL(INODE,1,INI2CH))
END IF

Ni(OH) 3.~
IF (SCAL{INODE,l,INIOH3).EQ.0.0) THEN
X{11) = -1000.0
ELSE
X(11) = LOGLO(SCAL(INODE,1,INIOH3))
END IF

D IF

127

if dilution effect isolated, then distributed and teamed with time-dependent
feed source term

ELSE

wi
IF

IF (GENSET3.EQ.3) THEK

thin feed cell(s)
(FEED {INODE) .EQ.2) THEN

calculate diluted particle number concentrations [m-3]
DO 100 I = 1,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 NS11AD where sufficient) [log(kmol.m-3)]

H.+

X{1) = LOGLO(SCAL(INODE, 1, IH)* { (VOL{INODE) /GEOMVOL) * {
TOTALVOL-FEEDVOL*DT) ) / ( {VOL {INCDE) /GEOMVOL) * {
TOTALVOL~FEEDVOL*DT) + (VOL (INODE) /FEEDPVOL) * {
FEEDVOL*DT) ))

Wi.2+
IF (SCAL(INODE, 1,INI).EQ.0.0) THEN
X{2) = -1000.0
ELSE
X(2) = LOGL1O(SCAL(INODE,1,INI)* ({(VOL(INODE)/GEOMVOL)*(
TOTALVOL~FEEDVOL*DT) ) / ( {VOL (INODE) / GEOMVOL) * (
TOTALVOL~FEEDVOL*DT) + (VOL { INODE) /FEEDPVOL) * {
FEEDVOL*DT) )}

END IF

Ha.+

IF (SCAL(INODE,l,INA).EQ.0.0) THEN
X(3) = -1000.0

ELSE

X(3) = LOGLO(SCAL(INODE, 1, INA)* {(VOL{INODE) /GEOMVOL) * {
TOTALVOL~FEEDVOL*DT) ) / ( (VOL (INODE) /GEOMVOL) * (
TOTALVOL~FEEDVOL*DT) + (VOL ( INODE) / FEEDPVOL) * {
FEEDVOL*DT) ) )

END IF

Cl.-

X({4) = LOGLO(SCAL(INODE,1l,ICL)* ((VOL(INODE)/GEOMVOL) *(
TOTALVOL~FEEDVOL*DT) ) / ( (VOL (INODE) /GEOMVOL) * {
TOTALVOL~FEEDVOL*DT) + (VOL (INODE) / FEEDPVOL) * (
FEEDVOL*DT) )}

OH.~

X({5) = LOGLO (SCAL(INODE, 1, 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,INIOHZ).EQ.0.0) THEN
X(6) = ~1000.0

ELSE
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X(6) = LOG10(SCAL(INODE,1,INIOH2)* {(VOL{INODE)/GEOMVOL)}

& * (TOTALVOL~FEEDVOL*DT) ) / { (VOL (INODE) / GEOMVOL) * {
& TOTALVOL~FEEDVOL*DT) + (VOL (INODE ) /FEEDPVOL) * {
& FEEDVOL*DT) ) )
END IF
C
c NiCl2 acqueous
IF (SCAL(INODE,1,INICLZ).EQ.0.0) THEN
X{(7) = -1000.0
ELSE
X{7) = LOGLO{(SCAL{INODE,1, INICL2)* ({VOL (INODE)/GEOMVOL)
& * (TOTALVOL~FEEDVOL*DT) ) / { (VOL (INODE} /GEOMVOL) * (
& TOTALVOL~FEEDVOL*DT) + (VOL {(INODE) /FEEDPVOL} * {
& FEEDVOL*DT) ) )
END IF
C
Cc NiCl.+
I¥ (SCAL{INODE,1,INICL).EQ.0.0) THEN
X(8) = -1000.0
ELSE
X(8) = LOG10 (SCAL (INODE, 1, INICL)* ((VOL{INODE)/GEOMVOL)*
& {(TOTALVOL~FEEDVOL*DT) } / { (VOL(IRODE) /GEOMVOL) * (
& TOTALVOL~FEEDVOL*DT) + (VOL (INODE) /FEEDPVOL) * (
& FEEDVOL*DT)} })
*  END IF
C
c HiQOH.+
I¥F (SCAL(INODE,1,INIOH).EQ.0.0) THENW
X{9) = -1000.0
ELSE
%{9) = LOG10(SCAL{INODE,1,INIOH)* ((VOL (INODE)/GEOMVOL)*
& (TOTALVOL-FEEDVOL*DT) } / { (VOL (INODE) /GEOMVOL) * (
& TOTALVOL~FEEDVOL*DT) + (VOL (INODE) /FEEDPVOL) * (
& FEEDVOL*DT) )
END IF
c
C Ni20H. 3+
IF (SCAL{INODE, 1, INI20OH).EQ.0.0) THEN
X{10) = -1000.0
ELSE
¥{10) = LOG10(SCAL({INODE,1,INI20H)*((VOL(INODE)/GEOMVOL
& )} ¥ {TOTALVOL~FEEDVOL*DT) ) / ( (VOL (INODE) /GEOMVOL) *
& {TOTALVOL~-FEEDVOL*DT) + (VOL (INODE) / FEEDEPVOL) * (
& : FEEDVOL*DT) ) )
END IF
c
C Hi(OH)3.~
I¥ (SCAL (INODE,1l,INIOM3).EQ.0.0) THEN
¥(11) = -1000.0
ELSE
X(1l1l) = LOGL0 (SCAL (INODE, 1, INIOH3) *( (VOL(INODE) /GEOMVOL
& ) * {TOTALVOL~FEEDVOL*DT) } / { (VOL {INODE) /GEOMVOL) *
& {TOTALVOL~-FEEDVOL*DT) + {VOL (INODE) /FEEDPVOL} * {
& FEEDVOL*DT) ) )
END IF
c
C within each remaining cell in flow domain
ELSE
Cc
C estimate logarithm of ecuilibrium species concentrations as logarithm of
[od current species concentrations (supplied as initial estimate to
C subroutine NS11AD where sufficient) {[log(kmol.m-3)]
c H.+
X{1l} = LOG1{0({SCAL(INODE,1,IH))
Cc
Cc Wi.2+
IF (SCAL(INODE,1,INI).EQ.0.0) THEN
X(2) = -1000.0
ELSE -
¥(2) = LOGL0({SCAL(INODE,1,INI))
END IF
C
C Na.+
IF {(SCAL{INODE,1l,INA).EQ.0.0) THEW
X{3) = -1000.0
ELSE

%{3) = LOG10(SCAL(INODE,1,INA))
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END IF

Cl.-

X{4) = LOG1O (SCAL(INODE,1,ICL))
OH.~

X({5) = LOGLO (SCAL(INODE, 1, IOH))

Ni (OH)2 aqueous
IF (SCAL(INODE,1,INIOHZ).EQ.0.0) THEN
X(6) = -1000.0
ELSE
X(6) = LOGLO(SCAL{INODE, 1, INIOH2))
END IF

NiCl2 aqueous
IF (SCAL{INODE, 1,INICLZ).EQ.0.0) THEN

X{7) = «1000.0
ELSE
¥(7) = LOGLO(SCAL{INODE, 1, INICL2))
END IF
NiCcl.+
IF (SCAL{INODE, 1,INICL).EQ.0.0) THEN
X(8) = -1000.0
ELSE
X{8) = LOGLO(SCAL(INODE,1,INICL))
END IF
NiOH.+
IF (SCAL(INODE,1,INIOH).EQ.0.0) THEN
X(9) = -1000.0
ELSE
X{9) = LOGLO(SCAL{INODE,1,INIOH))
END IF
Hi20H. 3+
IF (SCAL{INODE,1,INI20H).EQ.0.0) THEN
X(10) = -1000.0
ELSE
{10y = LOGLO(SCAL{INCDE, 1, INIZOH))
END IF
Hi(OH}3.~
IF (SCAL(INODE,1,INIOH3).EQ.0.0) THEW
X(11) = -1000.0
ELSE
X(11l) = LOGL0 (SCAL(INODE, 1, INIOH3))
END IF
END IF
END IF

calculate initial 3rd moment [micron3d.m—3]
MOM3I (INODE) = 0.0

Do 110 I = 1,NOPSI
MOM3I (INODE) = MOM3I (INODE)+ ( (PAVE3(I)**3.0)*PN(I,INODE))
CONTINUE

calculate precipitate yield [kmol.m-3]
SCAL (INODE, 1, IPPT) = (PI*MOM3I{(INODE)/6.0)*RHO*1.0E~18

12%

calculate total component concentrations (excluding solid species; used in

subroutine CALFUN teo close mass balance} [kmol.m~3]

H.+

CC(1l) = (10.0**X(1))~(10.0**X (%))~ (2.0*(10.0**X(6)))~(10.0**
(93 )-(10.0**X (10} )~ {(3.0%{10.0**%X(11) )}

Ni.2+

CC{2) = {(10.0**X(2) )+ (10.0%*X (6} )1+ (10.0**H(7) )+ (10.0**H(8) )+
10.0**X{9))+(2.0*{10.0**X(10)))+(10.0%*X(11})

Na.+

CC(3y = 10.0%*X (3}

Cl.~-

CC{4) = {(10.0**X {4} )+ {(2.0*(10.0**X (7)) )1+ (10.0**X(8))

calculate logarithm of current Ni(OH)2 solid concentration (supplied to
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subroutine NS11AD and returned unchanged) [log(kmol.m-3)]
IF (SCAL{INODE,l,IPPT).GT.0.0) THEN
X(12) = LOGLlO(SCAL(INODE, 1, IPPT))
ELSE
X(12) =.-1000.0
END IF

estimate logarithm of equilibrium species concentrations as final
equilibrium values at previous time step (supplied as initial estimate to
subroutine NS11AD where necessary) [log(kmol.m-3)]

H.+

X(1l) = SCAL(INODE,1, ISl)

Ni.2+

X(2) = SCAL(INODE,1, I52)

Na.+

X(3) = SCAL(INODE,1l,IS83)
Cl.-

%(4) = SCAL(INODE,1,I34)

OH. -

¥(5) = SCAL(INODE,1,IS5)
Ni (OH) 2 agueous

X(6) = SCAL (INODE, 1, IS6)
NiCl2 aqueous

X({7) = SCAL({INODE,1,I87)
NiCl.+

®{8) = SCAL(INODE,1,158)
NiOH.+

X(9) = SCAL(INODE,l,IS9)
Ni20H. 3+

X(10) = SCAL(INCDE,1,1810)
Ni (OH) 3.~

¥{1l) = SCAL(INCDE,1l,I81l1)

specify input parameters required by subroutine NS11AD

number of equations; number of unknowns (species concentrations)

W= 12 '

X-step used to calculate estimates of Jacoblian (partial derivatives) matrix
numerically

STEP = 1.0E-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

"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
SPECSETZ = 2

END IF

call subroutine NS11AD to resolve equilibrium state of system
CALL NS1lAD(N,X,F,A, STEP, STPMAX,ACC, MAXFUN, IPRINT, WO, IW)

calculate species activities
DO 120 I = 1,11
ACTIV{I,INODE) = 10.0**LAS(I)

CONTINUE

calculation supersaturation

SCAL(INCDE, 1, ISUPER) = ((ACTIV{2,INODE))*((ACTIV(S,INODE))**
2.0))/KsSP .

calculate pH

SCAL(INCDE, 1,IPH) = -~LAS{1)
calculate ionic strength [kmol.m-3]
SCAL(INODE, 1, ISTION) = STION
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calculate Ni.2+ activity

SCAL (INODE, 1, IANI) = ACTIV(Z,INODE)

calculate total dissolved nickel concentration [kmol.m-3]

SCAL (INODE, 1, ITDNC) = {10.0%*X(2))+{(10.0**X{6))+(10.0%*X (7))} +
(10.0**X(8))+(10.0**X(9))+(2.0*(10,0*%*
X{10)))+{10.0**X(11))

131

if aggregation-related calculations performed before effects of nucleation

established
IF (GENSETZ.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, 1, ISTION) ))

END IF

if solution supersaturated
IF {(SCAL{IWODE, 1, ISUPER).GT.1.0} THEN

if equilibrium description of nucleation employed
IF (GENSET1.EQ.1) THEN

calculate total component concentrations (including solid species; used

in subroutine CALFUN to close mass balance) [kmol.m-3]

H.+

CC(1l) = (10.0%*X (1)) =(10.0%*X(5))~(2.0%(10.0**X(6)))~{(
10.0%*X(9) )= (20.0**X(10) )~ (3.0*{10.0**X(11)}))~(
2.0%(10.0**X(12)))

Ni.2+

CC(2) = (L0.0**X(2))+{10.0%*X(6))+{(10.0%*X(7})+(1L0.0**
X(B))+{10.0**X({9))+(2.0*(10.0**X{10)))+(10.0%*
XKLLy )+ (10.0=*x (12

Na.+

CC{3) = 10.0*%*X(3)

Cl.~

CC(4) = (L0.0**X(4))+(2.0*{10.0**X(7)))+(10.0**X(8))

estimate logarithm of equilibrium Wi(OH)2 solid concentration if no
solid currently present (supplied as initial estimate to subroutine
NS11AD) [log(kmol.m~3)1]

IF (SCAL(INODE,1,IPPT).EQ.0.0) ¥(12) = -6.0

specify input parameters reguired by subroutine NS11AD

number of equations; number of unknowns (species concentrations)
N = 12

%-step used to calculate estimates of Jacobian (partial derivatives)
matrix numerically

STEF = 1.0E-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 sguare errors)

ACC = 1.0E-20

include solid speclies in eguilibrium calculation
SPECSETL = 2

if nickel present in solution

IF {(CC(2).G7.0.0) THEN
include nickel species in equilibrium calculation
SPECSETZ = 1

if no nickel present in solution

ELSE
exclude nickel species from equilibrium calculation
SPECSETZ = 2

END IF

call subroutine NS11AD to resolve equilibrium state of system
CBLL NS1IAD(W,X,F, A, STEP, STPMAY, ACC, MAXFUN, TPRINT, WO, IW)

calculate species activities
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DO 130 I = 1,11
ACTIV(I,INCDE) = 10.0**LAS(I)

130 CONTINUE
C
c calculate supersaturation
SCAL (INODE, 1, ISUPER) = ((ACTIV(2,INODE))* {(ACTIV (5, INODE)
& y*%2,0)) /KSP
C calculate pH '
SCAL (INODE,1,IPH) = -LAS(1)
C calculate ionic strength [kmol.m-3]
SCAL (INODE, 1, ISTION} = STION
o calculate Ni.2+ activity
SCAL(INODE, 1, IANI) = ACTIV(Z, INODE) .
[o calculate total dissolved nickel concentration [kmol.m-3]
SCAL(INODE, 1, ITDNC) = (10.0#%**X(2)}+(10.0**X(6))+(10.0**
& (7)) +(10.0%*X(8) )+ (10.0%*K (9) ) +(
& 2.0%(10.0**X {10} )+{10.0**xX(11})
C
C calculate nucleation rate corresponding to equilibrium solute deposition
[o] m-3.8-1] R
BIRTH(INODE) = (((10.0**¥(12))~-3CAL(INCDE,1,IPPT})}*
& 1.0E+18) / (RHO* (PI* (PAVE3 (1) **3.0)/6.0) *DT)
c calculate change in precipitate yield [kmol.m-3]
DPPT (INODE) = BIRTH(INODE) *DT*(PI*(PAVE3(1}**3.0)/6.0}*
& 1.0E-18*RHO
c .
c if kinetic description of nucleation employed
ELSE IF (GENSET1.EQ.2} THEN
Cc
C calculate nucleation rate [m~-3.s-1]
BIRTH(INODE) = ((1.265E~5*( (SCAL(INCDE,1l, ISUPER)~1.0)**
& 0.77))*1.0E+18) / (RHO* (PI* (PAVE3 (1) **3.0)/
& 6.0} *DT)
[od calculate change in precipitate yield {kmol.m-3]
DEPT (INODE) = BIRTH(INODE) *DT* (PI* (PAVE3(1)**3.0)/6.0}*
& 1.0E-18*RHO
C
C if change in precipitate yield greater than total dissclved nickel
[od concentration (i.e. extent of nucleation exceeds maximum allowable)
IF (DPPT(INODE) .GT.SCAL(INODE,1,ITDNC)) THEN
C calculate adjusted change in precipitate yield [kmol.m~3]
DPPT (INODE} = SCAL(INODE, 1, ITDNC)
c calculate adjusted nucleation rate {m-3.s-1]
BIRTH(INODE) = (DPPT(INODE)}*1.0E+18)/ (RHO*(PI*(PAVE3(1)
& **3.0)/6.0)*DT)
END IF
C
END IF
C
C calculate kinetics time scale (estimated as inverse of approximate rate of
c change of dissolved nickel mass fraction; inspired by corresponding use of
o] fuel mass fraction in eddy break-up combustion model) [s]
SCAL (INODE,1,ITK) = 1.0/(((DPPT{INODE)*58,71)/DEN(INCDE,1})
& /DT)
[
[od if turbulent mixing time scale greater than kinetics time scale (i.e.
o] reaction rate controlled by turbulent mixing rate)
IF {SCAL(INODE,1,ITM).GT.SCAL(INODE,1,ITK}) THEN
o
[od write output to file fort.99
WRITE (99,%) 'INFO: TURBULENT MIXING IS RATE LIMITING®
WRITE(99,*) ‘CELL',IHODE
C
o] calculate adjusted nucleation rate [m~3.s~1]
BIRTH({INODE) = BIRTH{INODE)* (SCAL{INODE,1,ITK)/
& SCAL(INODE, 1,ITM))
C calculate adjusted change in precipitate yield [kmol.m-3]
DPPT (INODE) = DPPT (INODE)* (SCAL(INODE, 1,ITK)/
& SCAL (INODE, 1, ITM})
C
C if equilibrium description of nucleation employed
IF (GENSET1.EQ.1} THEH
C
[od calculate adjusted total component concentrations (excluding solid
C species; used in subroutine CALFUN to close mass balance) [kmol.m-3]
Cc H.+

