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overllow or underflow stream. The distribution of these times, which is only applica-
ble to the discharge streams, is termed the residence tane distribution (RTD). The
stimulus-response technique, which involves the introduction of a tracer input into
the flow system, for which a time record of the discharge response may be obtained,
has been successlully employed to study and characterise bulk [luid flow behaviour.
However, the mean residence time (MR 7, is often adopted for practical applications
because it can be readily determined via equation 2.2, il the volume V, of the eyclone
*

and the volume flow rate Vi of the slurry are known.

1= Ve (2.2)

Vs

where
— mean residence time

— cyclone volume

@ .’:< o~

- slurry volume [low rate

Cyclones generally have short, mean residence Limes, on account of the high particle
accelerations arising [rom the swirl motion of the flow [3]. A knowledge of the MRT
is essential because it determines the frequency with which any flow measurements
should be made in order to adequately capture any details for the purpose of flow
characterisation. In a computational modelling sense, the MIXT also gives an indication
of the simulation time span that is necessary for the determination of meaningful flow

predictions.

b) Hydrocyclone primary flow patterns

The most significant, low patiern in a hydroevelone, depicted in figure 2.3, is the spiral
within a spiral [3] {22]. The outer spiral is responsible for discharging the underflow
through the spigot and the inner spiral [or transporting the overflow through the vortex
{inder located in the roof of the eyclone [22]. The swirl motion of these two spirals is
unidirectional, with the exception of the vertical velocity component which exhibits
velocity reversal [3]. The spiral motion [3] of the [luid particles constitutes free and

Jorced vortices [5] [29], which are discussed in detail in section 2.1.2 (c).

¢) Hydrocyclone secondary flow patterns

Secondary flow patterns occuring within the eyclone and prevalent in the main ¢ylin-
drical chamber include short circuil and [9ddy flow, which are depicted in ligure 2.1

The short circuit flow results rom the obstruction of the tangential velocity of the
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bulk ow [3] and evolves in the region near the cvelone roof and the outer wall of
the vortex finder, with the consequent substantial retardation ol the bulk [luid motion
[22]. Photographic evidence, visual inspection and samnpling indicate that, for a slurry,
the short circuit flow path indicated in ligure 2.1 constitutes a concentrated band of
coarse solid particles that are discharged with the overflow without classilication [16].
The vortex finder, in addition to discharging the overflow, is intended to minimise
the short circuit flow [3]. The Eddy flow, on the other hand, is the dircet result of
the overllow orilice failing 10 handle the upflowing vortex [3]. These issues present an
ideal application of CFD, particularly in investigating geometry changes that may be

cllected such as Lo improve the classification efliciency of the cyclone.

) ' ghort Circuit Flow

L
)
)

Eady Flow

Figure 2.1: Iydrocyclone upper region flow structure [3]

d) Hydrocyclone flow complementary features

i) The hydrocyclone particle equilibrium orbit theory In addition to the
hydrocyclone lfow patterns alrcady described, there occurs interesting particle-related
phenomena in the hydrocyclone radial and arial directions that establish equilibrium
orbits and loci respectively.  According to the particle equilibrium orbil theory, the
hydrocvclone particles reach an equilibrium orbil in the radial direction when the
centrifugal foree on them is balanced by the [luid drag foree [1] [30]. An illustration

of this particle force balance is given in figure 2.5.

The mechanism of radial particle classilication within the hydrocyclone is com-

monly accounted for through the particle equilibrium orbit theory [1] [30] [31] [32]
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Figure 2.5: Tlydrocyclone particle equilibrinm orbit, []

[33]. As such, in a radial sense, particle classilication is understood Lo result primarily
from a centrifugal-drag force balance {33], with radial drag of small particles towards
the core, throughout the conical section, and centrilugal drifi of large particles to-
wards the cyclone wall [31]. In accordance with this understanding, Wills [32] reports
that the faster settling coarser particles migrate 1o the cyvelone wall, where the (luid
velocity is lowest, and discharge with the underlflow. Conversely, the slower sctiling
finer particles migrate towards the low pressure zone located along the central axis of
the cvelone, due to the action of the drag force and are discharged with the overflow
[32]. Although Cullivan et. al [31] also report this common conception of radial parti-
cle classification, they, in turn, challenge it. However, their rescarch which sought to
shed new light on this phenomenon, on the basis of three-dimensional particle tracking

using the Lagrangian particle model, without experimental validation, is inconclusive.

Axially, the motion ol the [luid elements within the hydrocyclone occeurs in two
opposing directions [22]. This necessitates low reversal and results in a condition of
zero axial velocity [or [luid clements intermediate between the cone apex and the region
consisting of {luid clements migrating towards the vortex finder [22]. The significance
ol the locus of zero arial velocily, depicted in figure 2.6, and on which dsg-sized particles

are assumed to lie [1] [33], is discussed in section 2.1.2 (¢).

ii) The air core Ilvdrocyclones experience very high liquid velocities in the vicinity
of the central vertical axis that cause a pressure reduction capable of yielding a gas-
liquid interface in the region of the core [17]. If operating conditions are such that the
discharge orilices ol the hydrocyclone are exposed to the atmosphere, the core region
is transformed into a central air core [17] [22]. For sufliciently low back pressures,

liquid vaporisalion may occur, resulting in the preferential formation of a vapor core
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[17]. The alternative is the complete suppression of any core formations [22]. LI'ollow-
ing this discussion, the implication is that both air core inception and development,
arc pressure-driven. [However, a new understanding of the mechanism leading to air
core development. due to Cullivan et.  al. [31] has evolved. Their CED water-only
simmulations, for which experimental validation was acquired, demonstrated air core
development to be transport-driven as opposed Lo being pressure-driven. These phe-
nomena refer o air core development by mass diflusion, due to {low reversal, and
through the introduction of an inllux ol air at the spigot orilice, on account of the

generation of a sub-atmospheric core-pressure, respectively [31].

Air core geometries arc operating condition dependant, and may assuine the form of
lincar or precessing sinusoidally-shaped cylinders [16] [17] extending in part or through-
out the hydrocyclone length [16] [22]. The common understanding that the presence
of an air core within a hydrocyclone is a desirable feature, because of implied vortex
stability, is widely professed in the literature [3] [22]. The air core is also associated
with the type of underfllow discharge [34]. The spray-type discharge indicates the ex-
istence of an air core [31] and marks the condition where solids and liquid discharge
in a violent spray in the shape of a hollow cone, with maximum removal of solids
[3]. The lack of an air core is indicated by the rope-type discharge [34] in which the
discharge is a rotating solid spiral. Kelsall [16] reported the diameter of a cylindrical
air core, positioned coaxially with the cyclone and extending into the vortex linder,
to be dependent on and constrained by both the diameter of the orifice at the apex of
the conical chamber and the internal diameter of the vortex finder. In contrast, exper-
imental evidence due to Williams et. al. [35] indicated the diameter of a cylindrical
air core to be strongly dependent only on the diameter of the apex. A detrimental
condition, prohibiting formation of the overflow stream, would arise if the diameter of

the air core were to exceed that of the vortex linder [16].

e) The three velocity components in a hydrocyclone

Any three-dimensional velocity within a hydrocyelone flow ficld may be resolved into

three mutually perpendicular components namely [3] [16]:
e axial/vertical component (u,) - parallel to central evelone axis
e radial component (u,) - in horizontal plane along radius

e tangential/horizontal component () - in horizontal plane and perpendicular to

central cyvelone axis at all radii
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Resulis of these velocity components are depicted at diflerent scales in ligures 2.6,
2.7 and 2.8 as produced by Kelsall [16], from an optical study of a dilute suspension
of aluminium particles. Although these results do not rellect particle behaviour at
practical slurry concentrations, they are regarded to give the most reliable indication
of hyvdrocyclone llow patterns [3]. Consistent results were obtained by Isich [6] in a
recent study employing Laser Doppler Ancmomelry (LDA). Details of this technique
and the experimment are discussed in sections 2.1.4 (b) and (¢}, respectively. In their
experimental studies, both Kelsall [16] and Ilsich [6] measured the (luid tangential
and axial velocity components at diflerent horizontal levels and calculated the radial
velocity component from the continuity cequation. The subsequent discussion on the

three liquid velocity components in a hydrocyelone is largely due to Kelly [3].

i) Liquid axial velocity 'The liquid axial velocity component is an indication of the
magnitude of the two spirals and therefore determines the volumetrie distribution of
the product between the overllow and underllow streams. The locus or envelope of zero
arial velocily, which is a signiflicant, feature of this velocity component [1], is depicted
in {igure 2.6. This velocity envelope divides the outer downward [lowing and the inner
upward [lowing [luid layers. In both cases, an increase in the axial velocity component
is observed with incrcase in distance from the envelope. The velocity increase is greater

in the upward than the downward direction ol [low.

Isich [6] noted marked asymmetry of the axial velocity proliles about the cyclone
central axis, in the region between the vortex [inder and the hvdrocycelone wall, on
account of the geometric inlet asymmetry [6]. This asyimmetry was less pronounced in
the sub-vortex finder region but reappeared in the vicinity of the apex ol the conical
chamber, where the [low passage narrows, leading (o increased turbulence that in turn
causes fluctuation of the air core [6]. With reference to figure 2.12, Hsich [6] reported
the short-circuiting llow depicted in figure 2.4, 1o be most pronounced at 2700 and
to increase with increase in [luid viscosity and inlet volumetric [low rate. Axial llow
reversal was also noted [6] to occur along most of the hyvdrocyclone length, with the
cxception of regions in close proximity to the apex ol the conical chamber, This
phenomenon reportedly [6] accounts for the minimal fluid content of the underflow

strean.

ii) Liquid radial velocity Of the three liquid velocity components in a hydrocy-
clone, the radial component is the least in magnitude. As depicted in ligure 2.7, it
increases in magnitude, up Lo a maxinum in the vicinity of the cyclone wall. The

positive velocity proliles indicate a radially inward-directed flow ficld. As a result of
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Iligure 2.6: Distribution of hydrocyclone axial velocity component [3]

centrifugal force, particles need to settle against this component in order 1o enable
their discharge as underllow. With the exception of liddy flow in the region between
the c¢velone inlet, and the exterior of the vortex linder, with relerence to ligure 2.4, this

componcent is normally dirccted radially inwards.

iii) Liquid tangential velocity With respect to figure 2.8, the following trends, in

the spatial distribution of the tangential velocity component, are observed [16):

1. At horizontal levels above the bottom of the vortex [inder, there occurs a velocily
increase, traversing from the vicinity of the ceyelone wall to the exterior of the
vortex finder. In close proximity to the vortex linder, the velocity reaches a

maximum before decreasing suddenly.

