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APPLIED MINERALOGY IN ORE DRESSING

William Petruk

CANMET, 555 Booth Street, Ottawa, Ontario, K1A 0G1

ABSTRACT

Mineralogy applied to ore dressing is a reliable guide for
designing and operating an efficient concentrator. A procedure
for conducting mineralogical studies in conjunction with ore
dressing was, therefore, developed. The procedure includes
characterizing the ore and analysing the mill products.
Characterizing the ore involves identifying the minerals,
determining the mineral quantities, and measuring the size
distributions of the minerals in the uncrushed ore. The size
distribution data are incorporated into liberation models to
predict mineral liberations in screened fractions. The mill
products are analysed by studying polished sections to define the
behaviour of the minerals in the concentrator. This involves
measuring the liberation and size distribution for each mineral
and characterizing the middling particles. The quantities of free
and unliberated mineral grains in the concentrate and tailings
from each circuit define the behaviour of the minerals and show
whether poor metal recoveries are due to poor concentrator
performance or to the nature of the ore.



1. INTRODUCTION

A fundamental requirement in designing a processing plant for
high metal recoveries is a thorough understanding of the mineral-
ogical characteristics of the ore. An approach to conducting
mineralogical studies of ores in conjunction with ore dressing was
developed at CANMET, and is used as a guide for performing
mineralogical studies [1,2]. The approach considers the
objectives of both ore dressing and applied mineralogy. The
objective in an ore dressing operation is to concentrate particles
of specific minerals and to obtain satisfactory concentrate grades
and metal recoveries. To concentrate the minerals, the mineral
particles must either be free or contain only small amounts of
other minerals. Minerals are liberated by reducing the sizes of
the ore pieces in stages: first to about minus 1 cm with a
crusher, then to minus 10 mesh (1.65 mm) with a rod mill, and
finally to free particles by using one or more ball mills in
closed circuit with cyclones.

The objective of applied mineralogy related to ore dressing
is to provide guidance for grinding the ore and for concentrating
the mineral particles of interest. This is done by first studying
the uncrushed ore and then studying the mill products from
selected sites in a mill.

2., STUDIES ON UNCRUSHED ORES

Polished sections of uncrushed ore samples are studied prior
laboratory bench tests to establish preliminary conditions for
testing and to obtain a preliminary assessment of possible metal
recoveries., This study involves

(1) identifying the major, minor and trace minerals
(2) allocating each element to each mineral
(3) determining the quantities of each mineral, and

(4) determining the grain size distributions of the minerals of
economic value.

The samples for study should reflect mineralogical variations of
the orebody keeping in mind that the concentrator will likely be
treating blended ore. During this study chemical and
spectrochemical analyses should be available as a reference. The
study could be general or extensive. An extensive study is
preferential, although a general study can provide useful
information. For example a cursory study of the New Brunswick
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Zn—-Pb-Cu—Ag ores has shown that the minerals of economic value are
sphalerite, galena, chalcopyrite and tetrahedrite and that they
occur as small inclusions in massive pyrite. Minor amounts of
arsenopyrite, magnetite and pyrrhotite are present, and the
sphalerite contains small inclusions of cassiterite. This cursory
study has served to identify the main host minerals for Zn, Pb,
Cu, Sn and probable host minerals for the Ag and Bi. An extensive
study with an electron microprobe, a scanning electron
microscope(SEM) and an image analyser had to be carried out to
obtain the necessary information for allocating the silver to its
host minerals and for calculating a mineral balance for silver.
The extensive study established that the main silver-bearing
minerals are tetrahedrite and galena, and small amounts of the
silver occur in pyargyrite and acanthite. The tetrahedrite
contains about 16 wt % Ag and the galena about 0.1 wt % Ag [3].
The cursory study has also shown that the ore is fine-grained and
will have to be ground finely to liberate the minerals. An
extensive study with an image analyser determined the grain size
distribution in the ore and enabled predicting the minimum and
optimum grinds for liberating the minerals.

A discussion on methods of mineral identification is given in
a later section of this paper.

Information on mineral quantities can be determined by point
counting, by X-ray diffractometer analysis combined with chemical
analysis, and by image analysis. The basic principle in the point
counting technique is that the relative volume 7% of different
classes of individuals is equal to the number of times that each
individual is encountered under a cross hair when the section is
moved at equal intervals across the field. In image analysis
either surface areas or chord lengths are measured. The basic
principle here is that the relative volume 7% of different classes
of individuals is equal to the relative surface areas covered by
all individuals, or to the relative chord lengths that intersect
the individuals provided that the section is so traversed that
each grain is intersected only once by the chord.

Grain size distributions of the ore minerals in an uncrushed
ore are essential for predicting mineral liberations at particular
grinds. The size distributions can be determined manually by
point counting, or automatically by image analysis. Many
mathematical models have been proposed for predicting mineral
liberations on the basis of grain size distributions in the
uncrushed ore. Some are based on manual point counting [4,5],
some on measuring linear intercepts [6], and others on measuring
surface areas [7,8]. Each model predicts the mineral liberation



that would be obtained in each screened fraction of the ground
ore. Image analysis studies using the model of Petruk [8] showed
that the minimum grind for the sphalerite in the ore from
Brunswick Mining and Smelting is 807% minus 200 mesh and optimum
grind is 500 mesh. The galena and chalcopyrite are finer grained,
hence the optimum grind is about 80% minus 15 pym. Grinding tests
have confirmed this evaluation. The author has found empirically
that the minimum grind is the grind at which about 50% of the
minerals are as free grains. This generally occurs when the size
distribution of the ground particles is equal to the size
distribution of the mineral in the uncrushed ore.

3. STUDIES OF CRUSHED MILL PRODUCTS

After a preliminary assessment has been made by studying
fragments of the ore it is necessary to study mill products in
order to:

(1) evaluate the actual response of the ore to ore dressing;

(2) assess the plant performance; and

(3) establish whether plant modifications are needed to improve
metal recoveries.

The main objective in the plant is to obtain high recoveries
and concentrate grades that are acceptable for subsequent
processing. This can only be achieved by plants that are designed
for recovering free mineral grains. Therefore plant performance
can be assessed by determining the recovery of free mineral
grains. When the plant is performing properly some unliberated
mineral grains will also be recovered, the amount and variety of
particle will be dependent upon the ore characteristics. One
must, therefore, determine the plant performance and response of
the ore to processing at the same time by:

(1) performing metal and mineral balances for the concentrates
and tailings;

(2) determining mineral liberations in the various mill products;
(3) determining recoveries of the free mineral grains;

(4) determining recoveries and behaviours of the unliberated
mineral grains; and

(5) performing mineralogical investigations related to special
recovery problems.
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3.1 Metal and Mineral Balances

The term metal balance as used in this paper will refer to
the distribution of metals at different points in a concentrator
at a particular time, and the term mineral balance will refer to
the distribution of minerals. It is generally believed by
mineralogists that a metal balance can be obtained by multiplying
the assay of each product X the weight of the product and
calculating the metal distribution. In practice, due to sampling,
assaying, weighing and other errors, the assay values X the
weights for all products from a process are never equal to the
assay of the feed X the weight of the feed to the process.
Therefore, a material balance adjustment [9] analysis to adjust
the assay values and the weights for best fit must be performed.

To assess the response of an ore to a concentrating process
it is necessary to obtain a mineral balance because the

concentrator is designed to concentrate minerals. This is done
by:

(1) assaying each product and performing a metal balance;

(2) identifying the metal-bearing minerals. If only one mineral

is present for each metal, the mineral balance is equal to
the metal balance which can now be evaluated;

(3) if the metal is present in more than one mineral it is
necessary to

(a) determine the average quantity of metal in each mineral
(b) determine the quantity of each mineral in each product

(c) perform a material balance which will adjust the mineral
distribution to a mineral balance

3.2 Mineral Liberation

Mineral liberation can be assessed with polished sections by
measuring the surface areas of free and unliberated mineral
grains. The observed proportions of free mineral grains are
always larger than the actual proportions of free mineral grains
because many unliberated grains may be so oriented that they
appear free in polished sections [4,10]. If one measures the
proportion of free grains in a series of sized fractions of a mill
product the values generally will not plot as a smooth curve
because anomalously high readings will be obtained (Fig. 1). It
is likely that the actual proportions of free mineral grains in



each sized fraction will be close to a curve drawn through the
lowest points as shown in Fig. l. It may be possible to make
appropriate stereological corrections to account for the high
readings but procedures for making the corrections are not known.
Mineral liberation data of this type can be used by ore dressing
engineers to determine the approximate minimum and optimum grinds
and mineral liberation in the sample. The minimum grind is the
point where the curve begins to steepen and optimum grind where it
begins to flatten. For the example in Fig. 1 the minimum grind is
about 100% minus 125 pym or approximately 80% minus 75 ym, and the
optimum grind is about 100% minus 20 pym or approximately 80% minus
15 ym. The expected mineral liberation in the sample can be
calculated using the weight of each screen fraction, the per cent
free in each screened fraction, and the assay for the element.

100 (- —
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ol ~
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a0l
20
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\\
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Figure 1. Curve showing percent of mineral as free grains in a
series of polished sections of screened grains from one
sample. Solid line represents observed values; dashed
line represents interpreted quantities of free grains.,

3.3 Free Grains

In order to obtain high recoveries the minerals must be
present as free or nearly free grains [11] and the mill must
operate efficiently. Low metal recoveries are, therefore, due to
either poor mill performance or poor mineral liberation. An
indication of poor mill performance may be obtained by examining
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the mill products with an ore microscope [12]. A definite
assessment of mill performance, however, involves determining the
recovery of free mineral grains in the concentrate and losses in
the tailings and other concentrates (Fig. 2 and 3). Such an
assessment will show whether the overall recovery of free grains
is satisfactory, as in Fig. 2 where the recovery of free
sphalerite was 86% [3]. An example of an unsatisfactory recovery
of free grains is shown in Fig. 3 where only 49% of the free
chalcopyrite was recovered in the copper concentrate. The main
loss was in the lead concentrate and tailings as large free grains
[3]. The ore dressing engineers used the information obtained for
the examples in Fig. 2 and 3 very profitably. In the case of
sphalerite, they discontinued further attempts to fine-tune the
concentrator, whereas, in the case of chalcopyrite, they conducted
new flotation tests and improved the copper recovery.

8+ FREE CHALCOPYRITE

FREE SPHALERITE

® S
WT. % RECOVERED
o

WT. % RECOVERED
» o0

11 |
2 3 4

Figure 2. Frequency diagram Figure 3. Frequency diagram
showing quantity showing quantity of
of free spahlerite free chalcopyrite of
grains of each size each size range in the
range of the Tyler feed (top curve) and
Series in the feed copper concentrate
(top curve) and in (bottom curve). The
zinc concentrate space between succes-
(bottom curve). The sive curves represents
space between the the quantity and size
curves represents the of free chalcopyrite
quantity and size of lost to the tailings
free sphalerite lost and other concen-
to the tailings and trates. The total %
other concentrates. age free chalcopyrite

for all size ranges in
the feed is 100%.



3.4 Unliberated Grains

Middling particles are composed of grains of the desired
mineral intergrown with grains of one or more other minerals.
Such particles pose a problem in ore dressing because some have
characteristics that cause them to be drawn into the concentrate,
some are rejected to the tailings, and some have intermediate
characteristics that may cause them to go either way. If too many
middling particles are in the concentrate the grade will be low,
if too many are in the tailings the recovery will be low. In
studying mill products it is necessary to define a classification
for the middling particles and to establish the classes of
particles that tend to be directed to either the concentrates or
tailings. Furthermore, it is necessary to determine the quantity
of intermediate grains. If there is a significant amount of
intermediate middling particles they must be collected as a
scavenger concentrate and reground. The significance of the
middling particles in ore dressing was recognized by Amstutz [13]
who classified the textural intergrowth of the particles and
correlated the classification with mineral recoveries. His
classification is useful for evaluating mill products when
studying them by ore microscopy and is widely used [14].

In evaluating middling particles by automatic image analysis
[15] a different approach has to be used because the image
analyser cannot recognize textures as readily as the human eye.
On the other hand precise measurements of the surface areas
covered by grains in polished section can be made, and thereby the
percentage of the desired mineral in each middling particle, and
the grain sizes of the desired mineral and of the middling
particle can be determined [16]. The middling particles can be
arranged in classes containing 0-10, 10-20, 20-30, etc. vol. %
desired mineral. The quantity of desired mineral in the middling
particle in each class would then be measured (Fig. 4). The
classes of middling particles that tend to enter the concentrate
or tailings can be established by analyzing the middling particles
in each or interpreted by using mineral flotabilities [4]. When
this is established the middling particles in the ore are analysed
to determine the quantity and size of middling particle in each
class. From these data the cumulative liberation yield, proposed
by Miller et al. [17], can be calculated and used to define the
optimum recovery of the desired mineral in the concentrate and the
expected loss to the tailings. The cumulative liberation yield is
the proportion of a mineral that is present as free grains plus
the proportion in middling particles in each succeeding class.
For example, in one study (Fig. 4) the average middling particles
in the zinc concentrate contained 68 vol. % sphalerite. The
distribution of sphalerite in the ore was 66% as free grains and
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247 in middling particles containing more than 68 vol. %
sphalerite. The cumulative liberation yield for sphalerite in a
zinc concentrate containing particles with more than 68 vol. %
sphalerite was 66+24=90%. Actual recovery was 83% Zn in the zinc
concentrate plus 9% Zn in the Pb concentrate. This shows that
cumulative liberation yield is a practicle assessment of the
actual plant performance.

Figure 4. Typical example of a histogram that shows 10 classes of
middling particles based on vol. % of wanted mineral in
each particle. The height of each bar gives the % of
wanted mineral within each class of middling particle.
The sum of wanted mineral in all classes is 100%.
Cumulative liberation yield = quantity of wanted
mineral in 90-100% class plus quantity of wanted
mineral in each succeeding class. The 90-100% class is
considered as free grains.

Size analyses of the desired and middling grains are useful
refinements. For example, it has been found that middling grains
containing sphalerite inclusions smaller than 10 um and larger
than 40 pym tend to be dropped into the tailings, whereas middling
grains containing sphalerite inclusions 10-40 ym in diameter tend
to be pulled into the concentrate. The presence in specific mill
products, of unusual quantities of middling particles with too



11

large or too small inclusions could indicate that the plant
operation needs to be modified.

4, APPLIED MINERALOGY IN CIRCUITS TREATING VOLCANOGENIC BASE
METAL ORES

To effectively monitor a flotation concentrator it is
necessary to know the behaviour of the mineral in various parts of

the concentrator, to understand the reason for the mineral
behaviour, and to know what can be done to reduce losses.

4.1 Copper-Lead Circuit

The first circuit in nearly all concentrators that treat
volcanogenic base metal ores by flotation is the primary Cu-Pb
circuit. The circuit recovers chalcopyrite, galena, many silver
bearing minerals, stannite, gold inclusions in chalcopyrite and
galena and other minerals. The circuit tailings contain the
sphalerite, pyrite, non-metallic minerals, slow-floating
tetrahedrite, some of the silver sulfosalts [18] and minute
inclusions of gold in pyrite.

Specific conditions that cause problems in the primary Cu-Pb
circuit are:

(1) 80y, which is often used as a conditioning agent in the
grinding circuit, depresses fine-grained acanthite at a high
pH (= 9). The mineral therefore, tends to be lost to
tailings.

(2) In some plants the concentrate from the primary Cu-Pb circuit
tends to selectively recover mineral grains of a size range
that is unique for each circuit. If the circuit is
recovering small grains (2-15 pm) then oversize (25 um) free
grains will be lost to the tailings [3] [4].

(3) The presence of about 0.01 wt %Z or more of covellite or
chalcocite affects the ore in such a manner that chalcopyrite
and galena cannot be selectively floated from sphalerite
[19]. This problem can be partly overcome by adding NaCN to
the floation circuit. The sphalerite, however, is depressed
only when an excess of NaCN has been added and free CN is
present. There must, therefore, be enough NaCN to dissolve
all of the covellite and chalcocite. Hence, the technique is
not economical when the ore contains a significant amount of
these minerals (more than 0.1 wt % contained Cu).
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4,2 Copper-Lead Separation Circuit

The concentrate from the Cu-Pb primary circuit is passed
through a copper-lead separation circuit which recovers the
chalcopyrite, fast-floating tetrahedrite, pyrargyrite, and
stannite in a copper concentrate. Inclusions of native gold and
electrum are also recovered. The concentrate is a saleable

product and payment is received for the copper, silver and gold
[20].

4.3 Lead Circuit

The tailing from the copper-lead separation circuit is
directed to a lead circuit which recovers the galena,
chalcopyrite, silver and bismuth sulphosalts, remaining fast-
floating tetrahedrite, gold inclusions in galena and other
minerals. The lead concentrate from this circuit is generally
impure but it is a saleable product and payment is received for
the contained lead, silver and gold. The silver in this
concentrate occurs in solid solution in galena, in tetrahedrite
and in the silver sulfosalts. Some bismuth, copper, arsenic and
antimony, with trace amounts of selenium and tellurium [21] may
also be present in the concentrate. The arsenic is in
arsenopyrite and in solid solution in any pyrite that was drawn
into the concentrate as part of middling galena-pyrite grains.
The antimony is in tetrahedrite, and the selenium and tellurium
occur, probably in trace quantities, in tetrahedrite and
chalcopyrite.

4.4 Zinc Circuit

The tailing from the primary Cu-Pb circuit and from the lead
circuit is directed to a zinc circuit where a zinc concentrate is
produced. The zinc concentrate generally contains 50 to 400
g/tonne Ag, some In, Cd, Mn, and Au. About 10 to 20% of the
silver from many volcanogenic ores is in the zinc concentrate but
generally no payment is received for this silver. The silver in
such zinc concentrates is contained in the galena, in
tetrahedrite, and frequently (~40% of the Ag in the zinc
concentrate) in other minerals such as acanthite and native silver
[22]. The acanthite and native silver are so fine grained (=0.1
um) that they cannot be removed from the concentrate by normal
flotation procedures. The silver contained in these minerals can,
however, be recovered by cyanidation of the zinc concentrate.

This has not yet been done in any plant because the concept has
not been tested with a pilot plant. The In, Cd and Mn are
contained in the sphalerite but generally no payment is received
for these metals. Small amounts of Hg are generally present in
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the sphalerite. Gold that occurs as inclusion in sphalerite would
be recovered in the zinc concentrate. Payment may be received for
the contained gold.

The tailing from the zinc circuit is usually the plant
tailing and it may contain small amounts of gold. In some
instances the gold is present as minute inclusions in pyrite. 1In
other instances, particularly where the gold content of the ore is
less than 1 g/tonne, as for the ore from the Heath Steele deposit
in New Brunswick, the gold-bearing mineral(s) have not been found
nor identified by current laboratory techniques [18]. Assays of
mineral concentrates prepared from the tailings indicate however,
that most of the gold in the tailings is in pyrite.

4,5 Tin Circuit

Most of the tin in volcanogenic base metal ores occurs in
cassiterite although some is in stannite. The stannite is
generally associated with chalcopyrite and tends to be recovered
in the copper concentrate. No payment is received for this tin.

The cassiterite generally occurs as small inclusions in
sphalerite but, because it is much harder than the sphalerite, the
small grains tend to be liberated during grinding. These grains
are rejected from the zinc circuit and are directed to the
tailings. Some plants have installed tin circuits using gravity
techniques. Such techniques are inefficient for the very fine-
grained minerals (1-25 ym), therefore, the tin recovery is poor.
Since the cassiterite is so fine grained it is recommended that
flotation be used to recover the mineral from volcanogenic base
metal ores.

5. EXAMPLES OF BENEFICIATION PROBLEMS EXPLAINED BY MINERALOGICAL
STUDIES

Examples of simple to complex ore beneficiation problems that
have been encountered either in the plant or at the bench are

given in this section. Mineralogical studies explained the
reasons for the problems and in some cases resolved them.

5.1 Case I - Lead Concentrates at Fletcher Mill Southeast Missouri

The zinc contents of the lead concentrates are generally low,
but at times the zinc content increases to 3.3 wt Z Zn. A
microscopical study of the lead concentrate showed that the
sphalerite was present as free particles. The ore dressing
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engineer realized that this was due to a sloughing over of the
lead cleaner concentrate. Closer control of the cleaner cell
eliminated the problem [23].

5.2 Case II - Copper Concentrates from the Lead Belt Missouri

The lead content of the concentrates varies from 5 to 20 wt 7%
and is too high for U.S. Cu smelters. Ore microscopy particle
counting of the screen fractions of the Cu ore showed that the
proporation of free to locked galena increases with decreasing
particle size, and chemical analyses show that the largest amount
of Pb is contained in the smallest size fraction. Further
microscopical examinations showed that some fine galena is trapped
in clusters of chalcopyrite particles. Increased agitation during
lead copper separation has caused better separation of the free
galena and chalcopyrite particles, and made it possible to market
the Cu concentrate domestically [23].

5.3 Case III - Low Grade Copper Concentrate

The copper concentrate grade from one mill had decreased
significantly. Polished section studies of the concentrate showed
numerous grains of pyrite rimmed by digenite and covellite. The
rimming caused the pyrite to behave in a similar manner to the
digenite and covellite and was not being depressed. This diluted
the concentrate grade [24].

5.4 Case IV - Poor Recovery of Cassiterite

A study was conducted to characterize the mineralization and
to develop a process for recovering tin from the Bolivian tin
deposits [24]. Cassiterite was the principle tin mineral and the
host rock was altered quartz sandstone with a fine-grained
interstitial cement composed mainly of quartz, mica and clay
minerals. Much of the cassiterite was associated with the
interstitial cement as clusters of intergrown crystals, but some
of the cassiterite was coarse-grained. This required developing a
flow sheet that uses gravity concentration of the coarse-grained
and flotation of the fine cassiterite.

5.5 Case V - Alteration of Ni-Sulphide Ore

(a) Pentlandite — Violarite. In the Inco Nickel sulphide
deposits altered sulphides are encountered in pockets and they
have deleterious effects on sulphide flotation [25]. One type of
alteration is the alteration of pentlandite to violarite plus
magnetite. Associated with it is alteration of pyrrhotite to
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pyrite, nickeliferous smythite, and magnetite. The secondary
pyrite has a high nickel content. Processing problems are related
to the textures produced by the alteration and no real solution is
apparent. There are two problems associated with this assemblage;
(a) on grinding, the violarite grains commonly retain the
associated magnetite veinlets as rims, and when too much magnetite
is exposed these grains are lost to the tailing. (b) The presence
of nickeliferous pyrite and smythite adversely affect the
production of Ni concentrates. Minimum tailing assay produced
from this ore was 0.33 wt %7 Ni whereas normal tailing is 0.16 wt %
Ni.

(b) Occurrence of Tochilinite. Tochilinite
(6(Fe,N1)S.5(Mg,Fe” ) (0OH),) is a member of the valleriite mineral
series. It was found in a propsect from the Thompson area in
Manitoba where it occurs as inclusions in pentlandite and
pyrrhotite [25]. Poor results of mill tests were obtained from
the tochilinite ore. Chemical analyses of sized fractions of the
tailings showed that initially much of the nickel loss was in
50-100 ym size particles. This was due to tochilinite inclusions
in pentlandite. Regrinding and subsequent flotation reduced the
Ni content of the tailing by half. However, the level was still
high (0.44%, normal 0.16%). Microprobe and X-ray diffraction
studies show that pentlandite, pyrrhotite and tochilinite all
contribute to the tailing loss. As with the violarite problem no
solution is readily apparent: if tochilinite is rejected to the
tailing it contributes to a tailing loss, but if it is recovered
it reduces the concentrate grade.

5.6 Case VI — Submicroscopic Gold in Clay

An ore sample assaying 0.22 oz Au/ton contained quartz (49%),
illite (15%), kaolin (7%), calcite (8%), dolomite (17%), barite
(2%) and hematite (2%) [26]. Microscopical studies of the ore in
polished section revealed a single minute gold particle in the
clays. To establish the occurrence of gold, mineral concentrates
were prepared by (a) sedimenation and decantation, (b) heavy
liquids and (c) a Frantz Isodynamic separation. Slimes were
siphoned from 1000 ml cylinders after allowing to settle in
calgondeionized water solution for intervals of 30, 60 and 120
minutes. Most but not all of the clays were removed. The
deslimed product was passed through a Frantz isodynamic separator
to remove hematite. The remaining product was passed through
heavy liquids having sp. gravities of 2.96 and 2.78 and 2.68.
Each fraction was weighed, analysed by X-ray diffractometer to
obtain semi-quantitative mineral analyses, then assayed for gold.
The highest gold concentration occur in slimes which account for
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77.5% of the gold and lowest amount in the quartz rich fraction.

A plot of clay percentages against gold values show that there is
a linear correlation between clay and gold content. More than 90%
of the gold was extracted by cyanidation.

5.7 Case VII - Carlin Gold

Gold in some of the Carlin deposits of Nevada occurs in
pyrite [27]. There is no apparent correlation between gold and
pyrite content and a variable Au extraction was obtained.
Mineralogical studies failed to reveal much gold but two forms of
pyrite were recognized: a crystalline to massive pyrite and a fine
spheroidal pyrite that in some cases is nearly framboidal. Grain
counts were performed to determine the distribution of different
forms of pyrite. The samples were then treated by cyanidation and
the %Z of gold extracted Vs % spheroidal pyrite were plotted. The
results show a linear relationship which indicates that
submicroscopic gold occurs in the very fine-grained spheroidal
pyrite and is readily extracted by leaching.

The gold in crystalline and massive pyrite is coarser
grained, however, is completely enclosed in the pyrite and is not
leachable. A chlorinatiom-cyanidation technique was developed by
Newmont Mines Limited to dissolve the crystalline pyrite and
recover the gold. Tests on samples treated by this technique show
that there is a direct relationship between the pyrite removed and
the extraction of gold.

5.8 Case VIII - Selective Flotation of Sulphides from Oxidized
Base Metal Ores

This is a major problem that arises whenever selective
flotation of base metal ore from an oxidized zone is attempted.

In normal flotation of base metal ores copper and lead
concentrates are floated first, then sphalerite is floated from
the Cu-Pb tailings. When the ore contains more than 0.01 wt %
covellite or chalcocite the sphalerite floats along with the
chalcopyrite. On one ore that contained about 5 wt % Zn, 3 wt %
Pb, and 0.5 wt % Cu, a selective float could not be obtained when
about 1% of the copper (.005 wt %Z Cu) was covellite plus
chalcocite. The ore was treated with Na cyanide and the
sphalerite was effectively depressed.

5.9 Case IX - Silica and Goethite in Iron Ore

Pellets that are produced from iron concentrates have to meet
several specifications; the silica content must be low and the
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pellets must have a high strength. The silica content is usually
due to quartz in the iron concentrate. Sometimes the quartz in
the concentrate is as free particles, and can be rejected with
proper plant performance, whereas at other times it is unliberated
and regrinding is required. Periodic monitoring of the
concentrate with an ore microscope is required to maintain
specifications.

The problem of pellet strength is often related to the amount
of goethite and/or biotite in the concentrate. The minerals

contain water as part of their composition. This water is
released during sintering of the pellet and causes the pellets to
crack. Periodic monitoring of the concentrate with an ore
microscope is necessary to establish that the minerals are
rejected during ore dressing.

5.10 Case X — Oolitic Iron Ores

A very large deposit of oolitic iron ores occurs in the Peace
River District in Alberta, Canada. It contains about 37 wt %
iron. Microscopical, microprobe, SEM, X-ray diffraction,
infra-red and Mossbauer analysis showed that the ore is composed
of sphere-like bodies in a matrix of ferruginous opal. The
sphere-like bodies are composed of a goethite core surrounded by
nontromite interlayered with goethite. The goethite contains
about 62 wt Z Fe, nontronite 39 wt %Z Fe, and ferruginous opal 24
wt 7 Fe. Image analysis studies determined that the ore contains
about 35 wt 7% goethite, 40 wt % nontromite and 25 wt % ferruginous
opal. The best concentrate that could be obtained by ore dressing
would contain about 48 wt %Z Fe, and the best recovery would be 60
to 65 wt % of the iron [28]. These results are so poor that
pyrometallurgical tests were successfully conducted to recover the
iron directly. More than 90% of the iron would be recovered by
this technique but the energy costs are high. The deposit has not
been brought into production but the technology for recovering the
metal from the ore has been developed.

5.11 Case XI — Titanium Ore

Ore dressing tests were conducted on a titanium ore from
Quebec, Canada. The ore consists of ilmenite, magnetite, hematite
and silicate minerals. The minerals are coarse grained and can be
separated with a magnetic separator. The best ilmenite
concentrate contained 39 wt % titanium, even though stoichiometric
ilmenite contains 52 wt Z Ti. Image analysis studies determined
that the ilmenite contained 20 wt 7 hematite as lamellae 0.l to 3
um wide. Therefore the ilmenite can contain a maximum of 42 wt %
Ti [29].
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6. EQUIPMENT FOR PERFORMING MINERALOGICAL ANALYSIS

6.1 Microscopes

A. Binocular. used for observing hand specimens and mill
products at low magnification.

B. Transmission and Reflecting. wused for observing thin
sections in transmitted light and polished sections in reflected
light. The minerals are identified on sight. Particles as small
as 1 ym in diameter can be observed, but to enable identification
most particles must be larger.

6.2 X-ray Diffraction

Individual particles 35 um or larger are dug out of polished
sections and mounted on glass fibres. Deby-Scherrer x-ray powder
patterns are obtained and used to identify the minerals. A Guiner
camera is used for clay minerals but a few milligrams of the
sample is required.

6.3 X-ray Diffractometer

About 1 gram of crushed powder is used. Tracings of the
powder patterns are obtained. Minerals are identified using peak
positions, and the peak intensities on the tracings are
proportional to mineral quantities.

6.4 Electron Microprobe

Polished sections are irradiated with an X-ray beam and
compositions of grains larger than 3 um can be determined.

6.5 Scanning Electron Microscope Equipped with Energy Dispersive
X-ray Analyser (EDXA)

An image of the polished section is obtained. The most
useful image is electron backscatter where the grey level is

proportional to the Z number of the mineral. The approximate
composition of each phase can be determined with the EDXA thus the
mineral can be identified.

