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Abstract

A computational and physical modelling study is made of the removal of
inclusions from liquid steel by use of a novel form of hydrocyclone in which a solid
conical core that replaces the conventional vortex finder acts as a guide to the
spiralling liquid flow and acts also as a captﬁre surface for disentrained inclusions.

In preliminary investigations, an inviscid computational model is derived that
1s found to be effective in outlining the general behaviour of specific hydrocyclone
flows when tested against published experimental results. The more generally
applicable commercial CFD code Fluent 1s likewise tested, from which 1t 1s shown
that, among the turbulence models available, the anisotropic turbulence typical of
spiralling hydrocyclone flows requires a form of Reynolds stress model for
effective computation. The conventional k-€ model 1s found to be misleading.

On this basis, mathematical modelling and optimal computational design of
hydrocyclones containing an axial conical solid core show that the separation
efficiency of the cyclone i1s profoundly enhanced by the presence of a core, and that
by use of a particle tracking model effective centripetal migration of inclusion
particles in steel will occur towards the core.

Experiments with a water model of computed optimal cyclone designs
provided effective validation of the numerical study. Photographically active
particles of neutral density were tracked by a novel stroboscopic technique which

permitted bi-directional observation revealing instantaneous velocity, spatial

position and spiral angle. Using populations of low density particles having the

same spectrum of Stokes velocity as inclusions in the size range 35 to 150 microns

found typically in liquid steel, sampling by Coulter counter showed that effective

1



separation to the core surface of particles down to an equivalent size of 30 microns
was achieved.

In a final step, a pilot cyclone design for use with steel was established and
water model tests at full scale showed that stable cyclone flow and discharge are

achievable with gravity feed to the cyclone.

111



Acknowledgements

I would like to thank EPSRC for financial support and the funding of my Canadian
excursion. I would also like to thank British Steel Technical for their financial support,

technical advice and the great time that I had in their laboratories.

To Bert for his supervision, guidance and conversation. I must thank the Materials

Division as a whole for repairing my interest in Engineering and opening my horizons

beyond mechanical engineering. The great friends and good times that I have had.

1V



Contents

Chapter I

pmed e
#_
_

1.2

1.3
1.3.1
1.3.2
1.4

Chapter 11

2.1
2.1.1
2.1.2

2.2

2.2.1
2.2.2
2.2.3

2.3

2.3.1
2.3.2
2.3.3
2.34
2.3.5
2.3.6
2.3.7

Chapter 11
3.1

3.2

3.2.1
3.2.2
3.2.3
3.2.4
3.2.3
3.2.6

3.3

Introduction

Clean steel
Alumina build up

The solid core cyclone

An introduction to the hydrocyclone
Flow patterns in a hydrocyclone
Hydrocyclone development

The solid core hydrocyclone investigation

Fluid dynamics of the hydrocyclone

Introduction
Describing cyclonic flows
Observations of swirl in the hydrocyclone

Solving the flow 1n a vortex

Proof of irrotational flow 1n a free vortex

Derivation of radial pressure distribution due to swirl
Axisymmetric flow with swirl applied to the
hydrocyclone

An 1nviscid numerical model for predicting
axisymmetric flow with swirl in a hydrocyclone
Numerical modelling

Finite difference approximation

Solution method of the flow equation
Boundary conditions

Results

Discussion of 1ideal model results

Conclusions

Turbulence and its representation
Introduction

Turbulence modelling

Concepts in the statistical theory of turbulence
Turbulence models of closure

Eddy viscosity modelling

Turbulence and curvature

The RNG model of turbulence

Second moment closure (Reynolds stress model)

Numerical analysis of the hydrocyclone

13
17
18

20
21
22

23
26
27
28

33

35
36
37
38
42
43
46

47

47

43
50
52
>4
57
59
0l

04



3.4

3.4.1
3.42
3.43

Chapter IV

4.1

4.1.1
4.1.2
4.1.3
4.1.4
4.1.5
4.1.6

4.2
4.3

4.3.1
4.3.2

Chapter V

>.1

5.2
5.2.1
3.2.2
5.2.3
.24
3.2.5
3.2.6
5.2.7
5.2.8
5.2.9
5.2.10

5.3

5.3.1
>.3.2
>.3.3
>.3.4
3.3.5
5.3.6
>.3.7
5.3.8

5.4
5.4.1
5.4.2

Fluent V4.41 and its application
The Pre-processor Pre-BFC
Validation of Fluent and turbulence models

Discussion of results

Development and observations of the solid core
cyclone using computational fluid dynamics [CFD]

Introduction

Outline of hydrocyclone design
Computational analysis
Velocity profiles

Particle tracking

Escape curves

Summary

Helix angles

Deposition rate [Alumina build up]
Predicting build up
Numerical predicted build up distributions

Experimental approach
Introduction

The physical modelling rig

Particle injection for flow visualisation
Flow visualisation

Neutral density particles

Velocity measurement in a spiralling flow
Strobe camera and photographic technique
Scaling

Interpretation of strobe pictures

Velocity data analysis

Velocity profile comparison

Summary

low density phase experiments analysis and discussion
Particle capture

Solid core cyclone (with divided underflow)

Samples and measurement

Separation efficiency

Error analysis

Statistical treatment of data

Results

Discussion

Pilot plant destgn

Proposed pilot experiment with steel
Pilot plant concept

7

66
08
69
72

78

78
78
30
83
38
91
98

99

103
104
106

111

111

112
113
116
120
122
125
130
135
136

142
144

144
147
150
151
157
158
160
160
165

167

168

168



5.4.3
>.4.4
5.4.5
>.4.6

Chapter VI

6.1
6.1.1
6.12

0.2
0.2.1
0.2.2

0.3

References

Appendices

Appendix I
Appendix 11
Appendix III
Appendix IV

Pilot plant operation
Materials and construction

Samples and measurement
Full scale water model of pilot plant experiment

Conclusion

Theoretical modelling
The inviscid model
Viscous models

Physical modelling
Velocity profiles
particle migration

Suggestions for further work

Navier-Stokes Equations
2-dimensional Inviscid code
Example of particle tracking data

Linear interpolation program (Data extraction tool)

Vil

173
176
176
177

182

183

183
184

185
185
185

186

188

197

197
198
203
205



List of Plates

Figure 1.5.1 and 1.5.2

Figure 5.3

Figure 5.4

Figure 5.7.1 and 5.7.2

Figure 5.10.1 and 5.10.2

Figure 5.11.1 and 5.11.2

Figure 5.18.1 and 5.18.2

Figure 5.22

Figure 5.23

Figure 5.30

Figure 5.31

figure 5.32

Show radial parallel hydrocyclone

arrangements. Figure 1.5.1 1s typical of the type

of hydrocyclone used in ore processing, while
figure 1.5.2 shows small radius cyclones for
dealing with slimes.

Photograph showing the side view of the
perspex solid core hydrocyclone water model.

Photograph showing the top view of the
perspex solid core hydrocyclone water model.

Taken using a conventional SLR camera on 35
mm ASA 400 film with an exposure time of
1/50 of a second show streak photographs of
the visualisation particles in the annular flow.

Two photographic views of the strobe camera.

Two photographic views showing the mirror
arrangement mounted on the strobe camera
base.

Strobe photographs of the top of the solid core
cyclone showing neutral density particle
trajectories in the square involute entry and the
top of the cylindrical section.

Photograph of the modified solid core
hydrocyclone with annular slitter in operation.

Photograph of the modified annular splitter
arrangement used for the low density phase
experiments in use.

Pre-pilot plant water model set-up to test the
operational reality of the rnig design.

Photograph of the pre-pilot plant water model
showing the unacceptable scouring of the core

by air entrained during start-up.

