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ABSTRACT

A study was made of the performance in a well-controlled
single cyclone classifier — Krebs type — of 4-in in diam-
eter.

Classification tests were carried out in the single
cyclone classifier using high-grade quartz as the feed mate-
rial. As a result of the analysis, and b? using a graphical
method, a mathematical model in terms of four fundamental
equations describing the performance of the classification

operation in the cyclone was developed.
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INTRODUCTION

It has commonly been asserted that mineral dressing,'
from a chemica; standpoint, consists of two steps, namely,
(1) liberation of dissimilar particles from each other and
(2) separation of chemically dissimilar particles. Like=
'wise, the principal steps involved in the preparation of
mineral products valued for their physical structure are
(1) reduction in size and (2) separation of particles of
dissimilar physical character. Thus, it will appear that
in every instance mineral dressing involves a size-reducing
or liberating operation or group of operations as a first
step and a separating operation or group of operations as a
second step. This generalization should not be emphasized
too much since instances are common of operations in which
liberation and separation stages are made to alternate in
order to accomplish the desired ends most advantageously.

The four principal types of operations directly in-
volved in affecting either liberation or separation ares
(1) comminution, (2) sizing, (3) concentration, and (4) de-
watering. A brief description of these operations are
givens

Comminution means reduction to a smaller size. It is
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accomplished on the dry ore or in aqueous pulp. Depending
upon the size of the material being comminuted, therperation
is regarded as crushing and grindinge. The opefation is car-
ried out so as to liberate mineral values from the gangue.

Sizing is the separation of a material‘into products
characterized by difference is size. This can be accom=-
plished by screening or by classifying, the latter being a
sizing method depending upon the relationship existing be-
tween the size of mineral particles and their settling veloc-
ity in a fluidmedium, generally water.

Concentration depends upon the:existence of an appreci-
able difference in some physical property between a valuable
mineral and gangue, e.g., size, hardness, specific gravity,
etce If no such difference exists, flotaticrn, which depends
upon chemical rather than physical differences, must be used.
If concentration is to be effected by physical means, it
can, in general, be performed at any size at which the con-
stituent minerals are sufficiently liberated to justify des-
ignation of individual pieces as concentrate and/or tailing.
Flotation normally requires comminution to at least 35-or
48-mesh.,

Dewatering is generally carried only to the extent of
producing a damp cake, in two steps: first in thickeners to
remove most of the water; then in filters, which recelive the
thickened pulp and yield tﬁe damp mineral cake. If further

dewatering 1is desired, driers requiring fuel for evaporation
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of moisture are essential,

In a general way, the principal éteps involved in min-
eral dressing are: liberatidn_and separation. The sacond
step is impracticable if the first has not been successfully
accomplished. This is partly true, since some degree of sep-
aration is possible between locked particles of various
kinds, but it should be evident that a reasonable degree of
liberation is a prerequisite to a fair separation.

In the flotation process of mineral»concentration,‘par-
ticles of various sizes do not float equally well. The var=-
iation of recovery with particle size shows a similar trend
regardless of mineral, collector, or flotation machine. As
a rule, after flotation has been practically completed, the
recovery of ore minerals at the coarser end declines rapidly
K to zero above about 35-mesh in conventional machines; maxi-
mum recovery being attained at about 200-mesh. With decreas-
ing size below about 200-mesh, recovery remains sensibly
constant to about 10 microns, then declines. The failure to
float the extremely coarse particles arises from (i) incom-
plete liberation, (ii) too small a contact angle between
particle and air bubble, and (iii) too viclent an agitation.
The failure to float extremely fine particles is frequently
due to flocculation, but some other reasons may also be sug-
gested.

In summary, successful flotétion requires (i) physical

liberation of the ore mineral particles, (ii) sufficient
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size reduction, and (iii) classification of the selected
size range of particles to permit recovery in the froth.

The hydraulic cyclone is a tool useful in many fields
which require the handling and treatment of solid-liquid
mixtures, It is widely used in the mineral industry and its
success 1s primarily due to simplicity of construction and
operation, an@ versatility in application.

Its simplicity isVEVident from the sketch of a cyclone
in Figure 1. The cyclone consists of a cylindrical tube or
shell, closed at the top by a flat plate and ending at the
bottom in a cone with an opening (spigo?) at its apexe.
Fixed in the center of the top plate is a cylindrical tube
(vortex finder). The suspension to be separated is injected
tangentially into the upper part of the cylindrical section,
causing rotationvof the fluid contained in the cyclone, 1In
such a cyclone the vortex finder discharges the clarified
liquid (overflow), while the spigot discharges the concen—
trated solids (underflow).

Its versatility can be demonstrated by listing the
fields in which the hydraulic cyclone has found application.
These are: separation according to particle_size (classifi=-
cation), according to particle density (washing); and solid-

liquid separation (thickening).

Statement of Problem

Industrial grinding circuits, which include rod mills,
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ball mills, and hydtaulic classifiers, normally consist of
an open-circuit rod-mill followed by ball-mills arranged
either in series or in pafallel. Each ball-mill is usually
operatéd in closed circuit with a classifier.

In the operation of these circuits the following ques-
tions arise:t (i) what is the best arrangement of the grind-
ing-classification circuit?; (ii) for a given feed rate and
feed sizing analysis, what combination of operating variables
in the classification process will give the best results?;
and (iii) what effects would a change in the feed conditions
or solids content of the circuit product have on the sizihg
analysis of the circuit product and on the circulating loads,
and how would these be altered by changes in the variables
of classification?

In order to answer these questions experimentally would
be an expensive and tedious process. They may bestvbe Ob-
tained by defining the operating characteristics of each
unit in the circuit by a series of equations, simulating the
behavior of the circuit on a digital computer by use of these
equations, and investigating the performance of the simulated
circuit at any required conditions. This technique has been
used to optimize the performaﬁce of grinding and classifica-
tion circuits, and has resulted in a marked improvement in
the efficiency of these circuits(l4).

Classification is a unit operation for which no sound

underlying theory has been developed comparable to that
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which exists for some other unit operations, and the design
of a classification system for a given duty is still an art
based on accumulated experience. It is not for lack of ei-
ther interest or investigation that a quantitative theory of
classification does not exist. It is probably due to the
complexity of the classification system, which involves a
large number of variables, some of which are difficult to
control, e.g. feed size, pulp density, and even feed rate
and feed pressure. Sometimes it is assumed that the process
of classification is too complex to hope for such a theory.

Since the introduction 6f the cyclone as a classifier
in the concentration of minerals, great advancés have been
made in its application and in the efficiency of the separa-
tions performed. These advances have largely resulted from
trial-and-error and it is only in the last half of this dec-
ade or so that attention has been directed to the develop-
ment of mathematical quels that describe the classification
operation in terms of parameters, the magnitudes of which
may be determinéd.

If a useful model could be established, it could be
used for computer simulation of the operation. This in turn
could form the basis for optimization and on-line computer
control.

The purpose of this investigation is to study the de-
velopment and the establishment of a useful matﬁematical

~model for a hydrocyclone of 4-in in diameter, which would
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make it possible to simulate any claséification system in-
volving such a cyclone on the computer as a result of a
limited number of sampling tests. '

It should be noted that mathematical models have been
developed(lo,ll) for larger cyclones (20-to 24-in in diam-

eter) but it is not known if these models are valid for

smaller cyclones.

Importance of the Study

Since it is nearly always a general practice to operate
grinding units in closed circuit with size separation units
in such a manner that the product from the clossed circuit
is a single product from the size separation unit, the fol-
lowing comments may be made:

1l - Although screens and classifiers are not comminu-
tion units, the product from a closed-circuit grinding sys-
tem is one of the products from the size separation unit and
these units therefore exert a marked effect on the perfor-
mance of the system,

2 - These units also control the mass flow rate of min-
eral ore through the grinding unit and this is one of the
physical limitations of the circuit which must be taken into
account when.the performance of the circuit is being analyzed.