6.6 Infra-Red Spectroscopy

Analysis is performed by mixing the crushed material with KI
and pressing it into a thin wafer. The wafer is mounted and
either an infra-red transmission or absorption spectrum is
obtained.
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Peaks at different positions indicate the presence of
different molecules such as Si0,, H,0, OH, S0,, C0, etc. The
intensities of the peaks are semi-quantitatively proportional to
quantities of the mineral. Infra-red is particularly useful for
minerals that have a poor crystal structure and have the above
molecules, i.e., for anglesite, goethite, clay minerals, etc. The
technique has been used successfully for determining quantities of
quartz in mine dust, and for identifying nontronite (a clay
mineral) and ferrugnious opal (a nomcrystalline mineral).

6.7 DrA - TGA

Is used to measure endothermic and exothermic reactions and
is useful when combined with TGA analysis of non-crystalline
minerals that lose weight upon being heated. The method of
analysis is to take a small amount of powder and heat to say
1000°C. Thermocouples measure the endothermic and exothermic
reactions that are distinctive for the mineral and TGA analysis
measures the weight loss that occurred with each reaction. The
technique is particularly useful when the minerals do not have
well developed crystal structures, such as nomcrystalline
goethite, and have much OH, CO,, P,05 or other complexes that are
driven off as the mineral is heated.

6.8 Mossbauer Spectroscopy

Absorption spectra give distinctive peaks for ferric and
ferrous ions. The peak positions are distinct for each mineral
and the intensities of the peaks are roughly proportional to
quantities.

Mineral identification methods that do not require
sophisicated instrumentation are staining, fluorescence, contact
printing, radiography, and others. Most of these techniques have
been replaced by the newly developed instruments. The most easily
applicable and readily available stain is alizarin red for
carbonate minerals, described by Warne in about 1961. The
alizarin red solution stains calcite blood red, dolomite blue, and
siderite brown. Another staining technique is the procedure for
staining polished sections. There are six standard reagents. A
drop of each reagent is applied to the surface of a polished
section using a platinum wire. The drop is observed through the
microscope for about 30 seconds to 1 minute. The reagent is then
washed with distilled water and the spot is again observed. This
procedure was used with great success before the widespread use of
X-ray diffraction and microprobe analysis.
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Fluorescence in ultra-violet light is used to identify some
minerals such as scheelite, autunite, some calcites and other
minerals.

The printing of radioactive minerals is used to some extent.
A film is placed on the mineral for a controlled period of time,
and then developed. The imprint of where alpha particles
bombarded the film can usually be identified. By counting the
alpha-tracks per cm? per hour the variety of radiogctve mineral
can be identified.

6.9 SEM-Based Automatic Image Analysis System:

This is the most useful equipment in applied mineralogy,
therefore the system at CANMET is described in some detail, as an
example. The CANMET system consists of a Jeol 733 electron
microscope (SEM) equipped with 2 wavelength spectrometers and a
Tracor Northern energy dispersive X-ray analyser (EDXA) interfaced
with a Kontron image analyser (IA) that has 16 memories. The
automatic image analysis system (AIA) operates by producing an
image with the scanning electron microscope. The backscatter
electron image is the most useful image because phases having
different compositions display different grey levels. The image
is taken into memory 1 of the image analyser where a series of
filters are applied so that each grey level can be readily
discriminated. Each filtering step moves the image into a
different memory bin with the final image being stored in memory
2. Each grey phase is then detected separately, one per memory
and an outline is produced for each phase. A composite of the
particle outlines is then produced and the composite is used as a
"psuedo-live-time image" for controlling the position of the
electron beam to scan the selected features in the field. The
KONTRON image analyser isolates each particle and each feature
within the particle is scanned with the SEM. The X-ray spectrum
for each feature is collected with the EDXA and sorted into
elements, peak intensities being proportional to quantities of
elements. The sorted spectrum is sent to the KONTRON IA where it
is compared to a mineralogy file and each feature is identified.
Object specific data such as sizes and shapes of the particles and
of inclusions in the particles are collected by the Kontron IA.
Conditions for the object specific subscans are defined
interactively but the analysis is performed automatically.

Another major use of the image analyser at CANMET is in the
location and subsequent analysis of minerals which occur in very

low concentrations in other materials, such as tailings. In these
cases there may be only a single grain of a valuable mineral,
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e.g. native gold, in many thousands of grains of gangue minerals.
One approach to this problem is to use the linear traverse
technique while monitoring the output of the wavelength
spectrometers which are set for specific elements of interest.
When the elements sought are detected, then the grain of interest
is positioned under the beam by the image analyser, which controls
the stage, and the measurement frame is erected on the grain for
stereological measurements. Subsequently, the grain may be
quantitatively analysed using the two wavelength spectrometers at
a later time.

7. METHODS OF MINERAL IDENTIFICATION
A detail of discussion on methods of mineral identification

is beyond the scope of this paper, but methods of mineral
identification are listed below.

1. Optically - binocular microscope
~ transmission microscope
- reflecting microscope
2., X-ray powder diffraction
3. Electron microprobe
4, SEM equipped with EDXA
5. Other methods - infra-red analysis
- ultra violet analysis
~ Mossbauer analysis
- DTA and TGA analysis
~ radiography
- staining
8. METHODS OF DETERMINING MINERAL COMPOSITIONS
1. Microprobe
2. SEM equipped with EDXA
3. X-ray powder diffraction

4. Chemical analysis of mineral concentrates
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9. METHODS DETERMINING MINERAL QUANTITIES

There is no simple mineralogical technique to quickly and
accurately determine mineral quantities. Some techniques such as
X-ray diffractometer analysis give semi-quantitative analysis
quickly, and others, such as image analysis can give good
quantitative data, but this technique is new and not yet well-
developed. The standard direct analysis is by separating the
minerals into fractions, weighing each fraction, and determining
the mineral content of each fraction by X-ray diffractometer,
image analysis, etc. Another method of determining mineral
quantities is performing a semi-quantitative mineral analysis,
determining the chemical composition of the sample, then
calculating the mineral content.

The minerals can be separated into into fractions using:

1) Heavy liquids

2) Elutriating tube

3) Frantz isodynamic magnetic separator
4) Electrostatic separator

5) Superpanner

6) Flotation

The separated fractons can be analysed with

1) X-ray diffractometer

2) Estimation under a microscope
3) Grain counting

4) Image analysis

10. METHODS OF DETERMINING MINERAL LIBERATION AND SIZE
DISTRIBUTIONS

1) Measuring chord length under an optical microscope

2) Image analysis

11. PRESENTATION OF DATA

When mineralogical data are collected they should be
presented in easily understandable formats. Data that would be
obtained from uncrushed ore fragments are mineral identities,
modal analyses, -and size distribution of the minerals of
interest. Mineral identities and modal analyses would be
presented in standard tables. Size distribution data for each
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mineral of interest can be presented in either tables (Table 1) or
in graphical presentations that give a quick visual perspective of

the size distributions (Figs. 5 and 6).
presentation of cumulative percent vs size, plotted on semi-log

The graphical

graph paper is similar to the method that mineral dressing
engineers use for presenting screen analysis data.

Table 1. Size distributions of minerals in uncrushed sample

Size range| Sphalerite Galena Chalcopyrite
um
Vol. % | No.* Vol. % | No.* Vol. 7% | No.*
0-4.6 21 4549 36 4650 27 4550
4.6-6.5 6 227 7 158 8 236
6.5-9.2 5 89 9 96 6 84
9.2-1 7 62 9 47 9 62
13-18.5 7 32 10 28 10 37
18.5-26 9 20 9 12 10 18
26-37 8 9 8 6 10 9
37-52 10 6 6 2 10 4
52-74 8 2 3 1 4 1
74-104 7 1 2 1 4 1
104~-147 4 1 1 1 1 1
147-208 5 1 0 1 1
+208 3 1 0 0 0
Total 100 5001 | 100 5001 100 5004

*number of particles



Figure 5 -~ Size distributions Figure 6 — An example of size
of sphalerite, galena distribution of
and chalcopyrite (data sphalerite plotted
of Table 1), plotted as semi-log graph paper
% in each size range of as cumulative % vs
the Tyler Series. The size in micrometres

vertical scale is 0-37%.

11.1 Presentation of Data for Mill Products

Mill products are obtained from laboratory bench tests, pilot
plant tests, and from a plant. In some instances the mill
products can be analysed directly without screening into
fractions, but in other instances, particularly if the mill
product is coarse grained, it has to be screened. Data that would
be obtained by image analysis from polished section of either the
screened fractions or of the mill products are:

1) Modal analysis,

2) Proportions of minerals of interest occurring as free particles
and as unliberated grains,

3) Proporation of multi-phase grain that is occupied by mineral
of interest,
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4) Size distributions of the free particles, of the host
particles, and of the inclusions of the mineral of interest in
the host particles.

When the analysis is performed on screened fractions, size
analysis is not required for the free mineral particles nor for
the host particles. However, the weight per cent, and often the
assays of each sized fraction (Table 2) are needed so that the
mineral data for the screened fractions can be recast to mineral
data for the mill product.

Table 2. Assays, element distributions, and weights of
‘ sized fractions

Fraction Wt. % Assay 7% Di stribution 7%
(ym)

Zn Cu Pb Zn Cu Pb
-10 6.91{10.54] 0.74 | 6.44 7.99| 10.60f 13.99
10-15 9.29] 9.17| 0.55 | 6.10 | 11.70| 10.56}| 17.82
15-25 7.59] 8.61] 0.53 | 3.14 8.96] 8.28] 7.50
25-37 7.711 7.22} 0.47 | 2.30 7.63] 2.59| 5.70
37-52 4.36] 7.10f 0.48 | 2.35 4,18 4.24] 3.24
52-74 4.41] 6.90] 0.46 | 2.38 4,11 4.29] 3.32
74-104 4.73] 6.66] 0.46 | 2.41 4,22 4.60| 3.56
104~147 3.85] 6.64] 0.45 | 2.42 3.45] 3.66] 2.93
147~-208 5.81{ 6.62] 0.44 | 2.48 5.20f 5.40] 4.53
208-294 7.36] 6.60| 0.44 | 2.51 6.40f 6.62] 5.70
294-416 8.11} 6.57} 0.44 | 2.56 7.02y 7.29] 6.38
416-588 7.14) 6.53) 0.44 | 2.60 6.15] 6.42] 5.72
588-832 22,73] 7.29{ 0.48 | 3.18 | 20.99] 20.45| 19.61
Combined Product}100.00{ 7.52} 0.50 | 3.29 }100.00{100.00]{100.00

11.2 Modal Analysis

Modal analyses can be determined by point counting, by
measuring linear intercepts, and by measuring the areas of the
grain surfaces exposed in polished sections. The modal analysis
for each size fraction and the distribution of minerals among the
various fractions is reported in standard tables (Table 3) and
calculated for the combined mill product.
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Table 3. Modal analysis

Fraction % Mineral Distribution of minerals
um

sp cp| ga| py | sil]| sp cp { ga | py sil

-10 17.62.2}7.5{48.2{24.5} 1.22|0.15{0.52{ 3.33}| 1.69
10-15 15.3|1.6|7.1}50.1{26.4} 1.42|0.15}0.66| 4.65]| 2.45
15-25 14.441.63.7}52.0|28.6} 1.09{0.12|0.28] 3.95] 2.17
25-37 12.0)1.4}2.7156.3}27.6| 0.93}0.11}0.21} 4.34] 2.13
37-52 11.8)1.412.7156.5{27.6] 0.51}0.06|0.12] 2.46] 1.20
52-74 11.5{1.4}2.8157.5{26.8] 0.51{0.06|0.12] 2.54] 1.18
74-104 11.141.4}2.8}58.0126.7] 0.53]0.07}0.13] 2.74] 1.26
104-147 11.111.3}2.8158.5{26.3} 0.43}0.05{0.11} 2.25} 1.01
147-208 11.041.3}2.9)58.1{26.7] 0.64}0.08}0.17| 3.38] 1.55
208-294 11.041.3§2.9}58.3}126.5| 0.81}0.10]J0.21| 4.29] 1.95
294~-416 11.041.313.0}58.2126.5} 0.89]0.11{0.24} 4.72} 2.15
416-588 10.9§1.313.0}58.0126.8] 0.78]0.09]0.21} 4.14} 1.91
+588 12.2)1.4}3.7}56.0126.7| 2.77{0.32}0.84]12.70| 6.04
Combined Product}12.5}1.5{3.8{55.5{26.7|12.53{1.47{3.82|55.49{26.69

sp=sphalerite, cp=chalcopyrite, ga=galena, py=pyrite, sil=silicate
minerals

11.3 Proportion of Mineral as Free Particles or Unliberated
Mineral Grains

The proportions of minerals that are present as free particles
and as unliberated mineral grains (Fig. 7) must be determined to

establish whether the ore has been ground sufficiently to liberate
the minerals, and also to evaluate the performance of a concen—
trator. The liberation of the minerals of interest in each
screened fraction can be determined with an image analyser by
measuring either the surface area or linear intercepts of the free
particles and unliberated grains of the mineral in polished
sections and calculating the percentage that is free. These data
are not absolute because unliberated grains mounted in polished
sections might be sliced so that they appear free [10,11] hence the
observed amount of free particles will be slightly higher than the
true value. Nevertheless, for practical purposes the data are
close enough to the true values and should be presented in standard
tables (Table 4).
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Figure 7 - Photomicrograph showing free and unliberated sphalerite
grains (grey) in a -150 mesh (104 ym) fraction

Table 4. Mineral

liberation

Fraction % Free Sphalerite, 7%
um
In fraction|Contribution to mill product

-10 98 1.20
10-15 87 1.24
15-25 73 0.80
25-37 60 0.56
37-52 42 0.21
52-74 36 0.18
74-104 28 0.15
104-147 18 0.08
147-208 6 0.04
208-294 0 0.0
294-416 0 0.0
416-588 0 0.0

+589 0 0.0
Total 4.46

% free in mill product

4.46/12.53=35.6
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To establish the minimum and optimum grinds for a mineral in
the ore, a series of sized fractions is analysed to determine the
per cent of the mineral as free particles. The data are plotted on
semi-log graph paper as per cent free vs. grains size for each
fraction (Fig. 8). The minimum grind is the point where the curve
begins to steepen (100 ym), and optimum grind where it flattens (15
pm).

% FREE
o5 3838338887

-] o

910 20
um

Figure 8 — Percent free sphalerite in each sized fraction. The
vertical scale is % free and the points are plotted at
the midpoint of each sized fraction.

The contribution of the free grains to each fraction in the
total sample can be calculated from the data for each screened
fraction by multiplying the mineral distribution of Table 3 x
percent free (Table 4).

Plant performance can be evaluated by determining the
behaviour of free mineral grains in the concentrator or a circuit.
This involves:

1) collecting a complete suite of mill products from the
concentrator or circuit;

2) assaying these products for elements of interest;

3) performing a materials balance calculation (with a MATBAL
program) [12], using the assay data, to calculate the weight
per cent of each mill product relative to the feed for the
concentrator or circuit (Table 5);
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5)

6)

7)

8)
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performing a screen analysis on each mill product and
weighing each fraction;

performing a modal analysis on each screened fraction and
calculating the modal analysis for the mill product (see
example in Table 3);

determining per cent of mineral of interest that is present
as free particles in each fraction and calculating the
quantity (see example in Table 4) and size distribution of
free particles in each mill product;

recalculating the quantity (Table 6) and the sizes of free
particles and of unliberated grains in each mill product
relative to free particles in the feed.

plotting the data of the previous step as curves of per cent
free vs. size (Fig. 9). To prepare these plots one must

have data for each systematic size interval; the most
convenient set of interval is the Tyler series. On this
plot the top curve represents the quantity of free particles
in the feed, the bottom curve, the quantity in the
concentrate, and the space between the curves represents the
amount vs. grain size lost to the tailings and other
products. For more detail the amounts lost to tailings and
other products are also plotted.

Good mill performance is indicated if the recovery of free

mineral particles in the concentrate is about 90 to 95% (calculated
from Table 6). The loss of either fine-grained or coarse-grained
free mineral particles can be readily seen from Fig. 9 and
appropriate corrective steps can be taken.
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FREE GALENA
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WT. % RECOVERED
N (&)

Figure 9 - Frequency diagram showing quantity of free galena
particles in each size range of the Tyler series in the
feed (top curve) and in the lead concentrate (bottom
curve). The spaces between the curves represent the
quantities of free galena lost to the tailings and other
products.

Table 5. Distribution of products, determined by MATBAL

Product Wt. % Assay Distribution
Zn Pb Cu Zn P Cu
Cu conc. 0.42 | 2.34| 15.42{22.00{ O0.11 1.47{ 30.8
Pb conc. 8.00 | 8.81} 34.96] 0.73] 7.20} 64.91} 14.2
Zn conc. 17.80 }51.63] 3.51} 0.22} 84.56| 12.56f 16.1
Tailings 73.78 | 1.35{ 1.16] 0.12} 8.13} 21.06] 38.9
Feed 100.00 | 9.47| 4.49] 0.30}100.00}100.00{100.0
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Table 6. Mineral liberation

Product % Sphalerite % Galena % Chalcopyrite

Free{Unliberated|Free|{Unliberated| Free Unliberated

Cu conc.{ 0.05 0.10 1.3 0.2 27.5 3.3
Pb conc.}] 4.00 3.2 32.6 32.4 9.3 4.9
Zn conc.}60.90 23.6 1.4 10.9 8.9 7.2
Tailings| 1.60 6.6 1.7 19.5 10.3 28.6
Feed 66.5 33.5 37.0 63.0 56.0 44.0

11.4 Percent Inclusions of Unliberated Valuable Minerals

The unliberated mineral grains are studied to assess the
maximum possible recovery from an ore. An unliberated grain is
defined in this report as the grain of the desired mineral in a
particle that contains two or more minerals (Fig. 7). The
characteristics of the particle must be assessed to determine
whether the particle would tend to report to either the concentrate
or tailings, or whether it should be reground. The approximate
percentage of the desired mineral in the particle can be determined
by measuring the surface area of each mineral grain and of each
particle, and by calculating, by computer, the percentage of
mineral in each particle. The data can be presented as bar graphs
with a bar for each category of particle, i.e. particles that
contain the following quantities of desired mineral in vol. %
0-10, 10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80, 80-90,
90-100%Z (Fig. 10).The category of 90-100% mineral in the particle
would be classed as free particles. The height of each bar
represents the percentage of the mineral that is present in a
specific category of particle. The data for each fraction can be
recalculated to data for each mill product, using the weight of
each fraction, and replotted to show the contribution of each
fraction to the mill product. Size distributions of the particles
and of the mineral inclusions in particles of each category would
be determined with the image analyser and plotted as histograms
or scatter diagrams (Fig. 11).
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COMBINED MILL PRODUCT
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Figure 10 - (a) Category of particle, black is the mineral of

interest. (b) Bar graph showing percent of mineral
that is in each category of particle.
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Figure 11 - Diagram for plotting size of inclusion vs size of its
host particle. Schematic domains for sphalerite-
bearing particles in a high grade zinc concentrate, and
in tailings are shown. Particles with intermediate
quantities of sphalerite would need to be reground.
The numbers at the top of the diagram and the dashed
lines indicate percentages of wanted mineral in a
two-phase particle. The solid lines give mesh sizes.
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ABSTRACT

Chemistry of sulphide mineral flotation by xanthates has been
reviewed and discussed with respect to hydrophibization by collec-
tor coating and depressing effects of hydroxyl, cyanide and sulphide
ions. The collection mechanism in Galena-Oxygen-Xanthate Flotation
System has been elucidated electro-chemically by the use of electro-
de potentials. It is concluded that there is a limiting range of
Eh and pH where flotation is possible. Finally, silver sulphide
electrode was utilized to control the activity of xanthate ion du-
ring flotation of oxidized lead minerals after sulphidization. The
continuous control of sulphide and xanthate ions has been found prac-
tical to achieve reproducible results during flotation of an oxidized
lead-zinc ore containing cerussite, smithsonite and hydrozincite.

1. INTRODUCTION

Minerals may be classified, according to their behaviour in the
flotation process as the following [1] :

1. Non-Polar, Non-Metallic Minerals (graphite, sulphur, coal
and tale).

2. Sulphides of Heavy Metals and Native Metals (galena, spha-
lerite; chalcopyrite, antimonite etec.).

3. Oxidized Minerals of Non-Ferrous Metals (cerussite, smith-
sonite, malachite etc.).
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4. Polar Salt-Type Minerals which Contain Cations of Calcium,
Magnesium, Barium and Strontium.
(calcite, fluorite, apatite, barite, magnesite etc.).

5. Oxides, Silicates and Aluminosilicates.
(silica, feldspars, hematite, pyrolusite etc.).

6. Soluble Salts of Alkali and Alkaline Earth Metals. (sylvite,
langbeinite, gypsum, colemanite etc.).

The ease of floatability of these minerals decreases as the
ionic character of the chemical bonding increases. The gradation
between covalent and ionic bonding is simply presented by the illus-
tration below [2, 11] .

Non-polars — Sulphides _ Silicates — Oxides—Salts
— ® ® E

he) [%] — — 3 —
5 8 3 £ E 2
5 2 s g 5 E
a8 o (%) <] S b
L ] ] ] | | | |
0 10 20 30 40 50 60 70

—— Percentage of ionic character ——

Covalents Tonics

Figure 1. Gradation between ionic and covalent bonding

Beside being of poor ionic character, most of the sulphide
minerals differ from others by showing electrical conductivity, but
compared with metals they are extremely poor conductors (semimetal-
lics), differing from them by several order of magnitute. Some of
them display the properties of allowing passage of current in one
direction only (semiconductors). In fact this unidirectional val-
velike quality of galena was utilized in early, crystal radio sets

[37.

The most important characteristic of sulphide minerals is their

instability in atmospheric conditioms. They transform slowly into

stable oxidized minerals, e.g. PbS—— PbSOy , ZnS—— ZnCO; , etc.

Considerable changes on the surface of sulphide minerals occur
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during their oxidation. Numerous data relate the kineties of the
oxidation of sulphides to the formation of thick oxide layers and
finally to the complete transformation of sulphides into oxides.
In the following series, some of the sulphides are listed showing
a diminishing tendency toward oxidation :

Arsenopyrite > Pyrite > Chalcopyrite > Sphalerite > Galena > Chal-
cocite.

Sulphides of old geological formations are less readily oxidi-~
zed than those of later formations. Two adjoining solid phases are
much more readily oxidized than a single substance. Thus, galena,
sphalerite and covellite oxidize from eight to twenty times faster
in the presence of pyrite.

The oxidation of sulphides in flotation systems, where changes
in the surface layers of molecular dimensions play an important role
is still of a preliminary nature. An increase of the oxidation
species has been observed with an increase in pH, with the concen-
tration of dissolved oxygen and with the time of retention of mine-
rals in the pulp [4] .

1.1 Sulphide Minerals-Water-Oxygen System

In order to understand clearly, the oxidizing effect of oxygen
on sulphides in aqueous solutions, electrochemical equilibria diag-
rams should be compared [5] .

Dissolved oxygen of air in water, may act as an oxidizing agent,
by reducing itself into water.

0, + 4H +4e~ = 2H,0 , E° = 1.23 Volt

As a result of this reaction conducting (or semiconducting)
inert surfaces should acquire an electrochemical equilibrium poten-
tial, depending on the partial pressure of oxygen and hydrogen ion
concentration :

0.059 1

E=1.23--—209 1, 1 or
4 +
@EH* Po_
E =1.23 - 0.059 pH + —0-'—2—53—- Log ®o

In Figure 2, the line b indicates the change of the electro-
chemical potential versus pH when the pressure of oxygen is one
atmosphere

E = 1.23 - 0.059 pH
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Figure 2. Equilibrium giagrams of E-pH of H,0 - H,0,
system at 25°C 5

In practice, the potentials reach lower values (lines 4 and 5),
indicating that the first step of the reduction of oxygen is the
potential determining reaction [7] .
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0, + 20 + 2¢” = H,0, , E° =0.68 Volt

E = 0.68 — 0.059 pH + 0.030 log P02 - 0.030 log (H,0,)

and at high pH's,(pK_ = 11.6 for H,0, = H0; + 8

o

0, + H'+ 2¢” = HO, , E° = 0.34 volt

2

E = 0.34 - 0.030 pH + 0.030 Pg, - 0.030 log (HO, )
H,0, produced by this reaction, is decomposed.
2H,0, — 2H,0 + 0,

Thus, its concentration does not exceed 10~® M. Assuming that
the partial pressure of oxygen is about 0.2 atm., the equilibrium
lines of 4 and 5 corresponding to log (H,0, / Po,) = 5.3, should be
placed between the lines indicated by -6 and -4 in Figure 2.

The line a of the figure represents the lower limit of water
stability. Below that line, water is reduced with hydrogen evolu-
tion :

2H,0 + 2¢7 = H, + 20 or 2H -2 =H

) , » E == 0.059 pH

Hence any reducing matter, e.g. sulphide minerals, having
potentials lower than O, - H,0, equilibrium lines 4 and 5 in
aqueous solutions, are stable only when they are isolated from the
atmospheric oxygen.

Figure 3. summarizes the positions of some natural environ-
ments.
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Figure 3. Approximate position of some natural environ-
ments as characterized by Eh and pH [6]

Hence, depending on the pH,oxygen content of the solution and

of the presence of the common and other potential determining ioms,
sulphide minerals acquire different electrochemical potentials.
Furthermore, the non-stochiometry and the previous history influence
these potentials.

It was observed that the reversible potentials established

by the metal sulphides in contact with solutions containing the
corresponding cations have, however, been found to be more noble
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Figure 4. Composite diagram of stability of metal sulfi-
des and oxidation products at 25°C and 1 atmos-
phere total pressure in the presence of total
dissolved carbonate = 107!%, total dissolved
sulfur = 107! [6] .

Figure 4, is an interesting illustration, indicating the regions

of stabilities of lead, zinc and copper sulphides and their oxidation
products.

2. MODULATION OF COLLECTOR COATING

2.1 Hydrophobization of Sulphides by Xanthate Coating

In this study, potassium ethyl xanthate has been taken as the
collector representing dithio compounds; because, it is the most
used and the best studied amongst all of them.
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than those established by the respective parent metals [9] .

The oxidation of a sulphide mineral at low temperature is a
process in which the metal atoms move into the surrounding solution
to become aqueous cations, accompanied by a step-wise decrease in
the metal to sulphur ratio of the remaining solid phase. When sul-
phur is finally left over, it undergoes a series of reactions to be
oxidized, finally to sulphate ion [8] . This expression may be pre-
sented for a simple sulphide Me S, by the following reactions :

MeS — Me?*+S + 2e~ (1)

(This reaction, being the slowest, is considered as the main reac-
tion which determines the electrode potential).

45 + 60H —- 5,05~ + 25%7 + 3H,0 (2)
S2= —» S + 2e” (3)
28,027 — 5,02~ + 2e” (4)
8,02 —— ¢ee —— 502" (5)

Furthermore, metal cations may precipitate at the surface of
the mineral if the conditions prevail.

Me?*+5,027 — Me 5,0,

Me?*+50%" —> MeSO,

Me?*+20H — Me(OH),

Me?*+ 30H —> Me(OH),

Me?*+C0%~ —> MeCO, , etc.

In addition to the above mentioned reactions, one can inten-—
tionally change the electrochemical potentials of the sulphide mine-

rals, in a way similar to the second or third kind electrodes, by

the additions of precipitating e.g. Na,C0; , K,Cr,0, , Ca(OH),

or complexing (NaCN) reagents, or by the inhibition of the oxidizing
effect of air, (Na,S, NaHSO, , FeSO,).
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It has been established that in the absence of oxygen the fresh
surface of a sulphide mineral is wettable to some extent. Oxygen
promotes the dehydration of the mineral surface, thus facilitating
the penetration of xanthate molecules and their consequent fixation.
After long exposure to oxygen the flotation properties af a surface
become worse [10, 11] . In addition to the previous description of
chemisorption, xanthate coating occurs mainly, in flotation condi-
tions by metathetic reactions between the surface oxidation products
and xanthate ions [12, 13] . Hence, the laws governing the equilib-
ria in solutions, between the competing ions should be considered.
The significance of quantitative results may however be different
for the reactions occurring on the surface. These reactions are
characterized by being often irreversible or only slowly reversible
and specific for each substrate. For example the solubility of the
surface compound, formed by the adsorption of xanthate on pyrite,is
completely different from the solubility of the bulk ferrous xan-
thate; the latter is easily dissolved in water, while the former is
insoluble in both water and benzene. Only hydroxyl ions, which in-
teract very actively with iron cations, can replace xanthate anions
existing on the surface of pyrite in the form of a surface compound.

Since quantitative data can be obtained only for the bulk reac-
tions, some modifications are required for their applications to

surface reactions.

2.2 Hydroxyl Ion as a Depressant and Critical pH Values

The addition of alkali changes the concentration of hydrogen
and hydroxyl ions in a solution, and may also change the concentra-
tion of heavy metal ions. The influence of the hydroxyl ion on the
flotation of sulphide minerals with xanthates and other sulfhydryl
collectors showed that, there is a critical pH value below which any
given mineral will float and above which it will not float. This
critical pH value depends on 1) the mineral, 2) the collector
and its concentration, and 3) temperature.
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Figure 5. Relationship between concentration of sodium
diethyl dithiophosphate and critical pH value
[14] .

Figure 5 is a typical of the curves of critical pH values deter-—
mined using the captive bubble technique, in solutions of sodium
diethyl dithiophosphate [14] . Flotation of pyrite, galena and chal-
copyrite is possible under the conditions existing to the left of
their respective curves. Table 1 gives values under a variety of
conditions [14, 15] . The quantities of collector used in the tabu-
lated tests were molar equivalents.
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Barsky suggested that the plot of log concentration of collec-
tor vs. pH should give a straight line of unit slope. As shown in
Figure 6, the relationships actually obtained are :

(X)) =m (oH )™

where X~ denotes xanthate ions (or other thiocollectors)and m and
n are constants [14,16] .
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Figure 6. Change in Critical pH values vs. the concentra-
tions of sodium diethyl dithiophosphate, being
compared with the theoretical Barsky unit slope

[16].

The stability of reagent coatings can be described by their
solubility products. In order to compare simply, it should be
assumed that the previous surface coating produced by the effect of
oxygen of air, is in the hydroxide form.

M_eS-F%02+H20—->Me (0H), + S

Then, an equilibrium reaction should occur by the competition
of xanthate with hydroxyl ioms.

Me (OH), + 2X —> Me X, + 20H

The equilibrium constant of this reaction can be written in
the following form :

Km, (OH) , (0H )2

Km’k

X, (x)?
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If the concentration of xanthate is 10‘“‘M,che critical pH may
be calculated, for a divalent metal :

pH

1

10 + % I:pKMeX2 - pKMe (OH)Z]and for a monovalent metal:

pH

10 + pKMeX - pKMeOH

This relationship is nevertheless a good approach for guessing
the critical pH of simple metal sulphides. The solubility products
of some metal hydroxides and ethyl xanthates are given in Table 2.
with their respective critical pH's calculated for a xanthate con-
centration of 10™" M.