Pre-pilot water model showing successful air
free operation at the specified driving head.

Vil

Facing
Page

11

116
117

133

130

131

142

154

155

178

179

180



z,0,r cylindrical co-ordinates [-]

X displacement - [m]
W constant tangential velocity [m/s]
Vz, Vi, V, cylindrical velocity components [m/s]
Vs, Vo, V, spherical velocity components [m/s]
Vr particle radial velocity of the particle [m/s

VOlcej volume of build up per mesh cell on core [m’]
VOlpang mean volume of sphericalparticals in band [m’]
V, tangential velocity [m/s]
\Y velocity [m/s]
\Y constant axial velocity [m/s]
u diameter of underflow apex [m]
i deformation tensor (m’/s’]
to average length of time [s]
t time [s]
T modulus , [-]
S Interval width [-]
s, A, 6 spherical co-ordinate directions [-]
Iy radial position of particie [m]
R, outer radius of cyclone [m]
R¢ ratio of core flow to total flow [-]
Icell ratio of number of particles landing 1n cell [-]
R, Radius of vortex finder [m]
r radius [m]
R rate of strain [-]
Q volume flow rate [m3/s]
P pressure [Pa]}
n, mean number of particles in band [-]
n number of samples or empirical exponent [-]
L, length of cylindrical section [m]
L length of cyclone Im]}
| length of vortex finder inside body of cyclone [m]
I turbulent length scale [m]
k kinematic energy of turbulence [J

Int,yerage representative average of number of particles in each [-]

1 um sub-band.
1, 1, K subscripts denote co-ordinate directions [-]
h, OA node displacement interval, 2-dimesional spherical [-]
grid

H Bernoulli’s constant [-]
G’(d) corrected grade etficiency [-]
G(d) grade efficiency [-]
e diameter of vortex finder [m]
d, equivalent spherical diameter ot the particle Im]
d, particle diameter of index n [m]
D cylindrical diameter of cyclone [m]
C, C,, C,, (4, C, constants [-]
C, empirical constant [-]
b diameter of inlet [m]}
a centripetal acceleration [m/s?)

1X



RAEe™®R™®>DE€3IF DT

<..5

|

;
Q
<

<

> |

b

vorticity components [1/s]

Turbulent kinematic viscosity (m*/s]
turbulent dynamic viscosity [Pa-s]
time interval S]]
change in pressure [Pa]
angular component of particle posistion [rad]
constant associated to RNG model [-]
kronecker delta; i=j:0;=1, i#]:0;#1 [-]
helix angle [rad]
empirical constants associated with RNG model [-]
density difference [kg/m’]
density [kg/m’]
polar angular co-ordinate [rad]
dynamic viscosity [Pa-s]
vorticity [1/s]
Stokes steam function [m’/s]
Angular velocity [rad/s]
Flow split ratio [-]
dissipation rate of turbulence [m’/s’]
Reynolds number dependent parameter [-]
constant [-]
angular velocity of particle [rad/s]
standard deviation [-]
Included angle of cyclone [rad]
mean velocity component [m/s]
Fuctuating velocity component [m/s}
Reynolds stress component [kg/m-s’]
arithmetic mean value [-]



Chapter 1

Introduction

1.1 Clean Steel

As the metallurgical industries strive for position in a highly competitive world
market the need for a cost effective quality product becomes paramount. This has meant
that organisations like the Steel industries look to maximise the use of efficient
production operations, with better engineered operations and practices. This study was

driven by the need to produce a cheap clean steel.

Steel contains a low volume of particulate inclusions, of < 1 um up to 200 um 1n

size, which cause quality problems in the finished product. They originate during steel
manufacture and from the different secondary processing treatments employed [C3, H4,
N1]. This study is about the removal of alumina Al,O; inclusions from the melt. Alumina
is associated with aluminium treated steels. According to Kiessling [K4], the cleanness of
steel is relative; a steel of a given cleanness may be sufficient for one product and not for
another. Ideally it should be possible to predict the effect ot inclusions on the product,
for example mechanical fatigue or ductile fracture, based on the probability of inclusions
larger than a critical size. The problem 1is that the exact size at which a given inclusion
becomes harmful 1s at present not known though there are many theories [G3, K3, N1].
Present techniques for inclusion control and removal from steel focus upon
disentrainment under gravity or in circulation systems that can be induced by gas
injection or directed flows. Alumina is highly interactive and a capture surface of slag or
refractory 1s essential. Tundish designs have been developed to produce flow patterns

that promote inclusion movement to a surtace slag layer or refractory surface. However,



there 1s a limit to the power and the effectiveness of directed tundish flows that can be
achieved within the available gravity head. Inclusion removal becomes increasingly
uncertain with diminishing target particle sizes [J1]. It 1s with these considerations in
mind that a new approach to inclusion control for bulk steels 1s sought. The tollowing
section discusses the principal build-up mechanisms associated with the flow 1 nozzles.
This then introduces the idea of using centripetal acceleration induced by curved flows

for the purpose ot directing particulate inclusions to a refractory surface.

1.1.1 Alumina Build-up

Alumina inclusions are known to adhere to one another [K7, K9] or to refractory
surfaces at steel making temperatures [N1, W1]. Needless to say, alumina deposits are
seen as a problem and production methods have been developed to alleviate the problem.
Flow patterns in liquid steel at slide gates and stopper nozzles can contribute to
excessive clogging in the continuous casting of steel and may therefore result in severe
disruptions to the casting process [H4]. Design modifications to nozzles and methods
such as gas injection have been developed to reduce the chance of inclusions adhering.

The problem of alumina build-up in nozzles has been examined by Wilson [W4],
who has offered explanations for the deposition mechanism and the location of build-up
deposits. Centripetal forces are known to contribute to particulate movement [K1].
Small alumina inclusions 1n steel have a density that 1s approximately half that of the melt
and in a curving flow they wil move to the centre of rotation. Wilson [W4] first
modelled the fluid flow into a nozzle using a computational fluid dynamics (CFD)
technique. Particle trajectories were then imposed on the calculated velocity field to
predict the location at which particle sizes contacted the nozzle surface. This was done

for different nozzle entry types and helped to explain the observed build-up patterns in



the actual nozzles. The centripetal force generated 1n the curved flow as the liquid

entered the nozzle caused the 90 m equivalent spherical diameter inclusions and larger

to travel to the walls of the nozzle were they subsequently adhered. The deposition of
smaller particle sizes was attributed to the turbulent eddies in the fluild. Assuming an

impurity of equivalent spherical diameter d, follows a tluid moving through a curved path

of radius r, with the same tangential velocity v, as that of the fluid, then a force is

imposed on it due to the density difference Ap. The radial velocity v;pumicie Of the

inclusion based on the Stokes law 1s given as

_di-Ap-vg [.1

Vi particle

18- r1

This may not always be the case in rotating flows and deviations from Stokes’s law
occur with particle size and fluid velocity. It should be emphasised that the centripetal
force acting on an alumina particle in a rotating flow increases with fluid velocity,
particle size and with reducing radial curvature.

Although the centripetal transport of particulate inclusions can be damaging [H4]
it may also be exploited for inclusion removal (disentrainment) [W4]. If smaller diameter
particles than those associated with directed tundish flows are to be separated out of the
flow, a larger, more consistent centripetal force is required. A process tool that induces

spiral rotation 1n a hiquid and theretore imposes an enhanced radial acceleration on a

particulate suspension for the purpose of separation 1s the hydrocyclone.