CC(l) = (10.0**¥(1)}~-(10.0%*X(5)+(2.0*DPPT (INODE)* {{(
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SCAL{INODE, 1, ITM) /SCAL (INODE, 1, ITK))~1.0}) ) ~(
2.0%(10.0**%(6)))=(10.0**X (9} ) =(10.0**X(10})~(
3.0%(10.0**X(11) ))

Ni.2+

CC(2) = (10.0**X(2)+(DPPT(INODE)* { (SCAL (INODE, 1, ITM}/
SCAL(INODE,1,ITK)}~-1.0}})+(10.0**X(6))+(10.0**
X(T))+{10.0**X(B))+(10.0**X(9))+(2.0*{10.0**
X(10)) )+ (10.0**X (11}))

Ra.+

CC(3) = 10.0**¥%(3)

cl.-

CC{4) = (L0.0**X(4))+(2.0*(10.0**%(7)))+(10.0**¥X(8))

calculate logarithm of current reduced Ni(OH)2 solid concentration (
supplied teo subroutine NS11lAD and returned unchanged) [log{kmcl.m-3)]
X(12) = LOGLlO(10.0**X(12)~ (DPPT(INODE)* ({(

SCAL (INODE, 1, ITM) /SCAL (INODE, 1,ITK))~1.0)))

estimate logarithm of equilibrium species concentrations as logarithm

of current augmented species concentrations (supplied as initial

estimate to subroutine NS11AD) [log(kmol.m-3)]

Ni.2+

IF ((10.0**X(2)+ (DPPT (INODE)* ( (SCAL(INODE, 1, ITM)/
SCAL(INODE,1,ITK))-1.0))).67.0.0) X(2) = LOGl0(10.0
*%¥(2)+ (DPPT(INCDE) * { (SCAL (INODE, 1, ITM) /
SCAL{INODE, 1, ITK))}~1.0)))

OH.~-

IF ((10.0**X(5)+(2.0*DPPT{INODE) * ( {SCAL (INODE, 1, ITM) /
SCAL{INODE, 1,ITK)}~1.0))).GT.0.0} X(5) = LOGLO(10.0
**¥{(5)+{2.0*DPPT (INODE) * ( (SCAL(INODE, 1, ITM)/

SCAL(INODE, 1, ITK)}-1.0)))

specify input parameters required by subroutine NS11AD

number of equations; number of unknowns (species concentrations)
N =12

X-step used to calculate estimates of Jacobian (partial derivatives)
matrix numerically

STEP = 1.0E-12

generous estimate of 'distance' between initial approximation and
required solution

STEMAY = 5.0

maximum number of calls of subroutine CALFUN

MAXFUN = 500000000

no printing

IPRINT = O

required accuracy (maximum sum of square errors)

ACC = 1.0BE-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 resclve eguilibrium state of system
CALL NS11AD(N,X,F,A,STEP, STPMAX, ACC, MAXFUN, IPRINT, WO, IW
)

calculate species activities
DO 140 1 = 1,11

ACTIV (I, INODE) = 10,0**LAS(I)
CONTINUE

calculate supersaturation

SCAL({INCDE, 1, ISUPER) = {(ACTIV(2,INODE)}*({
ACTIV(5,INODE) ) **2,0)) /KSP

calculate pH

SCAL(INODE, 1, IPH) = ~LAS(1)

calculate ionic strength [kmol.m-3]

SCAL(INCDE, 1, ISTION) = STION
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c calculate Wi.2+ activity
SCAL{INCDE, 1, IANI) = ACTIV(2, INODE)
c calculate total dissolved nickel concentration [kmol.m-3]
SCAL (INODE, 1, ITDNC) = (10,0%*X(2))+(10.0%*X(6))+(10.0**
& KUT))+(10.0%*X(8) )+ (10.0**X(9) )+
& . 2.0%(10.0%*X(10)))+{10,.0**X(11))
Cc
END IF
Cc
END IF
[
c if kinetic description of nucleation employed
IF (GENSET1.EQ.Z2) THEN
Cc
o} calculate adjusted total component concentrations (excluding solid
o} species; used in subroutine CALFUN to close mass balance) [kmol.m~3]
c H.+
CC(l) = (1L0.0**X (1))~ (10.0**X(5)~(2.0*DPPT(INODE)))~-(2.0
& *{10.0**X({6)) )~ (10.0%*X (9} )= (10.0**X(10))-(3.0%(
& 10.0%*X(11)))
Cc Ni.2+
CC(2) = (10.0**X{2)-~DPPT (INODE))+(10.0**X(6) )+ (10.0**X(7)
& YH{10.0%*X(8) )+ (10, 0%*X(9) ) +(2.0*(10.0**X (10} ))+(
& 10.0%*X(11))
c Na.+
CC{3y = 10.0**¥(3)
Cc cl.~
CC(4) = (10.0%*X(4))+(2.0*(10.0%*X(7)))+{10.0**x%(8))
Cc
C calculate logarithm of current augmented Ni (OH)2 solid concentration
c {supplied to subroutine NS11AD and returned unchanged) [log(kmol.m~3)}
X(12) = LOGL0(10.0**X (12)+DPPT (INODE))
C
c estimate logarithm of equilibrium species concentrations as logarithm of
C current reduced species concentrations (supplied as initial estimate to
o] subroutine NS11AD) [log (kmol.m=-3)]
o] Ni.2+
IF ((10.0**X(2)~DPPT(INODE)).GT.0.0) X(2) = LOG1l0(10.0*%*
& X (2)~-DPPT (INODE}}
[ OH.~
IF ((10.0%**X(5)~(2.0*DPPT (INODE})).GT.0.0} X(5) = LOGlO{
& 10.0%*¥ (5}~ (2.0*DPPT (INODE)))
c
C * if no nickel present in solution
IF (CC(2).EQ.0.0) THEN
c specify logarithm of 'zero' species concentrations (supplied to
c subroutine NS1lAD and returned unchanged) [log(kmol.m-3)]
o} Ni.2+
X(2) = ~1000.0
C Hi({OH)Z aqueous
X{6) = -1000.0
C NiCl2z aqueous
X(7) = -1000.0
c NicCl.+
X(8) = -1000.0
Cc WiCH. +
X(9) = -1000.0
C Ni20H. 3+
X(10) = -1000.0 -
Cc Ni{OH)3.~
X{11) = -1000.0
C write output to file fort.99%
WRITE(99,*) 'INFO: NO NICKEL REMAINING IN SOLUTION'
WRITE (99,*) 'CELL’, INODE
END IF
C
C specify input parameters required by subroutine NS11AD
c number of equations; number of unknowns (species concentrations)
N = 12
C X-step used to calculate estimates of Jacobian (partial derivatives)
C matrix numerically
STEP = 1.0E-12
C generous estimate of 'distance' between initial approximation and
c required solution
STPMAYX = 5.0
c maximum number of calls of subroutine CALFUN

MAXFUN = 500000000
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ne printing

IPRINT = 0

required accuracy {maximum sum of square errors)
ACC = 1.0E-20

exclude solid species from eqguilibrium calculation
SPECSET1 = 1

if nickel present in solution

IF {CC{2}).GT.0.0) THEHR
include nickel species in equilibrium calculation
SPECSETZ = 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 activities
DO 150 I = 1,11
ACTIV(I,INODE) = 10.0**LAS(I)

CONTINUE

calculate supersaturation

SCAL(INODE,1,ISUPER) = ((ACTIV{Z,INODE))* ((ACTIV(5, INCDE)
J**2.0) ) /KSP

calculate pH

SCAL{INODE,1,IPH) = -LAS(1)

calculate ionic strength [kmol.m-3]}

SCAL (INODE, 1, ISTION) = STION

calculate Ni.2+ activity

SCAL (INODE, 1,IANI)} = ACTIV (2, INODE)

calculate total dissolved nickel concentration [kmol.m=-3]}

SCAL (INODE, 1, ITDNC) = (10.0**X({2))+{10,0**X(6))+(10,0**
K{Ty)y+(10.0**X(8) )+ {10, 0**X(8))+{
2.0%{10.0%*X (10 )1+ (10.0%*X(11})

END IF

if solution not supersaturated
ELSE

specify zero nucleation rate [m~3.s-1]

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,1,ITK} = 1.0E+100

END IF

if aggregation-related calculations performed after effects of nucleation
established
IF (GENMSETZ.EQ.1) THEN

calculate particle number concentration in lst size interval using simple
reverse Euler numerical integration technique [m~3]
PR({1,INODE} = PN(1,INODE}+(BIRTH{INODE)*DT)

calculate size-independent portion of aggregation kernel (units dependent
upon aggregation kernel)
AR(INODE} = 8.33E-78*EXP{(14.0+*3CAL(INODE,1,IPH))+{1050.0"*

SCAL (INODE, 1, ISTION) ))

END IF

within each size interval
DO 160 I = 1,RNOPSI

initialise 1st term in modified aggregation rate equation of DPB of
Hounslow et al. [m~3.s-1}
TERM1 = 0.0

if appropriate for size interval
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IF (I.GT.2) THEN

evaluate summation in lst term in modified aggregation rate equation of
DPB of Hounslow et al. [s-1]
SuMl = 0.0

Q00

Do 170 J = 1,I~2
EXPl = J~I+1
size~independent kernel [m3.s-1]
AR1 = AR(INODE}
Brownian kernel [m3.s-~1]
AR1 = AR (INODE)* ( (PAVE1l (I-1)+PAVEL (J))* ({PAVEL (I-1)** (-
& 1.0y )+ (PAVEL(J)**(~1.0}1))
gravitational kernel [m3.s-1]
AR1 = AR(INODE)*(((PAVE1l(I-1)+PAVE1l(J))**2.0)* (ABS({
& PAVEL(I-1)~PAVEL(J) ) )}
shear kernel [m3.s-1]
ARl = AR(INODE)* ( (PAVEL (I-1)+PAVEL (J))**3.0)
particle inertia kernel [m3.s-1]
AR1 = AR({INCDE)* ({(PAVEl(I-1)+PAVE1(J))**2.0)*(ABS((
& PAVEL (I-1}**2,0)~ (PAVEL(J)**2.0))))
Thompson kernel [m3.s-1]
ARl = AR(INODE)*((((PAVEL(I-1)**3.0)~(PAVEL(J)**3.0)})**
& . 2,0/ ((PAVEL (I-1)**3.0)+(PAVEL(J)**3.0)))
linear sum kernel [m3.s-1]
AR1 = AR(INODE)* (PAVELl (I-1)+PAVEL(J)}
quadratic sum kernel [m3.s-1]
AR1 = AR(INODE}* ((PAVEL(I-1}**2,0)+ (PAVEL1(J)**2.0))
cubic sum kernel [m3.s-1]
ARl = AR(INODE)* ((PAVE1l (I~1)**3,0)+ (PAVEL(J)**3.0))
SUML = SUMI+({2.0**EXPl)*ARI*PN(J, INCDE)}}
17¢ CONTINUE

2

OO aO0000000000000

calculate 1lst term in modified aggregation rate equation of DPB of
Hounslow et al. [m~3.3-1]
TERM1 = PN{I-1,INODE)*SUM1

[eRe o]

END IF

initialise 2nd term in modified aggregation rate equation of DPB of
Hounslow et al. [m-3.8-1]
TERM2 = 0.0

Qa0

[eNe!

if appropriate for size interval
IF (I.GT.1) THEHN

[eNe!

size-independent kernel [m3.s~-1]

AR2 = AR (INODE)

Brownian kernel [m3.s-1]

AR2 = AR(INODE)*((2.0*PAVEL(I-1))*(2.0%(PAVEL(I-1)**(~1.0
& N

gravitational kernel [m3.s-1]

AR2 = 0.0

shear kernel [m3.s-1]

AR2 = AR(TINCDE)* {{2.0*PAVEL(I-1})**3.0)

particle inertia kernel [m3.s-1]

ARZ = 0.0

Thompson kernel [m3.s-1]

AR2 = 0.0

linear sum kernel [m3.s-1]

AR2 = BR(INCDE)*(2.0*PAVEL1 (I-1)}

gquadratic sum kernel [m3.s-1]

AR2 = AR(INODE)*(2.0* (PAVEL(I~-1)**2.0))

cubic sum kernel [m3.s-1]

AR2 = BAR(INODE)*{(2.0*(PAVEL(I~1)**3.0))

calculate 2nd term in modified aggregation rate equation of DPB of
Hounslow et al. [m-3.s~1]
TERM2 = 0.5*AR2* (PN{I~1, INODE)**2,0)

QOOQOQOOO0O0O0000000000600

(g

END IF

initialise 3rd term in modified aggregation rate equation of DPB of
Hounslow et al. [m-3.s-1]
TERM3 = 0.0

[N e Ne]

C if appropriate for size interval
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IF (I.GT.1.AND.I.LT.NOPSI} THEN

