K

degree.

National Library
_of Canada

Canadian Theses Service

: Brblrothéque nattonale
‘du Canada | '

o

o

Ottﬁwa/ <Canada
K1.A ON4 »

| CANADIAN THESES ~ *

\f

\
NOTICE

' vThe quality of.this microfiche is heavrly dependent upon the
“quality of the original thesrs submitted for microfilming. Every

effort has been made to ensure the highest-quality of reproduc—
tion possrble

If pages are mrssrng contact the university whrch granted the

Some pages may have indistinct prrnt especially if the original
pages were typed with’a poor lypewrlter ribbon or if the un|ver—
sity sent us an inferior photocopy

Prevrously copyrlghted matenals (journal articles, pubhshed
tests, etc.) aré not filmed.

n

Reproduction in. qu or in part of this film is governed by the
Canadian Topyright Act, R.S. C. 1970, c. C-30. Please read
the arhborrzatron forms which accompany this thesis.

"

‘ THIS DISSERTATION

HAS BEEN MICROFILMED
3 EXACTLY AS RECEIVED"
Ni 339 (r. 86/01)

r‘\’-

.

o

-Services des théses canadiennes

AVIS o

La qualité de cette microfiche:dépend grandement de |a qualité " '

de la thése soumrse au microfilmage. Nous avons tout fait pour

" assurer une qualrté supérieure de reproduction.

. =
S’il manque des pages, veuillez communiquer avec l'univer-
sité qui a confere le grade. ‘

‘La qualrte d rmpressron de certaines_ pages. peut laisser a

désirer, surtout si les pages originales ont été dactylographi¢es
a I'aide ‘d’'un ruban usé ou si 'Université nous a fait parvenrr
une photocopie de qualite rnférreure

Les documents qui font déjal objet d'un droit d'auteur {articles
de revue, examens publiés, etc.) ne sont pas mrcrofrlmés

La reproduction, méme partielle, de ce microfilm est soumise

a la Loi canadienne sur le droit d'auteur, SRC 1970, ¢. C-30.

Veuillez prendre connaissahce des formules d'autorisation qui
accompagnent cette thése. - *

LA THESE A ETE
ICROFILMEE TELLE QUE
OUS L’AVONS REGUE

Czinad'?i |




l* National Library . Biblioth'eque nationale

of Canada - du Canada - ) _ TC -
~ Owawa, Canada o [ N ,
K1A ON4 o 2 ISB 0-315-23261-7

’

\

CANADIAN THESES ON MICROFlCHE SERVICE SERVICE DES THESES CAN DIENNES SUR MICROFICHE
PERMISION TO MICROFILM - AUTORISATION DE ICROFILMER
. Pleage prmt or type — Ecrire.en lettres mduldes ou dactylographjer ° ) ..
' AUTHOR — AUTEUR J .

Full Name of Author — Nom complet de I'auteur . 4 o / : .
L)

AU ALeec Toeak . oL

N

’ 3

Date of Birth — Date de naissance ) A Canadian Citizen — Citoyen,canadien - L ¢ i
' g 947 | | *

. ) D Yes: Ouit Non 3

- z

Country of Birth — Lieu de naissance N . |Permanent Address — Residence fixe i

. Y - 2125~ 109 %ﬂd o 3
Toewes Fdwouka | KB * TE3 40

y o
‘ 3

M L3
Title of Thesis —'Tigre’ de la thése

o e 2 sl

* THESIS — THESE

fflorchog  Madelbng o

-
M‘OV«.LOL\M .(ﬁf/k«?“bw
v /
.o ’/
\ .
$ /
Degree for which thesis was presented . Year this degree conferred : e
Grade pour lequel cette these fut présentée V\ S .| Année d'obtention de ce grade - l (4 % b
. Q . . - )
University — Unwersne * Name of Supervisor — Nom du directeur de thése B
: . -
va\\wrsﬂ\g o) A{/w P L R Plivy

AUTHOR!Z#FION AUTORISATION

Permission is hereby granted to the NATIONAL LIBRARY OF CANADA to ~ L'autorisation est, par la présente, accordée & la BIBLIOTHEQUE ‘NATIONALE

microfilm this thesis and to lend or sell copies of the fitm. . . DU CANADA de microfilmer cette-thése et de préter ou de vendre des ex-
emplaires du film.

The author reserves other publication rights, ‘and neither the thesis nor exten

sive extracts from it may be printed-or otherwise reproduced without the ' Lauteu’r se réserve les autres droits de publlcatlon ni Ia these ni de longs ex-
author's written permission. e “traits de celle-ci ne dowent\efrf primés ou autrement reproduits sans
I autonsatlon écrite de l'auteur. :

’ - N ATTACH FORM TO THESIS VEUILLEZ JOINDRE CE FORMULAIRE A LA THESE . !
w M Ry OO& 5, (955
I e::/oa) ] ‘/,{} v P . .

| - Canada

; \ ‘



THE UNIVERSITY OF ALBERTA

B - ‘
¢

3
-

| | e |
'MATHEMATICAL MODELLING OF AUTOMEDIUM CYCLONES
| by
Ali Al®el TURAK

-~

A THESIS *

SUBM}TTEb TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

IN._PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DqgﬁEE

\\\\\ OF Master of Science
. \\\\ JDepartment of Mineral Enginegring

, _ f/’\‘
. Edmonton, Alberta /
/

Fall 1985 7



NAME OF AUTHOR

TITLE OF THESIS

THE UNIVERSITY OF ALBERTA

-

RELEASE FORM

Ali alpel TﬁhAK

MATHEMATICAL MODELLING OF. AUTOMEDI ,
\ o “

CYCLONES

DEGREE FOR WHICH THESIS WAS PRESENTED Master of Sc1ence

YEAR THIS DEGREE GRANTED

Fall 1985

Permission is hereby granted to THE UNIVERSITY OF

ALBERTA LIBRARY to reproduce single copies of this

thesis and to lend or sell such copies for p;ivate,,‘

scholarly or scientific research purposes only.

'

The author regerves other publication ri'ghts, and

. . o o
neither the thesis nor extensive extracts from it may

be printed or otherwise reproduced without the author's

written permission.

DATED

" (SIGNED)

PERMANENT ADDRESS:

.. 3125 109 stret

C>G%iﬂ&' “J 19%ﬁ>



A
h ‘ THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undersigned certify that they have read, and
recoﬁmend to the Eéculty of Graduate‘St@dieé and Research,
for acceptance, a thesis entiflqﬂ&gﬁTHEMATTCAL MODELLING OF
" AUTOMEDIUM CYCLONES submitted by Ali Alpel TURAK in partial
' fulfﬁlment of the requiremedts for~thgvdegree of Master of

Science.

: r Superv1sor !%
| . f '. » !ﬁ.{-‘i ﬁ.ﬂa;@.; e

Oc,fo ber ', TESE :

Date...v e cesene .

s



' ABSTRACT
Empirical model eguations were dexfloped for‘the automedium .
-hydrocyclope used in fine coal cleaning. The automedium
:cyclene is typlcally utlllzed in the benef1c1at10n of the -

0.6 mm size fractlon of plant feed in coal preparatlon

plants. The model equations were based on data obtained from

pilot scale testing on an 8 .nch VYisman (tricone) cyclone.

. The cenceptual model resulted“fiom -udieg of automedium
cyclones in coal preparation plants, and from simulated
rotating—bed.experiments and cyclone bed capture tests. Tpe
developed model introduces the concept of three stage
_separatlon in the cyclone, namely the primary cla551f1cat10n
: in the cylindrical section, th%‘autogeneous partitioning by
rotating bed in the conical secEiQn and secongarx--
classification at the air core interface. The separation is
modelled éq terms of the well known partition functions.
Modelling of pressure drop and water split for the cydlohe
1s also introduced throuéh empirical equations relating

' these macro-variables to operating conditions and the

cyclone geometry.
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‘ 1. PROJECT DESCRIPTION

1 Progect 0b3ect1ves

| The purpose of thlS project was to-quantify the,
operating characteristics of the automedium cyclones (AMC)in
the form of an empirical nodel, The general aim of the

_projeet was to increase the understanding of the behaviour

of the AMC.

The‘very complex'hydrodynamics of the‘cyclonevtogether
_with thesheferogeneous charactet of codl and the.generai
complex1ty of two-phase flow were the reasons for the |
empirical approach A thorough study of the llterature for
the theoretical computations of the flow and separation in
hYdrocydlones.has revealedAthis complexity}"

-~

The important parameters for the operatlon of-
cla551fy1ng hydrocyclones have been well establlshed by
various authors. Emplrlcal models for classlfylng cyclones
have been derived through labQ;atory and plant testlng ‘The
automedium cyclonef however, was not studled by others to
any appreciable extent and in splte ot the w;de usage,
models for optimization. of design, control.andfsimuiation of
‘these units were not available. P

The plant sampling cafpaign and pilot plant tests
conducted in this project were designed to gener Eer
sufficient data for the development of an empirical model of

the AMC.



1.2 Project History and Funding

The project was totally funded by Alberta/Canada,Energy
Resources Research'Funa, thfough a ;esearch contract
administered by the Hydrocarbon Research Center in the
University of Alberta. The laboratory and pilotvteéts weré'
conducted in the laboratories of Department of Mineral
Engineering. The project cost over the years,1981;1984
‘totalled § 102,000. | |

~The principal invgstigatorvwas Prof;L.R.'Plittualthough
the project was jointly supervised by Prof;B; Flintoff.

The project was;monitofed'byithe'funding agency through
quarﬁérly sgatus repofts and annual technical progress |

report®. This thesis forms part of the final report for the

project.

1.34Report Organization

In Chapter 2 aﬁ introduction is provided to the current
‘technology in empirical modelling of cyclones and parameter
"estimation techniques are discuséed} Applications of cycloné
ﬁbdels and their limitations are described. The poSthated
mechanism of \separation in automedium cyclones and a
conceptual model for the separation are also iﬁtroduced.

In Chapter 3, the test work wifh a homogenousf§olid}
phase (silica) is described ané the classification
characteristics of the automedium cyclone are explored.

éhapter 4 and 5 summarize the plant and laboratory test

work respectively. Laboratory test work is described in



4

ﬂi;ail,emphasizing experimenﬁal design and procedures.

The moaelling work on macro variables sucﬂ as .
bressure—flow'relations and f{ow splits are described in
Chapter 6.

Chapter 7 is‘deyéted to micro variable modelling, that
is description of parti;le partitioning in the cyclone.
Model parameter*eétihation is also described in this
chapter; |

A brief assessment of’the industrial impact of the
model is given in Chapﬁer 8, and the conclusions‘and
recommendations are discussed in Chapter 9.

The extensive literatufe survey on theoretical
computation of flow and separation iﬁ cyclpﬁes, and models
derived from tﬂé fundamentals of hydrodynamics resulted in a
comprehensive biblidgraphical study. This document 1is
attached to this report as Appendix 1. The data from both
the plant and_laeratory’test wo;kvis élSo;presented in
Appendices 2 thfough 5. )

| Appendicés‘6 and 7 include the results of modelling
.studiés that encompass alﬁidé‘range of computational effort
~and parameter estimation Studies. A derivation of the model
érom the conceptual form is given in Appendix 7.2, and the

novel method of semi-visual curve fitting for parameter

estimation is described in Appendix 7.3.



' 2. EMPIRICAL MODELLING OF CYCLONES

2.1 Introduction
9

Mathematical modelling of coal preparation separation

operations has been restricted- to the the descr1pt10n Qﬁ%
partition curves by simple mathematical functional forms,
i.e. empirical modelling. In all cases the partitgon cuﬁyeg%
;re obtained from curve fitting exerc1ses on experimental
data. There exlst no general correlatlons whlch the operator
can use to speculate, even in a semi-quantitative manner, on
the eipectgd impact of changes in operaéihg conditions. The
lack of these corfelations, i.e. a general uhit“modéli is
largely the result of the tremendous amount of difficult
analytical work‘involved.to obtain the ra%,data (sink and
float analysis on fine particle.assemblies). In the mineral
r
‘processing industry, the construction of general empirical
- models of the cyclo?e classifier has represehted a |
substantial and vdluable contribution to the;teghnology. It
was argued that a similar projectvin the coal industry .would
be of comparable benefit. The automedium cyclone is a
logical candidate forbstudy since it bears some obvious
similarities to its classification counterpart, and it is
likely thak‘some df the teéhnology can be easily
transferredl Futhermorey the automedium cyclone is a widely"
used device in the preparation of fine coal in western "

Canada. The relatively large quantities of fine coal in the

plant feed place significant importance on the role of the



automedium cyclone in coal preparation: In order that
operatofs be able to optimize plant operation they must have
a quantltatlve understandxng of the unit operatlons,
preferrabﬂy in the form of a reliable mathematical model.

- Thusfar, this type of roceSs‘technology has. been lacklng in
the coal sector. Such’a model could be used in process
analysis‘(data reduction), process simulation and procesge
design. To facililate  the transfer of technology a review of
the relevant mineral processing literature was undertaken
and is summarized in this chapter. This presentation 1is
desigged to consolidate the methodology into a form which
would permit a coal or mineral processing engineer to bring

o p , .
himself "up-to-speed" in this area very quickly.

Since the publication of empirical cyclone models by
Lynch and Rao in 1975 and by Plitt in 1976, the technical
literature on this subject has consisted primarily of
ﬂ~frepofés;pf applications, with oely a few articles discussing
basic modif\&ations or enhancements in model form. In fact,
most of ‘the modelllng eff?rt in this period has been
concerned with theoretlcal models based on the hydrodynamics
of multiphase floy:“(Preliminary results have beea
encouraging, howeve}, it w1Ii\be\some time before this
approach reaches the practlcal appllcatgon stage.) fﬁls

chapter presents a review of empirsical cyclone‘moéelllng

technology, with an emphasis on developments since the mid

s“

‘

1970's. The topics addressed include homogeneous and



heterogeneous ores, parameter estimation techniques,
parameter confjdence intervals, and the introduction of a

>

'new conceptual model of cyclone operation,

2.2 An Overview of Cyclone quelling Technology

| Since their first reported application in the mineral
industry in 1938(1); cyclones have become a common unit
operation in all of the process industries. The widespread
use of the cyclone stems from its relative low cost and its
versatility. It can be employed to carry out ligquid-liquid,
solid-liquid and solid-solid separations; It is the area of
solid-solid separation which is of greatest interest to a
mineral processing engineer. ;istorically, this area was
divided into two application categories:\(i) Separation.
according to density, the c¢yclone washer;énd, (ii)
Claséification according to particle size, the cyclone
‘classifier'. Classification is the principal application in
mineral prdcessing circuits. Within this category, the
cyclone is most commogly employed to provide some positive
control over the size distribution of product from a .
grinding circuit. Other uses include sand-slime separation
prior to froth flotation and mill tailings treatment, either
for dam construcﬁion or in backfill preparation.

Despite its geometric and operational simplicity, the

separating mechanisms within a cyclone are complex and not

'When water is the carrier fluid, the cyclone is more often
called the hydrocyclone. In this work the two names are used
interchangably. . ' ‘ '



well understood. Efforts to mathematically quantify cyclone
" operation have' evolved along both theoretical aﬁﬁ;?hpirical
lines. Access to high speed computers has facilitated the
numerical solution of the equations for fluid flow and thus
rekindled an interest in theoretical modelling (e.q.
2 (2),(3),(4)*. While there can'be'noAquéstion regarding the
potential of theoretical models, these studies are
essentially in their infancy and it is expected that it will
be some time before they have a significant impact on the
practical application of cyclone modelling technology. On
the other hand, empirical mathematical modeis of the cyclone
have received considerable attention in the literature.
These models have been developed to the point where they are
generally,accepted (i.e. they are useful provideé one
recognizes the potential limitations). These models have
been widely applied in process analysis (i.e. the reduction
of experimental data), digital simﬁlation, engineering
deéign and as the bésis for&on-line size prediction.

| Empiriéal cyclone models are based on the observation
that- the probability of a particle reporting to one of the
product streams'is dependent upon the particle settling ~
characteristics, or size for a relativelyvhomogeneous ore.
The functionél forms that are frequently adopted to
characterize this relationship contain 2 or 3 unknown

:p more detailed discussion on theoretical modelling is
presented in Appendix 1. This was completed in an attempt to
shed- some light on the expected flow patterns, separation
mechanisms etc. to permit speculation on possible
fundamental operational differences between the automedium
cyclone and the cyclone classifier.
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paraméters, which, in the first instance, can be derived

from experimental data by curve fitting methods. It is also

¢

common to interpret these parameters within the framework of
a simple conceptual model of cyclone operation, thus giving
tﬁem a physical sense. Some r)searchers, notably Plitt(5)
and Lynch and Rao(6), have'used rather extensive
experimental data bases to derive correlations betweeﬁ-the

basic (2 or 3) model parameters and the ; independent |

) ) o _
operating variables?including cyclone geéometry and operating

»

. T 5
conditions as well as the characteristigpg of the feed

slurrys ‘ :izfm

References to the empirical mddelgiffvplitt and Lynch
and Rao are guite Eommon, particglnrly %%%Fg?néctionwith
‘ r; i I'%@‘ ;icuits . hWhil.e

these models have often provedy

the digital simulation of cloé

o

ghécessfﬁfﬁg§§re have been a
number of modifications reported over the last few years.
The purpose of gﬁis‘chaptér is to provide a review of
empirical cyclone modelling technology including some
documentation on those modifications to procedures and model
form which have been récently reported. It is intended
primarily for those operators who have an interest, but
little experience, in cyclone modelling, especially as it

relates to process analysis.



2.3 What is a Hydrocyclone?

Before discussing empirical modelling practice it is
useful to briefly define a cyclone.

Although there are a number of variants, Figure 2.1 1s
an illustration of a typical cyclone classifier showing the‘
principal dimensional variables.

' As shown in the plan view on Figure 2.1, th ad
slurry is introduced in the volute section of the cyclone
whereupon the fluid pressiFe creates rotational fluid Totion
and, as a consequence, vorbex flow (i.e. an air core is
formed in the centre of the cyclone). This rotational motion
results in the imposition of a centrifugal force which acgs
on the particles in the slurry. The sett]ing characteristics
of the partcles under this force are generally assumed to
follow Stokes' law. In any case, the settling velocity 1is
dependent upon particle mass (and shape) and, as a result,
one would expect both particle size and density to influence
the settling behaviour. In the absence of any other forces
all particles would therefore migrate, at different rates,
to the outer wall of the cyclone and subsequently flow down
the wall, through the apex, reporting to the underflow
product.

The nature of the cyclone geﬁmetry and the relative
sizes of the orifice openings are such that most of the
water which enters the cyclone lFaves through the vortex

finder, reporting to the overflow product. The

counter-current movement of the water toward the centre of
g
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»@ the cyclone results in the mechanical entrainment of those
AA] )

particles whose slip velocity is insufficient to result in a
ggt outward motign.

For é homogeneous ore’ the result of these cbmpeting
forces is that the fine particles repart with the bulk of
the water to overflow product while a relatively high
density (% solids) product containing,the coarser particles
is digcharged as cyclone underflow. The vertical and radial

flew components in a hydrocyclone, under normal operating

conditions, are illustrated in Figure 2.2.

2.4 The Empirical‘Model of the Cyclone

The basic assumptions in empirical cyclone modelling
are; (i) a certain portion of the feed solids are bypassed
(or short circuited) to the underflow stream, and, (ii) the
remainder of the feed solids undergo true classification,
i.e. separation is depehdent upon particle settling
characteristics. Restricting this discussion to relatively
homogeneous ores, the conceptual model of cyclone operation
1s shown if Figure 2.3a. It has been suggested that 1t is
more reasonable to assume-that the cyclone overflow solids
are bypassed, rather than the feed solids. The conceptual
model for this scenarid is presented in Figure 2.3b, and,
from the material'balance equations, it is clear that there

> A homogeneous ore is one in which all particles have a
substantially uniform density implying that separation is
based on size alone (shape similarity is always assumed).
Heterogeneous ores contain significant quantities of
particles with different densities and thus density effects
in separation can not be ignored.
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is no difference in the mathematical structure of the

empirical model which is given by Equation (2.1).°

Equation (2.1) has been found to adequately describe most

- . . ' “! sAE PN . ’ R
partition (a.k.a. séf'fectlv:ty, Tromp, etc.) curves derived
from sampling experimeﬁ%s around a cyclone. An example of an

experimental partition curve for_an industrial cyclone is

, S FN
presented in Figure 2.4.

In order to use Equation (2.1) it is necessary to

&

N . \lJ N
specify the bypass (r;) and classification (c;) functions.

Since this specification involves the selection of simple
: v \ ) .

mathematical functional forms which will accurately

represent the experimental data, without regard for process

phenomenology, such models are empirical in nature.

2.4.1 Modelling Bypass - ‘ \
vInv1953 Kelsall(8) suggested that the bypass of fied»
solids to the underflow was directly proportional to the
fraction of water in.the>cyclone feed which is recovered in
the Qndérfloy product, Rf,.From‘a hydrodynamic viewpoint
this iS sensible since oné Qould expect the very fine
particles to wfbllow" the,water. F6f\mathématical
convenience Kelsall simply assumeq'that an equivalent

fraction of all particle size classes in the feed would

Vel
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report to the underflow’with(
rz:Rf i (2.2)

This is still the most wiaely adopted.assumption regarding
bypass. Of course, one of the major benefits of such a
simple bypass mode} is/that, if thg water split is known or
‘can be predicted, tgen,theﬁcalculation of r; is trivial.

'Recently, this aspect of cyclone modelling'has received
1ncrea51ng attention. For example, Austin and Kllmpel(97
argue that the thickened slurry near the cyclone wall can
act as a filter for partlcles which are moving inward with
the water Thus they cqnclude that "it is not_surprlslng
that some fraction of all sizes in the slurry become locked
in this layer and leave in the underfloQP'There is-no
ldgical reason why this fraction should equal the water
split to the unaerflow in all circumstances(9)." In

mathematical terms they assume,
r,=a ' o (2.3)

In suppzrt of this statement they provide some experimental
evidence where the constant-in.Equation (2.3), a, was
esfimated by curve fitting methods‘and is apparently not
‘equal to the water split, .Rf. In fairneés, it shodld be
observed that there was subst;nt1al scatter in the

9g "\

experimental partition ﬁbnctlon, pi, data which may have
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tontrtbuted'to the differences. No statistical tests were
. performed to tests the hypothesis Ho: a=Rf.

In terms of a general model of cyclone operation.
Equation (2.3) complicates matters since it becomes
necessary toidevelop'an additional correlation which permits
the prediction of a as a function of the independent
operating variables.

Finch(10,11) has also suggested an alternatlve bypass
model. His model results from an effort to expla1n the
fishhook which is infrequently observed in partition curves.

(He rejects the claim that this phenomenon is the result of
poor experimental procedures and/or’fines agglomeration onto
the coarse particles.) By anal gy:with the gangue
entralnment models in froth flotation (see (12) section
3.4.4 for example), Finch postulated that the bypass was a
decreasing function with increasing particle size. Retalnlng
Kelsall's arqument for the very fine particles, he‘assumed
that in the limit as particle size tends toward zero, the
bypass function:approaches Rf. In the absence of any direct
experimental data to define model structure and toigrovide a

functional form that;is parsimonious in parameters, Finch

adopted the linear bypass model given by Equation (2.4)?

1

rl.__{Rf(l‘g’;,)'jz<do (2.0)

Interestingly, one of the arguments advanced by Finch to
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explain the fishhook phenomenon is contradictory to the
mechanism suggested by Ausfiﬁ\and Klimpel. "One possibility
is that consolidated trickling‘occﬁrs through the coarse
partlcle bed rotating near the cyclone wall The hydraulic
entralnment of the partlcles in the 10u t% 40u range could
then be hlndered The finest particles would percolate more
ea511y through the network of coarse particles, and be
recovered in the same proportion as the w;ter,"(10)

To summarize, it, seems clear that the origins of the
-bypass mechanism are not well understood. To date, efforts
to modlfy the original model of Kelsall have been drlven by
a desire to more accurately "fit" the experlmental data,
rather than on the ba51s of fundamental studies. One point
éf general agreement is that such studies should bé, -
undertaken. Thusfar, the Kelsall model hasrbeen‘the most
widely appliéa to the analysis of data derived from
homogeneous ores. This is a particularly copvenient form
since the bypass function is éasily evaluated from the watef
split; However, as cyélone models'iii;increasingly applied
to the classification of heterogeneous ores, where.densit§
effects oftén,maniféSt themselves in the fine particle
bypass, an improved model of this phenomenon is necessary.