1.2 The solid core hydrocyclone

This thesis presents a study of a novel technique for the removal of particulate
inclusions from liquid steel in which the principal of the hydrocyclone is adapted for steel

treatment to enable the cyclone to act as a filter. This idea was initially proposed in an



EPSRC CASE Award application' submitted in 1993 for which British Steel Technical,
(now the British Steel Technology Centre) became the collaborating company. In this
modified form of the hydrocyclone, the liquid phase 1s mnjected tangentially into a tapered
annulus formed by inserting a tapered conical solid core into the cyclone body, thereby
inducing a confined spiral fluid rotation. The solid inclusions have a lower density than
the liquid and therefore are caused to migrate towards the centre of rotation due to the
centripetal force imposed on them by the swirling motion. The central solid refractory
candle along its length acts as a capture surface for the particulate inclusions. The flow 1is
unidirectional and discharges at the hydrocyclone apex. The new idea i1s shown
schematically in figure 1.1. As steel can not be pumped easily it was recognised that the
driving head for this device would probably have to be provided by gravity heads within
the Iimits available to the steel making process and the study is therefore based upon
possible driving heads that could be achieved within existing plant. If for example, the
device were placed at the teeming nozzle, a maximum melt driving head of up to 3 m
could be available. On a smaller scale, the required driving head might be achieved using

a vertical pouring tube. Possible arrangements are suggested schematically 1n figure 1.2.

T A.E.Wraith, “Inclusion removal by rotating fields” Dept. Mechanical, Materials and Manufacturing

Engineering, University of Newcastle Upon Tyne, July 1992.
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Figure 1.2. Schematic arrangements showing possible ways of providing the driving

head

The present understanding of hydrocyclones forms a basis from which to analyse
the new technique as applied to steel. The main features and characteristics of a
conventional hydrocyclone will be discussed in the following section as an introduction
to the special case of the solid core modification. In the end , the study showed the idea

of the solid core cyclone at 3m working head was feasible and at that point the industrial

collaborator British Steel proposed a pilot trial.



1.3  An introduction to the hydrocyclone

The hydrocyclone induces spiral rotation in a liquid and therefore imposes an
enhanced radial acceleration on a particulate suspension for the purpose of separating
size and / or for separating mineral species. In minerals processing operations, it is mainly
used as a classifier, separating sizes. The hydrocyclone was first patented in 1891, but
did not find significant practical application until the early 1950’ 1n mineral and mining
processing industries and more recently in the chemical industry. Hydrocyclones are now
well established and their application is still widening [B8, S7]. The absence of moving
parts and simple compact construction, combined with a high volume of material
throughput means that the hydrocyclone 1s a more convenient and practical phase and
size classitier than other, slower sedimentary devices. Unfortunately their potential has
yet to be fully realised since the wide range of possible design and operating variables
mean that their operation 1s not fully understood and still being researched.

The conventional hydrocyclone design 1s shown schematically in figure 1.3. It
normally consists of a conical vessel attached to a cylindrical top. There are two outlets,
both on the axis of symmetry, the undertflow, which 1s situated at the apex of the cone
and the overflow which i1s an mner tube descending from the top of the cyclone, usually
referred to as the vortex finder because of its stabilising effect on the vortex flow around
it. A tangential inlet that can be either circular or rectangular in cross section is located
as close to the top of the cylindrical top section as possible. The liquid containing the
suspended material i1s injected tangentially into the stationary vessel. This causes a ‘
swirling vortex motion, see figure 1.4, that exerts a radial acceleration on any suspended
material. Particles of different sizes have different Stokes velocities, and separation
occurs because the larger move more quickly and therefore further than the small across

the cyclone radius in the residence time of the spiral flow. The direction and extent of



this radial acceleration, for a given hydrocyclone design is dependent on the density
difference between the suspended material and the liquid carrier phase.

A hydrocyclone in which the density of the particulate phase is greater
than the liquid carrier phase is the most common type in the minerals processing industry.
In hydrocyclones of this type the larger particles migrate outwards to the cone wall
where they assume a downwards spiral and exit at the underflow. The smaller particles
have a low Stokes velocity, which means they migrate more slowly and therefore their
distribution across the flow changes little. Those in the centre are captured in the upward
flow and spiral upward and out through the vortex finder see figure 1.4. The rest are
discharged with the coarse fraction at the underflow. The main use of the hydrocyclone
In mineral processing is a$ a classifier where it has proven extremely efficient at fine
separation sizes. In grinding circuits the underflow discharge is normally recycled and the
overtflow moves on to the next stage in the processing [A2, B8, S7]. The vortex finder
controls the separation and the flow leaving the cyclone. Figures 1.5.1 and 1.5.2 show
some typical radial parallel hydrocyclone arrangements used by the minerals processing
industry, figure 1.5.1 1s typical of the type used for ore processing, while figure 1.5.2
shows smaller hydrocyclones used for dealing with slimes. The effectiveness of
separation depends on cyclone dimensions and operating conditions, which tend to
become specific factors in design. S_maﬂer diameter hydrocyclones give better separation
efficiency for the same pressure drop [B8, S7]. Therefore, banks of small diameter

hydrocyclones are used in parallel to treat large tlow rates.
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Figure 1.3. Showing principle features of a hydrocyclone.



Coarse

Figure 1.4. Schematic representation of the

spiral flow 1n hydrocyclone [B8].

Strong vortex flow produces a radial pressure drop towards the axis of the
hydrocyclone. This can result in the emergence of a rotating cylindrical free surface
about the axis, which forms an air core when entrained gas reports to the central axis or
if either or both of the exits are open to the atmosphere. In practice, stable operation
with a steady air core of constant size 1s a retlection of the state and stability of the spiral
flow [B8, S7]. A recent topographical study of the hydrocyclone showed the violent
instabilities that an air core can undergo with fluctuations in flow rate and particulate
concentration. There 1s clearly a negative influence on hydrocyclones processing
performance caused by the irregular shape or eccentric positioning of an air core [W2].

This aspect of the flow will be discussed in relation to the stabilised flow in the
solid core hydrocyclone design, which aims to suppress the formation of an air core. The

pressure on the solid core 1s never less than that of the surroundings. Which can be

10



arranged by making the smallest diameter of the solid core greater than the diameter of
any air core that could be induced in an equivalent open cyclone.

The bulk of the literature describing design criteria for hydrocyclones is limited to
empirical formulae applicable to specific special cases in processes which have many
significant variables, examples of which can be found in the following references [AZ2,
B8, D4, R3, R4, S7]. These can be used to approximate classification efficiency, which is
the distribution of particle sizes reporting to each of the exit flows. Normally, the design
optimisation under empirical design rules normally requires experiment or trial for the
confirmation of performance. This hitherto limited (or restricted) view of design analysis

may stem from an appreciation that most designs will work to some limited extent given

a realistic pressure drop. To quote Bradley [B§]

"It speaks highly of the versatility of the cyclone that notwithstanding our
lack of knowledge of its basic principles, it has proved satisfactory in so

many varied applications”.

[



Figure 1.5.1.

! ———-

- iy rs. ""'7 St NN
SV TVITTT TP A o m = Y

Figure 1.5.1 and 1.5.2. Show radial parallel hydrocyclone arrangements. Figure 1.5.1 1S

typical of the type of hydrocyclone used in ore processing, while figure 1.5.2 shows small

radius cyclones for dealing with slimes



1.3.1 Flow patterns in a hydrocyclone

One of the earliest and most notable experimental studies of the flow patterns in
the hydrocyclone is described in the classic paper by Kelsall of 1952 [K2]. Before then,
Investigations had been limited to basic operational classification experiments and
theoretical approaches that lacked experimental understanding. Kelsall’s work was aimed
at determining the exact mechanics of separation in the hydrocyclone. Understanding the
velocity distribution within the flow field is important in setting up a theoretical model of
the separation process, and ultimately for simulating particle trajectories from which
theoretical performance can then be predicted. The technique employed by Kelsall was
the first published non-intrusive flow measurement of the conventional hydrocyclone,
unlike previous disruptive hot wire anemometry and pitot pressure measurements which
are described 1in Bradley [B8]. Fine aluminium particles that followed the motion of the
fluild were observed through a microscope that had rotating objectives, effectively
cancelling the tangential motion of the particles and giving a direct measurement of their
components. This approach and other visual methods form the basis of one aspect of the
current study and are discussed 1in more detail in Chapter V1.