2. The sub-vortex finder region is marked with a similar but relatively steeper
velocity increase that reaches a maximum in the vicinity of the air core, belore

deereasing rapidly.

3. The vertical inclination of the arbitrary locus of constant tangential velocily sig-
nifics that the resulting velocily envelopes consist evlinders coaxial with the hy-

drocyclone [3] [6].
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IFigure 2.7: Distribution of hydrocyclone radial velocity component [3]

In contrast to the signilicant asymmetry exhibited by the axial velocity profiles
about the central axis ol the hydrocyclone, IIsich [6] observed similar but less pro-
nounced asvinmetry of the tangential velocity profiles. This observation was partic-

ularly consistent in the regions around the vortex finder and the apex ol the conical
chamber.

The mathematical relationship between the radius 7, measured radially from the
axis ol rotation, and the tangential velocity component at this radius, for all positions

within the evclone, ranging from the wall to the immediate vicinity of the central air
core [16], assumes the form [1]:

(2.3)

UH'” = constant

Viscous shearing actions within real [luids are capable of causing [luid rotations
that can develop into compound vortices [36] with inner cores approximating forced
vortices and outer regions approximating free vortices [9]. Such a combined vortex flow
structure is termed a Rankine vortex [19] [29]. Hvdrocyclone low similarly assumes a

[ree vorter in the outer region as n tends to unity and the equation defining this swirl

motion is given by the relation:
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Iligure 2.8: Distribution ol hydrocyclone tangential velocity component [3]

wer = constant, (2.14)

According to equation 2.1, u, theoretically becomes infinite at the centre of the

vortex [3] [9] [36]. This behaviour is closely approximated by real flows which assume
a vortex core instead, bearing a different relationship between the tangential velocily
component, and radius. There occurs a transition, traversing from this air core to
the surrounding arca, which is subjected Lo a forced vorier that revolves al constanl
angular velocily, exhibiting ‘solid body rolation’ [36]. The mathematical definition of

forced vortex motion is stated as:
P B ‘
wr” = constant, (2.5)

Iigure 2.9 depicts a vertical cross-scctional view of the typical tangential velocity
profile exhibited by particles contained within a hydrocevelone flow field.  Also indi-
cated, is the Rankine vortex structure, which constitutes free and florced vortices near
the hydroeyelone wall and central vertical axis respectively. The corresponding regions,
in which the [ree and forced vortex equations i.ce. equations 2.1 and 2.5, are respec-
tively valid, are indicated by the construction lines. The parabolic peak, intermediate

between the two vortex regions, marks a gradual transition between the two distinet
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IYigure 2.9: Ilydrocyclone Rankine vortex structure [5]

and uniquely defined vortex structures. The hypothetical condition of infinite tangen-

tial velocity al the hvdrocyclone axis, implied by equation 2.4, is closely approximated

by the line extending from the origin.

f) Solid particle behaviour within a hydrocyclone

Unfortunately, very little information on the behaviour [3] [22] and measurement of

the distribution [34] of solid particles within a hydrocyelone flow field is published.
Investigation of the internal flow structure of a hydrocyclone, for practical applications,
is normally impeded by the opacity of the shurry [37] and the walls of the device [34].
As such, the subsequent discussion merely desceribes probable solid particle behaviour
due to studies conducted by Renner and Cohen [3] [32].

Figure 2.10 indicates the four regions labelled A-D into which the interior of the

hydrocyelone can be subdivided based on particle size distribution. The information

on particle size distribution can, on a regional basis, be summarised thus [3] [32]):

A —  feed size distribution i.c. unclassified feed
3 — essentially coarse product size distribution
b — essentially fine product size distribution

D — intermediate-sized particle distribution



2. Literature Review 23

The concentration ol the intermediate-sized particles in region 1) s higher than
in cither the feed or the remainder of the hydrocyelone contents as a whole [3]. This
region coincides, in part, with the region subjected to Eddy [low motion, as depicted
in ligure 2.1. As such, particles in this region accumulate only to be displaced duce
to lack of room [3]. This phenomenon is indicative of the region acting as a locus of
active classilication [32] and lack ol its proper formation, stenining from a poor design
and /or operating conditions, may lead to poor classilication [3]. An assessment of fluid
{low behaviour in this region, [or variable cyclone geometries and operating conditions,
such as to provide an improved understanding of the classilication mechanisim, falls

within the realm of CFFD.
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Figure 2.10: Ilydrocyclone variable particle size spatial distribution [3]

The llow licld of a c¢yclone is reportedly [6] [17] [38] asymmetric about the central
axis. Consequently, the axisymmetry in particle size distribution depicted in ligure
2.10 is unrcalistic. Similar nuinerical results, which are based on Maxey’s theorem,
arc also reported by Dyakowski and Williams [39]. T'he limitations imposed on the

simulation of high solids concentration flows via computational fluid dynamics (CIFD)
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arc reported by Slack [7], Olson and Van Ommen [19] and Nowakowski et. al [38].
However, Flectrical Ipedance Tomography (1517, a technigque that maps solid particle
and lluid media distributions on the basis of their electrical propertics, offers promising
prospects but has only been used to map cyclone flow fields in horizontal planes [34].

Details of this technique are discussed in section 2.1.1 (a).

2.1.3 Pressure drop across the hydrocyclone

The total pressure al any point in a cyclone is the sum ol the stalic pressure and
velocily pressure at that point [10]. Numerous [actors reportedly contribute to cy-
clone pressure drop but the most noteworthy, which also conswnes energy during its
formation [10], is the Rankine vortex. In accordance with Bernoulli’s principle, which
is a statement, of conscrvation ol cnergy ol a physical system, velocity changes across
sections of non-uniformm cross-scctional arca, are accompanicd by inverse pressure vari-
ations in the flow direction [36]. With particular reference to cyvelone flow, when
pressurised slurry 18 fed into the main chamber of the hydroceyvelone, it experiences
a high swirl motion that results in radial acceleration of the particles. The particle
accelerations, due to increased bulk flow velocity, inevitably set up a negative pressure
dillerential hetween the cyclone inlet and any downstream position within the body of
the cyclone. Of interest is the pressure drop that leads to the formation of a central air
core, which has already been discussed in section 2.1.2 (d). The pressure drop across
the inlet and dischiarge ducts is also signilicant, due 1o its tendency to impose high
energy expenditure pumping requirements.  Unfortunately, despite the much needed
knowledge of the pressure variation across the cyvelone, of all the numerous empirical,
semi-cmpirical and theorcetical cyclone pressure drop relationships that have cevolved,

none proves Lo be universally applicable [10].

2.1.4 Current experimental research techniques

The discussion on current, experimental rescarch techniques is limited to lectrical In-
pedance Tomography (I'T) and Laser Doppler Anemomelry (LDA), which are used to
determine the spatial distribution of {luid and particulate media within a hydrocyclone
flow [ield as well as (o measure [luid veloceity, respectively. Details of the experimental
work due to Hsich [6], which employed LDA and that which provides the necessary

inpul. used to set. up the CIKD models in this work, are also discussed.

a) Electrical impedance tomography

The multiphase flow imaging capability ol 151l olfers great potential for fluid flow

model validation, separator design and on-line process monitoring [34]. T'he advantage
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derived [rom the application of EFT in mapping hyvdrocyclone flow media is that the
acquistion of measurcments is not impeded by the opacity of the feed slurry [34].
Measurements are also taken non-intrusively and rapidly, suggesting that rapid (e.g

2ms per frame) low [luctuations can be measured [31].

II'T is implemented by mounting plate clectrodes around the periphery of the
cvelone and measuring the slurry voltage on horizontal planes [34] [35]. Measured
voltage data, captured via a data acquisition systen, is then interpreted using a quan-
titative image reconstruction algorithm and tomographic iimages giving a map ol the
constituent phases obtained [35]. Comprehensive accounts of EI'T and generic image
reconstruction algorithms and their limitations are presented by Williams et. al [35]

1],

b) Laser Doppler anemometry

LLDA 1s an optical technique used for localised velocity measurements of small tracer

particles suspended in a [lowing [luid. Tracer particle velocities are established via the

determination of the Doppler shifl or laser light scattcered from the moving particles.

Doppler shifts refer 1o the frequency changes that oceur in any form of wave propaga-
1 . g ;

tion, owing to the relative motion of a source and a receiver. This discussion is due to

Drain [12] and is limited to the Differential Doppler Technique (D).

The DD'T employs two laser beams of equal intensity, which are focused by a sin-
gle lens and crossed at the point under investigation. The light scattered from the
focal point is then focused onto a photodetector. On account of this light reaching
the photodetector simultancously, a beal frequency that is equivalent to the difference
in Doppler shifts corresponding to the two angles of scattering is obtained. The beat
frequency fp s given by equation 2.6. Scveral means, which include spectrum analy-
sis, arc available [or processing the photodetector outputl signal. DD'T permits light
collection over a wide aperture and offers considerable signal to noise advantage for

low particle concentrations.

o, /o o 7
fo = Tsm (;) (2.6)

where

fo — beat frequency
u  — tracer particle velocity at focal point
« — angular displaccment between scattered beams

A — light source wavelenglh
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The most signilicant. limitation of LDA is its dependence on the presence of par-
ticles in the flow, which may be prohibited and/or undesirable in certain instances.
Provision should also bhe made to grant optical access to the arca of interest via trans-
parent, inteverning media. The application of LDA, however, presents no obstruction
to the flow and permits high resolution that is typically of the order of 20 - 100 g
In addition to being a high response technique, LDA also permits directional discrim-

ination of tracer particle velocitics.