This will diséussed in more detail in section 2-7.

2.4.2 Modelling Cléssifitation
Separation by cla551f1cat10n occurs because of

dlfferences in partlcle settling behaviour, i.e. particle
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size for homogeneous ores. Much experience has shown that
the complex classification mechanisms can be conveniently
‘represented by simple functional forms, ail of which exhibit
a characteristic shape. (They are of the general nonlinear
model class known as sigmoidal growth functions.) The most
common of ﬁhese aré summarized below (see also (13), Chap.
13). | o

a) Exponential Sum(6)

em‘z, 1
Cv = 67'IIT+€7n—2 (2.5)
Y
b) Rosin Rammler(5,16)
c, =1-— g~ 0093, (2.6)
c) Logistic(9,15)
| :
C;'= = Tin
(2.7)
1+ (I‘) | |
~ with
d,
,Il oy » . .
ds50. (2.8)

-

All of these functional forms are monotonic increasing in c;
1 .

with increasing d, and are characterized by two parameters;

dsoc'= the corrected cut size, and, (ii) m = the sharpness

of separation. The classification model one selects seems to
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be dependent on whose approach (Plitt, Lynch or Austin) is
being followed. A preferfed selection criterion wsuld be the
relative accuracy of the different models in characterizing
experimental data. |

To illustrate the construction of an empirical cyclone
(or partition curve)‘'model, suppose Equation (2:2) is
selected as the bypass model aﬁafﬁﬁhation_(z.s) is selected

as the classification model then)the corresponding form of

Equation (2.1) is,

i ,
) i _ __d__l__ ”m
b= R+ (- R - e

)?(

This is the standard form of the Plitt model. The solid line

(2.9)

{ . T
on Figure 2.4 illustrates how the model represents the
discrete‘experimental data.

ks

It should be noted that when Equation (2.2) is adopted

o

“

as the bypass model, it has been the auﬁhor's experience
that, Equatién (2.7) is better than Equation((2.6) which is
better than Equation (2.5) fo; classiﬁication. In most cases
the differences are not significant (as measured by an
F-test), however the consiétency of this trend .is rather

remarkable.

2.4.3 Characteristic Size
The characteristic size of a particular particle size
class may be defined in a number of ways ,and the reader is

cautioned to beware since this definition may prove to be

S
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important. Since the screen analysis on the cyclone feed and
product streams is done on a regular geometric sieve series
(e.g. v2), the choice of the. characteristic size is somewhat
arbitfary. Again, it may depend on the convention adopted by
the person whose work is followed and/or the paramater
estimation techAique. Probably the three most common choices
for calculating 4, are: | E

a) Geomean Size
. .

d, = /s X sip1 ‘ (2.10)
b) Arithmetic Mean Size

(Vsl + 5 tl_), , (2.11)

d, = ——=

1 ! +
. 2

c) Size Class|Boundary

i
|

dy = s, (2.12)

0f the three} the arithmetic mean size is the closest to the
true characteristic size (see (14) Appendix A), however, all
preserve the sieve size ratio, and, apart from the expected

differences in the numeric value of the estimated ds%:, they

are essentially equivalent.
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2.5 Parameter Estimation
Once an experimental data set has been obtained through
careful sampling and analysis and the raw d?ta adjusted
using some material balance technique, the ﬁext step is to
fit a partition curve model to the experimental partitién
)

function data. Equation (2.1) attempted to convey this

thought by simultaneously showing,

Uu,

o= 1 - .fl.

p.(meas.)

» pi(pred.) =r,+ (L= r)c,

The experimental data, in this case U, F, uy, and f, are
used to calculate the measured partition function while
functional forms are adopted for r; and c; to permit
calculation of the predicted partition function. The
parameters in these functional forms must’then be selected
in such a manner that the two partition functions are
essentially equal. This curve fitting exercise is called
parameter estimation.

It is convenient to think of this as a £wo step
procedure involving both the formulation of an objective

function as well as the selection of a solution technique.

2.5.1 Objective Function:;ormulation

The lack of information regarding the error variance of
the measured p; data generally means that the unweighted
least squares objective function, J, is minimized by the

appropriate choice of the model parameters dS%:, m, etc.
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n -

)
4

J{dsoeom, ) - :Z;: {/),(l)z‘r(/.) N USEN } (2.13)
=

Since a characteristic size can not be assigned to the pan
fraction, the experimental information contained in this
data (u,,f,) is ignored, hence the termination of the sum at
the (n-1)th size class. Intuitively, one would expegt to gee
reasonable estimates of the model parameters 1f a reasonable
range of measured p, data is available (see Figure 2.4 for
example). This reasonable range must be considered in thg
design of the cyclone sampling experiment and it may be
useful to use Plitt's general model(5) to get some
indication of tﬁe expected p;, vs. d, relationship for this
purpose. For situa-ior.” where a reasonable range of
experimental p; is not available, especially for the
situation where the cut size is 1in ghe pan fraction size
range, i.e. dso $ S,, the parameter estimates obtained from
minimizing Equation (f3) can be quite poor. Austin and .
Klimpel(9) hawe.rdeveloped a method which permits one to
utilize the pan fraction information. This technigue
requires a greater amount of mathematical manipulation by
the user, however, it is pdtentially guite useful and a

summary of the approach is given below.

A cumulative partition function, y;, is defined as,
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o 1',) o
[P /- I{} : (2.14)

and, ¥ |

! .
Ue=) u, , (2.15)

Recalling from Equation (2.1) that,

Ia
_ (2.17)
“l_ ')l 1
Lv’l /

and substituting Equations (2.15) and (2.17) into Equation

(2. 14) yields,
H
> P,/
. JE (2.18)

1 - ~
1 1;1

Adopting a model form for p; allows one to estimate the
parameters of this model by minimiéing the unweighted least

squares objective function,
2 .
J(ds0c,m,..) ::zi:[ql(nzcusj —jﬁl(pred.” (2.19)

where vy,(meas.) is derived from Equation (2.14) using



experimental data and v, (pred.) is derived from Equation
(2.18) using both experimental data and the model.

It is clear that one remains faced with the problem of
choosing a characteristic size for the pan fraction. While
this problem can not ever be completely eliminated Austin .
and Klimpel have devised a technique to mininimze the
impact% For mathematical simplicity they adopt Equation
(2.12) for computing characteristic size. They then observe
that, in most casé%, the cyclone feed solids size
distribution exhibi¥s a characteristic shape in the fine
size region. This pért of the size distribution can be
mathematically desqribed using simple distribution functions

such as the Gaudin Schuhmann function,
. Sl x .
[‘l: <;) ) (2.20)

Fitting this médel (i.e. estimating a and K) to the
experimental data in the fine size region then allows the
extrapolation of the cumulative frequency vector to include
a total of m size fractions with >n and Sm € 5u. Clearly,
the error of assigning a characteristic size to fhe pan
fraction, after extfapolation, is minimized. The

extrapolated feed freqguency vector is computed as,
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fl 1", - 1“1+| R ;o I),...,{ 1 (2.21)

: /
e F
-
and Equation (2.i8) for y,(pred.) is modified to include the

]

extrapolated’data,

)= (2.22)

1
Z P/,

it B
I,

4

Austin and Klimpel claim this method to be superior, to
thét suggested by Equation (2.13),*§ince the pan fraction
information is not ignored. This claim is still open to
“’Jdebate since their method seems sensitive to extrapolation

errors as well as the effects of data transformation. With
;respect to the latter, the range of p;, is approximately Rf <

p. < 1 while for the cumulative partition function the range

is somewhat smaller, Rf S y, £ Rs, with Rs < 1.

o
7

Both parameter estimation techniques were examined
using Monte Carlo simulation studies. In addition, a hybrid
method, that uses the Austin and Klimpel Eﬁthod only for the
pan fraction, was also tested. The preliminary conclusion is
that the Austin and Klimpel method is sensitive to
extrapolation error and gives less stable estimates of the
parameters if ‘a reasonable range of expérimental p, are
available. However, this method is generally superior when
ds%; lies in the pan fraction size range. This becomes
increasingly so as p.~»1, i.e. as the range of experimental

p:, decreases 1n size.
.
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2. 5 2 Solut1on Techn1ques» . .
It is sometlmes poss1ble td obtain estlmates of‘the

model parameters by s1mple transformatlon. For example,

Plitt(16) used a double logarlthmlc transformation to

linearize Equat10n'(3.9) and then estimated d5°c and m using

either graphical or linear regression technigues. In “his
‘ _ p 3

case the objective function which is minimiged is also a

transformed version of Equation (2.13) and is not the

preferreddleast squares objective_function.l(Log - log

—

transformations inherently weight the smaller values of P,

more,heavily in the calculation of J, thereby.introduoiﬁg
bias ) When transformation provides a'good fit (e.q. rz+1)

the parameter estimates are reasonable, however in ‘the

- presence of scatter~the,est1mates are poor. In the latter

il A

case the parameter estimates can be taken as first
approx1mat10ns and used wrth one of the solution technlques
dlscussed below to m1n1m1ze the least squares objectlve
fUﬂCthﬂ (Equatlonl(2 13) or (2.19)). )

" The minimization of a least squares objective function

which involves a model that is nonlinear—in the parameters

requires an iterative solution. Two general classgs of

tsolution-algorithm can bhe identified and an example of each

is prov1ded

a) Methods Requ1r1ng Derivatives: Non L1near Regre551on

w1th the Marquardt Algor;thm (see (17) Chap 11).

b) Derlvatlve Free Methods: Nelder and Mead Flex1ble
‘Simplex({S) f

|
i
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]

The author prefers the Marquardt alogorithm because it is

robust, cdnverges‘quickly and is easier to program for this

{

-application.

’&fjf§§3 ﬁodel'Selection,
Seiectioh of a partitien curve model form from—among

i the-available alternatives is a_relatively easy'tasﬁaif all
tmodels have the same number of unknown parameters. In this .
case oﬁ\jnan look at the values of J (or a composite ZJ.
value) fér each model fit to a number ef experimental data
sets. However‘ vwhen attemptlng to compare models with
different numbers of parameters the task 1s somewhat more
complex; For example, if Equation (2.3) was used in pRace of
Equationb (2.2) there would be %m adtc‘iiti_onei\l parameteya, to
be estimated frdm.the experimental data. Blau et. a1;(19)
have suggestea e method for determining the sighificance of
adding a parameter to a model. The pfgcedure reguires an.
independent estimate of the erro;tvariance on the depenaent
~variable. Moreover, the error'variance is assumed to be
hdmogeneoﬂs_over the'range~of the dependent variable and
derived from a normally distributed error. In partition t/”/
curve modeliing it is unlikely that an independent estimate
of error variance is available or thatﬂeither of the
conditions is met. In.the ebsence of an independent estimate~

of error variance one can use the {ollowing approach to test

the significance of ‘ding an additional parameter. Using a
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| x* or a KolhogofovSSmirnov test‘ the residuals for each
.model can be tested. for normallty If‘thié condition 1is
‘satlsf;éd then the sum of the residuals squared can be used
to calculate an unbiased estimate of the error variance for
_each model.‘These error variances can be compared with an
"F-test" and if'they'arevfound to be estimateskof a common
error variance lt can be concluded that there is no |
statistical justification to add the parameter in guestionu
A , v

2.6lCon£ldence Limits

| A natural question which arises wheh the parameter
est1mat1on exercise has been completed is "How good are the
parameter estimates?" Statistically one usually thlnks “of
‘confidehce‘intervals.'This kind of 1nformatlon may ppove
‘useful in comoarlng different'modes of cyclone operation or
in providing weighting factots for the regression procedures
used to develop oeneral correlatiohs of the model parameters
with the independent operatlng variables. |

The idea of a confidence 1nterval 1s somewhat suspect

for these nonllnear models since there is a high degree of
covariance between the’parameters1 It is more reasonable- to
think of a confioehce sutface. There are techniques which
can be used}to provide estimatespofvconfidence intervals for
the parameters. It must‘be(remembered that all of these
methods make the following assumptlons, which seldom hold iu

‘For details see "Probab111ty Concepts 1n Englneerlng
Planning and Design” Ang A.H.§. and Tang W.H, Wiley & Sons,
1965,
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practice; (i) the model form is correct, i.e. there is no
lack-of-fit, and, (ii)*the error variance of thevdependent
&ariable is homogeneous and derived from a normally
distributed error. The best method, but the most expensive
in a computational sense, is described by Draper and
Smith(see (20) Chap. 10). Other methods include the =
"lack-of-fit" approach used by Klimpel(21) in flotation
modelling, Monte Carlo estimation, or, if a nonl;near
regression solution algorithm is‘employed,_the{Iineér
asymptotic approximation analagous to multiple lineark i
regression. In all but the last case these calculations
require sfﬁnificant computa£i§nal effort and the
"value-added" is questionéble in the light of the comments

" made earlier.

5.7 CYClone Mbdelling for Heterogeneous Ores

When ore heterogeneity is significant the models
described above require some modification. In this
situtation the common practice is to perform specific
gravity fractionafion on the solids samples for each
flowstream‘and then do a size an ~is on each specifi¢

gravity fraction. Thisggérmits the calculation of an
experimental size partition curve for each specific gravity
1]

fraction and the techniques described above can be used to

estimate thé?g;del parameters. The results of such an
exercise are 1 lustréted if Figure 2.5-for a cyclone

classifier treating coal.
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It is observed that dsoc_varieS‘inverseiy with particle
specific gravity., as would be expeeted from sedimentation
theory. Stokes' or Ne&ton's law may be used to derive
expected relationships betWeenldsoé and p, which are of the

form,

C

dso. = |
0¢ 7 (s —-1) (2.23)

where, from.the theories, k will have a value of 0.5(laminar
_regime) or 1(turbulent regime) respectively. In'practiée, C
and k are estimated by curve fitting techniques and it is
rarely the case that k falls within the theoretical range.
To illustrate, Figure 2.6 was prepared from the parameter
estimates made on the data in Figure 2.5. |

With regard to the sharpness of separation, it is
common to assume that this Value is constant and therefore
1ndependent of partlcle spec1f1c gravity. This assumptlo%‘ls
based on the observatlon that the. .plot of the classification
function, ci, against'the reduced particle size (d~/d50C 18
essentlally a 51ngle curve for: all spec1f1c gravity
fractlons. This plot is referred to as the reduced
efficiency curve by Lynch and Rao. It was used to
demonstrare the constancy of m in their work on both
homogeneous and heterogeneous ores.

The pr1nc1pal unresolved problem of modelling
heterogeneous ores 1is handling the bypass of fine particles.

1t is evident from Figure 2.5 that the fine particle
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«Entercepts are not equivalent to the water split. In fact
they appear'to exhibit a trend with the loJer density
components having lower bypass contributiéns or intercepts.
This trend was aléo observed by Finch and Matwijenko(23).
This phenomenén is thought to bé due to autogenéous h;avy '
medium separation effects which occur as the "heavier" v ;A
particles'mo&e toward the apex valve. The less dense
parﬁicles.are likely stripped from the underflow stream by
the rising fluid flow.component at -the air core interface.
Presumably there exists a size below which épeéific gravity
effects in the bed are negligible and ultimately the bypass
is equivalent to the water éplit at very_fine particle
sizes. |

The autogeneous heavy medium separation effect is
~exploited in coal preparation using a design variant called -
the automedium cyclone. (This unit is described in greater

detail in a subsequent section - see Figure 2.11). For this

rkason the application of empirical cyclone models to the
utomedium cyclone requires that special atFention be given
to this segaratioq mechanism, as will be diécussed in a
later secti%ﬁ,

As a final comment, notice the low slope of the overall
partitioh curve on Figure 2.5. This“suggests poor sharpness
of separatidﬁ when, on a. specific gravity componeﬂt basis,
the separation is seen to be quite respectable. Attention is
drawn to this because it is possible that ore heterogeheity
can give rise to‘very peculiar ovgrall partition curves, as

c
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described in the next section.

2.8'Peculiaf Partition Curves

The overall (density composite) solids partition curve
for a hetereogeneous ore such as coal does not have an
unusual shape, although it 1is relatively "flat." This is
because there is essentially a continuous distribution of
particles over the specific gravity range of the coal.
However, when deallng with systems where, for example, there
are two 1dent1fxable solid particle species or phases with
distinctiy different densities.and size_41str1butxons, it 1is
possible to get overall solids partition curves which have a
very peéuliar form. Of‘cougse, a properly designed
sink-and-float separation would permit one to solve the
problem using the methods Jjust éecgibed for heterogeneous
ores. Laplante and Finch(24) have discussed this subject
with reference to a number of plant studies.

The‘conditicns which lead to peculiar partition curves
éan be deduced from a simple illystrative example, Figure
2.7a is a schematic illustration of the separation of two
phases in a cyclone. (In this example it will be convenient
to assume that all of the functions are continuous and
differentiable.) The overall partition curve can be

calculated from the two components as,

1)::7n1p1-k(1 —'"lx)PQ (2.24)
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Normally, it would be expected that p would be monotbnic
increasing with particle size, However, as Laplante and
Finch have observed, this is not necessarily the case. This
leads to the Question under what 5onditions is p not

monotonic increasing, i.e. under what conditions is,

ap

e (2.25
Jd )

Differentiating Equation (2.24) with respect to size and

denoting this operation with the symbol, ', gives,
p = (pr = po)idy = oy (1= )y (2.26)

Since the latter two terms on the right hand side of
Equation (2.26) are non—ﬁegative by definition’; the
condition defined in Equation (2.25) is most likely to be
met when their contributions are essentially zero, i.e.
p;'=p,;'=0. From Figure.2.4 it is evident that this can arise
whenever d << ds%: or d >> d5°c' A situation which leads to
the condition just described is shown on Figure 2.7b, where
it. has béen assumed that phase 1 1is the more dense
component.‘It is apparent from this analysis that one
condition which i's necessary for Equation (2.25) to be
satisfied at some size, d*, 1s that the density differencéfa
be la?ge enough to provide for the displacement of p; froh
p, shown in Figure 2.7b. |

*This assumes that Egquation (2.2) or (2.3) can be used to
model bypass. -
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Given that p,'=p,;'=0, the first term on the right hand
side of the equality in Equation (2.26) dominates the sign
of p'. From Figure 2.7b it is apparent the p,-p:>0 at dx and
therefore m,' must be negative to sa;isfy Equation (2.25).
Although the answer may be intuitive the conditions for

which m,<0 can be easily shown by noting that,

W, .

my = - - (2.27)
Wi+,
and,
(W + W)W = W (W 4+ W)
ot = Uiy = I (1 W) (2.28)
(lil-+‘12)2' .

which can be éimplified to, &

Wl — Halh (2.29)

my = A

(W) + 15)2

From Equation (2.29) it is clear that .a condition which
assures m,'<0 1is w,'<0 and w;'>0, since w, and w,; are
non—ﬁégative. This requires that the.size distributions be
differeﬁt;for the phases, moreover it requires that tge more
dense phase have a finer size c¢ stribution as shown on |

Figure 2.8a. This is nop/gn/unreasonable expectation,

particularly in‘closed circuit grinding.
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To)summarize, two conditions which are sufficient to ensure

¥

peculiar overall solids partition curves arég,
a) A significant density difference between the phases '
léading to the kind of situation shown on Figure 2.7b.
b) A difference in the size distributions for the phases
.giving rise to the kind of situation shown on Figufe
2.8a.
As these conditions are relaxéd the overall par£ition
curve would'ﬁe expécted'to become more normal in appearance.
As a final illustratidn; Figure 2.8b was produced from the

data in Figures 2.7b and 2.8a, assuming that the more dense

phase accounts for 25% of'the feed.

2.9 Operating Constraints
"In developing a mathematical model of any unit

operation it important that the range of application be

clearly deftinodl and, whenever possible, operating

3
constraint

¢ ‘'should be simultaneously developed. In
cyclone operation the principl; operating constraint is
roping in the cyclone undérflow stream, |

There are two major flow regimes which 8escribe slurry
appearance upon dischafge from the apex valve. These ére
commonly referred to as Spray Discharge and Rope Discharge

and are illustrated in Figure 2.9. Spray discharge is the

most frequent operating regime and is implicit in all of the

‘These are models which can be used to modify the basic unit
model structure when unusual operating conditions are
encountered. :
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published general models of cyClones. However, operators
pfefer to run‘as'close as possible to the ;éping regime
because this tends to minimize the ffﬁ% parﬁicle bypass by
reducing the -water content of the underflow slurry. Thus, in
the simulation 5f gringing'ciscuits it is not unlikely thatC'h
v

rope discharge could be obtained and it is therefore
important that it be accountéd for since cycléne berformance
is obsefved to change noticeably on moving from one regime
to the other. . ;0

The modelling problem reduces to, “
a) predict{on of the onset of Tope discharge,
b) modification of modqgrparameters and/or structure to

account for changes in pefgbrmance.

With regard to the former, there are sever;l options.
One can adopt a manufacturer's design curve relating apex
size to solids c;pacity.(see (25) Fig. 3) This is not
advisable since this curve.iS'averaged ovér many
installations and is not likely'to‘belaccuraté'fdrﬁa
particular installa%ion. The preférred approach is to assume
a critical value for the _underflow volumetric solids
concentratien, which may be corrected'for operating
‘conditions. Mular:and Jull(25) have présentedia graphical
relationship between limiting pe:cént solids in the
unae;flowAandthgisolids concentration in the overflow.
‘Studies by Plitt and Flintoff(14) on a 15 cm,éyclone has

produced a corfelaﬁion between underflow and cyCloné‘feed

solids-qoﬁcentrétion as shown on Figure 2.10. In the SPOC
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HCONE simulation module, this‘ré%ationship was represented

mathematically by the linear empirical function,
Ly = Lyao +0.2(0 = 20) | (2.30)

Given ¢ and a user specifiéd value for Lu20 (default is
5§%)t the crﬁtical volumetric solids concentration in the
underflow can be determined. If the cyclone model predicts
values in excess of Lu then the cyclone is said to be in
rope discharge;

With regard to parameter changes, it is always observed
tnat ds%: increases rapidly with 1ncrea51ng solids feed rate
once roping has been realized. This observation is ea51ly
explalned 1f one assumes that- roping represents the limiting
apex solids handling capacitgs Therefore, any additional
coarse producr sent to the cyclone must leave viq'the vortex
finder. On tne other hand, there is no‘general agreemenﬁ on
‘what happens to the sharpness of separatlon as roping is
encountered Some have measured increases in m whlle others,
‘have observed m to decrease Present practlce is to have m-.a
‘constant independent of the underflow regime. Based on .this’
assumption the method Whlcb Plltt(14) has used to vary dso
" when the cyclone is predicted. to be‘%oplng is 1terat1ve'in
nature and utlllzes Equation (2 30). The method 1nvolves
successive 1ncrease in the magnltude of ds%; until the model

B 4

estimated SOlldS concentratlon in the underflow matches the

cr1t1ca1 value predlcted by Equation (2. 30)

A T

Bk
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Other constraints which can be .considered, if
necessary, are cyclone blockage and cyélohé'capacity. Of the
two, the latter is probably of gréatést impqrtance in
simulation caiculations, Cépacity constraints can be
overcome by assuming m{}imum/minimum cyclone opérating
pressures and adding/subtracting’a cyclone from the
simulated cyclopac as the constraint conditions dictate.
(Depending upon the application it might be neceséary to .-

account for the pump/sdmp capacity as well.)