3 ~ The cost of prepéring metalliferous ores for con-
centration processes involving grinding and classification
frequently represents a major portion of the cost of treat-

ing such ores, and it is necessary both from an economic and
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a metallurgical point of view that grinding-classification
circuit should be operated at their optimum efficiency.

It is, therefore, very important and neceésary to de-
velop accurate mathematical models of the'various size=-sep-
aration units in order that correct simulation of the behav-
ior of close=circuit system may be obtained.

This investigation was undertaken in order to make some
contribution to the problem of establishing useful mathema-

tical models of classification operations.

Solution of the Problem

The problem was attacked experimentally by setting up a
4-in Krebs cyclone in closed-circuit with a feed preparation
tanke The feed slurry to the cyclone consisted of a mixture
of water and quartz. The vortex finder and spigot diameters
of the cyclone could be easily varied., Classification tests
were carried out over wide operating conditions of pulﬁ den-
sity, feed flow rate, and feed pressure. The experimental
observation of the performance of the cyclone was then ana-
lyzed so as to investigate and, if possible, to define math-
ematically the interrelationships of the various operating
variables in order to determine if a mathematical model can

be applied to a cyclone classifier;
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- SURVEY OF THE LITERATURE

Despite the publication of more than 400 papers on the
subject of hydrocyclones there remained a collective inabil=-
ity to design cyclones for specific and detailed process re-
quirements(l).

Cyclones cou;d not be genuinely designed for perfectly
reasonable requirements due to two failures. One was the
lack of a precise theoretical or empirical formulation of
proper design factors that could be used to define variables
of design and of operation for obtaining specific products
‘ from a given mixture of mineral particles. That arose from

the other failure, namely, the lack of a correct analysis of

the mode of action of cyclone classifiers.

Hydrocyclones

The conventional hydrocyclone, hydraulic cyclone, or
cyclone as simply referred to‘in thié thesis, is simple and
inexpensive in construction, with no moving parts, as shown
in Figure 1.

Description of the procedure in operating a cyclone has

(2,3,4,5)

‘been discussed in detail elsewhere and needs only

brief review.

10
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The cyclone consists of a cylindrical-section mounted
above a truncated cone. The feed nozzle enters the cylinf
~drical ring tangentially with the underflow nozzle (spigot),
which permits discharge of the cohcentrated solids, located
at the apex of the cone. The overflow nozzle (vortex finder),
through which the lighter particles exit, is centered in the
cylindrical section at the top of the cyclone. The feed
slurry enters with a tangential velocity, thus creating a
spirél pattern of highxcentrifugal force. The solid parti-
cles of sufficient size and gravity are ejected éutward to
the walls and spirally discharge to the underflow. Most of
the water with uneliminated fine solids move radially inward
along the path of the outer spiral to a second inner spiral
at the cyclone core, to pass out of the overflow. The latter
spirai is the most critical fluid movement because of its
small radius and higher tangential velocity. The dual spi-
ral flow pattern in a cyclone is represented in Figure 2.

The general performance of a cyclone is influenced both
by the cyclone design variables, i.e., the inlet and outlet
dimensions? and by the operating variables, i.e., the feed‘
pressure and the physical properties of the solid particles

and the fluid,

The Movement of Fluid Elements and

Solid Particles within Cyclones

Fluid enters the cyclone tangentially at the circumfer-
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ence and leaves the cycloné along the central axis at right
angles to the direction of entry. At the points of exit the
outlet streams are moving in opposite directions. Classifi-
cation of solid particles of différent weights contained in
the inlet stream occurs as a result of the conversion of the
direction and.velocity of flow of the inlet stream into that
of the outlet stream and is due to centrifugal, drag, and
gravity forces acting on the particles,
'Any velocity within the cyclone can be resolved into
the following components:
(i) Tangential velocity in a horizontal plane and
at right angles to a radius from the axis of
the cyclone,
(ii) Radial velocity in a horizontal plane and along
the radius.

(iii) Vertical velocity at right angles to the other
two components (i.e., parallel to the axis of
the cyclone).

(2)

The general flow pattern within cyclones was studied

by using an optical method of observation of the movement of

fine.aluminum particles as tracer particles within a trans-—

parent cyclone of 3 inches internal diameter, and a conical

portion with an included angle of 20°., Some of the impor-

tant facts which resulted from this work were as follows:
(1) Below the bottom of the vortex finder fluid

envelopes of constant tangential velocity,
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which are coaxial with the cyclone, exist.

(i1) The tangential velocity of these cyclinders:
increases as the radius decreases according
to the relationship V ; r® = constant.

(1ii) At lower levels in the conical portion the
radial velocity decreases as radius decreases
and becomes zero in the vicinity of the air/
water interface.

(iv) A conical envelope of zero vertical velocity
separates the flow of fluid towards the spigot
and the flow towards the vortex finder.

A particle suspended in the fluid rotating in the cy-
clone tends to move towards the wall of the cyclone if the
centrifugal force acting on it is greater than the drag
force, otherwise it tends to move radially inwards. Although
short circuiting may occur within the cyclone causing coarse
‘particles to appear in the discharge from the vortex finder,
solid particles in general have to pass through a zone of
maximum tangential velocity before emerging through the vor-
tex findér. This ensures that all particles will be sub-
jected to the maximum contrifugal force before they can pass
from the outer to the inner spiral and it contributes to the
efficiency of cyclones in rejecting coarse particles from
the fine particle product.,

Lilge(7) observed that within reasonable limits changes

in fluid viscosities or flow rates do not alter the flow
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profiles although they cause proportionate changes in the
velocity components. This type of work could only be car-
ried out with clear fluids containing very small amounts of
tracer particles and it has not been possible to work with
pulps containing high mass fractions of tracer particles.
Sincevit has not been possible to obtain data useful in
calculating the particle paths in cyclones, because no ex-
perimental technique has yet been devised to permit an in-
vestigation of the behaviof of mineral pulps in cyclones, the
knowledge of the performance of cyclones remains almost en-.

tirely empirical.

The Operational Characteristics of Cyclones

The development of empirical equations has been possible

for large cyclones in the range 15 to 27 inches in diameter

treating pulp containing 0 to 70 percent by weight of solids

at pressures exceeding 4 pe.s.i.ge. These equations, most of

which are part of mathematical models of cyclones, have been
(8,9’10’11)

discussed in detail elsewhere « It is noted that

the limits of application of the equations include most nor-

mal operating conditions, but no claim has been made that

the equations are accurate outside these limits.,

The Capacity of Cyclones

For any mineral-water pulp treated in a cyclone the ca-
pacity or cyclone throughput is affected by three variables

~in particular. They are:
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(1) The operating feed pressure.
(ii) The vortex finder diameter.

(1iii) The solids content of the pulp.

It may also be affected by the size and shape of the feed
inlet section but this is normally not considered as an op-
erating variable.

' (2,4,11)

It has been found by several workers s and con=-
firmed by others(g’IO) after extensive test work on l5-and
20-inch diameter cyclones, that the following equation re-
lates the capacity of a cyclone to the operating feed pres-

sures
Capacity = C; « (pressure)0s5 (a)

in which C; is a constant.

If the operating feed pressure is kept constant, the
capacity of the cyclone is increased as the diameter of the
vortex finder is increased. This relationship is expressed

by the equation,
Capacity = C; « (Vortex finder diameter)l'o (B)

in which C, is(a)constant.
5
Dahlstrom proposed a similar relationship except

that the exponent quoted was 0.9,
The effect of change in solids content of the pulp on
the capacity of the cyclone has been assessed on large diam-

(10,11) _
eter cyclones « The relationship is expressed by the

16
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equations
o 0.12
Capacity = C3 . (% water by wte. in the feed pulp) (c)

in which C3 is a constant.