¢) Laser Doppler anemometry experimental details

Figure 2.11 depicts a schematic ol 1Tsich’s [6] experimental set up. The laser system
was allixed to a three-dimensional traverse system, with digital tracking ol spatial
coordinates, accurate to 0.01 mm. The laser beam was split into two beams of equiv-
alent intensity by a beam splitter. A focussing lens, collecting lens and pin hole, in
turn, focussed, collected and localised the coherent light source onto a photo detector,
which converted the light energy into clectrical energy. The water jacket served (o
minimise optical refraction of the incident light beam. The frequency shifter detected
the flow direction and measured the velocity of the tracer particles within the [fuid
media. The resulting Doppler signals were displayved on the oscilloscope and converted
into a voltage signal via the signal processor. The data processor converted the output

to velocity data.

Hsich [6] employed LDA with a 75-mm glass hydrocyelone to measure the axial
and tangential velocity components of water, in the presence of an air core. With

) and

respect to figure 2,12, the tangential velocity measurements were taken al, (
180V, and the axial velocity measurcments at all the indicated 90° intervals.  All
velocity measurements were taken at specilie horizontal levels, Fluctuations in the air
core prohibited measurement, of the radial velocity component hence its computation
from continuity, using the measured axial and tangential velocities. Mass flow rates
at the inlet duct, vortex finder and spigot discharge orifices were also measured. The
overflow and under(low streams were discharged at atmospheric pressure into the sump
and recirculated via the pump. IFigure A.1 depicts the cvelone used for the experiment
and details of its physical dimensions are given in table A.1. IIsich’s [6] high quality
experimental data set was selected for this work because it is published in a manner

suited Lo validation of the multiphase CED hyvdrocyvelone models.
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2.1.5 Summary

Classification has been established as being imperative to numerous industrial processes,
more so where it impacts direetly on the [inal product yield. Consequently, an attempt
has been made to justily the reason why classification devices such as the hydrocy-
clone that contribute directly 1o the revenue generated in such industries, receive much
deserved attention, aimed at improving their operation cfficiencies. Fundamental con-
ceptls relating Lo hydrocyclones have therefore been discussed in section 2.1 in order
to provide the reader with a background on their applications and principle of opera-
tion. The inherent intricacy in the hydrodynamic behaviour of hydrocyclone flow has
also been highlighted. The highly empirical nature of current hydrocyclone models
has been noted and the need for continued complementary rescarch via computational
techniques such as CI'D, motivated. A set of experimental data due to Isich [6] that
can be used to validate the multiphase CED hydrocvelone models derived from the

current rescarch has also been identilied.
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2.2 CFD hydrocyclone modelling

Compulational [luid dynamics (CFD) is, in essence, the field concerned with the analy-
sis of systems involving [luid flow, heat transfer and associated phenomena by means
of computer-based simulation [18]. This section discusses CED hydrocyclone mod-
clling as reported in the literature. Without shifting locus [rom the set objectives of
this dissertation, it is percetved instructive to give an overview ol CIFD as a means of
providing insight into its underlying [undamental concepts. As such, if deemed appro-
priate, reference should be made to Appendix 13, which gives a qualitative treatment
ol the basis of CED. The solution techniques emploved in commercial CIPD codes are
also discussed, with particular reference to the finite volume technique emaployed in

IFluent version 6.1.22.

2.2.1 Preliminary overview

New design tools are being sought to lacilitate concept design evaluation and opti-
misation prior to prototyping [19]. The motivation is primarily to reduce the costs
involved with the design and production of machine components. Such objectives are
in the realm of CED, due to its inherent ability to facilitate parametric investigations
10 be conducted al relatively reduced time scales in comparison with experimental

techniques [18].

Although CI'D can potentially be used to investigate fluid flow phenomena in
a hydrocyclone, there still exist. munecrous limitations to the modelling capability of
comnercial CEFIY codes, imposed by the incorporated computational algorithms and
computer hardware capabilitics. As a result, CE1) sullers a drawback in that it can-
not, be professed adequately without continued reference Lo experimental validation
[18]. Lor this reason and due to the inability of companics to support the high cost of
computational mfrastructure, CI'D has lagged in mineral processing and other applica-
tions [7] [19]. However, with advances in both computer technology and computational

algorithms, we remain "poor but not destitute™ [13].

Despite the widespread availability of CEFD technology, a high level of skill and
understanding is still required to produce mcaningful results using commercial CIoD
codes. Nonetheless, the preferential adoption of CE'D over experimental techniques,

in the design of fluid {low systems, may be atiributed to [18]:
o the signilicant lead time and cost, reductions associated with new designs

e the ability to computationally investigale and control systems in ways that may

have otherwise proved diflicult or impossible experimentally
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e the ability to simulate potentially hazardous systems up to and beyond their

performance limits

e the ability to simulate results with an unlimited level of detail, perhaps not

observed or readily apparent experimentally

2.2.2 Current CFD hydrocyclone modelling research

Numerical solution ol the intricate multiphase swirling flow ficld in a hydrocyclone
via CED is reportedly [7] [17] [37] [11] non-trivial. Tmproved understanding of the
strategies necessary 1o tackle this problem is however being gained through continued
rescarch [19] [15]. This section discusses literature publications of current successfully
implemented CEFD hydrocyclone modelling strategics. Particular reference is given to
experimentally validated cases that have shown good correlation 1o experimental data.
The hydrocyclone modelling guidelines are largely due to Slack [7] and Brennan [37],
both of whom have undertaken the seminal hydrocyelone CIFD study, validated with
experimental LDA results due to Isich [6]. Pioneering non-CIFD work on hydrocyclone
flow dynamics modeliing was conducted by Isich [6] and co-workers Monredon ct. al.

[16] via a phenomenological model.

a) General overview

The extent of volume mesh resolution has a significant effect on the numerical accuracy
of the resulting solution. IFor improved accuracy, common practice dictates increased
volume mesh resolution, more so in regions exhibiting large variations in flow variables
[18]. The IFluent [8] solver incorporates a dynamic self-adaptive meshing capability, for
mesh optimisation in this regard. In instances where this option cannot be employed,
the onus is on the CI'D user to design a mesh that is a suitable compromise between
the desired accuracy and solution cost. To minimise false or nuwncric diffussion, it is
imperative to align the mesh in the flow direction [18] [21]. Tt is estimated [18] that over
50% of the time spent in industry on a CI'D project is devoted to geometry definition
and meshing of the computational domain . As such, the importance of this phasce
cannot be over-ciphasised because of the direct relationship between the accuracy of
a numerical solution and its cost in terms of the necessary computer hardware and

computational time, for a specilied grid resolution.

b) Established hydrocyclone-related CFD modelling practices

Some of the problems anticipated to be concerned with setting up the CIFD hydro-

cvelone model that were highlighted in chapter 1, section 1.5.1 are re-iterated for
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cmphasis as well as 1o indicate the procedures adopted (o overcome or address them

in part.

i) Geometry definition and meshing The existence of numerous variable cyclone
geometric configurations complicates the task of attempting Lo establish a generic pro-
cedure for generating the geometries such that they can be meshed with suitably
structured grids. The most notable complication, [rom a meshing perspective, 18 pre-
sented by some types of feed inlet designs and/or inlet. duct cross-sections, examples
ol which were discussed in section 2.1.1 (b). Some inlet duct-main chamber config-
urations may dictate the use of dilferent mesh types for the two components, which
would in turn, cllect non-conformal meshing at the common interface. Such a meshing
strategy was adopted by Slack [7] for the outer wall tangential, circular cross-sectional

inlet duct cyvclone depicted in ligure 2.13, the shortlalls of which he reports to be:

e high susceptibility to interpolation crror, of fluxes between the different meshes

al the non-conformal interface

e the need to use high order discretisation schemes and comparable mesh sizes in

order 1o minimise the associated [lux interpolation error

e marked false dilfusion due to the use of dillerent clement tvpes c.g. tetrahedral-
shaped elements are more diflusive than the hexahedral type, which compounds

the diflusive cllects of the strongly convective hydrocevelone flow

The volume meshing complications arising [rom the inclusion of the inlet duct, in
the delinition of the cyclone geometry, could be avoided through its exclusion. A user-
defined function (UDIY) could then be used to specify a suitable input velocity prolile on
a boundary representing the interface between the inlet and main chamber. [However,
it is evident from experiment and CED predictions that the inlet serves as a source
of asymmetry and that its inclusion in the numerical modelling process is imperative
for successful sinmlation of hydrocyclone flow [31]. Inasmuch as the prescription of a
UDI for the inlet velocity prolile would serve to simplify the problem, establishing a
suitable input velocity expression may prove dillicult, especially for high [low rates in

which the flow may not be fully developed on entrance into the main chamber.

Three-dimensional meshes that were aligned in the flow direction, in an attempt
to minimise numeric dillusion, were adopted by Slack [7] and Brennan [37] for the
main body of the c¢yelone. Numneric diflusion, aggravated by the implementation of

a Cartesian versus a cylindrical coordinate system, for the purpose of modelling a
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Figure 2.13: Non-conformal inlet-duct main chamber mesh (7]

cylindrical geometry [47], was further minimised through the application of high order
discretisation schemes. A critical factor in deciding on the mesh resolution is ensuring
that cell aspect ratios are moderate because high aspect ratio cells are known to cause
convergence difficulties, more especially in swirling flows [48]. The general guideline
[48] dictates that cells should ideally not exceed aspect ratios of 1:5. For the purpose of
modelling multiphase flows, it is further required that the reference pressure location
be located in the region containing the least dense of the fluids, in which the variation

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

ii) Boundary condition specification Hsieh [6] experimentally determined the
volumetric flow rates of the feed, the overflow and underflow streams of the hydro-
cyclone circuit configuration depicted in figure 2.11, for which the cyclone discharge
orifices are at atmospheric pressure. These experimental measurements and conditions
are sufficient to enable adequate specification of the boundary conditions necessary for
a CEFD simulation of the hydrocyclone. The commonly specified boundary conditions
for this set up include a velocity inlet condition at the duct inlet and pressure outlet
conditions at the vortex finder and spigot discharge orifices [7] [37]. A no-slip wall

boundary condition [19] is also specified for the remainder of the cyclone.