‘2.10 A General Cyclone Model: The Plitt-ﬁodel
For completeness, the general.cyélone model déveloped
by Plitt(5,14) 1is pgesgnted’in this section. The parameter
data used to‘deriQe the genefal correlations below were
obtained by fitting Eguation (2.9) to a total of‘§§7'
individuai experimental data sets frdm tests.on homogeneous
ores.;(This data was a»composifé of the work of both Plitt
and LyﬁcH and Raw‘and covered a wide range of dperating
cénaitions an@‘éfclone geometry.) This model is preéented
since it appegfg-to‘be receiving the most attention in the‘
literature. * .
Before g}ving the set pfiéznlinear glgebp%ﬁc equét;ons
which describe cyclone operétion it 1s necesséfy to make a
_few comments regarding model usage. First of all, énd
probably the main reason thét the Plitt model 1is relativdﬁy'
',popular', the model can be used, with reser'vation, without

any calibration experiments. (This is the principal
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differenée between the Plitt and Lynch and Rao formulations
where the latter requires some calibration effort.) The
generalﬂcorrela;ioms include default parameter values which
are often observed to give reaso;éble predictions when
comparéd to dperating cyclone behaviour. Secondly, Plitt has
" designed the equations in such a fashion that it is possible
ﬂthobtain a calibration using only one experimental data
sef. It Qoqld be expected that such a model would give
‘improvedvpredictions over the former. Finally, sérious
modelling‘efforts usuélly‘require the recalculation of the
" parameters in the Plitt model, and sometimes modification or
Lenhéncement of the model form. This is certainiy not
; Unexﬁected giveﬁ the nature of empirical models and it is to
be .observed that the Plitt model provides a good basic
framéwofk for model récqnstructidn. |

The four equations which comprise the Plitt cyclone

-

_méael are,

J F, 39.7 D(C).4b D?'b D(I).‘Z] /1,0.5 6(0.063¢)
500 = : -

: 7 3 45 [pe—17K | .
[)2.} J,0.38 QU4 [ﬂ ] o ‘ (2.31)

1.6

(2.32)
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13 “1 b&»(21'8 P()UU))O)

P = ' . - (2.33)
L DDA 1):”” HO2ZE (D2 4 D20 R
331 N O
B R L o 1 (1)2 + D2 )<>~3%»e<1~"005:'¢>
6= M o (2.34)

DI

with

<w) _ (H:@)
R Y B
' ,l - (1&)) ™
Notice thaﬁ in Equation (2‘3ﬂ)'the effécts of solfq density
have been accounted for using a form of Equatlon (?’23)
normalized to a SOlldS specific grav1ty of 2.6(Si0,).
However, it 1is assumed that theAbypass remains constant and'
eqUai to Rf for all specifiavgravity fractions, clearly an
erroneous assumptlon. | | |
l Inspection of Equation (2. 35) shows that this general
cyclone model requires iterative solution since there is a
vdependence‘of Rs on\Rf; Experience(14)_haa shown that 3
iterations are-genefallyisufficient ta stabilize the model

‘

predictions. 5
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2.11 Applications of Cyclone Modelg

There are four major areas of application of cyclone
modelling technology. These are briefly discussed below
~including an example of each application. |

‘

Process Analysis

Process analysis (or data reduction) generélly involves
the determination of the basic (2 or 3) model parametéfs
from experimental data gathered under different operating
scenaribé, The parameter values are then interpreted to
reconcile changes in cyclone performance. A good example of
this application is Klimbel's Qork with viscogiéy modifiers.

Y

(see (13) pg. 313).
24 The development of gengfal correlations (viz. Equations
(2.31) » (2.34)) from such experimental data is included in

process analysis.

Simulation

The use of general‘cyclone models in Simulation studies
has received con51derable attent1on in the literature.
:Sufflce to say that two of the best avallable steady state

Jprocess 51mulatlon systems (SPOC(14) and MODSIM(26)) have

incorporated the Plitt cyclone model.

Design
Design is a special case of simulation where the

cyclone model is exercised (to calculate basic model



paremeters or product stream attributes) to meét some
process design objective(s). In this application a set of
the’independent variables (e.g. cyclone diameter, etc.) 1s
searchea to find some combination which meets the design
criteria and is compatible with commercial cyclone
dimensions. The possibilities of implementing a design
systém are numerous and the reader is referred to the work

of McIvor(27) for an example of one implementation.

On—Line>Size Analysis

Thisﬁ;s another area which has received considerable
attention in the literature. While in'mahy cases, the
correlations implemented- for size prediction are simpler
than the eguation éet given in the preceeding section, these
models were derived from cyclone modelling experiments. It
is frequently the case that the general cyclone model can be
used to suggest a structure for such a correlatlon An
introduction to this application which includes a summary of

industrial experience is given by Seitz and Kawatra(28).

2.12 A New Conceptual Model of Cyclone Operation

It was mentioned earller that autogeneous heavy medium
separation effects areAgpserved in the fine particle size
range (bypaSsAregion)/for a classifying cyclone treating a
heterogeneous ore., It was also mehtiohed that this
'sepafation méchanism was exploited in coal preparation using

‘a cjclone design variant called the automedium cyclone. It
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'follows that the automedium cyclone would be a logical unit
‘1“‘ o d
to study in an effort to quantify these effects. This

¢ f

| - , ,
‘ﬁmpligs that the. present project is of interest not only to

i

éoal preparation engineers, but to mineral-processing
énginéérs as well.
The basic design differences between a classifying and

an automedium cyclone are illustrated in Figure 2.11.
Despite their geométrical differences, both are cyclones
and, as such; have basic operational similarities. It is the
opinion of the author that both cyclbnes should be described
by a .general empirical model, each representing a special
cése.ﬁlt was felt that the automedium cyclone would
‘ﬂeCesgarily involve a more complek mathématical model and it
'éould be used to develop fhe more general‘conceptual model.

 According to Vismah(éZ) the"primary operational
diféepence betﬁeén the two éyclones of Figure 2.11 relates
to the existencé'of the "bed" in the automedium cfclone.
wifhin the bed tﬁe particles with high settling velocities
afe'further separated aEcording to specific gravity
(onyany) and éize'(percolétion). The coarse lowvspecific.
gravity pérticles'miérate té the top of this bed and are
stripped by the'u?ward flow component at the air core
interface. These particles then have a chance of leaving
thfough the vortex finaer (depending on its location and the
particle tfajectory) or returning to the bed. Figure 2.12 is

a schematic illustration of the separation mechanisms within

an automedium cyclone,

/
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Although a number of rather extensive studies have been
done on the automedium ;yclone(33,34), none have been
entirely based on the partition curve approach that is used
for classifying cyclones. However, experimental work by wvan
Duijn et. al.(29,30,31) on a cyclone of similar design and,
by Visman(32) on the automedium cyclone were very
enlightening. The former was especially useful in
formulating a conceptﬁal model beg?use of the fundémental
measurements which were made. | ‘ M

Both van‘Duijn and Visman have demonstraged
“egperimentally thég)a stéble bed is formed in the'"flat")
section offcyClones w;th large cone angles, e.g. 6 > 120°.
v;nbbuijn and his coworkers also performed impulse residence
time distribution studies on the solids and‘water~
components. Based on tﬁese e;périments they concluded that
the nontangeﬁtial‘velocity components of the solids and
water flow were as illustrateé on Figufe“Z.ls. Figure 2.14
presents a cohceptual model which the author has postulated

based og the work of van Duijn et. al. and Visman as well as

on preliminary experiments. This is the model which is to be

[N b r{ ,

evaluated in this project. i
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From équation (2.36) notice that in the event that either
a;;=0,0r b,;=1, the model reduces ‘to the more'famiiﬁpr form
given by Equation (1?1)

It is readily apparent that the specification of
fun;tional forms for thé four separétion'mechaniéms could
present>special parameter estimation problems, particularly
when the cyclone is operating as a classifier. Efforts are

L

currently underway to deve

itable -parameter estimation
algori;hms as well as to 'the number of model
parameﬁérs. Presently, visual (dynamic)>m?thods_afe being
used: for parameter estimaticn whére thé parameter values are
driven by a kind of interacéive "joystick" control to locate
a reasodaﬁle minimum in J.7 |

Much wdrk remains fo be doﬁe to determihe whether the
model 1is ff general practlcal use. Such a model is

apparently necessary to descrlbe the complex separatlon

mechanisms within the automedium cyclone. Moreover, the

model is capable of éccounting for a number ofﬂunquantified

phenomena known to occur in classifying cyclones; (4)

fishhook; (ii) m increases at thé onset of roping, (iii) m
decreaéesdin the roping regime, (iv) pechliaripértition
curves for a homogenebus ore. Such occurrences are usually
related to a high solids flux at the apex which is very
similar to the stanardgoperating conditions of an automedium
cycléne.

' Chapter 7 includes some documentation on: this novel means
of estimating parameter values.
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3. SILICA TESTWORK

/

3.1 Introduction

b
It has been argued that the automedium cyclone is
\gesigned such thatAeize classification effects are almost

'totgily supressed in normal operation. According to V}smanfs
theory of AMC operation, this is expected to be true for the
lower speoific_gravity'comPonents in a~multiphase solids
mixture. Since most of the‘literature oo experimental
investigations of the AMC deal with coal Or’other multiphase
solids, it was decided that an appropriate starting point
would be to examine the "pure" ciassification behaviour of
the AMC using a homogeneous solid. Silica was selected ﬁor
this portion of the project‘beoause.most bf the published
design and modelling lltereture is based on 51laceous ores

R

and/or pure silicas

3.2 -Experimental Design and Test Procedure

*}’ .

3.2.1 Experimental Design

1

Since this was not intended to be a rigorous set of
- A &. -
tests a simple experlmental de51gn was employed Three

series of experlments (A,B & C) were performed In all cases

the cyclone feed condltlons were malntalned roughly constant

and the only geometr1cal variable was the vortex flnder

3

st - 58 ’ |
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clearance, h. The first two series of experiments were used.
‘ ; v . .
to help test the system, as will be noted later. In these

~

series the vortex finder clearance was studied at three

levels: h=4.3 inches (109mm), h=2.8 inches (71mm) and h=1.3

inches (33mm). The final series of expe:iments ;nvolved a
more detaileé study of the impact of vortex finder clearance
on AMC.performanCe. In series C, a total "of 7 experiments
were performed with 1.125 inches (28hh) < h £ 6 inches
((152mm);'

The feed solids for series A and B were produced by
blendiﬁg comﬁercial coarse and fine gfound silica to give a
fairly natural solids size distribution. The blend
proportidne'were calculated from the releyent size
distribution data and a target size distribution for‘the

{1 s .

{bJénded product. In regard to the specification of a target,

¥

- Plitt's general'model (Equation 2.31) was used to compute an

» s

expected dsoc for the desige operating conditions. The feed
matefiel was then chosen so that, under perfect
classification, the solids split would be Rs=0.25. (This
valueycomparesztb typiéallcoél preparation plant yields

(1-Rs) from AMC units .of =75%.) In series C the eﬁge general

K “
X - I

g ‘ : . . e
procedure was used, however, the feed sglids size

distribution was specified to be s at coarser. This was

done in an attempt to increase the solids flux to the

" underflow product with the. expectation that this would in

turn amplify the effects of the ”bed" and "secondary

prs
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classifier" .on cyclone performance. The feed solids size

distribution data is shown graphically in Figure 3.1

In all of the experlments performed in this prO]eCt thetl
8 1nch (200mm)'"L" type AMC was used. The un1t.was shown

schematically in Figure 2.11. ¢

3.2.2 Test Procedure )

Figure 3.2 and Plates 3.1 and 3.2 show the closed loop

pilot plant facility which was used throughout this, project.

Brlefly, the experiments were performed accordlng to
the the follow1ng procedures. The feed slurry was mlxed to
design spec1f1cat10ns in the slurry reServ01r A suff1c1ent
slurry volume was prepared to allow three sets of samples to
be taken in the course of a 51ngle run i.e. from one .feed .
slurry mixture. These. three sets of samples corresponded to
three different values of h, wh1ch unlike the other
operating veriables,’cbuid be easily changed on-line using
the electric drive mechanism. In this manner 1t was p0551ble

.to make maximum use of the avallable SOlldS materlal

: Once the slurry was prepared, the pumps were started,

- the sampling launder positibned‘for slurry recirculation,

?

-and the reservoir discharge valve opened. The vortex finder
clearance was set to the desired‘design value for the first

experiment in the run. Final flow-rate?adjustments were made

b,
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using the variable speed pump drive (coarse adjustment) and
the valve on the pump discharge line (fine adjustmént). ThHe
vreserVoir discharge valve was simultaneously adjusted to

ensure a reasoAable level in the feed pump sump and thereby

eliminate surging.

When the design specifications weré satisfied and £he
pilot plant was éperating satisfactorily, the system was
allowed to run for 215 minutes to achieve steady state'e
During this time there was some unavoidable coarse particle
settling in the pdmp sumps. (This was especiélly true for
series A which lead to the fabrication and installation of
false bottoms in the sumps for all subsequent runs. Although

’this action siénificantly reduced the problem it did‘not
completely eliminate it.)

Once‘thé syétem was judgea to be‘at'steady state
‘samples of the underflow and overflow product streams were
cut simulataneoEsly by moving the sampling launder. When
sufficientvsample had-been.obtained the launaer was
repositiOngd for slurry»recifculati;n and the vortex finder
'ciearancéaadjusted for‘the subsequent-experiment. After

fanothe: S?riod of 215 minutes, during which time the flow
.éﬁd feed éump ievel were checked, the sampling procedure was
repeated;.ThiS'was done once more for a total of three

- experiments on the inital feed slurry. (After the final

samples had been taken the slurry volume in the system was
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reduced to a level where pump surging was unavoidable.)

The samples were weighed, filtered, dried, and the dry
weights obtained prior to sub-sampling for size analysis.
Fof the silica tests the following (V2) sieve series was
used: (Tyler Canadian Mesh) 35,48,65,100,150,200,270 and a
325 hesh screen was also included in the nest. All of the

size analyses were done in a wet sieving apparatus.

3.3 Test Results N
The detailed experimental’results for all of the silica

w oo

tests are presented in Appendix 3.

From this data it is apparent that the false bottoms,
which were installed between series A and B to reduce coarse
particle settling, were reasonably effective. For an
identical feed slurry mixture, the solids concentration in
the feed went from an average of 12.1% in series A to 14.8%
in series B. Moreover, the reconstituted feed‘size
distributions for the experiments in series B comparé very
closely to that predicted from the blending calculations. On
this basis it was judged that the false bottoms were a
significant corrective measure to permit cldse approximé;ion
to design feed solids size and feed slurry concentration

specifications.
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was the consiste -»ﬁn,,hggﬁﬁg;x?p“water t?yghe underflow 2
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product, Rf < 5% . WlthOUt sxmllar d%ta fquﬂ@ cla551fy1ng
N v
~cyclone it 1s difficult to draw any qUantmtatlve.
“ (
comparisons, however, the de51gn of the lower cgme sectlon
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of the AMC appears to facilitate-the deWatering d; the ‘,
underflow product stream. If this were to hold in, npr%}
would lead to a m1n1mal misplacement of fine matéruﬂ.%ﬁ
entrainment and, for example, could have potenthallyizv
important implications in classification applications such
as closed circuit grinding. This is an area which deserves
further study as does the effect of high solids |

concentration and coarse feed on AMC classification

performance.

From a modelling point of view the partition function
data are of greatest interest and this is discussed in the

following sections.

3.3.1 Results of Silica Test Series A & B

The partition curve data for series A and’B are
~resented in Table,3.1 and in Figures 3.3 and 3.4. From the
figures it is quite apparent that the partition curves
exhibit an unusual shape, eépecially at lower values df h.
There was some initial suspicion regarding the:data and, in
the case of series A, the screen analyses were repeated on

some of the reject sample. However, substantially identical



Table 3.1 Partition Function Data for Series A & B

é’)
SERIES: A Q
o PARTITION FUNCTION
SIZE IN(‘J‘;; ) 4 v ‘
MICRONS ‘w.. he 168 2.8" 4.3
595 1.00 1.00 1.G0
20 1.00 1.00 1 00
297 0.63 1.00° 1.60
+ 210 0.53 0.87 1.00
149 0.29 0.7 0.91
105 0.13 0.45 - ~° 0.71
74 0.C4 0.15 ¢.21
53 0.01 0.09 0.07
Rf VELLLE 0.008 0.010 0.021
’ ’
e
SERIES: B
Lo PARTITION FUNCTION
7. »SIZECIN
: MICRONS h= 1.3" .2.8" 4.3"
K 595 1.00 1.00 1.00
o’ 420 0.70 0.58 1.00
- 297 0.56 .88 0.¢9
e L2100 0.39 0.71 0.9
e+ 149 0.26 C .54 0.8
v 105+ 0.14 0.25 0.23
74 0.07 0.11 0,16
53 0.06 » 0.10 ool

UREoVALUE c.011 c ool 3029

=/
%
v
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results were obtained. Duplicate ,analyses were performed for
' ‘ & g .
one test in an effort to estimate the error variance of the

" experimental partition function data. To summarize, it seems

&

safe to conclude that for p; 5,0'95' the 95% confidéncé

¥

intervals are < #0.05. Inspection of the.data for h=1.3
inches (33mm) in Figure 3.3 would seemingly indicate that
the poiht at d=297x, even when acgounting for experimental
efror; is éaf éhéuéh'removed from its 5¢xpectedi position to

- suggest that the unusual partiqibn curves are truly

-5

representative of cyclone performance. In this case the

W"v& ¢

c¢yclone performance is described as unusual when compared to

that expected of a cyclone classifier,
Plitt's model (Equation (2.9)) has been used throughout
this project. The solig‘lihes on Fiqgures 3.3 and 3.4
represent the "best fits" of Equation (2.9) to the
experimental déta~through the minimization ,of Equatién

&

‘thése‘modeliing studies the

(2.13). For the purposes of

" . characteristic size was defined by Equation (2;12), Clearly,
the Plitt model is a podr representation of?the‘experimental

data and this becomes increasingly true as h decreases.

2 .

N . ] . . . K -
Recalling the/gggfrél model form of Equation (2.§6),

»

which was based on wid :angle cyclones like the AMC, a

! !

simplified model form w g}édopked as shown in Equation (3.1)

A
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where ¢, and b, were assumed to be of the-form given by
Eqnation (2.6) and a, was taken to be a constant, Equati%n
(3.1) was fitted to each set Of experimental data and the
results are shown in Figures 3,3?aqd?3.4. Evidently the fits
are much better for‘thispmodel,‘hdwever, from a purely-
statistical viewpoint (see the methodology of section 2.5.2)
. the 5 parameter model (Equation (3.1)) is better thjhrthe 2
parameter model (Equation_(2.9)) only for the‘case where
h=1.3 1nches (33mm) Inspection of the‘goodnes; of fit,
espec1ally with respect to the sxight 1diosyncrac1es for

h= 2 8 inches (71mm) lead to the conclusion that AMC

perfor nte is more accurately described by Equation'(3.1i
than'by Equation (2.9), as might have’ been expected based

. upon the work of Van Du1jn et al (29,20, 31)
t Qb .

‘I‘ '

~the feed slurry solids concentration and the coarseness of

o

the feed size distribution weﬁﬁlobserved to increase for

«

series B with all other factors remaining appro&imately

constant, it is observed that the partition curves for
. » v ,'!..

series B have been "shifted" to the coarser particle size

range and seem ";latter than their series A counterparts
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It would seem, therefore, that AMC operation is guite

sensitive to the feed slurry solids concentratlon

(presumably“v1scous effects) and/or the feed partlcle size

distribution (presumably bed characterlstlcs effects)
! . ) . /

Before leaving’this section it is importanﬁjto make a
couple of interpretive comments regarding the shape of the
AMC partition curves. Without resorting to the analysis of a
very*limited set of parameter data, it is possfble to
propose a physical explanatlon for the unusual shape of the
curve 1n the toarse partlcle size - range, as h decreases. At
1arger values of h the partlcles which arekstrlpped from the
bed by. the upward flgw component at the air-core interface
‘xhave sufficient t1me to 1iixrculate to the bed under the
influence of the tangentlal*flow component and\the rw.d v
- ¢pnsequent centrlfugal ‘force. Under these conditions, only.
‘the verfﬁf;ne particles would have a tragec%&ry wgich might
be ;ntersedtédxby the vortex finder openlng and thus report!
to the overflow In this g%tuatlon it is postulated that
‘dS%J(secondary cla551f§er Z«-ds%: %lemary cla551f1er) andi_a
the overall partltlon curve can be adequat12§ descrlbed\by gi
model of the form given by Equatlon (2.9). This 1is true‘

because for all pract1cal~Purposes b;=1 1n~Equatlon'(3.&y ‘
', : :
which prov1des a default to the more tradltlonal cyclonqu~

v
,cla551f1er'model However as h decreases the. dS% of the

~

‘secondary classifier 1ncreas§s as a result of the

1ntersect10n of the coarser partlcle trajectorles by the



plateau region is observed in therpartltlon curve (at aboutg

''3.3.2 Results for Silica Test.Series C

\J s

‘accompllshed by vary1ng h. oY

39) where the vorfex»f er clearance was varled 1n a

&

. T " . K

vortex finder openlng When h is low enough that dso
C

b

(secondary_cla551f1er) > ds% (primary c18551f1er)

'ﬁl’

LU

et e o .74

a value of p, = 1-a;. This glves the 1mpre551on of a double

51gm01dal growth functlon as evrdenced on Flgures 3.3 and

3.4 for h=1.3 1nches (33mm&

The”experimental partition function data for.series C

are presented in Tablé 3. 2 .and Figure 3.5. ’As mentioned

Lol

- earlier, th&s ser1es was de51gned to study the emergence of

7
\

the 1nfluence of the bed separatlon and secondary

class1f1camlon on the AMC. par it ron, ve. This was to be

‘governed by méchanical. des

¢

increments’ . (25mm)): It was expeCted that by
1ncrea51ng

the bed and m:gfsecondary cla551f1er would be accentuated

’ '- " & - a

The results of this series, as presented in Figure 3.5,
are consistent with those given,by Bradley:(see‘(V), Fig.

A * "
cyclone classifier. Because of the large number of curves in
Figure 3.5, Flgd?e 3.6 was prepared show1ng only three of
these partltlon curves. W1tH reference to this f1gure, the

curve for h -6 inches (152mm) shows significant short

c1rcu1t1ng of coarse particles to ‘the overflow product. This

-
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a:ises'because the v;rtex finder inlet 1s at about the same
elevation as thé bottom of the feed inlet. Bradley observed
the same type of effect:

From a modelling point of viewi Equation (2.9’ seems to
adequately'describe the data as shown by the solid lines 1in
Figures 3.5 and 3.6« Fitting Equation (3.1) to the data in
Figqure 3.6 produced no imprdvement in the fit. The
Vzgconsistency in results, for small values of h, bgtweeh
serigs A & B and series.C ié quite disturbing. It can only
be concluded that theléoarser size\distributionv(sge Figure‘
3.1) and/or the higher feed %Olidgﬁconcehtration has had a
dominant effect on determining the overall ghabe of the
partition curve. This is likely a further manifestatfon of
the effect noted earlier between series A and series B; More
work is réQUired on this aspect of AMC performance since th;

variatjen in the feed solids concentration as well as the

feed sizing is typical of what miéht*bé expected in

operat.ing practice.
SRR S
a'ff '

374 Bed Capture Experiments B *

3
£

Van Duijn et al. and Visman have both demonstrated. that

-

a stable bed was formed in the lower cone section of a wide
,

angle cyclone like the AMC. In an\effort to demonstrate that

this was also true for the present york a bed capture

experiment vaf performed. y o
| / .

. . . N ’ ‘ »
? -, : ’
- . ”
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Thé experimental procedure was essentially the same as
desceibed in an earlier section. The operating conditioﬁs
were essentially equivalent to those for setieé C, with
h=2.8 inches (71mm):‘Using a second reservoir (not shown in
Figure 3.2), it wasypossible‘to replace the slurry enteting
the feed:éump sump with_water. Immediatelykwhen this action
was taken the return pﬁqp‘discharge wasx%edirected»to'a
waste disposal system which allowed for the AMC to.operate
in open circuit with é clear water purge to "wash" out the

" AMC contents. With the available reservoir capécity, about
50 seconds of open circuit operation was possible before the

water supply was exhausted. Shortly before this condition
was encountered the feed pump was stopped\and,
51multaneously, the sampling launder was moved 1nto position
to captS?e the materlal which drained from the AMC. It was
argued that the duration of water feed to the AMC would be

“sufficient to remove most of the solids except the bed. The

results of this experiment ar included in Appendix 3.