Kelsall resolved the fluid velocity ito three components, tangential, radial and
axial. The flow field can generally be taken as axisymetric except for the region in and
just around the tangential mlet section. Figures 1.6.1, 1.6.2 and 1.7 show the shape of
the experimentally determined axial and tangential velocity flow profiles plotted at
different axial positions as they changed with radius, and the flow patterns that can exist

in a hydrocyclone. It can be seen from Kelsall’s data that the radial velocity of the flow is

so small when compared with the axial and tangential velocities in the body of the

13
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cyclone that it is generally ignored. Kelsall did not measure the radial velocities but
calculated them from the continuity equation. The shape of the velocity profiles and the
modelling implications of this rather complex flow are discussed in Chapters II and III.

Figure 1.7 outlines some of the other flow features seen in the hydrocyclone:

Vortex finder

il
¢ Inlet

..—.—-—-—-—-—-—-—-—-—-—.—-—-—-—-—-—-—-—-—..-—.—-—-—.—-—-—.—-—-—-—-—-—-—-—ﬂ
dlI-COIcC

Figure 1.7. Showing a simplified account of the flow

patterns in a hydrocyclone.

[5



» The existence of an outer region of downward flow and an inner region of upward
flow necessitates a position at which there is no vertical velocity, known as the locus

of zero vertical velocity [B8, S7].

e The pressure gradient along the top of the hydrocyclone drives the fluid radially
inward. This fluid moves down the vortex finder exiting in the overflow stream and is
known as short circuiting. Particles that find their way into this short circuiting flow

are not subject to the full separating action of the hydrocyclone [B4, B8, S7].

e In some hydrocyclone designs the natural up flow of the vortex is in excess of

overtlow stream, resulting in a recirculation zone ortoriodal vortex [B8, S7].

Kelsall’s work has been criticised because he used a longer than average vortex
finder to stabilise the flow. This eased particle visualisation by reducing noise from
turbulent fluctuations. However, the results advanced understanding and have been used
in the validation of countless theoretical models [BS, B8, R3, S7], making it one of the
most definitive hydrocyclone studies. Kelsall’s work for the minerals processing industry
made the hydrocyclone one of its most elegant, functional and versatile tools.

A later flow visualisation study by Knowles et al [K5] of a hydrocyclone with a
normal length vortex finder was carried out using high speed cmematography, the
technique is discussed later in Chapter 5. This hydrocyclone was operated in closed
circuit and ran without an air core. The shape of the measured velocity profiles matched
those of Kelsall. Because the Knowles hydrocyclone ran without an entrained air core
has made it a much simpler case to model theoretically. The results of the Knowles work

have therefore been used for the validation of a number of both analytical and numerical

16



models [B3, D3, S2]. Knowles velocity data has been used to validate the modelling

work 1n Chapters 2 and 3.

1.3.2 Hydrocyclone development

The early sixties saw the first experimental optimisation study by Rietema [R3]
who investigated and suggested some design parameters, building on the work of Kelsall.
From these two works resulted the next stage in the understanding of hydrocyclones,
enabling the specification of a set of relations between the hydrocyclone dimensions (ref.
table 1.1 and figure 1.2 for notation). The cylindrical section is assumed to be at least as

long as the vortex finder. The included or cone angle (though not specified) is suggested

from the ratio of L/D to be less than 30°. Fontein [F2], in a further optimisation study,

found that the best practical angle for recovering mixed suspensions was around 10° 1n

small cyclones. A correct choice of cone angle helps maintain the swirl velocity, which

would decay along the central axis in a purely cylindrical tube as a result of frictional

losses [C1].

When Svarovsky published the book titled “Hydrocyclones™ in 1984 [S7], the
idea of using an adapted hydrocyclone to separate two immuisible liquids and produce a
highly concentrated yet small volume sample of a lighter phase was novel. The work
carried out under the supervision of Thew [H2] dealt with the dewatering of oils, aimed
at the off-shore industry. The new dewatering application required new thinking, and an
extensive development program was undertaken. This was helped at the time by recent

advances in computers, and the numerical representation of fluids flows that is now

changing the approach to hydrocyclone design. Hargreaves [H2], who carried out the
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work, developed an effective 2-dimensional computer flow model which was then used

In one of the first computational optimisation studies of the hydrocyclone.

Table 1.1. Suggested relations between the
hydrocyclone dimensions determined by

Rietema, see figure 1.2 for symbbl definitions.

G
S R

1.4 The solid core hydrocyclone investigation

The solid core cyclone described previously 1s a simple design based on the

conventional hydrocyclone. Smce an inclusion laden overtlow would be inappropriate for
steel, the solid core replaces the conventional vortex finder and extends over the length
of the cyclone, see figure 1.1. The need to establish the validity of the solid core cyclone
as a method of cleaning melts prompted the present study. The new design has many
variables and consequently quite an extensive study i1s needed but the present
understanding of conventional hydrocyclones forms a basis from which start. The
strategy for the present study was therefore to elucidate the mechanics of the flow
system in a conventional hydrocyclone before applying the theories to the new

hydrocyclone concept.
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In the thesis each aspect of the work is dealt with in sections or chapters. The
associated literature and its implications to the work are dealt with at the beginning of
each section. Briefly, classical analytical approaches to the complex swirling flow in a
conventional hydrocyclone have been considered. A comparison of different turbulence
modelling techniques have made it possible to predict the flow in a hydrocyclone by
numerical methods. This has been done using a commercially available computational
fluid dynamics (CFD) package. The CFD package was then used to establish the

teasibility of the solid core cyclone idea and thereby gave initial direction to a physical

modelling study.
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Chapter 11

Fluid dynamics of the hydrocyclone

2.1 Introduction

This chapter deals with the application of fluid dynamics in the hydrocyclone. The
description of the velocity field is essential to eftective hydrocyclone design. However,
effective modelling techniques have been both limited in scope and difficult to apply. The
limitations of analytical modelling techniques for the description of the complex tlow
patterns in a hydrocyclone is discussed. A simple 2-dimensional model is developed by
applying a finite difference method to the Batchelor formulation for steady axisymmetric
flow with swirl [B2].

Industrial hydrocyclones are used in many cases with slurries of different
concentration and particle sizes. These flows have a complex behaviour, with varying
density and viscosity and are therefore difficult to describe mathematically. When dealing
with concentrated slurries, empirical models may be the best method of approach. For
lower particulate concentrations theoretical studies of the flow in hydrocyclones, based
on the fundamental Navier-Stokes equation, have included both numerical models [D3,
D8, H2, HS5, P1, P2, R1, R2] and analytical studies, the most notable and extensive being
those by Bloor and Ingham [B3, B4, B5]. Analytical analysis, although not as versatile as
numerical modelling, offers a clear insight into the underlying physical mechanisms of
fluid flow in the hydrocyclone. The full Navier-Stokes equations [Appendix I] are a set
of non-linear, coupled, parabolic partial differential equations [K10]. The analytical

approach makes simplifying assumptions (leading to the linearising of the equations)
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aimed at establishing a solvable mathematical model that describes the fluid motion.
These assumptions may be quite drastic. However, the complexity of the flow in a
hydrocyclone has made it very difficult to form assumptions that would result in a
solvable analytical model and this has been one of the key aspects slowing the
understanding of how the hydrocyclone actually works. The following section discusses
some of the standard simplifying assumptions that may be used to modify the Navier-

Stokes equations applied to the description of the fluid motion in the hydrocyclone.