In as far as boundary condition specification is concerned, the following is generally
advised [7] [48]:
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L. The adoption of wall functions for boundary laver resolution [50], which is justi-

{iable due to:

(a) turbulence being generated in, and remaining restricted to, the main flow

(b) the lack of experimental data of boundary layer [low, [or validation ol the
CI'D models, as a result of the difliculty involved with the experimental
measurement of flow quantitics such as velocity components close to the
cvelone wall [6]

(¢) the predominant occupation, by coarse particles, of the region near the

vicinity of the wall, in practical applications

2. Fine grid resolution of the spigot orifice in order to adequately capture the un-
derllow in the event that an annular gap, due to the formation of an air core, is

established in the spigot.

3. The specilication ol radial pressure distribution at the vortex finder and spigot
discharge orilices, for the adequate resolution of the radial pressure gradients

generated due to high swirl of the cyclone low [17] [19].

In his CI'D eyclone studies [37], Brennan [50] employed non-equilibrium wall fune-
tions, for boundary layer resolution bul, suggested that the implementation of standard
wall functions, although not investigated, was potentially adequate. In contrast, Slack
[7] took precaution and adopted the more conservative boundary layer meshing ap-

proach for the ncar-wall region.

iii) Turbulence modelling The standard k-¢ model has been found unsuitable
for modelling the anisotropic turbulence exhibited by hydrocyclone flows [7] [37] [14]
due 1o is simplilving assumption which enforces cequality of the normal Reynolds
stresses, thus rendering the flow isotropic [17]. The high swirl due to the Rankine
vortex, already discussed in section 2.1.2 (¢), introduces marked instability of the
tangential velocity component [7], leading to its inaccurate resolution by the standard
k-¢ model [19]. The RSM has been shown to represent the minimum order of accuracy
for modelling hydrocyclone [low turbulence, through successful implementation with
both single and multiphase flows [7] [37]. Iixperience shows that a signilicant number
ol werations are required before stability of the peak tangential velocity component
is attained, even with the RSM [7] [17]. The muncrous unstable [low features of
hiydrocyclones are only adequately resolved through transient caleulations [37] [17],
using a time step at least 100 of the cyclone residence time [7]. A transient pattern is

observed if the hydrocyclone flow is resolved through steady state simulations and Lhis
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is evidenced by a cyeling in the residuals [7]. The LES model provides an alternative

to the RSM but is computationally more expensive [51].

iv) Multiphase modelling Most CI'D modelling of hydrocyclones has been limited
to single phase flow i.c. water only [52], which is without the added complication and
computational expense involved with modelling the air core and solid particles [7]. An
air core is reportedly [34] established through the introduction of air as a component, of
the feed and adequately resolved as a dispersed phase via the Algebraie Slip Mixture
Model (ASMM) [37]. This has been achieved [37] through the specilication of a volume
[raction ol unity al the cyclone discharge orifices, a condition which ensures that only
air recirculates across the outlet boundaries, accumulates and segregates along the
cyclone central axis, establishing an air core. The formulation and solution technique
of the ASMM arce discussed in Appendix 13, section B.1.2 (b).

v) Constitutive equation discretisation The fidelity of CI'D) predictions of hy-
drocyelone flow is largely dependent, on the choice of the discretisation schemes en-
ploved in the diseretisation of the convective terms contained in the (luid flow transport,
equations [18]. Despite the existence ol a wide range of discretisation schemes, only
the first, second and third order accurate ones, which are widely validated, are com-
monly implemeted in the solution of fluid flow systems [18]. The pressure staggered
oplion (PRESTO) finds wide use in the spatial discretisation of the pressure field [19].
The benelit to using the PRIESTO option, for which a structured grid is a co-requisite
[19], is that the pressure and velocity liclds are stored on staggered grids [18]. Conse-
quently, reconstruction of the pressure field, via interpolation at cach iteration during
the solution process, is averted [19]. Any spatial oscillations exhibited by the pressure
ficld are also discerned so that physically realistic pressure [icld predictions result [18].
The continuity and momentum equations arc commonly coupled via the Semi-Trnplicil
Method for Pressure-Linked Fquations (SIMPTL) [L1] [53] and SIMPTLIS-Consistent
(SIMPLIEC) [19] algorithms. The second order upwind differencing scheme [37] [14]
and the third order accurate Quadraiic Upstrean Interpolation for Conveclive Kinel-
ics (QUICK) scheme [49] [53] have been utilised in the discretisation of velocity and
turbulent quantities. The upwind dillerencing scheme is suited to modelling strongly
convective flow behaviour [18] such as that exhibited by hydrocyclones, due to its
inherent ability to identily llow direction. The QUICK scheme oflers an alternative

discretisation scheme ol a much higher accuracy.
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c) Reported CFD hydrocyclone modelling solution strategies

The literature lacks detailed information on the CED modelling solution strategics of
hydrocyclone l[low, especially with regard 1o air core development in multiphase [low
stmulations.  Schuetz ot. al. [1] and Slack et. al. [53] have suggested initialising
the simulation with a steady stale solver, using the RSM for turbulence closure. This
solution strategy, which assumes a laminar flow ficld, is associated with tremendeous
solution instability that is coupled with divergence behaviour [14]. Solution stability
is therefore achieved by initialising the simulation at a volume flow rate lower than
the operating value, 1o which it is gradually increased, during the iteration process
[11]. The resulting velocity and pressure profiles were found to exhibit a physically
sensible local distribution but compared poorly to experimentally determined values,
with the pressure drop commonly under-predicted by a factor of two or three [14].
Iurther inadequancies duc to the resolution of the hydrocycelone flow lield via a steady

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

T'he subscquent, implementation of an unsteady state solver, for the transient solu-
tion of the hvdrocyclone flow ficld, does not guarantee solution convergence. Several
key [actors, which include the extent of low development and grid resolution as well
as the choice of the simulation time step also need to be taken into consideration to
ensure solution stability and convergence. The choice of a simulation time step is
often of paramonnt importance in this regard and a conservative time step of 107 s
is indicated [44] [50] [53] to be generally appropriate for the simulation of hydrocy-
clone llow. In the interest of reducing simulation time spans, Brennan [50] suggests a
gradual increase of the simulation time step up to a value of 107 s. Brennan [37] has
also suggested the use ol a water-only solution flow ficld, with a negative pressure at,
the core [50], as input for hydrocyclone multiphase {low simulations. Ile reports [50] a
premature excecution of this solution strategy to lead to diverged solutions. The only
documented solution strategy lor air core development, based on the literature survey

conducted by the author, has alrcady been discussed in section 2.2.2 (b).

It is required to give careful consideration when modelling the pressure strain term
Le. term IV, via the Reynolds stress equation given by the relation in equation 13.16
[19]. The modelling considerations are particularly significant with high swirl lows for
which the correlation between the [luctuating pressure and velocity is sensitive [19)].
A comparison of hydrocyclone flow field predictions due Cullivan et. al. [31] identi-
fied the quadratic pressure strain model as a lower bound for turbulence modelling of
hydrocyelone flow [19], in contrast to the lincar pressure strain model. Tt is suggested

by Brennan [50] to employ the lincar pressure strain model in order to mantain solu-
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tion stability and to switch to the more sensitised guadratic pressure strain model on

formation of a stable air core.

d) CFD cyclone modelling limitations and developments

The software and/or algorithm limitations, which pose a challenge for both current
and Muture CED hydrocyclone dynamics rescarch were highlighted in chapter 1, see-
tion 1.5.1. Recent developments in computational algorithms pertinent to multiphase
[lows offer promise for alleviating some ol the problems associated with the numer-
ical simulation of these type of flows. This section discusses the development of an

Fulerian-lulerian iultiphase algorithm lor use with the RSN

The current FFluent [8] implementation of the ASMM emiploys the Fuler-Langrange
approach, when used in conjunction with the RSN, for the numeric modelling of tur-
bulent multiphase flows [17]. Despite the successful implementation of this approach
in hvdrocyclone flow modelling, it is reported by Fluent [8] and Slack [7] to be unsuit-
able for modelling Hows in which the volume fractions of any secondary phases are in
excess of 10% by volume. Unfortunately, such conditions are typical of practical shurry
[eed concentrations. A complete Bulerian-Fulerian multiphase algorithm, which solves
disctinet momentum equations lor cach sccondary phase, represents the most delinitive
methodology currently available for modelling hyvdrocevelone llows with phasic volume
fractions representative of typical operating couditions [7] [52]. Recent work due to
Cokljat ct. al [52] employed an Fulerian-1Sulerian algorithim, coupled with the RSM, in
the study of hydrocyclone llow that consisted of six phases. This work, which formed
part of the development phase of an updated version of the Fluent version 6 solver
[17], has enabled the extension of CED hydrocycloue modelling to high and medium
density flows [52]. Advances in cyclone modelling using unstructured grids are also

reported by Slack et. al. [53].

2.2.3 Summary

The prerequisite for the realisation of physically realistic [luid [low predictions of any
fluid dyvnamics problem is a thorough knowledge of the physical behaviour of the
systeni. Some key aspects, which are essential for successful CED hydrocyclone mod-
clling have been highlighted in conjuction with the associated challenges. The need
to model the hydrocyclone in a three-dimensional donmain with hexahedral mesh el-
ements aligned with the circumference of the eyelone and in the [low direction, so
as o minimise numeric dillusion, has been identified [18]. The appropriate choice

of a turbulence model that is suited to the purpose of accurately capturing the free
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1o forced vortex transition, which is associated with anisotropic turbulence, has also
been discussed. The role of discretisation schemes in minnnising numeric dillusion and
providing suitable coupling between the fluid flow governing equations has also been
mentioned. Transient simulations, although sensitive o the extent of grid resolution
and the choice of simulation time steps, have also been noted to improve solution

stability and the delinition of the central low-pressure core [18].