C
c evaluate summation in 3rd term in modified aggregation rate equation of
C DPB of Hounslow et al. [s-1]
SUM3 = 0.0
C
DO 180 J = 1,I-1
EXP2 = J~I1
C size~independent kernel [m3.s~1]
AR3 = AR (INODE)
[ Brownian kernel [m3.s-1]
C AR3 = AR(INODE)* { (PAVEL(I}+PAVEL(J))* ({PAVEL(I)**(~1.0)
o & }+{PAVEL(J)**(~1.0)}))
C gravitational kernel [m3.s-1]
C AR3 = AR(INODE}* ({{PAVEL(I)}+PAVEL(J}}**2.0)* (ABS/{
I & PAVEL (I)~PAVEL(J))))
C shear kernel [m3.s~1]
[ AR3 = AR(INODE) * ((PAVEL (I})+PAVEL{J})**3.0)
C particle inertia kernel [m3.s-1]
C AR3 = AR(INODE)* ( ( (PAVEL(I)+PAVEL(J))**2.0) *(ABS((
C & PAVEL(I)**2,0)~(PAVEL(J}**2.0))))
C Thompson kernel [m3.s-1]
C AR3 = AR(INODE)* (({(PAVEL{I)**3.0)~ (PAVEL(J}**3.0}))**
o & 2.0)/((PAVEL(I)**3.0)+(PAVEL(J)**3.0}})
o linear sum kernel [m3.s-1]
C AR3 = AR(INODE)* (PAVEL(I)+PAVEL(J))
C guadratic sum kernel [m3.s~1]
C AR3 = AR (INODE)* ((PAVEL(I)**2.0)+ {PAVEL{J)**2.0})
C cubic sum kernel [m3.s-1]
C AR3 = AR{INODE)* ((PAVEL(I)**3.0)+(PAVEL(J)**3.0})
SUM3 = SUM34({(2.0**EXF2) *AR3I*PN (J, INCDE})
180 CONTINUE
C
C calculate 3rd term in modified aggregation rate equation of DPBR of
C Hounslow et al. [m-3.s~1]
TERM3 = PN (I, INODE)*SUM3
C
END IF
C
C initialise 4th term in modified aggregation rate equation of DPB of
C Hounslow et al. [m-3.s3-1]
TERM4 = 0.0
C
C if appropriate for size interval
IF (I.LT.NOPSI) THEN
C
C evaluate summation in 4th term in modified aggregation rate equation of
C DFB of Hounslow et al. [s-1]
sSUM4 = 0.0
C
DO 180 J = I,NOPSI~1
C size-independent kernel [m3.s~1]
AR4 = AR {INODE)
C Brownian kernel [m3.s-1)
C AR4 = AR({INODE)* ( (PAVEL (I)+PAVEL (J))* ((PAVEL(I)**(-1.0)
C & Y+ (PAVEL {(J) ** (~1,0))))
C gravitational kernel [m3.s-~1]
C AR4 = AR(IRODE)* ({(PAVEL(L)+PAVEL(J})**2.0)* (ABS(
c & . PAVEL (I)~PAVEL(J))))
C shear kernel [m3.s~1]
C AR4 = AR{INODE)* ({PAVEL{(I}+PAVEL(J))**3.0}
C particle inertia kernel [m3.s~-1]
C AR4 = AR{INODE)* ({ (PAVEL(I)+PAVEL(J))**2.0)* (ABS ((
[ & PAVEL(I)})**2.0)~{PAVEL(J}**2.0}} )}
C Thompson kernel [m3.s-1}
C AR4 = AR(INODE)* ({ ((PAVEL(I}**3.0) - (PAVEL(J)**3.0))**
C & 2.0)/((PAVEL(I)**3.0)+(PAVEL(J)**3.0)))
C linear sum kernel [m3.s~1]
[ AR4 = AR(INODE)* (PAVELl (I)+PAVEL(J})
C guadratic sum kernel [m3.s-1]
C AR4 = AR(INODE)* ({PAVEL(I)**2.0)+(PAVEL(J)**2.0))
C cubic sum kernel [m3.s-1]
C AR4 = AR(INODE}* ((PAVEL(I}**3.0)+({PFAVEL(J)**3.0})
SUM4 = SUM4+ (AR4*PN(J, INODE))
190 CONTINUE
[
C calculate 4th term in modified aggregation rate equation of DFB of



138 Selected annotated CFX® input files

c Hounslow et al. [m~3.s~1]
TERM4 = PN(I,INODE)*sSUM4
Cc
END IF
C .
c calculate aggregation rate [m~3.s~1}
AGGREG (I, INODE} = TERM1+TERMZ-TERM3-TERM4
Cc
160 CONTINUE
c
o calculate particle number concentrations using simple reverse Euler
c numerical integration technique [m-~3]
DO 200 I = 1,NOPSI
PN (I,INODE) = PN(T, INODE)+ (AGGREG(I,INODE)*DT)
200 CONTINUE
Cc
[o} if aggregation~related calculations performed before effects of nucleation
(o} established
IF (GENSETZ.EQ.2) THEN
Cc
o} calculate particle number concentration in 1st size interval using simple
c reverse Euler numerical integration technique [m-3]
PN (1, INODE) = PH({1,INODE)+ (BIRTH(INODE)*DT)
Cc
END IF
Cc
C correct generation of negative particle numbexr concentration(s) (assuming
o} cause to be aggregation of pairs of like particles to produce particles in
C immediately larger size class)
DO 210 I = 1,HOPSI~1
o} !
IF (PN(I,INOCDE).LT.0.0) THEN ;
PHN{I+1,INODE) = PN(I+1,INODE)+(0.5*PN(I,IRODE)} ! [m-3]
PH(I,INODE} = 0.0 ! [m~3] |
c write output to file fort.9%
WRITE(99,*) 'INFO: NEGATIVE NUMBER CONCENTRATION RIGHTED® %
WRITE(99,*) 'SIZE CLASS',I :
WRITE(99,*) 'CELL’,INCDE i
END IF :
[ :
210 CONTINUE !
c i
o} if negative particle number concentration persists in final size interval
(o} (a result of precision~related difficulties with aggregation calculations)
IF (PN(NOPSI,INODE).LT.0.0) THEN ’
c
o] specify zero particle number concentration in final size interval [m-3]
PN (NOPSI, INODE) = 0.0
c
[o] calculate 3rd moment [micron3.m-3]
SCAL (INODE,1,IM3) = 0.0
Cc
DO 220 I = 1,NOPSI
SCAL (INODE,1,IM3) = SCAL(INODE,1,IM3)+((PAVE3(I)**3.0)*
& PN (I, INODE))
220 CONTINUE
c
c if aggregation-related calculations performed after effects of nucleation
o} established )
IF (GENSETZ.EQ.1) THEN
Cc
o} assign excess solid to appropriate maximum size class
IF (KSTEP+1.LT.HOPSI) THEN
PN{KSTEP+1, INODE) = PN(KSTEP+1,INODE}+ ({ ({MOM3I (INODE)+ (
& (6.0*DPPT (INCODE) } / (PI*RHO*1.0E~18})
& }=SCAL (INODE, 1,IM3) )/ (
& PAVE3 (KSTEP+1)**3.0)) ! [m-3]
ELSE
PN (NOPSI,INODE) = PN{NOPSI,INODE)+{{{MOM3I (INODE)+((6.0
& *DPPT (INODE) ) / (PI*RHO*1.0E~18}) )~
& SCAL (INODE, 1,IM3)) /{PAVE3 (NOPSI} **3.0
& ¥y ! [m=3]
END IF
C
o} if aggregation-related calculatiocons performed before effects ¢f nucleation
C established

ELSE IF (GENSET2.EQ.2) THEN
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assign excess solid to appropriate maximum size class
IF (KSTEP.LT.NOPSI) THEN
PW {KSTEP, INODE) = PHN(KSTEP, INODE}+ { ( (MOM3I (INODE)+ {{6.0
*DPPT (INODE) } / (PI*RHO*1,0E~18)) )~
SCAL(INODE, 1, IM3)) /{(PAVE3(KSTEP) **3.0
3yt {m=3]
ELSE
PN (NOPSI, INODE) = PN(HOPSI, INCDE)+{({MOM3I(INCDE)+({6.0
*DPPT (INODE) ) / (PI*RHO*1,0E~18)))~
SCAL (INODE, 1, IM3)) / (PAVE3 (NOPSI)**3,(
)yt [m-3]
END IF

END IF
END IF

calculate 3rd moment [micron3.m-3]
SCAL(INODE,1,IM3) = 0.0

DO 230 I = 1,NOPSI
SCAL (INODE, 1, IM3) = SCAL(INODE,l,IM3)+((PAVE3(I)**3.0)*
PN(I, INODE))
CONTINUE

if particle number concentrations incorrectly reflect absence of precipitate

{a result of precision-related difficulties with aggregation calculations)

IF {SCAL{INODE,1l,IM3).EQ.0.0.AND. (MOM3I (INODE)+({6.0*
DPPT{INODE) )/ (PI*RHO*1.0E-18))).GT.0.0) THEN

if aggregation-related calculations performed after effects of nucleation
established
Ir (GENSETZ.EQ.1) THEN

specify arbitrary positive particle number concentration in appropriate

maximum size class

IF (KSTEP+1.LT.NOPSI) THEN
= 1

PN (KSTEP+1, INODE) .0 ! [m-3]
ELSE !

PN (NOPSI,INODE) = 1.0 t [m-3]
END IF

if aggregation-related calculations performed before effects of nucleation
established
ELSE IF (GENSETZ2.EQ.Z) THEN

specify arbitrary positive particle number concentration in appropriate
maximum size class
IF {KSTEP.LT.NOPSI) THER

= 1,0

PN {(KSTEP, INODE) . t [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 = 1,NOPSI
SCAL{INCDE, 1, IM3) = SCAL({INCDE,1l,IM3)+((PAVE3(I)**3.0)*
PN (I, INODE})
CONTINUE

END IF

ensure calculated particle number concentrations reflect correct change in
precipitate yield
IF (SCAL(INODE,1l,IM3).GT.0.0) THEN

DO 250 I = 1,NOPSI
PN(I,INODE) = PN{I,INCDE)*({(MOM3I(INODE)+((6.0*
DPPT (INODE) ) / (PI*RHO*1.0E~18)))/
SCAL(INODE, 1,IM3)) ! [m-3]
CONTINUE
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END IF
Cc
c if dilution effect isolated, then distributed and teamed with time-dependent
c feed source term
IF {GENSET3.EQ.3) THEN
c
c within feed cell(s)
IF (FEED(INODE).EQ.2) THEN
c
C 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)
260 CONTINUE
C
o estimate logarithm of equilibrium species concentrations as logarithm of
c current redistributed species concentrations (supplied as initial
C estimate to subroutine NS11aD) {log(kmol.m-3}]
DO 270 I = 1,11
c
IF {(10.0**¥(I).EQ.0.0) THEHN
X{I) = ~-1000.0
ELSE
X{I) = LOG10{{(10.0**X{I))*{{VOL(INODE)/GEOMVOL)* (
& TOTALVOL~FEEDVOL*DT) + (VOL (INODE) /FEEDPVOL) * (
& FEEDVOL*DT) ) / { (VOL (INODE} /GEOMVOL) *TOTALVOL) )
END IF
Cc
270 CONTINUE
Cc
c within each remaining cell in flow domain
ELSE
c
C 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)
280 CONTINUE
c
C estimate logarithm of equilibrium species concentrations as logarithm of
o current redistributed species concentrations (supplied as initial
o estimate to subroutine NS11AD) [log(kmol.m-3)]
DO 290 I = 1,11
c
IF (10.0**X(I).EQ.0.0) THEN
X{I) = ~1000.0
ELSE
X{I) = LOGLO{{10.0**X{I))*{(VOL(INODE)/GEOMVOL) *{
& TOTALVOL~FEEDVOL*DT) ) / { (VOL (INODE) /GEOMVOL) *
& TOTALVOLY )
END IF
Cc
2580 CONTINUE
Cc
END I®
c
C calculate 3rd moment [micron3.m-3]
SCAL(INCDE,1,IM3) = 0.0
Cc
DO 300 I = 1,NOPSI
SCAL(INODE, 1, IM3) = SCAL{INODE,1,IM3)+ {(PAVE3(I)**3.0)*
& PN{I, INODE}}
300 CONTINUE
C
C calculate precipitate yield [kmol.m-3]
SCAL (INODE, 1,IPPT) = (PI*SCAL{INODE,1l,IM3)/6.0)*RHO*1.0E~18
c
C calculate total component concentrations (excluding solid species; used in
C subroutine CALFUN to close mass balance) [kmol.m=-3]
c H.+
CC(L) = (LO.0**X(1))-(10.0%*X(5))~(2.0*{10.0**X(6)))~{10.0
& FER(9) )~ (10.0**X(10))~-(3.0%{10.0%*X (11))}
c Ni.2+

cc(2)

[

(10.0%*X(2))+(10.0**X(6) )+ (10.0%*X(7) )+ (10.0**X(8))
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F{10.0**X(9) )+ (2.0 (10.0**X(10)) )+ (10.0**X(11})

Na.+

CC(3) = 10.0**X(3)

Cl.-

CC(4) = (10.0**X{4))+(2.0*({10.0**X(7)))+{10.0**X(8))

calculate logarithm of current Ni{OH)2 solid concentration {(supplied to
subroutine NS11AD and returned unchanged) [log(kmol.m-3)]
IF (SCAL(INODE,1,IPPT).GT.0.0) THEN
X(12) = LOG10 (SCAL (INODE, 1, IPPT))
ELSE
X{12) = =1000.0
END IF

specify input parameters required by subroutine NS11AD

number of equations; number of unknowns (species concentrations)

N = 12

X-step used to calculate estimates of Jacobian (partial derivatives)
matrix numerically

STEP = 1.0E~12 ‘

generocus estimate of 'distance' between initial approximation and required
solution

STPMARY = 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

exclude solid species from equilibrium calculation
SPECSETL = 1

if nickel present in solution

IF (CC(2).GT.0.0) THEW
include nickel species in equilibrium calculation
SPECSETZ = 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 activities
DO 310 T = 1,11

ACTIV(I,INODE) = 10.0**LAS(I)
CONTINUE

calculation supersaturation

SCAL(INODE,1,ISUPER) = ((ACTIV(2,INODE))* ({ACTIV(S5,INODE)}
*%2.0) ) /KSP

calculate pH

SCAL (INODE,1,IPH) = -LAS(1}

calculate ionic strength [kmol.m-3]

SCAL(INODE, 1,ISTION) = STION

calculate Wi.2+ activity

SCAL (INODE,1,IANI) = ACTIV(Z, INODE)

calculate total dissolved nickel concentration [kmol.m-3]

SCAL{INODE, 1, ITDNC) = (10.0**X{2))+(10.0**X(6))+(10.0**X(7)
JH(L0.0**X(8) )+ (10.0**X(3))+(2.0%(
10.0%*X (10 1+ {30.0%*X (11}

END IF
END IF

calculate 0th [m~3], 1st [micron.m-3], 2nd [micronZ2.m-3] and 3rd [micron3.m-3]
moments

SCAL (INODE, 1, IMO)
SCAL{INODE, 1, IML)
SCAL (INODE, 1, IMZ2) =
SCAL {INODE, 1, IM3)

]

(== e )
O OO

DO 320 I = 1,NOPSI
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SCAL{INODE, 1, IM0O) = SCAL{INODE, 1, IMO)+EN(I, INODE)
SCAL (INODE, 1,IM1) = SCAL(INODE,1,IM1)+(PAVELl(I)*PN(I,INODE))
SCAL{INODE,1,IM2) = SCAL{INODE,1l,IM2}+{(PAVE2(I)**2.0}*
PN (I, INCDE))
SCAL{INODE,1,IM3) = SCAL{INODE,1,IM3)+((PAVE3(I)**3.0}*
PN (I, INODE))
CONTINUE

calculate solids volume fraction

SCAL (INODE, 1, ISVF) = (PI*SCAL(INODE,1,IM3)/6.0)*1.0E~18
calculate precipitate yield [kmol.m-3]

SCAL(INODE,1,IPPT) = (PI*SCAL{INODE,1,IM3)/6.0)*RHO*1.0E-18

I¥ (SCAL{INODE,1,IM0).GT.0.0) THEN
calculate average particle diameter [micron]
SCAL{INODE, 1, IPA) = (SCAL(INODE,1,IM3)/SCAL(INODE,1,IMQ))**

(1.0/3.0)

calculate coefficient of variation
SCAL {INODE, 1,ICV) = ((SCAL(INODE,1,IM0)*SCAL{INODE,1,IM2}/(

EHND IF

write output from specified cell in 'bulk' zone to file fort.9%7 at specified

SCAL (INODE, 1,IM1)**2.0)}~-1.0)%*(1.0/2.0)

time intervals (every 10 s)
IF {ANINT(100.0*TIME)/1000.0.EQ.ANINT(TIME/10.0) . .AND.INODE.EQ.