The szg diStributi%ns fqr the dy state underflow

g .
material and the ‘bed are shown in Figure 3.7. a ¢

4

It had‘yéen expected tﬁat the bed would be somewhat
coarser than the underflow product reflecting the -
,recirculation of coarse particles. If the sample data is }

accurate, the opposite was true as shown in Figure 3.7.

i : . -

\\
Correcting the bed size distribution for contamination by

the AMC Hbldup, using the captured overflow sample as a

t
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measure of the holdup attributes, yields a size diSvtibutfohv.‘
which is essentially the same as that for the steady-state
underflow. This Similarity was observed in a number.of ¢

preliminary bed sampling experiments.

o

A

To summarize, it Seems’ clear that a stable bed does
form in the AMC (the evidence of this was much moré;”

convincing in the case of the coal experiment, és.’.li be

seen later). The similarity of the bed and the
samples is not what had been intuitively expect

it may be reasonable when one considers that in"edelling
o, #
-, -

series A and B results, the bed separation waggeonsidered as

ﬁﬁ-«} T
a simple "split", which means that the underflow and bed
would have the same solids attributes.
4

3.5 Summary

The silca testwork has demonstrated a number of the

3

behavioural characteristics of the AMC. Firstly, the

conceptual model of thquMC given in Figure 2.14 was

supstantiated by the results of series A .and B. Seéon@ly,'
and from series C, it appears that the AMC is senstive to
nature of the feéd solids material, especially in the

formation and separfating action of the bed. Finally, there

" 1s evidence that a sgable bed is formed i? the lower cone

section of the AMC. . A



4. COAL TESTWORK: PLANT;SAMPLING
!y
4.1 introduCtion
A% paft of the automedium cycléhe modelling research

préject’a samplin% campaign‘was'cagried'out on September 10
and 11th v981.at the Fording Rlver coal.preparation plant.
‘The’ purpose of thiﬁﬁlant test was as follows:

f})‘to determ1n$ “the range of typical operating,

cbndltlons of automedlum cyclones in an industrial plant

env1ronmé‘i from which the pilot plant experiments could

be designed. '
(1i) collection of bulk coal sémples for the modelling .
experiments. ’ !
(i11)to establish a preliminary estimate of the

-

amenability of the cyclones to simple auwatic control.

. o .
4.2 Fording Coad Preparation Pleqt * . ’
The Fording River preparation plant is located near

Elkford, B.C. and was commissioned in 1372 to produce
metallurgical coal for the Japanese steel mills. The plant
feed is obtained from adjacent open pits uging both-dragline
and truck-and-shovel methods from a multiple seaﬁ deposit.
The original plant was designed for 800 tohnes of feed
per hour. EQtensivé modifications of the fines circuit in /‘
1977 1ncreased the plant capac1ty to 1200 tonnes per hour.} ,
xThesg modlﬂegat{pas included the 1nstallat10naof-a,%yarstaéé

automedium cyclone circuit. The configuration 6f the c¢ircuit

R2 ‘ \‘ -



" ;

is shown:in Figure 4.1. The circuit consists of two banks of

thrrty 12—inchvdiameter‘automedium cyclones. The primary
cyclone overtlon is directed to Derrlck multifeed screéns
claSS1fy1ng at 65 mesh. The screen under51ze product is sent
to froth flotatlon cells. The primary underflow is routed to
a'oank of eight secondary automedlumvcyclones. The overflow:

-

from the secondary cyclones is reci}culated'to the primary

feed and the un?erflow is ﬁouted to ‘the refuse éiiiif,fifgx{

~

with.the fLotEdlon talllngs - _ o s

| Tne fines circuit had a nominalvcapacity;of 400 tonnesﬂ
per hour. The average target y1eld for the c1rcu1t is 85 %
(range 35 - 90 %) L ,

The automedlum cyclones are of the Visman (triconE)

©
-

design and were manufactured by Cyclone Eng1neering Sales of
Edmonton. | | - |
| The Fording plant was selected for the plant tests as
‘it seemed to represent one of the more successful
| appllcatlons of automedlum cyclones in western Canada. Also,
the process englneerlng staff at Fording are progresslve_in
“tneir outlook and.were Qerywwilling to.coilaborate on this
ﬁ)project.

N

,%.3‘Teet Procedure
A cYclone'from;tne primary circuit,(south #37) was
selected for testing; The cyclone was first'dismantled and
checked for irregularities.'The triconevlfning was-badly

 worn%and‘d§screplaced. The dimensions of the cyclone\were

PR
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measured and are shown ,jin Flgure 4.,2. B

e’

Overflow and underflow samples were taken from the

+

outlets oﬁ cyclone No.37S. A half—mooq sample# was used for
the overflow and a plastic beaker was Bsed for the
underflow. The feed was sampled from a.aeader take-off‘in
.the No.36 position using the half-moon sampler. Tme valve to
“this line was opened;for sample cuttln%ﬂ_&et sample meigpts
were taken immédiately: A portable vacuum filter was |
ji'nstalled on the cyclone floor to filter agl the samples.
The filtered samples were‘trahsported back to the U of+A
laboratdfies for drylng, welphlng and ash analy51§

: Samples were cut every 20 minutes from the ‘3 streams
fer 8 %ours. Duplicate sampllng of the feed and underflow-
:mere taken for a period of 1 hour tp'promide data fof:ertpr‘
vestimation. During ghisipefiod the overflow samples were
omitted dues to 11m%§ations of the'filterihg.faCilitiesl‘It
was assumed that the |

:eg;ors associated with the half—moon’

sampllng of the overflow would be similiar to that of the

: P

feed stream. _ \\, : \> o , A
N ~
\\\\—é:>¢ﬁ3

4.4 Test Results _’ D

Tpe results of the'plant sampling campaign are shown in
Appendix 4. Graphlcal representatlons of the % Ash and %/”T
Solids ‘in the three streams with respect to time are shown

L | | g
in Figures 4.3, 4.4, Fnd 4.5, :
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Figure 4.2 Fording Coai's Primary Automedium Cyclone No.37S
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{: The average values for the % Solids-and % Ash in the three

streams together w1th the calculated y1elds were as follows:

.}

% Solids o % Ash_ Y \.
. ’ ______?‘-__. —_— —— >
" Feed . 10.82 : 23.23
Qver flow : 9.60 6.19 «
Underflow ' 58.00 ~} 64,75
Yield , 86.52 A 85.40
’ Calc. from . Calc. from

AR ‘ % solids : % ash

/
.

—

Duriﬁé the sampling campaign-(at 15:00 h) the feed to ,
the‘plant was interrupted due te"a bleckage in the breaker. 8
In the perlod while the breaker was cleaf?f 3ff?t feed was
obtalned from a raw coal stockpile.

‘The:YaEiations observed on the three streams were as

‘follows:

% Solids o % Ash
Feed S 116 . 238
Qverflow N / 10+6 ' ‘ . 166
qnderflow. . 58+6 , 65+8

These ‘average values of the ‘feed stream attributes were

used as ta;gets for the pilot plant modellihg studies.

‘- It was decided to test the-effect e%hthe so-called
"GaQnon—valve" on the‘automedigg,cyclone. The samples cut at
18.83 h and 18.87 h»represent:operation with the valve open
and closed reapéctively. The differences on the everflow and
underflow stream attributes due to valve closure is profOuna

with the yield droping from 85% to 45%. Itfis understood

N
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from discussions with the process engineers that this device
is used for process control td correct for high (valve is
closed) ér low évalve is opened) ash values in the Derrick
screen Qversize product.

The}duplicate samples allowed the sampling error to be
measured: The relative errors (Standard Deviation/Mean) were

as follows:

2 {
Feed : Underflow
% Ash/ | 3.92 . , 0.72 '

-% .Solids 1.53 2.57

A\Monte Carlo technique to estimate the relative error

of the calculated yields was carried out. The relative error

of the overflow was not measured and was assumed to be

-

identical»towthe feed. The results were as follows:

Relative Error %Solids % Ash

Yield. . - . 2.6% 2.5%

.L\\4'5 Summary of Plant Tests

The findings of thé plant sampling campaign can be

s;mmarized as follows: |
1. The results demonstrated that there are considerable
variations in both % ash and % solids in the‘nofmalA
operation of an aufomedium cyclone circuit. These

variations indicate that there is considerable potential

for improved efficiency of operation from improved



control of the circuit.

2. The sampling method produced samples with a relative
error less than 5 %. The relative error of the yield
calculatéd from the measured data was 2:6 % (i.e. 2.2
yield percentage points). This demonstrates the
difficulty of sampling streams with high pressure
gradients. |

3. It appears as if the use of the "Gagnon-valve" is an

-~

effective but very crude control device. The control
\

problem would seem to be bettkr answered via continuous
process monitoring (f£.g. on-stream ash monitor) and a

more "flexible" final control element such as an

adjustable vortex Pinder.



5. COAL TESTWORK: LA&QRATORY EXPERIMENTS
4 /
\\

5.1 Test Procedd?e . »

/

e

P

The laboratory cyclﬁneftests were done with the
test-rig cbnsisting of a 200 mm (8 in.) Visman-Tricone
Automedium Cyclone, feed and recirculatihg pumps, a feed
pfeparation tank and sampler. Details of the test-rig and
the fnstrumentation were given in Chapter 3.

Prior to the silica testwork the basic performa:ée of
the test-rig was determined by water-only runs. Somex
background meésurements like pressure-flow relations and
flow splits were made as well as calibration of'instruments
and testing of thg performance of the sampler and timer. The
pressure-flow re}atibns and varilation o flow split with
pressure for water are depicted in figures 6.1 and 6.2.

After completion of plant.sampling tests as described
in Chapter 4 and with the operating experience of the
test-rig gained by the preliminary .and silica tests an =<
experimental procedure similar to silica testwork was
adopted for coal. The procedure involved;

. preparation of the desired slurry in the feed tank and
conditioning for a certain period to insure.complete
mixing of solids and wetting of particles, |

2. running the test-rig at the appropriate settings of the
expérimental variables with recirculated slurry untill

steady-state conditions are reached,

3. simultaneous sampling of underflow and overflow with the

93
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*sliding sampler by which the total flow from bothy
discharge points were collected for a certain tim;’
interval,
4, filtering and drying.of the two products, sfter
determining ;lurry weights, to obtain solid samples.
The procedure resulted in approximately 2-3 kg. of solid’
samples from the two discharge streams, that were analysed
for size consist and density distribution.

Sampling of the feed stream for individual tests was
found to be unnecessary since several tests conducted ﬁo
compafe'the actual and the reconstituted feed compositions
revealed close aggreemeﬁts as shown in Figure 5.1. The
sa%ples thus obtained were split to approximately 250 g.
These were subsequently wet-screened to obtain éight
individual size fractions.

The density fractionation was done by float-sink '
analysis of the size fradtions with heavy organic liquids.
The standard procedure of succesivé float-sink separation
was fouﬁd to be very time consuming. Sincé it was not
necessary to obtain ‘each density fraction separately for
further analysis, a simpler approach of cumulative density
distribution determination was adop£ed. This procedure
‘involved splitting the sample into six.portions by a rotary
divider. The weight of the floats of the composite feed at
each density was measured, and the distribution was

calculated from the cumulative data.
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. ol

A comparatiye testing of the two methods and the‘statistical
analy51s of the results showed that the errors ‘involved were‘
not h1gher than that was observed in parallel tests of the |

standard ‘method. A comparlson of den51ty pattition curves

' obtained by standard and cummuLatlve method float- s1nk

- \,

analysis 1s glven in Fiqure 5.2:

~%§he seven size fract1ons xncludlng the —200 mesh pan
.fract1on,,were analySed for den51ty dlstrlbutlon at six.
den51t1es ranglng from 1.30 o 2.20 g/cc. The rawv data'on
flow spllts, dlscharge slurry densities, size and dens1ty
dlstr1but10ns of both products were then processed by .
computer to calculate size partltlons for 1nd1v1dual |
fractlons and for the comp051te feed.

5.2 Exper1menta1 De51gnl

ln the de51gn of the laboratory experlments the
followlng pr1nc1pal performance factors were considered;

1.' Geometrlcal (de51gn) Factors A ; W e
. (r" s . N

a. Cyclone 1nlet d1ameter .

b. Vortex frnder d;ameter o Wy
c. Apex-Dlameter -

il

e

d.: Vortex flnder Clearance‘

e, Lower cone sectlon opt1ons (s,L,M)

.
- . ot

2. kOperatlonal Factors
a. Flow rate .
.b. 'Solid$ concentration

3. Feed Properties

\
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a. Size consist
b. Partlcle shape
'@f o.“'Den51ty d1str1butlon‘
J The following were excluded from the study for the reasons
given; | | | i | |
Iniet diameter: Was too difficult to modify for test

purposes. R

Lower cone:IWeyher (33). feels that-Visman (32)
o;epstates-thepimportance of this variable. Industrial.
operations fa&or‘theu"L“.type'coneiaccording to Bow _
(34)‘.' , e
Size oonsist- Too difficult to blend and maintain siaeﬁ
attr1butes at predeflned levels

Part1c1e shape Imp0551ble to adjust for. practlcal

'purposes

.Qensity distribution: As for size consist.

: The'main.priority of this project was to 1ncreaSe the
understaudlng of the behav1our of the AMC. ThlS requ1red a=
_quantltatlve analy51s of experlmental data, thhin thelf

xframework of a proposed mathematlcal model. As a‘result’of':

tremendous analytlcal overhead associated w1th each test the
testwork planned was a eompromlse 1n»%Fh1ev1ng max imum

definition in a reasonable time. To facilitate model

ey
X s
@

constructlon, espec1ally where non llnear relatlonshlps weregﬁ‘

expected, it was de51rable to run multllevel tests for each

N

factor. However, this would reduce ‘the number of factors



99

which‘cou1d be studied. Since there was little quantitative

" knowledge of AMC operation, information on a maximum number

of factors was desired. As a result of the considerations

"above and the,evaluatiohs of available operatiohal data the

'following‘factors,and operating levels were determined.

v

- FACTOR |

-LEVELS .

COMMENTS

: Vortex»finder‘

Vortex Finder

Clearance

Apex Diameter

101.5 - 71,9

[

mm.

34 - 71.8 -

110 mm,

Ly
A

51-35 mm.

4

e

\

,[DQZ/D2’=2]“

I

/

The fezge/ana\median vere

selected after studying -the

operating cyclones and the

N
- design values for

fixed-vortex-finder equipment.

WeYher(33X observes‘that the

‘flow ratio is not so strongly

- dependent upen orifice ratio,

particulariy for large values.

- Therefore the apex diameter

was chosen as the experimental

" factor rather than the more

common orifice ratio.
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% 'solids . wg%__ 144 | Typical of'Fordiné's normal

- | operating range'and in line

with Visman‘s(32) suggestions

on the percent solids range.

Flowrate . - 380 - 530 " Weyher(33) observes that

‘liters/min presaure is important only in

| so‘far as it reflects
“flowrate.

The’experimental design matrix is given’ in Appendixv5.1

Using orthogonal design four factors Qere'studied at two

levels and one faetor was varied.at three levela; resulting

. . i .
in total of 48 tests.

543~.Results of TestWorkf

‘ The experlmental work w1th1n the context. of the tesg
matrlx descrlbed above generated con51derable data on the
performance of the AMCd Although certain varlables llke cone’
size .and feed inlet oriflce were fixed, effects of most> |
1mportant operatlng varlables were studied in two or ‘three:
levels ‘Raw data that resulted from each test comprlsed of;
1) water and mass splits,
2) pressure'drop;

3)  solids content in overflow and underflow,

4) size partition data for individual densities and for the

~

LT
L e
-

composite feed.

Data of items 1, 2 and 3 above were USed’indmacro¥variable
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modelling details of which are described in. Chapter 6.

‘The size and density distribution data for_tne two
cyclone products were analysed and partitions of individual
fractions were calculated., A complete set of partition data
is given in Appendix 5.2, with test numbers referlng to the
tests for which the -conditions are given in Appendix 5.1

The coal testwork results were analysed for
micro-variable modelling of the hydrocyclone and the resnlts

of this work are presented in Chapter-7.

5.4 Bed Capture Tests with Coal

The experimental procedure for capturing the»"bed" in
the AMC is described in'Section 3.4 for constant densiry
material.‘ln silica tests the bed was found to be similar to
the underflow"fhe bed formed nith coal feed consisted:of
coarser and ] ighter material than the underflow. |

The th1ckness of the bed calculated from the captured
mategaal‘was approxémately 17.5;mm, assumxng 70% poroslty.‘
Thie compares favorably with the 12.1 nm bed thickness for
silica- whlch was flner in 51ze Assum1ng the flowrate |
'through the 2pex to be equal to the downward flow of SOlldS
-along the 51de walls of the cyclone, the thlckness of solid
bed on cylindirical section was calculated to be very- small
i.e. 0.6 mm. | | ‘ | |

I

A compar1son of size dlstrlbutlons of the bed and the

¥

" underflow for coal is given in Fig.5.3.
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5.5 Bed~Simulation Tests

Thg separation in the AMC was shown to.be affected by
~the presencé‘6f>a stable bed rotating at the conical section
of the cycléne. This effect, although known, was not studied
or described by investigators. The conceptual model
presented in Section 2.12, 1includes parfitioning“resulting
from a slicing of_this bed, as one of the threé separation
stages. The approach to modelling this stage of sébaration,
however, was not obvious, since the mechanism of separation
was unknown.

: The author postulated a péhcolation mechanism for
stratification of the particles in this bed. Erosion of this
bed by the upward flow at the&air core interface results in
paftitioning of the species in the bed. -

\

To study this effect, a series of simple tests were
performed to simuléte the rotatfng bed and the partiéle
%tratification in this bed was examined. The unit assembled
for these tests consisted of a cylihdrical vessel placed on
a laboratory sieving dévice (RoTap ) with circular movement
and tapping action. The thofoughly mixed solids containing
particles of coarse coéi‘and silica were placed in the
vessel which, was then filled with.water to proVideva slurry
" with 40 % solids by weight. |
| | After rotating the bed by the circular motion of the
apparatus for 15 minutes, the solids were sliced and
separated at 25 mm (1 in) ihtervalsvfrom the top.vEéch

section was screened to determine the size distribution, and
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each sizé fraction was analyzed for ash content. From the
feed‘ash and the ash content of each size fraction, the
relative amounts of heavy and light (coal) fraction were
determined.

By simulated bed-slicing calculations at various

depths, partitioning of the light and heavy fractions are

‘calculated. The results of bed simulation studies are given

in Table 5.1 . The simulhted slicing of bed was done at
12 %, 50 %, and 87.5 % of bed depth from top. The calculated
partitioning of partiﬁles are given in Fig. 5.4. |

As was expected,bthe parficles were stratified in the
béd with,the coarsest aththe top, and the size decreaéed"
with depth The heav1er fraction was stratified at a lower

L

level with the ‘same trend in 51ze The results showed that

the mechanlsm of stratlflcatlon in non-stationa;y‘beds

through which there is no net upward flow 'is percolatlon
i.e. flne particles passing through 1nter51t1es of the
coarser opes. The erosion of such a bed from the top in a
hydrocyclone results in partitioning which 1s Peversed from

-« w

normal operation i.e. upward flow picks up the coarser

‘éarticles, and fineé blanketted by the coarse from this

erosion effect report to.the uhderflow. The net result of
this revéhSe:size parti;ioning is the inclusion of
entraiament of fines‘in the underflow. This mechanism can be
used to explain the fiéh—hook somet imes observed 1in

partitioning data.
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\ . . .
Table 5.1 Stratific&;ion of Particles 1n Simulated Bed

LIGHT FRACTION{SIZE DISTRUBUTION (Mesh)

DEPTH (IN) +10 10/ e2 =20/ +40 -40
025 0.238 0.276 0.261 0233
0.75 0.202 0.136 0.148 0.108
1,25 0.138 0.100 0.050 0.048
1.75 0.166 0100 0.078 0.062
2.25 0.159 0.142 0.098 074
275 0.052 0115 0.123 D111
3.25 0.023 0.079 0.161 0. 186
3.75 0.021 0.052 0.082 0.177
\
LIGHT FRACTION STRATIFICATION
4
DEPTH (IN)  +10 -10/+20 207440 y
0.25 0.238 0276 ' 0.2861 0
0.75 0.440 0.412 0.409 0
1.25 0.578 0.512 0.459 0
1.75 0.744 0.612 0.537 0
2.25 0.904 0.754 0.634 0
2.5 0.956 0.959 0.757 0
3.25 0.979 0.948 0.918 0
3.75 1.000 1.000 1,000 1

" HEAVY FRACTION SIZE DISTRIBUTION (Mesh)

DEPTH (IN) 410 -107+20 -20/+40
0.25 0.112 0.131 0.110 0.086
0.75 0.188 0.134 ¢.088 0.067
1.25 0.171 0.129 0.066 0.045
1.75 0.224 0.146 0.080 0.051
2.25 0.217 0.196 0.120 0.074
z.75 0.067 0.160 0.191 . 0.143
3.25 0.013 “0.075 0.249 S 0.233
3 0.009 0.009 0.096 0.295

HEAVY FRACTICN STRATIFICATION

DEPTH (IN) . ~10 -10/+20 -20/+40 © =40
0.25 0.112 0.131 0.110 0.086
0.75 0.300 0.256 0.198 0.153
1.25 0.471 0.386 0.264 0.198
1.75 0.6%4 0.532 0.344 0.243
2.25 0.911 0.723 0.464 0.323
2.75 0.978 0 882 0.655 “0.466
3.25 0.991 0.953 0.904 0.705
3.75 1.000 1.000 1.000 1.000
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6. MACRO VARIABLE MODELLING STUDIES
In order to completely descibe the operation“of the \
automedium cyclone one must have mathematical relationship;
of the macro-variables: pressure-flowrate and the flow or
water split ratio'. The pressure-flowrate relationship is
required to determine.the processing capacity,to design the
&ssociated cyclone feed pumping system and in dynamic

simulation. The split ratio is required to carry out a water

balance and to establish the underflow capacity constraints.

6.1 Pressure - Flow Rate Modelling

There are numerous pressure drop equations foQ‘cyclones
in the literature. Most of these eguations express pressure
drob in terms of flowrate and the inlet and overflow '
diameters of thé cyclone. A recent pressure dno§ correlation

based upon 300 tests including larée industrial classifyirg

cyclones was formulated (5) and is shown in eduation (6.1).

17 (21 TR ;(U(NIBSO)
DT DI RO (D} 4 D2

P =

08T (6.1)
)

' Equation (6.1) is a more versatile equation than the others

in the literature since it includes all of the variables

om

which affect pressure drop. Variables such as underflow
diameter and % solids are usually omitted from most pressure

drop équations.

,'Split ratio in cyclone terminology is defined as the ratio
of volumetric underflow rate to the volumetric overflow rate
i.e. S = Qu/Qo.

107
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The”l1Qgrature is nearly devoid of any pressure drop
correlatxons spec1f1cally for the ‘wide angle cyclones
(autom?d?ﬁao. It was therefore necessary to attempt to
derlve;%\presgugz drop correlation as part of this project.

The “test work consisted of water only and coal slurry
tests. The results of the water-only tests 1n ghe B-inch AMC
‘at varying vortex finder clearances are shown in Figure 5.1
Figure 6.1 reveals that the vortex finder clearance does not
have a significaﬁt effect upon flowrate.

In the 48 tests using coal slurries the flowrate was
varied from 125 to 155 USGPM (see Appendix 5.1). These
results again confirm that the vortex‘finder clearancé hés
no noticeable effect upon pressure drop. Thus this term (h)
was not included in the equation. Although cyclone aiameter
and inlet diameter were not varied during the tests, these
variables were nevertheless included in'the equation on the
basis of classifying cyclone modelling studies. Using
stepwise linear regression of the data the following
equation was formulated:

P 772.2771()_3 Q! KT (0 (’i"‘“*:r 6.
V.37 ) 1 ) 91 (1)_ +>I)£)(:‘U4
The coefficients determined in equation (6.2) are remarkably
similar to those derived for classifying cyclones i.e.
equation (6.1). A comparison of the predicted vs observed

values of pressure drop for the data set is shown 1n Figure

6.2,
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6.2 Underflow ~overflow Spl1t

The flow Spllt 1n the AMC was elsclstudied usiné both
water as well as the coal slurrxes{ In the water studies the
effect of feed pressure-and‘vortexpfinder clearance was
e}plored‘and the results are Shown in Figure 6.3, Itwcan be
noted that the vortex flnderwclearance has very little
influence on flow split.'lt is?g%éovnoteworthy that‘above
some minimum pressure i, e. 8 pslﬁtthere is virtually no
water ex1t1ng the cyclone via. the underflow This phenomenon
is generally believed to be due. to- the fa@twthat the air
care occupies ‘the entlre underflow or1f1ce therebyvnq‘? |
allowing any water to escape. This feature 1s:much‘more
pronounced “in the wide angle cyclones than 1n the
c1a551fy1ng cyclones. However, once solrds are introduced to
the AMC the flon appears in th underf10w thus altering the
flow split. | ’ ‘ ‘ |

The flowasplit.equation'developed"from classifylng
cyclone studies is: |
2_9.<~Jk)331 ROS4 (D2 + [) yiae ¢(0.0054¢)

\NDy /. e
1[633 Lﬂv . (6.3)

s,
I

Using stepwise. linear regression on the 48—test'datarset new

parameters were,determined for the flow split expression.