The limitations imposed on cwrrent. CI'D techniques have also been discussed.
Perhaps worthy of mentioning is the fact that despite these limitations, meaninglul
results on hvdrocyclone low dynamics have been derived [7] [37] [£1] [52]. Some of the
challenges still facing CI*D hydrocyclone modelling stem, in part, {rom the inability
{0 acquire experimental data that represents realistic boundary conditions for a CEFD
model [18]. Single point measurements of static pressure, made at cyclone discharge
orifices are, for example, not representative of the radial pressure distribution effected
al these orifices due to the swirl [48]. The dilliculty associated with modelling the air
core also imposes a serious restriction to the uselidness of CI'D hvdrocyelone models
because cvelones commonly operate with air cores, which are fundamental to their
operation because they determine the flow split to the overflow and underflow [18].
Lor CI'D modelling purposes, it is suggested [18] not to presceribe the mass split to these
streams, cven il the mass [Jow rates of the overllow and underflow streams are known,
because the problem becomes over-constrained. Despite only having highlighted the
[undamentals related Lo hydrocyclones, it is hoped that the intricacy involved with the

CI'D modelling thereol; has been adequately motivated.



Chapter 3

CFD Methodology of Solution

This chapter outlines the key aspecets of the CIFD hyvdrocyclone model geometry gen-
cration and meshing procedures adopted.  The discussion focuses on the iterative
development of the mesh and motivates the [inal choice thereof. The methodology
of solution is also presented and is discussed in terms of the implemented bound-
ary conditions and the iterative establishment of suitable solution strategies for single
phase (water-only) and multiphase (water/air) low modelling. Fmphasis is placed on
the procedural methodology adopted in attempting to develop the multiphase model,
which is aimed at providing an understanding of the mechanism {or inception and de-
velopment of the air core. The rationale used in devising the exploratory and adopted
solution strategics is, together with the decision Lo imiplement the selected numnerical

models and governing transport, equation discretisation schemes, motivated.

A lirst order accurate pressure strain Reynolds Stress Model (RSM) and the ho-
mogencous implementation of the Algebraie Slip Mixture Model (ASMM) were used
for turbulence and multiphase flow modelling, respectively. The procedures adopted
in order to establish computationally cconomic solution strategies, in accordance with
the rescarch objectives, are highlighted. The choice of the circular inlet hydrocyclone
geometry depicted in ligure A.1, which imposes diflicultics with meshing, was mo-
tivated by the availability of a good experimental data set due to Isich [6], which
provides the means [or validation of the multiphase CED hydrocyclone models. To in-
vestigate inlet geometry eflects, [ow [ield predictions are derived from identically-sized
circular and rectangular inlet hydrocyclones and the outputs contrasted in chapter .
The exploratory meshing and [(low [icld simulation strategy investigations arc con-
ducted via the circular inlet hydrocyclone and their rigour tested via the rectangular

inlet. geometric conliguration.
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3.1 Iterative development of solution strategies

This section outlines Lhe ideas explored with both geometry generation and meshing.

1 g yeg g
The solution strategics are discussed with respect to the Revnolds Stress Model (RSM)
and the Algebraic Slip Mixture Model (ASMM) that were used for turbulence and

multiphase llow modelling, respectively.

3.1.1 Geometry generation and meshing
a) Geometry generation

The basic cvelone geometry used for the CED model is depicted in figure 3.1, with
respect, to the global coordinate system. IFor simplicity, the external duct connection 1o
the vortex linder is modelled as a 25mm protrusion and the wall thickness of the vortex
finder is neglected. The origin of the local coordinate system is located along the central
axis, in the plane of the roof of the cyclone. The positioning of this origin is functional
because it also serves as the reference pressure location. Vhe signilicance of the spatial
position of the relerence pressure location, with regard to multiphase [low modelling,
was discussed in section 2.2.2 (b). The top-down geometry generation approach was
adopted in generating the hydrocyclone CIFD model 1.e. geometry components were
created using standard geometry primitives that were subsequently manipulated via
boolean operations, in order to establish the required cyvelone geometry. The basic
cvelone geometry depicted in figure 3.1 was luether subdivided into smaller constituent
volumes, in accordance with the adopted meshing strategies, which are discussed in

the subsequent seetion.

b) Meshing

Some of the aspects that are considered critical with respect to the meshing of eyclone
gcometrics that have already been discussed include the difliculties associated with
meshing the various inlet-main chamber geometric configurations. The shortlalls of
non-conformal meshing were highlighted [7] in line with this consideration, in section
2.2.2 (b). The importance of including the inlet duct in defining the geometry of
the CI'D hyvdrocyclone model, duc to the asymmetry it introduces to the internal
low structure [6], has alrcady been pointed out [31]. The difliculty associated with
defining a suitable velocity profile via a user-delined [unction (UDIY) at the equivalent
of an mlet-main chamber interface has also been addressed. Alignment of the grid in
the flow direction [18] [21] [18] and the appropriate selection of discretisation schemes
[17], for the purpose of miniising numerie diffusion, were also emphasised. 1farther

grid-related requisites that include the design of grids consisting of low aspect ratio



3. CFD Methodology of Solution 40

Figure 3.1: Basic CI'D c¢yclone model geometry

cells, in order 1o ensure numeric stability of the solution [1R], were identified. The
meshing requirements of the viscosity-allected near-wall region were, in the context
of turbulence modelling, also discussed with respect. (o adoption of the wall function
and boundary layer meshing approaches. This section therefore discusses the devised
meshing conceptls, which were aimed at addressing the above-mentioned mesh-related

problem specifics.

i) Inlet-main chamber meshing The tetrahedral element, meshing scheme (1'Grid)
[8] constitutes the default, meshing scheme of the evelone inlet duet depicted in figure
3.1, by virtue of the ecase with which tetrahedral elements can be mapped onto the
highly skewed portion of the geometry. An example of a non-conformal inlet duct-
main chamber meshing conliguration is depicted in ligure 2.13. The use of tetrahedral
mesh clements is, however, undesirable due to their relatively high numerice diflusion
capacity [7]. A hexahedral mesh therefore presents a better meshing option because
it allows for flow dircction alignment ol the grid, particularly in the main body of
the cvelone, in addition to averting non-conformal meshing at the cyclone inlet-main

chamber interface.

‘To enable hexahedral meshing of the inlet duct, its longitudinal face was bisecied

horizontally and vertically via plancs parallel and perpendicular to the roof ol the
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cyclone, respectively. The verter Lypes of the vertices located along the longitudinal
bisectors, which lic in the vertical plane, were subscquently converted [rom sides (o
ends, in order to enable the application of the mapping scheme (Ilex-Map) [8] on
the longitudinal inlet duct faces as well as the overall hexagonal clement meshing
(Ilex/Wedge-Cooper) [8] of the inlet duct. The dual perpendicular planar bisection of
the longitudinal face of the inlet duet also gives the advantage ol increased control in
the manipulation of the longitudinal inlet duct grid density, on account of the capability
of explicit node allocation along the cstablished longitudinal edges. The structural
regularity of the grid at the inlet face to the inlet duct presents another factor that
requires carcful consideration with respect to meshing of the inlet duct, particularly
in instances where solid particles are to be introduced as part of the feed. Cullivan et.
al. [31] have established that solid particle trajectories are largely influenced by the
point of entry at the inlet face to the inlet duct. This mesh regularity-influenced bias

in particle trajectories could negate particle classification analyses.

ii) Cyclone body meshing T'his section presents the two concepts that were con-
sidered for the purpose of meshing the main body of the cvelone and motivates the
choice for, adoption, of onc meshing concept over the other. Common to both meshing
concepts, are meshes predominantly structured and aligned in such a manner as (o
capture the main [low features that include the short-circuit, the 15ddy, and bulk flow
swirl. Additional considerations that were made [or the appropriate meshing of certain

specilic regions of interest are also addressed.

Meshing concept A 'The mesh due (o meshing concept. A, which represents the
meshing concept initially considered, is depicted in figure 3.2, Despite the predomi-
nantly regular radial structure of this hybrid meshing confliguration, its core consists
ol an unstructured eylindrical colmmn that is likely to introduce numeric instability
and to enhance numeric diffusion in the vieinity of the central axis of the hydrocy-
clone. By virtue of this region being highly unstable physically, on account of the axial
[low reversal exhibited and the establishment of an intrinsically unstable air core, such
numeric instability is highly undesirable because it can potentiallv lead to diverged
solutions. In addition, the establishment of a physically realistic [low field as well as
the inception, development and sustenance of an air core, may cither be prolonged
or prevented. In view of this potential predicament, the diameter of the unstrue-
tured evlindrical column was st small enough o ensure a maximum radial regular
mesh structure while retaining an unstructured core of a radius potentially smaller
than that of a [ully developed air core. The choice to employv a evlindrical colunn of

constant cross-sectional arca, extending across the whole length of the cycelone, was
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motivated by the simplilication introduced 1o the meshing procedure.

s

I'igure 3.2: Cyclone meshing concept. A

Although the choice of a certain specilic diameter for the cylindrical, irregularly-
meshed central column may present, an optimum solution, the choice thereof is non-
trivial. A restriction on the diameter of the eylindrical column is, for example, imposed
by the need for significant regular mesh resolution of the spigot discharge orifice, for
the purpose of adequately resolving any spray discharge likely to be ellected due to the
possible formation of an air core. IFurthermore, on account of the 1:1 periphery edge
nodal ratio ol the spigot and the central cylindrical column, a higher mesh density,
as depicted in figures 3.3 (a) and (b), arises at the core. Unfortunately, in order to
cnsure solution stability via moderate aspect ratio-sized cells at the core, it is required
Lo construct an uncconomically [ine mesh, by incrcasing the mesh density in the axial
dircction. The mesh due to meshing concept A resulted in approximately 300 000 mesh
volumes, for wlhich [urther refinement would present, a prohibitively fine mesh, with

regard to the computational resources (3.06 GIIz Pentinm 4 processor, 2 G13 RAM).
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k) unstructured cone

3) spigot discharge orifice

IFigure 3.3: Spigot discharge orilice with irregularly structured circular core

Meshing concept B T'he main [cature that distinguishes meshing concept 13 from
A, 1s the alternative means it presents for meshing the core of the evelone. The resulting
hybrid mesh was derived by sub-dividing the basic cylone geometry, via the x-y and y-»
planes, into quarter segments, as depicted in figure 3.0, The central cylindrical column
from meshing concept A was replaced by two square colummns, positioned within the
vortex finder and the spigot and connected via a pyramidal [rustrum located al the
core of the conical chamber. The pyramidal frustrum tapered down from the size
ol the square column protruding through the vortex finder, to the size of the square
column within the spigot, facilitating identical meshing of the vortex linder and spigot
discharge orifices. The hybrid mesh structure at the spigot discharge orifice 1s depicted

in figure 3.5.