2222) THEN
WRITE(97,*) 'TIME', TIME
WRITE(97,%*) °*SIZE CLASS', 'PARTICLE NUMBER CONCENTRATION'
DO 330 I = 1,NOPSI
WRITE (97, *) I,PN(I,INODE)
CONTINRUE
WRITE (97,*) *'OTH MOMENT', SCAL (INODE, 1, IMO)
WRITE(97,*) '1ST MOMENT', SCAL{INODE,1,IM1)
WRITE (97,*) '2ND MOMENT', SCAL (INODE, 1, IM2)
WRITE(97,*) '"3RD MOMENT',SCAL{INODE,1, IM3)
WRITE(S7,*) 'SOLIDS VOLUME FRACTION',SCAL({INODE,l,ISVF)

WRITE (87, *)

'PRECIPITATE YIELD',SCAL(INODE, 1, IPPT)

IF (SCAL(INODE,1,IMO0).GT.0.0) THENW

WRITE(S7,*) 'AVERAGE PARTICLE DIAMETER', SCAL(INCDE, 1, IPA)
WRITE(97,*) 'CORFFICIENT OF VARIATION',SCAL(INODE,1, ICV)

END IF

WRITE (97,*) 'SUPERSATURATION',SCAL(INODE,1,1SUPER)

WRITE (97,*) 'PH',SCAL(INODE,1,IPH)

WRITE (97,*) 'IONIC STRENGTH',SCAL(INODE,l,ISTION)

WRITE (87,*) 'NI.2+ ACTIVITY',SCAL(INODE, 1, IANI)

WRITE(97,*) 'TOTAL DISSOLVED NICKEL CONCENTRATION',

SCAL (INODE, 1, ITDNC)

WRITE(97,*) 'GRID CELL VOLUME', VOL (INODE)
WRITE (97,*) '"REAL™ TOTAL VOLUME'®, TOTALVOL
END IF

update user scalars

{log{(kmol.m~3)]

H.+

SCAL(INODE,1,IS81) = X(1)

Ni.2+

SCAL (INODE,1,IS2) = X(2)

Na.+

SCAL(INODE, 1,I53) = X(3)

Cl.=-

SCAL (INODE, 1, I54) = X(4)

CH.~

SCAL (INODE, 1,185) = X(5)
Ni{OH)2 aqueocus
SCAL (INODE, 1,1I86) = X(6)

NiCl2 aqueous

SCAL (INODE, 1,IS7) = X{(7)

NiCl.+

SCAL(INODE,1,158) = X(8)

NiOH.+

SCAL (INODE, 1, I88) = X(9)

used to store speciation estimate for following time step
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Ni2OH. 3+
SCAL{INCDE,1,1I810) = X(10)
Ni{CH)3.—
SCAL (INODE, 1,I511) = X(11)

update user scalars representing dissoclved species concentrations [kmol.m-3]

H.+

SCAL{INCDE,1,TH) = 10.0%*X(1)
Wi.2+

SCAL{INODE, 1, INI) = 10.0%*X(2)
Na.+

SCAL{INODE,1,INA) = 10.0**¥X(3)
cl.-

SCAL (INODE, 1,ICL) = 10.0**X(4)
OH.~-

SCAL (INODE, 1, IOH)
Hi(OH} 2 agueous
SCAL{INCDE,1,INIOH2) = 10.0**¥ (6}
NiCl2 aqueous

SCAL (INODE, 1, INICL2) = 10.0**X(7)
Nicl.+

SCAL(INODE, 1,INICL) = 10.0**¥(8)
NiOH.+

SCAL{INODE,1,INICH) = 10.0**¥(9)
Ni2CH, 3+

SCAL (INODE, 1, INI20H) = 10.0**X(10)
Ni{(OH}3.-

SCAL (INODE, 1, INIOH3) = 10.0**X (11}

10.0**X(5)

Selacted annotated CFX® input files

update user scalars representing particle number concentrations [m-3]

lst size interval
SCAL(INODE,1,I1) = PN(1, INODE)
2nd size interval

SCAL(INODE, 1,12) = PN(2,INCDE)
3rd size interval
SCAL{INODE,1,I3) = PN(3,INCDE)
4th size interval

SCAL(INODE, 1,I4) = PN(4,INCDE)
5th size interval

SCAL{INCDE, 1,1I5) = PN(5,INCDE)
6th size interval

SCAL (INODE, 1,16} = PN(6, INCODE)
7th size interval

SCAL (INODE,1,I7) = PN ({7, INODE)
8th size interval

SCAL (INODE,1,I8) = PN (8, INODE)
9th size interval

SCAL(INODE, 1,19 = PN(9, INODE)}
10th size interval
SCAL(INODE,1,I10) = PN{10, INODE)
1ith size interval

SCAL{INODE, 1,I11) = PN(11l,INODE)
12th size interval

SCAL {INODE, 1,112} = PN{12, INCDE)
13th size interval
SCAL(INODE,1,Il13) = PN(13, INODE)

stop if negative species concentration(s) inputted to CFX-4.3 Solver
IF (SCAL(INODE,l1,IH).LT.0.0.0R.SCAL{INODE,1,INI}.LT.0.0.0R.
SCAL{INODE, 1, INA).LT.0.0.0R.SCAL(INODE,1,ICL).LT.0.0.0R.
SCAL (INODE, 1, I0H) .LT.0.0.0R, SCAL (INODE, 1, INIOH2) .LT.0.0.0R.
SCAL (INODE, 1, INICL2) .LT.0.0.0R.SCAL (INODE, 1, INICL) .LT.0.0.0R
. SCAL({INCDE, 1,INIOH}.LT.0.0.0R.5CAL(INODE, 1, INI20H).LT.0.0.
OR.SCAL{INODE, 1, INIOH3} .LT.0.0) THEN

write ocutput to file fort.99

WRITE(99,*) 'ERROR: NEGATIVE SPECIES CONCENTRATION(S) *//
'INPUTTED TO CFX~-4.3 SOLVER'

WRITE{99,*) 'CELL',INODE
stop with message output

STOP 'NEGATIVE SPECIES CONCENTRATION(S) INPUTTED TO CFX-4.3 S0
SLVER®

END IF

stop if negative particle number concentration(s)

IF (SCAL(INODE,1,I1).LT.0.0.0R.SCAL(INODE,1,I2).LT.0.0.0R.
SCAL(INODE,1,13).LT.0.0.0R.SCAL(INCDE,1,I4).LT.0.0.0R.
SCAL (INODE, 1, 15) .LT.0.0.0R. SCAL (INODE, 1,16} .LT.0.0.0R.

143

inputted to CFX-4.3 Solver
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SCAL (INODE,1,17).LT.0.0.0R.SCAL (INODE, 1,18).LT.C.0.0R.

&
& SCAL (INODE,1,19).LT.0.0.0R.SCAL(INCDE, 1,110).LT.0.0.0R.
& SCAL (INODE, 1,121} .LT.0.0.0R.SCAL(INODE,1,112).LT.0.0.0R.
& SCAL (INODE,1,I13).LT.0.0) THEN
(o} write output to file fort.99
WRITE (99, *) *ERROR: NEGATIVE PARTICLE NUMBER '//
& 'CONCENTRATION (S} INPUTTED TO CFX~-4.3 SOLVER®
WRITE (99, *) 'CELL’,INODE
c stop with message output

STOP 'NEGATIVE PARTICLE NUMBER CONCENTRATION(S) INPUTTED TO CF
&X~-4.3 SOLVER'

END IF
C
C calculate maximum pH
PHMAX = MAX (PHMAX, SCAL (INODE, 1,IPH})
c calculate minimum pH
PHMIN = MIN(PHMIN, SCAL (INCDE, 1,IPH)}
C
50 CONTINUE
Cc
C initialise overall Oth [m~3)], lst [micron.m~3], 2nd [micron2.m=-3] and 3rd
(o} [micron3.m-3] moments
OVERMOMO = 0.0
OVERMOM1 = 0.0
OVERMOMZ = 0.0
OVERMOM3 = 0.0
Cc
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,HOPSI
C
[of 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 cccupied by tank contents (i.e. all interior cells)
CALL IPALL('*®,'*', 'BLOCK', "CENTRES', IPT, NPT, CHORK, IWORK)
c
C within each cell in flow domain
Do 350 J = 1,NPT
c
INODE = IPT(J)
C
C if dilution effect distributed
IF (GENSET3.EQ.1.CR.GENSET3.EQ.3) THEN
[
C calculate overall particle number concentration [m=-3]
.OVERN (I} = OVERN(I)+ (PN(I,INODE)*VOL(INODE)/GEOMVOL)
C
[o! if ‘dilution effect isolated
ELSE IF (GENSET3.EQ.2) THEK
C
c within feed cell(s)
1F (FEED{INODE) .EQ.2) THEN
(o} calculate overall particle number concentration [m-3]
OVERN (I} = OVERN{I}+ (PN(I,INODE)* {{VOL{INODE}*INITVOL/
& GEOMVOL) + (VOL (INODE) / FEEDPVOL) * ( TOTALVOL~
& INITVOL}))/TOTALVOL)
C within each remaining cell in flow domain
ELSE
(o} calculate overall particle number concentration [m-3]
OVERN(I) = OVERN(I)+ (PN(I,INODE)* (VOL{INODE)*INITVOL/
& GEOMVOL) / TOTALVOL)
END IF .
C
END IF
C

350 CONTINUE

C
c calculate overall Oth [m-3], lst [micron.m-3], 2nd [micron2.m-3] and 3rd
(o} [micron3.m~3] moments

OVERMOM0 = OVERMOMO+OVERN (I)

OVERMOM1 = OVERMOM1+ (PAVEL(I)*OVERN({I})

OVERMOM2Z = OVERMOMZ+ ({PAVEZ (T)**2.0)*OVERN{I})

OVERMOM3 = OVERMOM3+ ( (PAVE3(I)**3.0)*OVERN(I))
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Cc
c write output to file fort.99
WRITE(99,*) I,0VERN(I)
Cc
340 CONTINUE
Cc
[ calculate overall solids volume fraction
OVERSVF = (PI*OVERMOM3/6.0)*1.0E-18
[ calculate overall precipitate yield [kmol.m-3]
OVERPPT = (PI*OVERMOM3/6.0)*RHO*1.0E-18
Cc
C write output to file fort.99
WRITE (99, *) 'OVERALL OTH MOMENT', OVERMOMO
WRITE(99,*) 'OVERALL 1ST MOMENT',OVERMOM1
WRITE{99,*) 'OVERALL ZND MOMENT'®, OVERMOM2
WRITE (99, *) 'OVERALL 3RD MOMENT',OVERMOM3
WRITE({99,*) ‘OVERALL SOLIDS VOLUME FRACTION®,OVERSVE
WRITE(99,*) 'OVERALL PRECIPITATE YIELD',OVERPPT
Cc
IF (OVERMOMO.GT.0.0) THEN
c calculate overall average particle diameter ([micron]
OVERFPAVE = (OVERMOM3/OVERMOMO)**(1.0/3.0)
C write output to file fort.99
WRITE(99,*) °‘OVERALL AVERAGE PARTICLE DIAMETER',OVERPAVE
c calculate overall coefficient of variation
OVERCV = ( {OVERMOMO*OVERMOMZ2/ (OVERMOM1**2.0))=1.0)**{1.0/2.0)
o write output to file fort.99%
WRITE(99,*) ‘OVERALL COEFFICIENT OF VARIATION®,OVERCV
END IF
c 4
C initialise overall total dissolved nickel concentration [kmol.m~-3]
OVERTDNC = 0.0
Cc
[o 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)
Cc
C within each cell in flow domain
po 360 I = 1,NPT
Cc
INODE = IPT(I)
Cc
C if dilution effect distributed
IF (GENSET3.EQ.1.OR.GENSET3.EQ.3) THEN
Cc
C calculate overall total dissolved nickel concentration [kmol.m—3]
OVERTDNC = OVERTDNC+ (SCAL (INODE, 1, ITDNC) *VOL (INODE) / GEOMVOL)
Cc
C if dilution effect isoclated
ELSE IF (GENSET3.E(Q.2) THEN
Cc
o] within feed cell (s)
I¥ (FEED(INOCDE).EQ.2) THEN
od calculate overall total dissolved nickel concentration [kmol.m-3]
OVERTDNC = OVERTDNC+ (SCAL (INCDE, 1, ITDNC) * { (VOL (INODE) *
& INITVOL/GEOMVOL) + (VOL (INODE) /FEEDPVOL) * {TOTALVOL
& ~INITVOL))/TOTALVOL)
c within each remaining cell in flow domain
ELSE
(o] calculate overall total dissolved nickel concentration [kmol.m-3]
OVERTDNC = OVERTDNC+ (SCAL (INODE, 1, ITDNC) * (VOL (INODE) *
& INITVOL/GEOMVOL) /TOTALVOL)
END IF
Cc
END IF
Cc
360 CONTINUE
Cc .
C write output to file fort.98%
WRITE(99,*) 'OVERALL TOTAL DISSOLVED NICKEL CONCENTRATION',
& QVERTDNC
WRITE (99, *) 'TANK GEOMETRY VOLUME®, GEOMVOL
WRITE (99, *) '"REAL" TOTAL VOLUME', TOTALVOL
WRITE (99,*) 'MAXIMUM PH',PHMAX
WRITE (99, *) "MINIMUM PH', PHMIN
Cc

C write output to file fort.98 at specified time intervals (every 10 s)
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IF‘(ANINT(lO0.0*TIME)/1000.0.EQ.ANINT(TIME/I0.0)) THEN

c
WRITE(98,*) 'TIME', TIME
WRITE (98, *) 'SIZE CLASS', 'OVERALL PARTICLE NUMBER '//
& t CONCENTRATION'
c

DG 370 I = 1,NOPSI
WRITE(98,*) I,OVERN(I}
370 CONTINUE

Cc
WRITE(98,*) 'OVERALL OTH MOMENT', OVERMOMO
WRITE(98,*) °‘OVERALL 18T MOMENT',OVERMOMl
WRITE(98,*) 'OVERALL 2ND MOMENT', OVERMOMZ
WRITE (98, *) 'OVERALL 3RD MOMENT',OVERMOM3
WRITE(98,*) 'OVERALL SOLIDS VOLUME FRACTION®,OVERSVF
WRITE(98,*) ‘OVERALL PRECIPITATE YIELD'®,OVERPPT
Cc
IF (OVERMOMO.GT.0.0) THENW
WRITE (98, *) °'OVERALL AVERAGE PARTICLE DIAMETER',COVERPAVE
WRITE (98, *) 'OVERALL COEFFICIENT OF VARIATION', OVERCV
END IF
C
WRITE(98,*) "OVERALL TOTAL DISSOLVED NICKEL CONCENTRATION',
& OVERTDNC
WRITE(98,*) °‘TANK GEOMETRY VOLUME'®, GEOMVOL
WRITE(98,*) '"REAL"™ TQTAL VOLUME', TOTALVOL
WRITE(98,*) °‘MAXIMUM PH', PHMAX
WRITE(98,*} "MINIMUM PH',PHMIN
C
END IF
C
C if simulation to stop if contents of stirred tank deemed to be uniformly
c distributed
IF (GENSET4.EQ.2) THEW
c
c if criteria for uniformity met
IF (KSTEP.GT.(.AND.PHMAY-PHMIN.LE.0.05) THEN
c write output to file fort.99
WRITE(99,*) 'INFO: SPATIAL UNIFORMITY ACHIEVED'
c stop with message output
STOP "SPATIAL UNIFORMITY ACHIEVED'®
END IF
c
END IF
c
c specify zero volumetric feed rate (corrected for use in subroutine USRSRC)
c [m3.s8-1]
IF (KSTEP.EQ.FEEDSTEP) FEEDVOL = 0.0
c

Ch+ttdttttttdt+++ END OF USER AREA 5 ++++tttttdtttdttdttbddttttttbtbiddd
c

RETURN
Cc
END
Cc
C***************'k******'k*****'k***'k****i‘**i-i'*i-i'****************i’******i*
Cc
C Subroutine CALFUN is called by subroutine NS11AD to compute the values of the
C functions for which zerces are to be found. These functions represent the
C equilibrium relationships and mass balances to be satisfied. The Davies equation,
C deemed suitable for the relatively low ionic strengths encountered, is used to
C calculate the activity coefficients which relate species concentrations and
C activities. Molarity, as opposed to the technically correct molality, is used as
C the measure of concentration. The employment of logarithms is essentially a scaling
C exercise, since the performance of subroutine NS11AD is improved if all function
C values are similar in magnitude. The same applies to the species concentration
C variables. Necessary parameters are inputted.
c
SUBROUTINE CALFUN(N,X,F)
C
DOUBLE PRECISION LKA, Z
DOUBLE PRECISION F,X
DOUBLE PRECISION CC,KSP
DOUBLE PRECISION LACS, LAS,STION
DOUBLE PRECISION CCO, LKAO
Cc

INTEGER I
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INTEGER H
INTEGER SPECSET1, SPECSET2

COMMON /UCSPEC1/KSP

COMMON /UCSPEC2/CC

COMMON /UCSPEC3/LAS, STION

COMMON /UCSPEC4/SPECSET1, SPECSET2

DIMENSION LKR(12),2(12)
DIMENSION F(12),X(12)
DIMENSION CC(4)

DIMENSION LACS(12),LAS(12)
DIMENSION CCO0(4),LKA0(12)

specify logarithm of equilibrium constant for species formation reactions
at temperature of interest (25 deg C); values specified for reactions as
presented (i.e. only species designated as components combine to form
additional species)