Table 2. Solubility products and the calculated critical

pH,s

Me S Me(OH), ; pK MeX, ; pK Crit. pH
Pb S Pb(OH)2 : 15.2 PbX, : 16.7 10.7
Cus Cu(OH), : 18.8 CuX, : 24.2 12.7
Nis Ni(OH), : 17.2  NiX, : 12.5 7.7
Zn's zn(OH), : 16.5  ZnX, : 8.2 5.9
Fe S Fe(OH), : 15.1  Fax, : 7.1 6.0
MeZS Me20 ; pPK Me X H pK Crit. pH
AgZS AgZO : 7.7 AgX : 18.6 20.9
CUZS Cu,0 : 14.8 CuX : 19.3 14.5

(Data related to metal xanthates are obtained from the referen-
ces [16] and [17]).

Critical pH wvalues of Table 1, and Table 2 are differing a
little and may be accepted as being within the experimental error.
Obviously the effect of oxygen, redox reactions induced by the solu-
tion or substrate and irreversibility in adsorption etc. are neglec-
ted. For example, the critical pH values of marcasite, pyrite and
pyrrhotite are different from each other, and can not be explained
by a simple metathetic equilibrium.

2.3 Cyanide As A Depressant

Cyanides have been very widely used in the selective flotation
of copper-zinc and polymetallic lead-copper-zinc ores, as a depressant
for sphalerite,pyrite and certain copper sulphides.
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The use of cyanides is made difficult by their high toxicity,
relatively high cost and their ability to depress and dissolve gold,
thus reducing its extraction into the froth product. In spite of
these disadvantages, cyanides are widely used, and attempts to re-
place them by other depressants have not proved successful in many
cases.

In various quantities, cyanides are capable of depressing the
flotation of zinc, copper, iromn, silver, gold, mercury, cadmium and
nickel minerals. The ions of these metals form extremely stable and
complex compounds with cyanide. It has been observed that minerals
with metallic ions which do not form such compounds with cyanides
(lead, bismuth, tin, antimony and arsenic) are not depressed by
cyanides [18] .

In order to compare, the stabilities of some metal cyanide comp-—
lexes their dissociation constants are given in Table 3 [4, 16] .

Table 3. Dissociation constants of metal-cyanide

complexes
Metal-Cyanide Complexes Kd
Ag(CN), 1.8 x 107%
Cu(CN), 2 x 10=%
Au(CN) , 5 x 103
Zn(CN)ﬁ" 1.2 x 107
cd(cN)2- 1.4 x 107%°
Ni(CN)2- 10-2
Hg(CN) 2~ 4 x 10™%
Fe(CN) - 10-3%
Fe (CN) 2- 10-42

The interrelation of the pH value and the depressant properties
of cyanide solutions has been established for collectors of xanthate
type. Typical curves are shown in Figure 7. Flotation is possible
to the left of the curves. For instance, in a solution containing
25 mg. per liter of potassium ethyl xanthate and 30 mg. of sodium
cyanide at a pH value of 7.5, chalcopyrite will float but not pyrite.
The flotation of galena is not affected, at pH = 10, one can selec-—
tively float galena by using cyanides [14] .
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Figure 7. Contact .angles for several sulfide minerals.
Bubble contact and flotation possible to left
of the curve (solution contains 25 mg/L potas-
sium ethyl xanthate) [14] .

The effectiveness of NaCN is however decreasing strongly when
pH is lowered; as a result of the hydrolysis of cyanide ion.

CN~ + H,0 = HCN + oH

In order to avoid the formation of HCN, which is a toxic gas,
it is advisable to work at pH higher than the pK, of hydrocyanic
acid, which is 9.3 . This would reduce the danger to health and
checks unproductive consumption of the reagent.

The reducing property of cyanide is weak. Cyanogen being the
first product of its oxidation :

2HCN = (CN), + 2H'+ 2¢= , E° = -0.37 Volt

(CN), + 2e™ = CN_ , E°=-0.18 Volt

51
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It is however unstable with respect to disproportionation [19].

(CN), + 20H = CN +CNO +HO , AG® = -34.5 keal.

Hence, the oxidation leading to cyanate may provide a lower
electrode potential, i.e. an increase in its reducing property.

The reaction of cyanide anions with metal cations occurs in
two stages : at first, neutral insoluble salts are formed, then a
reaction occurs between the insoluble salts and the excess cyanide,
forming soluble cyanide complexes, e.g. :

Cu+ —+—CN—> CuCN (s) i* Cu(CN);
Fe2+ T2CN | Fe(CN) , () HACN Fe(CN) ¥~
Zn2+ .QC_N_> Zn(CN)z(S) ﬂ_, Zn(CN) Z"’

The depressing action of cyanide, was therefore due to the pre-
vention of the formation of a hydrophobic metal xanthate film at the
surface of sulphide minerals either by its metathetic transformation
or by its complete dissolution.

The competing action between xanthate and cyanide ions was also
influenced by the concentrations of the cations involved in complex
formation.

CuX + 2CN = cCu(CN), + X , K =2.5x lo*
(x)  _ K
(cN)? cu(cN)

Thus the required cyanide concentration should increase in the
same direction as the concentration of soluble copper ions. By the
intentional addition of CuSO, to the pulp, one may nullify the
effect of cyanide.

Cu?* + 3CN — Cu(CN), + % (cN), , K =10%%*%
Nevertheless a similar reaction with xanthate ions occurs in
the presence of excess cupric ions, leading to a decrease in xanthate
ion activity,
cu’*t + 2X —— CuX + % X, , K=10%*?
but the produced dixanthogen adsorbing onto the allready hydrophobi-
zed surfaces or by reacting with the sulphide minerals fortifies the

bubble contact.
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PbS + X, —> PbX, + S

2.4 Sulphide As A Depressant

Sodium sulphide additions are used in selective flotation for
three distinct purposes [16] .

1. To sulphidize the oxidized metallic sulphides.

2. To improve selectivity in flotation of sulphide minerals
by a combined control of pH and sulphide ion concentration.

3. To decompose the xanthate coating on the bulk floated sul-
phide minerals, ahead of their subsequent selective reflo-
tation.

The first purpose mentioned above, should be considered as an
activation process. It is well known that the base metal oxide mine-
rals, such as cerussite, anglesite, malachite, etc., do not float
satisfactorily by xanthates. The surface of these ionic minerals
are strongly hydrated and the hydrophobic xanthate coating is not
sufficiently adherent to withstand the hydrodynamic flotation condi-
tions.

In order to decrease the hydration at these surfaces, sulphidi-
zation is required. The result of sulphidization is the passage of
sulphur ions into the crystal lattice of the oxidized minerals, re-
placing sulphate or carbonate ions and transforming the surface of
the mineral into a sulphide. The following reaction takes place
when sodium sulphide reacts with cerussite [18] :

PbCO, + S*~ = PbS + CO3-, K =6 x 10"

The sulphide film on the oxidized mineral surface is not parti-
cularly stable; as the pulp alkalinity increases, colloidal lead
sulphide formation becomes more rapid and the film flakes off the
surface. The loss of sulphidized coating by attrition is counter-
acted in flotation practice by making stage additions of Na,S . 9H,0
instead of a single large addition.

There is an optimum pH value for cerussite (from 9.5 to 10.0),
at which there is a maximum adsorption of sulphur ioms.

In contrast to cerussite, zinc carbonate (smithsonite) is less
susceptible to sulphidization. Experiments show that su%phidization
is effective only in a hot pulp (at temperature up to 60 C).

Eventhough sulphidization is a prerequisite for the flotation
of oxidized base metal sulphides, the excess of sulphide ions act
as a depressant. The adsorption of sulphide anions on the surface
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of sulphide minerals leads to an inecrease in the negative charge
which prevents adsorption of other anions, including collector
anions; this results in depression of sulphide minerals.

Figure 8, shows the data of Work and Cox for the relationship
between the pH value and the concentration of sodium sulphide re-
quired to prevent flotation in the presence of 25 mg. per liter of
the collector potassium ethyl xanthate [14] .
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Figure 8. Relationship between pH value and concentration
of sodium sulphide necessary to prevent contact
at surfaces of various sulphide minerals [14] .

The comparison with Figure 7 shows that copper minerals are
depressed by the sulphide in the same order as by cyanide. Pyrite

is relatively less susceptible to sulphide but galena is very sensi-
tive.

Alkali controls the concentration of the sulphide and hydro-
sulphide ions and exercises its own depressant effect above the
critical pH value. The competition between sulphide and xanthate
ions is also dependent of the hydroxyl ion concentration.
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- - Kw

2— — - -
S + HZO = HS + OH ’ Kb K2 5
- - - KPbXZ _ 10
PbX2+HS + OH =PbS—+22X +H20 , K= R—PTS—Tb"ll-XlO
@s?) = 2.5 x 1072 &)
(OH )

It should be recalled that Na,S being completely hydrolysed,
at pH's above 7, (pK; of H,S is 7 and pK, = 14.7); H,S forma-
tion is negligible Na,S + H,0 = NaHS + NaOH.

The concentration of Na,S may be considered to be equal to
(8S7), which is the dominant sulphur species at these conditions.

In order to prevent the formation of PbX, coating on the sur-
face of galena, one may calculate the required concentration of
sodium sulphide, at alkaline pH and at a xanthate concentration e.g.
pH =8, (X7) =10"%" M : (HS™)22.5 x 107 M.

The result obtained by the above calculation is obviously very
low and could not be compared with the results (at aerated condi-
tions) of Wark and Cox. Even fresh galena would provide such a low
value.

PbS +H,0 = Pb**+HS +OH , K=Kg .K, =5x107%

e.g. at pH 8, (HS ) = 2 x 10~ M. This result, strongly sup-
ports the necessity of the oxidation of sulphide ioms by air prior to
flotation. The depressing action of sodium sulphide is particularly
strong in the flotation of unoxidized sulphide minerals by xanthate.
Even a fraction of a milligramme of Na,S per liter exhibits dep-
ressing action on the flotation of unoxidized galena. This beha-
viour is analogous to the flotation of sulphide minerals without
any interaction with oxygen. Sulphide minerals depressed by sodium
sulphide regain flotability if sufficient time is allowed for the
dissolved oxygen to react with the sulphide [5] . This does not only
reduce the depressing activity of sulphide ion but provides also some
natural hydrophobicity.

The third mode of utilizing sulphide additions is to destroy
the hydrophobic collector coating on the bulk-floated minerals,
As the complex sulphide ores available for treatment become more
finely disseminated, bulk flotation of sulfides becomes the pre-
ferable treatment. Any subsequent retreatment of the bulk concentra-
te necessitates a partial or a complete destruction of the initially
induced hydrophobic coating. The decomposition technique is employed
in industrial practice for the separation of Cu-Mo and Cu-Ni mine-
rals; as outlined in the flowsheed in Figure 9 [16]
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RUN OF MINE ORE Complex mixture of minerals
( Cu~Ni, Cu-Mo, Cu-Zn, Pb-Sb,
crushing Pb-Zn, etc.)

cyclones »—( overfiow ) —————

|
{——( bulk concentrate) BULK FLOTATION

CHEMICAL .
TREATMENT anti- poliution treatment
flocculation and water recycling

——=—regrindi
e

cychnes-——l

[SELECTIVE FLOTATION

lconca] [concB]| [conccl

Figure 9. Bulk flotation of sulfides followed by chemi-
cal treatment regrinding, and finally, selec-
tive separations by flotation. Adopted for
finely disseminated complex sulfide ores, for
example; Cu-Mo, Cu-Ni, Ni-Co-Cu, etc.

Beside being a potential determining ion and thus lowering the
electrode potentials of metal sulphides by its precipitating action,
sulphide ions in appreciable quantities decrease the redox potential
of the media and prevent the oxidation of cyanide to cyanogen and
xanthate to dixanthogen, i.e. oxygen of air will oxidize sulphide
ions before the others.

The redox potentials calculated from the free energies of
H,S, HS™ and . S~ do not reflect the actual influences,because of the
dissolution of free sulphur in excess sulphide to form polysulphides,
and in alkali to form thiosulphate and sulphide. Nevertheless, the
following equations and the related potentials may give some idea
of the reducing power of sodium sulphide additions [19] .
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pH<7 : S+ 2H + 2e” = HS , E® = - 0.14 Volt
pH>7 : S+ H'+ 2e” = HS , E° = - 0.06 Volt
S + 2e” = g%~ , E® = - 0.48 Volt
in NaOH =1 Molal S27+ 2e” = 28°~ Eg = - 0.48 Volt
4S + 4OH = 2HS + 5,027+ H,0 , AG°= - 27.5 keal.

3. ELECTROCHEMICAL STUDIES

3.1 Galena-Oxygen-Xanthate Flotation System [20, 21]

It has been proved in a long series of papers by Plaksin and
his co-workers that oxygen is an essential participant in the flo-
tation of galena by xanthates [5, 10] . Furthermore, it has been
claimed that (a) the adsorption step requires oxygen, (b) oxygen
affects the wettability of galena itself, and (c) when xanthate is
taken up by galena the reaction occurs at localized patches and on
some faces or some grains more than on others also that the heavier
the deposition, the more pronounced the non-uniformity.

In addition, an appreciable time is required for interaction
of galena with oxygen, either before or during its contact with
xanthate solution, even when the amount of oxygen available is for
greater than that required to form a monolayer on the galena [22] .
This observation has a bearing on the claims of Nixon [23] .
Golikov [24] and others that galena catalyses the oxidation of
xanthates to dixanthogens which then improves flotation.

The use of electrode potentials for elucidating reactions is,
of course, well known. For example the effect of xanthate on the
potential of galena electrodes was studied by Lintern and Adam [25]
a long time ago in 1935. Polarization curves are often informative
in systems where it is not possible to establish a well defined
thermo—-dynamically reversible electrode potential - for example,
in the system of Pb/PbS /H,0. Such electrodes are often not at
equilibrium, but in a state exhibiting a so-called "mixed—potential"
which depends on the relative rates of simultaneous oxidation and
reductions at the electrode.
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Fig. 10 Diagram of the apparatus.

Tolun and Kitchener [20] constructed a special all - glass
cell (Figure 10) which permitted measurement of electrode potentials
at a working electrode, A, by means of a Luggin capillary, B, and
a saturated calomel reference electrode, C, in the absence of air.
Solutions could be deaerated in a side vessel, D, by passage of
"oxygen-free" nitrogen. A stream of this gas could also be passed
through the elctrode vessel, and its bubble could be applied to the
electrode when desired by means of a rotatable bent capillary jet,E.
With this apparatus, the investigators were able to measure the quan-—
tities of electricity required to surmount the oxidation-reduction
steps in the polarisation curves. Determinations were carried out
with a base solution of borax buffer at pH 9.
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Figure 12. Polarograms for potassium ethyl xanthate on
platinum.

i, Electrolytic oxidation of sulphide and xanthate ions on platinum.

The polarograms collected in Figure 11. lead to the following
conclusions :

(a) The first oxidation product of sulphide ions is elementary
sulphur, which makes the (otherwise hydrophillic) platinum
strongly hydrophobic (curve 3). (This result is concordant
with the hydrophobicity created by the slight oxidation of
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metal sulphides).

(b) With Na,S pius air (curve 4), a mixed-potential curve is
obtained, but the current is not the algebraic sum of the
separate oxidation and reduction currents (curve 2 and 3);
the oxygen-reduction process is strongly poisened by the
sulphur. (The cathodic part of curve 2, indicates the
first reduction step of oxygen to hydrogen peroxide).

The polarograms in Figure 12 shows :

(¢) In absence of air, 1073 M potassium ethyl xanthate (KX)
lowers the potential of a platinum electrede to - 0.12 V,
but no bubble contact can be formed.

(d) Between - 0.1 and 0.0 V onodic oxidation commences, with
slow formation of dixanthogen (X,) and onset of feeble
bubble contact. Above 0.0V the electrode becomes coated
with dixanthogen and strong bubble contact is observed.

(e) The dixanthogen is cathodically reduced back to xanthate
(curve 6), contact being retained as long as it is present.

(f) Air plus xanthate gives a mixed-potential curve 7, with
"poisoning" for oxygen reduction (i.e the electrode is no
longer catalytically active).

The standard redox potential for the dixanthogen-xanthate
system has been determined in the absence of air.

X, + 27 =2Xx , E°=-0.081V

For comparison, the standard redox potential of the sulphur-
sulphide system is - 480 mV. It follows that sodium sulphide solu-
tion should be able to reduce dixanthogen to xanthate. This was
confirmed by dispersing 3 mg. of dixanthogen (by ultrasonic action)
in 100 ml. of 103 M,Na S (pH 9.2) : the turbid solution on standing
became completely clear after 1/2 hour, and ultra-violet spectro-
photometry showed the quantitative formation of xanthate (with its
maximum at 3000 A®). The sulphur formed by oxidation remained in
solution as disulphide (Sé“). The equilibrium constant calculated
for the related equation clearly supports this reaction.

X, + 28%- — s2-+ 2x , Kk =10%°
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Figure 13. Polarograms at a galena electrode.

ii. Reactions at a galena electrode
The polarograms in Figure 13 show :

(a) In the presence of air, the potential shifted strongly to
less negative values(- 0.1 V, curve 15), indicating chemi-
sorption of oxygen. On cathodic polarization, the galena
electrode did not readily reduce dissolved oxygen.

(b) Anodic polarization produced sluggish oxidation (curve 14)
presumably first to a basic thiosulphate [26] , which may
be represented by the following overall equation,

(o]

2PbS + 5H,0 = Pb(OH),. Pb§,0 + 8H + 8¢~ , E° = 0.505 V
resulting from the following reactions :
galena galena
n-type o| — |p-type o + Pb%* +2e”
with excess Pb with excess S

4s° + 60H — 2577 + 5,027 + 3H,0
Pb** +82- —=PbS

2+ - 2 -
2Pb®* +20H + §,05” —> Pb(OH),. PbS,0,
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(c) Further anodic oxidation, obviously produced Pb SO, as the
last step of the oxidation.

(d) Xanthate in the air free solution did not produce a bubble
contact, unless the potential was raised to -~ 0.13 V, which
is the corresponding redox potential for the xanthate-di-
xanthogen system (curve 16). This mixed potential and
bubble contact could be restored (i) by fresh anodization,
(ii) by adding dixanthogen, or (iii) by introducing air
(see inset).

(e) If the potential is lowered to - 0.5 V (i) by cathodization
or (ii) by nitrogenation, the contact is slowly destroyed.

The observations presented above strongly support the importan-
ce of mixed potential and the presence of dixanthogen beside lead
xanthate for the flotation condition of galena. The consumption of
dixanthogen by galena in the air free condition, may simply be des-
cribed by the following reaction :

X, + PbS —> PbX, + S

The lead xanthate film alone produced in this way, does not
provide a floatable condition.

3.2 Favourable Area for Flotation of Galena on a Potential-pH Diagram

i. Galena-oxygen-water system :

The minimum potentials required for the oxidation of galena
can be calculated from the following equations :

2PbS + 5H,0 = PbS, 0, + Pb(OH), + 8H + 8e~

Eh = 0.505 - 0.059 pH

2PbS + 7H,0 = 2Pb(OH), + 5,037 + 10H' +8e~

Eh = 0.632 - 0.0737 pH + 0.007 log (S,0%7)
_ - 2 + -

2PbS + 7H,0 = 2HPbO, + 5,037 + 12H + 8e

- 0
Eh = 0.841 - 0.0885 pH + 0.015 log (HPbO,) + 0.007 log (S5,057)
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Figure 14. Potential-pH diagram of the galena-oxygen-
water system [21] .

The equilibrium lines collected in Figure 14 lead to the follo-
wing conclusions :
(a) Galena is an unstable mineral in oxygen-containing water.
(b) The mixed potential of the galena electrode (closed circles)
is determined by the equal rates of the cathodic reduction
of oxygen and anodic oxidation of galena.

ii. Galena-oxygen-xanthate system :

The electrochemical reaction leading to the production of lead
xanthate is

2PbS + 3H,0 + 4X = 2PbX, + 5,027 + 6H'+ 8e~
Eh = 0.194 - 0.044 pH + 0.007 log (szoi-) - 0.0295 log (X )

The stability of lead xanthate is determined by the following
equations [27]



PbX, + 30H = HPbO, + 2X + H,0

,0 , K=10"?

Keeping the concentration of plumbite and xanthate ions equal
to 10~%* M, the critical pH becomes 10.7 (Figure 15, vertical line).
Beyond pH 10.7, galena is directly oxidized into plumbite and thio-
sulphate ions without forming a stable lead xanthate coating.

The decomposition of lead xanthate by strong oxidation is deter-
mined by the following relations :

PbX, + 2H,0 = Pb(OH), + X, + 2H + 2e~

Eh = 0.800 - 0.059 pH

PbX, + 2H,0 = HPb 0, +X, + 3H + 2e-

Eh = 1.225 - 0.0885 pH + 0.0295 log HPb 0, )
and the oxidation of xanthate ion into dixanthogen

, = , Eh=-0.081 - 0.059 log (X )
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Figure 15. Galena-xanthate—oxygen system.

The equilibrium lines, together with the experimental conditions
of strong and feeble bubble contact, are shown in Figure 15.

The bubble adhesion was only obtainable in the area where lead
xanthate was found to be stable, and the oxidation of xanthate ion
was appreciable.

It is also interesting to observe that the potentials corres-
ponding to strong bubble contact fall in an area parallel to the
equilibrium potential of the xanthate-dixanthogen system, and nearly
coincide with the equilibrium potential of the dixanthogen-galena
system (broken line) :

PbS +X, = PbX,+S , K = 10
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The first step of the electrode potential of galena in the pre-
sence of xanthate ion coincides also with this flotation condition.

PbS + 2X =PbX, + S + 2e”
Eh = - 0.124 - 0.059 log (X )

When the concentration of xanthate ion is 10™® M, Eh becomes
0.053 V. The electron transfer, and chemisorption of xanthate
becomes appreciable at these potentials. At higher potentials, the
formation of hydrated oxidation products competes with the hydro-
phobic lead xanthate and finally prevents bubble contact. Such con-
ditions were obtained by full oxygenation or better by the depress-—
ing action of potassium chromate at pH 8.

As with oxygen-free solutions, reducing agents, such as sodium
sulphite-ferrous sulphate mixture at pH 6.5, producing sufficiently
low potentials, prevent bubble contact.

It should therefore be concluded that, there is a limiting
range of potential for the system galena-oxygen-xanthate solution
at which bubble contact takes place, just as there is a limiting
pH range where flotation is possible.

4, SILVER SULPHIDE ELECTRODE AND ITS USE IN CONTROLLING FLOTATION
OF AN OXIDIZED LEAD-ZINC ORE

In the sulphidization of oxidized ores for flotation the sul-
phidization stage is critical, because either too much or too little
sodium sulphide gives poorer metallurgy than does an optimum addi-
tion [28,29] . The use of silver sulphide as a sulphide ion-selec-—
tive electrode is the most convenient technique for controlling the
operating conditions.

4,1 Silver Sulphide-Xanthate-Oxygen System [30] .

A solid microcrystalline silver sulphide of a thickness of
about 2 mm. and of a diameter of 10 mm. has been prepared at the
laboratory, by melting precipitated silver sulphide with some sulphur
in a loosely covered porcelain crucible. During melting, excess
sulphur is evaporated and during cooling silver sulphide is solidi-
fied as a microcrystalline disc at the bottom of the crucible.
Polished surface of this material, examined by reflected light mic-
roscopy, should be free of metallic silver. (The non stoichiometry
of silver sulphide is well known. It may accommodate appreciable
amount (<0.1 Z) of silver or sulphur as solid solution; never-
theless it remains always as an n-type semiconductor; but the excess
sulphur containing species have lower conductivities). The solid



silver sulphide was cemented to the end of a glass tube with
Araldite resin, electrical contact being made to a silver wire by
a drop of mercury in the tube [33] .

-=--- Base solution
== 0.001 M KX

Figure 16. Polarograms at a silver sulphide electrode.

Silver sulphide electrode is known for its sensitivity toward
silver or sulphide ions. As these potential determining ions could
not be provided appreciably from the surface of silver sulphide
(KSP = 10-*), the static potential was affected very slowly by
oxygen reduction of air. As it is shown in Figure 16, the polarog-
rams in air free or aerated solutions are the same. The static
potential established very slowly and reached about - 0.04 V at the
end of several hours.

When potassium ethyl xanthate was added to the base solutioms,
either air free or aerated, the static potential of the electrode
is lowered and rested at about - 0.25 V. No dixanthogen formation
was observed during the anodic polarization of the electrode and no

67

oxygen reduction during its cathodic polarization. This was an indi-

cation that the electrode was free of catalytic activity and should
not suffer of the mixed potential effect of air. This effect is
clearly shown in Figure 17, when silver metal was used as electrode
instead of Ag,S.
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Figure 17. Polarograms for potassium ethyl xanthate on
silver.

The calibration curve presented in Figure 18 indicates a
satisfactory sensitivity of this electrode towards xanthate ion
concentrations down to 10~°> M. The potentials obtained were higher

in magnitude than the potentials of aerated suspensions of galena
or sphalerite.

EmV
vs SCE

-600-

T, Sphalerite suspensions (air-free)

-400 - --—= Galena suspensions (air-free)
s==:= Sphalerite suspensions + air

-300 ++ Galena suspension +ai

280} T pension walr

-200-

0 | 2 3 4 5 6 7 -logCx]

Figure 18. Electrode potentials versus to the concentra-

tions of potassium ethyl xanthate on silver
sulphide.
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Shortly to say that the electrode should be able to indicate
the activities of xanthate ion, when the competing activity of sul-
phide ion is not appreciable. The following equations support also
qualitatively this behaviour :

Ag® + e~ = Ag ; E© = 0.799 V
AgX = Agt + X7 ; Rgp = 4:2 % 1071
Eqog = = 0-53 - 0.059 log (X')
_ + - - -1 _ -50
Ag,S + H,0 = 2Ag" + HS + OH ; K. .K .K'=10
sp W
- - - (o]
Ag,S + H,0 + 2e” = 2Ag + HS + OH ; ESCE =-0.9V
Eqg = — 0-5 - 0.03 pH - 0.03 log (HS')

(x)2210*® oH  HS

(i.e. in order to measure 10~°> M xanthate ion activity at
pH 9, HS™ should be smaller than 107 M,

4.2 Concentration of an Oxidized Lead-Zinc Ore

The investigated sample was received from a mine situated near
the town of Kayseri (Zamanti district). The main minerals identified
in this ore sample :

Smithsonite Calcite Clay minerals
Hydrozincite Sericite Limonite
Cerussite

The main operations used for its concentration :

i. Crushing and grinding to - 48 mesh.

ii. Desliming of fines (- 10 y m ) by hydrocyclone.
iii.Conditioning and flotation of cerussite.

iv. Desliming by decantation.

v. Flotation of smithsonite.
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The results of two successful tests are presented in the

following Tables :

Table 4. Concentration results of a rich ore [31] .

Product

Lead concentrate
Zinc concentrate
Tailing

Slimes

Feed

Grade, 7% Recovery, 7%

Weight g. Pb Zn Pb Zn
84 64.3 1.88 89.3 1.4

191 0.83 43.6 2.6 72.9
222 0.92 12.6 1.9 13.4

97 3.88 14.5 6.2 12.3

494 12,2 23.1 100.0 100.0

Table 5. Concentration results on the coarse tailing of the

gravity

Product

concentration by jigging [32] .

Lead concentrate
Zinc concentrate
Tailing

Slimes

Feed

Grade, 7 Recovery, 7

Weight g. Pb Zn Pb Zn
126 58.0 2.0 84.0 2.1
200 1.0 50.5 2.3 84.1
514 1.8 2.7 10.4 11.7
160 1.8 1.5 3.3 2.0
1000 8.7 12.0 100.0 100.0

i. Flotation of cerussite

The selective flotation of the oxidized lead minerals is carried

out by treating them first with sodium sulphide and then by using a
xanthate collector, the operation is accomplished in a similar way

to galena flotation.

The conditions of a successful flotation test

is summarized in the following Table :



Table 6. Flotation conditions of cerussite

Pulp : solid / liquid = 1/5 ; pH =9 E§g§_; mV
Addition of Na,S.9H,0 : 200 mg/1 - 470
I. conditioning : 5 minutes - 140
Addition of K A X : 150 mg/1 - 250
II. conditioning ¢ 4 minutes - 140
Flotation : 10 minutes + 20

The increase of the potential during the first couditioning
indicated the concumption of sulphide ions by lead corbonate mine-
rals. At the end of 5 minutes, the potential was just a little
higher than that of a galena suspension in the air free solution
(Figure 18), indicating the end point of the metathetic reaction.

PbCO, + HS = PbS + HCO, ; K =3 x 10%

The addition of KAX lowered the potential to an expected
value and at the end of the conditioning, the concentration of
xanthate ion falls to about 10~°> M. During the flotation, lead
minerals and xanthate ions are removed with the froth, and the po-
tential increased as a result of the oxidizing action of air in the
pulp.

ii. Flotation of smithsonite

The flotation of oxidized zinc minerals is carried out selec-
tively by treating them with sodium sulphide and a fatty amine.
The conditions of a successful test is summarized in the following

Table :

Table 7. Flotation conditions of smithsonite

SCE ; mV
Addition of Na,S . 9H,0 : 2000 mg/1 - 680

pH = 12 (adjusted with Na OH)

Addition of tallowamine acetate : 100 mg/1 - 680
(together with pine oil and : 15 mg/1

kerosene in emulsified form) : 25 mg/1

Conditioning ¢ 4 minutes - 680

Flotation : 10 minutes - 650
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The potential, indicating the activity of sulphide ion, did
not change during the conditioning. Hence, no appreciable consump-
tion of sulphide by zinc minerals was observed. Nevertheless, the
data on the solubility products of zinc sulphide .(10-2'-° ) and zinc
hydroxide (10~'-5 ) support the formation of zinc sulphide at the
surface of zinc minerals. Thus the dissolution as zincate ion was
prevented and the particles were selectively floated with fatty
amine collectors as if they were sphalerite [4] .

Zn (OH), + HS = ZnS +OH +H,0 ; K = 10%

5 x 10°

Zn (OH); + HS ZnS + 20H + H,0 ; K
In our conditions (pH = 12), the added sodium sulphide was
more then sufficient for the required activity of HS™ (107° M).