Figure 3.1: Concept B geometry planar view

Similarly, the 1:1 periphery edge nodal ratio of the conical chamber ends results

in a higher mesh density at the conical chamber-spigot interface, which also imposes
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the adoption of a prohibitively [ine mesh in the axial direction, in order to ensure cells
of modcrate aspect ratios. Such a situation was averted through the application of a
nodal distribution size [unction along the longitudinal conical chamber edges, which
cstablished a progressive increase i the node-to-node spacing, traversing from the
spigol Lo the main chamber. Meshing concept BB resulted in approximately 257 000
mesh volumes, which, in addition to addressing all the meshing shorifalls inherent to
meshing concept A, presents a signilicantly more computationally economic meshing
solution. The hyvdrocyclone CI'D model mesh structure was therclore based on meshing

concept 3.

I'igure 3.5: Spigot discharge orilice with regularly structured square core

3.1.2 Boundary condition specification

A system volume {low rate of 66.99 kg/min was generated [6] via a pressure drop of
16.7 kPa. The resulting magnitude of the inlet velocity of the water was computed via
equation 3.1 [36], using the default [8] liguid water with density and viscosity values
of 998.2 kg/ m? and 0.001003 Pa-s, respectively. An inlel velocity boundary condition

type and a velocity of 2.28 m/s were specilied at the duct inlet.

hd —_ .
m = pAu (3.1)
where
*
m — mass [low rate
p  — lhid density
A — inlet duct cross-sectional area
7 — mean {low velocity

Lence
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Boundary condition Boundary condition
Boundary . .
type specification
duct inlet inlet velocity 2.28 m/s
overflow discharge pressure outlet 0 Pa (gauge)
underflow discharge pressure outlet 0 Pa (gauge)
cyclone wall wall 0 m/s (no-slip)

Table 3.1: CI'D hydrocyclone model boundary conditions

o 66.99
pA 60 (998.2) (/1) (0.025)2
w o= 2.28m/s

Pressure outlel boundary condition types were specilied al both cyclone discharge
orifices at which a standard atmospheric pressure condition of 101 325 Pa (0 Pa -
gauge) was specilied. The radial pressure gradient that is generated due to the swirl
of the hydrocyclone flow [18] was accounted for by allowing for radial equilibrium
pressure distribution across the cyclone discharge oriflices. A detrimental condition,
which artificially suppresses the swirl and influences the internal hydrocyclone [low
structure, arises il a constant pressure is, instead, spectfied at the discharge orifices
[18]. A no-slip wall boundary condition was specilied at the cyclone wall boundaries.

A summary of the implemented boundary conditions is given in table 3.1.

The mean residence time [ of the hydrocyclone, which is an important, parameter

for characterising the flow, was determined via equation 2.2 and found to be 0.67s, for
L

the specified volume flow rate Vg of 66.99 kg/min. The geometric volume Vi of the

cvelone was determined in Autodesk Inventor [51].

71— Y
Vi
hence
- Ve o 1sm2x 107t
AT (/1) (0.025)% (2.28)

1

0.67s

3.1.3 Turbulence modelling

The RSM, which was identified [7] [37] [19] to represent the lower bound for turbulence

modelling of hvdrocyclone llow, was implemented for turbulence closure. Standard wall
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Equation Discretisation scheme

Pressure PRISTO

Pressure-velocity coupling SIMPLISC
Momentum QUICK
Volume [raction QUICK
Turbulence kinetic energy QUICK
Turbulence dissipation rate QUICK
Reynolds stresses QUICK

Table 3.2: Implemented governing transport equation discretisation schemes
I l

[unections were adopted for the near-wall treatment of the flow field. The methodology
adopted i order to verily the validity of their implementation with the RSM, [or
the selected grid configuration, is discussed in detail in section 3.1.6 (¢). The lincar
pressure strain model was used to model the pressure strain term in the Reynolds

stress equation given by the relation in equation B3.16.

3.1.4 Multiphase modelling

The ASMM, which linds wide use [19] [37] [52] in the modelling of multiphase hydro-
cvelone flow fields, was iinplemented for the two-phase (water/air) CI'D simulations.
The iterative development of a suitable multiphase flow modelling solution strategy, in

which the water constitutes the primary phase, is discussed in detail in section 3.1.7.

3.1.5 Constitutive equation discretisation

The importance of the appropriate selection of the diseretisation schemes used for the
numerical prediction of the hydrocyelone flow ficld, was emphasised in section 2.2.2
(b), with respect, to reports presented in the literature. Unless otherwise specified, the

governing transport cquations were discretised as indicated in table 3.2,

3.1.6 Iterative development of single phase flow solution strategy

The single phase solution represents a water-only simulation. Although it is suggested
[41] [53] to initiate the solution flow ficld with a steady state solver, insullicient detail
1s given on the appropriate inpul parameters necessary to obtain a converged solution.
Attempts 1o initiate the simulation af inlet velocities less than the operating value
of 2.28 m/s, as suggested by Schuetz et. al. [H], gave diverged solutions. Solution
convergence via a steady state solver was thus achieved through the application ol

under-relaxation factors of 0.35 and 0.5 to the momentwm and turbulent viscosily
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equations, respectively. The flow was subsequently simulated transiently, with conver-

gence criteria of 0.001 specified for all solution variables.

a) Progression of steady state single phase flow solution

The convergence history of the solution is depicted in figure 3.6, with respect to conti-
nuity and the three velocity components. Convergence plots of the turbulence kinetic
energy, the turbulence dissipation rate and the Reynolds stresses, which are bounded
by continuity, are omitted for clarity. As indicated, the solution appears to converge
up to approximately 2500 iterations, beyond which divergence is initiated, before the
residuals level off in a cyclic fashion. This point of transition represents the period
during which flow reversal across the spigot discharge orifice is effected, supposedly
due to the development of a negative pressure within the spigot, as depicted in figure
3.7. On account of this destabilising axial flow reversal, solution divergence ensues, as
indicated by the residual plot of the axial velocity component. From a mass conser-
vation perspective, flow reversal across the spigot discharge orifice implies that mass
"accumulates" within the hydrocyclone i.e. the mass flow rate at the inlet is not
equivalent to the combined discharge flow rates, hence continuity is not conserved.

The divergence in the continuity residual plot is testament to this fact.
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Figure 3.6: Convergence history of single phase Aow simulation

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

knowledge of the transient behaviour of hydrocyclone How, the steady state solver
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was implemented with the primary objective of achieving economy with the overall
simulation time. It was also intended to develop physically realistic velocity and pres-
sure feld profiles, before employing the relatively computationally expensive unsteady
state solver. The stipulated convergence criteria were dissatisfied via solution with the
steady state solver. The overall progression in flow development and the justification

of the adoption of the transient solver are discussed in the subsequent section.
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Figure 3.7: Predicted vertical planar start-up condition pressure profile

b) Progression of transient single phase flow solution

The inadequancy of the steady state solver in resolving transient flow was indicated
by a cycling in the residuals as reported by Slack [7]. At this juncture, the transient
solver was subsequently employed, with an optimum simulation time step of 107 3s.
In order to achieve convergence, it proved neccessary to switch from single to double
precision numerical represantation. A total flow time of 1.5s, which is approximately
equivalent to two mean residence times, was simulated over a seven and a half-day
period, with convergence at each time step. The significance of the total simulation
period is that it permits meaningful predictions to be derived because it is greater

than the maximum particle retention period, which was assumed to be equivalent to
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the total time taken by a particle to travel from the inlet to the spigot and back up

such as to be discharged with the overflow stream.
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Figure 3.8: Comparison of steady state and transient vertical planar velocity profile
predictions

In accordance with reports due to Slack [7] and with reference to figures 3.8 and 3.9,
the adoption of the transient solver improved the definition of the velocity and pressure
field profiles, respectively. The steady state solution also indicated 8000 iterations to
be sufficient for developing a negative core pressure, which otherwise subsequently
diminished. A converged and numerically stable solution was obtained for a further
two mean residence times, without significant changes in the velocity and pressure field
profiles. All pressure profile plots depict pressures that are relative to an atmospheric
pressure value of 101 kPa (101 325 Pa).

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

A y* value of 14.383 was found after transient resolution of the hydrocyclone flow
field over a simulation period of 1s. Such a considerable deviation in y*, from the
recommended lower bound value of 30, signifies that the adoption of the standard wall
function approach is highly inappropriate, for this specific grid configuration. Since
y* > 11.225, a turbulent boundary layer is assumed, and the mean fluid velocity at

all near-wall nodes P is determined via the logarithmic mean velocity law given by
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Figure 3.9: Comparison of steady state and transient vertical planar pressure profile
predictions

equation B.27a. Although this methodology for determining the validity in application
of the standard wall function approach appears plausible, it is not rigorous. By virtue
of having variable perpendicular nodal-wall distances, of the near-wall nodes P, in
different regions of the cyclone, it is, in fact, misdirected to assume a global value for
y*. The deduction made on the choice of the velocity law suited for the determination
of the velocities at the near-wall nodes P, on the basis of the standard wall function
y* criteria, is in fact likely to be invalid in the spigot and vortex finder regions where
the mesh density, in the vicinity of the internal wall boundaries, is highest. A more
rigorous approach, in which the different wall boundaries were considered in isolation,
is discussed in section 3.2.1 (a).