H20 = OH.~ + H.+

LEA(5) = -13.998

Hi.2+ + 2H20 = Ni(OH)Z agueous + Z2H.+

LKA(6) = -19.0

Ni.2+ + 2Cl.- = NiCl2 agueous

LKA(7) = 0.96

Ni.2+ + Cl.- = NiCl.+

LKA{8) = 0.399

Ni.2+ + H20 = NiOH.+ + H.+

LKA{S) = -9.86
2Ni.2+ + H20 = NiZOH.3+ + H.+
LKA(10) = -10.7

Ni.2+ + 3H20 = Ni(OH)3.- + 3H.+
LKA(1l) = -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) = LOGLO(KSP)

specify species charges
H.+

Z{(1) = 1.0

Ni.2+

z(2) = 2.0

Ha.+

Z{3) = 1.0

cl.-

Z{4) = ~1.0

OH.~
Z{5)
NiCl.
zZ(8)
NiCH.
2(9) 1.0
Ki20H. 3+
Z(10) = 3.0
Ni{OH)3.~
Z2{11) = -1.0

# + & + K
[
o

calculate ionic strength (charged species only} [kmol.m-3]
STION = 0.0

DO 10 I
STION
CONTINUE

1,5
STION+(0.5*(Z(I)**2.0)*(10.0**X (1))}

DO 20 I =8,11
STION = STION+(0.5*{Z(I)**2.0)*(10.0**¥X(1)}))
CONTINUE

calculate °‘charge’ of uncharged species (for substitution in the Davies
equation) as square root of absolute value of product of positive and negative
constituent ion charges

Ni(CH)Z aqueous

Z(6) = 2.0**0.5

NiCl2 aqueous

Z(7) = 2.0%%0.5
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C calculate logarithm of activity coefficient of dissolved species using the
c Davies equation

Do 30 1 = 1,11

LACS(I}) = =0.5092*(Z{I)**2.0)* ({{STION**(.5)/(1.0+(STION**0.5)})
& 1-{0.3*STION))
30 CONTINUE

c
o calculate logarithm of species activities

DO 40 1 = 1,11
LAS(I) = LACS(I)+X(I)
40 CONTINUE

c
c calculate appropriate relationship between current species activities
c H20 = OH.~- + H.+
LEAC (5) = LAS(S5)+LAS(1)
c
c if nickel species included in equilibrium calculation
IF (SPECSETZ.EQ.1) THEN
c Ni.2+ + 2H20 = Ni{OH)2 agqueous + 2H.+
LKAQ(6) = LAS(6)+(2.0*LAS(1))~LAS(2)
c Ni.2+ + 2Cl.- = NiCl2 aqueous
LEAO(7} = LAS(7)-LAS{(2)~(2.0*LAS(4})
c Hi.2+ + Cl.- = HiCl.+
LKAO(8) = LAS(8)-LAS(2)-LAS(4)
c Hi.2+ + H20 = NiOH.+ + H.+
LEKRAO {9} = LAS(9)+LAS{1)-LAS(2)
c 2Ni.2+ + H20 = Ni20H.3+ + H.+
LEARO (10} = LAS(10)+LAS{1)-(2.0"LAS(2})
c Ni.2+ + 3H20 = Ni(OH)3.~ + 3H.+
LEAC{11l) = LAS(11)+{3.0*LAS{1)}~-LAS(2)
c if nickel species excluded from equilibrium calculation
ELSE IF (SPECSETZ.EQ.2) THEN
LEAD (6} = LEA(6)
LKAO(7) = LKA(T)
LEKAD (8) = LKA(8)
LEAQ(2) = LKA(S)
LEAQ(10) = LKA(10)
LKAO (11) = LKA{1l)
END IF
Cc
o if solid species excluded from equilibrium calculation
IF (SPECSET1.EQ.1) THEM ’
LEAQ (12) = LKA(12)
o if solid species included in equilibrium calculation
ELSE IF (SPECSET1.EQ.2) THEN
c Ni (OH)2 solid = Ni.2+ + 20H.-
LEKAO(12) = LAS(Z)+{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) = {10.0*%*X (1))~ (10.0**X(5)}~(2.0%(10.0%*X(6)))~(10.0*%*
& X(9))-{10.0**xX(10))~{3.0*(10.0**X{11)})
c Ni.Z2+
CCO(2) = (10.0**X(2))+(10.0%*X(6) )+ (L0, 0**X (7)) +{10.0**X(8))+(
& 10.0%*X(9) )+ (2.0% (10, 0%*X (10} ) )+ {10.0**X(11))
c if solid species included in equilibrium calculation
ELSE IF (SPECSET1.EQ.2) THEN
c H.+
cCo{1l) = (10.0**X(1))~(10.0%*X(5))~(2.0%(10.0%*X(6)))~(10.0**
& X(%9))~{10,0%*X(10))~(3.0%{10.0**X(11)))}~(2.0%(10.0**
& X{12)))
c Hi.2+
CCO(2) = (10.0**X(2))+(10.0%*X(6) )+ (10.0**X(7))+(10.0**X(8))+(
& 10.0**X{9))+(2.0%(10.0**X(10)) )+ (L0.0**X (11))+(10.0**
& X(12)) .
END IF
c
c Na.+
ccO(3) = 10.0**X(3)
c Cl.-
CCO(4) = (1L0.0**X{(4))+(2.0%(10.0**X(7)))+(10.0**X(8))
c

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)=~CcC(I) ! [kmol.m-3]
50 CONTINUE
C
c satisfy equilibrium relationships

DO 60 I = 5,12
F(I) = LRAO(I)-LKRA(I)
60 CONTINUE

Cc

RETURN
Cc

END
c

C************'k**'k******'k******'ﬁ**'ﬁ************ﬁ******************i’***

c .
C Subroutines NS11AD and MBOl1CD and functions FDO5AD, IDOSAD and ZAOZAS were acquired
C together, upon application, from HSL Archive. Any changes to the original routines
C are indicated.

c

C***********************************ii*******************************

Subroutine NS11AD is repeatedly called by subroutine USRTRN to resolve the
equilibrium state of the system (i.e. to perform the necessary speciation

calculations). Computationally, this task amounts to solving a system of a number
of non~linear algebraic equations or functions (equilibrium and mass balance
relationships) in an equal number of unknowns (species concentrations). The

solution method uses the ideas of Newton-Raphson and Steepest Descent, coupled with
Broyden's method for improving Jacobian matrices. An initial estimate of the
solution (i.e. the set of equilibrium species concentrations) is supplied, as is a
reasonable step size to be used for approximating derivatives (Jacoblan matrix) by
finite differences. Subroutine CALFON is called to calculate each of the function
values for each updated set of species concentrations. In addition, subroutine
MBO1CD is invoked to evaluate the inverse of the Jacobian approximation. A solution
is accepted when a specified accuracy is achieved. The simulation is stopped if
this calculation fails.

COPYRIGHT (c) 1993 AEA Technology and
Council for the Central Laboratory of the Research Councils

None of the comments in this Copyright notice between the lines
of asterisks shall be removed or altered in any way.

This Package is intended for compilation without modification,
so most of the embedded comments have been removed.

ALL USE 18 SUBJECT TO LICENCE. For full details of an HSL ARCHIVE
Licence, see http://hsl.rl.ac.uk/archive/cou.html

Please note that for an HSL ARCHIVE Licence:

1. The Package must not be copied for use by any other person.

Supply of any part of the library by the Licensee to a third party
shall be subject to prior written agreement between AEA

Technology ple and the Licensee on suitableée terms and conditions,
which will include financial conditions.

2. All information on the Package is provided to the Licensee on the
understanding that the details thereof are confidential.

3. All publications issued by the Licensee that include results obtained
with the help of one or more of the Packages shall acknowledge the
‘use of the Packages. The Licensee will notify the Numerical Analysis
Group at Rutherford Appleton Laboratory of any such publication.

4. The Packages may be modified by or on behalf of the Licensee
for such use in research applications but at no time shall such
Packages or modifications thereof become the property of the
Licensee. The Licensee shall make available free of charge to the
copyright holder for any purpose all information relating to
any modification.

5. Neither CCLRC nor AEA Technology plc shall be liable for any
direct or consequential loss or damage whatsoever arising out of
the use of Packages by the Licensee.
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Toolpack tool decs employed.
NS11lAD a modified version of WSO1AD with integer workspace
argument IW added.
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SAVE statements added.

NS11CD reference removed.

Arg dimensions set to *.

DFLOAT -> DBLE.

Modified for obsolescent features (Feb 1997)

EAT 21/6/93 EXTERNAL statement put in for block data so will work on VAXs.

aaaoaaaoaaaonn

SUBROUTINE NS11AD(N,X,F,AJINV,DSTEP, DMAX, ACC, MAXFUN, IFPR, WO, IW)

(el e

modify original routine - include new variable
DOUBLE PRECISION DENOM

DOUBLE PRECISION ACC, DMAX, DSTEP

INTEGER IPR, MAXFUN,N

DOUBLE - PRECISION AJINV(N, N}, F(*),WO(*),X(*)

INTEGER IW (W)

DOUBLE PRECISION ANMULT, DD, DM, DMM, DMULT, DN, DS, DSS, DTEST, DW, FMIN,
+ FNP, FSQ, PA, PJ, SP, SPNS, S5, TINC

INTEGER I,IC,IPRINT,IS,ITER,J,K,KK,KS,MAXC, MW, ND, NDC,NF,NT, NTEST,
4 NW, NX

EXTERNAL CALFUN,MBOLCD

EXTERNAL NS11CD

INTRINSIC DABS,DBLE, DMAX1, DMINL, DSQRT,MOD

COMMON /NS11BD/LP, LPD, IERR

INTEGER IERR,LP,LED

SAVE /NS11BD/

MAXC = 0

IPRINT = IPR

IERR = 0

ITER = 0

IF (LP.LE.O) IPFRINT = O

NT = N + 4

modify original routine - increase NT to prevent error due to failure to improve
residuals
NT = N + 400000000

e ReReRel

[e]

NTEST = NT
DTEST = DBLE (N+N) - 0.5
NX = N*N
NF =
N =
MW =
NDC = MW + N
WD = NDC + N
FMIN = 0.0D0
DD = (.0D0
DSS = DSTEP*DSTEP
DM = DMAX*DMAX
DMM = 4.0D0*DM
I =5
TINC = 1.0D0
IF (IPRINT.NE.Q) WRITE (LP,FMT=86)
86 FORMAT ('1%)
1 MAXC = MAYXC + 1
CALL CALFUN(N,X,F)
FSQ = 0.0D0
DO 21 =1,N
FSQ = FSQ + F(I)*F(I}
2 CONTINUE
IF(FSQ~-ACC.GT.0) GO TO 4
3 IF (IPRINT.EQ.0) GO TO 5
WRITE (LP,FMT=T7) MAXC
7 FORMAT (/,/./,5%, 'THE FINAL SOLUTION CALCULATED BY NS11A REQUIRED®
+ ,I5,' CALLS OF CALFUN, AND IS")
WRITE (LP,FMT=8) (I,X{I},F(I),I=1,N)
8 FORMAT (/,/,4%,'I',7X,"X(I)', 12X, 'F(1)*,/,/, (I5,2D24.16))
WRITE (LP,FMT=9) FSQ
9 FORMAT (/,5X,'THE SUM OF SQUARES IS',D24.16)
5 RETURN

222
ER
+ 4+
R

[¢EeEe]

modify original routine - stop simulation if error in speciation calculation
5 IF (IERR.EQ.0) THENW
RETURN
ELSE
WRITE (959, *) IERR, 'ERROR IN SPECIATION CALCULATION®



Selected annotated CFX® Input files

STOP 'ERROR IN SPECIATION CALCULATION'
END IF '

4 GO TO (10,11,11,10,11) Is
10 IF{FSQ-FMIN.LT.0) GO TO 15
IF(DD-DSS.GT.0) GO TO 11
NTEST = NTEST - 1
IF(NTEST.LT.0) GO TO 13
IF(NTEST.GT.0) G0 TO 11
IF (LPD.GT.0) WRITE (LPD,FMT=16) NT
IERR = 1
16 FORMAT (/,/,/,5%, 'ERROR RETURN FROM NS11A BECAUSE', IS5,
+ ' CALLS OF CALFUN FAILED TO IMPROVE THE RESIDUALS®)
17 DO 18 I = 1,N
X{I) = WO(NX+I)
F(I) = WO(NF+I)
18 CONTINUE

FSQ = FMIN
GO TO 3
13 IF {(LPD.GT.0) WRITE (LPD,FMT=19)
IERR = 2
19 FORMAT (/,/,/,5¥, 'ERROR RETURN FROM NS11A BECAUSE F(X) °,
+ 'FAILED TO DECREASE USING A NEW JACOBIAN')
G0 TO 17

15 NWTEST = NT
11 IF(MAXFUN-MAXC.GT.0) GO TO 22
IF (LPD.GT.0) WRITE (LPD, FMT=23) MAXC
IERR = 3
23 FORMAT (/,/,/,5%, 'ERROR RETURN FROM NS11A BECAUSE THERE HAVE BEEN'
+ ,I5,' CALLS OF CALFUN')
IF(PSQ-FMIN.LT.0) GO TO 3
GO TO 17
22 IF (IPRINT.LE.0) GO TO 24
IF (MOD(MAXC, IPRINT).NE.0) GO TO 24
WRITE (LP,FMT=26) MAXC
26 FORMAT (/,/,/,5%,'AT THE',I5,' TH CALL OF CALFUN WE HAVE')
WRITE (LP,FMT=8) (I, X(I),F(I),I=1,N)
WRITE (LP,FMT=3) FSQ
24 GO TO (27,28,29,87,30) IS
30 FMIN = FSQ
DO 31 I = 1,H8

WO(NY+I) = X(I)
WO(NF+I) = F(I)
31 CONTINUE
32 I1C =0
Is = 3

33 IC = IC + 1
X(IC) = X(IC) + DSTEP

29 K = IC

1,N
(F({I)-WO(NF+I))/DSTEP
N .

=
]
=
+ 0 %

34 CONTINUE
X{IC) = WO(NX+IC)
IF(IC~N.LT.0) GO TO 33

K)

37 CONTINUE
WO (NDC+K+I) = 1.0D0
WO(NDC+I) = 1.0D0 + DBLE(N-I)
36 CONTINUE
CALL MBOLCD(AJINV,N,N,IW,F)

38 DS = 0.0D0
DN = 0.0D0
SP = 0.0D0

ITER = ITER + 1
IF (IPRINT.GE.O0) GO TO 6
IF (MOD(ITER,-IPRINT).NE.O0) GO TO 6
WRITE (LP,FMT=25) ITER
25 FORMAT (/,/,/,5X,'AT THE',IS,
+ ' TH ITERATION THE LEAST CALCULATED SUM OF SQUARES IS AS FOLLOWS®
+ )

161
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[sReNe]

6

40

338

44

45
43

46

41

48

52

51

56

53

98

57
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WRITE (LP,FMT=8) (I,WO(NX+I),WO(NF+I},I=1,N)
WRITE (LP,FMT=9) FMIN

DO 3% I = 1,N

X(I) = 0.0D0

F(I) = 0.0D0

K= I

DO 40 J = 1,N i
X(I) = X{I) - WO(K)*WO (NF+J)
F(I}) = F(I) - AJINV(I,J)*WO(NF+J)
K=K+ N

CONTINUE

DS = DS + H({I)*X{I)
DH = DN + F{I)*F(I)
SP = SP + X(I)*F(I)
CONTINUE -
IF(FMIN*FMIN-DMM*DS.LE.Q) GO TO 41
GO TO (43,43,44) I8
IF (LPD.GT.0) WRITE (LPD,FMT=45)
IERR = 4
FORMAT (/,/,/,5%, "ERROR RETURN FROM NS11A BECAUSE A NEARBY ',
+ 'STATIONARY POINT OF F(X) IS PREDICTED®)
GO TO 17
NTEST = 0
DO 46 I = 1,N
X{I}) = WO(NX+I)
CONTINUE
GO TO 32
IS = 2
IF(DN-DD.GT.0) GO TO 48
DD = DMAX] (DN, DSS)
DS = 2.5D~1*DN
TINC = 1.0D0
IF(DN-DSS.GE.0) GO TO 58
IS = 4

o
o
u
B
E

DH = DW + WO(K)*X(J)