The addition of tallowamine did not alter the potential. The
expected adsorption of this collector onto the surface of zinc
minerals could therefore not be observable on the potential of the
electrode, because of the extreme insolubility of silver sulphide
compared to its amine complexes.

In the light of the presented data, it should be concluded
that, beside the pH, the continuous control of sulphide and xanthate
ions by the silver sulphide electrode is very practical to achieve
reproducible results during the flotation of oxidized lead-zinc ore.
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ABSTRACT

Coal flotation of fine material has both economical and envi-
ronmental benefits by recovering as much coal as possible from
run-of -mine coal and by reducing air and water pollution due to
the elimination of sulfur from clean coal and reduction in the
solid amount which goes into the stream or in recirculating plant
water.

Coal flotation is characterized by the chemical and petro-
graphical composition of coal and its rank. In addition, size and
sp . gr.of coal particles, pulp density, rate and uniformity of
feed, conditioning, type of reagents, pH, presence of clay and
type of flotation machines are the other variables which influ-
ence the coal flotation.

This paper reviews most of the parameters affecting coal flo-
tation.

1. INTRODUCTION

Flotation is a physico-chemical method of concentration where-
by minerals are separated from each other or from their associated
gangue. Although flotation was originally developed in the mineral
industry and used commercially as early as 1902, the process has
been gradually extended to other fields, but the coal practice was
not started until 1920 (1). European countries, notably Holland,
has led the way in the application. It has grown more slowly
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in the Unilted States than in Europe. In the U.S.A., the production of
flotation concentrate achieved was over 14 million tons which was
about 5 percent of the cleaned coal in 1978 (2,3). The percentage

of clean coal produced by flotation in Europe (England, West Germany
pPoland, U.S.S.R., etc) 1is substantially higher (4). For example,

in the Soviet Union the amount of coal fines treated by flotation
exceeds 44 million tons in 1979. The share of froth flotation in

the total tonnage of cleaned coal is over 12 percent (5). In Turkey,
about 14-18 percent of the run-of-mine bituminous coal which comes

to the washery is treated by flotation (6 ).

Benefits, both economic and enviromental, gained by beneficia-
tion has been a necessity in most coal operations requiring some
degree of preparation which is due to the following considerations:

i) Mining of coal by highly mechanized methods has caused an increase
in the fine fraction.

ii) Black water problem which has to be controlled from an environ-
mental point of view.

iii) The need for the production of coal with low sulfur and ash
content leads to an increasing emphasis on flotation as a means of
achieving these ends.

iv) With substantial increase in the value of coal and its cost of
production, the fines previously wasted become a very valuable pro-
duct.

The fine fraction of a coal stream is that fraction which contains
particles essentially in the -28 mesh size range.This fraction will
normally first appear, in a coal preparation process, as a result
of classification to segregate raw coal into various size components
for beneficiation. More specifically, it could appear in desliming
screen overflow, classifying cyclone overflow, and in other process
circuit components. Therefore, the essential difference between ore
and coal flotation is that for ores the entire tonnage is ground
to flotation size, for coal, however, comminution does not occur,
and only that fine fraction not processed by gravity concentration
is treated by flotation.

Although coal flotation has a tremendous potential, it has not
been widely practiced.
The explanation is given as follows:

i) High cost of flotation process.

Capital and operating costs associated with coal beneficiation are
principally a function of the surface area of the coal being treated.
Since a ton of -28 mesh fine coal has a much greater surface area
than a ton of +28 mesh coarse coal, its beneficiation costs are much
greater. In general, it costs three times as much to wash fine coal
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as it does to wash coarse coal (7). Nevertheless, in most cases ,
coal prices are now high enough to justify fine coal beneficiation.
ii) Failure to clean the fines containing high percentage of clay.
iii) Tendency for oversize to be lost in tailings.

iv) Marketing problems of fines.

v) High cost of dewatering.

More machinery and energy is needed to remove moisture from fine
particles due to their large surface area than to remove moisture
from coarse particles.

vi) Difficulty of application to certain coals.

The beneficiation processes based on specific gravity are only
slightly affected by rank of the coal, degree of oxidation of the
particles, or the chemical quality of the clarified water, the
floatability of the coal is extremely sensitive to all of these
conditions. Most commercial reagents do not react with oxidized coal.
Therefore, most of the oxidized coal processed in flotation cells
reports to the tailings. Low rank coals and higher rank coals that
have become oxidized are not amenable to froth flotation or will
give very low yields (3).

Due to the complexity and heterogeneity of the coals, it is appropri-
ate to survey some of the properties of coal and operational factors
which are of importance in the flotation.

2. STRUCTURE AND COMPOSITION OF COAL AFFECTING COAL FLOTATION

2.1. Chemical and petrographical composition of coal

Coal is a combustible sedimentary rock formed from plant remains
under the influence of high temperature and pressure. It is charac=
terized by its rank and type. The nature of the original plant mate-
rial determines the type of coal, while the degree of metamorphism
determines the rank which is the stage reached by a coal from peat
to anthracite in the course of its coalification.

Coals with their constituents vary in chemical composition from
one to another. Due to their extra ordinarily complex carbon chemis-
try, these combustible solid minerals can not be represented by
uniquely defined chemical structures. But it is accepted that coals
are comprised of C,H,0,S and N. Structurally, they are composed of
condensed aromatic rings of rather high molecular weight. About 70%
of all carbon atoms are in aromatic rings, but only about 20-25% of
hydrogen atoms are attached to aromatic carbon atoms (89). Oxygen,
sulfur and nitrogen are combined in chemically functional groups
such as OH, CO, COOH, NH, CN] , S, SH etc., which occur as integral
parts of the original molecules (9,10).

Due to the high temperature during coalification, some chemical
transformations take place increasing the carbon content of coal
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while diminishing of its oxygen, hydrogen, and volatile matter con-
tents. Table 1 shows classification of coals and their properties

as a function of rank (l11). As it is seen,rank increases from left
to right. Heating value, sametimes expressed as "Rank Btu" which
tends to increase with rank while moisture content tends to decrease.

One of the most important features of a coal is its internal
capillary structure. The presence of pores and cracks determines the
specific surface area reacting with flotation reagents. During chemi-
cal reaction or adsorption processes, reagents have to pass through
these very small capillaries, and specific adsorption processes are
followed by condensation of reagents in micropores. This capillary
condensation takes place as a result of Van der Waals forces.There-
fore, the adsorptive properties of coal depend on the nature of the
pore structure (12,13).

It is also known that the equilibrium moisture contents of coals
are dependent on their porous structure.Coal becomes more porous
when its rank decreases and becomes more difficult to treat by froth-
flotation. Brown coal and lignite have a strongly hydrophilic charac-
ter and a high intrinsic moisture content. In the transition from
brown coal and lignite to bituminous coal, the inherent moisture
content decreases from 45 to 2-3 percent and the coal substance
becomes more hydrophobic (14).

Four distinct "ingredients" or "rock types" (lithotypes) were
distinguished with the unaided eye in banded bituminous coals.Four
terms, vitrain, clarain, durain, and fusain were first described
by Stopes (15). The petrographic units of lithotypes which do not
appear to be capable of further resolution under the microscope were
called "macerals". Each maceral has been given a special name such
as collinite, tellinite, cutinite, alginite, resinite, sporinite,
micrinite, sclerotinite, semifusinite and fusinite, For ease of
usage, three maceral groups have been established-vitrinite, exinite
and inertinite. Each group includes macerals which, although not
identical, may appear similar under the microscope and in respect to
their technological properties.

Table 2- shows the terminology used in Stopes-Heerlen (S-H) system
of classification (16,17)

Flotation characteristics of group macerals and 1lithotypes are
different. If the surface properties of a coal's constituent are
well established, one would be able to predict the behaviour of a
particular coal.

Study of the maceral has shown that the fraction of the total
carbon in aromatic structures INcreases in the order : exinite,
vitrinite, inertinite. The hyaroxyl group content, an indication
of polar character, decreases in the same order (14). One would
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expect that the order of hydrophobicity would increase in the order
exinite, vitrinite, inertinite, and this would be reflected in the
lithotypes in which they are a major component.This does not appear
to be the case,however,because the hydrophobicity of the lithotypes
usually increases in the order fusain, durain, clarain and vitrain
( 14 ).One of the major factors for this order is due to the or~
dered graphite-like structure of inertinite, but mainly because of
the varying amounts of hydrophilic mineral matter intimately asso-
ciated with inertinite.

2.2. Impurities associated with coal

Two types of ash forming components are encountered in the run-
of-mine coal : Fixed ash-Mineral inclusions in the coal seam which
is a term applied to the mineral matter associated with coal during
coalification. This is derived from the inorganic matter which grew
in the original coal-forming plants. Free ash-Carbonaceous shale,
clays, sandstone or other forms of rock, sulfur and deleterious
trace elements, immediately adjoin the coal seam, from hanging wall
and footwall, or as partings or layers of rock or clay within the
seam (intercalations) and are unavoidably extracted with it. Fixed
ash is defined theoretically the minimum ash achieved in a clean
coal.

Sulfur is present in coal in four forms: Elemental, sulfate,
organic and pyritic sulfur. Since the sulfate and elemental sulfur
are usually low, and the organic sulfur is intimately associated
with the coal, basically only pyritic sulfur may be removed by flo-
tation or other physical separation methods provided the pyrite
particles are not too fine to be liberated.

The flotation properties of coals are very closely dependent
on the propérties of inorganic impurities (e.g. if the amount of
clay minerals increase in coal, the effect on the flotation circuit
can be most deleterious). Classification of these impurities and
their properties affecting flotation are shown in Table 3 (18).

2.3. Natural Floatability of Coal

For flotation to occur, coal particles must become attached to
air bubbles passing through the suspension in a flotation cell and
be removed into the froth layer. The tendency for attachment is cha-
racterized by the wettability of the surface.

The atoms, ions or molecules which form solid bodies are inter-—
connected by means of various bonds. When a crystal breaks down,some
unsaturated bonds arise at the surface. Solids, such as coal, con-
sist of molecules which are held together by weak Van der Waals
bonds. When coals are fractured, these weak bonds are broken and
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the surface is left in a relatively uncharged or non-polar condi-
tion;tis naturally hydrophobic, exhibiting a high contact angle.
On the other hand, solids generally have some sort of ionic or
metallic structure and on fracture their surface is left polar and
hydrophilic, with small or zero contact angle (14).

The complex, giant-molecular structure of coal undoubtedly re-
sults in some covalent bonds being broken, on size reduction, to
yield a surface which is largely neutral but with some degree of
polarization. This polarization is not sufficient to destroy the
floatability of coal but probably reduces it.

TABLE 3- Classification of Inerganic Impurities
Found in Coals (18)

Group Representatives Principal Properties
Affecting Flotation

Sulfides Pyrite, marcasite Contaminate the concentrate
with sulfur.Have high flota-
tion activity, small grains
can be floated with the same
reagents as coal. Floata-
bility deteriorates after

oxidation.
Argillaceous Kaoline, clays Form large amounts of finely
substance dispersed slimes which cause
flotation to deteriorate.
Carbonaceous Carbonaceous shales, Highly water-repellent,
and bituminous Bituminous shales. therefore pass into coal
shales concentrates in flotation.
Highly soluble Gypsum,sylvite, Increase the pulp electro-
minerals potassium, sodium lyte concentration; which
chlorides effect the separation in the
process.
Non-Sulphides Calcite,quarts, Relatively low solubility,
(silicates, dolomite,feldspar. do not contain bitumens and
carbonates, humic acids.Wateravid, they
oxides) can be easily separated

from coal by flotation.

The natural floatability of coal depends upon rank. As the
rank of coal decreases (i.e. its carbon content), it becomes more
difficult to treat by froth-flotation. Hence coking coals are most
suitable for flotation because good yields of relatively low-ash
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product are obtained from them.

The essential condition for froth flotation is that a particle
of solid, wetted by water, should become attached to an air bubble
and to be carried to the surface. The extent to which the water is
displaced from the surface of the solid or in other words, the ex-
tent to which air/water, and solid/water interfaces are replaced
by an air/solid interface is characterized by the contact angle.
Brady and Gauger ( 19 ) evaluated the natural-'floatability of coal
by using the contact angle. Brown plotted ( 14 ) also a curve for
the variation of contact angle with carbon content of coal. The
maximum contact angle was observed at 89 % C. Up to this value,
there is a loss of polar character by the decrease of hydroxyl
and acid groups so that the coal becomes more hydrophobic and
floatable, with a maximum floatability at 89 % C; above 89 % C the
hydrophobicity decreases slightly as the carbon atoms form struc-
tures with increasing order in three dimensions ( 14 ). Figure 1
shows the dependency of contact angle on rank ( 14 ).
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Figure - | Variation of contact angle with carbon
content of coal [14]



The floatability of coal is also dependent on the ash content
of coal. The floatability decreases as the ash content increases
because the mineral matter associated with coal is hydrophilic.

The different constituents of banded coal have different na-
tural floatabilities and contact angles. As stated earlier, ease
of floatability usually increases in the order of fusain, durain,
clarain, and vitrain which is also supported by the contact angle
measurements ( 20 ) . The order found in a particular case depends
upon the amount of mineral matter intimately associated with each
macrolithotypes.

Table 4 shows the contact angles of a Turkish bituminous coal seam
(Cay) and its lithotypes ( 21 ).

Table 4. Natural Contact Angles at Various Coal
Surfaces ( 21 )

Coal Sample Contact Angles (Degrees)x
Minimum Maximum Average
Cay Coal Seam™> 26 53 49
Vitrain 57 63 61
Fusain™** - - _
Durain 24 47 42

x-The average figure shown is the mean of 9 measurements taken
at different parts of the surface.

xx-Turkish bituminous coal seam in Zonguldak Coal Basin.

xxx- Contact angle could not be measured.

Three theories have been suggested for the explanation of
different floatabilities of various coals. Taggart et al ( 22 )
explained the difference in floatability between bituminous and
anthracite coal by the difference in C/H ratio. Such an explana-
tion is not applicable to the relative floatability of other coals
and carbons.

Wilkins ( 23 ) indicated that the floatability of coals in =~
creased with increase of their carbon content or rank, however,
bituminous coals that possess moderate carbon contents are actually
more floatable than anthracite coals that have higher carbon con-
tents.
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Sun ( 24 ) developed a surface component theory which correlates
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bulk chemical analyses with the surface hydrophobicity. The gist

of the theory is that coal consists of floatable and non-floatable
chemical constituents and the floatability of the heterogenous sol-
id is governed by the balance between the two groups of components.
The surface of one coal predominantly composed of floatable com-
ponents is more floatable than that of another coal whose surface
is predominantly non-floatable components. The floatable constit -
uents are considered oil-avid and water repellent, whereas the non-
floatable components are water-avid and oil-repellent. This hypoth-
esis takes into account of hydrocarbon molecules, excess carbon
atoms, water molecules, and the relative number sulfur, oxygen,and
nitrogen atoms. Mathematically, the hypothesis is expressed ( in
the condensed form) as follows :

H c H S M
F = X (————)ty(— - —— )+ 0.4¢( -Z—)
2.0796 12 2.0796 32.06 18
0 N
—3.4(—) - (—)
16 14

in which F_ is calculated floatability representing the balance
between the floatable and the non-floatable surface components.
The symbols H, C, S, N, O and M are respectively the weight per
cent of hydrogen, carbon, sulfur, nitrogen, oxygen, and moisture
of the ultimate analysis. The assumed numerical values of factors
X, y and z are given in Table 5.

TABLE 5- The Assumed Numerical Values of Factors
X, y and z for Sun's Surface Component Theory ( 24 )

Ash Remnant Carbon Moisture
Ash % , Moisture %
as Received x Hydrogen % (dafb) y as Received z
0 to 8.9 3.5 0.08 to 0.28 1.2 0 to 14.1 4
9 to 13.0 3.0 0.29 to 1 0.8 14.1 3
13.0 2.5 1 0.6

The calculated floatabilities of tested materials such as
medium volatile bituminous coal, medium-volatile vitrain, high
volatile bituminous coal, high volatile vitrain, fusain, and durain
were found to be 10.64, 10.51, 9.81, 7.49,5.94,5.46 respectively(24)



Sun's surface component theory has two defects : i) Complete chem-
ical analyses are rarely available, ii) since the analyses are
based on the bulk sample, surface oxidation can completely destroy
the estimate because surface oxidation leads to poor flotation.

2.4. Effect of Oxidation on Coal Floatability

There is a wide difference in the floatability of coals of
different rank, and even of the same rank, depending on whether
coals have been freshly mined or allowed to oxidize. Also differ-
ences in floatability, presumably due to oxidation, may occur
within a particular seam because of ground water percolating
through the coalbed or because of the proximity of the coal to the
surface.Strip-mined coals are typically more difficult to float
than deep-mined coals from the same seam ( 25, 26 ),

Generally, freshly-mined coal floats better than coal which.
has been exposed to the atmosphere. The effect is attributed to
surface oxidationwwhich is characterised by the formation of acid
oxygen containing groups such as COOH, OH and the dissociation of
these groups so as to reduce the hydrophobicity of the surface
( 27,28)

Probably all coals undergo atmospheric oxidation during mining
and storage, and their degree of oxidation increases with tempera-
ture and the time of exposure( 29,30 ). The resistivity of coals
to oxidation increases with their rank, whilst the resistivity
of petrographic components to oxidation increases in the order of
vitrain, clarain, durain and fusain ( 20,25,31) ,

In coals of all ranks vitrinite is the most readily oxidized
maceral, while exinite oxidizes less readily. Inertinite generally
oxidizes only with difficulty ( 31 ),

The floatability of oxidized coal has been restored by dis-
solving the oxidized surface layer in a 1 % caustic soda solution
or by reduction with benzoyl alcohol. Flotation of oxidized coal
can also be performed by using a cationic collector such as an
amine ( 14,27,32) ,

3. OPERATIONAL FACTORS RELATED TO COAL

Major operational factors which affect the froth flotation of
coal are as follows :
i) Reagents
ii) pH and zeta potential
iii) Size and specific gravity of particles
iv) Pulp density and temperature
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v) Presence of slimes
vi) Feed rate
vii) Conditioning time
viii) Air flow rate
ix) Type of flotation machine
x) Flotation circuit

3.1. Reagents used in coal flotation

As the coal is a cheap commodity, reagents including cheap
waste products obtained from coke-oven plants and petroleum distil-
lation are preferred. There are four types of reagents: nonpolar
oils, heteropolar reagents, inorganic electrolytes and depressants.

3.1.1. Nonpolar oils

The most effective collectors that can be employed in coal flo-
tation are those oils with low solubility in water derived from
petroleum, wood, and coal tars. The more soluble and volatile com-
pounds were found less active than the low volatile insoluble com-
pounds ( 33 ).

Brown ( 14 ) states that fluid paraffinic hydrocarbon type
collectors, with as high a molecular weight as possible are prob-
ably the most effective collectors for coal. A practical limit of
twenty-carbon atoms in the molecule is suggested. Typical nonpolar
reagents, often termed oils, are the kerosenes (lamp oil), fuel
oil, crude petroleum, and certain coal-tar distillates. Nonpolar
reagents give practically no reaction with water dipoles and have
pronounced water-repellent properties due to the presence of weak
Van der Waals forces between the hydrocarbon molecules and covalent
bonds within the hydrocarbon chains. As nonpolar collectors have
no solidophil groups which are links between the radicals of the
reagent and the mineral surface in their structure, they do not
form oriented adsorption layers on the mineral surfaces. Their
attachment is based on adhesion (18 ) . Klassen ( 13 ) describes
the mechanism of oil attachment to coal surface as film forma-
tion. During film formation the reagents do not react chemically
with the mineral surface and their chemical camposition does not
change.

For the formation of film, it is not sufficient for oil drop-
lets to attach to the surface, they should spread over it. The
conditions under which spontaneous spreading of the droplets takes
place on the surface must be in the direction of reduction of the
free energy of the system ( 13 ), Light oils, i.e., those of low
molecular weight, spread easily over the surface of the coal, but
tend to be absorbed too quickly into its porous surface. Heavy
oils, on the other hand, reguire considerable agitation or con-
ditioning to spread the droplets evenly over the surface,but they



dre more effective as they stay on the surface, showing less
tendency to be adsorbed ( 34 ).

Oils added to the pulp are divided into droplets during con-
ditioning process due to their low solubility in water. They may
also be added, already dispersed, in the form of an emulsion. It
has been shown that the preliminary emulsification of kerosene
improves the flotation and there is an optimum dispersion of the
emulsion corresponding to a droplet diameter of 5-10 microns( 35).

Kerosene is one of the most widely used oily collectors in the
world. Like fuel oil, it is derived from petroleum and it is a
mixture of saturated liquid hydrocarbons. Such oily collectors do
not possess a constant composition, e.g. the composition of ker-
osene depends to a large extent on the source of the naphta from
which it is derived ( 13 ) . In the industrial application of ker-
osene in coal flotation, a frother should be added into the pulp.

Another widely used oily collector which is not derived from
petroleum is creosote. Industrially used creosote is a crude phe-
nolic mixture which is usually of coal-tar origin.

3.1.2. Heteropolar reagents

Heteropolar reagents have both polar and nonpolar parts in
their structure. In coal flotation, the most widely used hetero-
polar reagents are frothers. Frothers used in coal flotation may
also show collecting ability. In the flotation of coal,monohydric
aliphatic alcohols and monocarboxylic acids are good collectors
when the hydrocarbon radical contain between five to ten carbon
atoms, with an optimum of eight ( 13,36 ),

An excessive increase in the length of the hydrocarbon radical
reduces the flotation activity. Amongst the aromatic substances,
the most selective adsorption is obtained with molecules possessing
a hydroxyl polar group, while the least active polar groups are
those which contain the amino or sulfo groups ( 14 ) . Compounds
with a hydroxyl or carboxyl group also possess important collecting
properties, but their flotation activity decreases with an excessiv
increase in the number of polar groups ( 37 ).

Evidence has been found recently regarding the bond between the
hydroxyl group and the surface of coal. The reagent is more stably
adsorbed that can be accounted for the adsorption in the electrical
double layer.This may be the result of an increased interaction
between the hydroxyl groups, due to hydrogen bonding ( 13 ) .
Infrared spectroscopic studies carried out with various alcohols
indicated the presence of H-bonds which supports this assumption
( 38,39 ).
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Heteropolar reagents make the coal surface more hydrophobic if
they are added at low concentrations. Further addition of reagent
possibly gives a second adsorbed layer on top of the first, with
the polar groups pointing away from the coal surface, and making
the surface less hydrophobic.

Amyl, hexyl, heptyl and octyl alcohols are examples of frothers.
Methyl isobutyl carbinol (MIBC) is also an aliphatic alcohol in
common use. Terpineol, pine oil and particularly cresylic acid
(a by-product of coke making) are especially attractive.

Coal generally responds readily to any of the frothers, but
the choice depends upon availability, price and effectiveness for
the particular coal being treated and its selectivity from gangue.
Chernosky ( 40 ) evaluated the coal flotation frothers on a "Yield-
Selectivity Cost" basis and found MIBC as superior to other reagents
tested.

For most coals, it is desirable to use both a frother and an
oily collector together. For example kerosene or fuel oil, with
an alcohol, cresylic acid, pine oil, or some waste scrub liquor
from coke plants. With cresylic acid and creosote, the most advan-
tageous operating temperature is in the vicinity of 25 C ( 41 ),

The application of ionic collectors such as xanthates, carbox-
ylic acids, sulfates and sulfonates in coal flotation is not more
than of a scientific interest. Long-chain amines have only found
application in the flotation of oxidized coals. Sun ( 27 ) and Wen
( 42 ) found certain cationic collectors, laurylamine, rosin a-
mine-D acetate, and iso-amyl amine to be effective in the flota-
tion of oxidized coals. This may be due to the fact that chemical
reaction and ionic attraction can take place between the positively
charged polar groups of amines and the negatively charged ions,
particularly carboxyl groups, of the oxidized surfaces of the coal.

3.1.3. Inorganic Electrolytes

It is possible to float many naturally hydrophobic minerals
in solutions of inorganic salts without additions of any other
reagents. Thus the first coal flotation practices were carried out
using sea-water in the mid-1920's ( 43 ). Nowadays, even differ-
ential flotations of relatively complex Pb-Zn and Cu-Pb-Zn ores
have been conducted successfully in sea-water media ( 44 ).

The floatability of naturally hydrophobic minerals in solu-
tions containing only inorganic salts was explained first by the
frothing action of the agueous solution of inorganic electrolytes.
According to Kovachev ( 45 ) , at low concentrations, the electro-
lyte makes the mineral particles hydrophobic by decreasing the
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surface potential and thus decreasing their hydration. At higher
concentrations, the electrolyte causes froth formation.

Coal has a considerable capacity for .adsorption of electro-
lytes. Electrolytes change the electrostatic charge at the coal
surface by direct or exchange adsorption and render the surface
more or less hydrophobic by the consequent reduction or increase
of charge.

Electrolytes which are not adsorbed directly, may lead to com-
pression of the double layer around the coal particles and so may
effect the stability of the hydrated layer at the surface ( 14 ).

Klassen et al ( 13) carried out a series of measurements of
contact angle, stability and the rate of attachment of particles
of coal to air bubbles, as well as actual flotation experiments
using sodium chloride solutions. Results showed that additions of
sodium chloride improved the attachment of coal particles to air
bubbles.

The use of inorganic electrolytes in flotation, sametimes
known as "salt flotation", was not widely developed because of
their corrosive properties, but today shortages of fresh water or
the poor qualities of some so-called fresh waters have forced sev-
eral mills to conduct flotation in sea-water ( 44 ). Corrosion
problems have been overcome partly by resistant linings or by using
more resistant metals. It is interesting to note that the use of
sea-water yields a drier froth in the concentrate with a water con-
tent of 30 to 35 percent while in flotation with nonpolar reagents,
the water content is around 50 to 60 percent ( 14 ). Salts also
increase the settling rate of minerals in the froth concentrate
and permit drainage, no filtration may even be needed ( 44 ) .

Salt flotation is very rapid and selective. Kharlamov ( 46)
indicated that the advantages of salt flotation were apparent in
the first few minutes of flotation. It was also found that the flo-
tation time is 30 percent shorter than in fresh water ( 47 ) The
use of salts also caused production of concentrates of compara-
tively low ash and sulphur content in the coal ( 46 ).

Combined addition of inorganic electrolytes and nonpolar rea-
gents are especially important in coal flotation practice. The
addition of a very small amount of kerosene sharply increased both
the rate of flotation and the recovery ( 45) . Kovachev et al
( 47 ), found that the identical flotation activity was obtained
in sea water with only 1/3 to 1/5 of the amount of nonpolar col-
lector used -in fresh water.
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3.1.4. Depressants

Non-electrolytes and salts of inorganic acids are generally
used as depressants in coal flotation. The former will depress coal
while the latter are more é¢ffective on gangue minerals. Two major
types comprise the non-electrolyte group of regulation agents,
carbohydrates and tannins. The carbohydrates, dextrin, starch etc.
are high molecular weight compounds containing a large number of
strongly hydrated polar groups (OH, COOH, CO, COH, etc). The second
type of non-electrolyte, tannins are composed of complex molecules
with phenols and thio sulphates (mainly sulpholignin acids). The
common tannin in use is guebracho.

Two major salts of inorganic acids used in coal flotation are
sodium silicate and sodium cyanide. The latter salt is used for
depressing pyrite while the former is used to disperse clays and
shale.

3.2. pH and Zeta-Potential

All the coal samples (weathered or unweathered) and their
lithotypes have negative zeta-potentials in distilled water( 21,
26,48,49 ).

It is appropriate to discuss the surface negativity of coal in
respect to its nature. Coal is a heterogenous substance and its
surface is anistopropic in nature. As it is described by Chander,
Wie and Fuerstenau ( 50 ) , the anisotropic surface consists of
two parts, one which is formed by the rupture of Van der Waals
bonds and is hydrophobic and the other which is formed by the rup-
ture of ionic or covalent bonds and is hydrophilic. Kitchener( 51)
assumes that pure graphite-like areas on the surface of coal are
hydrophobic and practically non-ionogenic (inert) and that there
are also hydrophilic sites on the surface which are polar,probably
"Oxide complexes!, which behave as weakly acidic groups, at the
edges and "places of lattice breakage. Besides these, coal contains
some inorganic impurities which are hydrophilic in nature. There-
fore, the coal surface will show negative charge due to the pres-
ence of hydrophilic sites at the surface.

The variation of zeta-potential of a Turkish bituminous coal
seam (Gay) and its lithotypes with pH is shown in Figure 2 ( 21).
Figure 2 shows that when the hydroxyl ions are added into the pulp,
the coal surface becomes more negative due to the adsorption of
hydroxyl ions. Conversely, when the pH of the solution in contact
with the coal surface is lowered, hydronium ions are adsorbed until
the negative charge is reduced to zero. As the acidity of the solu-
tion is increased, the surface acquires a positive charge. Thus,
various concentrations of hydronium and hydroxyl ions not only
change the magnitude of zeta-potential, but also the sign of it.
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So, hydronium and hydroxyl ions behave as potential determining
ions. At certain concentrations of these ions, the surface of the
coal in solution is uncharged due to the compression of the double
layer. The electrophoretic mobility and zeta-potential of the coal
particle become zero. The pH of the solution at this electrically
neutral state is described as its isoelectric point (IEP). As it
is seen from Figure 2 that the IEP's of vitrain, durain and fusain
are 4.10, 4.50, and 3.60 respectively. The IEP's of their parent
coal occurs at pH 4.05. Generally speaking IEP's of all coals oc-
curs at lower pH as the degree of weathering increases (21,26).

The effect of temperature on electrokinetic potential was
examined by Kovachev (52). He found that a rise in temperature
increased the electrokinetic potential of the coal surface.Temper-
ature affected the stability of the hydrated layers, solvating
the mineral grains by changing their surface charge as well as
their structure and mobility.

Electrokinetic potential measurements were made with various
inorganic electrolytes ( 21 ) which is shown in Figure 3. The
results in Figure 3 show that the addition of sodium chloride has
virtually no effect on the zate-gotegtial of coil. The charge re-
versal point did not occur in Na, Ca , and Zn solutions. They
are indifferent electrolytes which are adsorbed merely in the dif-
fused layer. The decrease in electrokinetic potential and the hy-
dration layer are due to the compression of the double layer.When
the valence of the cation is increased, as in the case of aluminum
sulfate, cation decreases strongly not only the magnitude of the
electrokinetic potential but also changes its sign even at very
low concentration. Aluminum ion acts by its hyrolysis, producing
polymeric hydroxy - complexes which adsorb on negatively charged
coal surface by electrostatic force, converting it into "alumina-
like surface" ( 58 ).