3.1.7 [Iterative development of multiphase flow solution strategy

A water-only flow field solution corresponding to a How time of 1s, was used to ini-
tiate the multiphase (water/air) flow simulation. In accordance with reports due to
Brennan [50], use of a water-only flow field solution with an adequately developed sub-
atmospheric core pressure, as input for the hydrocyclone multiphase flow simulation,

proved necessary in order to obtain a converged solution.
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An estimate of the operating volume fraction of air Vy, | was obtained via equation
3.2, by approximating a [ully developed air core as a cyvlindrical air cohunn ol spigot
diamecter, extending across the length of the eyelone. On the basis of this assumption,
an air volume [raction of 5%, which is hall the 10% by volume ol a sccondary phase,
beyond which the ASMM is reported [7] [8] to be unsuitable for modelling multiphase

{lows, was obtained.

a) Preliminary multiphase flow investigations

To account, for the conglomerate volume fraction of the air that may be dispersed in
the bulk [low, an operating volume [raction of air of 9% was assumed and introduced
at the inlet; as part of the feed. The boundary conditions given in table 3.1 were
implemented with two multiphase models; run in parallel, which emploved the slip
velocity and homogencous formulations of the ASNNM, respectively. An inlet velocity
of 2.35 m/s was specilied, for the 2.5 mm diameter particles of the secondary phase,
with the multiphase model which cmployed the slip velocity formulation. A simulation
time step of 1077 was identified as optimum and as much as 500 iterations per time

step, were allowed [or, in order to ensure solution convergence at cach time step,

Upon entry into the main chamber, of the air introduced at the inlet, the backflow
volume fraction of air was sel (o unity, al. both the spigot and vortex linder discharge
orilices [37], in order to artificially develop an air core. However, the investigations re-
vealed that in order to obtain a converged solution, the backflow volume [raction of air
at the discharge orilices had to be increased gradually from zero to unity, only at this
juncture. Successive increaments of .25, at every one quarter period of the residence
time, proved suflicient to satisly convergence conditions. Nonctheless, the hydrocy-
clone [low ficld remained largely unchanged and no air core inception was obscerved at
the spigot, with either solution strategy, over a simulation period of approximately two
residence times. As expected, the solution employving the non-homogencous implemen-
tation ol the ASMDM, proved computationally more expensive due to the additional
slip velocity equation requiring solution, lor the secondary phase particles. Unless oth-

crwise specilied, the generie aspects ol the strategy established during this iterative
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solution strategy formulation process, will be employed for the multiphase flow models.
The subsequent section discusses a strategy which led to the successful simulation of

air core inception.

b) Preliminary multiphase flow solution strategy

In the interest of achieving economy with simulation run times, the homogeneous im-
plementation of the ASMM was employed with the multiphase flow CFD hydrocyclone
model. The operating volume fraction ol air was increased to 50%, despite the esti-
mated operating value of 5%. This was done with the intention to expell, into the
atmosphere, any excess air not contributing to the formation of the air core nor to
the volume of air remaining entrained in the bulk flow, during the artificial air core
development process. In a manner consistent to experimentally observed phenomenon,
air core inception was initiated at the spigot discharge orifice. Figures 3.10 (a) to (c)
depict an increase in the normalised volume fraction of air admitted via the spigot dis-
charge orifice, across which significant recirculation persists. The blue-coloured region
is indicative of an atmospheric spray discharge of liquid water. The instance at which
a significant portion of the area across which recirculation is exhibited, was predomi-
nantly occupied by air, as depicted in figure 3.10 (b), is represantative of the juncture
at which a value of unity was specified for its backow volume fraction, across both

discharge orifices.
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Figure 3.10: Normalised spigot discharge orifice air volume fraction profiles
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Accordingly, solution instability and divergence occured due to the inherently un-
stable air core formation process and the lack of conservation of continuity, respectively.
To mantain a converged solution at an optimum simulation time step of 1073s, the
convergence criteria of all the solution variables were relaxed to 0.05, at the instance
where the recirculation of air across the discharge orifices was initialised. Continued
air core development and sustenance were achieved by progressively relaxing the con-
vergence criteria, at the point of solution divergence. All convergence criteria were

relaxed to a final value of 0.0625, beyond which solution convergence could not be

achieved, even with variable and smaller simulation time steps of up to 107 %s.
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Figure 3.11: Artificial vortex finder air core inception and inlet feed air trajectory

Upon entry into the main chamber, the air-water mixture introduced at the feed
inlet is deflected radially outwards by the incident swirling How field, as depicted in
figure 3.11 (b). Subsequently, on account of the radial pressure gradient and the
differential operating media densities, the less dense air stream is conveyed radially
inwards by the clockwise swirling fluid motion. Following this, it is then trapped
against the outer wall of the vortex finder, along which the constituent bubbles coalesce
and segregate. When this air rich flow stream short-circuits as depicted in figure 3.12,
it reinforces with the artificially induced air core that is prevalent within the vortex
finder. This flow mechanism, which is inherent to hydrocyclone fow dynamics, is
indicative of the potential for the successful implementation of this strategy, in the
artificial development of the air core from both discharge orifices. However, figure 3.11
(a), which depicts the artificially induced air core without any short-circuit flow of the
alr stream, seems to suggest that air core inception and development may be achieved

via the introduction of little or nor air, at the feed inlet. Such a simulation strategy



3. CFD Methodology of Solution 54

would result in significantly reduced computational expense. The air core inception
effected at the spigot discharge orifice is depicted in figures 3.13 (a) to (d), up to the
point approaching maximum air core development. The spontaneity of the air core
inception event, which is indicated by the time span [rom the initial burst to the nearly

fully developed air core, accounts for the numeric instability of the solution.
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Figure 3.12: Enhanced artificial air core development

3.2 Implemented solution strategies

This section presents the solution strategies implemented with both single phase and
multiphase hydrocyclone flow fields. The exploratory solution strategy adopted with
the single phase flow model was also implemented with an identically-sized cyclone with
a 25mm x 20 mm rectangular, outer wall tangential inlet. This exercise was aimed at
providing an assessment of the genericity of the devised meshing procedure as well as
facilitating the investigation of inlet geometry effects on the hydrocyclone flow field.
Meshing concept B and a conformal, regularly-structured inlet-main chamber geometry
mesh were employed in meshing the rectangular inlet cyclone. The grid considerations
made in order to account for the near-wall treatment of the How field are also discussed
in detail. The preliminary multiphase flow solution strategy discussed in section 3.1.7

(b) was also adopted, with slight modifications, for the multiphase flow model.
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Figure 3.13: Spigot air core inception and development

3.2.1 Implemented single phase flow solution strategy

The hexahedral element meshing scheme (Hex-Map) [8] constitutes the default meshing
scheme for the selected rectangular cross-sectional geometry of the cyclone inlet. As
such, no geometric manipulations were implemented in order to avert non-conformal
meshing of the inlet-main chamber geometric configuration. The mesh used with this
cyclone geometric configuration consisted ol approximately 200 000 mesh volumes and
is depicted in figure 3.14. To ensure the validity of the application of standard wall
functions, for the near-wall treatment of the flow field, the perpendicular distances of
the near-wall nodes P from the disctinct internal wall boundaries, were increased. The
pertinent details are discussed in the subsequent section, in terms of the y* validation
criteria. The results are contrasted with those ol the outer wall tangential, circular inlet

cyclone, for which the disctinct internal wall boundaries were considered in isolation.

a) Grid considerations for near-wall flow field treatment

As projected in section 3.1.6 (c), with reference to the y* values listed in table 3.3,
the internal wall boundaries of the vortex finder and the spigot, represent the regions
where the logarithmic mean velocity law given by equation B.27a, is inappropriate for
determining the velocity distribution in the near-wall region, for the mesh employed
with the circular inlet cyclone. This grid-related inadequancy is also exhibited in
the vicinity of the conical chamber wall. The y* criteria, in addition to giving an
indication of the expression used to approximate the velocity distribution in the near-
wall region, also provides a means for evaluating the validity in its application, which

determines the extent to which the boundary layer is suitably bridged, with respect to
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Figure 3.11: Rectangular cross-sectional inlet cvelone mesh

a specifie grid conliguration. Fortunately, despite grid inadequancies that may result
in the inappropriate application of the wall function approach, the Fluent [8] solver
reportedly [8] defaults to the laminar stress-strain relationship given by equation 13.28,
within near-wall region cells in which y* < 11.225. The shortfall of this [unctionality
is that any severe llow variable gradients exhibited in the near-wall regions may be
inadequately resolved. Depending on the severity of the grid inadequancy, diverged
or physically unrcalistic solutions may result, hencee the need for proper assessment. of

the applicability of this approach, with respect to a specilic grid configuration.

A signilicant. improvement. with regard Lo grid gencration, in the context of the
adoption and the appropriate implementation of the wall function approach, is ob-
served with the y* values of the rectangular inlet cvelone, which are listed in table
3.3. Save for the spigot, all the y* values alter 1s of How, arc within 37.1% ol the
recommended [8] value of 30, in contrast to the 63% descrepancy indicated by the y*
value of the conical chamber wall of the circular inlet ¢yelone. The y* results due to
the meshes of the variable cyclone inlet geometric configurations, seem o suggest Lhat
Lhe application ol a boundary layer mesh within the spigot would be more appropri-
ate. The lack of the need to adopt this more conservative approach, particularly with

respect Lo the remainder of the internal wall structure of the ceyvelone, was motivated
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inlet cross-section type | circular rectangular
simulation type steady transient steady traunsicnt
iterations/How time | 1000 | 9000 | 1s | 1000 | 9000 I
wall [ y* value
1. inlet duct j 29.983 | 30.050 | 30.018 | 27.151 27.19;ﬂ 27.189
2. cvelone roof 10.125 | 12,585 | 12,168 | 18.191 | 20511 | 20.253
3. vortex finder (ext.) 10.976 | 15.908 | 15516 | 19.721 | 28.550 | 27.135
L. vortex linder (int.) 7761 | 11967 | 11581 | 13.825 | 25.106 | 25.067
5. main chamber 16.362 | 17.866 | 17.306 | 27.953 | 29.150 | 29.070
6. conical chamber 8.890 | 12.751 11.121 15.881 | 21.220 | 18.779
| 7. spigot 2476 | 3.703 3.989 3.287 | 1.892 5.123