H

These are shown -in equation (6;4)\below;

ST (o +pz)”6 e
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In comparing equations (6.3)'and'(6r4) two ihpdrtant
dlffernces are noted:
(i)Split is 1nversly proportlonal to the outlet area
(sum of squares of the or1f1ce dlameters) for the AMC in
contrast to a dlrect relatlon in class1fy1ng cyclones.
(ii) The. orlflce ratlo (Du/Do is less 51gn1f1cant‘1n
controlllng flow splly in the AMC. - |
As the flow Spllts have relatively low values compared to
cla551fy1ng cyclones it 1s not certaln whether or not these
effects a~ really very meaningful. Therefore an alternatlve
vmetﬁod‘o. dellino the split'by correlating the water_spllt
"wﬁth;the solids'split‘and the orifice diameters was’

attempted. The resulting correlation is as follows;

I 5.08 R‘l'- |
IS e ()T (6.5
o [H£B.<gj> | - (6.5)

<

Equatlon (6. 5) is the equatlon Wthh is recommeded to
'predlct the water split in automedium cyclones. Flgure 6.4
shows the predlcted Vs observed splits USlng this equatlon

A b1as for lower pred1ctlons at high splits is ObVlOUS but
‘the dlscrepenc1es are very small in absolute terms. The
'results of stepw1se llnear regre551on analyses ‘that resulted
“in formulatlon of the pressure-flow relatlon and water -
SplltS and the related StatlSthS are preSented in Append1xv

6 . '



11

.082%

.055

“PREDICTED SPLIT

.0275

114

000084447 £ 51173y

Figure 6.4 predicted vs, Observed Water Splits in the AMC

._
| 99%
T ! 0O
e
C o
/0
¢ 00
o ©
o
9
o O o
0O
c
00 .
i
O N
o
c
i [ ‘l '
.0275 _ .0825 L1l
- OBSERVED SPLIT | .



7. MICRO-VARIABLE MODELLING’
7.1 General Model Form

7.1.1 The Class1f1cat1on Behavior of the ‘Automedium Cydlone"
o ~The cla551fy1ng behavior of the AMC on’ avhomogeneﬂhs
feed was explalned 1n-Chaptera3:vPartition of a composite:‘c
feed in AMC can be considered to be the net result of
comblned 51ze partltlonang of 1nd1v1dual den51ty fractlons
This cla551f1catlon when assumed to occur as conventlonally
~def1ned in cla551f1catlon of homogeneous ores, would result

9

in monotonlc—lncrea51ng partltlon curves as descrlbed in
Chapter‘2, which upon comblnlng_should.be flattened but
‘Stilivwould be a-monotonic‘function of‘particle size.
Results'of test work on coal as.desctibed iniChapter 5,
as well as variousdekperimental»and plant'data [App 5 and
‘Fig. 2.7, 3;3,_3}4], revealed that partition of comp051te )
‘ feed(‘bothuin automedlum and_cla551fy1ngrcyclones,vshowu
peculiarities that nete ffequently‘attiibUted to |
experlmental error in the past. The same pecullarltles are
Tseen in the behav1or of cyclones treatlng constant den51ty
materlal under certaln operatlng condltlons noted earller
| Analy51s of partltlon data obtalned for coal in the AMC
‘,clearly indicated that the feed ;s'class;f;ed accordlng to
" size, although.with Varying»efficiency for different denSity
‘matepial, athall operating conditions'tested. Mofeover, this

is consistent with the aUthorsICOnceptual understanding of
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the operation of thls unit.

Table 1n Appendlx 7 sumerlzes the resultsJof the
/parameter estlmatlon for Plltt s cla551f1catlon model given
by equatlon t7. (glven as eqgn.(2.9) previously) for the

two dense fractlons of the feed

1o

(-0 693!,

‘1? i:v[{f,d— (l —’.Iff)‘[l‘—; AN 5’] ) ) (7.1)
Although the 51mple class1flcatlon model could not deflne
lthe separatlon in AMC satlsfactorlly,.1nd1catlons of
,cla551f1catlon behav1or were obv1ous from the partltlon.data
obtained “The dev1atlon from simple class1f1catlon could be
attrlhuted to certaln cond1tlons 1n the cyclone, espec1ally
'near the apex, created elther by- the geometry, i.e. in the
AMC,.or‘by,operatlng condltlons as in roplng dlscharge from

classifying cyclones.

7.1. 2 Den51ty Separat1on in the Automedlum Cyclonev

The goemetry and operatlon of the AMC, as descr1bed in
kChapter 2, fac111tates den51ty partltlonlng of the composite
feed through the rotating bed formed near. the apex The
presence of this bed 1s respon51ble for part1t10n1ng of the-
coarse but lighter material to the overflow
~  The particles that do not report to the overflow and
find their way down to form a rotatlng bed at the bottom of
the cyclone are stratlfled w1th respect to size and den51ty

and the upper layers of the bed are eroded by the rotating



fluid of the vortex.

' The stratification in the bed and the extent of
penetration of the erosion effect.determine the amount and
characteristics of the material Separated from the stream
that is gradually working its way to the apex.

A percolation trickling mechanism is postulated to be
respon51ble for the stratlfication It is assumed that the

"w

smaller particles penetrate through the bed oficoarser
particles and are transported to the bottom.' Blanket ing of
fine particles by the coarser ones}hinder their elutriation
by the rotating fluid. o o

'The mechan{gm of stratification in the bed was not
obvious, and as deScribediin sections 5.4 and 5.5
experimental evidence was requ1red to- Support the theory
‘postulated by the author | |

The partitioning,‘as was shown by hed simulation
studies described in section 5.5, is primarily a size
separation, where coarser particles are sent:to the upward \
flow. This reverse separation is ‘accompanied by the reversed
density»effects'where lighter particles are positioned‘in
the upper layers. The‘net'result of this stratification is
partitioning according to.density anddsize; The material
that is eroded from this bed is further classified in the

rotating fluid before being sent up to the vortex finder or

returned to the bed.



118

7.1.3 Formulation of a Comprehensive Model
The general form of the model, that is derived from the
above concepts, contains terms that account for each of the
three classification "zones", namely primary classification,
aucomedium partitioning, and secondary classification. A
conceptual model is préSented in Figure 2.14 and in Figure "1

of Appendix 7.2.

The faed entering the cyclone is classified by the
primary separator where the fine material is sent to the
overflow The'coarse material and the material carried by
the by pass flow are transported downward along the cyclone
wall and enter the bed. A reverse size separatlon, as
descrlbed above, results in partltlonlng of the material
pefore being dlscharged through the apex. The_materlal
llfted from the bed is further cla551f1ed in a secondary
Separator and coarse and ‘the heavy partlcles are returned
fo the bed before this skream is dlscharged by the overflow.
Let A,B and C represent size partitioning in the
: aotomedium, Secondary'and primary separators respectively,
'tnan‘the overall partitioning "P" is defined by eguation 7.2
(given as eqn.(2.36)). A derivation ofiequation 7.2 is given

- in Appendix 7.2.

-

P :v(lff - ]{f)c) AR | (7.2)

It iS“notenorthy'to mention that under the limiting



119

condition :
A=0 (when bed formation is not observed) eqguation 7.2 is

reduced to; - \

P=R;+(1-R;C (7.3)

which characterizes size partitioning in a ¢lassifying
cyclone op%rating at normal conditions with constant density

feed material.

7.2 Modelling the Separation in the Three 2Zones of AMC
The corrected size classification in hydrocyclones was

modelled successfully by Plitt's equationAgiVen as;

v e(‘0693tiii}m> | (7.4)

where Y is the general partition function.

This rdlational form was uséd in the model to define
partitioning in all three zones in the "AMC", with different
cut sizes and sharpness of sepérétion assigned to each
.relagion. It was logical to adopt Plitt's relation to definé
séparation in the primary and secéngary cléssification
zones.

A simple model form was not available for the

autogeneous separation zone. A literature search on_particle
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¥,

strat;fication in non-stationary beds revealed certain
modell}ng approaches(33,34,35) that were useful in
understanding the mechanism but did not provide a simple
model form that could be incorporated in the general model.
It was apparent that the size of particle was the most
important factor and density and geometry played some less
important role in determining the stratification{14,35). It
Qas also apparen£ that the segregation mechanism'ﬁgs
percolation of smaller particles through the openings of the
largar ones as in sieving and the larger particles were
displaced towards the upper layers while the fines formed a
closely packed bed at the bottom. The apparent packed
density (or bulk density) of this bed was responsible for
floating the larger but loosely packed particles.

Therefore, Plitt's relatlon for size separatlon was
used for the autogeneous par-iti 1ing for simplicity, since,
this separation was_shown to be a reversea size 7
claSS1f1catlon

Thus the model equatlons defining the partltlonlng in
the individual zones, namely A, B and C in equation 7.2 were

. , v "'_ay
developed as follows;

,x:1_.(;(‘“'b%[xa’f,,«}M) : s



PR INC] P By (7.6)

:ﬁ_“‘-'\
3

(- m_({(w(y(ﬂﬂz[Jﬂﬁ( j,”(A) (7.7)

Equations 7.2, 7.5, 7.6 and 7.7 conééztute the
micro-variable model for hydrocyclones in general.
Classifying cyclones could be treated as a special case, and
as was shown by eqq?{f;; 7.3 the model can be reduced to

Plitt's equation describing partitioning in classifying

cyelones.
The model dquations contain seven parameters that

should be deterfined by experimental or operational data;

arameter Estimation for the Cyclone Model

As deécribed in Chapter 5, the coal test work resulted
in the generation of a vast amount of partition data for
individual density fractions of a composite feed at various

operating conditions of the AMC. This data was used in the
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parameter estimation for the model and in determining the
dependence of these parameters on the operatiﬁg variables.

DeteZmination of ghe parameters) and fitting the model
to the data was attempted using several numerical methods. A
derivative free non linear regression analysis available 1in
the statistical package BMDP’ , and a SIMPLEX search
method(]8) for minimization of the objective function for a
least-squares fit was found to be inadequate for regression
to fit the model ta the data. A derivative-free nonlinear
regression method called mulsivariate secant that is
available in the statistics package SAS'® was also only
succesful in converging only on ,a small fraction of the data
sets.

An interactive graphics program CPLOT, developed by the
author for semi-visual curve fitting'' was used for this
purpose. The method involved parameter initiation and .
manupulation of all seven parameters for the best v1sual
fit, determined by minimizing the least-square fit equation
by the aid of displayed values of residuals and increments.
A detailed explanation of the method and the program 1s
given in Appendix 7.3.

The parameters for the model for individual density
fractions for all tests are given in Appendix 7.4. The
values are for the best-fitting curJe‘as determined

*BMDP Statistical Software, Inc.

P.0O. Box 24A26, LosAngeles, California 90024

1o GAS Institude Inc., Box 8000, Cary, North Carolina, 27511
‘' The computer program CPLOT, as given in Appendix 7.3, was
developed by the author and Mr. D. Margel of Alberta
Research Council, 1984.
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semi-visually by the program mentioned above.

The correlations of the seven paramgters with the
operating variables and the cyclone geometry were analized
by stepwise linear regressién available in the BMDP package.

N . }
The overflow and underflow orjfice ratio and the
sum-of-squares of orifices were also included in the
analyses.

The resultant prediction equations for the seven

T

Larameters are given below:

I

. D 2.36
ds0 4 = 1‘255.6< ) hO08 (pg = p)t M (7.8)

/

5497 D,V 72

)0_24‘ (7.9)

d5“&:: (
o Ps =

/ 7RG DA » _,
Us0c — oy 915 -
/“)bj(/“ . pylii (7.10)

EEs
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‘ 041 | .
oue - (7.11)
: ey =1.032 <!éi>_ pO-915 ' (0
» _ " D, . :
ey = Oiﬁﬂ)h921£9052 Au_fgffuw_ €%7,12).
Do DuO.Jl (ps . p)“'76 . N
o samo p320 o
C — T S p v 8 .1
1300.3? D03 (Ps"'ﬂ)l‘24 _ ' (7 13)
A
} | 0.0114  plo9 A
“Ry= g . 3.14 | (7,14
u -, DO" (ps — p) . .

. '
o

’_Thf cOmparison,Qf“partitiOning data obtained from coal
e, - , - . SO ' :
testwork and the separation predicted by the -model revealed

that fof.;he cyclone operation range giyenvin;Appendix 5.1,*

' the modél can predict the peculiarities in the partitioning:

curve reasonably_well.

Figdtgs 7.1,‘7.2 and 7.3 depicﬁ»exémplés of model fit
~and predicted partitioning in the AMC. The‘de;eiopéd model
can be used in the design of automediur QYElones_and in the
. : v _ . .
optimizatibn and cdntrol>of fine coal;cleaning circuits

‘using such units. = ' v e



\ 125
- CURVE MEAN SPECIFIC
o . GRAVITY OF SOLIDS
: (\L) ‘ 1.56
) b4 o
. @ : 1.375
: : @ ‘ 1.315 Co a
- . . ’ - .r:’_, )
Q 1.28 )
1.0 = ‘ i —> . -
0.9
2

0.8 ,j’

0.7- g
Z .
@] \
I .
50,6
Z
]
24 - )

0.5 ‘ .

e
N 4

=
O, 4]
5}
o4 4
[
s

0.3

0.2

0.1

0.04 o - | : . |

et Eases it Moot M A
Q- 100 200 300 400 500 600 700 800 ~ 900 1000 1100 1200
) ' PARTICLE SIZE IN MICRONS

, R N
Figure 7.1 Partitioning Data : the Predicted Separation

for Test #j2112 . ' e



126

. CURVE MEAN SPECIFIC _
GRAVITY OF SOLIDS:
1 1.56 .
‘ —
(?{) - -1.375
(Z{) 1.315
@ . . 1.28 _

1.0 . j

0.9

0.8-

) 7—‘J‘ 0
N4 v -
zZ.

- 1
“50.6
= .
2
{2,
0.5
@] ®
9. _
2
504
E:: 4
o - 1 -
Qe ,
0.3
:'A‘,i‘u /‘L,f
Wy

0.2+

0.1+

0.04 .

EMMatamasan B M satas ae A S A A ads matoiihes wasassces aasiasnss Masasease asassass SIS
o 100 200 300 400 500 - 600 . 700 .°. 800 900 1000 1100 1200,

-PARTICLE SIZE IN MICRONS

Figure 7.2 Partitioning Data and the Predicted Separation

. #2 . .
for Test #11123 : @



PARTITION FUNCTIOM;:>

127

Y
CURVE MEAN SPECMFIC
GRAVITY OF SOLIDS
w 1.56 '
<D 1.375
P . @ 1.315%
: @ | 1.28
o
.0 .
97
]
.8
74
.6
.5
R e
34
2~
)
1
.0 . o .
e e e e
o 100 200 300  400° 500 600 700 800 - 900 1000 1100 1200
. E R ] -

. : 4
PARTICLE SIZE IN MICRQNS ;

Figure.7.3 Partitioning Data and the Predicted Separation

for Test #22212



vplanned changes in the m1ne productlon.

128

The pressure flow relatxons will- g1ve the de51gn
/

engineer valuable tools 1n sizing the aux1ll;£ry equ1pment

nd 1n estlmatlng the opt1Mum geometry of cyclones Des1gn

englneers can compare perfonmances of various conflguratlons

of multl—stage cyclone c1rcu1ts through simulation, by using

the model equations. \

1

\ ,
Slmulatlon studles using the model equations can also

give valuable 1nformat10n on the predlcted changes in ash -

}

reduct1on and y1eld due to unexpected changes in the feed .Or.

v B
Poss1ble appllcatlons of the model in predlctlng ash
and yleld 1n the product are demonstrated by sample |

calculat1ons glven below

Assumlng that a. spec1f1c gravity ;7ash:relation exists

, which is valid for all partlcle s1zes for a partlcular coal

feed,'that is A is known for all "j"s, the- ash in overflow

product is:given by ;

Z <V‘ (1 - p X f,> x A, o
. =1 "\a=1 / : ‘ "
4, = =L B S (7.18)

J=1 M

::]_- rJ-

3

'Herevfij and A, are known, and P, can be calculated by the

model equations. Slmllarly, the ash in the cyclone feed can

be calculated as ;

x A, MQ%W. (7.l6)
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]

The expected ash removal efficiency can be calculated by
using the above equations. e

The yield is7given bY?l
(1= Ry > 100 - (7.17)

and R, can be predicted by the model as follows :

rri o ,‘ -
LLI’:)XL; ‘ (7.18)
J=11=1
A.studyvof experimental:results;and the dependence of ash on
operatlng varlables revealed that vortex finder clearance
-can be used to control the ‘ash in overflow product to some
extent. The automed;um cyclone model can be used~to quantify
‘thlS dependence . and the : correspondlng changes in thelyields
can be calculated as descrlbed above

Theoretlcal ash values and the ylelds for thev48 tests
:cohducted on.the”elqht-lnch unit were calculated from actual
\-aand predlcted partltlons Ash in the cyclone - B
products and ylelds for each test as calculated from the
actual partltlons, fitted curve and the predlcted model
equatlons arevglven in Appendlx 7. 6 Figures 7.4 and 7.5
give the compailsonsrof predlcted and observed ash and

ylelds. The results showed good agreement between the the

experimental data and model predictions.
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8. ASSESSMENT OF INDUSTRIAL IMPACT
Both bituminous and subbltuminous coals mining in western
Canada results in the generation of considerable quantitiesA
of fines. For metallurgical coals of the Rocky Mountains, 30
- 35 ¥ fines (-0.6 mm) are typical as plant feed. As a
consequence, fine coal cleaning has become an important part
of coal preparation plants in western Canada. Most of the
coal preparation plants utilize automedium cyclones in the
treatment of the fines.

The necessity for better control in the coal mining
‘1ndustry that resulted from declining rates in the growth of
demand for coal, increased the importance of- mathematical
models of_unit operations and equipment. Moreover, the
eQer increasino application of computer control in the coal
mining industry nece551tates such models.

Although automedlum cyclones have been used exten51vely'
in‘North America since the 1970's, the lack of process -
monitoring instrumentation together with the lack of a model
for the separation mechanism, no feedback control for the
AMC was developed, and attempts to optimize the operation by
certain manual adjustments had only limited success.

An understanding of the separation mechanism, and
development of empirical models that relate the performance
to the operating variables Qill certainly improve the
optimization both in the design and in the operation of AMC.

The mathematical model equations developed in this

D)
LJ

study are empirical'relations that describe the well known

132
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partition functions. These equations contain experimentally
determined parameters that can be modified by plént tests
for a particular operation.. The present form of the model
contains too many parameters. Further study in this area as
recommended in the following chapter, should result in
second generatidn models Lhat.COuld be utilized with more
precision and ease.

The general form of mode]l will also be useful in
describing the operation of classifying cyclones that treat
. material with non-uniform specific gravities. Thus the

general form of the model can serve as a design and |
"simulation tool for a larger sector of the mineral

-
processing industry.



9., CONCLUSIONS AND RECOMMENDATIONS

The plant tests, expprimental work, and theoretical studies

on the perfdrmance of the automedium cyclones resulted in
1) Understanding of the mechanism of separation that lead
to the development of a conceptual model for the AMC
based on ; =« |
- primary classification in the upper‘cylihdrical
section -~

~ percolation/stratification in the non—ﬁpaiibnary bed
in the conical section, and Q\

- sgifjdary classification in the upward flow of the
vortex.

2) Development of a general mathematical model describing
partition of coal particles of different size and
density.

'(The.general model simplifies to well known classifying
cyclone model withhelimination of bed separation and/or
secondary classification effects.)

3) Development of empirical relations for prediction of
parameters of the general model, from cyclone géometry
and the operating conditions.

4) Genera;ion bf a high integrity data set for the AMC over

" a wide range of operating conditionsrﬂ4'

'5) Understanding of effects of various design and

operational variables on .the performaﬁce of the AMC.
Ityshouid;be emphasized that the relationships

developed in this study only represent a first

134
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generation model for the AMC. Future work should be

directed to simplification of the general model form by
'

combining certain parameters. The interdependancy of the

/o

three stages of separatlon should be investigated. Such
a study should result in a simplified modpl with
improved accuracy in predicting the behaOior of the AMC.

The operational parameters and cyclone geometry
effects could also be studied in different size cyclones
and by utilizing actual partition data from operating
plants. |

Although complicated, understanding ‘the
fundamentals of operat{on of the AMC, and relating the
seperation to the hydrodynamlcs of flow shpuld be
pursued. Relatlng the cyclone model pa ameters to
fundamental flow variables will resulg in‘bﬁlversal

relations that can be used to improve the design and

performance of hydrocyclones in general.
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NOMENCLATURE

Upper. Case

A‘=

the autogeneous part1t1on functlon i.e. the _
fraction of certain species of partlcles in the
flow entering the bed which is sent to the
secondary classificatdion. _

B = , ‘ :

- partition function  for the secondary
classification, -i.e. the fraction of certain
species of particles in the material which 1is
returned to the bed. S ' S ‘

Q .

C = D | ' |
the partition function for .the ,,primary
classification, i.e. the fraction of certain
species  of partlcles in the feed whlch is. sent
to the bed.

C = .
corrected cut size for partlcles with a specific
grav1ty p.=2. _

D =
the diameter of the cycllndrlcal sectlon of the

o ¢yclone, in cm.

D; =
the diameter of a the cyclone inlet orifice (or
the diameter of a circle with equal area), in
cm. c o ‘ ’

e

D, = . - .
tHe diameter of the vortex - finder. orifice, in
cm., o : ‘ '

. ' §’r 1 e '

:;; : fi?j,«, : .
C gt _
: 140
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D =
Y the diameter of the apex ‘orifice, in cm.

F = . .
solids mass flow rate in the cyclone feed.

Fi = . . .
cumulative mass fraction passing size s; in the.
cyclone feed solids. o '

F1 =
calibration parameter for Plitt cyclone model,
default value is F,;=1,

FZ = [ a ",',‘-1_4‘,“;' - *

‘gparameter for Plitt cyclone model,
\%;.is F2=1. ’

Fg = . o ,

calibration parameter for Plitt cyclone model,
* default value is F;=1,

Fg = ) .
calibration parameter for Plitt cyclone
default value is Fu=1. :

J = . .,
the least squares objective’ function.

K = |
size modulus in the Gaudin-Schuhman distribution
function, ‘ ' :

Lu =

limiting volumetric solids concentration in the
underflow stream, i.e. the concetration at which

B
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roping begins, in %.

Lu20 = o ‘
the wvalue of Lu corresponding to ¢=20%, a
calibratign parameter with a default value of

56%. .
o

QO = ‘ : .

" solids mass flow rate in the cyclone overflow.

P = , ,
cyclone inlet pressure, in Kpa.

» ' *

Q = ' - ‘ :
volumetric flow rate of cyclone feed slurry, in
litres/min, B

Rf = , .
mass recovery of water in the cyclone feedato
the underflow product. ‘

o k Ly

Rs = ' . h
mass recovery, of cyclone feed solids to the
underflow product, Rs = U/F.

S = “ | | |
the volumetric flow split, ie. (volumetric flow
rate in ‘- underflow)/(volumetric flow rate 1in
overflow). el

U = : } S
solids mass flow rate in the cyclone unde:f%pw.

U; =

. cumulative mass fraction passing size s; in the
cyclone underflow solids. -
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general partition function.

Lower Case

.a=

the bypass constant(9).

a;; = .

" the partition function for the autogeneous heavy
medium separator, i.e. the fraction of the ith
size class by jth specific gravity class which

reports to the underflow stream. e

b, = . -

.the partition fgnction  for the secondary

~‘classification separator, i.e. the fraction .of
the ith size class by jth specific gravity class
which reports to the underflow stream.

cC, = :

the ‘classification function, i.e. the fraction
of size class i in the cyclone -feed which
reports to the cyclone underflow -product by
classification.

Cij = : .