2.1.1 Describing cyclonic flows

The *“ideal fluid” assumption is purely hypothetical, describing a fluid with no
viscosity and no compressibility, and it 1s a key simplification applied to the Navier-
Stokes equations. This assumption 1s based upon Prandtl’s observations [P4, PS5] of the

nature of turbulent flows. At high Reynolds numbers (pLv/l), mixing has such a massive

effect velocity profiles may be regarded as being independent of the viscous drag at the
walls and therefore reflect only the kinetic effects of the tlow. The flow outside the wall
region is consequently assumed independent of molecular viscosity and may be treated as
inviscid.

A second classification applied to ideal flow is the distinction between rotational
and 1rrotational flow. An element of fluid may sutfer rotation or distortion, or both, in the
course of its motion. It 1s possible for a particle to distort without rotating. In wrrotational
flow the average of the angular velocities of two mutually perpendicular sides of a fluid
element must equal zero [V2]. The velocity distribution of an irrotational fluid can be

determined by a linear equation derived from the mass conservation equation [D6]. The

velocity of the fluid may therefore be described in terms of velocity potential ¢, hence

this type of flow is also known as potential flow. Linearity is the distinctive property of
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irrotational flow which allows the employment of many mathematical techniques [K10].
It 1s not possible to analyse rotational flow in the same depth as irrotational flow, since
the governing equation is no longer linear. However, the flow in a hydrocyclone consists
of both rotational and irrotational parts and also may not be assumed inviscid across the

whole flow. The following discussion considers difficulties and identifies the significant

aspects of the fluid dynamics applied to the hydrocyclone.

2.1.2 Observations of swirl in the hydrocyclone

T'he experimental work of Kelsall [K2] showed that the tangential velocity
Increases sharply with radius in the central core region under the vortex finder and that
thereafter 1t decreases with radius. By identifying the radial position at which the
maximum tangential velocity occurs, the tangential velocity profile can be divided into
two regions. Figure 2.1 based on Kellsals results shows that the central region is

characterised as a forced vortex following the “constant v/r law”, while the outer annulus

away from the wall has a_free vortex velocity distribution and obeys the “constant vr
law” [R3]. A free vortex, like sink water draining down a plug hole 1s irrotational,

whereas in the forced vortex of a centrifuge for example, the fluid rotates as a solid body

having constant angular velocity and is rotational.

Flows 1n the cyclone do not contorm exactly to the vortex laws because the
velocity profile i1s affected by internal friction caused by viscosity and turbulence. The
inviscid assumption does not therefore apply to the whole flow region. Turbulence
intensities in swirling flows are increased due to the destabilising effects of the added
angular momentum, a matter which is discussed in more detail in Chapter III. Figure 2.1

illustrates how the tangential velocity profile conforms fully neither to the free nor to
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forced vortex conditions. It is therefore convenient to describe it by an empirical

eXpression
v,r" = const 2.1

T'he empirical exponent n is dependent on the cyclone and its operation. For free vortex
rotation, n = 1, a condition which represents complete conservation of angular
momentum. When n = -1, the equation represents fluid rotating as a solid body with

constant angular velocity.

In the free vortex flow of the hydrocyclone there is a high shearing action.
Movement of concentric layers of fluid at increasing tangential velocity as radius
decreases produces shear forces. In the forced vortex flow the fluid rotates as a solid
body and there is consequently no shearing. From Bradley [B8] the value of n used for
hydrocyclones based on empirical measurements is usually around 0.5 to 1.0. This

indicates that in the hydrocyclone, the condition tends to that of the free vortex in which

conservation of angular momentum 1s implied. The next section moves on from their
empirical representation, elucidates the fluid dynamics mmvolved and presents a simple

model based on the assumptions of inviscid flowand free vortex motion.

2.2 Solving the flow in a free vortex

The following investigation of the free vortex motion of an inviscid fluid 1s based
on the assumptions in the previous section that the hydrocyclone tends towards free

vortex behaviour. The description of the tlow field varies in complexity in the
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Figure 2.1. Illustrates how the tangential velocity profile conforms fully neither to

the free nor to forced vortex conditions.

hydrocyclone depending on which plane i1s considered. For simplicity and consistency

cylindrical polar co-ordinates (z,r,0) are used, with corresponding velocity (vz,vr,ve) and

vorticity (Nz,Nr,Ne) components. The tlow 1s considered in two ways, shown in figure

2.2, by taking a slice perpendicular along the axis of symmetry and by taking a horizontal

2-dimensional slice to the axis of symmetry.
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Figure 2.2. Showihg cylindrical co-ordinate system
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2.2.1 Proof of irrotational flow in a free vortex

The following observation has not previously been noted in the literature.
Referring to figure 2.2, consider first the horizontal plane slice (1) in which the
streamlines are axisymmetric concentric circles. By definition, the velocity perpendicular
to a streamline is zero, hence for a vortex flow the radial component of velocity v, = 0.

This 1s supported by Kelsall’s experimental f"mdings |K2] that radial velocities are
negligible compared to the tangential and axial components. Vorticity 1, from Batchelor
[B2], 1s given as

M = curl v, 2.2

whence neglecting all the terms that do not correspond to this plane,

1 o(rvy) 2.3

n=; or

This same expression i1s derived from first principles by Douglas [D6]. Since, by

definition the vorticity in a free vortex is equal to zero then the equation can be written

das

d(rve) 0 2.3
dr ’

which given, upon integration,
v, T = constant. 2.4

Thus, the derived defmition of vorticity in the horizontal plane can be expanded to
describe correctly the relationship between the velocity and the radius in a free vortex.
The velocity increases towards the centre of the vortex and theoretically tends to infinity
as the radius tends to zero. Since the free vortex is irrotational, the Bernoulli constant

remains the same for all the streamlines.
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2.2.2 Derivation of the radial pressure distribution due to swirl

The radial pressure distribution due to the swirling fluid motion in a
hydrocyclone, first introduced in Chapter I, is now explained on the basis of fluid
dynamics principles. When fluid flows in a curved path, the velocity of the fluid along
any streamline will undergo a change in direction and there is an acceleration towards the
centre of curvature. The consequent rate of change of momentum of the tluid must,
according to Newton’s second law, result from a force acting radially across the

streamlines and thus produce an increase in radial pressure. This is shown by taking the

momentum equation for steady state flow in terms of vorticity 1), see Batchelor [B2].

Neglecting body forces, the vector form is

2.5
VX T = V(—;—vz +-BJ.
P

Following Batchelor [B2], we introduce the quantity H defined by

2.6
H =—E+%v2,

P

which represents the total head of fluid. Now for axisymetric vortex motion in the
horizontal plane, the only velocity component of consequence is v,. Combining equation
2.5 with the definition for vorticity M in this plane, equation 2.2, and neglecting all the

derivatives in the axial direction, it follows that

dr \r dr )

Which gives the radial pressure gradient as

1dp _ v92 2.8

p dr r
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This derivation of the radial pressure distribution or centrifugal head helps to
characterise the flow in the hydrocyclone. Centrifugal head accounts for the largest

consumption of the total driving head in the hydrocyclone [R3]. The radial pressure

distribution determines the position and dimensions of the internal air-core. Driesen [D7]

first derived this expression relating the tangential velocity v, to the radial pressure

distribution by applying similar assumptions to the full Navier-Stokes equations. In the

literature this radial pressure relationship has also been derived geometrically from first

principles by both Bradley and Douglas [B8, D7].
These solutions considered so far are axisymmetric and independent of z and

therefore essentially 1-dimensional. Although this approach improves comprehension of

the mechanics of the flow in a hydrocyclone, it has only a limited application. Developed

next 1s an axisymmetric model that describes the flow in 2-dimensions in the axial plane,

1.e. a treatment for slice (2) of figure 2.2, using Stokes stream function.