The effect of concentration of various alcohols such as buta-
nol, MIBC, amyl alcohol and heptanol on the electrokinetic poten-
tials of bituminous coal was studied ( 21 ). It was found that hep-
tanol with seven carbon length of hydrocarbon radical lowers the
electrokinetic potential continuously with the increase of concen-
tration. As the change in magnitude of the zeta-potential was not
accompanied by the change of its sign, the attachment of alcohols
concerns .only the diffused portion ofthe electrical double layer.

Yarar and Leja ( 26 ) showed that unweathered coal flotation
is independent of zeta-potential, the flotation recovery of weath-
ered coal follows the same pattern as zeta-potential, and low pH
enhances collector uptake by deslimed surface coal due to the re-
duction of repulsive energy barriers at interfaces.
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Although coal can float well over a wide range of pH, there
has been a definite optimum floatability near neutral point( 14)
Frumkin ( 53 ) demonstrated that organic molecules are adsorbed
best by electrically neutral surfaces, and according to Talmud
( 54 ), the adsorption of collectors that are not in an ionized
condition should be at the maximum at the isoelectric point. On
the other hand, Jessop and Stretton (55) found that zero point of
charge was not a criterion for hydrophobicity. The coals tested
floated best at values of pH greater than those corresponding to
the zero point of charge. In general, floatability falls off mark-
edly only in very acid or very alkaline pulps. Zimmerman ( 56 ) ,
showed that the recovery is the highest when pH is between 6 and
7.5. Konovalova ( 57 ) indicated that coarse grain coal floats more
rapidly in a pH.of 7.8-8.0 by using sulfonated kerosene and neu-
tralized black liguor; when alcohols in conjunction with oils are
used, the sulfur content in the concentrate decreased in a pH range
of 5.0-9.0.

Sun ( 27 ) found the optimum pH value for unoxidized bitumi -
nous coals in the presence of oily collectors to be 7.5. Recovery
fell off sharply with increased pH, while it diminished slowly with
a decrease in pH.

Figure 4 shows the effect of pH on the floatability of coal
(56 ).
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3.3. Size and Specific Gravity of Particles

The organic component of coal is of lower specific gravity
than its impurities, and the upper size limit in coal flotation
is higher than in mineral flotation. The maximum size of bitumi-
nous coal particles (sp. gr. 1.35) floated in a laboratory cell
was. 6.7x3.3 mm. The maximum size of anthracite particles (sp.gr.
1.54) floated by 1.17x0.83 mm. Here the bituminous coal has not
only a higher natural floatability than the anthracite but also a
lower specific gravity ( 59 ).

Coarse coal particles, up to 1.7 mm diameter, have been con-
centrated by a flotation -agglomeration process. The conditions
that favours coarse coal flotation are often detrimental to the
rejection of ash and pyritic-~sulfur in the fine coal fraction.

Large gquantities of collector is necessary for the flotation
of coarse particles and it is not always possible to use collectors
in these gquantities because of reduced selectivity as well as the
inherent cost factor. For these reasons, coal particles larger
than 28 mesh are better treated by other methods than flotation.

Some problems may also be encountered because of the wide
range of particle size in the feed to flotation units. For instance
when 0.84x0 mm at 15 percent solids feeds to flotation units, the
fines float rapidly so that only coarse coal is left in the later
stages of the circuit. As a result, dilution is low and reagent
concentration too weak for effective recovery of the coarse frac-
tion. Even with stage addition of reagents, best results are not
always obtained on this size range of feed. For this reason, it
sometimes may be advantageous to separate the feed at approximate-
ly 48 mesh (0.297 mm). Ideal size for coal flotation occurs within
the range of 48 to 150 mesh. Figure 5 shows the floatability of
coal as a function of particle size ( 60 ).

3.4. pPulp density and temperature

Metalliferous ores and silicate minerals have been found to
respond best to the flotation process at a pulp density of approxi-
mately 20 to 30 percent solids. Coal, by reason of its low spe-
cific gravity and friable tendencies, occupies from two to three
times more space for the same tonnage at the same pulp dilutions
as heavier minerals. Hence to achieve the same looseness of pulp
in dispersed condition, a coal pulp must carry a smaller percen-
tage of solids. Pulp density varies in practice from 6 to 25 per-
cent, depending on the rank, type, ash content and size distribu-
tion of the coal feed. If a very low ash product is required,
results are generally better at the lower concentrations. Where
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the feed is mostly minus 200 mesh, a dilute pulp is required (56,
61 ). The coarser the feed, the higher the pulp density required
for most effective results. For an average condition, treating

a minus 48 mesh feed containing perhaps not more than 25 percent
minus 200 mesh particles, Zimmerman (61 has found a feed density
of 10 to 14 percent as being desirable, raising it to 14-18 per-
cent with an increase in coarse sizes; and lowering it to perhaps
5 percent in treating an all slime (minus 200 mesh) feed.

Generally, a change in temperature affects the reagent viscos-
ity and interfacial tensions as well as their collecting and
frothing properties.In coal flotation, flotation recoveries weére
markedly affected by temperature variations when certain reagents,
particularly simple aliphatic alcohols, were used. For other re-
gents, particularly oily types, flotation recoveries were sub-
stantially independent of variations in pulp temperature ( 62 ).

3.5. Presence of Slime

Kaolinite is the commonest of the clay minerals associated
with coal. The presence 6f finely divided clay has been found to
reduce the recovery of coal by flotation and to increase the rea-
gent consumption. This is due to the coating of the coal particles
with a very thin layer of clay which renders them hydrophilic
rather than hydrophobic,thus reducing the probability of adhesion
between the air bubble and coal particle. Slime coating also
makes difficult the subsequent filtration of the concentrate.
Brown ( 63) found that when the influence of kaolinite was inves-
tigated, it was only with the continuous technigue that an accurate



forecast of the behaviour under commercial conditions could be
made. With the finest sizes, continuous testing showed that the
falling off in the efficiency of flotation was around 50 percent.

3.6. Feed rate

Because of the low specific gravity of coal and the large
number of particles per unit weight, it is absolutely necessary
that the rate of feed to the cells be regulated within as close
limits as is possible . High variations in percentage of solids
or in tons per hour of solids throws any recirculating circuit
entirely out of balance and results in poor concentrates, poor
tailings, and a heavy build up of recirculating middlings.

3.7. Conditioning time

The conditioning time in coal flotation depends especially
on the type of reagents used and the rank of coal. The cresylic
creosote-based reagents (which is the frother/collector commonly
used in coal flotation plants) must be thoroughly dispersed
throughout the pulp so that all the solids are brought into contact
with the oil. With coals whose o0il consumption is moderate or high,
adequate conditioning improves yield and ash content in froth as
well as reducing oil consumption. The average conditioning time
for coal in practice varies within the range of 2 to 5 minutes.
While preconditioning may be dispense with for readily floatable
coal, it is a prime necessity for the difficult coal and the pe-
riod is usually longer.

Plants are in operation where this conditioning takes place
in the first flotation cell, but it is generally more satisfac-
tory to have a separate conditioner tank.

The rate of reagent addition must be controlled and a simple
reagent feeder may be mounted above the conditioner tank or the
feed launder. In certain cases multi-stage reagent addition is
found to be necessary and a series of reagent addition point may
feed directly into a number of cells.

3.8 Air flow rate

Air flow rate should be as high as possible without "burping".
Increasing the air rate through 0.3 to 2.0 scfm would significant-
ly increase the yield/ash recovery ratios ( 64 ). Superior froth
products in respect to yield and ash would be obtained at the
2 scfm level of aeration. In cells that draw their own air,this
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is not a variable which can be controlled independently of speed.

3.9. Type of Flotation Machines

The equipment used for coal flotation can be categorized into
two main types-mechanical and pneumatic (cyclo-cell). Table 6
shows the major flotation machines used in coal flotation.

Table - 6  Major Flotation Machines  [65]

Open-Flow-Thru Call-to-Cell
Manufacturer Standord Cell Size Standard gdl Size
m3 m
Agttair (mechanical) 1.7,28,42,57, 85, 1.3, 42, 283
Cyclo-Celi (pneumatic) 68 through 227
Demver (mechonicai ) 14,28, 85, 142,36.1 1.4,28,5.7,85,11.3,14.2
Humboldt ( mechanical ) 28,57,11.3
Minemet mchcnleul& 42,85, 142
Nagahm ( mechanical 1.7,85
Outokumpu OY (mechanical} 28,17,36.8
Sala (mechanical) 2857 113
Unifloc ( mechanical) 1.4,28,57,85,11.3,142
Wemco ( mechanical ) 1.7,28,4.2,85, 14.2,283

Mechanical flotation machines can be used as single cells, multi-
ple cells in series, in parallel or with multiple rotors or agi-
tators in a single trough with no partitions between them. The
two major tank designs are used in coal flotation : The open-flow
thru design in which the major flow of pulp is directed through
the bank of cells, with recirculation occurring within each indi-
vidual cell. Cell-to-cell design in which the major flow of pulp
must pass over a walled weir between each cell before passing to
the next cell. In Europe the cell-to-cell flotation design is
preferred for deep cleaning of metallurgical grade coal because
of a reported higher selectivity. Open-flow-thru design is com=-
monly used in USA because of higher throughput.

Unlike the mechanical agitation cells cyclo-cell consist of
a tank or trough with two or more vortex chambers in series.
Agitation and aeration are supplied by pumping the pulp and air
tangentially, as in a cyclone, but using a submerged vortex
chamber and no cone. Submerged vortex chamber discharges a high
velocity jet of agitation water and air in the form of a hollow
cone. Air is released in the center of this cyclonic cone.

The pneumatic cells are especially suitable for the flota-
tion of friable coals and they have large capacities.

3.10. Flotation Circuit

"practically anything can be floated by the proper use of
reagents and circuit design". This was the remark made by
Zimmerman for Stressing the importance of both reagents and flo-



101

tation circuit in flotation operation ( 61 ).

There are as many variations of coal flotation circuits as
there are coal seams. However, it is imperative that a good
circuit should give a product low in both ash and sulfur contents
with a high recovery. Table 7 shows various kinds of circuits with
their products gquality (65).

Table - 7 Coal Flotation Circuits [65]

YIELD |PRODUCT|TAILINGS| E

FLOTATION CIRCUIT % by wt|ash adb | ash adb
(A) PRODUCT
Single Stage Flotation 59.6 116 270 140
FEED TaILines

(8)
TAILINGS PRODUCT

Desliming 600 8.2 313 230
FEED TAILINGS
(c) PRODUCT

Separate Conditioning of

the Coarse and Fine 510 13.0 235 90
FEED TAILINGS

Size Fractions / FLOTATION CELL

CLASSIFIER Foint whers reagent is addet

Two Stage Conditioning ﬁ 650 128 286 145
' FEED TAILINGS

75.2 .2 395 265

Split Feed Flotation

Two Stage Reagent
FEED TAILINGS

Ke)

PRODUCT

Reflotation of Classified L ALTNGS
Tailings = nooey | 810 99 580 | 475

e

Two-stage reagent addition circuit (circuit F) has been used
in a number of coal washeries in Europe and the United Kingdom
for the improved collection of the coarse size fractions. This
model for this circuit consisted of adding 1 kg/ton of reagent,
performing a flotation and then repeating the procedure on the
tailings from the first flotation.

4- COST OF COAL PREPARATION PLANT

Zimmerman(3)has classified the coal preparation processes
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into five levels and he estimated their approximate capital and
operating costs for a standard coal preparation plant which treats
all sizes down to zero, consisting of coarse and fine coal cleaning

circuits including froth flotation and using the best circuits
for optimum results for moderate and difficult coals, the capital
cost was given as 25 million U.S. dollars and operating cost as
1.00 U.S. dollar per ton of R.O.M. coal treated. The calculations

were based upon a 1000 TPH plant which treats 3 million tons of
R.0.M. coal annually.

5. CONCLUSION

Fine coal cleaning has become an important aspect of coal
preparation due to the increased production of fine coal by the
use of mechanical mining methods and by the need to reduce sulphur
and ash in clean coal products. Froth flotation is a widely used
cleaning process for fine coal. There are many variations in coal
characteristics that affect its flotation behaviour. A succesful
coal flotation plant operation is only possible through the op-
timization of a number of process variables in order to obtain
high-percent recovery and high gquality coal products. Further
research is required to understand the factors influencing the
coal flotation process.
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GRAVITY CONCENTRATION METHODS

R. 0. Burt

Tantalum Mining Corporation of Canada Limited

ABSTRACT

Gravity Concentration - the separation of minerals by virtue
of specific gravity - 1is one of the oldest forms of mineral
processing. Whilst its relative importance has declined in the
twentieth century, the high cost of alternative processes, along
with the development of a range of high capacity devices has led to
something of a renaissance of gravity concentration.

Even with its 1long history the mechanisms of gravity
concentration are imperfectly understood, which is partially the
reason that the range of equipment available to the gravity
concentration engineer is larger than all other branches of mineral
processing put together. This paper briefly introduces the more
important of these devices, comparing their relative uses.

Development of the gravity concentration flowsheet is
discussed and the paper finishes with the description of two
plants, one treating iron ore and the other cassiterite, as an
indication of the diversity of gravity concentration flowsheets.

INTRODUCTION

Gravity Concentration is, next to hand picking, the oldest
form of mineral processing; and it was the dominant process used
for over 2000 years (1, 2). It is only in the twentieth century
that its importance has declined, with the development of such
processes as flotation, magnetic separation and leaching.
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Nevertheless, Gravity Concentration is not dead - far from it.
As recently as 1978 it was reported (3) that the total mineral
tonnage treated by this process in the United States was greater
than that processed by flotation. Coal represents the bulk of the
ore treated by gravity separation, with iron ore representing a
major portion of the balance.

It would, however, be erroneous to assume that gravity
separation is applicable only to coal and iron ore separation and a
few obscure separations where flotation has failed. In general,
gravity separation has a lower installed cost per tonne of
throughput than flotation for any given job, and usually has a
Tower installed power requirement. Gravity separation does not use
expensive reagents, the cost of which (for flotation) is
continually spiralling upward. With the exception of slime
disposal (common to flotation), the environ~ental impact of gravity
plant effluent is considerably less than that for flotation due to
the absence of organic chemicals and their reaction products (4).

Modern changes in the gravity concentration field are mainly
related to the development of a range of high capacity, high
efficiency, but 1inexpensive equipment: modern  gravity
concentration plants are relatively simple and inexpensive compared
to those in use previously.

Indeed, such is the relative cheapness of coarse -gravity
concentration there dis benefit in its consideration for the
rejection of barren waste at a relatively coarse size even in large
flotation plants.

Gravity concentration is used today for the treatment, not of
one or two minerals, but for a diverse range; from andalusite to
zircon, from coal to diamonds, from mineral sands to metal oxides
and from industrial minerals to precious metals. A partial list of
minerals treated by gravity concentration is given in Table 1.

TABLE 1

Minerals Recovered by Gravity Concentration

Coal Barite Gold

Uranium Fluorite Silver
Andalusite Platinum

Iron Ore Cassiterite

Minerals Sands Wolframite Diamonds

Chromite Scheelite

Manganese Tantalite Sulphides
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PRINCIPLES

Gravity Concentration may be defined as the separation of two
or more minerals, usually of different specific gravity, by their
relative movement in response to the force of gravity and one or
more other forces, one of which 1is generally the resistance to
motion by a viscous fluid such as water.

Factors which are important 1in determining the relative
movement include the weight, size, shape, and specific gravity of
the particle, not only in absolute terms, but relative to all
others particles. If, in a hypothetical two mineral separation,
any one of these factors is significantly different, but all others
are the same, separation is relatively easy. In nearly every case,
however, there will be a range of different minerals, each of
different specific gravity, and with a range of particle weight,
size and shape: the ease or difficulty of separation of one
species from another will depend on the relative differences in
these factors, and whether such differences assist or oppose
separation.

Some idea of the amenability of separation of two minerals can
be obtained from the concentration criterion, which 1is usually
defined as: The specific gravity of the heavy species minus the
density of the suspending fluid, divided by the specific gravity of
the 1light species minus the density of the suspending fluid.
Algebraically this is:

Concentration Criterion (CC) = (op - o¢)/(0y = of) (1.)
where:
o, = specific gravity of the heavy mineral-kg m-3 x 10-3
o] = specific gravity of the light mineral-kg m=3 x 10-3
of = density of suspending fluid-kg L-1

In order to allow for differences in particle shape, the
Concentration Criterion must be multiplied by a shape ratio factor.
This factor is the quotient of the shape settling factor for the
heavy mineral and the shape settling factor for the light mineral.
The shape settling factor is: the ratio of terminal velocities of
two particles of the same mineral, of the same measured particle
size, but different shape; the first particle to be that for which
the ratio is required, and the second a sphere. Provided particle
shape is taken into account, the Concentration Criterion can be
quite useful. If shape is ignored, the engineer may well be in for
some unwelcome surprises.

The Concentration Criterion - is usually compared, at the
correct particle size, with a standard curve. Such a curve is
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Fig. 1 The Concentration Criterion at Different Particle Size

shown in Fig. 1. The curve itself indicates the point at which
gravity separation becomes virtually impossible (5). The further
above the curve the determined Concentration Criterion 1is, the
easier should be the separation.

Mechanisms of Concentration

A review of the available Tliterature indicates that there is
no one mechanism that can satisfactorily explain the behaviour of
any particular concentrator and that a combination of two or more
mechanisms comes closer to (but rarely completely) explaining the
operation of the separator. Conversely however, various mechanisms
that have been proposed are common to apparently diverse items of
equipment and gravity concentration processes (6).

The various mechanisms are represented pictorially in Fig. 2,
and are described below.

Density. The viscous fluid used has a density, or apparent
density in between that of the minerals to be separated, such that
one mineral(s) will have a net positive buoyancy and will float,
whilst the other(s) will have a net negative buoyancy and will
sink. Into this classification fits heavy medium separation, one
of the most important of all gravity concentration processes, as
well as magnetohydrostatic separation.
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Fig. 2 The various mechanisms of Gravity Concentration

Stratification. The various mineral constituents are
stratified. by being subjected to an intermittent fluidization
caused by the pulsation of the fluid in a vertical plane. This
classification is represented by jigs of which there are a wide
range and number.

Flowing Film. The various constituents are separated by their
relative movement through a stream of slurry which is flowing down
a plane by the action of gravity. Flowing Film Concentration is
the oldest process used in gravity concentration, and remains of
major importance, with such units as the sluice, or palong, pinched
sluice, Reichert Cone, and, by including lateral movement caused by
the addition of centrifugal force, the spiral.

Shaking. The mineral components are stratified by
superimposing on the flowing film, a horizontal shear force,
whether it be oscillating as in a shaking table, or orbital, as is
the case on the Bartles-Mozley Separator or Crossbelt Concentrator.

The various mechanisms can be represented pictorially, as
shown in Fig. 2.
UNIT PROCESSES

A11 concentration equipment has a primary function and a

secondary function. The primary function 1is the efficient
separation of the constituent minerals into two or more discrete
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phases; the secondary function is to effectively cause the
discharge of these discrete phases into separate compartments (7).
For maximum efficiency of operation, the forces which effect the
primary function should not also result in the secondary function
occurring; in such case optimum operating conditions required for
the primary function, separation, may have to be compromised to
ensure reasonably efficient operation of the secondary function,
product discharge.

With gravity concentration, the primary function is effected
by the relative movement of minerals of different density in
response to gravity and one or more other forces, the latter often
including the resistance to motion offered by a viscous fluid. It
is a characteristic of all gravity concentration devices that in
order for the particles to move relative to one another that they
are, at some stage of the process, held slightly apart from each
other, or 'dilated', by the superimposed force.

The previous section indicated the four mechanisms involved in
gravity concentration, which effect the movement of particles
relative to each other.

There is a wide range of gravity concentration equipment
available to the mineral processing engineer. Some of the factors
which determine the choice of the correct unit will first be
discussed, followed with a more detailed look at some of the more
important processes available.

Factors which are important in equipment selection include:
the duty required, the size range of the particles to be separated,
the throughput required, the efficiency expected and, all other
things being equal, the unit cost, both capital and operating, of
the equipment.

The Duty Required

Concentration of a mineral in any concentrating device is
achieved by separating the valuable mineral from the waste mineral.
However, with the possible exception of heavy medium separation in
some specific instances, no unit process is capable of achieving a
complete separation in one pass, and the unit will produce, at
best, either a final concentrate or a final tailing, but rarely
both.

Gravity Concentration devices are no exception to this rule
and more than one stage of concentration is invariably required;
these stages may be rougher-scavenger, rougher-cleaner or a
combination of both: pre-concentration in this context may be
equated to rougher concentration. Some gravity concentration
equipment is more suited to roughing or scavenging duty, other
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equipment is more suited to cleaning.
Size Range

The overall size range to which gravity concentration is
applied is larger than with any other process. The top size which
can theoretically be treated by gravity concentration devices is
the size at which different minerals are sufficiently liberated
from each other for there to be a suitable gravity differential.
Practically, the top size is Timited by the mechanical handling
ability of the device, and whilst some units are capable of
handling particles as coarse as 1 metre, 500 mm is generally
accepted as the top size of separation (4). The practical lower
cut-off for fine gravity concentration is about 6 micrometres.

None of the equipment described later is capable of treating
the whole size range of material: different types of concentrators
are capable of handling but a part of the total range. Fig. 3
shows the range of operation of the more common types of equipment,
split into the broad classifications stated earlier.

Not only is no equipment capable of treating the whole size

range amenable to gravity concentration, few are capable of
efficiently treating on one unit the whole range of which that

Fig. 3 Operating Range of Gravity Concentration Units
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particular unit is capable of handling. Heavy medium separators
which separate according to density alone are the exception.
Whilst jigs, Reichert Cones and Sluices, being essentially mass
classification devices, are capable of treating a fairly wide range
of sizes, some loss of efficiency occurs at the top, bottom, or
middle of the size range.

Other equipment such as the Table or Bartles-Mozley Separator,
concentrating by reverse classification, or the spiral by hindered
settling, operate significantly better on size or classified feed.
This Teads to two basic types of treatment circuit.

(i) Series circuits, as 1in sluices or dredges, treat
comparatively unsized feed in successive stages each producing
concentrates, middlings and tailings. Removal or rejection from
circuit reduces feed to next stage. One refinement is cut-off
sizing of tailings to reject barren oversize (8) and undersize
fines (9).

(i1) Parallel circuits treat closely sized feed with multiple
units producing concentrates, middlings and tailings in one stage.
The efficiency of sizing 1is an important factor if finished
products are required.

Generally the two types of circuits are combined. For
example, a series circuit of jigs treating unsized feed may be
followed by a sizing step and a parallel circuit of tables, and
film sizing units.

Throughput

The capacity range of gravity concentration equipment is
enormous. Whilst heavy medium separators, and Jjigs are
manufactured in a variety of sizes, suited for a range of capacity,
other items are manufactured essentially in one, or two sizes only,
and high throughputs require multiple units.

The highest capacity units are static heavy medium cones or
drums, and jigs, both of which can exceed 300 t h-1 throughput
per unit, but throughput can of course be much lower with the
appropriately sized unit.

0f the other units, the capacity of the Reichert Cone is of
the order of 60-70 t h‘l; its geometry precludes its effective
operation outside of a comparatively narrow range. Spirals have a
capacity of 1-4 t h=l per start, or with triple start units
3-12 t h=l. However, the larger diameter spirals manufactured
in the Soviet Union have a rated capacity as high as 7-15 t h-1
per start (10). Similarly, pinched sluices are rated 3-6 t h-1
per start.
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Shaking tables, Bartles-Mozley Separators and Crossbelts have
a Tlower capacity, the actual amount depending on individual
separations and the size range to be treated. For fine material
stage treatment using the Bartles-Mozley followed by either the
Crossbelt or Shaking Tables will minimize equipment required and
maximize throughput.

Efficiency

0f all the gravity concentration methods, heavy medium
separation is, in principle, the simplest, and in practice the most
efficient. The perfect gravity separation process would separate
100% of the unwanted material into one fraction and 100% of the
wanted material into the other. In heavy medium separation, the
criterion of separation of one particle from another is essentially
related to that particle's specific gravity relative to that of the
medium; in all other processes all particles are heavier than the
medium and separation is determined by a complex interaction of
sometimes opposing forces.

Efficiency of an individual item of equipment will depend on a
variety of factors, not directly controllable by the device, such
as feed flowrate, compared to the capacity of the unit, variability
of flowrate or mineral make-up of the feed, size range, and solids
content; the efficiency of any concentrating device will depend on
the effectiveness with which the unit can handle these extraneous
factors, yet maintain acceptable recovery and concentrate grade.

Heavy Medium Separation

Heavy Medium Separation (HMS) is the simplest and one of the
most widely applied gravity concentration processes both in
minerals treatment and in coal preparation. It is a process
applied to the separation of minerals in a 1liquid or a fairly
stable suspension of a predetermined density, chosen such that the
density is higher than the lighter constituents and Tower than the
heavier constituents. It differs from all other gravity
concentration processes, where the medium (generally water) is of a
density lower than all the constituents in the ore.

There are two major areas of application for heavy medium
separation. It can be used to produce a commercially saleable end
product, such as in coal preparation - where it is one of the two
primary means of cleaning coal from the shale - and in some
industrial minerals applications. Alternatively it can be used to
produce an economically acceptable waste product which does not
warrant the cost of further treatment: in this case it is a
preconcentration device and as such is of major importance in the
preconcentration of diamonds, sulphides and metal oxides.
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Unlike most other gravity concentration devices, heavy medium
separation is a system rather than a unit process. To work
effectively and economically, the system will consist of a series
of interconnected phases:

) Feed Preparation

) Feed and medium presentation

) Separation of heavies and lights in a suitable vessel
) Product recovery

) Medium recovery.

These various stages are illustrated in a typical Heavy Medium
Separation circuit, Fig. 4.

In operation, the feed must be screened to remove fine ore and
slimes prior to it being fed, with reconstituted medium into the
separatory vessel. Floats and Sinks are withdrawn separately and
drained, on static or vibratory screens, of the majority of the
medium which returns either direct to the system or is cleaned
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Fig. 4 Typical Heavy Medium Separation Circuit
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prior to return. Next, the floats and sinks are washed, on
vibratory screens to remove essentially all the remaining adhering
heavy medium.

The undersize products from the washing screens, consisting of
medium, wash water, and fines, are too dilute and contaminated to
be returned directly as medium to the separatory vessel. They are
treated individually, or together, by magnetic separation, to
separate the magnetic ferrosilicon, or magnetite, from the
non-magnetic fines. Reclaimed, cleaned medium is thickened to the
correct density by a suitable classifier, which continuously
returns it to the HMS circuit. The densified medium discharge
passes through a demagnetizing coil to assure a non-flocculated,
uniform suspension in the separatory vessel (11).

The circuit must be regarded as a whole for both design and
operational purposes. Equipment for each stage must be matched
with the rest of the circuit, both in terms of capacity and
performance.

One of the essential components of the heavy medium separation
process is the medium itself. The correct choice of the medium,
and its effective control, both in terms of consistency and
physical parameters, are essential for the efficient operation of
the system. The most common materials used as media are
ferrosilicon, magnetite or mixtures of the two.

The actual separatory vessels fall into two broad classifications;
static and dynamic. There are several differences between them,
although the basic principles remain the same: 1ight particles
float and heavies sink. In stationary vessels, the separation
generally of particles coarser than 3 mm, is carried out at normal
gravity; whilst in dynamic systems finer particles (down to 0.5 mm)
are separated at an elevated gravity. Static vessels contain
significantly more medium than dynamic vessels. Consequently, the
residence time in static vessels is considerably longer than in
dynamic vessels.

Table 2 1ists some of the separatory vessels that are, or have
been, in use.

Jigging
Jigging is the sorting of different minerals by

stratification, based on the movement of a bed of particles
relative to a fluid in a vertical plane.
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TABLE 2

Some Heavy Medium Separation Vessels

S TATTIGC DYNAMIC
Deep Shallow
Cone Drum Trough Combination Centrifugal
Chance Wemco DSM Bath Drewboy DSM Cyclone
Barvoys 00SK 30 McNally LoFlo Norwalt Swirl Cyclone
Tromp Deep Teska Tramp Shallow Vorsyle
Wemco Hardinge Ridley Scholes Dyna-Whirlpool
Huntindon- Link Belt 0CC Triflo
Heberlein Bretby Heyl & Patterson Water-only
Hirst Snail cyclones
Washer Neldco Visman-Tricone

The basic construction of a Jjig 1is shown 1in Fig. 5.
Essentially it consists of an open tank filled with a fluid,
normally water, with a horizontal jig screen at the top and with a
spigot in the "hutch" or bottom compartment for removal of heavies.
The jig bed consists of a layer of coarse heavy particles (ragging)
on the jig screen. This ragging is of a specific gravity between
that of the minerals it is intended to separate.

In operation the bed is made fluid by a pulsating current of
fluid to provide stratification. On the upward or pulsion stroke

the bed of ragging and slurry is normally lifted as a mass, then as
velocity of the upcurrent decreases it dilates, Toosening the whole
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Fig. 5 Schematic Arrangement of a dJig
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Fig. 6 Diagramatic representation of the jigging cycle, based. on
four particles of different size and density
(A) pulsion (B) differential acceleration
(C) add hindered settilng (D) add interstitial trickling

mass. On the downward or suction stroke it closes slowly again.
The ideal is to control this dilation of the bed of material so
that the heavier and smaller particles penetrate the interstices of
the bed, whilst the larger heavies fall under a condition akin to
"hindered" settling. Fig. 6 shows diagramatically the effect of
the various mechanisms of jigging on four particles, of different
size and density.

Whilst jigs were once applied to the concentration of a wide
range of minerals, the major modern applications of jigs are
essentially (a) coal washing, (b) primary treatment of alluvials,
(c) coarse lode tin ore recovery, (d) free metal recovery in gold
and other mills, (e) cleaning of sand. Nevertheless even with
these more limited applications, the overall tonnage treated by
jigs is probably second only to heavy medium separation.

It is hardly surprising, therefore, that there are a wide
variety of jigs on the market, and Table 3 indicates some of these.