In order to use these equations in the design or opti-
.misation of a system, it is necessary to identify the con-
stants in the equations relating to a particular ore by oné
classificatioh test.,

Since scale=-up factors in cyclone operation have not
yet been precisely determined, it is necessary that the test
be carried out on a cyclone in approximately the same size
range as that which is to be used. Only when scale-up fac-
tors have been determined, will it be possible to £ind these

constants for a large cyclone from small-scale testing.

The Distribution of Water in Cyclones

Part of the water entering the cyclone emerges in the
spigot stream (underflow). A knowledge of cyclone operation
leads to the conclusion that if x% is the fraction of the
total water which is discharged through the underflow then,
independent of any centrifugal forces acting on particles,
x% of all particles must leave through the underflow(s).
Therefore it was necessary to know the manner in which the
water entering the cyclone in the feed pulp is distributed
between the vortex finder and spigot discharge outlets.

In an investigation on full-scale cyclones (24- to 30-in

in diameter) working at a relatively low pressure (8 peSe.ie.g.)
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under operational conditions, Peachey(g) showed that the
tonnage of water reporting to the overflow of a cyclone is a
linear function of the tonnage of water in thehfeed pulp.
This function is independent of tﬁe tonnage of water and
solids fed to the cyclone.

For all practical purposes the distribution of water
into the overflow is independent of the diameter of the cy-
clone. It is dependent on the areas of spigot, inlet pipe,
and vortex finder. The effect of the vortex finder diameter
on the water distribution may be considered immaterial since
the curves for the various sizes oflvortex finders are really
a series of closely spaced parallel lines, which appear to
be a straight line.

It is relevant to note that the study made by Peachey
was confirmed and extended(lo’ll) on large diameter cyclones.,

The water distribution in these cyclones was expressed by

the following mathematical relationship:
WO = 1.1 . WFR + C4 (D)

where WO represents the mass flow rate of water in the cy-
clone overflows WFR is the mass flow rate of water in the
cyclone feed and C4 is a constant..

‘'The mass fraction of water in the feed which emerges
through the spigot may be readily calculated by a simple
mass balance of the known WFR and WO calculated from equa-

tion D. The mass and sizing distribution of the solid par-
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ticles which emerge through>the spigot associated with the
water may be calcualted from a knowledge of the mass flow
rate of water in the feed and the mass and sizing distribu-

tion of solid particles in the feed.

The Solid Separation Characteristics of Cyclones .

The Assessment of the Classification Operation

The development of empirical equations describing the
solids separation charéctéristics of cyclones requires the
selection of a method of defining quantitatively by a single
parameter the result of each classification test. The se-~
lection of this method is discussed in the following sections.

The Actual Performance Curve. As a result of a classi-
fication test on a cyclone, the sizing distribution and mass
. flow rates of the feed, overflow, and underflow are deter-
mined; therefore, the mass fraction of each size range in
‘the feed may be calculated. A graph of the percent of the
individual size fraction in the feed to the unit which re-
ported to the underflow (arithmetic scale) plotted against
the aperture size in microns (log scale) is approximately
the line shown in Figure 3. This typical curve is known as
the actual performance curve for an~opération and is of
little use for design purposes because it is affected by all

operating'variables;
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The Corrected Efficiency Curve. It has been assumed
(6,9,10,11)
that the solid particles which appear in the

underflow consist of two components: (1) the representative
proportion of the feed particles %hich are carried into the
underflow by the water; and (2) the particles which appear
in the underflow as a fesult of classification. If the mass
of particles which appear in the underflow due to the water
is deducted from the feed and the underflow, a new perfor-
mance curve may be deﬁermined from the remaining masses and
sizing distributions which will pass through the origin.
This curve is known as the corrected efficiency curve and is
shown in Figure 3.

The Corrected dgy Value. The dsg (corrected) value is

the aperture size at which 50 percent of the classified par-
ticles in the feed are present in the overflow and the other
50 percent in the underflow. The corrected dgg value is the
important single parameter in the quantitative description
of cyclone performance and may be derived from the corrected
efficiency curve as shown in Figure 3. This is discussed in
a later section.

- The Reduced Efficiency Curve. The corrected efficiency

curve represents any classification operation, which has
occurred due to centrifugal action within the cyclone, but
it still is not useful for design purposes because it is
specific to one condition of cyclone operation having no

generality.



T-1273

The value of'dso (corrected) for any given cyclona per-
formance is primarily of academic interest ‘ « What the
plant engineer requires is khowledge of efficiency as a
fﬁnction of particle size from which he can evaluate the ef-
ficiency of the cyclone when fed with his particular material.
This knowledge can be obtained by calculation of the corrected
dgp value and use of an observation of Yoshioka and Hotta(13)
that all separation characteristics have the same form and
can be reduced to a single curve if, from the corrected ef-
ficiency curves, the actual size scale (on the abscissa) is
replaced by the ratio of actual size (microns) to the dsg
(corrected) value (microns), and then replotting the curves.
This new curve is called the reduced efficiency curve and is
a characteristic of the ore classified by the cyclone at any
condition of operation. This curve is illustrated in Figure
4; It should be realized that the curve is an empirical one
and that it would be preferable to establish this character-
istic for every cyclone before plant use.

The need to refer to the reduced efficiency curve is
avoided by the choice of a suitable mathematical expression
for it. Separation in a cyclone is a matter of probability.
An equation of probability(lO) that fits the reduced effi-
ciency curve within its experimental limits of accuracy is
as follows:

eCZX:— 1

= (E)
e@X 4+ @ - 2

Y

22



23

2uoToAo ® JO 9AIND ADUSIOTIJe pPoOONpaT o8yl tp oIbBIJ
aTeos HoT (pe3oexaon) OSp/p
0°T 0

_ S T 0

— OT

06

T-1273
|

00T

ot
-

MOTJIopUn O3 % *3M POIDSII0D



7-1273 24

in which Y

i

Fraction pf the feed at a particular micron
siéé which appears in the coarse product
(underflow) due to classification.

X = Ratio of the mid-point of a size range (microns)
to the dgg (corrected) point.

(1 = Cyclone design constant which defines the form
of the reduced efficiency curve. It is a value
¢haracteristic of the mineral ore to be classi-
fied.

Provided that the corrected dgg value and the reduced
efficiency curve of an operation are known, then the behavior
of the c¢yclone in terms of the particles which are actually
classified can be calculated directly.

Many tests were carried out at Mount Isa, Australia,
over a wide range of operating conditions(14). As a result
of this work it has been possible to confirm that the reduced
efficiency curve for an ore in a cyclone is a characteristic
of that system suitable for process analysis and design pur-
poses, and it méy be identified for any one system by one
classification test.

Any change in the operating or design variables for any
system affects the performance of the system because it al-
ters the corrected dgo value and therefore it alters the ab-
scissa of the corrected efficiency curve in its derivation
from the reduced efficiency curve. For any kno&n reduced

efficiency curve, the corrected dSO value is the single pa-
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rameter which describes the classification performances of

the cyclone.

The Effect of Variables on the Corrected dsg Value

The corrected dgg value for any ore defines the mass of
ore of any given feed size which appears in the underflow as
a result of classification, and may be determined frém the
known throughput, reduced efficiency curve and the distribu-
tion of water in the cyclone.

' (10,15)

It has been found experimentally that over a
wide range of feed conditions dgg (corrected) is a function
of the mass flow rate of water in the overflow, of the diam-
eters of the vortex finder and spigot and of the feed pres-

sures The form of the equation relating the dgg (corrected)

value with the other wvariables is as follows:

logig ds9 (corr.) = %% - §§%3 + £%~A g% + K (F)

where Al, A2, A3, A4, and K are constants of the classifica-

tion of a specific mineral ore in a particular cyclone.,

The Design and Operation of Cyclones

The mathematical model which haé been developed for
high capacity cyclones(lo’ll), that is, cyclones with a
throughput exceeding 200 gal/min, relates the composition of
the underflow product, which contains predominantely coarse

'particles, to the composition of the feed stream for differ-

ent values of the operating variables. When the cémposi»

25
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tions of the feed énd underflow streams are known,‘the over-
flo& stream can be calculated by a simple mass balance. The
equations‘which comprise the model, include variable param-
eters that represent the operating variables and constants
which have specific values for various ores and which can be
determined by observing the performance of the cyclone under
one set of operating conditions.