' the ~ partition function for the primary
classification separation, i.e. the fraction . of
the jth size class by jth specific gravity class
which reports to the underflow stream. .

d i =
" the characteristic size of particle size class
i. ' - ' ’



"d’o = . .

the size beyond which entrainment is no longer
considered significant (Finch bypass model(10)).

d50C = S, - ‘
the corrected cut size, i.e. the particle size
which has an equiprobable chance of reporting to
either of the cyclone product streams, under the-
influence of classification alone. '

-]

£i = ‘ QO : -
mass frequency in particle size class | in the
cyclone feed.

£,, = | o :
mass freguency in particle size class | by
specific gravity class j in the: cyclone feed, -
szlj':] or 100%. ' ‘

h = . .
free vortex height in cyclone, in cm, 1&‘

.‘
. exponent for the effect of solids density on ‘the

corrected cut size. o :

m = . : o

' sharpness of separation coefficient in = the =
classification model with m»= implying perfect
separation. o ' L ‘

m, = » . .
mass fraction of phase 1 in the cyclone feed,
where this function is taken to be continuous -
with particle size. '

number of par: cle size classes in the size
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.analysis.

o, =
Mass frequency in particle size class | 1in the
cyclone overflow.
Oij = o o o . ' : -
mass frequency 1in particle size class | by
specific gravity class J in the cyclone -
overflow, ZZo; ;=1 or 100%.
pi = o L a ‘ R o
-partition function for particle size class | ,
i.e. the fraction-of solids in size class | in
the cyclone feed which reports to the cyclone
-~ underflow product. L i
the overall partition function for the «cyclone
i.e. the fraction of the ith size class by jth
specific gravity - class ®¢which reports to the
yclone underflow product.
Pr = o S Sy
the partition  function for phase 1. For the
"purposes of the illustrative "calculation this:
function 'is assumed to be monotonic increasing
and continuous with particle size. ' -
ApZ = ! . .,.,);.;"b. . . . : - .
the partition function " for phase 2. See p;
above. . :
rz = -

the =~ square  of the multiple ‘correlation
coefficient. '
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the bypass function, i.e. the fraction of
particle | in the cyclone feed which reports to
the underflow product by short circuit.

[

rIJ = .
the bypass function for the ith size class by
jth specific gravity class which reports to the
autogeneous separator by short circuiting.

Sy = - |
the upper size boundary for the ith particle
size class.

u; = ' v
mass frequency in particle size class [ in the
cyclone underflow. »

i
 ULj = ‘ - ;
mass freguency 1 particle size class | by
specific gravity class J in  the cycslone
underflow, ZZu, ;=1 or 100%. '

' the mass distribution of phase 1 with particle
size. It is a mass frequency function .which 1s
continuous with particle size.

Greek

a =

" the distribution modulus for the
Gaudin-Schuhmann distribution function.
Yi =

cumulative partition function, i.e. the fraction
of material finer than size s; in the cyclone
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feed which reports to the underflow product.

1»7‘= b+ ) . 5 S

i vi%cosity of the carrier fluid, in centipoise.

3 i _

p. = _ ‘ . _

\ density of the cyclone feed slurry, in g/cm’.

Py = _ _ _
density of the solid phase, in g/cm?,

9 =
cone angle, in degrees.

uo= ' .

. miérons, 10°% cm.

[ l

= ' . :

/ volumetric concentration of solids in the

cyclone feed slurry, in %.
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1. ILTRODUCTIOU

Mechanism of separation in hydrocyc lones isa settling process in
centrifugal 'field created by the swirl of fluid duﬂg,to tangential

inlet at high pressures. The comple: geometry and vorte: flow con-~

«

ditions together with restricted flow through at least one outlet -
creates conditions that resist \_s;'}imple fundamental analysis, es-

pecialhlj,' of micro-structur‘e of particle and fluid flows. The com-
plexity is further increased when turbulence is taren into account

and boundary laver floxs along chamber walls are considered. This

.
«

complexity is reflected in the mathematical treatrments of the flow

‘

and separation. The derived equations -ere not readily solved un-

til rodern computers were involved.

]

In spite of all this, in recent years many authors repor‘ted devel-

v

opment of rathematlcal methods to define flowifields and sepdra-
mm.tﬂu ‘v -

tion in hvdrocyclones, giving results consistent with ey nr'l'*lpn-
3 > R ,

tal findings -

‘\
e

"nental stqdles on h ‘drocyclones, e’nphasumg dlfferent me%hod~'

ologies used. Particular attention ras gi\'en td‘those metH‘ods .ﬁ,';

ey

F

that could be utilized in defining separation mﬁchax{‘llsm 11’1 auto- Sl

150




5
medium cyclones, vith appropriate modifications and additions.

1 ]
Some evperimental studies of fundamentals of cyclones and studies

on swirl flow in general were also included.

A
-
e

el
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2. FUNDAMENTAL STUDIES Ol VORTEX AlID S¥WIRL FLOYS

LY

The "‘p’ioneering e':-:per"imenlta‘l vory of Felsall [l2] revealed the mag-
nitudes of a;v:ial, radial and tangential corﬁponents of the main
flow and con‘fir‘_med the e:-:istence.of artially symmetric \f'ol"té:-:ﬂ flow )
in a'hydrocyclone. Thus, in all the following stuclies of hydro-
cvclone, authors\ha\e rade the major assumption ‘of ax 1all\' sym-

.
retric¢ vorte: flow. Similar flovv conditions are also ecountered

in cyh-neaﬁl cyclone”chambers.\or cyclone corbusters and many
authors reported theoretical studies of turbulent é'.t‘irl"'f-low in
these charbers[4,6,13,14,19,32].

2!

In treatment of turbulent vortex flow in a cyc lone chamber Boysan
and Swithenbtank{z] make some asspmptions, that are'common_ to many
others, to simplify this type-of f1d¥ . They assume two dimensional

flow and neglect the tangential componeht of momeﬁpum and mass

balances, and use cvlindrical co-ordinates for mathemat‘ical sim-

o

plicity.

Authors define the flov in vorte: chambers using rass and momen-

tum balance and including an algebraic Reynolds Stress Closure
' - ‘8

for modelling the pressure strailn term in these equations to ac-

count foy turbulence. According to the authors, the AUz leric so-

-

lutlon was possible by settlng boundar* conditions such as; wall

. functions in the form of Plane Sheer Flownear wall regions, zero

nbr_;nal gradient type of relation for all variables at the axis of

-

symmetry and fired conditicns at the inlet. The computatibnsvafé
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¢
carfied'out on a non-u@4form finite grid ﬁ&ttern'in the axial and
radial directions. The predicted flow profile is compared by mea-
%yrements‘made by inserted proﬁés and sméll discreﬁencies'Were

attributed to the intrusive character of measuréments.

Busnaina and Lilley[6] used the'same mass apd momentum balance

equations and laminar fiow'simulation o ee slip" wall bound-

-

ary conditions to predict flow profiles iX confined vortex flows.

Fhalil[13] also’uses'diécrete nodes oayfinitg difference g}ids

to solve the turpﬁlent case by.includihg élgebraic expressioﬁé
for'kinemétic.energy of turbuleﬁce and:timeraverage dissipation
rate of turbuleht energy togéther’with the momentum’and continuity
: equétions. L 1 ' i' ' I

Martynov [19] studigd the flow in cylindri§a1 hydrpcyclopeé at
‘nmoderate Reynolds numbersv( 2000 - 4000anssumiﬁg iﬁviséia infu*

Pl

compressible fluid. His method employs’dimensionless;ﬁlow equa-

tions of axisymmetric vortex flow in cylindrical co-ordinates and .

includes floﬁ functions at cycioné inlet, ape:: and overflow ai§¥4
charge, and soives>the Bernoulli integral to geteriiﬁe the diaﬁ;
eter of the air coré‘ By series approximation fqr the solution Qf
flow functions and linear apprpxi%ation for the Bernoulli inte-
gral, MartynSV derives algebraic sOlﬁtions wﬁich predict the flow
pattern in théchclone.mThe author claims only qualitative agree-
ment with exéé;imental_findiﬁgs.

All the above mentioned studies atterpt to define the flow pat-
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g : .

terns in cyclones or confined vorte: flows in general. In the fol-

lowing sections some more ellaborate and gpecific studies of flow

3
.

and separation in hvdrocyclones are presented.
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' 3. THEORETICAL STUDIES OF FLOY I HYDROCYCLONES

Many authors studied the flow in hydrocyclones assuring both laminar [1-
©a.2,5] and turbulent[1-b, 3,8,10,16,18,26, 28] vorte: flows and

some authors approached the problem of defining the boundaryv ay-

i

ers on the inner surface of the c3clone walls (1, 15, 17] whlle oth- -

' ers attempted to model hydrocycilon_es through bulk’ flow relatlons [9 11,33]
.or particle flux calculations. In the fol_lowing .secti’ons these |

: d'iffbevren‘t approaches are given in .some detail.

3.1 Lamiuar Flow Models of Hydrocyclones

Defining the flow in conical hydrocyclones assuming laminar con-
dlthnS was attenpted by Bloor and Ingham[ 2], and they‘reported
development of an inviscid mo del Nhlch v'as solved by appro: 1matlon

by truncated series, and claimed good agreement with Felsall's Cex-

‘. N ' .- . . ¢
perimental findings. S
N N
&,)

They construct the equatlons of motion in spherlcal co- ordlnates

where u,t and uwafe corponents of velocity in the r, §and A direc-
tions respectively according to the co-ordinate system shown in
. s P :

Figure-1 as yfo}%bows o

du rJu oot . 1dP ’
oo AR o o (1)
dr rdd o .op dr :
du v Jdu u B Cot) 1 9P . ‘ s
T - - : EENE A
or r <)() T roo. pr di v
. o o ‘ \‘7;.- ’
Ju v duw uu ulotl “. o -
u IR o g (3)
dr. d() T r -

C ’yrss



where P is pressure and p is"the desity of fluid. In addition

ki the equation of continiuty is defined as:

*
. J o
o (rosinou) (r~infv) O
SYr Jr :
llow the authors assume free vorte: flozr:ﬁand‘t}‘ius set;
1 S —
" s )
rsint

§
azis. Using equajﬁidn (5) and defining [’ as:
I

S 2 r-sint )

. ' ‘

‘andé‘f‘é}} minating 4 between equations (1) and (2) vields:

¢

to satisf+ equation (3). This is true in the regions ocutside the

boundary lajers on the walls and the solid body rotation near the

B ] ' o ( J - rd >( ", ) 0 (7
T .
: ‘ Jdr rdfl r-in (i ‘).
‘f"‘ where i, l Slre) : L giving the A component of vortic-
ity.

g

that ;- RS

Jdu ) o
- rrsind urssint-
dJdr ’ a1 . :
Integrating equation (8) gives;
1 (1 g J o duy :
ol A
r¥sind {sinf Jdr- JO0 N resint J0 :
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Here the éupﬁors mé}:e one more assumption that is true for classi-
fying c&’c lones but cannot be readily accepted for the auto-medium‘
'C}-"clc}ne. The assumption is that since tﬁé .serﬁi-angle of céne,
s éfnall sin - is éqﬁal to l0. ‘equat‘ion (9) becomes;
9 1 duy \ B S

( ) rtg f{v) : (10)

0o\ 008

and an approximate solution v:asrsought ".t;ith the relation ‘
co A0 e 8 - (1)

fof the streamliﬁe function.

The term (o .(1) ‘is linear thu; the \'elocitv;‘f}»at the wall is tan-
gential, finite and nonféero (this is actuallvj.f'uthe vel,oc'it.y just
~outsic‘1fe‘_t,hebbokundary layer at the wall) Subst'itut';ing the stream-
liﬁe functiop in equation' (10) and inéluding the fir'sr; t'-,-foj"terms
of ,e::pansion'of (o 0) ‘con‘sta‘rﬂxts 4 and “,- ~can be calc‘ulated»‘

The velocit: components v and v are then given by,

1 L , : -
" .f(r()) (B 9, , (1_20)
R Y A e I  E O

The‘.v'olulmet'ric flux through the cyclone can be used to determine .

the constant .}, using equation (11) and settiﬁg .

. .

P
—_—
Lo

=

: , a
O 3a - ((r. ) Q.
A
where [ rorter fim/'c r.olearance
' , a vorter fruder diameter,

©  total flur through cyclone
. Al
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The cylindrical velocity terms d and i can be resclved into hori-

zontal and vertical components as;

(//

(11a)

| 1-1())

The constant -1 in equation (5) is still needs to be determined for

the cvclone geometry.

If the area of inlet to cyclone is .1, then w at entry is equal to

[

A and setting r

<ind

b the radius of cyclone, and taking

into account the energy losses upon entry to cyvclone chamber by

introducing a facter ¢, .l can be calculated from. A

(u’)»("y ) .

AL

rmnil -

AR

E

thus;

| (l:’))

Equations (1ia), (1sb) and (15) together with eduation (13) define

the flow conditions in a hydrocrclone.in terms of geometric and

operational pararmeters.

1

The authors e:tend their study to include models for particle mo-

‘tions. They first show that time required for acceleration. of par-

ticles to fluid felqcitieé isbnegligib%f’:hen corpared =ith the’

time scale of the main flow,

velocity. !

then thev caleéulate particle "drift"”

1

4

For particle Reynolds nurbers less than unity the drag force on a

spherical particle with diameter «d can be stated as Jaulld where

%
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g is viscosity of fluid and Il is velocity of particle relative

to fluid. Then the force balance on a single particle is;

d”* dll

P ("dl

where p. is solid density and [ is force due to rotation of fluid,

Foosaplld (16)

and for equilibrium, F 3aplld O vhere F (ps - p)
and I, is unit vector in r direction. Then the drift velocity
is;

pe ) d“ o q. , | )

R o - -
' o 18 r- sinf

e

Using equations (13),(14),(15) and, (17) equilibrium orbit diame-
ters for a given size (and density) of particle can be determined.

The equation for: the radius is given by,

S 2r (. R aFQa T (a0 ! ' :
cgn T vQa e (18)
. » I Ay o :

The a;utlhors cémpare their f.indings ‘.‘-."i;th Felsall's[12] experimen-
tal data and they claim goc?d agreerﬁent except the over estimation
c‘>f ho‘rizon\tall velocities, which they attribute to the fact that
the model déeé not tare short—cirquit flow into a"cdcountv. The the-
ory does predic>t génefal behavior of flow'accurately. The' zero |
vertical velocity is predicted\to be e‘s't 0.60 - @  which coin-
"cides with Bradlev's e:-:pexfim.ental resul.ts. I‘\:élsgall's finding |
Cat 057 5 a0 s attributed to the ‘e:-:t;fr'a long vorte: finder used
in his e:-:p‘eriment‘:s. | |
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The ger?er-@l model developed for classifying hydrocvclones can be
. used to p.redict behaviour in auto-medium cyclones by taking ::'he
particle densities into account in equatidr;'('18). The viscosity
term can be replaced by 4 (1 - 2.50)" vhere 0 1is volumetric
fraction of solids assuméd to be perfect spheres[BO,p_QiZ] :
Futepov and llepomnyashchii[16] also studied laminar flow fields
in h:.'drOCj.'clqnés and derived dir:nens'ionlessy operational param-

eters o and - characterizing the correlation of intensity of

centrifugal separation and randor mixing respectively.

.")7.“" ! 1 ) pre CW . <_/"

(x . . ' : { ]‘.)(r‘)
AR '
C2a A, TR
; <1) (19b)
A
where; o ’ .
B particle densily
o A . Liquid density
(- constant to account for furbulence ‘
w average velocity at inlet =~
W distance [from aris i:() 1';1[(‘/ C N
d ef fective size of solid particle |
b intensity of delta” correlated randofn furnction \
_ b - {
F ru(/vzu s of //g/(/r(;(.'y('/(mvc‘ o ' \\\ : //
A constant grving the ge omelry of cyclone T

i

: - . A
! Author's note: liormally higher order terms are needed in the \{ils}%"s-c n
ity expression ji (1 - ab - h§* - .-} , for Brownian motion the co-

efficient « 1is taken as 2.5 and higher ter\ms are dropped.
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and if;

r radial co  ordinate

r. radius at counter  current flow inter face

the fractional removal of a certain particle through ape:x S is

given as a function of residence time as follows;
d

where

: e ( I B A B A ¢ (200
) Jt (r) ) (r)- 20 Jr 20 ()(,-)2 B
‘f‘: ¥
and with®boundary conditions
)(" ’)(1' <
e f 0 o (20¢)
R Jr r .
and initial condition;
1 | 1 Jdu (r
(i lor) R i (r) - (r) ('.3(')(1)'
(1) (r)- 2a 200 . dr .

The nurmeric solution of the above equations give the particle re-
\ .

moval (partition) through the apex as a function of average resi-

dence time, provided that « . and - are calculated.
PY ,

\/\

oy

161



3.1. Turbulent Flow Models of Hydrocvclone

Bloor and Ingham [3) have modified the sizple larinar approach of
nmodelling the flov in hydrdcyclones presented earlier. In this
new study of turbulent spin in hydrocyélones the authors intro-
auce a modified pressure term [’ into equatlons (1) and (2) given
previously for the momentum balance in the f{ and f directions

+

defined as;

l; /'!‘ {,:(/1’) /[’ 7(.)1)
) ) =
! f ‘ / R ‘:‘

N
N

and assume variation of viscosity with [? as follows |

R

A (22)

Y

thus the spin velocity equation given below for axially symmetric

flow,

uod R Je ! (()4 " )
v : ;
Pror' PG ok "o ol
20 W ey d Jdr :
e raN i

K \JR 2 AdZ N JdL

(here K is the radius in cyrlindrical co-ordinates) reduces to an

ordinary differential equaticn when the following relations are

introduced;

BR »
i P (21a)
1 R
u “BR (.’in O > (21h)
2 7



(equations (14a) and (l4b) expressed in cylindrical co-ordinates).

'The resultant equation talkes the form;

on ey p”‘))-( h l”

d ke iR dRr
’ 2 (1) ( dv v > (23)
® s (/Il) r

Introducing non-dimensional variables K’ and ¢’ as;

R’ ,{.‘ and ' | and the boundary condition ¢f 1, at

k' "R and introducing a non-dimensional parameter [ as;

/)/f/l)"'
“' U
y1, being the average viscosity in the cyclone and by setting f(R) -

&

i 1) equation (25) becomes;

o o ey
N A . MH’)(” I/)!
J

AR dR! ar' r
'~\  C29(K") < dv' ! ) _ (26)
L ! ar"r

Equation (26) has to be solved with the boundary conditions ¢

The authors have two distinct solutions to this problem. A sim-
plistic approach assumes g¢(/’) 1 and equation (26) reduces to;

vodo d-" 1 d /),—; .
- (”{I({' ) ! (e R (27)

LR
‘ d ! L/1” d R’ i

and can be integrated twice to give;

it " NS



where 7

A . 0 ,. *" ;
The resultant solution from eqL?'?g?% myg&f&s t e turliulenlt spln

u‘

velocity proflle in the c 'clone with para.‘eter‘ h".\'eﬁyerlme%’&&l;& )
Eg X ,

determir{ed. Authors claim that when [ 1is 1n the Qrder of dOO _. ;‘ g

which corresponds to a viscosity of about 0.2 poise. gooc‘i agree—

ment is observed with Felsall's e:-:p7iments. ' v
A more elaborate solution involves a viscosity model developed * ‘&%' &
_ - R
v . - oy
from Prandtl mixing length model: N ::,
A
e Ju ] |
' g pPA” A
JR R
+herd K is introduced to augrent the model corresponding to
swirling flow to account for the fact that turbulence does not
vanish at points of zero rates of strain. Taiing A { so that
+ is a function of [? only, simplifies the solution, thus;
. Mo de v , "
Y . N (29)
ZY dRR
substituting thé dimensionless variatles and refering to equation
(22) and rerembering that f(F) p. gl ¢
N
i
v
o R
(K') dev g (30)
g ' - A ; :
dR R , o

where () Hf‘
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Here () is another parameter and governs the size of eddies and -

eddy viscosity in the region near the avis of the cvclone.

Substituting ¢(/!') in equation (26) gives a non-linear second or-
der ordinary differential equation for v *ject to previous

boundary condltéons The authors solved the prbblem by Runge-

2

Yutta-Merson methsd Given a prc’lem where [, and () are known
or fized the initial velocity gradient can be determined and equa-
tion (26Wcah be integrated directly to give the velocity distri-

bution.

N LA ]
¥ N

In spite of Rietema’s work[26] which was an attempt to prove
the insignificance of'turbulence in well-designed hydrocyclones,
many investigators(1b,3,5.10,16, 18,28] sought turbujent models

to define flow and separation in hydrocyclones.

Boysan and Swithenbank extended their finite difference method

of 'sélving confined vorte: flows .(presented in Section-1) to de-

R
fine gagflow in cr¢ lones and developed models for both laminar
; :

.~

‘ ar{d"ﬁurbulent flow and for dust collection[5]. As a result of this

¢

% study the authors claim to have developed an interactive computef

7

. program modelling partlcle paths and thus predicting grade effi-

c ency (partition) curves. Accordlng to the authors the program
P ¢ . » '

‘converges with approximately 2 hours of CPU time and requires an <.
~ ' : 1:“30’
additional 2-3 hqurs to construct a:smooth efficiency curve (for a

i:single density)v.'
‘Driessen(10] also studied turbulence in gas cvclones and hydro-
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cyclones and solved the llavier-Stokes equations assuming the fol-

lowing relaﬁions‘ for the radial ‘compﬁhent of flow;

. o d{ur)
. ur constant - 0
' - ‘ dr .
( du Jv du

- ‘ ‘ e . 0
Jd:z J:z d:

Schubert and lieesse[28] and Muller, Shubert and leesse[18]) ap-

_proached the turbulént modelling of wet classif ication in cy-

clones by introducing diffusivity t‘ef'm%and assuming independent

individual parvticl'e diffusivities to be independent. They propose

a turbuleht patticle transport model inva'mono-dispersed suspen-

. o . 4
sion as the simple mechanism and speculate on two maln conceptual

4

'models for cla’ssifiéation .name‘ly;' pulp-partition (Figu‘i‘*%—?a) and

2

‘pulp tapplng (Figure-2b) models.

The\ ewPlov a EOdlfled pulp«ﬂiartltlon model for h\’drOC} c,lones

u -

The parti le transport equatlon through a unit area perpendl- cu-

lar 40 T Cco Qrdinate can be vritten as;

dJdn, ‘
q. [)fu ) Uirn Tt (‘gl)
Sy
Lo yhere n particle concentralion .
v ~(///1nq veloeity of particle ™

.

and subscript / refers to a partlcular size of partlcle In a

. -
closed system with,homoge,neous; force ,field,., for statistic equi-
N oo ; i ) '. : . ¢ ‘ . ‘;;\‘,
- . . 14
‘librium, equatipn (31) can be.solved for ¢, 0O as; o v
° . . . ) ‘ P v ] . L : DI B
R ooyt Tl L exp fl Y o S (32)
, T L Dy L
. gL iy
vhere n,, is the concentration at.inlet. . .- -
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For the pulp-partition model of Figure-2b, where the distribu-
tlon formed by diffusion is sunply dl\’lded by a separating cut at

a given height, partition numbers P of 1nd1v1dua1 fractions can

be stated as; s

100 H‘}

- l
Sexp .o

The authors modlfy this general relatlon for hydrocyclones where

’ thev assume highly turbulent flow e: 1sts and calculate dlfoSlV‘

ity as; ) ‘ S o

‘ D, &u D10 7, B e ek W
(after lieesse) —_— : PR g e
where; R oot R
~ D, - fhe rean medzum iransport coeffz(Zent 48%“ 3& *

e ‘ fial velocit
, ;- U, fme(m (mqen ral’velocity
S ‘[) diameter of the cyclone:
They also assume that d o A D where - A ‘is the size" of

. edd-ies The calculatlons are also based on other assumptlons re-

| ‘gardlng the separatlon uof pulp and dlameter of air core; referrlng

‘to F1gures 3 and 4, thev ta}e \alues given by Bramﬁoz\’alr core l

o | o e e
: d);ameterﬁa 0 <D, ?1‘ a_,' o \ertlcal \elgcml at Q. 1) : Ui‘# The # ~
e ;s S 5w '

model for &artltlon th&n becomes



« . b i

and 5%‘ - split ratio of pulp and the subscripts',. W 'un}lc'rfl()u" and -

8
o overflou..

They also give the relation; v
, Q.. 1 o
_ é/ S Loy ’ (39)
© T - . . . o ) , .
— \ : Vs ) .