The Sluice Box, or Palong

A sluice box is essentially an inclined trough, or launder,
usually of a rectangular cross section, through which a long size
range of feed is washed by a large volume of water. In the bottom
of the sluice box are a series of riffles of various types, so
arranged to provide some turbulence between each riffle, allowing
concentration of heavies to occur (Fig. 7).
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Types of Jigs, With Typical Examples

Mineral Jigs Coal Jigs
Through
Method of| Over the Through the |Over the the
Type Pulsation| Screen Screen Screen  Screen
Moveable Halykyn HANCOCK WiTmot Pan
Screen James
Fixed HARZ Cooley ORC Faust
Screen Plunger |Woodbury Collom Elmore
Mechanical McLanahan May Reading
Stone
Diaphragm |BENDELARI DENVER JEFFEY
RUOSS WEMCO/REMER
YUBA RICHARD
Pan Am.Placer
Panam-Kraut
IHC
Pulsator Air OPM Series BAUM FELDSPAR
BATAC Cortex
Tacub
Water Richard Pam American Vissac
Vane Neil

Whilst the majority of sluice box operators use manual "clean-
up" - or removal of concentrates, some attempt to mechanise this
time consuming phase has been made in the U.S.S.R. (12).

SLUICE BOX

RIFFLE
SYSTEM

Fig. 7 Cross Section of a Simple Sluice-Box
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A sluice box is a complete placer pre-concentrating plant; it
is a combination of a feed hopper, -conveyor system and gravel
washing and heavy mineral saving apparatus (13).

Although some manufacturers do offer sluice boxes, the
majority are shop fabricated for specific operations; the design
and construction therefore depends on personal preference as well
as the duty to which the sluice is to be put.

The Pinched Sluice and Reichert Cone

The pinched sluice differs from the riffled sluice both in the
smooth bottom of the trough and in the method of concentrate
removal. In the riffled sluices heavies settle into the gaps
between the riffles set at right angles to the flow and are removed
intermittently, whereas in a pinched sluice the flow regime is such
that heavies are removed continuously.

The general principle of opertion of a typical sluice type of
separator is shown in Fig. 8. it normally consists of an inclined
channel which decreases in width in the direction of the flow.
Pulp, at a high solids density enters the channel in a relatively
thin stream at the upper, or wider, end. As this stream flows down
the sluice a normal flowing film velocity gradient is set up and
the finer and heavier particles concentrate in the lower levels of
the stream, by a combination of hindered settling and interstitial
trickling. In the normal form of sluice, where the channel width
decreases in the direction of flow, the depth of the stream
increases roughly in proportion to the rate of pinch, and this
increases bed thickness and naturally enhances the separation of
heavy and 1ight materials.

At the end of the channel the slower moving Tower level of the
stream, suitably enriched in heavy minerals content, is peeled from
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Fig. 8 Principle of Operation of a Pinched Sluice
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the stream by a suitable cutter. The faster moving upper layers,
depleted in heavy minerals, pass over the cutter to report as a
separate product.

Early development of the pinched sluice was in the United
States; however it was in the Australian Mineral Sand industry that
they truly became popular. Table 4 indicates some of the range of
Pinched Sluice type units that are, or have been available.

Reichert cones (Fig. 9) are a special type of pinched sluice
(14, 15). The inverted cone concentrating surface may be viewed as
a number of pinched sluices placed adjacent to one another to form
a circle. The one major difference is that in the cone there are
no sidewalls to the sluice to interfere with stratification. In
essence this is the only difference between a number of pinched
sluices and a cone. A cone concentrator always consists of a
number of stages in series and in parallel and can thus achieve
multiple stages of separation in one unit. This is important as
neither cone nor sluice is particulary efficient in a single stage.

The advantages of the Reichert cone are its high capacity, low
capital cost per unit throughput, light weight, compactness and
metallurgical performance. Cones have two disadvantages, one of
which is shared with sluices. This latter is the necessity of
feeding at 60% solids as both units are sensitive to variations in
pulp density. The other disadvantage is that cones are unsuitable
for operations. with a new feed rate of less than about 50 t
h=4. Cones have an upper size 1limitation of about 3 mm on
feed, while the lower size 1imit for particle recovery is about 40
micrometres depending upon particle specific gravity. Just what
recovery is obtained for 40 micrometre particles depends very much
on the mineral, but is generally greater than 50%.

Table 4

Typical Pinched Sluice Type Units

U.S.A. AUSTRALIA SOUTH AFRICA U.S.S.R.
Cannon York Rand Leases Giridmet
Carpco Belmont Plane Table
Lamflo Cudgen
Hobart RZ

Diltray

Xatal

Wright Impact Tray

Reichert Cone
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Fig. 9 Internal Flow Diagram of one "DS" Stage
of a Reichert Cone Concentrator

Spiral Concentration

The spiral concentrator is one of the relatively modern, high
capacity low ~cost units developed for the inexpensive
preconcentration of low value ores. The spiral is a unique device
in its approach to separation and recovery. Although modern units
are available in a variety of designs, the basic principles of
spirals have hardly changed since their introduction in the 1940's.

The development of the spiral concentrator typifies the
ingenuity and inventiveness of practical mineral processing
engineers. In 1941, Humphreys Gold Corporation Vice President,
1.B. Humphreys, investigated the possibility of development of an
inexpensive method of gold recovery from their operations. The
initial experiments utilized old automobile tyres and later, sheets
of lead to produce a spiral configuration. These experiments with
flexible materials allowed Humphreys to test various diameters,
pitches and cross sections (16).

Until very recently, all spirals were similar; each consisted
of a multi-turn helical sluice of modified semi-circular cross-
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section, for pulp flow, with a wash water channel and a series of
concentrate off-take ports at regular intervals down the spiral.

Recently, however, there has been considerable development in
spiral technology; the main areas of development are modified helix
cross sections and diameter, the development of (wash) waterless
spirals, and the introduction of spirals with only one take off
point, at the bottom of the spiral.

Nevertheless, all spirals are similar in principle. Feed pulp
of between 20-25% solids by weight and in size range 3 mm down to
50 micrometres is introduced at the top of the spiral and, as it
flows spirally downwards, the coarsest and heaviest particles
concentrate in a band along the inner side of the stream (Fig. 10).

Concentration 1in the spiral may be considered as involving
three inter-dependent and co-existent concepts of mineral
separation: (i) free settling, (ii) fluid film, and (iii) stream
cross-sectional rotation. Many gravity concentrating devices
utilize free settling and flowing film principles but the addition
of cross-sectional rotation makes the spiral unique as a self
compensating device.

There has been a considerable development in spiral technology
since the original Humphreys design. Manufacturers now include,
apart from Humphreys Engineering; GEC, Budin, Sala (Europe);
Reichert, Vickers, Wright, Wyong (Australia); Spargo (South
Africa); the SVM, PLSM and ShBM spirals (U.S.S.R.).

Direction of Flow

Fig. 10 Cross Section of a Spiral, showing particle movement
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Fig. 11 Reichert Spiral Cross Section

Typifying the development of the helix cross sectional shape
is the range of models offered by Reichert (17), as shown in Fig.
11.

Outside of the Soviet Union the spiral is typically 0.6-0.7 m
in diameter; however Soviet engineers have developed a range of
spirals ranging from 1-2 mm in diameter (10, 18) dincluding one,
novel, 9 start spiral.

Spirals can be employed for the separation of any two minerals
from each other, as long as the minerals are essentially liberated,
there is a reasonable difference in specific gravity or particle
shape, and where the heavy minerals are in the approximate size
range of 3 mm to 50 micrometres.

Within these 1limits spirals can be used for (a) the production
of a concentrate and tailing in a single roughing stage, (b)
production of a finished concentrate (cleaning) with a tailing to
be treated by another process, (c) production of a bulk concentrate
of several heavy minerals and a finished tailing, the bulk heavy
minerals preconcentrate being cleaned by other processes, (d)
scavenging tailings for other processes returning the rough
concentrate to further liberation and cleaning.

Shaking Tables

The shaking table is probably the most versatile of all
gravity concentration devices and consequently 1is found in most
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types of gravity mill. Almost certainly any well equipped mill
lTaboratory will boast a small laboratory table for that occasional
test.

The shaking table consists of a slightly inclined deck on to
which feed, at about 25% solids by weight, is introduced. The
table is vibrated longitudinally, using a slow forward stroke, and
a rapid return, which cause the mineral particles to "crawl" along
the deck parallel to the direction of motion. The minerals are
subjected to two forces - that due to the table motion and that, at
right angles to it, due to a flowing film of water. The net effect
is that the particles move diagonally across the deck from the feed
end and, since the effect of the flowing film depends upon the size
and density of the particles, they will fan out on the tables, as
shown in Fig. 12.

Good classification will invariably optimize operation of
tables, especially where high enrichment from different ores with a
fair proportion of middlings is required. Poor classification on
the other hand may even be detrimental.

Since the introduction of the Wilfley Table in 1896, a wide
variety of shaking tables have been marketed. Currently, however,
there are only a few major manufacturers of shaking tables,
although several other less known types are operating in some
Tocations.

The major differences between tables are the shape and
suspension of the deck, and in the type of mechanism which imparts
the assymetric reciprocating motion to the deck.
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Fig. 13 Riffle Patterns on Various Tables

There are two basic shapes of table deck: rectangular and
diagonal. Fig. 13 shows two rectangular type table decks (Wilfley
and SKM) and three diagonal (Concenco and Holman). It should be
noted that the "longitudinal” motion is in each case parallel to
the riffle pattern.

The diagonal deck generally has a higher unit capacity,
produces a higher grade of concentrate over a wider band, and
reduces the quantity of middlings. A diagonal deck will also
recover finer size particles.

There are two basic types of mechanism, or head motion. 1In
the more common variant, the mechanism casing is rigidly fixed to a
subframe and the assymetric motion is imparted to the deck by a
toggle and pitman mechanical Tlinkage. In the other type, the
mechanism is rigidly fixed to the deck and the whole shaken, as
one, by eccentric weights in the mechanism.

Separation can be achieved on shaking tables between any two
minerals or substances with a reasonable difference in specific
gravity. Unless the concentration criterion is greater than 1.25,
separation dependent on specific gravity alone will result in
imperfect separation; such 1is the case for the separation of
middling and tailing material. With a concentration criterion of
2.5 or more, rapid, efficient separation is comparatively simple.

It is a peculiarity of shaking tables that, when correct
operating conditions are maintained, table performance is excellent
and can rarely be surpassed by other types of separators; however,
when operating conditions become unbalanced, table performance is



127
TABLE 5

Parameters Affecting Operation of Shaking Tables

Machine Feed
Stroke: 1length and frequency Solids Characteristics
Inclination: side and longitudinal - Size Range
Riffle Pattern - Capacity
Deck Surface - Cut Points
Pulp Characteristics

- Flowrate

- Density

- Wash water

likely to be as far on the bad side as it was on the good side
under favourable conditions (19). With anything but the simplest
of operation, therefore, table performance can be either extremely
good or extremely bad; which, depends on adherance to correct
operating conditions.

Parameters affecting table operation are shown in Table 5.

The major modern use of the shaking table is the coal cleaning
industry of North America with the order of 50 Mt being treated
annually (7). Elsewhere, there are large numbers of tables
treating the metal oxides, chromite, mineral sands and gold.

Slime Plants

The word "slimes" in this context should be taken to mean
material that is finer than 50 micrometres. There dis some
confusion in the mineral processing industry as to the definition
of the word slimes (20). In many instances, the first stage in the
treatment of "slimes" includes thorough desliming!

The inherent difficulties in recoverying very fine particles
by gravity has led to the development, and in many cases,
obsolescence of a wider and more diverse range of equipment than in
any other particle size range. Table 6 highlights this diversity
of equipment. The important modern devices are highlighted.

The Endless Belt Concentrator and Johnson Barrel are commonly
used in South Africa for the recovery of fine gold in milling
circuits; they are, however, not used elsewhere. Likewise, the
Rocking Shaking Vanner and the Yunnan Centrifugal Separators are
used only in China, for the treatment of tin, tungsten and diron
ores. Of all the modern "slimes" separators probably the most
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TABLE 6

Range of "Slimes" Gravity Concentration Equipment

STATIONARY DECK EQUIPMENT STIRRED BED DEVICES CENTRIFUGAL DEVICES
-Buddle Discontinuous Shear -Ferrara's Tube
-Round Table -Vanners -DTsS Centrifugal
-Round Frame -Shaking Table* -Yunnan Separators*
-Strake -Kieve -Knelson Hydrostatic
-Corduroy Table -Rocking Shaking Vanner* -TsBS Centrifugal
-McKelvey Concentrator -GEC Duplex Concentrator
-Denver Buckman Tilting

Frame Unidirectional Shear

-EndTess BeTt Concentrator*
-Johnson Barrel*

-Hodgson Separator
-Rotating Cone Separator

Orbital Shear

~Shaken Helicoid

-Bartles-Mozley Separator*
-Bartles Crossbelt Concentrator*

widely used are the Bartles-Mozley Separator (21) and the Bartles
Crossbelt Concentrator (22). Both units superimpose, on a slightly
inclined surface an orbital shear motion, and are capable of
recoveries as fine as 6 micrometres. The Bartles-Mozley Separator
(Fig. 14) 1is a semi batch device, discharging concentrates
discontinuously, whilst the Bartles Crossbelt concentrator
Fig. 15) is a continuous device, using a slowly moving belt to
remove concentrates from the pulp stream.

The newest devices, the GEC Duplex Concentrator and the

Knelson Hydrostatic separator show promise for the future, but as
yet have only had comparatively limited application.

Fig. 14 Operating Modes of the Bartles-Mozley Separator
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Fig. 15 Schematic Plan of Bartles Crossbelt Concentrator

Treatment of slimes usually requires stage treatment, as
enrichment in any only stage is never particularly high. Fig. 16,
a schematic flowsheet of the gravity circuit at the Solnenchnyy
concentrator in the Soviet Union (23) illustrates this.

FEED @
SULPHIDES @
@

' 1 SULPHIDE FLOAT

2 CYCLONES
C}::1:)(§) 3 ROUGHER MOZLEY
4 CLEANER MOZLEY
s 5 ROUGHER XBELT
thli[)(§) 6 CLEANER XBELT
7 MIDDLING XBELT

0] 8 SAND TABLE
 J )
CONCENTRATE TAILING

Fig. 16 Complex Gravity Circuit for the Concentration of Tin
at the Solnenchnyy Concentrator USSR
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Dry Gravity Concentration

The majority of dry gravity concentration processes that have
been developed, or are commercially available, are similar in
principle to their wet gravity concentration counterparts. These
include the areas of heavy medium separation, jigging, pinched
sluices, and tabling. Whilst the mechanisms of separation of the
wet and dry units may not necessarily be the same, the wet units,
already described make a reasonable point of reference for their
dry counterpart. Other dry gravity concentration devices have been
developed which do not have a direct counterpart in wet
concentration. These include the Fluidized Bed Separator, and the
Zig-Zag.

A1l the dry concentrating equipment, except the dry jig,
utilize a constant controlled upflow of fluidizing air. The dry
jig, however utilizes a pulsating air flow, using the pulsation to
effect the stratification in a manner comparable with its
counterpart in wet concentration.

TESTING FOR GRAVITY CONCENTRATION

Whilst this has been discussed in more detail elsewhere (eg.
3, 24) a brief introduction is warranted.

The first step at the laboratory level, assuming that a fully
representative sample has been obtained, should be size
fractionation followed by heavy liquid separation of the fraction.
A prior size reduction step to enhance liberation may, or may not,
be necessary. Heavy 1liquid separations are commonly made in
beakers, separatory funnels or in batch-type centrifuges. A
complete sequential sink-float analysis of the proposed process
feed is usually advisable.

A thorough microscopic study of the various fractions produced
in the heavy liquid work 1is also of vital importance. Probably
more can be learned from this than any other technique.

It is possible to determine whether wet gravity separation
will be successful in beneficiating an ore, and which gravity unit
processes are likely to succeed, on the basis of heavy 1liquid
analysis and microscopic examination over the appropriate specific
gravity range.

The next stage is to scale-up the data to Taboratory scale,
which means the production of 1larger feed samples. Feed
preparation must also be considered. This may include grinding to
liberation size, desliming, screening to remove unwanted oversize,
hydraulic classification or a combination of the above.
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Most manufacturers provide small scale versions of their
production equipment although results, especially in the fine
particle range must be treated with care. Some equipment
(especially spirals) should properly be regarded as pilot plant
units.

The question of wet gravity separation pilot plant testwork is
always controversial, particularly if a continuous pilot plant is
envisaged.

PLANT OPERATIONS

With the wide range of minerals treated, the equipment
employed and the degree of sophistication acceptable, there cannot
be any "typical" plant operations. Two plants, one treating iron
ore and the other tin are included here as examples of two very
different types of operation.

Mount Newman Concentrator, Australia

As with other West Australian iron ore producers, the Mount
Newman mine commenced operation on its large high grade ore zones,
using simple crushing and screening. However, it has more recently
installed a wet concentrator to treat the lower grade zones of the
orebody (25).

Feedrate to the concentrator is approximately 1,160 t h=1
which is just over one tenth of the total output of the mine.

A considerable amount of testwork was carried out, on various
competing processes prior to making the final decision to proceed
with the concentrator. All ore fractions exhibited minimal near
density material between the high density hematite and the Tow
density shales. Furthermore, the absence of any composite
hematite/shale particles as coarse as 100 mm indicated that sharp
separations could be achieved with static heavy medium separation.
The similar washability characteristics of the ore throughout the
size range of -100 +6 mm precluded the necessity of providing
separate facilities for the treatment of this size range.

A schematic flowsheet of the concentrator is given in Fig. 17.
Run of mine low grade ore is crushed to 100 mm in a two stage
crushing circuit with a rated . capacity of 2000 t h=1
discharging to a bank of dry screens, screening at 6 mm, screen
products passing to small, 1000 t surge bins. Lump ore, -100 +6 mm
in size is treated in two Wemco Heavy Medium drums in parallel
producing lump concentrate and tailings, which after rinse:drain
screening pass to the appropriate stockpiles. Screen undersize is
further wet screened, at 1 mm, oversize passing to a surge bunker
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Fig. 17 Schematic Flowsheet of Mount Newman
Concentrator, Australia

and thence to three DSM heavy medium cyclones 1in parallel.
Products pass to rinse:drain screens and thence to product
stockpiles. The -1 mm fraction is deslimed, at 63 micrometres in
cyclones, cyclone overflow passing to a thickener for water
recovery. Cyclone underflow, at up to 280 t h-1 passes to a
bank of Reichert Cones, producing a concentrate and tailing.

A11 concentrates are stored in one stockpile, for subsequent
final crushing and sizing into Tump and fine ore at dockside.

Geevor Tin Mine: Concentration Circuit

Geevor's concentration circuit is an excellent example of an
efficient, all gravity  concentrator, combining effective
classification, coarse and fine tabling, and an efficient slime
recovery circuit. It 1is shown schematically in Fig. 18 (most
concentrate and tailing flows are omitted for clarity). The
circuit exemplifies the recovery of coarse free cassiterite
followed by careful regrinding and retreatment of middlings (26).

Crushed ore is fed from the 1000 t fine ore bin at 18 t h-1
to two Allis Chalmers low-head screens in parallel, fitted with
polyurethane screens and sizing at 0.85 mm. Screen oversize is
ground in a 2.2 m dia. x 2.25 m rubber lined grate discharge ball
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mill, the product from which recycles to the screens. Screen
undersize is fed to the new table plant classification system,
which consists of a full flare spiral classifier and Stokes 8
spigot hydrosizer in series, with the combined overflow being
further classified in 250 mm and 150 mm cyclones in series. All
spigot products are treated on a total of 31 Wilfley Holman tables.

Coarse table middlings, (from the Stokes hydrosizer) are
reground in open circuit, reclassified in a spiral classifier and
Stokes 10 spigot hydrosizer and treated on a bank of 10 Holman
coarse and fine sand tables. Middlings from these tables are again
reground in open circuit and then join the middlings from the fine
and slime tables treating the cyclone underflows. The combined
flow is again classified, in a Stokes 7 spigot hydrosizer prior to
tabling on a bank of 7 Holman coarse and fine sand tables.
Middlings from these tables are ground in open circuit prior to
recycling to the 7 spigot hydrosizer. Each of the above middling
regrind circuits consists of a dewatering spiral or rake classifier
and a conical ball mill.

Overflows from the classifiers are thickened in a 5.5 m dia.
thickener the sands from which are stage cycloned in 250 mm and 125
mm dia. cyclones, cyclone underflows being treated on a bank of
Holman fine sand tables and slime tables.

Fines from the crushing plant (cyclone overflows) are
thickened in a 6.4 m dia. thickener the underflow of which is
classified in a Stokes 3 spigot hydrosizer with the products being
treated on a bank of Holman fine sand tables. Middlings from the
above two banks of tables are reprocessed in the secondary regrind
circuits.

The 5.5 m and 6.4 m dia. thickener overflow, along with the
150 mm cyclone overflow passes to a 10.7 dia. thickener, the
underflow of which is classified in a bank of 100 m cyclones, the
spigot product being- treated on a bank of 5 Holman fine sand
tables; 10.7 m dia. thickener and 100 mm cyclone overflows are
again thickened in a 21.5 m dia. thickener, the overflow of which
is recycled as process water. The underflow is deslimed in 100 mm
cyclones prior to treatment on a bank of Holman slime tables.

Tailings from the tables are processed on banks of
Bartles-Mozley Separators and shop fabricated Mozley Frames -
prototype units for the commerical devices - in series. Rough
concentrates are upgraded by Bartles Crossbelt concentrators and
Holman slime tables in parallel. It is noteable that Geevor's
flowsheet contains the prototype of both the Bartles-Mozley
separator and the Crossbelt, as well as the Jones separator and
Mintek analyser; a fine record of innovative processing in this old
established mill.
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Fig. 18 The Geevor Mine Concentration Circuits
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PROCESSING OF MINERAL ORES BY MODERN MAGNETIC SEPARATION TECHNIQUES
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M5 4WT, U.K.

Abstract

A review is given of the current state of development of
magnetic separation technology in relation to the field of mineral
processing. The subject matter is classified in terms of separation
devices based upon particle entrapment and upon particle deflection.
Of these particular mention is made of the Jones and of the Kolm-
Marston separators (particle entrapment) and also of open gradient
magnetic separation (particle deflection).

An assesment is made of the influence of cryogenic magnets on
the development of this technology and some reference is also made
to unit process costs for the various devices.

Introduction

The origins of magnetic separation in relation to the civilised
world are a matter of some speculation. Fragmented sources of infor-
mation indicate some activity as far back as the ancient Chinese and
Middle Eastern civilizations. A more restricted historical approach
is probably appropriate to the material of this chapter since it
indicates that the origins of magnetic separation are closely linked
with the industrial revolution of the late 18th century in Europe
and the corresponding mid-19th century events in North America.
Since its beginnings magnetic separation has been intimately linked
with the processing of mineral ores and, in particular, with iron
ore. Indeed, the first recorded patent in magnetic separation, by
William Fullarton in England in 1792, relates to the upgrading of
iron ore. The first corresponding patent filed in North America, by
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Ransom Cook in 1849 also concerns iron ore. Most patented and
published material in magnetic separation from these early days
until the beginning of the 20th century is concerned with the con-
centration of iron ores. The first half of the 20th century saw
the arrival of a plethara of commercial magnetic separation devices
for the processing of mineral ores. Most of these, such as the wet
and dry drum separator, the wet and dry belt separator, the induced
roll separator are still in successful commercial operation at the
present day [1,2,3,4] .

The diverse nature of magnetic separation techniques employed
in commercial devices of the type mentioned above has led to various
schemes of classification. Taggart [2] and DeVaney [5] and Parker
[4] have discussed this classification problem in terms of parameters
such as field gradient, separation medium (wet and dry), mode of
product disposal (gravity, belt, spray, scraper,feed presentation
(pulley, belt, shaking tray) and so on.

This particular review is concerned with modern magnetic
separation techniques which are either in use in mineral separation
or are in advanced stages of development. In the post 1970 period,
magnetic separation has witnessed changes so rapid and so profound
that no single text has been written which deals with them effect-
ively and comprehensively. For the major part, modern magnetic
separation systems may be codified in the following simple manner.
The first of two major classes of separator may be regarded
as particle entrapment devices. In these, feed material comes in
direct contact with a magnetic capture surface. The more magnetic
component of the feed is held at the surface, primarily, by magnetic
traction forces and the less magnetic (or non-magnetic) component(s)
is removed from the neighbourhood of the capture surface by omne or
more of a variety of competing forces. The latter include hydro-
dynamic drag, inertia and gravity. At some convenient point in
time the process is halted and the magnetic component is removed
from the capture surface to a point of collection. 1In the other
major class of separator, the separation principle is that of
selective particle deflection in a magnetic field. Here, there
is no magnetic capture surface. Instead, such devices rely on the
more magnetic particles following different flight trajectories from
those of less magnetic particles in some non-uniform magnetic field
system. In contrast to some of the entrapment devices, these
deflection devices are wholly continuous, the various components of
the feed stream being finally divided at a geometrical baffle.

In the following, the fundamental design principles of these two
classes of device are discussed in turn and a review is given of
recently published material on the application of these devices, to
mineral processing.
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Particle Entrapment Devices

This type of device generates, in a separation volume or zone,
strong magnetic traction forces by virtue of a combination of high
magnetic fields and field gradients. Since about 1971, the popular
expression 'high gradient magnetic separation', often abbreviated
to 'HGMS' has been coined as a description of this type of device
but it may be applied equally well to somewhat older devices. What
all these devices do have in common is, within the separation zone,
a ferromagnetic matrix at the surfaces of which are indeed strong
induced magnetic dipolar forces. It can be shown that the magnetic
traction force experienced by paramagnetic particles of volume, v
and of volume susceptibility, Xp» in a non-uniform magnetic field
is (approximately)

F o= Xup(uOHVH) @)

where VH 1is the spatial gradient of the total magnetic field H

(H is measured in Am~!) at the location of the particle, and X =

X~ where is the susceptibility of the surrounding medium.
Here, ¥, and u_ are exclusively, properties of the particle while

(u _HVH) - whicg has the dimensions of force density — depend only on
the properties of the magnetic field system. Modern particle entrap-—
ment devices have been designed to process small particles of

weakly magnetic ores and, therefore, of necessity, (eqn.l) required
to generate high force densities in the separation zone.

In the field of mineral processing, there are two quite distinct
and highly successful modern magnetic separators of this type. The
first of these, patented in 1955 [6] and first described in detailed
scientific terms in 1960 [7] is the Jones Separator . This device,
together with near equivalents, is manufactured in several countries,
though the world market is dominated by the West German organisation,
Humboldt Wedag. This is undoubtedly, the world's most commercially
successful modern magnetic. separator. Over 90 of the enormous DP317
Jones devices (see below) have been sold world-wide.

In its simplest laboratory form the Jones separator comprises
an array of grooved ferromagnetic plates in the field gap of a
classical dipolar C-shaped magnet. In the grooved plate matrix of
Fig.l, the plates are loaded in boxes with the axis of the groove
vertical. Wet feed material (pulp) enters the matrix vertically
downwards under gravity in narrow gaps between the plates. When the
magnetic field is removed scouring water can also be fed vertically
downwards to remove magnetic material completely from the plates.

Commercially, large-scale forms of the Jones separator usually
have, depending on the size of the installation, either one or two
annular assemblies of grooved plate matrices (7) mounted on a
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Fig.l Grooved plate matrix of Jones Separator (Courtesy of
KHD Humboldt Wedag AG)

Fig.2 Schematic of laboratory Jones Separator
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circular horizontal rotor (6)with an axial vertical drift shaft (4)
supported by heavy-duty roller bearings. These annular matrices

Fig.3 Schematic of large-scale industrial Jones Separator
(Courtesy of KHD Humboldt Wedag AG)

rotate between two large diametrically opposing air—cooled C-shaped
electromagnets (2,3) whose yoke casings are welded to a large
rectangular steel main frame (1). The rotors act in the manner of
keepers to these large electromagnets. In this type of assembly,



143

the grooved plate matrix spends 507 of its lifetime within the field
of either C-magnet. Vertical feed pipes (8) are placed immediately
above the matrix and just within the point of entry to either field
system. Near the point of exit are wash pipes (13) ‘to remove (12)
entrained non-magnetics middlings. In the field-free zones are a
number of scouring devices 14 to remove (10) the magnetic product.
The maximum field attainable in the gap between magnet and rotar is
approximately 2.0T. At the surface of the finest grooved plates

(v2 mm groove pitch) the force density is of order 2 x 109 N m 3.
This type of design is, therefore ,well-suited to the concentration
of a fine-grained magnetic ore whlch constitutes a sizeable fraction
(v507%) of the feed. It may, however, also be used for pre—concentra-—
tion applications in low-grade tailings or for the upgrading of non—
magnetic minerals. Some typical mineral applications are summarized
in Table 1.

TABLE 1 (ref [9])

ACTIVITY ORE APPLICATION

magnetic concentrates haematite, pyrrhotite, siderite,
ilmenite, ores of chromium, manga
nese, tungsten, zinc, nickel,
tantalum/niobium, molybdenum.

upgrading non-magnetic glass sand, apatite clay, talc,

minerals kaolin, feldspar, coal, fluorspar,
nephelin, baryte, graphite, bauxite,
cassiterite

preconcentration tailings of uranium, gold, platinum,

chromium and manganese.

The Jones separator is of crucial technological importance in the
beneficiation of both coarse (<5 mm) and fine-grained (<! mm) feebly
magnetic iron ores.

Extensive experience with the DP317 (twin rotors of 3.17m
diameter) has indicated (averaged on a world basis) that an expected
throughput of around 120th-! of crude ore (<1 mm particle size)
and with a grooved plate clearance gap of 2.5 mm [8]. with a 7600 h
annual running time this amounts to around 9.0 x 10° t y~l. Process
costs include estimated capital costs of around $0.23 t~!#based on

years amortization at 107 (compound) interest, inclusive of
buildings, pumps, piping and installation. Manpower requirements
vary but may be reasonable estimated at 0.2 man-shifts per device |8].

%
1984 estimates by the author ($=2.7 DM)
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Fig. 4. Cutaway view of Kolm-Marston type of HGMS system
(Courtesy of Sala Magnetics Inc.)
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Fig. 5. Schematic of magnetic circuit of Marston-type iron-
bound solenoid (after Gerber [121]).
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Power consumption is estimated to be between 0.5 and 0.7 kWht:_1
of feed (dry basis) [8]. Process water consumption for washing
and scouring amounts to about 1.5 to 2.0 m3 t~1 of feed (dry
basis), about 80% of which can be recirculated.