The e%ﬁigions which define the operation of large cy-

clones are :

From equations (A), (B), and (C):

Q =Ky . (VF)1:0 , (p)0:5 , (pw)0.12 (G)
From equation (D):

WO = 1,1 . WFR = 10,0 . Spig. + K5 (H)

From equation (F):

VFE Spig. P WO
logio dso (corrs) = 5oz = S5 + 55 = 55 + K3 (1)

And the reduced efficiency curve equation:

eCZ.X 1 (E)

Y = — = : E
e@X 4 oA - 2

where: Q = Volume flow rate of feed to cyclone, Imp.,

gal per min.
P = Cyclone feed pressure, lb/sq in gauge.
PW = Mass fraction of water in cyclone feed.

VF = Vortex finder diameter, in.

26
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Spig. = Spigot diameter, in.
WO = Mass flow rate of water in cycloné
overflow, tons per hoﬁr.
WFR = Mass floﬁ rate of water in cyclone

feed, tons per hour,

dgy (corr.) = Particle size at which half of the
particles in the feed to the cyclone
which are classified go to the under-
flow and the remainder go to the
overflow, microns.

K1, Ky, K3,Ct = Cyclone cohstants which are repre-
sentative of the classification op-
eration.

Y = Fraction of the feed at a particular
micron size which appears in the
coarse product (underflow) due to
classificatione.

X = Ratio of the mid-point of a size
range (microns) to the dgg (cor-
rected point).

The cyclone constants, Kj, Ky, K3, and @ , can be cal-

culated as a result of determining the performance of the

cyclone under one condition of operation.,
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

This section describes the materials, equipment, and

procedure used in this investigation.

P

Materials Used
Ground high-grade quartz (Colorado Milky Quartz) sup-
plied by Rocky Mountain Aggregates, Golden, Colorado, was
selected for the classification tests because of its rela-
tive homogeneity in quality and ready availability. This
material was previously dry-screened on a vibrating screen
in order to remove the plus 48-mesh fraction; the minus

48-mesh product was used in the classification tests.

-Equipment

The equipment set-up for the classification'experiments
is schematically illustrated in Figure 5. The sump tank of
125-1liter capacity was used for the preparation of the feed
slurry (water and quartz). A 2-HP centrifugal-type pump
was used to pump the feed slurry into the cyclone. A pinch
valve in the pipe between the sump tank and pump was used
to regulate the throughput to the cyclone. The operating
feed pressure was measured at the inlet to the cyclone feed

"nozzle by a pressure gauge. A high-speed mixer was placed

28
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in thevsump tank in order to maintain a consiétent‘slurry
concentration. For each classifiéation test, rate samples
were taken from the overflow and underflow produdts in tared
buckets for timed intervals. In aadition, small samples of
the overflow and underflow streams were taken for size anal=-
ysis. The classifying unit was one D4B Krebs Cyclohe manu-
factured by Equipment Engineers Inc., San Francisco, Cali-
fornia, of 4 inches in diameter in the cylindrical section
and 11° included angle in the conicél section., The height
of the cylindrical section was 8-% inches, and the height

of the conical section_was 10-0 incﬁes. The cyclone feed
nozzle was a standard 2-in pipe with a reduction to a 3/4-
in. square section at the entrance to the cyclone. The over-
flow nozzle (vortex finder) and the underflow nozzle (spigot)
of the cyclone could be varied by using interchangeable vor-

tex finders and spigots of various diameters.

Procedure
The organization of the experimental work is schemati-
cally represented in Figure 6, which is self explanatory.
This investigation was conducted in three successive
phases: 1) classification experiments, 2) analysis of sém-

ples, and 3) data acquisition.

Classification Experiments

The experimental procedure‘of the classification tests,

conducted at room temperaure, was as follows:
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1. The vortex finder diameter and the spigot diameter were
fixed prior to each set of experiments,

2. The feed slurry (water and quartz) was prepared in the
sump tank at the desired pulp density.

3. The feed slurry was agitated and recirculated during the
feed preparation.

4, After feed preparation the feed pulp was pumped into the
cyclone, =

5. The operating feed pressure (and therefore feed flow
rate) was regulated by the pinch valve before sampling
for each test.

6., Samples of the o?erflow and underflow streams were si-
multaneously taken in tared buckets for timed intervals.,

7. The weight of both the overflow and underflow samples

was then recorded.

Analysis of Samples

Size analyses were performed on all the classification
samples. The following procedure was used for obtaining the
size analysis of the solids contained on both overflow and
underflow samples.

l. After recording the weights of the overflow and underflow
samples, these samples were then filtered (in a Denver
Pressure Filter) and dried under infra-red lamps.

2. Each dry sample was then weighed.

3. Each sample was placed in a nest of Standard Tyler Sieves

(mesh 48, 65, 100, 150, 200, and 270). 1In most of the
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cases it was necessary to split the sample by using a
Denver Sample Splitter (Jones Type).

4. The sieves containing the sample were shakén'for 30 min-
utes in a Ro-Tap sieve shaker.

5. The solids retained on each sieve were weighed and re-

corded.

Data Acgquisition

A digital computer program was devised to calculate and
tabulate all necessafy results from the test., A listing of
the program is shown in Appendix A.

The important input data were:

l., Weight in kilograms of the overflow and underflow sam-
ples.

2. Time of sampling in seconds.

3. Weight in kilograms of the dry solids contained in the
overflow and underflow samples.

4., Size analysis by weight (grams) of the representative
samples of the solids contained in each cyclone product.

5. Sieve size in mesh and in microns corresponding to the
size analysis.

‘All data were processed by a C.D.C. 8090 digital com~
puter. The results of computationé were printed by a C.D.C.
501 printer. |

The important outpuﬁ data from this computer program
were:s

l. Screen size analysis in percentage and in tons per hour
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2.

3.

4.
5.

6.

7.

8.

9.

10.

11.

12.
13.

of solids in the feed, overflow, and underflow products.
Total flow rate in tons per hour of solids in the feed,
overflow, and underflow products.

Pulp flow rate in tons per houi of feed, overflow, and
underflow.

Pulp flow rate in Imp. Gallons per minute of feed.
Water flow rate in tons per hour in the feed, overflow,
and underflow streams.

Pulp'density in soiid,percent of feed, overflow, and
underflow.

Distribution of water from feed in the two cyclone pro-
ducts, overflow and underflow, in percentage.

Particle size distribution in tons per hour of feed sol-
ids, overflow solids, and underflow solids.

Particle size distribution in tons per hour of solids
present in the underflow due to classification and by
bypassing.

Particle size distribution in percent of classified sol-
ids in the feed reported in the underflow.

Particle size of solids reported 50 percent to the over-
flow and 50 percent to the underflow by classification
(referred to as the corrected dgg value) in microns.

The mid-point (geometric mean) of a size range in microns.
The ratio of the mid-point of a size range (microns) to

the dgg (corrected) value (referred to X).
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EXPERIMENTAL RESULTS

The sizing analyses of the sdlid material (high-grade
quartz) in the cyclone feed, which was used in all the clas-
sification tests, was :eésonably constant from test to tests;
in no case was the variation larger than 10 percent (abso-
lute) by weight for any single size fraction between 65-and
~270-mesh., This variation in size distribution of the feed
was primarily due to the supplier and to the large quanti-_
ties of quartz required for each set of tests.

The average size distribution of the feed used in the

" classification experiments is represented in Table 1.

Table l: Average size distribution of the classification

feed,
Aperture Size Weight Percent

mesh microns retained

+ 48 350.0 0.5 = 3.0
48/ 65 247.7 9.3
65/100 174.9 23.1
100/150 123.6 1643
150/200 8747 14.2
200/270 62,0 12,2
~270 26.0 23,1
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The conditions for all the classification tests included‘
are summarized in Table 2. In the remainder of the text, .
specific classification tests are referred to iy their num-
ber as given in Table 2.