2.2.3 Axisymetric flow with swirl applied to the hydrocyclone

Attempts to model the hydrocyclone processes theoretically in this particular
plane have met with limited success owing to the added complexity in this flow direction.
The mitial theoretical work of Bloor and Ingham [B3] showed that the velocity values

derived from an irrotational treatment of the flow in the axial plane using velocity

potential ¢ did not compare well with experimentally measured values. In Chapter 1 it

was shown that there are circulation’s and flow reversals in the axial plane signifying

finite vorticity. It is therefore not reasonable to solve the flow in terms of velocity

potential.
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An analytical approach which describes the flow curvature in the axial plane of a
hydrocyclone and incorporates the swirling component of the vortex 1s based on a
derivation by Batchelor for steady axisymmetric flow with swirl [B2]. This describes
steady axisymetric flow with swirl in terms of Stokes stream function, or vorticity stream
function as it is sometimes known drawing on my own observations of section 2.2.1 and
2.2.2 to simplify the derivation. The problem is treated as 2-dimensional, axisymmetric
and steady permitting a Stokes streamline to represent a (Bernoulli surface) of constant

Bernoulli head formed by rotating the curve of constant Stokes stream function about the
axis of revolution. This allows the azimuthal components of velocity v, and vorticity T,
to be expressed in terms of Bernoulli surfaces, eliminating the interaction of the swirling
component v, with the motion in the axial plane.

The model 1s developed using cylindrical co-ordinates in keeping with the
previous example. Working in terms of Stokes stream function, the equations of
continuity can be automatically satisfied for inviscid, incompressible steady flow. The

velocity components vz and vy are defined in terms of Stokes stream function by

§ _l_c'_:)_\l 2.9 a
N

o __l_a_llj_ 29Db
r r 0z

The vorticity components for axisymmetric flow are given as

] a(rve) 2.10 a
N, =— ,
r or
v, 2.10b
e = oz
v, v, 2.10 ¢
Mo Jz or
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Stokes stream function is axisymmetric and may be described in terms ot (z, r) co-

ordinates, whence the azimuthal component of vorticity can be written

0z oJr° r or

1(o’y d°y 10 2.11
ne=—;[ vy, 'y \v)

Assuming steady flow, the following equations of motion follow from the momentum

equation 2.5:

dov, oJH 2.11 a
Vello T Vell TS T =S,
ov. OJH 2.11b
Vell: = Valle 7757750
2.11
V.. —V —avG:O. ‘
Z T  § Z at

H 1s a function only of z and r in axisymetric flow.

Equation 2.11 ¢ may be written as

D(rve):O 2.12
Dt |

which represents uniform circulation round a material curve in the form of a circle

centred on the axis of symmetry and normal to it (axisymmetric free vortex flow, see

section 2.2.1).

In the steady state case the Stokes’s streamline on which y is constant represents

a stream surface formed by rotating the streamline curve about the axis of symmetry. The

argument of Bernoulli's equation remains constant on the stream surface, from equation

2.6 1t can be stated that

2.13

From equation 2.4 or 2.12 it 1s therefore possible to write as a function of y

30



IV, :C(\I]) 2.14

N =y € 2.15
z zdw’

dC 2.16
nrzvr_’

dy

An equation describing m, in terms of H and C can be derived from either of the

dynamical equations in the z or r directions

My VeMy 1 dH C dC dH 2.17

<+ — —_——

r v rv. dy 2 dy dy

r

Combining the azimuthal component of the vorticity equation in terms of stream function
g1VeSs

0*y N o’y 1oy ,dH _dC 2.18

From equations 2.8 and 2.14 it 1s possible to write

1 8p B V92 B C2 219
o r 1
so that
2 2.20
H=-%—(v§ +v§)+'|.—(—;—5-dr
C
2
=-;'Vz +j—7dC

In order to proceed with this equation it is necessary to impose some up-stream
boundary conditions so that H and C can be described. Then y can be determined as a

function of z and r over the whole field. H and C are only capable of being described by

very simple functions of . Batchelor therefore assumes the fluid up-stream has uniform
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axial velocity U and rotates as a rigid body with angular velocity €2. Since the stream

function y is axisymetric the stream conditions are defined as
v =1Ur’andC = Qr* 2.2]
and since the flow is cylindrical in the upstream condition
H=1U" +_er2 . 2.22
Rewriting these upstream conditions as

2Q0)° 2.23

2L
C_ ’
U y

U

v and H=1U"+

indicates dependence of C and H on y over the whole field. The governing equation

describing the flow therefore takes the form of a linear elliptic partial differential

equation

2
8\|f+

o’y 1dy _2Q°r" 4Q'y | 2.24
0z or’ r or U U*

Which until now has only ever been solved analytically.

In a flow that i1s described by an elliptical equation, influences at a point spread in
all directions and therefore must be solved in terms of two co-ordinate directions.

Examples of elliptical flows include recirculating (or separated) tlows. The tlow mn a

hydrocyclone behaves like an elliptical flow with flow separation in which high streamline
curvature occurs. Elliptic equations are solved using a boundary value approach. That is,

all points within the flow domain are determined from the conditions specified on the

perimeter boundary.

[The literature revealed that] the equation above in spherical polar co-ordinates
has been applied to the hydrocyclone in an investigation by Bloor and Ingham [BS5]. They
solved the equation analytically for a simple cone but treated it as closed system ignoring

the effect of the underflow. A further analytical study was carried out by Hwang et al
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[H8], modelling the underflow by incorporating a flow split ratio to describe the
underflow and overflow boundary conditions. These two complicated analytical
approaches involved using Bessel functions and non-dimesionalising the equation,
obtaining answers for only the simplest of geometries.

T'he equation treats the axisymetric flow as a free vortex but, because of the use
of Stokes stream function, it is possible to describe the rotational flow in the axial plane.
This approach gives the best model to-date for a description of the flow in a
hydrocyclone in two dimensions where turbulence is not considered. It is unfortunate
that the development of this model for the hydrocyclone came so late. The publication of
this approach coincided with new advances in computers and the representation of fluid
flows with which more detailed analysis can be carried out, consequently its contribution
to the literature has become more an exercise in understanding than an advance in design
methods. Nevertheless, it was decided that solving equation 2.24 numerically instead of
analytically could allow more realistic and versatile boundary conditions to be applied
and deserved further investigation. As a general conclusion the use of an analytical
approach to solution is illuminating, but the application of computational methods offers
far greater scope for boundary conditions. A simple fast model was therefore developed
to describe the swirling flow in a hydrocyclone. This proved to be a good exercise n

numerical modelling and in understanding the hydrocyclone. The details are presented mn

the next section.

2.3  An inviscid numerical model for predicting axisymetric flow with

swirl in a hydrocyclone

The previous section introduced an equation describing swirling flow for an

axisymetric geometry, that could be used to describe the flow in a hydrocyclone. As a
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preliminary to the more far-reaching computational study of the solid core cyclone
discussed in later chapters, it was considered useful to attempt a solution of equation
2.24 by using a numerical method which would compliment the analytical approach of
Bloor and Ingham [B5]. Although there are more complex equations which can be used
to describe the flow field of a hydrocyclone it was thought that the initial development of

a model based upon equation 2.24 would provide:

e afuller understanding of cyclonic flows,

e first hand experience in using computational fluid dynamics [CFD],
* apossible rapid solution design tool for swirling flow systems,

* a basis for an initial feasibility investigation into swirling flows for cleaning
molten metal.
The velocity data of Knowles flow visualisation experiment [K5] was adopted as
a basis for model validation, in which the hydrocyclone operated without an air core.
Other than the work of Kelsall [K2] who used a long vortex finder to stabilise the flow, it
appears to be the best documented velocity data for a hydrocyclone and the most
appropriate for this application.