§3. The Kolm-Marston 'High Gradient' Magnetic Separator

Around 1971 Kolm [10] formally introduced a modern magnetic
separation device based upon the insertion of a filamentary,
ferritic (corrosion-free) matrix into the working volume of a
high-field solenoid. The novel aspect of this particular design
is that, if sufficiently strong magnetic fields are generated by
the solenoid, then strands of this filamentary matrix, whose
axes are orthogonal to the field axis of the solenoid, are
magnetised radially to saturation. Thus magnetic field gradients
of order 2M_/d are generated at the surfaces of the entire lengths
of these figres, where MS is their saturation magnetisation and
where d is the effective filament diameter. It follows that,
under these circumstances, the field gradient at the surface of
(an infinitely long) fibre of diameter 40 um for which
M= 2.0 T is of order 10° Tm™! and if the solenoid axial
induction field is (say) 2.0 T then the correspondin% magnetic
force density at the fibre surface is greater than 1011 Nm™3.
This is a. full two orders of magnitude increase on the
corresponding value for a Jones separator. It is clear, therefore
that this type of separator is designed specially for problems
involving the entrapment of small particles ( << 100 um) which,
in addition, are only paramagnetic. In fact, the impetus leading
to the introduction of this device was such a problem, namely the
removal of iron-stained microscopic titaniferous and micaceous
particles from kaolin clays in Georgia, U.S.A.

The Kolm design concept was assisted greatly by the
introduction by Marston [11] in 1971 of an elegant 'window-frame'
design of the iron-bound solenoid (Fig. 4) which is now described
in some detail.

In this system, the filamentary matrix is housed in a non-
magnetic cylindrical canister which itself is housed in a
pancake-shaped separation zone of approximate volume 7._d 211/4
(Fig. 5). Above and below this canister are cylindrical™ pole
pieces of low-carbon steel which are magnetised by a close-
packed water-cooled stack of copper coils (the coils are of
square cross—section) wound around the perimeter of the canister,
as shown. The cross—sectional area of the coils stack is
(d9=d1)%2. These coils are buried within a substantial
(generally rectangular) steel flux return frame. In smaller
systems, the feed and product streams respectively enter and
exit through axial pipes as shown (Fig. 4) but in large-scale
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systems (d, > 2.0 m) there may be as many as 16 points of entry
(or exit) éistributed uniformly over the surfaces of the two pole
pieces. One such large-scale separator, manufactured by Eriez
Magnetics Inc., is illustrated photographically in Fig. 6. The
device of Fig. 4 is cyclic which means that, after a number of
canister volumes of feed stream have been processed, the

Fig. 6. Large-scale industrial HGMS system with 2.13 m bore
(Courtesy of Eriez Magnetics).
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performance (as measured in terms of recovery of magnetic material)
falls to an unacceptable level. The feed stream is then
interrupted (by valve closure), the magnetic field switched off,
the matrix washed and the field switched on again before resumpt-
ion of the process. The magnetic circuit has been described

in some considerable detail elsewhere [12] and only a brief
summary is given here.

A starting point in the design of a large-scale system of
the type shown in Fig. 5 is a target production rate, P, (kgs'l)
(of the feed material) and, from preliminary (laboratory) tests,
a suitable slurry demnsity, p, (kg m~3), stream velocity
Vo(ms'l), and residence time t(s) in the matrix, may be chosen.
The required matrix diameter, d;, is given by (4P/mpV,) 2 and the
matrix length %; from Vo,T. The required number of ampere-turns
(NI) for the copper coils may be estimated from Ampere's
circuital law. In other words, ignoring flux leakage, [12]
(Bo/up)21 = NI where I is the current in each hollow water-—
filled copper tube, and B, is the magnetic induction field
(in Tesla) parallel to the axis of the pancake-shaped separation
zone. The ampere-turns are generally supplied from a high
current - low voltage supply, the advantage of this being that
the coil system can be wound efficiently as an annular stack of
rectangular cross—-section (of area (dyp-dj)%,/2) comprising square
cross—section hollow copper tubes containing water-carrying
channels. The copper filling-factor of these coils is around
0.75 and the current density is rated at about 3.0 x 10° Am~2.
In a large-scale (dj = 2.1m) device with a maximum operating
field of about 2.0 T a typical coil stack would be (say) an
11 x 28 (= 308 coils) rectangular array, each tube carrying a
current of around 3000 A and making a total of NI = 106 ampere-—
turns. From the resistivity of copper (with the coils running
slightly hot) of around 1.8 x 1078 Qm the total resistance (Z)
of the coils is around 0.05 Q. The power supply to the magnet
(12z), at full field, is therefore of order 0.42 MW [12]. These
figures are closely in line with those described in the
commercial literature [13] of Eriez Magnetics.

The major portion of the field in the canister is derived
from the magnetised pole pieces. A rough indication of the
contribution of each pole piece can be obtained from the end
field of a (semi-infinite) magnetised cylinder

M

~

- d
[1 - cos {tan 1 (;l)}]

ol

B
op

where x is the perpendicular distance from the centre of the
inner surface of the pole piece. The minor portion of the field
comes directly from the coils themselves. This latter
contribution may be expressed (at the geometric centre) in the
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form [12]

u NI _ d 1 d
B = 2 [sioh ' (D) - sinh " (D) ]
(dy=dp) 2 2

In a 2.1 m diameter 2.0 T magnet it has been estimated [12] that
of the total field, about 25% is derived from the coils at the
geometric centre of the system. In the device outlined above
29 = 227 while in other commercial designs a shorter coil stack
(21 = %) is preferred. Clearly, the details of design involve
economlc considerations involving a balance between increased
copper (and operating) costs against higher capital costs for
increased tonnages of low-carbon steel.

Apart from its robustness and reliability, the major
attraction of this device is the efficient manner in which it can
be scaled up from a simple laboratory instrument to a large
industrial machine. This is not without advantages. An
examination, for example, of published specifications of the
SALA - HGMF R  Low-Pressure Series of Magnetic Filters [14]
shows (Fig. 7) that, over a wide range of HGMF filters the
electrical power requirements (I2Z) scale linearly with matrix
diameter (dj). Since P increases in proportion to d12, there
are clear advantages for large-scale designs of this type of
system [15]. Against this, such systems have correspondingly
large inductances with a calculated total value of L for the
above - mentioned 2.1 m diameter system of around 1 H. With

= 0,05 @ the relaxation time for switch-off of the magnetic
field is of order 200 s. This can be reduced to around 60 s
by dumping the current into secondary coils wound in opposition
to and in a low inductance coupling with the main coils.

The production rate, P, of a cyclic HGMS system of the type
shown in Flg 6 can be expressed as a product of the mass flux
p Vv (ﬂdl ) and of the duty cycle n T/noT + n_T + D) where ng is
the number of equivalent canisters of the feed stream processed
before the recovery, R, of the magnetic component falls to an
unsatisfactory level. When this happens, the flow is halted by
valve operation, and the matrix rinsed with n,(= 1) canisters
of wash water (at speed V, and at full field)to remove all but
magnetic material from the matrix. Then the field is removed,
the matrix backwashed and the field restored. The time required
for the entire sequence is known as the'dead time' (D). Thus P
can be expressed in terms of the separation zone geometry, as

P=mapd n / [n +n )T + D] (2)

l 217

The production rate for the product stream, if this is the non-
magnetic component, is obtained simply by multiplying the RHS
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of equation (2) by (1-R).

It is evident that P depends crucially on the value of D
especially since, in a well-designed system, p is increased to
its maximum practical value which, in turn, reduces n_ to a
value (say) of order 5. For large-scale conventional "HGMS
systems a value of D in the range 200 to 300 s is common.

A certain amount of criticism may therefore be levelled
against the conventional large-scale cyclic 2.0 T system which
operates in the fashion summarized above. In the processing
of kaolin, for example, duty cycles in the range 407 to 507
can be encountered, with adverse consequences for the value of
P, and thereby, for unit processing costs. A 2.1 m bore
system, of the type shown in Fig. 6, costs v $2.0 x.100 and
manufacturers claim a processing rate of up to 31.5 &s~1 wet
kaolin slurry. If the slurry contains 0.2 kg 271 of kaolin
(dry basis) then, assuming amortization at 107 per annum and
interest charges at 10% (compound) per annum the capital and
interest charges process costs for this device are in the region
of $1.4 t~l, Operating power costs here are very high when the
device operates at full field. From the above it can be seen
that when kaolin is processed at full field the power

Magnet power (kW)
10 F FIELD VALVE 05T*
MATRIX LENGTH (L3} 0.15m .
120 |-
100
80 |
60 L * MODEL Ho.
o 1 56-15-9*
Wl / 2 152-15-5
o 3 M-B-5
20} L 305-1-5
1 ] 1 ] | _1 1 | 1

04 08 12 16 20 24 28 30 32
Matrix diameter (m)

Fig. 7 linear dependence of magnet power (kW) on matrix diameter
(m) in HGMS (ref. 1141).
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Fig. 8 Removal efficiency of Fe20 from kaolin clay slurry as a
function of canister volumé number (n_) for near-
identical values of the parameter o (cCourtesy of
J.H.P. Watson)
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Fig. 9 ash reduction in coal slurries as a function of coal
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Fig. 10 reciprocating canister S/C HGMS system (courtesy of
‘ P.W. Riley).
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Fig. 11 production rate (P) comparison between superconducting
(S) and conventional (C) HGMS systems for various h
and k values (see text).
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Fig. 12 schematic of SALA-HGMS TM CAROUSEL (courtesy of Sala
Magnetic Inc)

requirements are, at best, 18 kWht~1, Against this, the device
is robust, reliable, compact, and well-suited to hostile
environments.

Recent interest has grown, understandably, in the possible
advantages to be accrued from the use of high-field super-
conducting (S/C) solenoids in cyclic HGMS systems. It is well
established in this field [16] that the grade of the product
stream can be expressed by a power law involving the ratio
(B /V ). In other words, if the processing rate determined by

(equatlon (2)) is (say) doubled, then prov1ded the
magnetlc field is also doubled, the performance is largely
unchanged. A clear indication of this is given in Fig. 8 in
which the efficiency of removal of Fe,O, particles from kaolin
clay slurry is seen to be essentially ihdependent of By when the
parameter o (which is proportional to (B,/V,)) is held constant.
Also of interest here is the steady deterioration in performance
with increase in n, (equation (2)), as indicated earlier, in
more general terms. This type of behaviour is confirmed by
some recent work by Kerkdijk et. al. [17] on coal slurries. In
Fig. 9 the recovery of coal is seen to be near-independent of a
simultaneous doubling of field and a flow rate.



153

Fig. 13 SALA—HGMSTM CAROUSEL (courtesy of Sala Magnetic Inc.)

Having said all this, it must be pointed out that the
direct replacement of a conventional solenoid by a superconducting
one is unlikely to produce any real benefits either in performance
or in cost. A large-bore (say 1.0 m) S/C solenoid would have,
normally, a dead-time in the region of 500 to 600 s. (A
laboratory-scale S/C high-field solenoid with a fast (v 34 s)
rise and fall (v 30 s) time is currently being marketed by Eriez
Magnetic but this is, in comparative terms, expensive, costing
approximately $300,000 for a separation zone of volume of
approximately 4.0 2). Therefore, all of the benefits to P in
equation (2) from an increase in V5 (i.e. a reduction in T)
allowed by the high S/C field are offset by the very large value
of dead-time. The only effective way in which S/C magnets can
be employed is in some truly continuous system (such as the
cryogenic drum separator [18] or in a cyclic system in which D
is, somehow, reduced (preferably to values much lower than its
conventional counterpart). A scheme, first proposed by Riley
and Hocking [19], from original designs and patents of
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Z.J.J. Stekley, shows some considerable promise in this area.
The scheme referred to (Fig. 10) is the reciprocating canister
(RC) system. Here, as the diagram indicates, the S/C field
remains permanently switched on (for example, locked in the
'persistent' mode). When n_ reaches a valve (Fig. 8) at which
the performance is unacceptable, a value is closed, the
canister rinsed and then removed by a hydraulic ram from the
solenoid. As it leaves the solenoid it is replaced by canister
with a fresh matrix. These canisters are, in fact, part of a
linear canister train designed to minimise the hydraulic force
necessary for canister removal. A more detailed analysis is
given by this author elsewhere [161].

There are a number of advantages to use of the RC system.
As Fig. 10 indicates, the withdrawn canister can be fully
shielded magnetically, and de-gaussed during washing. The wash
period can be extended to a time approaching the residence time
(n t.,.) of the live canister in the field (without prejudice to
the gégy cycle). Most important, however, is the fact that D
can be reduced to a value simply equal to the withdrawal time of
the spent canister from its position in centre field. Watson [20]
has estimated that a value of D = 10 s is achievable in large-
bore high field S/C systems.

Fig. 11 indicates a production rate (P) comparison between
a conventional (c) and a S/C system (s) in which D_ = 200 s and
D, = 30 s. If 1, is fixed at (say) 50 s then 14 = T4/h where
h(= B /B ) is the field advantage of the S/C solenoid. Here,
k = Dz/Dz. Clearly, when the matrix is washed out after only a
few equivalent canisters.have been produced (i.e. n_ << 10) the
production rate advantage P_/P is better even than the field
advantage, h, on account of thé engineering advantage (i.e. low
D - value) of the RC system.

RC systems, do not, as yet, offer clear economic advantages
over the conventional system of Fig. 6. Watson [20] has recently
described a 0.30 m diameter, 5.0 T, RC system currently under
construction in the U.K. Here, the total capital cost is
approximately $400,000, inclusive of the (20kW) refrigerator and
of the canister train and hydraulic ram. Under the best of
circumstances (with V_ = 50 mms -~ and with a duty cycle of about
80%) this unit could Be expected to process about 25,000 t of
high-grade kaolin clay per annum. At 107 amortisation and 107
(compound) rate of interest on the capital investment this
produces capital depreciation and interest costs as high as
$4 t™l., However, it must be pointed out that the operating power
costs here are almost entirely, those of the refrigerator
(20 kW). Moreover, such a system can be automated fully. The
commercial prospects for RC systems will only become clear if the



155

reciprocation principle can be demonstrated successfully on
systems of diameters approaching 1.0 m and if the capital cost of
such a system compares reasonably well with the conventional HGMS
of Fig. 6.

Current technological and economic considerations set an
absolute upper limit on S/C large-bore solenoids of around 8.0 T.
If this is reduced to (say) 5.0 T the economics have probably,
their optimum field value. This is also a reasonable ypper
field limit for removal of the matrix in a distortion—-free manner.

The RC system has only been tested in principle (satisfact-
orily) in a small-bore system [19]. However, numerous,recent
data are available in the literature on high-field HGMS
experiments in mineral processing. In addition to showing
excellent brightness gains in fine kaolin clay, Gillet and
Houot [21] have recently shown favourable mineral processing
performance figures for a S/C HGMS system compared with a
conventional wet high intensity magnetic separation (WHIMS) (of
unspecified manufacture). In the upgrading of nephelin syenite
raw feed (a) ground to sizes between 100 ym and 50 pym and (b)
comprising the -40 um fraction were subjected to separation tests.
Results confirm that about 98% of the iron and titanium impurities
are removed in a single pass at 9 mm s™1 in a 5.0 T S/C solenoid.
The concentration of itabirite are fines is also shown (Table 2)
to compare favourably with a Jones separator and with indirect
flotation.

Watson and co-workers [22] have used similar techniques in
the preconcentration of leached South African mine residues of
gold and uranium oxide. Here, they have found that 54.47 of the
total mass of uranium occurs in the -25 pm slimes. These they
have subjected to wet HGMS treatment at magnetic fields of up to
7.0 T. They have found that, if the small percentage of
ferromagnetic contamination in the ore is scalped off, (using a
paramagnetic matrix), the uranium ore fines can be upgraded by
factors of about 3 in a single pass (Table 3).

HGMS systems can hold, usually, a volume of paramagnetic
material roughly equal to the matrix volume before the
performance becomes unsatisfactory. As such the cyclic systems
outlined above are unsuitable for the processing of wet mineral
slurries in which the magnetic component is the valuable
product. Sala Magnetics Inc. have produced a range (two of which
are summarized in Table 4) of continuous HGMS devices based on a
rotary principle like the Jones separator of Fig. 3. This is the
SALA-HGMS™ CAROUSEL which is illustrated schematically in
Fig. 12 and photographically in Fig. 13. Unlike the Jonmes
separator, the Carousel has no central rotary shaft and is,
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TABLE 2 (After Gillet et.al. [21]
PRODUCTS WEIGHTS Fe(7) RECOVERY TEST CONDITIONS
() Fe (%)
Fe concentrate 68.0 63.44 99.3 magnetic field:2T
feed:20% solids
tails 32.0 1.03 0.7 Vo : 1.5 cms™1
total field 100.0 46.43 100 matrix:40 cm length
(steel wool)
particle:< 37 um
size
Fe concentrate 49.65 67.32 72.96 3 passes on
middlings 10.63 23.12 5.36 Matrix:grooved plates
tails 39.72 24,99 21.68 of gap 0.8 mm
feed 100.0 45.81  100.0  Vg: 1.5 cm s~ !
Magnetic; 1.5 +~ 1.9 T
field
particle: <37 um
size
Fe concentrate 61.39 67.26 92.82 indirect flotation
tails 38.61 8.27 7.18 (1 roughing flotation,
feed 100.0 44,48 100.0 2 froth cleaning)
particle size:<44 um
TABLE 3 (after Watson et.al. [22]
TEST NO. B (T) B/V Scalped Uranium Uranium
(arb. feed upgrading recovery
Units) 3)
1 2 4.7 no 2.0 43
2 4 9.7 no 2.4 36
3 5 7.7 no 1.3 31
4 5 4.1 no 1.7 28
5 4 10.7 yes 3.3 51
6 6 8.0 yes 3.3 49
7 7 6.0 yes 3.8 61
8 6.2 27.1 yes 3.3 49
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instead, chain driven. As Fig. 11 indicates the magnet here is a
localized'saddle' magnet whose field axis, unlike the Jones
devices, is vertical. The matrix, (like its cyclic Kolm-Marston
counterpart in Fig. 4) is, typically, a compartmented stack of
expanded metal screens. On the largest model - the - 480 -,

the manufacturers claim processing rates as high as 600 th~l, The
range of applications of these devices is essentially the same

as that described for the Jones separator in Table 1. This
device, however, is designed to operate effectively on much
smaller particle sizes. The price paid is that of comsiderably
higher power consumption per tonne of mineral processed. For
example the DP 317 processes 120 th~l at about 0.5 - 0.7 kwht™1.
The Carousel 350 processes 100 th~l per head at a power consumption
of 250 kW - that is, at 2.5 kWht~l.

In summary, it can be said that Jones and Kolm-Marston
separators have both been applied successfully to wet mineral
processing in the same three areas of activity described in
Table 1. In general terms the latter are more efficient in areas
in which the particle size is very small (<< 100 um) and where
the magnetic volume susceptibility is low. Recently, the Kolm -
Marston continuous (Carousel) separators have been applied with
moderate success to problems of dry magnetic separation [24], but
it will be some time before an informed appraisal can be made of
the technological significance of this.

It should be noted, finally, that as VH increases to higher
and higher values a corresponding reduction is to be expected
in the effective range of the magnetic traction force. In the
Jones and Kolm-Marston separators these ranges are of order
1.0 mm and 0.1 mm, respectively. Open gradient separation
devices, however, are characterized by much smaller values of
field gradient and, consequently, of force density. This is
partially compensated, however, by much larger values of the
force range, as will be seen in the following.

§3 Particle Deflection Devices

In the particle deflection mode of separation - often
referred to as open gradient magnetic separation (OGMS) - the
separation of components is obtained by subjecting mixed (wet or
dry) particle streams to appropriately designed non-uniform
macroscopic magnetic fields. Particles in the feed stream are
deflected selectively in these fields to distinct and separate
geometrical points of collection according to size, density
(p) and magnetic volume susceptibility (x).

In the laboratory, this concept is not new to mineral
processing engineers. The Frantz Isodynamic Separator works
precisely on this principle. Here, mixed powders are compelled by
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TABLE 4  (ref [231])

MODEL NUMBER 120 A-B 480-A.B-C.D

width, breadth, height (m) 4, 2, 2 8, 8, 4.5

potential number of magnets on ring 2 4

max. capacity/head (t) 3 200

field rating (T) 2.0 2.0

electrical power/magnet (KW) 250 300

basic weight (t) 4.5 18

TABLE 5 (after Kopp [311]).

mean particle v A number lateral
. (o] .

size -1 of displacement

(um) (mms ) (mm) collisions (mm)
50 32 0.5 50 2.5
100 45 1.5 17 2.0
200 60 2.8 9 2.0
500 100 5 5 1.9

1000 140 7 4 2.1
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electro-mechanical agitation to proceed down an inclined chute
whose path is along the axis of an isodynamic magnet. The chute
is tilted sideways so that the magnetic traction force (expressed
by equation (1) is opposed by a component of the gravitational
pull. Both forces are proportional to particle volume so that
particles are deflected laterally (to either side of a splitter)
as they progress down the chute in a fashion which is independent
of particle size and which depends only on mass susceptibility

x/0) .

A variety of non-uniform magnetic fields systems have been
used to promote this type of separation on a large scale, [25].
Of particular note here is the annular quadrupole magnet system
used first by Kolm [26] and, later, by Cohen and Good [27].

Most attention has focussed, in recent years, on the use of
S/C linear multipole systems of the sort first suggested by
Shoenert et. al. [28]. In the last four years a simplified
version of this design, namely a S/C 'split—pair' linear
quadrupole has received the greatest scientific attention in
pilot studies in the field of dry mineral processing [29,30].
Here, (Fig. 14) powdered minerals fall freely under gravity in a
thin annular curtain in close proximity to the outer wall of a
cylindrical cryostat. In the vicinity of the coils the particles
enter a (predominantly radial) field gradient with a force density
pattern of the type shown in Fig. 15. 1In dry separation the
partigles are subjected to lateral deflection proportional to
(x/p)? [25]. For particles of sizes > 0.5 mm these deflections
and the consequent separation process is approximately
isodynamic [25]. As Fig. 14 illustrates, an annular splitter (or
series of splitters) just below the separation zone allows
continuous collection of dry mineral particles in two (or more)
fractions.

Although simple in its design concept, this mode of
separation has, associated with it, some fundamental problems
relating mainly to inter-particle collisions. Kopp [31], in a
detailed analysis of this problem, has shown that, in a dense
falling stream of particles, of cross sectional area A,
containing n particles/unit volume, (each of volume v,), then at
some vertical position at which the stream velocity is v, the
equilibrium mass flux, P, will be

P = An Vpov (3)
Since P, A and p are constants, then

nv,v = V_1is a constant, known as the 'characteristic feed
velocity'. 1f this stream falls from a hopper whose aperture
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Fig. 14 split-pair OGMS system (courtesy of E.H. Roux [24])

Fig. 15 radial force density profile of S/C split pair (in
T2 cm™1l) (courtesy of E.H. Roux [24] )
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is very much larger than the particle radius, b, then
1
- B
Vo + (2gb)

Kopp argues that, as particles are pulled radially inwards by
the magnetic traction forces of Fig. 1.5, their 'mean free path’',
A, between collision will be

A= (no)-1

where o + 4mb2 is the 'scattering cross-section'. He therefore
concludes that

A N bv/3V
o

which means that particles pulled inwards through a curtain of
thickness t experience n, collisions, where

n, v t/x .

Table 5 shows tabulated values of n_ for various values of b for
a certain of thickness 25 mm. Thesé calculations seem to confirm
recent dry OGMS measurements of Roux et. al. [24] on powdered
apatite in which the performance is found to decrease rapidly as
particle diameter [26] falls below 100 um.

Equation (3) is also useful for an estimate of processing
rate P (per metre length of curtain) of OGMS systems. Male [32]
has quoted experimental large-scale values of (nv,) of v 0.04.
If v is taken as 1 ms~! then for a mineral of density 3 x 103
kg m™3 and for t = 25 mm,

F~ 10 th ' L.

This is consistent with projected estimates of performance [24]
of OGMS systems for the processing of dry pyroxenite ores.

Prototype OGMS Systems

To date, only published data on dry OGMS is available for
small cylindrical cryostat systems (of the type shown in Fig. 14)
with outer cryostat wall diameters of the order of 0.4 m or less
[29,30]. Two of the leading producersin this area are Cryogenic
Consultants Ltd. (CCL) and Oxford Instruments Ltd. Both offer
refrigerated systems but some variance exists in their design
philosphies. The (Mark 2 & 3) S/C split pair magnets of CCL
use only small quantities of liquid helium to maintain the coils
below their critical temperatures. The cooling technique
employed here is a 2-stage continuous recompression of helium
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gas in addition to refrigeration by expansion and heat exchange.
This type of system therefore requires no external liquid helium
supplies. However, in the event of power supply or refrigerator
(compressor) failures magnet quenching is almost instantaneous.
The delays involved in re-cooling a magnet (v 1} days) after this
type of failure may well probe unacceptable in an industrial
environment.

Oxford Instruments have designed their cryostat on more
conservative principles [33]. Here the magnet is maintained at
4.2 K by boil-off from a substantial liquid helium reservoir but
a small closed-cycle refrigerator is incorporated to minimise this
process as well as that of liquid nitrogen losses. The
refrigerator comprises a 2-stage expansion engine providing two
stations external to the cryostat tail with temperatures of
<< 77 K and < 15 K. The former is coupled to the liquid nitrogen
reservoir in such a manner as to prevent boiling. The 15 K
station reduces radiation heating of the helium reservoir to a
point at which liquid helium boil-off is less than 0.01 2h~l in the
persistent mode. This magnet system has operated continuously at
full field in the persistent mode for about 6 months at the
Royal School of Mines [33] at the time of writing and has been
shown to maintain full field for a period of at least 12 hours in
the event of power or compresser failure.

Now, as Fig. 15 has already indicated, the magnetic force
field of the cylindrical split-pair magnet diminishes rapidly with
radial distance from the cryostat wall. This force field
distribution increases only very slowly with increasing cryostat
diameter (and eventually saturating) so that, unlike for example
HGMS there is no economic benefit in scaling up this cylindrical
geometry faor industrial scale OGMS. Good [34] has
circumvented this particular scaling problem by abandoning the
cylindrical geometry completely in favour of a linear geometry
where the split pair is replaced by a 'hairpin' coil stack. An
added bonus in this linear format is the comparative ease with
which a 'straight-edge' splitter may be positioned to optimize
grade and recovery in the separation process compared with the
extreme practical problems associated with annular splitters
in the equivalent cylindrical geometry. A 3-metre long linear
OGMS system of this sort has recently been developed by CCL for
dry OGMS processing of phosphate ores in South Africa [34]. The
separator can be utilized along almost its entire length on both
sides of its axis which means that it can dry process a mineral
curtain of approximately 6 m length. This means, at a capital
cost 9{ around $670,000, a total processing rate (P) of around
60 th ~. On the same basis as for other separation systems
described earlier, this means at 1984 prices,capital interest
and depreciation unit costs of only $0.39 t—l, Moreover, as
Roux et. al. [24] have recently discussed in detail, dry
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separation offers significant cost advantages over wet ore
processing in terms of the elimination of the use of water,
pumps, pipelines, slurries dams, thickness, filters, driers,
flotation reagents, flocculants and so on, leading to projected
capital advantages over conventional flotation of 20%.

§4 Projected Future Developments

The highly original separation systems shown, for example,in
Figs.10 and 14 may have a profound influence on the development of
magnetic separation technology in the coming decade. By no means,
however,do these and the other systems described heré give a
comprehensive picture of future developments. For example, since
the first patent was launched by Rieset.al. [35]in 1978 for a §/C
magnetic drum separator, considerable successful industrial
development has been undertaken in this area by KHD Humboldt
Wedag AG but propriety dictates that no details can be released
at this stage [36].
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THE METHODOLOGY OF FROTH FLOTATION TESTWORK

R.J. Gochin, M.R. Smith

Mineral Technology Section, Imperial College, London.

ABSTRACT

The application, procedures and criticsms of all scales of
froth flotation testwork are reviewed ranging from single mineral
studies in the laboratory to pilot plant trials.

The importance of the initial stage of defining the objectives
and evaluation criteria of testwork together with a considered
experimental plan is emphasised. Techniques of experimental design
and statistical evaluation of results are presented such as
significance testing, ANOVA, factorial design and optimisation.

Practical aspects of the popular batch flotation tests are
discussed in detail especially with respect to process flowsheet
development for a particular ore. Correct sampling and a prior
comprehensive mineralogical study of the ore are considered to be
essential,

Finally, the mathematical modelling of the kinetics of the
froth flotation process is described with particular relevance to
"scale-up" and equipment selection.

1. INTRODUCTION

Investigations of froth flotation can vary from the testing of
novel reagents to float specific minerals to the determination of
the type, size and number of flotation cells required for a full
scale plant. The common investigations are related to the
development or application of a froth flotation process to a
particular ore and evaluating the potential benefits of altered



167

froth flotation conditions upon an existing plant (1).

This paper reviews the types and applications of the test
procedures that are available. In addition, the importance and
methods of designing and evaluating testwork are discussed in order
that a great deal of effort does not culminate in inconclusive
results or, worse, misleading interpretation of results (2).

2. OBJECTIVES AND EVALUATION CRITERIA

The first prerequisite for testwork is a clear definition of
the objective and, thereby, the criterion by which the testwork is
going to be judged. This criterion may not be a simple technical
parameter such as grade or recovery but may be of an economic
nature involving the calculation of the "value" or incremental
increase in value of a concentrate and the "cost" or incremental
cost of producing it. These considerations are important since
they should permit a statement of the quantity, i.e. time and cost
of testwork that can be justified plus a definition of the quantity
and accuracy of testwork that is likely to be required in order to
produce a conclusive result. One "hidden" cost of testwork can be
that it protracts the development of a deposit or a change in
practice. In some cases a particular type of testwork may offer
great potential bemefit; in others the cost may not be justified
when compared to the potential benefit.

3. MINERAL APPRAISAL

In the majority of cases testwork will employ samples of
natural materials with the objective of separating one or more
distinct phases. In this context a separate discussion and
emphasis upon the importance of mineralogical studies is necessary
when reviewing laboratory froth flotation testwork (3,4,5,6).

3.1. Sampling

It is essential that the sample used in the testwork is
mineralogically representative of the orebody and chemical analysis
gives only indirect information in this respect. A mineralogical
description of the ore must be made to include the identity of
minerals present, their relative abundance, ‘modal analysis”, and
information concerning the grain size distribution of each mineral,
their intergrowths and other textural relationships.