CONTINUE

DMULT = DMULT + DW*DW
CONTINUE
DMULT = DS/DMULT
DS = DS*DMULT*DMULT
IF(DS-DD.LT.0) GO TO 53
IF(DD.GT.0) GO TO 56
DD = DMAXI1 (DSS, DMIN1 (DM, DS))
DS = DS/ (DMULT*DMULT)
GO TO 41
ANMOULT = 0.0D0
DMULT = DMULT*DSQRT(DD/DS)
GO TO 98
SP = SP*DMULT
ANMULT = (DD-DS8)/ ((SP-DS)+DSQRT((SP-DD)**2+ (DN-DD)* (DD-DS)))

modify original routine - introduce and monitor DENOM to prevent floating error
DENOM = {(SP-DS)+DSQRT{(SP-DD)**2+ (DN-DD}* (DD-DS)))
IF (DENOM.EQ.0.0) THEN
DENOM = 1.0E-5
WRITE(99,*) 'INFO: ZERO DENOMINATOR CORRECTED®
END IF
ANMULT = (DD-DS)/DENOM

DMULT = DMULT* (1.0DO-ANMULT)
DN = 0.0D0
SP = 0.0D0
DO 57 I = 1,N
F(I) = DMULT*X(I) + ANMULT*F(I)
DN = DN + F{I})*F(I)
5P = SP + F{I})*WO(ND+I}
CONTINUE
DS = 2.5D-1*DN
IF(WO(NDC+1)-DTEST.LE.Q) GO TO 58
IF(SP*SP-DS.LT.0) GO TO 60



50
60

61

63

62

58

65

66

68

64

13

72
70

74

76

99

71
80

GO TQ 58
Is = 2
DO 61 I = 1,N
X{I) = WO(NX+I) + DSTEP*WO(ND+I)
WO(NDC+I) = WO(NDC+I+1l) + 1.0D0
CONTINUE
WO(ND) = 1.0D0
DO 62 I = 1,N
K=HD+ I
SP = WO(K)
IF (N.LT.2) GO TO 62
DO 63 J = 2,N
WO(K) = WO(K+N)
K=K+ H
CONTINUE
WO(K) = 8p
CONTINUE
GO TC 1
SP = 0.0D0
K = HD

DW = DW + F(J)*WO(K)
CONTINUE
GO TO (68,66) IS
WO (NDC+I) = WO(NDC+I) + 1.0D0
SP = SP + DW*DW
IF(SP-DS.LE.0) GO TO 64

Is =1

KX = I
X{(1) = DW
GO TO 69
X{I) = DW

WO(NDC+I) = WO(NDC+I+1l) + 1.0D0
CONTINUE
WO(ND) = 1.0D0
IF(XKK-1.LE.0) GO TC 70
KS = HDC + KK*N
Do 72 I = 1,N

K=K + 1

SP = WO({K)

DO 73 J = 2,KK
WO(K) = WO({K~N)
K=K~ N

CONTINUE

WO(K} = SP

CONTINUE

DO 74 I = 1,H
WO (NW+I) = 0.0D0
CONTINUE
SP = X{1})*X(1)
K = WD
IF (N.LT.2) GO TO 99

DO 75 I = 2,N

DS = DSQRT(SP* (SP+X(I)*X(I)))
DW = SP/DS
DS = X(I)/DS )
SP = SP + X{I)*X(I)
Do 76 J = 1,H
K=K+ 1
WO (NW+J) = WO{NW+J) + X(I-1)*WO(K)
WO (K) = DW*WO(K+N) -~ DS*WO(NW+J)
CONTINUE
CONTINUE
SP = 1.0D0/DSQRT(DN)

PO 717 I = 1,N
K=K+ 1
WO(K) = SP*F(I)
CONTIRUE
FNP = 0.0D0
K=0
DO 78 I = 1,N
K(I) = WO(NX+I) + F(I)
WO (NW+I) = WO(NF+I)

Selected annotated CFX® Input files
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po 79 J ' N
K=K
WO (NW+
79  CONTINUE
FNP = FNP + WO (NW+I)**2
78 CONTINUE
GO TO 1
27 DMULT = 9.0D-1*FMIN + 1,0D-1*FNP -~ FSQ
IF(DMULT.GE.0) GO TO 81
DD = DMAX1 (DSS, 2. 5D-1%DD)
TINC = 1.0D0
IF (PSQ~-FMIN.LT.0) GO TO 83
GO TO 28
81 8P = 0.0D0
S8 = (.0D0
DO 84 I = 1,N
SP = SP + DABS(F(I)* (F{I)-WO(NW+I)))
S8 = 88 + (F(I)=-WO(NW+I))**2
84 CONTINUE
PJ = 1. + DMULT/ (SP+DSORT (SP*SP+DMULT*SS))
SPNS = 4.0D0
SP = DMINL (SPNS,TINC,PJ)
TINC = PJ/SP
DD = DMIN1 (DM, SP*DD)
GO TO 83
87 IF(FSQ-FMIN.GE.0) GO TO S0
83 FMIN = FSQ
DO 88 I = 1,N
Sp = X(I)
X(I) = WO(NX+I)
WO (NX+I) = SP
SP = F(I)
F(I) = WO(NF+I)
WO (NF+I) = SP
WO(NW+I) = -~WO(NW+I)
88 CONTINUE
IF(IS-1.GT.0) GO TO 50
26 DO 89 I = 1,8

1
1

+
I) = WO(NW+I) + WO(K)*F(J)

X(I) = X(I) - WO(NX+I)
F(I) = F(I} - WO(NF+I)
89 CONTINUE
K= 0
DO S0 T = 1,N
WO (MW+I) = X({I)
WO(NW+I) = F(I)

DO %1 J = 1L,H
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
SP = 0.0D0
S8 = 0.0D0
DO 92 T = 1,8
DS = 0.0D0
DO %3 3 = 1,N
DS = DS + AJINV(J,TI)*X(J)
93  CONTINUE
SP = SP + DS*F(I)
S8 = 88 + X{I)*X(T)
F(I) = DS
92 CONTINUE
DMULT = 1.0D0
IF (DABS (SP)~0.1%88.GE.0) GO TO 95
. DMULT = 8.0D~1
95 PJ = DMULT/SS
PA = DMULT/ (DMULT*SP+ (1.-DMULT)*SS)
K= 0
DO 96 I = 1,8
SP = PI*WO(NW+I)
S8 = PA*WO (MW+I)
DO 97 J = 1,8
K=K+ 1
WO(K) = WO(K) + SP*X(J)
AJINV(I,J) = AJINV(I,J) + SS*F(J)
%7  CONTINUE
96 CONTINUE

oy
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GO TO 38

EWD

BLOCK DATA NS11CD

COMMON /NS11BD/LP, LPD, IERR
INTEGER IERR,LP,LPD

SAVE /NS11BD/

DATA LP/6/,LPD/6/

END
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Subroutine MBO1CD is called by subroutine NS1lAD to evaluate the inverse of the real
matrix of estimated partial derivatives. The method is one of simple Gaussian
elimination with row interchanges and double precision accumulation of inner
products.

COPYRIGHT (c) 1992 AEA Technology

None of the comments in this Copyright notice between the lines
of asterisks shall be removed or altered in any way.

This Package is intended for compilation without modification,
so most of the embedded comments have been removed.

sReNeNsNeNoNoNoNoNoNoRoNe Ne Ny

ALL USE IS SUBJECT TO LICENCE. For full details of an HSL ARCHIVE
Licence, see http://hsl.rl.ac.uk/archive/cou.html

Please note that for an HSL ARCHIVE lLicence:

1. The Package must not be copied for use by any other person.

Supply of any part of the library by the Licensee to a third party
shall be subject to prior written agreement between AEA

Technology plc and the Licensee on suitable terms and conditions,
which will include financial conditions.

2. All information on the Package is provided to the Licensee on the
understanding that the details thereof are confidential.

3. All publications issued by the Licensee that include results obtained
with the help of one or more of the Packages shall acknowledge the
use of the Packages. The Licensee will notify the Numerical Analysis
Group at Rutherford Appleton Laboratory of any such publication.

4. The Packages may be modified by or on behalf of the Licensee
for such use in research applications but at no time shall such
Packages or modifications thereof become the property of the
Licensee. The Licensee shall make available free of charge to the
copyright holder for any purpose all information relating to
any modification.

5. Neither CCLRC nor AEA Technology plc shall be liable for any
direct or consequential loss or damage whatsoever arising out of
the use of Packages by the Licensee.
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DATE 7 Dec 1992

Toolpack tool decs employed.
MBOLED reference removed,

ZERO and ONE made PARAMETER.,
FMOZAD and W1 references removed.
SAVE statements added.

EAT 21/6/93 EXTERNAL statement put in for block data so will work on VAXs.

eNeReNeNeNeRoRsRoNoNoNsNoNsNoNeNeNrsNoNsNeNoNeNeNsNeNsNoNsNeNoNeNeNeNeNeNeNe!

SUBROUTINE MBOLCD(A,M,IA,IND,C)
DOUBLE PRECISION ZERO, ONE
PARAMETER (ZERO=0.0D0,ONE=1.0D0)
INTEGER IA,M
DOUBLE PRECISION A(IA,M),C(M)
INTEGER IND (M)
DOUBLE PRECISION AMAX, DIV, SCPROD,STO,WO
INTEGER I,I1,IMAX,IPROD,ISTO,IW,J,JL,K, ML
INTRINSIC DABS
COMMON /MBO1DD/LP, IFLAG
INTEGER IFLAG,LP
EXTERNAL MBOLED
SAVE /MBO1DD/
IFLAG = 0
IF (M-1) 50,2,3
2 IF (A(1,1).EQ.ZERO) GO TO 60
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A{1,1) = ONE/A{1,1}
GO TO 99
3ML =M - 1
AMAX = ZERO
DO 32 I = 1,M
IND(I) = I
IF (DABS(A(I,1))~DABS (AMAX)) 32,32,31
31 AMAY = A(I,1)
IMAX = I
32 CONTIMUE
IF (AMAX.EQ.ZERO) GO TO 60
DO 41 J = 1,M1
IF (IMAX-J) 35,35,33
33 TW = IND(IMAX)
IND(IMAX) = IND(J)
IND(J) = IW
DO 34 K = 1,M
WO = A(IMAX,K)
A({TMAY,K) = A(J,K)
A(J,K) = WO
34  CONTINUE
3 Jl=J+ 1
IF (J.EQ.1) GO TO 38
C IBMD IGNORE RECRDEPS
DO 37 I = J1,M
SCPROD = ZERQ
DO 137 IPROD = 1,J - 1
SCPROD = SCPROD + A(J,IPROD) *A{IPROD, I)
137 CONTINUE
B{J,I) = A{J,I) - SCPROD
37  CONTINUE
38 DIV = ONE/AMAX
DO 440 I = J1,M
A(I,J) = A(I,J)*DIV
440  CONTINUE
C IBMD IGNORE RECRDEPS
DO 40 T = JI,M
SCPROD = ZERO
DO 139 IPROD = 1,J
SCPROD = SCPROD + A{I,IPROD)*A(IPROD, J+1)
138 CONTINUE
A(I,J+1) = R{I,J+1) - SCPROD
40  CONTINUE
BMAX = ZERO
DO 240 I = JL,M
IF (DABS(A{I,J1))-DABS {AMAX)) 240,240,239
239 BMAX = A(I,J1)
IMAX = I
240 CONTINUE
IF (AMAX,EQ.ZERO) GO TO 60
41 CONTINUE
DO 13 I1 = 1,M1
I =M+1-I1
C(I~1) = -A{I,I~1}
DO 1011 J =1 - 2,1,-1
SCPROD = ZERO
DO 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  COWTINUE
13 CONTINUE
WO = ONE/A(M,M)
DO 320 3 = 1,M - 1
C(J) = A(M,T)
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 =1, - 1
SCPROD = ZERO
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DO 118 IPROD = I + 1, M
SCPROD = SCPROD + A(I,IPROD)*A(IPROD,J)
118 CONTIRUE
C(J) = A{(I,J) -~ SCPROD
120 CONTINUE
SCPROD = ZERO
DO 1118 IPROD = I + 1,M
SCPROD = SCPROD + A(I, IPROD)*A(IPROD,I)
1118 CONTINUE
C(I) = ONE -~ SCPROD
PO 2120 3= I + 1,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 = 1,M
A(I,J) = C(J)*WC

121 CONTINUE
122 CONTINUE
DO 26 I = 1,M
23 IF (IND(I)-I1) 24,26,24
24 J = IND(I)
DO 25 K = 1,M
STO = A(K,I)
A(K,I) = A(K,J)
A(K,J) = STO
25 CONTINUE
ISTO = IND(J)

IND(J} = J
IRD({I} = ISTO
GO TO 23
26 CONTINUE
GO TO 99

50 IF {(LP.GT.0) WRITE (LP,FMT=55)
55 FORMAT (51H ERRCR RETURN FROM MBO1CD BECAUSE M IS NOT POSITIVE)
IFLAG = 1
GO TO 99
60 IF (LP.GT.0) WRITE (LP,FMT=65)
65 FORMAT (52H ERROR RETURN FROM MBO1CD BECAUSE MATRIX IS SINGULAR)
IFLAG = 2

QOO0

modify original routine -~ suppress repeated message output
60 IF (LP.GT.0) GO TO 65
65 IFLAG = 2

99 RETURN
END
BLOCK DATA MBO1ED
COMMON /MBO1DD/LP, IFLAG
INTEGER IFLAG,LP
SAVE /MBO1DD/
DATA LP/6/
END
c

C*******)\—*'k*********k******'k*****'k**************************i**********

Function FDOSAD may be called to access real-valued machine constants relating to
floating-point storage and arithmetic for double precision computations.

COPYRIGHT {c¢)} 1993 AER Technology
DATE 21 Jan 1883
Toolpack tool decs employed.
SAVE statement added.
1/10/98 DC(3) not initialized to avoid SUN £90 failure

[sNeNsNrNoNeNeNoNoNel

DOUBLE PRECISION FUNCTION FDOSAD (INUM)

Real constants for: IEEE double precision (8-byte arithmetic).

Obtained from H.S.L. subroutine ZEQZAM.
Nick Gould and Sid Marlow, Harwell Laboratory, April 1988.

[eNeNeNe R Ne Nel

Scalar Arguments
INTEGER INUM

C
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C .. Local RArrays
DOUBLE PRECISION DC(5)
c
C .. Save statement
SAVE DC
C
Cc . Data statements ..
C
C DC(l} THE SMALLEST POSITIVE NUMBER: 1.0 + DC{1) > 1.0.
C DC(2) THE SMALLEST POSITIVE NUMBER: 1.0 - DC(2) < 1.0.
€ 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)/2.2204460452504D-16/
DATA DC(2)/1.1102230246253Dp~16/
c DATA DC(3)/4.9406564584126D~324/
DATA DC(4)/2.2250738585073D~308/
DATA DC(5)/1.7976931348622D+308/

o}
C .. Executable Statements ..
IF (INOM.LE.0 .OR. INUM.GE.6) THEN
WRITE(6, 2000)INUM
STOP
ELSE IF (INUM.EQ.3} THEN
FDOSAD = DC(4)/2.0D0**52
ELSE
FDOSAD = DC(INUM)}
END IF
o}
RETURN
C
2000 FORMAT (' IHUM =',I3,' OUT OF RAKGE IN FDOSAD.°',
+ ' EXECUTION TERMINATED.')
(o}
END
o}

Qbkhhkkhhdhkdhdhdhhhbddhddhddhhhdkhhhhhhhhhhhhhkhhhdhirhhhhhdhhkhhhdkhhkhht

C

C Function IDOSAD may be called to access integer-valued machine constants relating to
C floating-point storage and arithmetic for double precision computations.

C

C COPYRIGHT (c) 1993 AEA Technology

C DATE 4 Feb 1993
C Toolpack tool decs employed.
C SAVE statements added.
C
INTEGER FUNCTION IDOSAD(INUM)
Cmmm [

C Integer constants for: IEEE double precision (8-byte arithmetic).
o

C Obtained from H.S.L. subroutine ZE02AM.

© C Nick Gould and Sid Marlow, Harwell Laboratory, April 1988.