Table 3.3: Wall function validation criteria of circular and rectangular cross-sectional
inlet evelones

in section 2.2.2 (b) and is supported by the y* results corresponding to the rectangular
inlet cvelone. Given the physical dimensions of the spigot, i the associated grid were
set up such as to satisly the y* criteria, the underflow [ine spray discharge stream
that [lows against the spigot internal wall boundary would be inadequately resolved.
However, from a practical perspective, inadequate resolution of the hydrocyclone {low
licld within the spigot is not critical because the indication from {igure 2.10 is that
no active classification occurs within its conlines. In addition, the overflow stream
spiral which predominantly conveys fine particles, also reverses in the vicinity of the
apex of the conical chamber. Nonetheless, [rom a CED point of view, this aspect is
potentially eritical. The results presented in table 3.3 indicate that the rectangular
inlet cvelone grid conliguration is better suited 1o the adoption of the standard wall

function approach.

b) Progression of single phase flow simulation

The single phase low simulation progressed in a similar manner to that discussed
in sections 3.1.6 (a) and (b). Suprisingly, given only a 2% discrepancy in volume
Now rates, the relative development of the flow field of the rectangular inlet cyclone,
was marginally quicker. The relatively marginal economy achieved with the overall
simulation time may be attributed to the significant variation in mesh densitics. Qual-
itatively consistent velocity and pressure lield proliles were obtained with both cyclone
geometric configurations and quantitative comparisons of the flow licld variables are

drawn i the subsequent. chapter.
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3.2.2 Implemented multiphase flow solution strategy

A similar simulation strategy to that discussed in section 3.1.7 (b), was employed
with the multiphase CFD hydrocyclone model. In contrast, convergence criteria were
relaxed gradually from 0.001 to 0.005 and improved solution stability, at the point
of air core inception, was achieved by altering the discretisation scheme for all the
equations employing the third order accurate [18] QUICK scheme to the first order
accurate upwind differencing scheme. A pulse of air core inception at the spigot, which
is identical to that observed during the physical start-up process of a hydrocyclone [49],
was successfully simulated. Following this pulse, the air core developed at the spigot
subsided, leaving behind the artificially simulated portion prevailing within the core of
the spigot. Solution stability, without any subsequent air core inception at the spigot,
was mantained for a further 0.05s of simulated ow time, which was achieved over
a two-week simulation period. Figures 3.15 (a) and (b), depict the air recirculation
zones at the spigot discharge orifice, at instances after the point of maximum air core

development and near disappearance, respectively. A significant reduction in the air

recirculation zones as well as the pure air fraction content recirculated, are observed.
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Figure 3.15: Diminished spigot discharge orifice air recirculation zones

3.2.3 Summary

A discussion on the exploratory and implemented strategies that are relevant to the
numerical simulation of both single phase and multiphase hydrocyclone flow fields has

been presented. Certain specifics, which are concerned with geometry generation and
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meshing of the cyclone geometry, boundary condition specification and flow equation
discretisation as well as turbulence and multiphase [low modelling, have also been
highlighted. An assessment ol the integrity of the predicted numerie results is made

in the subsequent chapter.



Chapter 4

CFD Results and Discussion

The numerical flow lield predictions due to the CED hydrocyclone models that were
highlighted in chapter 3, are presented and discussed in detail in the present. chapter,
with regard o the velocity and pressure ficld profiles. The unsuccesslul simulation of
the air core, although beyond the scope of this work, renders the sclected [6] air core-
operated hvdrocvelone experimental data set. unusable for the purpose of validating
the water-only CI'D hydroceyclone models developed in this work, lfurthermore, the
lack of published experimental data on water-only operated evelones also presents no
means 1o validate the CIFD hydrocyclone models. The integrity of the CED predic-
tions is thus motivated via gualitative comparison with experimental air corc-operated

hydrocyelone velocity trends that are reported in the literature.

Unless otherwise stated, all results are discussed with respect to the llow field pre-
dictions due to the circular inlet hydrocyelone.  Inlet gcometry eflects are assessed
by contrasting the turbulence intensity levels of the flow {ield in the leed entry sec-
tions of circular and rectangular inlet hydrocyclones. Superimposed graphical plots of
horizontal planar component velocity profile predictions due to these variable hydro-
cvelone geometric conligurations, which can be used for future comparative studies,
arc presented in Appendix C. Conmunent is also given on the appropriateness in im-
plementation of the standard wall [unction approach, with regard to the near-wall
treatment of the hydrocyclone flow field. The insight gained from the multiphase low
simulations, which present a credible account of the possible mechanism for air core
inception and development, is also discussed.  All pressure prolile plots depict pres-
sures that are relative to an atmospheric pressure value of 101 ka (101 325 I’a). The
coordinate system adopted is consistent with that delined in chapter 3, seetion 3.1.1
(a). All vertical planar cross-sectional views ol the hvdrocyvelone represent the x-y

plane, in which the three-dimensional overflow discharge spiral is also depicted.

60



4. CFD Results and Discussion 61

4.1 Predicted single phase flow fields

Iixperimental observation indicates that upon initiation of inlet [low into a void cy-
clone, circumferential flow is established against the peripheral interual wall structure
[19]. The cyclone subsequently fills from the spigot upwards, facilitating the expulsion
of the centrally entrained air core via the overllow discharge orifice, thus allowing for
the pre-air core inception {low field to develop as a water-only flow [19]. T'he numeri-
cal flow licld was initiated with a water-lilled cyelone bearing the boundary conditions
listed in table 3.1. As such, the initial phase of the start-up period of the actual phys-
ical process, which is of no practical significance, was not captured. While bearing in
mind this inherent limitation of the CIFD hydrocyclone models, predictions providing
insight on its hyvdrodynamic behaviour from the completelv-filled to the equilibrium
single phase flow condition, were derived and these are discussed in the subsequent

section.

4.1.1 Predicted hydrocyclone flow field development dynamics

The hydrodynamic development of the hvdrocyclone [low [ield is discussed with respect,
to the velocity and pressure field predictions. The start-np and egnilibrium [low con-
ditions are considered, which, unless oLherwise stated, correspond to a 1000-iteration
and a two-sccond simulation period, of llow ficld resolution via the steady state and
transicent solvers, respectively. Unless otherwise stated, all horizontal planar flow (ield
profile views depict plots on the plane that constitutes the horizontal inlet duct bisee-

tor, which is located at a depth of 12.5 mm below the roof of the hydrocyclone.

a) Velocity flow field development and exhibited spatial distribution trends

Upon initiation of the inlet flow, the mlet stream translates lincarly into the main
chamber, where it impinges upon the static stream, as depicted in figure 1.1 (a). On
account. of the negative pressure gradient established between the inlet and the dis-
charge orilices, the inlet stream is accelerated 1o a local llow velocity higher than that,
specilied at the inlet boundary. A radial velocity gradient is thus established within
the confines of the vortex finder-main chamber annulus, within which slower moving
fluid streams are observed in the vicinity of the walls. On account of the progres-
sive decceleration of the dynamice inlet lluid stream, progressively less momentum is
imparted onto the static [luid contained within the main chamber, hence the establish-
ment of the stagnant fluid zone, in the vicinity ol the vortex linder, as indicated by the
blue-coloured regions in figures 4.1 and 4.2 (a). Fluid displacement, via mass diflusion,

through the vortex linder and spigot constrictions, leads to its lincar acceleration and
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atmospheric discharge, as depicted in figure 4.2 (a). Likewise, an asymmetric veloc-
ity distribution that comprises faster flowing periphery Huid streams and a stagnant
central fluid zone, is exhibited in the vertical plane, as depicted in figure 4.2 (a). Dur-
ing this phase, which marks pre-establishment of swirl within the bulk of the fluid,

short-circuit flow represents the only secondary flow pattern developed.
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Figure 4.1: Horizontal planar start-up and steady state velocity profiles

With reference to figures 4.1 and 4.2 (b), which represent the equilibrium flow
condition, the bulk of the flow field mantains a relatively constant velocity, as indicated
by the dominant green-coloured regions. In contrast to the start-up conditions, the
inlet fluid stream is, upon entry into the main chamber, briefly accelerated by the swirl
motion before it assumes the bulk flow velocity. A relatively insignificant portion of
the fluid remains stagnant within the vicinity of the exterior of the vortex finder. The
no-flow condition exhibited on the internal wall structure is consistent with the no-
slip condition specified at these boundaries, in close proximity to which, insignificant
velocity gradients are observed. The establishment of the stagnant fluid zones that
are located within the core of the vortex finder and the spigot, as depicted in figure
4.2 (b), may be attributed to the flow reversal effected across the discharge orifices
on account of the sub-atmospheric pressure generated along the central axis of the
hydrocyclone. The relatively marked buildup of this fluid within the vortex finder,
in contrast to that contained within the spigot, is due to the additional downward-
directed gravitational force exerted on the fluid, against which the fluid recirculating
across the spigot discharge orifice has to act. Such fluid recirculation across the spigot
discharge orifice is physically unrealistic and merely represents a mathematical feature

of the CFD hydrocyclone models, which provides the means by which they treat flow



4. CFD Results and Discussion 63

across pressure outlet boundaries. An insignificant portion of a slow moving stream,
which stretches along the length of the conical chamber, also exists at the core of the
flow field.
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Figure 4.2: Vertical planar start-up and steady state velocity profiles

In the vicinity of the central axis of the hydrocyclone, lie the fastest asymmetric
fluid flow streams, which extend from the apex of the conical chamber up to the
vortex finder discharge orifice, as depicted in figure 4.2 (b). The circular horizontal
cross-sectional view of the precessing fluid stream depicted in figure 4.1 (b), consists
of a cylindrical annulus that encircles slower moving secondary streams. This implies
that the outermost precessing fluid stream is the overflow stream which constitutes
the innner spiral depicted in figure 2.3. Solid body rotation, which is synonymous
with the forced vortex structure discussed in section 2.1.1 (c¢), is also implied. The
graphical plot in figure 4.3 depicts spirals that comprise the overflow and underflow

discharge streams, as well as pathlines of fluid particles released from the inlet.

b) Pressure field development and exhibited spatial distribution trends

The development of the flow pressure field is marked by the initial establishment of

sub-atmospheric pressures within the spigot and vortex finder, as depicted in figure 4.4



































































































































































