The experimental results of this investigation will be
presented in the following two sections: 1) the operational
characteristics of the cyclone, and 2) the solids separation

characteristics of the cyclone.

The Operational Characteristics of the Cyclone

The experimental results of this section are classified
into two categories: 1) the capacity of the cyclone, and

2) the distribution of water in the cyclone.

The Capacity of the Cyclone

The experimental results of capacity of the cyclone,

which is referred to as gal/min of cyclone feed pulp, are
summarized in Appendix B (Table 1-B). The classification
test coqditions at which the capacity of the cyclone was de-
termined, are summarized in Table 2.

In order to investigate the capacity of_the cyclone,
the cyclone feed flow rates were plotted against their re-
specﬁive feed pressures on a log-log scale. The experimen-
tally observed cyclone capacity curves are represented in
Figures 7, 8, and 9, for vortex finder diameters of 1.438 in,
0.970 in, and 0.719 in respectively.

As shown in Figures 7, 8, and 9, an increase in the
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Table 2: Summary of classification test conditions.

Test Vortex finder Spigot Feed Feed Solids

diameter diameter pressure

no. in. in. DeSeleqge percent
1 1.438 0.440 3.5 27.47
2 1.438 0.440 3.0 28,39
3 1.438 0.440 3.0 20,77
4 1.438 0.440 645 11.99
5 1.438 0.440 7.0 11.22
6 1.438 0.440 4.0 8.98
7 1.438 0.440 6.0 34.22
8 1.438 0.440 5.0 34,07
9 1.438 0.440 3.5 25,52
10 1.438 0.440 4.0 27.39
11 1.438 0.440 3.5 28.06
12 1.438 0.440 3.0 25.76
13 1.438 0.440 4.0 22.10
14 1.438 0.440 3.0 5.81
15 1,438 0.440 3,5 15,43
16 1.438 0,440 7.5 34.62
17 1.438 0.440 6.0 33.64
18 1.438 0,440 5.0 33.75
19 1.438 0.440 3.5 33.47
20 1.438 0.440 3.0 129,98
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Table 2 continued:s

Test Vortex finder Spigot Feed Feed Solids
diameter diameter pressure
no. in. in, PesSelege percent
21 1.438 0.440 4.0 28,60
22 1.438 0.440 7.0 28.31
23 1;438 " 0.440 10.5 27.26
24 1.438 0.446 5.0 31.39
25 1,438 0.560 6.5 28.37
26 1.438 0.560 6.0 26,05
27 1.438 0.560 8.5 28,13
28 1.438 0.560 9.0 26,01
29 1.438 0.560 6.0 27.07
30 1.438 0.560 5.0 26.16
31 1.438 0.560 4.0 26,21
32 1.438 0.560 3.0 26.77
33 1.438 0.560 2.0 26.45
34 1,438 0.560 6.5 22.54
35 1,438 0.560 5.0 23,45
36 1.438 0.560 4.5 23,17
37 1,438 0.560 5.0 37.97
38 1.438 0.560 4.5 37.88
39 1.438 o.ssof 3.0 37.62
40 1.438 0.560 10.0 20,59

41 1.438 0.560 6.0 20.82
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Table 2 continued:

Test Vortex finder Spigot Feed Feed solids
diameter diameter pressure
no. in. in,. PeSelege percent
42 1.438 0.560 5.0 19,24
43 1l.438 0.560 3.0 20,13
44 1,438 0.560 2.5 19,53
45 l.438 0.560 745 32.48
46 1.438 0.560 6.0 32,01
47 1,438 0.560 4.5 30.14
48 1,438 0.560 3.0 30.85
49 1,438 0.560 2.5 31.80
50 1l.438 0.560 8,0 24,10
51 1.438 0.560 7.0 21,93
52 1.438 0.560 5.5 23,12
53 1,438 0.560 5.0 24.71
54 l.438 0.850 10.0 30.35
55 1.438 0.850 10.0 30.15
56 1.438 0.850 7.0 28,98
57 1.438 0.850 75 28,40
58 1.438 0.850 5.5 27.75
59 1.438 0.850 3.5 24,77
60 1l.438 0.850j 2,5 25.65
61 1.438 0.850 2.5 26,66
62 1.438 0.850 9.0 23.94
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Table 2 continued:

Test Vortex finder Spigot Feed °  Feed solids

diameter diameter : pressure
no. in. in. PeSeiege percent
63 1,438 0.850 5.0 33,33
64 1.438 0.850 7.5 32.23
65 1,438 0.850 9,5 28,70
66 1.438 0.850 14.0 33,72
67 1.438 0.850 14,5 25.35
68 1,438 0.850 14.0 25,69
69 1.438 0.850 9.0 23,55
70 1.438 0.850 7.0 20,78
71 0.970 0.440 6.5 40,50
72 0.970 0.440 4,0 38.40
73 0.970 0.440 5.0 36.38
74 0.970 0.440 4.5 35.35
75 0.970 0.440 12,0 25,20
76 0.970 0.440 8.5 22,99
77 0.970 0.440 2.0 19.56
78 0.970 0.440 2.0 18.21
79 0.970 0.560 2.5 29,93
80 0.970 04560 2.5 30.78
8l 0.970 0.560 2.5 28,01
82 0.970 0.560 5.5 27.16

83 0.970 0.560 5.5 23.40
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Table 2 continued:s

Spigot

Test Vortex finder Feed Feed solids
diameter diamaeter pressure
noe. in, in, PeSeiege percent
84 0.970 0.560 6.0 20,08
85 0.970 0.560 13.5 29.64
86 0.970 0.560 8.0 26437
87 0.970 0.560 7.0 25,02
88 0.970 0.560 6.0 24.36
89 0.970 0.560 7.0 27.19
90 0,970 0.560 4.0 22.96
91 0.970 0.560 6.0 25.00
92 0.970 0.560 3.5 23.29
93 0.970 0.560 745 24,46
94 0.970 0.560 8.0 30.20
95 0.970 0.560 5.0 28.84
96 0.970 0.560 3.0 23.62
97 0.970 0.560 2.0 25.62
98 0.970 0.560 1.5 25.15
99 0.970 0.560 6.0 24.59
100 0.970 0.560 8.5 21.93
101 0.970 0.560 7.0 23.35
102 0.970 0.560 3.0 14.97
103 0,970 0.560 1.5 15.32
104 0,970 0.850 7.5 130,27
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Table 2 continued:

Test Vortex finder Spigot Feed  Feed solids
diameter diameter ° pressure

no. in, in. PeSeilege percent
105 0.970 0.850 3.0 28,27
106 0.970 0.850 2.0 26,05
107 0.970 0.850 12,5 30.70
lo8 0.970 0.850 4,0 26,61
109 0.970 0.850 11.0 32,61
110 0.9%0 0.850 5.5 33.26
111 0.970 0.850 2.5 31.56
112 0.970 0.850 2.5 31,57
113 0.970 0.850 3.0 29,96
114 0.719 0.440 12,0 30,53
115 0.719 0.440 10.0 30,99
1le6 0.719 0.440 8.0 29.49
117 0.719 0.440 75 26.85
118 0.719 0.440 6.0 26,65
119 0.719 0.440 4.5 25,43
120 0.719 0.440 2.0 22,52
121 0.719 0.440 4,0 32,93
122 0.719 0.440 10;0 30.37
123 0.719 0.440 10.5 29,24
124 0.719 0.440 10.0 27.15

125 0.719 0.440 9.5 30.35
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Table 2 continued:

Test Vortex finder Spigot Feed - Feed solids
diameter diameter pressure
noe. in. in. p.s;i.g. percent
126 | | 0.719 0.440 5.0 34,57
127 0.719 0.440 65 32.84
128 0.719 0.440 75 27.39
129 0.719 0.440 5.0 30.31
130 0.719 0.440 10.0 23.83
131 0.719 0.560 8.5 29,91
132 0.719 0.560 6.5 28,08
133 0.719 0.560 3¢5 25,95
134 0.719 0,560 2.5 23.88
135 0.719 0.560 1.5 22,37
136 0.719 0.560 10.0 24.47
137 0.719 0.560 9.0 26459
138 0.719 0.560 7.0 25,04
139 0.719 0.560 7.0 25,75
140 0.719 0.560 645 25,60
141 0.719 0.560 6e5 24.34
142 0.719 0560 9.5 28,23
143 0.719 0.560 640 24,44
._144 0.719 0.560 4.5 24,56

145 0,719 0.560 4.5 24,29
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operating feed pressure and the water content in the feed
resulted in an increase of the capacity of the cylcone.
Also, it is clear that for a giyen feed'preséure and water
content in the feed, a decrease in the diameter of the vor-
tex finder resulted in é decrease of the capacity of the cy-

clone.