\
vhere ()’ is the zater flovrate, and.calculate pértiti‘oﬁ from
split as;

.
. ("I‘-.'vrh ’ S % "
oo L » | (36)
P o e

Y ’/bq;-\j} <
< \

. 5 : . ot
This model (equation (32)) can Ye used to evaluate performance of
au'tomediu:.fyclinesy, bx incorporating particle densities into the

. terminal velocity term together with partic_:le‘size.

: .r"" ‘ L4
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13“.'3 Boundary Layer Thedry as Applied to Flow in-Hydrocyc lones

The m‘ain‘ stream of flow in hydrbc‘yclones that cIrLies particles

* down to apé'-' is along the cone "Nall. Thig flow was evaluated the-
oretlcally by several authors[la 1b, 15 17},. ‘wThis boundary layer
wullng flov through conical hydrocyc lones was studled by Bhat-
tacharyya‘for both cases where laminar{la] and turbulent{1b] flow

~is assumed uo e:r_ist’ outside’the' boundary layer. He calculated uhe
a:.:ifsymmetri'c bdundar}'r layers Both on the conical surface and un’

der the cyclone roof by Pohlhausen method assuming that the ‘tan-

: )4. i
- gential velocity o‘utsi_de boundary laye‘ré varies as r- up to the

point where solid body rotating column is encountered, and there

ke

: after 1t varies as. r " where r is the distance .from the axis of

‘

cone and s flow péptei‘m-‘constant.' IR
2o, .

B

- His theoretlca % &y rxesultaed‘i@n‘ models for flow for both lami-

na.r a'nd turbulen£ ;gase and he was able ﬁo calculate flow throug};
the ?o\gxdar) layears, well as "change_ in boundar‘;' layer thick—
-'ness on the con;cal wall ahd under the cyclone roof. ‘Frox'this
"t}ie"oreti__ca].. analysis he\finds that boundary léj.‘er thic}:ngﬁs in- .,
creaseé up to a ;iistagce aha then starts decreasing gradual}}' un-
vti'l up to the point where it meets the’ ‘1d bbdy rotating liquid,
| and j us:t‘ ;a*fpe,r- this point t’:h;e dec.reafs.e is \'ery?rapid .a‘nd"_tow'aftis
the apex flow through t'h.e buund’ary }z‘ayekr is hi’ghlyucc,eler:iped. ‘
Calculating the flux th'rouvgh the b“ou_ndar»y’ laver on phe. cpni.c:"al

surface he finds that in'spite of the rapid increase. in velocity .
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vtev:'ards the ape:, the total flux starts decrleasing before’.entering
fo'rc‘ed' vorte: regi‘on due to decréasing thic}:ness ) After entering
the solld bod) rotation the decrease in flux 1s‘v'eryﬂ ra‘pid. As a
result sone amount of 11qu1d 1s thro:n out of the boundary layer\\
Thls lidpid maintains't‘he upward flow 1ng solld body rotatlng colj
umn. Since most ‘of the space in the vortex flnder 1svf111ed,w1th
~ the air core,(and some short circuit flow) the total upvvard flow
cannot escape through the vortex finder. Portion of this flow,
together v 1th 11qu1d throvn out of the boundar‘ 1aye:‘r_under .the
roef in the same manner, comes down along tﬁe outer surface of the
v : ' ' O
so‘l_i‘“d".bod‘;: rotatli;g coldmn- Thus the double=mantle flow pattern’
as shown '}I;A‘FvigureTB is formed. ﬁ ‘ 4 ' . . B

o
kS
~

i }«ugnarlcand ‘ath[lST also studied.theoretically_the boundalr‘_,"laf;e‘r

svurhng flow f‘hrough a con1ca1 hvdrocyclorie and solved the bound-
T

rv layer equatlom;?b dr‘,rs:everal numeric methods to define the xe-
s V)
locity proflles ,KThe results sh-wedi‘e‘hat the effect of swirl was
more‘pfonounced on the 1ong1tud¥%al s 19 frlctlg,p and the authors
found good agreement. between local non-s mmllarijﬁ,;,"‘meth(ﬁ?ijaﬁd jufoly :
mentym integral methods of solution. » 5 |
- | -
A1l the bounda’r* laver studies 'nent'?oned above neglecyt th_.e..eff'ect
of part’ic.l'es on flow. Laverack (17) studled the effect of partl-
cle co,ncentratlon on the "boundary lay er/flo* in a hy droc ‘clone.’
Two co- ordlnate systems were set- up; one for side wall beundarv

@

" layer flow (S measured along the gen’erator of cone and n per-

3 } o | »\v



Y '
RS
[

pendicular to it) and one for the main body of flow in the ’c”y_cilo_ne -
(R 6 and Z as given in Figure-6). : e “ B
. . . . . . B . * ¥ Vo

~ He solves the momentun and continuity equa'tions to define the main’ !
flow and neglects the effect of solids in visc‘osi_vty in this por-

tion of calculations. For flow in boundary layer he assumes that

‘
]

viscosity is a function of concentration expressed as v - UL ° @

f(¢) vhere ¢ {s the solids concentration and v; 1is:the vis\bosity_
. / - ‘ ‘ - Sy
of liquid
He assumes e:::ponentiél relation between v 'an,d ¢ and.relates

—

mass concentration ¢ to solids fraction » and solid particle"’

~density p. as: | o ?
4 o -
, @ o P , (37)
; ! Oy N /’L] ‘
€ =
He also defines the. number for the cyclone as;
. a V‘ " N 'v) N
. { ' p B~ .
q-“l‘[!” }l’ .
» : -
; ) ‘ . \
and two non-dimensional cyclone parameters as;
A ) , ,
o “ ‘ | . .~
0 S ( R ) Q- .
’ IR U RN ’ ‘ e
| s ul v S 27 (e ]-l,/ ‘ L
A dimensional parameter *? is defined as; ;
Ld . \
. £ A ’ ’ a ;’- . . ‘ ‘:&' *\‘ | °
: : . 18u(ar) (= ST
A - S J T e | /
. :\) ) - - . o i . (/)‘.« . /)):1': / . » J‘ »
' relating to cyclone operation and geometry. Here ¢ . e
x . ’ ) ’ C o - ' e t



@
4

; , ¢ . o k
[ and V' are veloclty components in the,,~ and azimuthal direc-

. ¥ T ' s M .
tions, () is total flux througm‘/éjrclonei.”'/1,,1 is typical viscos-

N
.

are constants and

IO ,
ity, o ‘is semi-angle of cone and .3 and
oy . .

subscript " " denotes initial conditions. .
‘ B ‘»."..
1 : ¥
. 3 ‘3, :
] .
y

1 J‘
Thus the adthor relates the particile goncentration in the bo‘un_dary“"
S HE . ) ) R ;‘\"§f‘; e J i .A '
\ laver to the operating parameters ‘3{ ¢.H. . and feed concentra-
oty _ .
B eh he £1 @ Finrough thi .
tion ¢, d.calculates the flux (JYthrough this boundary laver,
| o 9
thus enabling the prediction of particle flux to the ape:.
. . ' . 2 P
Lo . . : . . el L : . 2
‘ . . . ¥
7 S ° Y
B
0
b N
AaF
a ‘%- 3
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3.4 Buik—Flow Approach to Hydrocyclone Modellling

Mu?th of the fundamental work on cycloneé have been devoted to ana-

lyzmg the mlcrostructure of fluid flow and. occa31onally of parti-

cle behav1or in order to obtain dynamic modeﬁs

Some authors on the other hand[9,11,33] approached to separation

in cyclones as a residence time di'stfibution or bulk flow problem.

W

Holland-Bratt(11] analysed separatic;'h‘»ir; ph,rée stages: calcula-

tion &f the bullk retention time and angular motion, solution of

continuity equation to find the radial particle velocity, and de-

ks K iy - o B '
terrlnatlon of the pa‘%ticle size (and possibly pa‘rticlepdensity

?
K]

for the autorredlum ”clone) that corresponds to thls radlal veloc-

According to the éutho_p the average tangenp::’i‘g,} velocity V. of the

o

: ¢ . 2 wee g
. N . ) R Y I R e P
slurry entering the cyclone is; -~ g% o . S g
& ' " . . o '
. o \ qul ‘ ‘ ] ?
and*acceleration is;
20 19 H
@ Qo
N ) ¢
where I pressure drop (n flurd head
i ~ cyclone deameter
-y,
7
Y

. )
where () is volumetric fZow rate.
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Cone volume }  can be estimated by:

and the angular motion equivalent to ¢ - { for diameter D is;

2t

1)

(r -

The continuity equéﬁibn for the flux of particles within the cy-
clone defines the relation between volume concentration of solids
(i and telocities v and o

B %; g ‘ . . ] .
F@r‘t'ficle fluxes F, and [\, can be given as;

L, Sut” ard £ e F I
v
-3..9 g . ’ 5,‘1’ ' . V\L”"{ﬂg s -
The contlnultv for o dlmenslonal flox dictates that;
. e
‘ ,-« *‘
"(A'

o d(rE.)  JE ' 3 o
' : . 0 29
V'? é‘ ; Jdr iy ' | ’ )

\41 “'

U.sakﬁg as erage and buli pa»rametefs s.irr.plifies the solution of these
U ejquations, and comblnlng the above three equat'ions the following
i v A A :

-

v B
P L .
_f . r X 1%_ obt_;alned;

5:«‘*“* . '
TS nit . , ul', v 0 : (10
)"' ' T da : )

oy iane .

If the irgiﬁpidl concentration of a.certain particle-is (' , and in-
y! s .

fegi‘a’ting the above éq\.iation gives; ' . \ X
Y o - B

AAC\ ) ) . Q‘ . ' 1’ ,
, N
‘ > u In ( ' ) oL 1)
=~ ~ (r ( ) )



Cem -

This is the resultant velocity of particle ¢, and fluid velocity

" defined as [ (") where wall area .1, is defined as;

KU O & (111 : ,j)")) .

W

.
thus the particle velocity is |

Introducing the equilibfium for drag and centrifugal forces;

R »
f .
-
1]

-~ . l . ‘ v ) ’
Vilp.  pla ’»)/)( ALy (13)
]
wher A, crossectionalfareq of particle
'y drag co  ef frcient
U terminal velocity
|, can be related to particle diameter by a shape factor k:
Al .
c o v kd* (k “_ for spheres) -
: % _ ‘ 6 <P -
(‘. is a function of Reynolds number and is given by
"1‘ L ‘ ’ . v II)A B
v .
where - ;
~ U
Ry
N

R 6
i ""\\ ,f/ ‘24 < l ’ 1 '.'A' )
N -

then the drag coeffic ien%a'n be expressed as
cr 0 ) - ' (14)
o Fr ( . ik ) - ¥, Y

’ ) LY .
» . . L . v .
. . . v
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The performance model based on separation size can be established
for the condition where ‘r ' 0.5. Inserting this value in the

equation of particle radial velocity and substituting u, for

‘terminal velocity Uy

i

! I l 0 ) i ) y ' 15)
o ( 2 <(/'. o) [

~ N
s

Introducing the crowding effect by the relation;

u, Lyr )
'where (', is average concentration and /", is velocity at zero,
concentration, and taiing .J 1.1 (actuallr J is a functi‘ of
3 : N

Rewnolds number but the author taies the average value for laminar
b - -

v

.k flow) the sepa@tion size equation talies the form below;

: : Y ' ’
. - , ! ! y _ (16)
} ‘ \ [P 1))11 (1 ') .

The separation model developed by Holla is based on simple

buly flow ¢onsdderations andﬁ;omité”man‘; variableg liie dimensions
‘ , 1 3 ] ‘
. O

»>f both overflow and underflow orifices vorte:x finder clearance

etc. but the author ;/laims Yhat in this time average model these

i

effects are co:r.per}/a/ated by inclusion of pressure drop and volumet-

- /1

ric flow rate. . ' . S
. # i
Dietz[9] on the other hand has developed a three region model and

A r

/ﬁ\i'ncorpora“t"i’ﬁ‘g. turbulent mixing theory defined ciclone collection

. . v . . . . ' >
efficiency for gas cvclones which with some modifications can be

A 176 " '
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used for hydrocvclones. He has defined the three regions in a‘cy-.

clone as entrance region (#1), down flow region (#2) and up fla‘?\;f""" .
b

.«,‘(‘ g
e v

:
¢

region (#3) as shown 11 Figure-7.

According to Dietz, a model should include the following features
.

- rust include cyclone geometry
- must incorporate turbulent mi:ing -
- must provide for distribution of fluid residence time
- must assume insufficient mixing in the up and down
flow regions
- must allow exchange of particles between these tvwo regions |

He assumes that flow in the entrance region is'also downward. To

further simplify the analvsis the conventional cyclone geometry ! W:}"
. , ‘ _

is modified to a right circular cylinder. Some dimensions are de-

finedas [) N ! vhere « diameter of inlet, and vortex finder o

clearance is taien as length of cylinder below the vortex finder.

For each region the conservation of particles can be written as:

e (2 2Rk, (2) | | (region = 1)
(;{ (). 2rR U (2) 2%/1’,.(:]1‘, () (region = 2)
(;./t @) (.:u“)n;; 2rR(2T (2) . (region = 3)
(J. ]z} is the axial \'g‘p‘lu'ne flow rate in each region

(in region # 1 it is constant and equals to the total volumetrlc
flov rate through the cyc 1one) o
[',.{z) is the particle flux to the cyclone wall,

F,{z) is the radius of region # 3,
I'.(z) is the particle flux from region # 2 to # 3. .
'From Stoite’s Law the radial particle velocity [, = is; ‘f

, 2o, 070, W

} 3] ke

-

'

where 4 is viscosity, p, is parvtic‘le density, and particle flu:x:
is given by I, n,(’,,“v.
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At the boundary between the central and annular (# 3 and # 2) re-
gions flux is:

| R Y R TE

\

here
;- ZpPRfﬁfv
" 9u ke,

from Stole's Law .

At this point the author makes the following assumptions;
. /

a) The radial velocity into the center region is constant;

(v

2R

[ R

gbﬁs the axial flow rate is given by
d Q=) Qo)

ﬂ}Q Tangential velocity does not vary axially,

9 K
“¢) Radial velocity relation is’in the form of free vorte: flow;

ORI SR
Colr) T (0
r
vhere = is between 0.5 and 1.0,
<
d) The radius of center upflow region is equal to that of the vor-

“tex finder, ei. K, R’

' . ‘\“" . ' .
thus-equations given for particle conservation becond a set of

¢« coupled, non-constant -coefficient ordinary differential equa-
¥ v .

tions. . o %
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The author solves the equations analytically and arrives at the
..‘ -~ '
axial concentration profiles for the three regions;

. . 2R (2 D)) .
u:('k)w ‘n,‘_w(‘-?}p ‘ 0. ‘ (47a)
SR ’ [ Caq E . .
T ()).kl []1 Y (47b)
C[4 B I
. ‘4 “‘ w() 1 ’ ; 47 v
e Nl ( . );L ( L] , IJ ( “)
'4'1hére- '
\ ¢ ; 1 ‘\: | R \ -
3“1 ( ) [t 1) 1.4¢
R LT B
(JLA
na(z 0
¢ 2 ) !
n

given by; '

-
e ‘ A
1) 1 ©
n »
bR (R R RGP (4%)
\ vy X
( ! ) ¢ PL 0
+
where .
. rRU, R, IO
. A
« 2R
R TR e, ;
2 . . Arbp U i
. H, i
o ()
R./
as a function of particle diameter (and densit:) depending on the
. i m ‘ —
chosen value of n. : - 0
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The model developed is for gas cyclones and assumes the upflow re-

gion diameter é'qdal to vortex finder diameter which is not true

' !
for. hydrocyclones. In spite of these, the model can be modified

—

to predict sepafation in hydrocyclones by inserting a value as

-
A

a fraction of cyclone diameter for this region and including the

fluid d'ensity(/i‘n calculation of radial particle velocity.
N L
AV, . ‘ S .
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3.5 Experimental Studies of Fundamental Parameters 1in Cyclones

Determination of micro structure of flow in hydrocyclones has o

r

‘been a chahllenge for investigators. In addition to the compie:x:-v

wr
.

ity of flow, conventional flow and pressure measuremgnts in cy- ,

-,

“clone chambers were knowh to.effect thg flow substantially. The

. » . !
development of non-intrusive measurement technigues(12,20,25]
‘ “/ , |

recently made it poésil‘ale to study the micro strugture &of flow in

Pl

cyclones more accurately.

The pioneering wori: vas done by Kelsall[12] using an optical method

involving ultramicroscope illumination and microscopes fitted

i

with rotating objectives. He measured the ‘tangential velocity

components of fine aluminum particles directly in a transparent
. /
/ ,

hydrocyclone, and contoured the parti’crle traces to obtain the

vertical component of velocity. He also o?ser\'ed secondary flows
. i ‘ . . N s . /‘v - B
like short-circuit flow and recirculation of particles under cy-

clone roof . By applyving Stoke'sll;aw of settling he derived equi-

librium envelopes for particles of different sizes.

¢ ‘
Another important area of fundamental investigation in hydrocy-

clones is the measurement of-residence time and accurulation ratio

of different size fractions {or densities) in hydrocrclones. It

is evident that if components of a slurry fed into a hydrocyclone

. [ o
have different residénce times many properties like pulp denéity,
. J ‘
size di.s'tribution/,,énd Hineral cémpgsition‘ of the contﬁnts of cy-
clone should differ fromvt{hat' of .the feed. ' / ;
i ’ t . . . ],

A 181



Cohen et.al.[7] conducted d series of eyzperiments to study-the
residence time of particles .in hydrocyclenes. They used t,\}{'/‘o'dif—
ferent methods, one involves direct measurement of time by tracer

. - . . . Co ' ‘
method, the other involves determination of di'fference in cyclone
- - .’

contents at steady state conditions.

The direct mehsurement was carried out by detecﬁion of small plugs

-

of magnetite particles injected into the cyclone during operation

with quartz slurries by an_eiéctromagnetic presence déftegtor.

A °

Analysis of contents of cyclone at steady state was made possi-

ble by stoppirfg feed to cyc lone very rapidly by turning the three
N ) R | S ) )
way valve right at the entrance of cyclone to a by-pass line and
//~ .
simultaneously colllecting the entire contents of the cyclone from
discharvge.\' According to the authors these tests were carried out

to conflrm the results of residence time studles

N

p=

"The authors claim t}k\t results/showved that the me@_)lmdence time
of solids could be smal\leko‘r_ég}rej\r,fr than that of fluid depending
on their properties aswell as operating conditions. Different
size particles show syst‘e‘matic variations in their mean residence
times, vand a peal residence time is observed for particles near /\

. ' -
di,. for operating conditions resulting in good classific@;eﬁ,
\}Jhile poor classificatfon is associated generally with unifornm
or randsmly scattered residence times for particles of different
sizes. They also addb that the longest re}lative residence times

were observed for particles of d... or d;. rather than ds,. They
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att‘ribU(fL this to the fact that jthose particles seemed to teeter
S ’ o ’ i
. e

yiear the apex opening bein_g too light to pass down easily and'tdo‘

heavy to be lifted to the vortex finder.
Throug’h‘ extensive experiments involving probing and sampling of

various locations of cyclone, Renner and Cohen[25) tried to ex-
. \

plain flow and separation in hydrocyclones. The authors claim .

e . . N ' .
that most of the classifying action in hydrocyclones occurs in a

K

AN
Y

restricted toroidal zone as shown in Figure-8.
: Y

They have observed four distinctly different zones in the é’yclone

containing different size distributions.

Referring to Figure-8 these regions are;

A - A narrow region comprising of material that is identical in
size distribution to feed.

B - A'large portion of the cyclone throughout which the size

: ~ distribution resembles that of coarse product.

C - Another narrow region arround vorte: finder v.'ithJsize distri
very close to overflow. ‘ :

D . - The troid shaped region which is overal richer in intermedia

fractions than the feed or overal cyclone contents as a whol«
and show distribution with fines closest to the axis.

v 183



«, Cyclone wall
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Figure 1: The Cyclone co-ordinate system (after [2])
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Pulp-partition model
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Cenyre spiral
flow ¢

forgalculation of
thefseparation effect’
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|

] Locus of zero

| syertical velocityf:
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,‘ Reduced ared

|
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" Quter spiral
flow

Figure 3: Locus of {’, =0 in hydrocyclone (after [18])
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__ _ AIR-CORE X

) _ FLOW THROUGH BOUDARY
LAYER UNDER CYCLONE ROOF
SHORT-CIRCUIT FLOW

1st MANTLE

UPWARDS FLOW THROUGH
SOLID BODY ROTATING
LIQUID COLUMN

2nd MANTLE

FLOW THROUGH BOUNDARY
LAYER ON THE CONICAL SURFACE

DOWNWARDS FLOW THROUGH
THE ANNULAR SPACE BETWEEN
1st AND 2nd MANTLE

e

Figure 5: Mathematical model of the flow field inside the cvclone (after

(11)
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Figure 6: The cyclone co-ordinate svstex (after (171
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Figure 7: Modified cyclone geometry for analysis (after [9))
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Figure 8: Regions of similar size distribution {after
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20.0 mtc. 3.

PARTIfION VALUES FOR TEST NUMBERVS-l

TEST = 1 : VF Clearance = 33 mm.
' . . . % OwWT
UNDER OVER . FEED
SLURRY 756.40 28300.00 29056° 40
DRY wT . = 561 60 2920.70 3482.30
% sSaLIDS 74.25 10.32 11.98
356.0 mic. 5.20 0.0 0.84
251.6 mic. 20.53 2.20 5.16
179.5 mic. 41.58 6.21. 11.91
127.0 mic. 23 .63 8.67 t1.08
89.5 mic. 4.95 $.30 5.24
63.5 mic. 0.65 2.98 2.80
48.5 mic. . 0.27 1.36 2.86
20.0 mic. 3.21 71.28 '60.30
TEST = 2 T VF Clearance = 71 mm.
b % WT.
UNDER "OVER FEED
SLURRY 4 1139.00 31580.00 32719.00
DRY WT. 840.70 . .2831.10 3671.80
% SOLIDS 73 .81 8.96 11.22
356 .0 mic. 3.83 0.0 0.88
251.6 mic. 12.98 0.0 2.97
179.5 mic. 37.65 3.19 11.08
127 .0 mic. 3211 4.18 10 57
89.5 mic. 9.67 4.67 5. 81
63.5 mic. 1.60 4.67 3.97
48.5 mic. 1,31 4.91 4.09
20.0 mic. 5.54 " 78.38 61.70
TEST = 3 - VF Clearance = 105 mm.
% OWT.
UNDER QVER i - FEED
SLURRY 2264 .50 28180 00 30444 50
DRY WT. 1699 .50 2249 .60 3943 10
% SOLIDS 75.05 7 .98 12.97.
356.0 mic. 3.58 0.0 1.54
251.6 mic. 16.49 00 7.10
-\
179.5 mic. 37.20 0.0 16.01
127.0 mic. 28.10 3.84 14.28
89.5 mic. - 9.90 4.0% 6.57
63.5 mic. 1.07 5.12 3.38
'y
48.5 mic, 0.45 5.33 3.23
21 "81.66 "47.90
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PARTITION %

UNDER

.0260
.16 13
L1613

[eReNe]

100 . 0000

' 64.2135

56 .2834
J4.3860
15.2244
4.0253
1.5216

0.858%

OVER

[oNoNe]

35.
43
65 .

8a.

.95,

g98.

99 .

PARTITION %

UNDER

0.0348
0.2290
0.2290

100 . 0000

100 . 0000
77.8013
69.5227

#8 0762
9.2344

7 3411

2.0557

A d

3740
8387
81387

.0

7865
7166
6140
775é
9747
4784

1415

OVER

o O 000

22.

30.

- 61
90.

92

97

PARTITION %

UNDER

0.0744

0 4304
0.4304

100 . 0000
100 . 0000
100 . 0000
84.6821
64.8716
13.6353

5.9958

2.8840

.9652
L7710
.7710

o]

.0

1987
4773

9238
7655

. 6589

9442

OVER

O 0o o ooo

3%

' 86.

94,

97

. 9256
.95696
. 5696
.0
0
.0

L3179

. 1284
3646
0042

. 1159



SLURRY
ORY WT

% SOLIDS

450 0 mic.
B Y

356
251
179.
127 .
89.
63.
48.
20.

TEST

.0

.6

mic.

mic.

mic.
mtc.

mic.

2

PARTITION VALUES FOR TEST NUMBER S-2

SLURRY
DRY WT.
% SOLI0S

450.0 mic.