C Pr—
o] .. Scalar Arguments ..
INTEGER INUM
C
c .. Local Arrays ..
INTEGER IC({10)
I )
C .. Save statement
SAVE IC
c
C . Data statements ..
c
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 IC(6) LARGEST -VE INTEGER:1.0 + DBLE{IC{1})}**IC({6) > 1.0.
C IC{7) LARGEST -~VE INTEGER:1.0 - DBLE(IC{1)}**IC(7) < 1.0.
C IC(8) LARGEST ~VE INTEGER: DBLE{IC({1))**IC{8) > 0.0.
C  IC{(%) LARGEST ~VE INTEGER: REAL(IC(1))**IC{9) IS NORMAL.
C IC(10} LARGEST +VE INTEGER: REAL(IC({1))**IC(10) FINITE.
C

DATA IC(1)/2/
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DATA IC(2
DATA IC(3
DATA IC(4)/1/
DATA IC(5)/1/
DATA IC(6)/-52/
DATA IC(7)/-53/
DATA IC(8)/-1074/
DATA IC(8)/-1l022/
DATA IC(10)/1023/

/53/
/11/

C
c .. Executable Statements
IF (INUM.LE.0 .OR. INUM.GE.ll) THEN
WRITE({6, 2000)INUM
STOP '
C
ELSE
IDOSAD = IC(INUM)
END IF
Cc
RETURN
Cc
2000 FPORMAT (' INUM =',I3,°' OUT OF RANGE IN IDOSAD.’,
+ ' EXECUTION TERMINATED.')
c
END
c
C**********************ft**k*********************************'k*k*******
pe .
¢ Function ZA02AS may be called to access the CPU clock reading.
Cc
C COPYRIGHT (¢) 1993 AEA Technology and
C Council for the Central Laboratory of the Research Councils
Cc Toolpack tool decs employed.
c
REAL FUNCTION ZA02As5 ()
c
C Gives the CPU time in seconds for a Generic Unix machine.
C This version is appropriate for Compag/Dec, HP, Silicon Graphics,
¢ Sun and Intel{Linux) machines, using default compilers.
C
Cc Scalar Arguments
REAL X
Cc
C . Local Arrays
REAL RRTIME(2)
C
o External Functions
REAL ETIME
EXTERNAL ETIME
C
o Executable Statements
Cc
C DTIME CAN BE USED FOR TIME DIFFERENCE.
ZAUZAS = ETIME (RRTIME)
RETURN
C
END
C

C*******************************************‘k**************************

Subroutine USRCVG is called by CFX~4.3 Solver at the end of each outer iteration to
check the value of the logical flag which indicates whether or not the problem is
satisfactorily converged. Currently, the number of required iterations is simply
specified. As experience demonstrates necessary, this number is increased for a
selected initial period. Specification of a particular residual tolerance could
prove to be a little hit-or-miss if highly variable species and particle number
concentrations are the only residuals calculated (i.e. the only transport equations
solved); a further difficulty is that the process modelled is semi-batch. However,
the system's chlorine content is constant, and, although the implementation of most
dilution options makes it appear to CFX-4.3 Solver as if this quantity is slowly
decreasing, setting a suitable tolerance on the sum of the residuals of the chlorine
species concentrations (inserting appropriate stoichiometric coefficients) is
nevertheless a viable alternative. A more rigorous, structured approach such as
this potentially yields improvements in accuracy and efficiency.

leNeNsEeNeNoNsNsNoNoNoNo NN NoRe]

SUBROUTINE USRCVG{U,V,W,P,VFRAC,DEN,VIS,TE,ED,RS, T, H,RF, SCAL, XP,
+ ¥P, 2P, VOL, AREA, VPOR, ARPOR, WFACT, CONV, IPT, IBLK,
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+ IPVERT, IPNODN, IPFACN, IPNODF, IPRODB, IPFACE, CMETH,
+ MNSL, MXSL, RDFC, RESOR, URFVAR, LCONVG, WORK, IWORK,
+ CWORK)

hhkhkhkhhhhhdhhhhkbhhhhhhhdhhhthd bk kbbb gkt hhh bbb ek hdhhrhh kb hhkdhhidd

THIS SUBROUTINE ALLOWS USERS TO MOWITOR CONVERGENCE, ALTER
UNDER RELAXATION FACTORS, REDUCTION FACTORS ETC
AND WRITE SOLUTION DATA AS A FUNCTION OF ITERATION

»>>> IMPORTANT <<
g (X <4
»>>> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROUTINE WITHIN <<<
>>»> THE DESIGNATED USER AREAS <<

kA kTR RAR TR AR AL IR AT TR AT R AR E R AN A AN A AR S AR T A Ik Ak bk kb kb h kb Fhhhhhhhhhd

THIS SUBROUTINE IS CALLED BY THE FOLLOWING SUBROUTINE
COSR  CVGTST

HhARREAA R I AR R R TR AR R AR TR R AR A AR KA AR AR LR R R RN SR kA A Rk hh Tk b bRk i

CREATED
09/12/88 ADB
MODIFIED
08/08/91 IRH NEW STRUCTURE
03/09/91 IRH ADD CONV TO ARGUMENT LIST
23/09/91 IRH ADD USEFUL COMMON BLOCKS
29/11/91 PHA UPDATE CALLED BY COMMENT, ADD RF ARGUMENT,
CHANGE LAST DIMENSION OF RS TO 6 AND IVERS TO 2
03/06/%2 PHA ADD PRECISION FLAG AND CHANGE IVERS TO 3
07/07/92 IRH CORRECT EXAMPLE
23/11/93 CSH EXPLICITLY DIMENSION IPVERT ETC.
03/02/94 PHA CHANGE FLOW3D TO CFDS~FLOW3D
03/03/94 FHW CORRECTION OF SPELLING MISTAKE
22/08/94 WNSW MOVE 'IF(IUSED.EQ.0) RETURN' OUT OF USER AREA
19/12/94 NSW CHANGE FOR CFX~F3D
25/03/96 NSW CORRECT MAXIMUM VELOCITY EXAMPLE
02/07/97 NSW UPDATE FOR CFX-4

hhkhhkhkhhhkbhkhhhhhhhhhhhhhhh o hhhhkFhhhhhhh kb hhhhhhthhhrhdhhhbhhhbkhhhhhh itk

SUBROUTINE ARGUMENTS

U - U COMPONENT OF VELOCITY

A - ¥ COMPONENT OF VELOCITY

W - W COMPONENT OF VELOCITY

P ~ PRESSURE

VFRAC ~ VOLUME FRACTION

DEN ~ DENSITY OF FLUID

vis - VISCOSITY OF FLOUID

TE ~ TURBULENT KINETIC ENERGY

ED - EPSILON

RS - REYNOLD STRESSES

T ~ TEMPERATURE

H ~ ENTHALPY

RF - REYNOLD FLUXES

SCAL ~ SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
XP -~ ¥ COORDINATES OF CELL CENTRES
¥p - Y COORDINATES OF CELL CENTRES
P -~ Z COORDINATES OF CELL CENTRES
VoL - VOLUME OF CELLS

AREAR ~ BAREA OF CELLS

VPOR - POROUS VOLUME

ARPFOR - POROUS AREA
WFACT -~ WEIGHT FACTORS

IeT - 1D POINTER ARRAY

IBLK =~ BLOCK SIZE INFORMATION

IPVERT -~ POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES
IPNODN - POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS
IPFACK - 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 FACES

sReleRtReRs NN RsNeNoReNeNeNe N NN Re NN NN e No N s NN s No N e N e No N e No N oW s N o Ne W oW oW oW oW oW o No W oW oW o oW o Wol oW oW oW o W oW o W oW o W oW oW e N e N Ne NN o oW oW W o Wl o Wo W oY

CMETH -~ SOLUTION METHOD



MNSL
MXSL
RDFC
RESOR
UREVAR
* LCONVG

WORK
IWORK
CHORK

[sRrReNsNsNsNoNoNeNeNeNeoNeNoNsNoNsNo e Nel

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUEBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOURBLE
DOUBLE

Selected annotated CFX® Input files

- MINIMUM NUMBER OF SWEEPS

~ MAXTMUM NUMBER OF SWEEPS

- REDUCTION FACTORS REQUIRED
- NON LINEAR RESIDUALS

- UNDER RELAXATION FACTORS

~ LOGICAL CONVERGENCE FLAG

~ REAL WORKESPACE ARRAY
- INTEGER WORKSPACE ARRAY
- CHARACTER WORKSPACE ARRAY

SUBROUTINE ARGUMENTS PRECEDED WITH & '*' ARE ARGUMENTS THAT MUST
BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4
USER MANUAL.

E R RS AR R RS AR R RS R RS d Rl RS s EsERES R R AR 2R AR R R R ER SRR ]

PRECISION U
PRECISION V
PRECISION W
PRECISION P
PRECISION VEFRAC
PRECISION DEN
PRECISION VIS
PRECISION TE
PRECISION ED
PRECISION RS
PRECISION T
PRECISICON H
PRECISIOHN RF
PRECISION SCAL
PRECISION XP
PRECISION YP
PRECISION ZP
PRECISION VOL
PRECISION AREA
PRECISION VPOR
PRECISION ARPOR
PRECISION WFACT
PRECISION CONV
PRECISION RDEC
PRECISION RESOR
PRECISION URFVAR
PRECISION WORK
PRECISION SMALL
PRECISION SORMAX
PRECISION TIME
PRECISICN DT
PRECISION DTINVF
PRECISION TPARM

LOGICAL LDEN,LVIS, LTURB, LTEMP, LBUOY, L5CAL, LCOMP, LRECT, LCYN, LAXIS,

+

LPOROS, LTRANS

LOGICAL LCONVG

C

CHARACTER* (*) CMETH, CWORK

C

CHtttttttttetttstt USER AREA 1 ++idtdbbdbbbtibttditttibtbtdbtttttsttttt+
Cw==~ AREA FOR USERS EXPLICITLY DECLARED VARIABLES

C

Cttttttttttttttt++ END OF USER AREA 1 ++++t+ttttbttbtttttttbtbbttttetbts

C
COMMON

PR T I T S

C

/ALL/NBLOCK, NCELL, NBDRY, NNODE, NFACE, NVERT, NDIM,
/BLLWRK/NRWS, NIWS, NCWS, IWRFRE, IWIERE, IWCFRE, /ADDIMS/NPHASE,
NSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGECM, NDCOEF, NILIST,
NRLIST, NTOPOL, /CHKUSR/IVERS, IUCALL, IUSED, /DEVICE/NREAD,
NWRITE, NRDISK, NWDISK, /IDUM/ILEN, JLEN, /LOGIC/LDEN, LVIS,
LTURB, LTEMP, LBUOOY, LSCAL, LCOMP, LRECT, LCYN, LAXIS, LPOROS,
LTRANS, /MLTGRD/MLEVEL, NLEVEL, ILEVEL, /RESID/IRESID, NRESID,
/SGLDBL/IFLGPR, ICHKPR, /SPARM/SMALL, SORMAX, NITER, INDPRI,
MAXIT, NODREF, NODMON, /TRANSI/NSTEP, KSTEP,MF, INCCRE,
/TRBNSR/TIME, DT, DTINVFE, TPARM

CHettetttssttttttt USER ARER 2 +d+dtdrdttrditsttrtttttrttetrsttttttttsts
C---=- AREA FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS

161
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C THESE SHOULD START WITH THE CHARACTERS ‘UC’ TO ENSURE

c NO CONFLICT WITH NON-USER COMMON BLOCKS

C

C-=== COMMON BLOCK FOR EXAMPLE IN USER AREA 6

C COMMON /UCLl/ VELOLD

c

Chtdtttttdttdttt++ END OF USER AREA 2 +4+dt+tddddddtbbbtdbttdttbttdbtdbbt
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) ,
RF (NNODE, NPHASE, 4) , SCAL ( NNODE, NPHASE, NSCAL)
DIMENSION XP(NNODE), YP (NNODE), 2P (NNODE) , VOL{NCELL) , AREA (NFACE, 3},

+ o+ o+ o+

+ VPOR (NCELL) , ARPOR (NFRCE, 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 (*), CWHORK (*)
c
CHttttttttttd++++ USER AREA 3 +++tt+dttttbtttttttbidbttttttttttdbdbdtd
Cw==- RREA FOR USERS TO DIMENSION THEIR ARRAYS
c
Cr==- AREA FOR USERS TO DEFINE DATA STATEMENTS
c
Chitdttdtttrd++++ END OF USER AREA 3 +++++++tttibdttibdbtdbbbtdtibddsd
c
C-~~=~ STATEMENT FUNCTION FOR ADDRESSING
IP(I1,J,K) = IPT{{(K~-1)*ILEN*JLEN+ (J-1)*ILEN+I)
c
Ce=== VERSION NUMBER OF USER ROUTINE AND PRECISION FLAG
c
IVERS = 3
ICHKPR = 2
c
CH+++tdttrdbidb bt USER AREA 4+ttt bt bbbt bbb bbb bbb bbb b+ 4+
C-=== TO USE THIS USER ROUTINE FIRST SET IUSED=1
c
IUSED = 1
c
CHitttttttttttt+t+ END OF USER AREA 4 +++btddttdbtdtbtttdbtrtddtttbdtdbbt
c
IF (IUSED.EQ.0) RETURN
c
G-~ FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0) RETURN
c
CHt+tttttttdtttit+ USER AREA 5 +++bttbdtddttttbttdbtbtttdttbtbbdbbbtt+t
c
C—~~~ EXAMPLE: (TEST ON MAX OF MASS RESIDUAL AND ENTHALPY RESIDUAL)
CALL GETVAR('USRCVG','P ' IPRES)
CALL GETVAR('USRCVG','H ' IH)
URESM=0.0

DO 10 IPHASE=1,NPHASE
URESM‘MAX(URESM,RESOR(IPRES IPHASE), RESOR(IH, IPHASE))
CONTIRUE

LCONVG = URESM .LT. 1.0E-5

e END OF EXAMPLE

specify desired number of CFX-4.3 Solver iterations (increased for defined
initial period)

IF (KSTEP.LE.50) THENW
LCONVG = NITER.EQ.50

[eEeReEeEeEeNeEeNeoNo N NoNoNeoNe]
o
=

ELSE
LCONVG = NITER.EQ.10
END IF
C
CH+titdtdt bttt ++b+ END OF USER AREA 5 +++++++++b+btbtbbbbbb bbb bt bb+++
C
C

CHbdtdtbdtttibtttt USER AREA 6 +Htttttdttdbttrrrddttbidtrbbtrtidstddrbtbd
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C
Cr——~ EXBMPLE: MONITOR CHANGE IN MAXIMUM VELOCITY
ADJUST UNDER RELAXATION ACCORDINGLY

VELMAX=0.0
DO 20 IPHASE=1l,NPHASE
USE IPALL TO FIND 1D ADDRESSES OF ALL CELL CENTRES
CALL IPALL{'*','*','BLOCK', 'CENTRES',IPT,NPT, CHORK, IWORK)
LOOP OVER ALL CELL CENTRE LOCATIONS IN FLOW DOMAIN
Do 30 I=1,NPT
USE ARRAY IPT TO GET ADDRESS
INODE=IPT (I}
VELMAX=MAX (VELMAX, ABS (U (INODE, IPHASE) ) , ABS (V(INODE, IPHASE)),
+ ABS (W(INODE, IPHASE)))
30 CONTINUE
20 CONTINUE

IF (NITER.GT.1) THEN
DVEL= {VELMAX~VELOLD) /VELMAX
URFMIN=0.01
URFMAX=0.8
URF=(1.0~DVEL) *URFMAX +DVEL*URFMIN
WRITE (NWRITE, 100) NITER, DVEL, URF

CALL GETVAR('USRCVG','U 1, 10)
CALL GETVAR({'USRCVG','V *LIv)
CALL GETVAR{'USRCVG','W ', IW)

DO 40 IPHASE=1, NPHASE
URFVAR{1U, IFHRSE) =URF
URFVAR({IV, IPHASE)=URF
URFVAR (IW, IPHASE) =URF
CONTINUE

ENRIF

o
<

VELOLD==VELMAX

w-— END OF EXAMPLE

tttttt bbbt b4+ END OF USER ARER 6 ++++++++ttttrttddttttsbbddbttitss

[sNeEeErEeNrReRsNeNs NN NoNoNe NN N NoNeNoNsNoNsNeoNoNoNoNeoNe N NoNsNo N NeWe!