The Distribution of Water in the Cyclone

The water entering ﬁhe cyclone in the feed pulp is dis-
tributed between the vortex finder thd spigot discharge out-
lets. The observations on the nature of the water distribu-
tion in cyclones made by Peachey(a) were confirmed in this
worke. The mass flow rates of water in the feed and overflow
streams for each classification test are reported in Appen-
dix B (Table 1l-B).

In order to illustrate the water distribution in the
cYclone, the water flow rate in the feed is plotted against
the water flow rate in the overflow stream, which is shown
in Figure 10 for any condition of cyclone operation. The
mass fraction of water in the feed which emerges through the
spigot may readily be calculated from this figure.

From Figure 10 the tonnage of water reporting to the
overflow is a linear function of the tonnage of water in the
feed. Also, it is clear that the distribution of water into
the overflow is dependent on the diameter of the spigot.,

For a given water flow rate in the feed, a decrease in the
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spigot diameter resulted in an increase in the water flow

i

rate in the overflow.

The Solids Separations Characteristics of the Cyclone

The experimental results of this section are classified
into two categories: 1) the assessment of the ciassifica—
tion operation, and 2) the effect of variables on the cor-

rected dgg value.

- -

The Assessment of the Classification Operation

As a result of a classification test on the cyclone the
sizing distribution and mass flow rates of overflow and un-
derflow were known. The size particle distribution of sol-
ids in both the overflow and underflow are represented in
Appendix B (Table 2-B). The cyclone feed and overflow mass
flow rates are shown in Appendix B (Table l1-B). From these
data, the sizing distribution and mass flow rate of each
lsize fraction in the feed may readily be reconstructed.

In Appendix B (Table 1l-B) the mass fraction of water in
the feed which reported to the underflow stream is given for
each classification test.

From the above statements the representative proportion
of the feed particles which are carried into the underflow
by the water is calculated. If this mass of particles is
subtracted from the feed and the underflow, the corrected
efficiency curve is calculated from the remaining masses and

size distribution for each classification test. The cor-

49
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rected efficiency curve represents the classification which
has occurred due to centrifugal action during the cyclone
operation.

The aperture size in microns at which half of the par-
ticles, which are actually classified, appear in the over-
flow is referred to as the corrected dsg value and is derived
from the corrected efficiency curve. The corrected dgg
value is the important single parameter in the quantitative
description of cyclone performance,

The corrected efficiency curve is not useful for design
purposes because it is specific to one condition of cyclone
operation. The corrected efficiency curves, which result
from plotting the percentage of feed to the underflow due to
claséification (arithmetic scale) against the actual size of
particles (logarithmic scale), can be transformed into one
general curve by replacing the actual size scale (on the ab-
scissa) by the value:

_actual size
corrected dgg value

and then replotting the curve. This curve is known as the
reduced efficiency curve and it is a characteristic of the.
ore in the cyclone for any condition of operatione.

To include in this thesis all the graphs representing
the actual performance curve and the corrected efficiency
curve for all classification tests would make the text un-

necessarily long, and to include all the corrected efficiency
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curves in one graph would make it incomprehensible. For the

benefit of the reader, however, five actual tests: no. 17,

20, 29, 78, and 143, have been chosen and their results are

fully represented in Tables 3 through 7, respectively and

graphically in Figures 11 and 12. The reduced efficiency
curve for the five tests above is shown in Figure 13. Fig=-
ures 14 through 21 show the reduced efficiencf curves for
most of the classification tests. '

By inspection of fesults, graphically represented in
Figures 13 through 21, the following comments may'be made
about classification in cyclones:

1. A cyclone does not make a sharp split at some single
micron size and, therefore, to discuss the efficiency of
cyclones in terms of one size only seems to be unreal=-
istice.

2. The process taking place within a cyclone is a selection
process in which a decreasing proportion of particles of
decreasing size in the feed report to the underflow.

3. The corrected dgg value is a selection function for any
ore, which defines the mass of ore of any given feed
size which appears in the underflow as a result of clas-
sification, and this may be determined from the known
throughput and reduced efficiency curve, and the distri-

bution of water in the cyclone.
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The Effect of Variables on the Corrected dso value.

(10) ‘
Lynch and Rao found experimentally that over a wide

range of feed conditions the corrected dgg value is a func-
tion of the mass flow rate of water in the overflow, the op-
erating feed pressure, the vortex finder dlameter, and the
spigot diameter. The mathematical expression of the dsg

(corrected) value is as follows:

. -VF Spig. P WO
109’10 dSO (Corr-)xa-—%{f—'l'gg-gz (J)

5

in which: Vortex finder diameter (in)
Spig. = Spigot diameter (in)
P = Feed pressure of cyclone
(1b/sq in gauge)
WO = Mass flow rate of water in the
cyclone overflow (teposhe)

In the present investigation, it was almost impossible

to correlate the corrected dgg value with the operating vari-

ables as stated above because of the number of variables in-
volved in it and the limited number of tests. However, it
has been found experimentally that the corrected dgg value
is a function of the feed pulp flow rate, mass flow rate of
water in the feed, and the spigot diameter, which is ex-

pressed as follows:
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oc Q _ WER _ Spig.
logyg d5q (corr.) TR, K (K)
where: Q = Feed pulp flow rate (gal/min) .

WFR

Mass flow rate of water in the cyclone
feed (t opoho )
Spig. = Spigot diameter (Iﬁ)'

K1, Ky, K3 = Constants

Equations J and K have certain similarities to each
other since Q is a direct function of P and VF; and WFR and
WO are identified by the relationship of the distribution of
water in the cyclone.

The experimental results of feed pulp flow rate (gal/
min) and the corrected dgg value (microns) are represented

in Appendix B (Tables l1-B and 2-B, respectively).
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DISCUSSION OF RESULTS

In this investigation there were five variable param-

eters, which were considered unchangeable. Three of them

belong to the cyclone and the other two to the solid mate-

rial., They were:

1.

2.

3.
4.

Se

The diameter of the cyclone (cyclone size): 4 in.

The included angle of the conical séction of the cyclone:
11°

The area of the feed inlet to the cyclone: 0,563 sq in

The specific gravity of the solid material (high-grade

quartz)s 2.65
The feed size particle distribution, shown in Table 1.

The principal independent variables, which have been

investigated, were:

1,
2.
3.
4,

The vortex finder diameter.

The spigot diameter.:

The pulp density of the cyclone feed pulp.

The operating pressﬁre of the feed pulp introduced into
the cyclone.,

The principal dependent variables, which have been in-

vestigated, were:
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l, The cyclone feed pulp rate.
2. The water distribution in the cyclone.