356
251,
179,
127
89.
63
48

20.

.0

TEST

mic.
mic.

mic.

mic.
mtc.

mic.

mic.

= 3

SLURRY
DRY WwT.
% SOLIDS

450.0 mic.

356.

251.

179.

127 .

89.

63.

48.

20.

0

mic.
mic.
mic.
m‘é.
mic.
mic.
mic.

mic.

A

VF Clearance * 33 mm.
%owWT

UNDER QVER FEED
'34; S0 24791 00 36132 S0
1015 30 4340 70 5356 00

75 68 , 12 .48 t4 82

0 15 00 0.02
4. 32 0_44‘ 1.18

20 84 379 7.02

39 a5 14 33 19. 09

18 13 12 17 13.30

‘ 10.10 14.74 13.86
2.23 7.02 6. 11
1.51 5.27 4.56
3.4 42 .24 34 .88
i VF Clearance = 71 mm.
% WT.

UNDER OVER FEED
2664 60 33743.00 36407 .60
2005 .50 3450.70 5456 . 20

75 26 10.23 14 .99

0.08 0.0 . 0.03

419 0.05 . . 1.57
. 20.57 1 64 860

39.15 9.08 20.13

21 79 10.58 14 .70

.73 15 .53 13.03

1 7f 7 63 5. .45
1 186 6 34 1. 44
2.69 49 15 32 o7
VF Clearance = 105 mm
% W,

UNDER OVER FEED
3258 40 30255 .00 33513 40
2418 10 2444 10 4860.20

74 15 . 8.08 14.50

0 05’ "0 0 0 02
3.71 0.0 1.84

18 .45 0.13 9 24

38 07 .70 19 .78

25.08 4.78 14 87

t3.13 11 49
8 51 '5.08
6.63 3.7%
2.38 65.11" 33.93

.
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PARTITION %

OVER

UNDER
0 0371 N 9629
0 1896 0. 8104
0 1896 0 8104
100 0000 00
69 6646 J0 3354
56 2583 43 .7417
39.1699 60 810
25 8407 741593
13 813) 86 1867
6.9163 93 0837
6.2810 $3.7190
1 8533 98 . 1467

PARTITION %

UNDER OVER
0.0732 0.9268
0 3676 0 6324
0.3676 0.6324
100 0000 oo
97 9881 2 0119
87 9367 12 0633
71.4765  28.5235
S4 4829  4%.517%
R $
24.6254 75 3746
115247 g8 47SE. _ .-
.9 6116 90 1884
3 0828 96 9172

PARTITION ™

UNDER OVER
0 0972 0’9023
0 4971 0.5029
0.4971 0 5029
"ooAqooo d o]
100 . 0000 0.0
99 .2922 0.7078
95 6781 4 3219
eansésa 16 1636
42.5566 57 4134
15.7555 - 84 2444
11,1305 88.8695
3.487% 96 5125



APPENDIX-3: Results of Silica Tests Series C
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________________________________________________________

Sturry werghts [q)
Ory weights (g)

Solids
© Yirelds

SIZE (Micron)

512

362.
256.
.00
128.
90.
64 .
49.
4z

181

)

50
00

0C

t0 -

¢0

co

o

i

O e )
SR OT— 0 O

j &N
~o

33

4
4]
©5
65
56
77
o8
€2

1739
1205
75 .65
29.01

‘8.8
30.39

—s D (D Ny O
0
4

26479

4498
le.99
100.00

bt et b e

)
IS TS = T b TN GNP, SN LU

.95
.04
.79
.92
01
65
.C8B
23
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h = 1.50 n
0/F U/F FEED
Slurry weights (g) 31780 2061 33841
Ory weights (g) 4004 1578 5582
Solids 12.60 76.57 16.50 : y
Yields ‘ 71.73 28.27 100.60
STZE (Mycron) o
512.50 0.18. . 6.01 1.83
362.50 3.12 28 .24 10.22
256.00 7.41 29.95° 13.78
181.00 14.01 ¢l 16.04
128.00 10.93 9.32 10.47
S0.50 5.71 2.2 4.73
£4.00 5.09 0.88 3.90
49 .C0 7.36 0.66 5.47
42.00 46.18 1.4¢ 33.55



; Q/F U/sF FEED
S O AU e
Slurry weights (q) 35190 2648 37838
Dry weights (g} 4214 2051 n2th

Solids o 11.98 77.48 16.56

Yields 67.26 Vooo3ed 100.C0

N\
SIZE/(M1cron)

512.50 0.13 - 4.96 1.71
362.50 1.62 26 .80 9.86
256.00 1.95 31.64 13.69
181.00 12.84 23.07 0. 19
28.00 9.89 8.74 9.51
90.50 5. 12 2.(8 4.12
£4.00 6.22 0.8l 4.45
£9.00 7.63 0.0 5.50
32.0¢C 51.30 1.40 34 95



h

3]

Slurry weights (q)
Dry weights (gq)

3.00 in

- Solids
Yields

SIZE (Microm)

512.
362.
255,
181.
128.

97.
.00
19,
42.

64

50
50
00
20
00
50

00
00

~.

0/Fk.

35190

4071
11.57

h7.4°2

.84
A2
.04

o]
.G

.75
.10
67

.84

O OO ro W OO

(G2
~o

.00

U/F

4C4

301
74
4z,

27
33.
25

DO

—

9
9
55
58

.50
.45

03

.24
.85
.78
.06

23

12.
16.

10.

0.
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h - 4.00

Slurry weights (g)
Dry weignts (q)

Solids
Yields

<178 (Micron)

h1é
3ol
256
181
128

30.

4
14

v
4l

.59
.50
£
00
0o
50
.00
U2

o

Q/F

34050

3877
11.39
53.50

0.17
1h

22

32
53
95
LJ9
.50

i o

N T e

[EQ IS o]

[®al

U/t

4484

3370
7516

.46 .50

23.93
30.89
2H.76
10.42

.89
€3

s
.

— O O

PEED

8534
R

e8]

100.00

1.90
11,22

14 {o8
15)84
10790
R
350
Y



h = 5.00 1n *
Q/t U/F FEED
Slurry weraghts (q) 28150 3156 31206
Drv werghts rq) 7729 2377 4600
“olids /.92 RE 14,71
Y}elds ' 48 .39 51.61 160 .00

¢

S1ZE (Macron)

512.50 0. 00 2.99 1.54
362.50 0.08 17.C8 g 85
256.00 C.18 24.78 10,83
181,00 0.73 28 .08 1465
108.00 - 1.06 16.24 g &2
T 4 .55 6.39 55
&4 (0 1454 2.41 £ L
1% 00 19 ag 0.84 10
1.20 A

.
T OO O L

S0 £8.98

~T



i, '
o
AN

h - 60(2;]” €4

i

e
Slurry we:gh
Drv werghts +3)
950" ds
Yieias

.
~
4l
s

SIZE (Micron?

50

W on
[
[0 2N ST N ]
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25600
e 00
108.C0
SR
64 (0
26 (C

e
A e R
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3

£
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APPENDIX-5.1: Operating Conditions for Coal Tests
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Derivation of the Comprehensive Model for the AMC
Let (.4 and B represent the primary classification, bed sep-
aration and secondary classification respectively, according to

Figure-1.

(1-R)(1=c) o~ U-P)
. A '

() (1-bix

—_—
(IfR)
{1-Ric
—
R
-

Flgure 1. Conceptual fogel of the AMC

Also let fraction of an: species (certa'i‘n siz} fgaction of a given
density in the strean en)tering these separators) that is sén’t to
underflow be represented by c¢.a and b respectively 'fOr the same
:r‘egions (here underflon denotes the stream richer in the coarser

size fractiions, in case of (' and B the streams sent to the bed '

i



are coarser, while in case of separation in A the streanm thaﬁ

is sent to the second classifier, B, is coagser and this stream,

designated as X, is the underflow).

Taking the feed stream as unitgd calling the by-pass flow from
feed to the apex R, and to£a1 apex flow P, a mass balance arround

' . separator .1 gives;

P (1-Re-R-bN(1-a)" (A7.1)

A seécond balance at the mixing point "w" of vortex flow gives‘;

(1 Py (1 RY(1 - ¢) - N1 - b) | (47.2)

_rearranging equation (A7.2);

hoP R

o Py (- 1{)(1 )l
1 Rye- R bl - . |
o ST /]

—y

I)

Simplifring equation (A7.1);-

and solving for F;

rearranging;

. . ' : 1«



Equation (-17.5) represents the partition value for any particular

speciés in the feed that reports to the apex of AMC.
Note that : vhen « 0 (e.i. there is no significant bed forma-

tion) equation (.17.5) reduces to;

PR (1 R)e

which is the simple classification partition model.

T
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CPLOT - An Interactive Graphics Prcgram for Fittaing
Non-11inear Models to Experimentel Data

Background.

The CPLOT program was written in direct response to a

problem encountered when trying to fit a non-linear model

with seven parameters to observed data. None of the available
statistical analysis programs were able to solve for the
parameters with reasonable convergence time. It was decided to write
a customized graphics program that would prompt for changes in
parameters, plot the equation against experimental data, and
give an error metric. Because the-program was written
specifically for this purpose, and spec1fically for a VT12Zd
terminal, the above process could be completed in a few seconds:
the speed l1imitation being the users typing speed, and the baud
rate of the terminal.

The procedure involves "grabing” data set either from the file
containing partition data or from terminal. entering first
approximations for the parameters, piotting the experimental

data and the.curve given by the model. adjusting the parameters
interactively to improve the fit. Since the resultant value for
the minimization function for least-square-fat and 1t's charge 15
displayed at each step the process 15 not subjective to humdan
error as would be for a visual curve-fitting procedure.

In using the program. several advartages to this approach became
apparent. We found that as sets cf data were fitted. one acquired
a feel for the behavior ¢f the mccel. and was able to find the
best fit with increasing speed. Because this wds a custom written
program, we were also able to charge 't as desired to streamline
the runs. ‘ - '

A pseudo-code for the seml-visual curve fitting program 1s given
in the follewing sections. ’



2.

The Program

BEGIN : /
Initialize memory; ’
[nitialize output file control;
Ask whether manual data entry or data file input is used;:
Initialize 'nput file control or manual input control;
L0OQP "

Ask 1f input is from file
1f YES then LOQP
*
Display record number;
Prompt for 1nput
1f input=0K leave loop; ;
1f input=PREVIOUS decrement record number ;
1f input=NEXT increment record number;
1f 1nput=STOP leave program; u
1f input=<value> set record number to, value; 4
If not first run ask 1f old parameter values are to be used
1f NO then LOGOP

Prompt for paramater values one at a time; \
Ask 1f parameter values are ok
1f YES then leave lcop;

If input 1s from a file
Open input file; ‘ ‘
Locate the record corresponding to record number:
Load the input data;
Close input file;

If input is not from a file
Prompt for X and Y values until non <value> 15 typed;

Initralize error and last_error to something very big;
Loorp '
Scale and plot input values;
If last input was not PAGE
Last_error = error;
Calculate error;’
[f error 15 Jdess than last_error
Best parameters = current parameters;

If plotting 15 not 1nhibited or Tocked
' Solve model for given parameters:
Plot data from model.



g o

e !
» o % ,‘r"‘h:%v‘, 5 ;\ W
L2 o RN SN B
Uninhibit plotting: SXN z ‘ﬂq(v J‘

Print menu and prompt for “input; i oy
If input=BEST copy best parameters to: currént4ones %& @‘
If ynput=COLOUR - 5 h@ ‘
. ' Prompt for colour; S S x'
Set colour; T ’mﬂ v
Inhib1t p]ott1ng'
If input=L0CK
If plotting 1s not locked then lock plottlng.
If plotting is locked then unlock plotting:

“l ‘ .,b,

If 1nput=HARDCOPY ‘ .
Turn on hardcopy: ' PURE
Print the parameter values: i .
Print the error; ; e

Print escape sequences to hardcopy plot

If input=NEXT leave loop.
' I[f 1nput=PAGE goto beginning of loop:
If input=STOP leave loop:
I[f input=<parameter name>
- Prompt for parameter value:
Set parameter to value:

If input=<blank>
Prompt for parameter value;
Set . last named parameter to vae'lue: .

Ask 1f results are tc be saved
1f YES write parameters and run 1d to output fi'e
If input=STOP (from 1dem menu prompt) leave loop:

Finish of f and tidy up;
END.
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. ' - 263
'MODEL PARAMETERS FOR THE BEST-FIT DETERMINED 8Y "CPLOT" ON VAX C

TEST  RHO  d50A d508 d50C mA mB. mC Rf .

‘11111
2.40  650.00 108.00 92.03 0.
2.00 500.00 125.00 150.00 OC.
.62 165.00 .135.00  232.00 1.
1.39  82.00  ]3)00 415.00 1.
1.33  370.00 0.00 530.00 1%
1.25 8500 225.00 1120.00 1.
11112
2,40 800.00  74.00  74.00 0780 1.20 3.30 0.
2.00 - 850.00 115.00 120.00 .1.35 1.20 3.80 0.036
. 1.62 500.00 130.00 185.00 3.5% 1.50 1.85 0.036
1.39  400.00 . 350.00 265,00 1:50 2.50 3.80 0.036
1.33 5.00  62.00 175.00 0.54- 1.25 3.00 0.420
1.25  .8.20. -57.00 232.00 0.62 -1.20 3.50 0.500
‘11113 ' | : o a co
2,40 1200.00  85.00  70.60 C.80 1.40 3.50 “o.oq%
. . 2.00 105000 137.62° 95.00 1.C0 1.80° 4.50 0.036
- 1.62 210.00 128.00 126.00 1.60 ~1.95. 3.60° 0.C36 . o
s 1.39 202.00 144,00 1880 1.50 1.66 4.10 0.052 L
1.33 185.00  :25.00. #0.(0 1.66 1.57 4.80 0.036 -
1.25  §50.00° 278.00 -295.00 1.60 2.10 4.20 0.067
11121 |
2.40 . .575.00 500 11007 1.28 1.50 5 p6~0.047
2.00 . 265.00  155.00  15C.CC 1140 1.63 350 0.047
1.627 113.00 . 128.00 1¢2.6C. 1.33 1.59 3MC  0.082
/ 1.39  85.00  56.00 . 452.(C .11 1.09 2.20 0.060
1.33  350.00 » 33.00 680.(C C.€C 0.33 3.50 0.110
.. 1.25 ., 38.00  92.00 990:00 .-0.90 1.4 0.95 0.180 .-
1122 D » ’
i 240 650000 110.00 . 3150 0.78 280 2.30 0.036 . _
s 200 642.50 150000 102.00 1.60 1.80 2.30 0.036 ¥
- 1,62 325.00 T180.00 ,155.00° -2.00 1,85 2.60y 0.036
1,39 310.00  265.00 - 285.GC 1.45° I.98 :3.80.0.036
e 71.33 22050 - 265.00~ 275.00° 1.5& :2.15 '3.80  0.036
1.25 " 263.00 295.00 275.00° 1.55 2:08 4.50 -0.05% .
11123 S RN S
2:40 1550.00 105.00  71.50 C.80 2.20 380 10,023 '
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11211

11213
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.00
.62
.39
.33
.25

40
.00
62
.39
.33
.25

.49
.00
62
.39
.33
.25

.40
00
62
1.39
337
25

.40
.00
62
39
33
.25

40
00 -

.39°°
.33
.25

00

850.00 120.00 . 97.00
775.00  135.00 138.00
330.00 265.00 204.00
265.00  265.00  250.00
102.00 202.00 250.00
350.00 115.00 7 104.90
165.00 *116.00 -152.00
1.20 25.00 " 88.00
150.00  160.00  450.00
130.00 151.00 585.00
16.00 ,6;82.00' 166.00
450.00 90.00 - 88.00
375.00 118.00 , 141.00
31.60 5:.00 95.00
- 28.00 81.50 275.00
31.00 €1.50 275.00
- 20.00 7€.00  185.00
800.00 . 81:.0  72.00
375,00 120.C0- 110.00
19.00  11%.00  118.00
- 204.00° .275.C0  280.00
48.00. ~ 96.00  239.
42.060 - 91.00 ° 305.00
416.00 - 155.00 87.00
.'256.00 188.00  136.00
80?03: 242,00 3%%@@9
55 G, OBV
130% Tags o BY
1850 - 742 “¥20.00
"o ‘
990.00  1%5.Gg.  85.00
35Q.00  155.00 . 126.00.
60.00 70.00  130.00
56 &0  93.00 “282:0D
30.00  66.C0.  250.00
8.00  60.00 300.00

OO O

OO OOoODo

O O = 13 1a O

—— e OO

O—— g oo

C)(DQ

e

.75

.25 1.50
20 2.50
.20 .2.65
10/ .15
.80 -1.40
.92 1.26
.35 0.75 .
00 1.15
.00 1.09
70 1.12
80 . 1.35
05 1.20
.85 1.08
74 1.11
80 "1.12
73 1.12
.80 1.50
80 180
.28 1.30
68 1.62°
91 1.28
94 1.:8
75 2.00
40 1.€0
425 1.35
94,115
60" 2.20
76 113
.98 200
35+ 1.95
0z 1.27
02 1.33
.80 1.08
607 1.1

L

~o owﬁsgk—a ry o

W Gy W W W W - WS w P R oo AW

o

OO PO MO W

.50
.05
65
.40
'80
.00 .
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94
38
.00,
50

.80
.50
.00
.80
.00 -

.00
.85
.00
.80
.80~
.00

.00
.80
. 80
.40
607
.60

.20
.55
.63
60 -
.CO
-80

2

coococoo

oo o

coooon

.033
.033
.033
190

OO oo

.039
.039
.039

.039
.080

OO OOoOO
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.045
045
.099
.060

0.045
0.045

~0.045

1075
:066
.025

348
048
048

.050
048

oo DO

O OO R
(SIS SO O SO 0
O O 0o o 0

N Ny

.030 .

039"

.045

5 .
.
o

1100
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2.40 1000.00  100.70 700 1.10 1.80 4.20 0.058
2.00 770,00 185.00 1(8.00 1.10 3.50 4.00 0.085
1.62 270.00 175.C0 1%8.00 0.80 1.55,2.80 0.058
1.39 95 .00 104.00 ®55.00  1.05 .24 -4.00 0.090
1.33 85.00 170.00 c85.00 0.80 1.38 2.85,.0.058
1.25 85.00 170.00 . 366.C0 0.88 1.42 2.4[1.*0.100
12111 > o ;
Z.40 1000.00 -125.00 100 0.80 1.85 3.50 0.080
2:00 920.00 122.00 §8.00 0.80 1.15 1.6C 0.080
1.62 822.00 160.00 148.C0 0.8) 1.02 1.55 0.080
1.3 300.00  209.00 2i8.00 1.25 1.38 .2.24 .0.040
' 1,33 75.00 93.00 £40.00 0.91 1.16 6.00 0.200
1.25 - 60.00 142.00 -860.00 0.98 1.85 3.00-+0.720
@12112 ‘ . _
.2.40 1000.00 - 120.00 “Z.00 1.00 2.00 3.30 0.078
2.00 '™920.00 175.060 . #6.060° 1.12 2.20 3.4% 0.0/8
1.62 810.00 205.00 112.00 1.50° 1.44 2.200 0.0'8
1.39 . 366.00 -225.00 156.00 0.88 1.65. 3.80 0.078
1.33  232.00 213.00° 2:1.006 - 1.10 1.€0 '5.50 0.055
1.25 216.00 213.60 214.C0 1.44 1.80 -4.80 0.09¢
12113
o 2.40 ..08C.00 82.0¢ f6.000 1.40.2.30 2.45 0078
Y 2.0 T50.0) 1C8.00 77000 1.10 1.38 3.30 .0.099
ﬂ 1 €z - 380,00 75.00 - €800 0.59 1.16 5.40 0.099
J 1 29 2:0%03  100.C0 140.00 1.22°.1.25 4.0C 0.099
- 1.33  214.00  -150.00  1%8.00 1.65 1.38 '4.00 0.C40
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2.40
2.00
1.62
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1.33
1.25

122.
99.

788.
496.
257.
180.
162.
.88
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31

36

45
63

73
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34

199,
208.

142.
157.
180.
194.
199.
208.
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76
35
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61
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02

524.
622.

128.
188.
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564.

32
91
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02
85
14
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.90
.90

.95
.95
.95
.95
.95
.95
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.50
.23
.10
11
(13
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2.67
2.73
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.19
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.016
012
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APPENDIX-7.6: Predicted and Observed Ash and Yield
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PREDICTED AND OBSERVED ASH AND YIELD

TEST 4

11111
11112
11113
11121
11122
11123
11211

11212

11213
11221
11222
11223
12111
12112

12113

12121
12122
12123
12211
12212
12213
12221
12222
12223
21111
211172
21113
21121
21122
21123
21211
2lzie
21213
21221
21222
21223
22111
22112
22113
22121
22122
22123
22211
22212
22213
22221
22222
22223

1

OBSERVED

ASH

19.
19.
062

17

20.
16.
19.
22.
18.
19.
931
20.
18.
19.
18.
18.
21.
19.
17.
.210

22

21

19.
18.
.295
18.
16.
26.
20.
19.
28.
23.
19.
.869
22.
19.

20

24

23

23

20.
18.
.252
19.
15..
429

25

24

19.
18.
T 26

22
18

714
079

790
379
703
350
177
294

198

990

625
811
002
512
520
947

301
361

504
993
163
992

023"

289
077
814

012

429
.003
23.
27.
521

985
104

540
067

433
946

160
356

406
797
514

F1

19.
18.
16.
20.
16.
19.
22.
18.
18.
22.
20.
18.
18.
18.

17,

20

18.
17,
20.
18.
18.
20.
8.
16.
26.
20.
18.
28.
22.
19.
24.
22.
19.
23.
23.
26.

23

20.

17

25.

19

15.
24.
19.
33.
29.
29.
18.

TTED
ASH

582
958
451
629
252
265
005
446
599
511
167
712

129
191
.692
917
120
498
792
004
321
179
783
173
627
928
276
797
628
983
093
274
022
940
918
.588
477
.983
194
.099
441
477
592
865
056
942
006

N

7

916

PREDICTED OBSERVED  FI

{

17
18

17.
19.
19.
19.

20

18.
19.

23
20

19.
18.
18.
18.

22

20.
18.
20.
19.
18.
20.
19.
6.
26.

24

22.
26.
23

21
24

22.

21

27.

23

23.
24 .
23

20
24

21.
19.
354 -
19.

23

20

?ASH

574
652
106
770
192
032
.481
308w,
776
.087
.498
592
804
585
333
414

063
146
945
571
987
455
889
179
165
169
346
926
680
811
308
1138
760
462
176
404
180
1933
582
161
746

933
.810

24634

22
21

.240
.654

889

TTED
YIELD  VYIELD
47.320 46.7573
23.554 ° 22.676.
16.532 »16.645
44.153 44 .072
24.880 24.824
19.017 19.011
50.028 . 50.487
44.380  446.705
30.144 0.757
55.929 57.271
37.070 36.629
30.476 30.739
28.142 28.538
20.571 20.845
14.659  14.529
25.200 25%513
16.987 17497
12.427 2.810
32.514\‘éé.904
24 564 TIRZA 740
184598 =~ 18.718
269820 28.249
204,941 20.651
16.185 . 16.096
83.449-  83.221
58.135 50.188 -
4]1.648 43.401
86.502 86.567
65.866 . 66.189
48.877 47.708
83.770 83.765
74.516 - 74.605
51.787  52.097
62.270 61.289
74 .880 75.136
77.545 77.343
76.694  76.390
55.890 . 55.570
- 31.886 32.248
82.959 82.556
58.862 . 57.160
34.553  34.223
85.489 85.588
70.176 68.706
41.553 43.445
86.682 81.000
70.127 79.481
38.131 37.991

PREDICTED

YIELD

47.
20,
15,
35,
20,
15.
42.
27.
18.
1006,
789

36
23

19.
36.
22.
18.
29.
19.
594
35.
22.
19.
26.
18.
16.
86.
1963,
66.
85.
72.
57.
88.
82.
1599
85.
75, 568
61,
85.
69.
50.
83.
65.
43,
86.
75.
55.
83.
67.
46,

16

77

71

9

315
893

487
239
030
544
285
695
859

443
818
467
819
468
644

345
2173
329
462
455
884
807

297
281
123
229 -
433
455

302

126
133
036
687

789 *

808
141
160
905
820
881
599
265

293

2