RETURN

2]

END
C

C*k********************************************1\‘*********************i*

Subroutine USRSRC is called by CFX-4.3 Solver twice each outer iteration for each
transport eguation to be solved. For the user scalar equations representing the
Na.+ and OH.~ dissolved species concentrations, appropriate source terms are
calculated (such addition of terms is executed at the first call). These sources
simulate feed addition and are applied to those cells selected and identified as
feed patch cells. The associated water (volume) is neglected - an attempt to
account for its effect is made in the dilution calculations in subroutine USRTRN.

[sNeNeRs e NN o Ne!

SUBROUTINE USRSRC(IEQW, ICALL, CNAME, CALIAS,AM, 5P, 50U, CONV, U, V, ¥, P,
+ VFRAC, DEN, VIS, TE, ED, RS, T, H, RF, 8CAL, XP, YP, 2P, VOL,
+ AREA, VPOR, ARPOR, WFACT, IPT, IBLK, IPVERT, IPNODN,
+ IPFACN, IPHODF, IPHODB, IPFACE, WORK, IWORK, CWORK)
C

C*********‘k*‘k*******************'k**************************************

UTILITY SUBROUTINE FOR USER-SUPPLIED SCURCES

>>» IMPORTANT <<
o> <
>»> USERS MAY ONLY ADD OR ALTER PARTS OF THE SUBROQUTINE WITHIN <<«
»>>> THE DESIGNATED USER AREAS <<

bbbk kdhhkhd kb b dhrhhhhddthhd bk b hhhhbhkhhhhdhhrrabrhbhhhrhbhbathhrdhhdhkhd

THIS SUBRCUTINE IS CALLED BY THE FOLLOWING SUBROUTINES
CUSR SCDF SCDS SCED SCENRG SCHF SCMOM SCPCE SCSCAL
SCTE SCVF

EEIREERKRARERI AR AR TR GRT R AR R A kAR kbR kb ko h ko hrhhh bk kb hhd kb hdohkad

CREATED
08/03/90 ADB

coQaoaooaoaooaooaoaaoan
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MODIFIED
04/03/91
28/08/91
28/09/31
10/02/92

03/06/92
23/11/83
07/12/93

03/02/94
03/03/94

08/03/94
09/08/94

19/12/9%4
02/067/97

hhkhkhhkhhbdhidi

SUBROUTINE

IEQHN
ICALL
CHRME ~
CALIAS
AM

8U -
5P -
CORV -

WEACT -~

IPT -
IBLE -
IPVERT -
IPNODN -
IPFACH -
IPNODF -
IPNODB -
IPFRCB -

WORK
IWORK
CWORK

SUBROUTINE

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

C8H 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

H8W CORRECT SPELLING.
MOVE 'IF(IUSED.EQ.0) RETURN' QUT OF USER AREA.
INCLUDE COMMENT ON MASS SOURCES.

NSW CHANGE FOR CFX-F3D

WSW UPDATE FOR CFX-4

khhhrhkhkhodbrhhrkhhhrdrhbrhhrhkhhdnhohhhd bbb hrb bbb bhhdd i

ARGUMENTS

EQUATION NUMBER

SUBROUTINE CALL

EQUATION NAME

ALIAS OF EQUATION NAME

OFF DIAGONAL MATRIX COEFFICIENTS
SU IN LINEARISATION OF SOURCE TERM
SP IN LINEARISATION OF SQURCE 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

REYROLD FLUXES

SCALARS (THE FIRST 'NCONC' OF THESE ARE MASS FRACTIONS)
X COORDIWATES 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

1D POINTER ARRAY

BLOCK SIZE INFORMATION

POINTER FROM CELL CENTRES TO 8 NEIGHBOURING VERTICES
POINTER FROM CELL CENTRES TO 6 NEIGHBOURING CELLS
POINTER FROM CELL CENTRES TO 6 NEIGHBOURING FACES
POINTER FROM CELL FACES TO 2 NEIGHBOURING CELL CENTRES
POINTER FROM BOUNDARY CENTRES TQ CELL CENTRES

POINTER FROM BOUNDARY CENTRES TO BOUNDARY FACESS

REAL WORKSPACE ARRAY
INTEGER WORKSPACE ARRAY
CHARACTER WORKSPACE ARRAY

ARGUMENTS PRECEDED WITH A '*' ARE ARGUMENTS THAT MUST

BE SET BY THE USER IN THIS ROUTINE.

NOTE THAT WHEN USING MASS SOURCES, THE FLOWS THROUGH MASS FLOW
BOUNDARIES ARE UNCHANGED., THE USER SHOULD THEREFORE INCLUDE AT

LEAST ONE P

RESSURE BOUNDARY FOR SUCH A CALCULATION.

WOTE THAT OTHER DATA MAY BE OBTAINED FROM CFX-4 USING THE
ROUTINE GETADD, FOR FURTHER DETAILS SEE THE VERSION 4

eNcReReRoNsNe RN R NoNe o R NoNoRe ReRo o NN N NeNe ReRe s NeNr ReNeNeNeNeNe N rRe NN e Re Re e R e R Ko e Kt Kt e Rt N Ko Rt e e e Ko R Ko Ne Ne Ne Ne N e Re Ne Re Re Ke Re Ne Ne NoeNe Ne Ko
3
=
4

USER MANUAL
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Cc
C**'k*******'k***********************‘i(*'k'k******‘i{*************************
Cc

DOUBLE PRECISICON AM

DOUBLE PRECISION SP

DOUBLE PRECISION S8U

DOUBLE PRECISION CONV

DOUBLE PRECISION

DOUBLE PRECISION

DOUBLE PRECISION

DOUBLE PRECISION

DOUBLE FRECISION VFRAC

DOUBLE PRECISION DEN

DOUBLE PRECISION VIS

DOUBLE PRECISICON TE

DOUBLE PRECISION ED

DOUBLE PRECISION RS

DOUBLE PRECISION T

DOUBLE PRECISICN 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 WORK

DOUBLE PRECISION SMALL

DOUBLE PRECISION SORMAX

DOUYBLE PRECISION TIME

DOUBLE PRECISION DT

DOUBLE PRECISION DTINVF

DOUBLE PRECISICON TPARM

LOGICAL LDEN,LVIS,LTURB, LTEMP, LBUOY, LSCAL, LCOMP, LRECT, LCYN, LAXIS,

oE S

+ LPOROS, LTRANS
[

CHARACTER* (*) CWORK

CHARACTER CNAME*6,CALIAS*Z24
[
Chtttdbdtdttrtttditt USER ARER 1 +4tdddbddbbdbddddddddbdddbddtbddtbddbtttd
Cw=w- ARER FOR USERS EXPLICITLY DECLARED VARIRBLES
[

DOURLE PRECISION FEEDCONC, FEEDVOL

DOUBLE PRECISION FEEDPVOL, GEOMVOL, TOTALVOL
c

INTEGER I, INODE

INTEGER GENSET3
C

Ctatttbttttdtstdts END OF USER BREAB 1 +4+ttbbdddtdddbtddddddbddbdbbbbdbd
C
COMMON /ALL/NBLOCK, NCELL, NBDRY, NNODE, NFACE, NVERT , NDIM,

+ /RLLWRK/NRWS, NIWS, NCWS, IWRFRE, IWIFRE, IWCFRE, /ADDIMS/NPHRSE,
+ MSCAL, NVAR, NPROP, NDVAR, NDPROP, NDXNN, NDGEOM, NDCOEF, RILIST,
+ NRLIST, NTOPOL, /CHKUSR/IVERS, TUCALL, IUSED, /DEVICE/NREAD,
+ NWRITE, NRDISK, NWDISK, /IDUM/ILEN, JLEN, /LOGIC/LDEN,LVIS,
+ LTURB, LTEMP, LBUOY, LSCAL, LCOMP, LRECT, LCYN, LAXIS, LPCROS,
+ 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
CH+ttttdtdtttt++4+ USER AREA 2 ++++++4++d++dbbdtbtbdbdtbdtdb bbbt bbbt b bbdtd
C---- ARER FOR USERS TO DECLARE THEIR OWN COMMON BLOCKS
C THESE SHOULD START WITH THE CHARACTERS 'UC' TO ENSURE
C KO CONFLICT WITH NON-USER COMMON BLOCKS
C
COMMON /UCFEED1/FEEDCONC, FEEDVOL
CCMMON /UCFEED2/FEEDPVOL, GEOMVOL, TOTALVOL
COMMON /UCFEED3/GENSET3
C

Cottttttttttttttts END OF USER ARER 2 +4bttdbtbtbittttttdbtbtdbttitttdt
C
DIMENSION AM(NCELL, 6, NPHASE) , SP (NCELL, NPHASE) , SU (NCELL, NPHASE) ,
+ CONV (NFACE, NPHASE)

166
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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) ,
+ RE (NNODE, NPHASE, 4) , SCAL (NNODE, NPHASE , NSCAL)
Cc
DIMENSION XP(NNODE), YP(NNODE)}, 2P (NNODE), VOL {(NCELL) , AREA (NFACE, 3) ,
+ VPOR {NCELL) , ARPOR {NFACE, 3) , WEACT (NFACE) , IPT{*),
+ IBLK (5, NBLOCK) , IPVERT (NCELL, 8) , IPNODN (RCELL, 6} ,
+ IPFACN (NCELL, 6) , IPNODF (NFACE, 4) , IPNODB (NBDRY, 4) ,
+ IPFACB(NBDRY) , IWORK (*) ,WORK(*) , CWORK (*)
c
CH+++++++4+++++++4+ USER ARER 3 ++++4+++++++++4+ 44+ b ++ 44040040+ 44 H 4444
C~=-- RREA FOR USERS TO DIMENSION THEIR ARRAYS
c
C~=--- RREA FOR USERS TO DEFINE DATA STATEMENTS
C

CHtttttbttbtbbttt+ END OF USER ARER 3 +++tdtttittdttttttbbtbtttbtbbdbt
C
Cow=— 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
IVERS = 4
ICHKPR = 2
C
Ch+t+t++t++++++++4+ USER ARER 4 ++++++4++btttbdtbdbtb bbbt bbbt dbdd bbb bbb
Cw=== TQO USE THIS USER ROUTINE FIRST SET IUSED=1
c
IUSED = 1
C

CH+ttttttrttrtt+++ END OF USER AREA 4 ++tttddbtbttttbbtttbtbtdttbbtst++
o]
IF (IUSED.EQ.0) RETURN

[

C-=~- FRONTEND CHECKING OF USER ROUTINE
IF (IUCALL.EQ.0}) RETURN

C

G BDD TO SOURCE TERMS
IF (ICALL.EQ.1) THEN

C

CHtttdtttttitttitt USER AREA 5 ++++++4++tdtddtbtbttttttbibbbbbbbbbd bt
c

C———~ EXAMPLE (HEAT SOURCE) ADD 100W PER UNIT VOLUME IN BLOCK

C 'BLOCK-NUMBER-2"'

c

C USE IPREC TO FIND ADDRESSES

CALL IPREC(’BLOCK~NUMBER-2', 'BLOCK','CENTRES', IPT,ILEN, JLEN, KLEN,
+ CWORK, IWORK)

FIND VARIABLE NUMBER FOR ENTHALPY
CALL GETVAR('USRSRC','H ', IVAR)
IF ENTHALPY EQUATION ADD 30URCE 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,1)=8U (INODE, 1)+100.0*VOL (INODE)
c 101 CONTINUE
c 102 CONTINUE
C 103 CONTINUE

[t EeNsNoNsNeNeNeNeNeNeNeNeNeNe el

C ENDIF

c

C-=—— END OF EXAMPLE

Cc

[od if Na.+ or OH.- species concentration eguation

IF {(CALIAS.EQ.'NAION'.OR.CALIAS.EQ.'OHION') THEN

call utility routine IPALL to return cell-centre addresses of those cells
occupying feed patch
CALL IPALL('USER3D FEED', 'USER3D', 'PATCH', "CENTRES',IPT,NPT,

[sReNe!
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I
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Caly TPRLLEN=!, ivt darace' ' SENCRES', 1P, KBT, SWURE, THORK)
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Notation

a effective diameter of hydrated ion, Fq. (2.5) (&)
a constant, Eg. (2,21)

A Debye-Hickel constant (kg'*.mol %)
4 constant, Eq. (2.7) (m .5}

i activity of species

4, total particle surface area per unit volumme of suspension, Bq. {2.19) (pm’.m %)
H constant, Eg, (2.5} (kg mol 12 A7)

a birth pate (m~pm sy

2 nucleation rate {m~ .57}

¢,  constant, Eq. (2.32)

P&, death rate (m = pm ' 5"

L dielectric constant, Eq. (2.4) (Fm™)
e impeller diameter, Eq. {2.21) {m)

0y wrbolent diffusivity, Eq, {2,221 (ms7')
€ clectromic charge (C)

E engulfment parameter, R, £2.24) (57
P kinetic order for growth, Lq. (2.5
lingar growth rate (pon.s'y

f ionic strength { molkg ;)

of nucleation rate (m .5 )

k turbulent kinetic encrgy (m'.s7)

k, area shape factor, Eq. (2.19)

&, equilibrium constant

k. Boltzmann’s constant (LK)

172



& prowth constant, Eq. (2.9

& length shape factor, kg (2.18)

&, ntcleation constant, Cg. (287

Y solubility prodoct

k, violume shape factor, ky. {2.24)

L eddy size, B, {2231 {m)

L particle size (length) (pem)

= lowver bound of sice ioterval §(m)

il

£ approprinte mean size fn stze interval § for caloulsting ™ momem (o'}
Lo tola! particle length per umit volume of suspension, Cq. (2.18) {pum.m )

molakity of species i { malkg, |, )

w M moment of population density function (em’ m)
" popiation densicy fungtion fm w7

" Kinstee arder for nucleation, kq. (2,5}

N stirrer speed, Cq. (2.211{z )

s Avopadre’s number (mol ')

. equilibrian quattiny of species [ (o)
A, particle mimber coneentration in sime mterval £ (m™ )
"' equiftbrivm quantity o component § (mol)

m.  inilial quantily of species | (mol)

i nitial quantity of component § {mol)
&, total particle number per unit volume of suspension, Eq. (2473 tm )
IMil,, precipitats molar density thmol,.m )

e leed additton tate, Eg. (2223} (m' 'y

¢ ratio of upper and lower bounds of cach size interval
5 sUpersaluration

5 source (ot sinky of @ (ke [@|-m ‘5 '}

e Schmidl namber

Motation
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174 Notation

! time (s}

r unnk diameter, Sec. 3.2 (m)

r teimperanice (K

le cirenlation time, Fq. (2,211 (5)

iy turbulent ditfusion time scale, Bq. (2.22)(s)

i cnguliment tme constant. Eq, 12.24) (3}

4 moleculsr diffusion time scale, Hg. (2.25)(s)

fe inertial-convective mixing time scale, kg, (2.23)4s)

u magnitude of velocity closc to feed pomt. kq.42.22) (mis™)
¥ veelor particke phasc-space velocity, Eg. (2.11) (m.s™)

v velosily vestor (s}

", ‘nucleus’ valome [mr')

K. moleeular volume, FHq (2.7 (m’)

v tokal volume of vessel contems, Bq. (2.21) (m’)

¥, total particle vohume per unit volume of sispension, Eg. (2.20) (um’ ")
X molar exient of reaction

5 charge on specics §

B aggregation kernel imt.s7")

f size-independent partion of aggregation hernel (tm's ' [fL A"
i) Dirac delta funclion

it everaping time scale, Fg. (2.27) ()

Ar o simulation time-step size (5}

! turbulent kinetic energy dissipation rte (m'.s ")

# represenialive scalar. Eqs (226}  (2.30)

d  us defined in Eq.¢4.35) ({ALA))m ")

o as delined o Equ {4260 ([f{L.A)m™")

i, as delined i Eq 44 27) (um® m™')

®, a8 defined in Eq. (4.28) ([AL,A) ")



#

iy

Notation

as defined in Eq. (4.29) (po'.m )
activity coefficient of species /
surface cneray, Eq. (2.7) (Jm™)
molecotar diffusivity of f (kgam .57
ellective diffusivity of & (kgm ™57
turbulent diffusivity of # (kgm's™')
variable of intearation (particlc size (length)) (Jun}
viseosity (kgm™ s}

turbulent viscosity (kgm ‘s ')
kinematic viscosily (m’s '}
strichiometric coetficient lor species |
fluld density (kgm™)

solvent density, Eq. (2.4) (kgm™)

turbulent mixing time scale [5)

Reynolds-averaged quantity, Secr2.3.3.1

fluctuating component quantity, Sec, 2.3.3.1
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