3. The corrected dgno value.
4., The size particle distribution.

In the preceeding section the experimental results were
graphically represented. In this sectién ‘these results will
be analyzed in order to define mathematically the performance
of the cyclone by means of fundamental equations, which will
result in the formulation of a mathematical model of the cy-
clone. For such a purpose this section is dividéd in four
categories in accordance with the féur fundamental equations
to be developed: (1) capacity of the cyclone, (2) distri-
bution of water in the cyclone, (3) assessment oﬁ the classi-
fication operation, and (4) the corrected dsg value determin-
ation.

(16)
A graphical analysis method was used to develop each

fundamental equation.

The Capacity of the Cyclone

Figures 7, 8, and 9 represent the plots of the feed
pulp flow rate (Q) in gal/min against the operating feed
pressure (P) in p.s.i.g., showing the effect of change of
the feed water percent (PCWT) for the vortex finder diam-
eters (VF) of 1,438 in, 0.970, and 0.719, respectively.
Since these plots are on'log-log scale the following gen-

eral equation applies:



T-1273
Q=Pn.C (1)
ort log Q=n.log P + log C (2)

where n is the slope of the parallel lines drawn in each
figure.
By graphical analysis of Figures37§”8; and 9, and ac-

cording to equation 2, the following expression was found:
log @ = 0,503 . log P + log Cj (3)

in which C; involves the effect of change in PCWT and VF.
For the various PCWT and VF their corresponding log Cj
values are given in Table 8. They were deduced from Fig=-

ures 7, 8, and 9,

For each VF the plot of log C; against log PCWT resulted

~in a linear relationship as shown in Figures 22, 23, and 24.

The equation of these straight lines is as follows:
log €1 = 0.912 . log (PCWT) - log Cy (4)

in which Cy involves the effect of change in VF. On substi-

tuting Equation 4 into Equation 3:

log Q = 0.503 . log P + 0.912 . log (PCWT) +

log C2 (5)

From Figures 22, 23, and 24, the log Cp values corres-
ponding to the three VF are given in Table 9.

From Table 9, the log C2 values were pldtted against
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Table 8: Summary of the log Cj value for each PCWT and VF

shown in Figures 7, 8, and 9,

Vortex finder
diameter (in)

Water percent '’
in Cyclone feed

VF PCWT Log Cl
l.438 66,0 0.9600
1.438 72.0 0.9918
1.438 78.0 l,0288
1.438 87.0 1,0713
0.970 62,0 0.9229
0.970 70.0 0.9709
0.970 76.0 1.0044
0,970 82.0 1.0336
0.719 70,0 0.9607
0.719 76.0 0.9920
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their respective log VF as shown in Figure 25. A linear re-
lationship was obtained. The equation of this straight line

is:

log C5 = 0.0774 . log VF - 0.7108 (6)

Table 9: Summary of the log C, value for each VF as deduced
from Figures 22, 23, and 24.

Vortex finder
diameter (in)

VF log C2
1,438 . - 0.6989
00970 - Oo 7119

By replacing Equation 6 into Equation 5 the following equa-

tion is obtained:

log Q = 0,503 . log P + 0,912 , log (PCWT) +
0.0774 « log (VF) - 0.7108 (7)

-or, Equation 7 expressed in exponential form:

Q = p9:3503 | (pcwr)0.912 | (yp)0.0774 | o,1946 (8)

Equation 8 is a fundamental equation, which is useful
to predict the capacity of the cyclone (Q) as a function of
the operating feed pressure (P), the percent of water in the

feed (PCWT) and the vortex finder diameter (VF).
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Experimental verification of Equation 8 is shown in

Appendix C.

The Distribution of Water in the Cyclone

The experiﬁental results of the distribution of water
in the 4-in cyclone were graphically illustrated in Figure
10, in which the éffect of change in the spigot diameter was
shown by the three parallel straight lines.

By inspection of Figure 10, the general equation for

the straight lines is:
WO = m o WFR + Cj (9)

where, WO = Mass flow rate of water in the cyclone overflow

(tepehe)
WFR = Mass flow rate of water in the cyclone feed
(tepsh.)
m = Slope of the parallel straight lines.
C3 = Constant involving the effect of change in the

spigot diameter.
A graphical analysis of Figure 10, according to Equa-

tion 9, resulted in the following expression:

The C3 value found for each spigot diameter is pre-
sented in tabulated form in Table 10,
Plotting the C3 values against their respective spig.

value resulted in a linear relationship as shown in Figure
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26, The equation of this straight line is:
C3 = = 2,073 . (Spig.) + 0.412 (11)
On substituting Equation 11 into Equation 10:

WO = 1,0 + WFR - 2,073 , (Spigo) + Of412 (12)

Table 10: Summary of the C3 value for each spigot diameter

Spigot diam (in) C3 -
(Spigo)
0.440 . - 0,50
0.560 - 0.75
0.850 - 1.35

Equation 12 is the waﬁer distribution equation useful
to predict the mass flow rate of water in the overflow pro-
duct as a function of the known mass flow rate of water in
the cyclone feed and spigot diameter,

The experimental verification of Equation 12 is shown

in Appendix C.

The Assessment of the Classification Operation

The assessment of the claésification operation in the
cyclone was illustrated in Figufes 13 through 21 in terms of
the reduced efficiency curve, which present the same shape

for all the classification tests carried out in the 4-in cy-
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clone.
In order to define mathemétically the reduced efficiency
_ . (10)
curve the empirical equation developed by Lynch and Rao

was chosen. This equation is as follows:

- (13)
e@X 4+ @ - 2

in which, Y

Fraction of the feed at a particular micron
size whigh‘appears in the coarse product (un-
derflow) due to classification.
X = Ratio of the mid-point of a size range (microns)
to the dgg (corrected) point.
QG = ‘onstant
A value of QA = 1,75 in Equation 13 resulted in a curve
corresponding to the observed reduced efficiency curves

" which is shown in Figure 27.

Determination of the Corrected dgg Value

The correlation of dgg (corrected) with the operating

variables of vortex finder diameter, feed pressure, spigot
diameter, and mass flow rate of water in the ovérflow, as
established in Lynch's model(lo’ll), was practically impos-
sible in this investigation because of the limited number of
tests.

It was found, in a second attempt, that the correlation

between log dsgp (corrécted) and feed pulp flow rate resulted

in a linear relationship of the forms
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log d5qg (corr.) = 0.364 . Q + C4 (14)

where, Q = Feea pulp flow rate, gep.m.

C4 = Constant involving the effect of the mass flow
rate of water in cyclone feed and the spigot
diameter.

The C4 values for various mass flow rates of water in
cyclone feed at each spigot diameter are given in Table 1l.

The plots of C4 versus water flow rate in the feed re-
sulted in a straight:line for each spigot diameter as shown
in Figure 28. The equation of each straight line is as fol-

lows:

C4 = - 1.291 ¢ WFR + Cs (15)
On substituting Equation 15 into Equation 14:

log dg5g (corr.) = 0.364 » Q = 1,291 . WFR + Cg (16)

where, WFR = Mass flow rate of water in cyclone feed,
’ t.p.h.
Cg = Constant, involving the effect of change in
the spigot diameter
‘The Cg value corresponding to each spigot diameter is
given in Table 12. |
The plot of Cg versus spigot diameter resulted ih a
straight line as shown in Figure 29. The equation of this

straight line is as follows:
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Table 1ll: The C4q values corresponding to various mass flow
rates of water in cyclone feed at each spigot

diameter,
Spigot diameter Mass flow rate of
water in feed

in. T.PHe C4
0.440 4,0 - 3,4909
0.440 500 - 407745
0.440 740 - 73636
0.560 4,0 - 3,7090
0.560 6.0 - 6,3090
0.560 7.0 - 7.5818
0.850 4,0 - 4.,2000
0.850 5.0 - 5,4909

0.850 7.0 - 8.0728
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C5 = 1.75 . Spig. + 2.434 (17)
On substituting Equation 17 into Equation 16:

log dso (corr.) = 0,364 , Q - 1.291 . WFR - 1.75 &
Spig + 2.434 (18)

Table 12: The Cg value corresponding to each spigot diameter.