Equation 2.24 can be expressed in either cylindrical or spherical co-ordinates.

The literature favours spherical co-ordinates (s, A, 0), see figure 2.3, as an approach that

best suits the conical shape of the cyclone. In the previous section 2.2.3 cylindrical co-
ordinates were used to maintain continuity with sections 2.2.1 and 2.2.2, though for

modelling purposes spherical co-ordinates are preterable. The final spherical polar form

of equation 2.24 used in the model 1s given as

82w+_!_82\|/ 1 t?\.a—w— W2 2.25
ds® st IAE §? =0 o U’
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The nature of the equation in spherical polar co-ordinates dictates that fluid enters the
cyclone with uniform axial and tangential velocities U and W respectively. The velocity

components in terms of Stokes stream function satisfying the mass conservation

equation in spherical co-ordinates are given as

ol Xy 2.26 a
: szsin?g. oA

Vg I a_w_ 2.26b
p s-sinA ds

The following section describes how approximation methods are applied to the
differential equation 2.25 so that it may be solved numerically over an entire flow field

within given boundary conditions.

Figure 2.3. Spherical co-ordinate system.

2.3.1 Numerical modelling

Computational fluid dynamics [CFD] 1s the name given to the numerical
representation of fluid flows. The mathematical formulation of fluid flows usually leads,
as in this case, to a partial differential equation or a set of such equations. Partial
differential equations have been solved analytically, offering accurate solutions, but they
are restricted to problems involving shapes for which the boundary conditions can be

satisfied, and are not useful for most practical systems. This eliminates all problems with
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boundary curves that are not defined in terms of equations. It also excludes many for
which the boundary conditions are too difficult to satisfy, even though the equations for
the boundary curves are known. In such cases approximation methods, whether
analytical or numerical in character, are the only means of solution. This type of solution
1s being increasingly sought since it offers much wider scope for the application of
realistic boundary conditions. The solutions are as accurate as the data warrants or as

accurate as 1s necessary for the required technical purposes.

2.3.2 FKinite difference approximation

Finite difference is a numerical approximation method widely used in CFD. The
flow region is first discretised into a grid (or mesh); the intersections of the mesh are

termed nodes. The mfluence that corresponding nodes have on each other between the
mesh mntervals 1s approximated. In this case the tlow parameter is stream function y. The

derivatives in the equation are approximated using Taylor’s theorem (see Smith [S3] for
a full explanation). Those derivatives relating to the axisymmetric swirling flow equation,

derived using Taylor’s theorem, are:

Y Wi =W~ Vi, 2274
os? h?
0y - Vi — AT o 2.270b
o\* (S1)°
oy _ Viju ~Vij 2.27 ¢
oL 2(3))
a_\l’ - Vin, Vi 2.27d
ds 2h
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The i, subscript gives the mesh node location in the two co-ordinate directions r and 6.

while h and 8A are the small distances between nodes about s and A respectively. The

derivatives are substituted into the equation and rearranged to give the influence of the
surrounding node points on the [i,j] node. This is known as a template, see figure 2.4. An
iterative method is then used to solve the equation for every point on the grid within the
flow domain. Since the direction of influence at a particular point is not known, an
iterative solution is required, based on repeated guess and correct cycles. The procedure

Is said to be convergent when the difference between the exact solution and successive

approximations tends to zero.

2.3.3 Solution method of the flow equation

The solution method used was the successive over relaxation method, the
algorithm was obtained from Numerical Recipes [V1]. The relaxation coefficient was set
to one reverting the solution algorithm to the Gaus-Siedel method, see Smith [S3], this

increased stability but slowed convergence. The number of grid cells were small by
today’s computing standards and convergence speeds were almost instantaneous. The

advantage of this type of solution method i1s that it uses the newly updated values as 1t

progresses through the interpolation of the grid, see figure 2.4.
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Figure 2.4. Showing the template used in

the Gauss-Siedel interpolation procedure,

O’s represent nodes in the template.

A poor choice of grid spacing can lead to approximation errors in the solution,
known as the discretisation errors. Improvement to the accuracy of the solution is
generally assumed to occur as the mesh lengths decrease. The idea is to use a sequence

of solutions obtained from finer and finer meshes. This will eventually give a solution that
differs from the previous by less than some assigned amount. The problem is that the
matrix increases rapidly in size, particularly with an increase in co-ordinate directions.

After a number of refinements, it may become too large for storage in the immediate

access store of the computer.

2.3.4 Boundary conditions

Equation 2.25 requires a linear uniform distribution of constant tangential and
axial velocity at the entry, described by Bloor and Ingham [B5] as a “top hat profile”. It

is assumed that the 3-dimensional flow entering a hydrocyclone becomes axisymetric
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after travelling some distance and the model entry conditions are therefore the velocity
components after the transition to axisymetric flow.

The boundary conditions are set in terms of stream function y. The computed

area must be entirely encompassed. The volume flow rate Q across the entry is defined
by

Q:TI:U(Rg ;Rlz), 2.28
where R, and Ry are the outer cylindrical radius and the radius of the vortex finder
respectively, see figure 2.5. A change in the value of stream function along this boundary

represents an inflow or outflow. The stream function y 1s such that it is not the absolute

value of stream function that matters but how 1t changes with position. The Stokes
stream function y is consequently defined from equation 2.28 at each radial node

position r across the entry section as

1 2.29
w_—.—z-U(Rg —s’sin® ).

In a similar way to that described in the paper by Hwang et al [H8], both the undertlow

and overflow are described respectively, for a specitied flow split ratioA as

B Q 2.30 a
¥ 2m(1+ A)

QA 230 b
¥ oma+A)

Though the problem can be formulated in either cylindrical or spherical co-
ordinates, the model has been successfully coded using a spherical co-ordinate system,
for the full code see [Appendix II]. Figure 2.5 shows a course grid of the uniform mesh
used, with the boundary conditions imposed on it. Due to symmetry the grid only
represents one half of the hydrocyclone. A uniform mesh 1s used for simplicity, where a

boundary did not lie exactly on a node and impinged upon the grid, ghost points were
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used. These are nodes that remain unchanged during the iteration but are then updated
between iterations through the linear interpolation of the new value and the constant
boundary value. Nodes outside the flow domain are deemed dead and no calculation is
carried out on them.

The advantage of spherical polar co-ordinates are that they fit the conical section
well the disadvantage is that the cylindrical section and vortex tube boundaries impinge
on 1t requiring the use of many ghost points. In contrast a cylindrical grid can be made to
fit 1n to most axisymetric geometries by adjusting node displacements and numbers, but
at the expense of many unused cells. Also, the narrower sections are only sparsely

represented, which possibly leads to higher discretisation errors.
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Figure 2.5. An example course grid of the uniform mesh used

boundary conditions imposed on it.
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2.3.5 Results

The code was compiled using Turbo Pascal V6 [H1, W5] and proved to be
simple and quick to set up, on an IBM format personal computer. A 30 by 30 node 2-
dimensional mesh easily within the memory constraints of the computer was used for the
calculation. The grid also produced a stable convergence. Approximation errors can
occur in skew or elongated meshes resulting in an unstable calculation. The program then
writes two data files when convergence is achieved, the first containing the value of

Stokes stream function at each node, the second containing the three components of

V2

velocity for each spatial location and the induced centripetal acceleration a = —. The
r

values of v and v, are obtained from equations 2.26 and 2.27. In order to compare the

theoretical results with experiment, it is more convenient to resolve these two

components into the axial and radial components of velocity denoted by v, and v,. Thus
v, and v; are given by

V.=V _COSA+ vV, sinA 2.32
V_=V_SinA—vV, COSA 2.33
For steady flow, the azimuthal velocity component v, can be evaluated along Bernoullr’s

surfaces on which y is constant by

v - W R2_2_"Ii 2.34
) s-sink'\j 0 U

This type of analysis yields a mass of information describing the whole flow field and can

not be solely viewed using conventional Xx-y graphics. The data in essence needs to be
viewed in 3-dimensions to appreciate the whole tlow field described by the model. The

data therefore required an amount of post processing for which a simple graphics routine

was developed alongside the code to draw streamline contour plots, giving drawings of



lines of constant, evenly spaced stream function value. This was used in the development
of the original code to check for discontinuities and later to display the calculated
hydrocyclone flow patterns.