Spigot diameter

in. CS

0.440 1.6727
0.560 1.4546
0.850 0.9636

Equation 18 is the fundamental equation useful for pre-
dicting the corrected dgg value as a function of the feed
pulp flow rate, the mass flow rate of water in the feed, and
the épigot diameter.

The experimental verification of Equation 18 in terms
of percent of error in the predicted log dgg (corrected)
with respect to the experimental log dsg (corrected) is
given in Appendix C. In summary, the mathematical model of
the 4-in cyclone classifier as developed in this section is

identified by the following equations:

@ = p0:503 | (yF)0.0774 | (pcwr)0-912 | 0,1946 (8)
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WO = 1.0 . WFR = 2.073 , Spig. + 0,412 (12)

log dso = 0.364 e Q = 10291 ¢ WFR = 1075 .
Spig. + 2.437 (18)

eCI‘X -1

Y =

(13)

Probable Sources of Errors

It was difficult to avoid experimental error in the
collection of the data used in the calculation of the param-
eters which are characteristic of the classification system
because of the errors occurring in the sampling and sieving
processes from which the data weré derived. These errors
could be reduced, but not eliminated, by meticulous care.

Another prpbable source of error in this investigation
was the measurement of the operating feed pressure, which
is an important variable in circuit analysese. In very few
instances are accurate pressure transmitters installed on
the cyclone feed pipes and the observed pressures are, in
general, unreliable.

Although the experimental errors lie primarily in sam=-
pling, sieving, and pressure measurements, the mathematical
model of the cyclone has not been invalidated as it has bgen
demonstrated in terms of the percent difference between ex-
perimental value and value predicted from model in Appendix

Ce.

89



T-1273

CONCLUSIONS

On the basis of the experimental results obtained in
this investigation for the classification operation on a
4-in cyclone, several conclusions can be reached, and sev-
eral suggestions for further investigation can be proposed.

The validity of the model is supported by good agree-
ment between the observed and predicted results. The model
developed in this investigation may be refined so that bet-
ter agreement between the observed and predicted results
may be obtained. However, the present model required many
tests for its development and it is doubtful whether the
additional precision gained by further work would be com-
mensurate with the effort involved.

Because of the limited number of vortex finder diam-
eﬁers and spigot diameters investigated, it is almost impos-—
sible to establish the limits of those cyclone design vari-
ables outside of which the model would fail, except in the
case, found experimentally, when tésts were carried out on
the cyclone with a vortex finder diameter of 0.719 in. and
a spigot diameter of 0.850 in. at which no classification

occurred. These respective diameters, when used together,
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do not represent practical conditions, howevers.

The sharpness of fhe classification operation in a cy-
clone is given by the value of A in Equation 13, which fits
the reduced efficiency curve. A value of 1l.75 was found in
this investigation. If this is compared with O = 2.5 found
for larger cyclones(lo’ll), it indicates a lower efficiency
in the classification operation in the 4-in cyclone. Since
it is believed that O 1s affected by the physical proper-—
ties of the solid particles such as size of particles and
specific gravity, it is suggested that further work be car-
ried out on the cyclone with other feed size ranges and at
various specific gravities of the feed (mixed mineral ores)
\ to determine the effect of these variables on the Q wvalue
and then to establish the inefficiency of the cyclone.

It must also be borne in mind that the overall effi-
ciency of a cyclohe depends not only upon the efficiency
with which that portion of the feed that is selected for
classification is actually classified (expréssed'by the mag-
nitude of ), but that it also depends upon the proportion
of the feed that bypasses directly to the coarse product.
This bypassed material is reéponsible for a large proportion
of the fine particles in the coarse product, i.e. for much
of the apparent inefficiency of the process.

The main value of the model as it has been developed

will be in the prediction of the classification performance

of similar equipment- for much smaller flow rates than could



T-1273

be fed to the 20- to 24-in, cyclones, for which similar models
already existed. These larger cyclones must receive a feed
rate of the order of 50 tons per hour to give reasonable in-
let pressures and hence classificetion characteristics, and
are therefore used mainly in large-capacity grinding cir-
cuitse The 4-in cyclone can be used in smaller-capacity cir=-
cuits with the same sort of results.

The similarity between the mathematical models derived
for the 4-in cyclone on the one hand and for the larger cy-
clones on the other suggests that cyclones of intermediate
size may be expected to behave similarly, and that scale-up

factors should not be difficult to obtain.
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APPENDICES
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APPENDIX A

Appendix A shows a listing of the computer program used
to calculate the performance of the 4-in cyclone classifier.

An index is included in the listing.
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APPENDIX B

Appendix B shows the relevant classification data for
each experimental test. Table 1¥B shows the mass flow rates
of pulp, solids, and water in the cyclone feed, the mass
flow rates of solids and water in the cyélone overflow, and
the mass fraction of water to underflow. Table 2-~B shows
the size analysis of the cyclone products and the corrected

dsg value.
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APPENDIX C

Appendix C shows the percent difference between experi~
mental value and value predicted from the mathematical model.
QC represents the predicted feed pulp flow rate (g.pe.m.)e.
WOC represents the predicted mass flow rate of water to
overflow, and dgqg C represents the predicted log dsg (cor-

rected)e.
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TEST

NO o

10
11
12
13
L4
15
16
17
18

19

21

PERCENT DIFFERENCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED

ac

WOC

-.35
-1.75
4,50
.95
1.38
-1,78
-2,31
-1.21
=291
3404
-2415
-.25
5,29

'1942

FROM MODEL,

Db50cC

-3.91
‘=4 400
10,82
-2,55

8410

'092
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TEST

N0 e

32
33
34
35

36

&
FAM)

PERCENT DIFFERENCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED FROM MODEL,

Qc

wog

2,52
-2‘“1

- 77

=324

ps0C¢

-5,90
—4,47
-1,06
-.99
-6,13
6440
231
“1,40
-2.95
-7462
~9,48
-10.22
- .65

"2053
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NQ .

43
44
45
46
47
48

49

57
1)
59
60
61
62

63

PERCENT DIFFERENCE RBETWEEN EXPERIMENTAL

VALUE AMD VALUE PREDICTED FROM MODEL.

¢C

2.28
4499
~“2.62

-2442

l.12

-e37
=-+39
«15
~2.06
-e48

"'1995

Ww0C

;4.59
-5,86

=50
~1.98
-4,08

-5,82

-2,16

DSOC

'092
—.!3
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TEST

NO o

64

66
67

68

74
75

76

779
50
A1
8z
B33

Ha

PERCENT DIFFERENCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED FROM MODEL.,

eC

'1.73

-4407
-1066
=1le42

h9

wOoC

-2,00
-.98
~1,25
53
2.33
2442
-4425
-9l
-2.46
-2,23
-2479
«3.49
-4,38
-2.99
=3446
-8,34
-8,27
-8.23

87

-1lel2
~-1.58
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TEST

NO»

65
66
B7
86
8
S0

91

54
95
96

PERCEMT DIFFEREMCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED FROM MODEL,

QC

"922

=1449
2e36
616

'208’

"4.84

woC

60
<00

Ds50C

7.30
2.58
‘077

‘40?3

»58
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TEST

NO,

106
107
108
109
110
111
lle

113

PERCENT DIFFERENCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED FROM MODEL,

QcC

woC.

19.24
3,01
18.02
2.81
-3.31
12.68

14,83

15,33

2,50
-2.67
2,39
3,05
3.05
2,55
.36
2,41
3,11
-2,86

D50C

‘1043
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136
137
139
139
1490
Lét)
142
143
la4

l45

PERCENT DIFFERENCE BETWEEN EXPERIMENTAL

VALUE AND VALUE PREDICTED FROM MODEL.,

QcC

wWoC

2.56
-2.68
1,02
-2,75
6427
5,29
2.32
-1.62
-9,03

N50C

10443
-4 4957
5,07
-10,12
15,12
11.74
2.31
6,57
Te47
9.99

10,00
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