Figure 2.6 shows the predicted streamline contour plot in the Knowles
hydrocyclone and the non-dimensionalised predicted and measured velocity data used to
validate the model. It is difficult to relate a three-dimensional inlet condition to a two-
dimensional linear profile and it is for this reason that velocity comparison is non
dimensionalised. The reference values are the mean axial and tangential velocities from
the first profile location presented in the Knowles paper [K5] at an equivalent position in
the mmviscid model. A second graphics program was also written to display velocity and
centripetal acceleration profiles throughout the cyclone. These two programs provided

quick and easy access to the data calculated by means of the 1deal model.

2.3.6 Discussion of Ideal Model Results

The Knowles hydrocyclone [K5] operated without an air core and this source of
validation is therefore particularly appropriate to the present study since the model was
unsuitable to predict the location of a free surface. In the stream function contour plot,
the flow pattern at entry appears distorted due to the doubtful assumption of the mnitial
linear velocity distributions at the entry. However, the model i1s based on the assumptions
of free vortex motion and consequently the tlow field corrects itself within a short
distance, see figure 2.6. The stream function contours in the Knowles hydrocyclone
show clearly that the inner streamline reverses direction and passes to the overflow,
while the streamlines closest to the cone wall continue directly to the underflow. The

model is therefore able to describe the correct tlow patterns in a hydrocyclone and to
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Calculate high curvature streamlines, a problem that encounters difficulty in more
complicated numerical models.

Insertion of the vortex finder into the flow and the change from cylindrical to
conical section is described well by the model, which would not have been possible using
an analytical approach. The dimensionless velocity analysis compares well with the
results of work carried out by Knowles [K5]. It predicts well the location of the locus of
zero velocity shown in both the contour plot and the non-dimensionalised velocity
profiles. Because the model is inviscid and assumes free vortex rotation, the central
viscous core becomes incalculable, and the calculated tangential velocity tends to infinity
on the axis. In a practical cyclone, there are often regions of toroidal circulation which
lead to short circuiting flows in the upper region of the cyclone and are well documented
In the literature. The model predicts the location of these regions but is unable to

calculate their values as they consist of closed streamlines and hence provide no

reference Bernoulli surface value.

These toroidal circulation’s are discussed by Bloor and Ingham [B4, B5]. The
complexity of analysing this region 1s enormous suggesting that the more efficient
approach would be to solve the complete Navier-Stokes equations numerically. It 1s
therefore fortunate that the theoretical model agrees adequately with experimental results
and that the effects of this region on the main flow may be neglected in this case. The
literature revealed a similar approach was taken by Brayshaw [B10] modelling a
conventional hydrocyclone using a 2-dimensional mviscid numerical model using a
cylindrical co-ordinate system but based on a different equation derived previously by
Bloor and Ingham [B3]. In theirr later publication Bloor and Ingham [BS5] apply
Batchelor’s derivation of axisymetric flow with swirl [B2] in spherical co-ordinates,

equation 2.25, to describe the hydrocyclone in favour of their own original model.
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Figure 2.6. Computer generated stream function contour plot of a hydrocyclone with
axial and tangential velocity profiles calculated using the mviscid model compared to

experimental results.

45



2.3.7 Conclusion

In conclusion, a preliminary analysis of the flow patterns in the swirling flow of a
hydrocyclone highlighted the difficulties involved in its analytical description. The fluid
motion in a hydrocyclone may be treated in this simplified case as inviscid and by
assuming free vortex behaviour. As an exercise the analytical approach and the numerical
development of the simple 2-dimensional swirlirig flow model enabled more complicated
boundary shapes to be applied, providing a fuller understanding of cyclonic flows and
gave a first hand experience of using computational fluid dynamics [CFD]. The model is
capable of describing the basic flow patterns that occur in axisymetric swirling flows.
However, the model is limited in its application to the hydrocyclone by the difficulty of

prescribing realistic entry conditions and its failure to incorporate some of the more

subtle fluid phenomena that occur in the swirling flows. Advances in numerical modelling
techniques and computers, have provided the engineer with a wide selection of
commercially available fluid flow models based on the full Navier-Stokes equations. The
next Chapter III investigates the use of the different models available to the commercial
fluid dynamics package Fluent and their description of the complicated turbulent flow

associated with confined swirling liquids.
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Chapter III

Turbulent flow and its representation

3.1 Introduction

In the previous section analytical modelling approaches were considered for the
modelling of swirling flows with specific reference to the hydrocyclone. These involved
assumptions that simplified the constitutive equations describing fluid flow, thus allowing
them to be solved by conventional analytical means. Fluid flow is however not at all
simple and although this type of approach can substantially complement our
understanding of the flow mechanism, it fails to incorporate a multitude of fluid
phenomenon that occur in both natural and engineering flows.

It was decided to investigate using a commercially available computational fluid

dynamics code Fluent, to model the fluid motion in the solid core hydrocyclone. In
Fluent V4.31 there 1s the possibility of using three different fluid flow models to
represent turbulent fluid motion. In the previous chapter it has been shown that the fluid
motion in a hydrocyclone 1s not straight forward as the turbulence has a pronounced
affect. It 1s therefore necessary to investigate the application of these models to the

swirling motion in the solid core hydrocyclone and determine which i1s the best suited.
This chapter discusses the difterent models and compares them with the published

experimental results for a conventional hydrocyclone operating without an air-core.
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3.2 Turbulence modelling

The flow within the hydrocyclone is essentially very complicated and even with
the most advanced fluid dynamics equations and powerful computers there are still many
aspects of the flow that can not be described adequately. It is therefore necessary to
appreciate what limitations are involved in the mathematical prediction of turbulent flows
and how best to model the complex swirling flow of the hydrocyclone. Turbulent flow is
encountered 1n the majority of fluid flow systems and is unfortunately one of the most

complicated to solve. Tritton [T4] puts the problem as follows:

“There 1s a reason to suppose that the loss of predictability occurs as a
property of the Navier-Stokes and continuity equations, although these
equations contain the determinism of classical mechanics. It is the onset of

turbulence representing 1n some sense the breakdown of these equations”.

The mechanism of turbulence is not fully understood so it i1s the responsibility of the tlow
analyst to appreciate the effects of turbulence and use the most effective method to
predict its influence on the velocity field and on the transport of secondary phases such
as particle suspensions.

Turbulence occurs in pipes of simple circular cross section where the Reynolds
number of the flow exceeds 2000, in a hydrocyclone it will conceivable occur at much
less. The unsteady turbulent nature of the fluid in a hydrocyclone tlow system brings with
it a multitude of influences that affect all transport mechanisms within the fluid phase.
This shows as a non-regular motion in which the velocity at any point varies with t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>