3.2. Chemical-assay.

Fortunately, a number of excellent instrumental technqiues now
exist for the assay of most elements, for example; atomic
adsorption spectroscopy (A.A.) for most important base and precious
metals e.g. Ag, Au, Cu, Pb, Zn, Fe; and plasma emission
spectroscopy for the more refractory metals, alkali earths and non
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metals e.g. Sn, W, P, S, Ni, Co, and very low concentrations of
precious metals e.g. Au. X-ray fluorescence analysis provides a
very rapid method of analysing dry powders for elements between Na
and U. Only carbon (carbonate) and fluorine continue to pose a
problem requiring traditional "wet assay" technqiues and electron
probe equipment respectively. A very useful technique in ore
evaluation is the semi-quantitative X-ray fluorescence scan which
yields assay values for all elements as percent weight in orders of
magnitude. This greatly assists the mineralogical study in that
"host minerals" for all elements of significance detected must be
found. 1In addition, it should be possible to fully reconcile the
chemical assay with the "modal analysis" determined
microscopically.

The chemical assay itself, however, does not give any direct
information concerning the distribution of elements between various
minerals. This can be extremely important in that it will
determine the maximum grade of concentrate and recovery of value
that can be achieved by any given froth flotation concentration
process.

3.3. Mineralegy

The most important tools are still the optical microscope
using both reflected and transmitted light and the binoccular or
stereo scopic microscope (7) . It is unlikely that a flotation
engineer will be sufficiently trained and experienced to identify a
wide range of minerals microscopically . However, it is possible
to learn to identify the relatively small number that will occur in
any one given ore sample. Examination of sections of the ore and
identification of minerals will clearly indicate the necessary
general flotation conditions, the degree of comminution necessary
to achieve liberation and the likely limits that will be imposed
upon concentrates assays and recoveries by mineral intergrowth.

In some cases the valuable or detrimental elements are present
as sub-microscopic inclusions or isomorphous substitutions. The
distribution of these elements can now be determined using the
quantitative scanning electron microscope (microanalyser) (8). The
same machine can also automatically produce a modal analysis and a
mineral grain size distribution.

Heavy liquids and laboratory concentration devices such as the
“Super-panner’ and Franz Isodynamic separator can be useful to
isolate or concentrate certain fractions of the ore and particles
may even be hand sorted under the stereo-scopic microscope. These
fractions can be submitted to chemical or X-ray diffraction
analysis for mineral identification.

In conclusion, it must be stressed that a thorough
mineralogical study is a necessary prerequiste to flotation
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testwork rather than just a regressive stage of attempting to
determine the cause of unsuccessful testwork. Neither should this
form of study be limited to exploration ore samples because very
useful information can be gained by examining the products of froth
flotation separation at all scales, especially if the products are
divided into closely sized fractioms (9).

4, TYPES OF FLOTATION TESTWORK
The various forms of flotation testwork are summarised below;
1, Small scale techniques.

2. Batch flotation tests during which only one variable at a
time is changed.

3. Batch flotation tests during which a number of timed samples
of froth are collected.

4, Locked cycle tests during which a number of batch flotation
cells are used but continuous operation is simulated by the
recirculation of intermediate products and especially water.

5. Continuous flotation testwork, pilot plant.
4,1. Small scale-tests.

These tests (10), such as, contact angle studies, bubble
pick-up tests, Hallimond tube (11), surfactant adsorption
studies,(12,13) two liquid flotation, electrophoresis and
electrochemical techniques (14) employ very small samples (< 1 g)
or single mineral particles and offer the advantages of low cost,
convenient methods of determining the general conditions under
which minerals may be rendered floatable. They are particularly
useful for the study of newly developed reagents (16) and unusual
minerals (15). However, the limitations of these tests should be
appreciated. They can take little or no account of (i) the
physical process of flotation, i.e. such effects as particle size
and bubble size, agitation and froth structure or (ii) of other
minerals that would be present or soluble ions derived from the ore
or grinding process. Furthermore, "pure" mineral specimens are
often used that may have been obtained from deposits other than
those for which the process is being tested and which are often
variable in their properties owing to ionic substitution.
Therefore, it is very important to characterise those specimens
that are used.

4,2. Batch Flotation Tests — "One-variable—at-a time"

These tests usually employ between 500 and 1000 g of sample of
the ore under investigation and, therefore, overcome many of the
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Figure 1 illustrates the equipment used for controlling the
electrical potential during conditioning as a means of obtaining
selective flotation of sulphides.

shortcomings of small scale tests. They are extremely useful for
the development of a general froth flotation process flowsheet and,
if correctly designed, for comparative tests to evaluate the
improvements that might be obtained by changing flotation practice.
The problems of directly relating the results obtained to plant
practice (scale-up) are dealt with separately.

The following factors and controls should be considered before
embarking upon batch flotation testwork if meaningful results are
to be obtained (17,18).

(a) Sampling

(b) Age and alteration of sample
(c) Froth removal procedure

(d) Grinding of sample

(e) Water quality

(f) pH

(g) Pulp demsity

(h) Aeration rate and agitation
(i) Temperature
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(a) Samplinmg. It is important that the sample be mineralogically,
not just chemically, representative of the orebody. Since the
material for this testwork is often drill core, it may be necessary
to test various different recognised types of ore depending upon
the results of the exploration programme. It is a useful practice
to split drill core using part for testwork and retaining the other
part for further mineralogical study if this is found to be
necessary. The testing of composites of drill core is only useful
if it is envisaged that the eventual mining schedule will be able
to blend the ore in the same manner.

(b) Age and alteration. Many minerals degrade when exposed to the
atmosphere, notably the sulphide minerals. It is thus often
necessary to ship such samples dry, in sealed containers, at as
large a lump size as practical and, maybe, in an inert‘atmosphere.
Alteration of minerals and reagents may occur in the test pulp
itself resulting in the release or generation of interferring
species. This can be a particular problem of batch testing and
especially of locked-cycle testing where the durations of grinding,
flotation and solid-liquid separation steps are very much longer
than those in a plant.

(¢c) Comminution. Grinding affects the froth flotation test in
three ways;

(i) control of the degree of liberation
(ii) control of the range of particle sizes present

(iii) contamination of mineral surfaces (by oxidation or
other chemical reaction and smeering of one mineral on another).

In the case where modifications to existing operations are being
tested it is best to take the sample from the comminution circuit
of the plant under investigation. However, if the excercise is one
of process development there are two ways in which the problem of
relating the laboratory grind to plant practice can be partly
solved. The use of laboratory batch rod mills to prepare the
sample for the flotation test is common as it has been shown that
the size analysis of the product closely approaches that from an
industrial ball mill operating in closed circuit (19). 1In
addition, it is often very informative to examine microscopically
closely sized fractions of the products of flotation testwork, i.e.
the tailings and concentrate. This will indicate problems caused
by inadequate liberation plus other particle size effects such as
slime-gangue entrainment and particles both too coarse and too fine
for efficient separation (20). 1In this way, the optimum particle
size range can be determined. For comparative testwork it is omnly
important that the samples be prepared by identical grinding



172

technqiues.

A technique is available for establishing the perfect
separation by froth flotation of an ore sample in a given state of
liberation. The method is called "release analysis" and results in
a "release curve" which is equivalent to a concentrate grade versus
recovery of value curve for a perfect separation (21). 1In this
respect, release analysis for flotation is analogous to heavy
liquid separation for gravity concentration. The "release curve"
has been shown to be very largely independent of operator, cell
type and flotation conditions and thus represents a measure of the
state of liberation (or release) of the ore. The great advantage of
the technique when developed was that it overcame the problems of
bias. The disadvantages of the technique are that the procedure
involves many batch tests, although a simplified procedure has
since been proposed (22).

(d) Froth-Remeval. Recent studies upon processes occuring within
a froth have shown quite clearly that a concentration gradient of
the floating mineral exists (23). On many plants, means of
regulating pulp level, or more importantly, the froth depth have
been installed in order to control concentrate grade and recovery
(24). For the same reasons, the results of batch flotation
testwork have been found to be sensitive to the method of froth
removal and pulp level control in the cell. Since froth removal
and pulp level control have been traditionally manual operations by
the technician, these effects became the major sources of so-called
"operator error". It was thus very important to employ the same
technician for each one of a series of comparative batch flotation
tests and to standarize the removal procedure.

This problem can now be largely overcome by the use of
automated laboratory flotation machines such as the "Leeds cell",
see Figure 2., With this cell, pulp level and pH are adjusted
automatically and froth removal is independent of the operator.
Aeration rate and impeller speed can also be independently measured
and controlled (25,26). All these modifications result in
excellent reproducibility of results which is the most important
criterion for comparative testwork.

(e) pH regulation. Several pH regulators are available e.g. lime,
caustic soda, sodium carbonate, sulphuric acid. Before commencing
testwork it is wise to consider the possible effects of the cation
e.g. Caz"', possible accumulation or precipitation of salts and the
cost of pH regulation in practice.

(f) Water Quality. Most preliminary testwork will employ either
distilled water or local tap water. Many concentrators will employ
different and probably much less pure water e.g. mine drainage,
river water, well water. These often contain soluble ions or even
organic species that complicate the flotation process and may even
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Figure 2, Leeds open-top cell.
vary seasonably (27,28).

(g) Temperature. Most testwork wil be conducted at room
temperature but many processes in flotation, especially
conditioning, are known to be affected by temperature. It is
necessary to record pulp temperature and to consider the influence
of temperature changes upon response together with information
about the likely temperature changes at the plant site.

(h) Pulp DPensity. Many batch flotation machines have a cell volume
of several litres but the weight of solids introduced is usually
less than 1000 kg. Thus, most testwork is conducted at a pulp
density less than that which economics dictate for plant practice
i.e. 25 - 40 % by weight. 1In addition, the pulp density will be
reducing significantly during the test. It is important to realise
that the lower pulp densities are likely to result in cleaner
separations i.e. higher concentrate grades with less entrained
gangue.
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4.,3. Batch Flotation Tests — timed samples.

The timed collection of froth samples, provides the
information from which kinetic data such as flotation rate
constants can be calculated. In other respects, these tests are
similar to the batch flotation tests previously described. The
principal problem in using this kinetic data for the purpose of
scale-up and plant design is the assumption that the rate constants
are indeed constant when transferring from laboratory batch
flotation machines to continuous plant scale machines. Factors
such as particle size, bubble size, air/pulp mixing, aeration rate
and froth structure amongst others are all known to affect the
measured overall flotation rate constant and may not be the same in
the lab cell and the plant cell. This has led to the use of "rules
of thumb" for conversion of mean residence time in a lab cell to
those in a continuous cell such as multiplication factors of
between 1.5 for fast floating to 2 or even 3 for slow floating
minerals. More rigorus mathematical procedures are considered in
section (6.4).

4.4, Locked €ycle-Tests.

A locked cycle test comprises a series of batch flotation
tests so arranged to simulate a plant flowsheet probably containing
stages of rougher flotation, scavenger flotation, cleaning
flotation and even regrinding (see Figure 3). The important aspect
of the test is that intermediate products and water are recycled
according to the flow sheet until the weight and assays of the
products attain constant values. Experience shows that this may
take 6 or more complete "cycles". All the previous comments
related to batch testing are relevant.

It is thus apparent that locked cycle tests require many
man-hours of effort, extensive planning and organisation of the
laboratory and rapid techniques of chemical analysis. Locked cycle
tests should be seriously considered in the following
circumstances.

(a) Previous batch test work has shown that a significant
proportlon of the value is contained in a middling product
i.e. one of a grade unsuitable for marketing or disposal to
waste. Obviously this product should be examined to
determine whether the problem is one of liberation or
misplacement but in either case further processing is
ncessary. In many cases, sufficient comparable experience is
available to indicate what fractions of the value in the
middlings will eventually report to the concentrate and
tailings, but where this information is unavailable a locked
cycle test is necessary.
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Figure 3. Schematic locked cycle test, cycle n.

(b) It is necessary to recycle as much process water as possible
and it is anticipated that this will incur process problems
e.g. by accumulation of reagents, soluble ions, degradation
products of reagents etc.

The principal disadvantages of this procedure are the time and
cost. The fact that during the test, which necessarily takes much
longer than the equivalent plant process, alteration of minerals
and reagents may occur can also cast doubts upon the results.

4.5, Pilot Plant Tests.

A pilot plant can provide excellent information upon aspects
that are difficult to evaluate by other means e.g. scale-up, water
recovery and recirculation, intermediate products (middlings)
recirculation. The concensus of opinion seems to be that the
capacity should be at least 1 tph. However, the construction and
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operation of a pilot plant can be very costly and time consuming.
A review of the use of pilot plants suggests that it is only
undertaken in the following circumstances;

(a) large samples of concentrates or tailings are required for
metallurgical test work, sales promotion, tailings disposal
testwork etc.

(b) the process or ore is very uncommon, newly developed or very
sensitive to time-related parameters, e.g. selective
floculation

(c) the comminution process is also being "piloted"

(d) water recovery and recirculation is of paramount importance -
arid areas.

There are two principal approaches; either "taking the ore to
plant" or "taking the plant to the ore". Several excellent pilot
plant facilities exist which may be conveniently close to the
deposit. However, the proposer is often faced with the problem of
mining and shipping several hundred to a thousand tonnes of ore
from a remote location. The development of relatively inexpensive,
highly transportable modular units of equipment by companies such
as Sala and Humboldt-Wedag has reduced the cost of installing a
pilot plant close to the ore. However, in such a case it is often
the cost of supporting the pilot plant, i.e. accomodation, power
generation, laboratory and other services that represents the
greater cost. Operating a pilot plant at the site of the deposit
offers advantages of more ore and types of ore treated, use of
local water, testing the reliability of equipment and involvement
and training of local operators all of which may be important
considerations.

The most important criticisms of pilot plant operation are as
follows. It is usually manned and supervised by highly trained,
highly motivated personnel and may achieve better results than can
be achieved in commercial operation. It requires relatively large
tonnages of ore for which drill core is generally insufficient such
that it is only possible to treat near-surface or even outcrop ore
or material from a limited number of exploration adits. It is
extremely important to thoroughly explore the orebody by drilling
or other techniques otherwise the pilot plant may process material
largely unrepresentative of the orebody to be mined.

5. STATISTICAL ASPECTS OF FLOTATION TESTWORK

In an ideal world each new ore would be subjected to the 5
types of test procedure in turn to gather the maximum amount of
data for plant design and cost purposes. However, in practice,
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skilled use of types 4.1-4.3 can provide sufficient information
for ores which respond similarly to existing industrial processes.

In simple situations batch testwork may be sufficient. The
traditional approach is to test variables likely to influence
response one at a time, striving to keep other parameters constant.
For instance, a pH value may be chosen from experience and recovery
of valuable mineral monitored as collector dosage is altered. If
this shows some maximum or optimum response then pH is altered
whilst keeping the collector at the constant level determined in
the first set of tests. In this way an “optimum” set of conditions
can slowly emerge. This type of procedure can be cost effective
but suffers from a number of drawbacks. Often it fails to indicate
both the significance of changes relative to the experimental error
and the presence of interactive effects between variables. For
instance, pH changes may alter recovery by influencing the
collector solubility or ionisation and the bubble size distribution
in the cell at the same time. The correct application of
statistical techniques can help a great deal in improving the
validity of batch laboratory testwork as will be discussed below.

A major objection to batch testwork as traditionally carried
out is that it supplies little kinetic data, even if a statistical
design is used. The concept of rate is of great help in scale-up
and design. In kinetic batch tests the froth is removed
continuously but is analysed in separate timed batches so that the
change in flotation response as the test proceeds can be monitored.
This method can have distinct advantages as demonstrated by figure
4, Here two sets of recovery (R) values measured under different
conditions for the same ore (say two different pH values) are
plotted against time. It can be seen that although 2 floats much
faster than 1 the final maximum achievable recovery is higher in
case 1., This can have important implications for plant design and
economic assessment and may have been missed had only the
one-variable at a time batch testwork been carried out as explained
below.

If the tests had been carried out using a single batch
flotation time less than ty then pH (2) would have given superior
results whereas, if a time greater than tg had be chosen, pH (1)
would have been marginally better. Klimpel(29) has given a good
discussion of this technique including a mathematical treatment of
the results.

5.1. Planning the Experiment

Whatever type of experimental procedure is chosen the wise
investigator plans his work to maximise the amount of information
generated by each test and to provide checks on the validity of the
conclusions. This does not mean that intelligent judgement should
be suppressed but that it should augment a planned statistical
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Figure 4. Recovery vs, time for batch flotation tests

design. Such a design, if properly planned and conducted, can make
the most efficient use of the time and money available for
experimental testwork.

A number of statistical procedures are useful in designing
experimentation and these will be dealt with below. In this
discussion the response or dependent variable is the variable under
investigation, which we usually hope to optimise. A factor or
independent variable is an experimental parameter which is varied
by the investigator to determine its effect on the response. A
factor can be qualitative (e.g. collector manufacturer) or
quantitative (e.g. dosage). The value which a factor takes in any
particular test is its level. A specific combination of factor
levels is called a treatment and a test is the operation of the
experiment at one treatment combination. Precision is a measure of
the spread of a measurement and poor precision implies uncertainty
and reduced confidence in the result. Accuracy is a measure of the
deviation from the true result and inaccurate data implies bias,
i.e. systematic error. Random error is unpredictable and tends to
a zero mean in the long run. Randomising testwork means carrying
out the tests in a programme in random order in an attempt to
minimise the influence of unknown factors.

5.2, Significance Testing

Significance testing is a procedure for comparing quantities
in a formal way designed to judge the significance of the observed
differences in the quantities. It is based on formulating
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hypotheses and testing their validity. The null hypothesis (H,) is
that there is no significant difference between the quantities.
The alternative hypothesis (Hj;) is that there is such a difference.
In general H, is assumed true unless proved otherwise.

5.2.1. The- t-distribution

The t-distribution is an appropriate technique for small
samples (n < 40) and is given by

t=(G -mIn)/s (1)
which x and S are the mean and standard deviation respectively.

This distribution has (n —_ 1) degrees of freedom and gives
confidence limits of * t.S[J;j The confidence limits are the two
values between which the true result Sﬁi) lies at a required level
of certainty.

(a) Method 1. x = 25.17 %
s = 0.32
n= 10

(b) Method 2. X =25.31%
S = 0.28
n= 11

Table 1. Sulphur Analysis of Feed Material

Table 1(a) shows the mean and standard deviation of 10
separate sulphur assays made on samples cut from the feed material
used for a series of flotation tests. Using the value from
standard tables for t with 9 degrees of freedom we can show that at
the 95 % confidence level the real value of sulphur in the feed
material lies between

X ¥ (tgs,9)(8) Jn (2)

that is A+ lies between 25.17 % (2.26)(0.32)/;f;_or between 24.93 %
and 25.41 Z%.

To test the significance of the difference between, the means
of two samples of size n] and nj having variances of Sy and 87,
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the t statistic is used but incorporating a pooled variance :

BNCHE RV TR (3)
i M
where §2 = (n3 - 1) S% + (np - 1) S%
n] + ng -2

The value of t is taken from the standard table with (n} + ngy - 2)
degrees of freedom at the desired probability level.

Sample Recovery (%) Difference
No Collector A Collector B
1 84.2 86.3 -2.1
2 71.9 75.6 -3.7
3 77.8 76.6 1.2
4 80.1 82.6 -2.5
5 75.6 77.8 -2.2
6 70.8 70.0 0.8
7 81.3 85.2 -3.9
8 82.6 80.6 2.0
9 78.5 77.1 1.4
10 79.2 81.7 -2.5
Mean 78.2 79.3 -1.15

Table 2. Recovery with 10 samples, paired results

For example, table 1(b) shows the results of sulphur assays on
a further 11 samples of the feed material but using a different
analytical technqiue. Do the two methods give the same result?
Here the null hypothesis is Hy : x] = X9. The calculated value of
t is

t = (25.27 - 25.31) =
(o.3o)</T +/1)/2

The standard value of t at the 95 % significance level is tgs5,19 =
2.09. Since the calculated t value is less than the standard value

-1.07
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we conclude that there is no difference in the mean values obtained
by either method. Note that the t distribution is symmetrical and
the minus sign has no significance in the test.

Another useful variation of the t-test is for paired
comparisons. Here the null hypothesis is that the differences
between the pairs of results will be a sample from a population
with mean zero and

t =3d/sdn with (n-1) degrees of freedom (4)
where 82 = 2(d; - d)2
n-
and dj = Xj,1 - %i,2

Consider the case where two collectors A and B are
investigated on 10 samples of ore from different parts of the
orebody. Each sample is split in two and the sub-samples treated
with each collector. The response variable is recovery and all
other factors are kept constant. The results are given in table 2
and we wish to decide if there is any difference in the efficiency
of the two collectors.

The differences have a mean of -1.15 with a variance of 5.052.
The calculated value of t is

t = -1.,15 (J10) = -1.62
(2.25)

The standard value of tos.5 is 2.26 and hence we have no evidence
that there is any difference between the two collectors. Note that
it would be wrong to compare the two mean recoveries (78.2 % and
79.3 %) directly since variations between ore samples will swamp
any difference there may have been between the two collectors.

5.2.2. The-F-test

The F-test is used to compare twozva;z'iances i,e. compare the
precision of two sets of data. F = S5]/S7 where S] is always the
larger variance. The value of F is compared to standard tables of
the F distribution with (n; - 1) and (ng - 1) degrees of freedom.
The null hypothesis is that there is no significant,difference
betweefl variances with the alternate hypothesis that S] is greater
than S7.

Table 3 shows the feed rates of a collector solution into a
pilot plant measured at intervals over an 8 hour shift using two
different flow controllers. The target value was 125 cc/min to
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Measurement Flowmeter 1 Flowmeter 2

1 126 129

2 138 120

3 121 126

4 122 128

5 126 126

6 129 127

7 118 125

8 122 125
Mean 125.3 125.7
Variance 38.5 7.4

Table 3. Flowrate of Collector (cc/min)

which both controllers approximated on average. However,
controller 2 apparently gave more consistent control having the
lower variance. Since a consistent collector feed rate was
important was the difference real or not? To find out the F value
is calculated

F = 38.5/7.4 =5.2

The standard F value with 9,9 degrees of freedom is Fg5 9 9 = 3.2.
Thus the calculated F value is significant at the 95 % level and we
reject the null hypothesis. Controller 2 is a more consistent
feeder.

In all the tests described above we have used the 95 %
confidence level which means we have 95 out of 100 chances that our
conclusion will be correct. We could, of course, draw the wrong
conclusion 5 % of the time. In some instances engineers may wish
to be more certain that the risk of making a wrong decision is
small and test at the 99 % level. There is also a distinction
between what is statistically significant and what is practically
important. The difference in the precision of the two flowmeters
is significant at the 95 % level but whether the engineers regard
the actual fluctuations as important is a matter of professional
judgement,
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5.3. Analysis of Variance- (ANOVA)

The ANOVA technique is used to determine whether several means
are significantly different from one another when compared to the
experimental error. It uses the F-test to assess the variance due
to changes in factor level. Either one or two factors can be
varied giving rise to one-way or two-way ANOVA. The data layouts
and calculation procedures are summarised in tables 4 and 5. For
detailed descriptions of the derivations of the expressions used
the reader is referred to one of the many texts on the subject
(30,31).

In general, the between-sample sum of squares which results
from real differences between samples is calculated and compared to
the with-in sample sum of squares, this being due to experimental
error. To determine the significance the two sum of squares are
compared in an F-test after allowing for the degrees of freedom
attached to each.

5.3.1. Flotation test. One-way ANOVA

As an example, consider the results of a series of 15
flotation tests carried out on an ore and given in table 6. Here
the response variable is zinc recovery and 3 repetitions are
carried out at five collector levels. The question asked is "Does
an increase in collector addition lead to a genuine increase in
zinc recovery?"

Collector Zinc Recovery (%)
Cone (g/t) 1 2 3
50 8l.5 79.6 81.4
75 82.3 81.6 83.1
100 83.4 83.1 82.9
125 85.6 85.2 84.1
150 85.1 84.2 84.6

Table 6. Flotation Tests. One-way ANOVA

ANOVA table

Source of Variation Sum of Squares Degrees of Mean F
Freedom Square

Between collector

levels 34.59 4 8.65 16.8

Within collector
repetitions
(experimental error) 5.15 10 0.51
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Data Layout

Factor Level Repetitions Total Observations*
1 X115 X12 seeeoXln) S nj
2 X215 X22¢¢eceX2p, So ng
k Xilseereceneess o Xiny Sk ny
s w

* not necessarily equal for each factor level.

Calculation

Source of Sum of Squares d.f. Mean F

Varistion Square

Between levels Sp= i(siz; -C k-1 Mp=Sp “F/ME
ry k-1

Within levels Sg= 3 sxgj)) -E ESizi N-k Mp=S,
T
Total Sq= i(x%j)-c §-1 - -

where C =S2/N

Table 4.

Data Layout

One-way ANOVA, Data Layout and Calculation

Factor A Row
Level 1 2 P Total
Factor B 1 X111 = X11r X121 = ¥l2r X1pl = *1pr K1
2 Ry
) Xqlll ~ Xqlr Rq
Column Total Cy Cy Cp T
Calculation
Source of Sum of Squares d.f. Mean F
Variation Square
Main effect A  Sp= ic’;’ -c p-1 Ma=Sp Ma /Mg
T =
Main effect B Sp= anjé -c -1 Mg=Sg Mg/Mg
) o1
Residual Sg= Z(xijk)z - Z‘r{j-’ pq(r-1) Mg=Sg
T pa(r-1)
Interaction S1(By subtraction) (p~1)(q-1) My= Sy M1/Mg
(p-1)(q-1)
Total Sp = g(xijk)z -C pqr-1

when C = T2/pqr and Tjj is the sum of observatioms in the (i,j)th cell.

Table 5.

Two-way ANOVA.

Data Layout and Calculation
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The standard value of F; 10 is 3.48. Hence our calculated value
exceeds this and the increase in recovery obtained with increasing
collector concentration is real and significant.

5.3.2, Flotation Test 2-way ANOVA

Two factors can be varied in this technique and the influence
of factor A, factor B and any interaction (AB) can be assessed by
comparison with the experimental error (residual). The following
simple example will illustrate the procedure.

Factor A
Factor B. Collector Addition (g/t)
pH 50 100
10 (83.2)(85.9) (82.0)(87.3)
11 (94.1)(91.8) (88.3)(90.0)

Table 7. Copper Recovery (%). Analysis by 2-way ANOVA

Table 7 gives the results of 4 flotation tests carried out with two
replicates and at two levels of collector concentration and pH.
The response variable is recovery of copper into the rougher
concentrate. Following the data layout given in table 5 the
following ANOVA table is calculated:

ANOVA-table

Source of Variation Sum of Squares Degrees of Mean F
Freedom Square

Main Effect (A) 6.85 1 6.85 1.26

Main Effect (B) 83.21 1 83.21 15.28

Interaction AB 7.60 1 7.60 1.40

Residual (error) 21.78 4 5.45 -

Total 119.44 7

The calculated F values are compared to the standard value of
Fg5.1,4 = 7.71 and show that only main effect B (pH) has a
significant influence over the range tested. Note that the
residual component is due to experimental error as determined by
the replicates and would not exist if the experiment contained no
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replication. Of course, the example given was kept brief for
clarity and the ranges of the two factors tested could have been
much greater. This type of analysis allows an economy of effort in
that the effect of two factors is investigated simultaneously in a
structured statistical design. Moreover, interactions, if they
exist, could be recognised and investigated as could the reasons
for an overlarge residual mean square, indicative of poor
experimental technique.

5.4. Reduction of facters

If the investigator were to list (as indeed he should) those
factors that might influence the outcome of an individual flotation
test he would come up with a very long list indeed. Experience and
a few preliminary tests may enable him to confidently reduce the
number somewhat but testing those left would still represent a
formidable task. One way of statistically deciding whether or not
a factor has a significant effect on the outcome is to use a
factorial design analysed by Yates technique. 1In this procedure
each of n factors is tested at two levels, a “high” value and a
“low” value (which may be zero) covering a sensible range relative
to the definition of the problem. Such a design gives rise to 2B
experiments and is called a 2P factorial design. The influence of
each factor is tested by an F-test with the calculated F values
being derived by an algorithm due to Yates (31). The calculations
are fairly simple and the results allow a preliminary screening to
be made of those factors which have a significant effect and should
be investigated more thoroughly. At first sight the number of
tests involved appears to be large, for instance when 8 factors are
desired, 28 = 256 experiments are indicated. To circumvent this
problem fractions (subsets) of the full design can be used. There
will be a loss of information but this can be selected to relate to
interactions rather than main effects and the overall work load
greatly reduced with little reduction in the basic information
obtained.

5.5. Calculation of-results; criterion of success and-error.

In addition to the significance of the factors tested relative
to experimental error there is often a need to judge the success of
an experiment or set of experiments. The criterion of success may
be a simple maximisation of recovery or grade of one component.
More complex definitions such as enrichment ratio are also used
(32) with one of the more useful definitions being that of
separation efficiency, Eg, where Eg is given by

Egs = (R - Rg)

Here, R is the recovery of valued constituent and Rg the recovery
of gangue
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Results are often assessed by economic performance and this will
involve the calculation of some success parameter utilising the
test results and other quantitative data such as smelter costs,
freight rates etc. It must be recognised that experimentally
derived values used in such calculations will induce errors in the
calculated success parameter. These errors are carried through the
calculation by what is termed propagation of error,the consequences
of which can sometimes be unexpected.

It can be shown that if some value 2z is calculated using a
function containing the experimentally determined values w, x and y
then, to the first approximation

822 =(%6w)2 + _%:iigx)z +(§§5y)2 (5)

where gz, Sw, 8x, &y are the maximum errors in z,w,x and y, 9f/dx is
the partial differential of the function z = f(x,y) with respect to
X.

For example, consider a pilot plant being operated on a barite
ore and that the measure of success is the yield of concentrate
(R). The experimentally obtained values are the assays of the feed
(f), concentrate (c) and tailing (t) respectively. R is calculated
using the two product formula

R = 100c (f-t)
f(c-t) (6)

The values are f = 40.4 %, ¢ = 84.1 7 and t = 7.3 % and each value
has a maximum error of ¥ 0.5 %. (The definition of “maximum error”’
is loose but it can be taken to mean plus or minus two standard
deviations, ¥2S). What is the maximum likely error in the
calculated value of R? One may suppose that it would be 1.5 %Zor
wguld be given by the combining variances through SR2 = (S8f + S. +
st) but both would be wrong. In this problem &f = & = St = 0.5

Also R _ 100 t Ef—tl = 0.101
%_c- T f(e-t)
SR _ 100 ¢ gc-fl = 1.542
ot f(c-t)
R _ 100 ct = 0.490
of £2 (¢ - t)

and R = 89.7 Z%.

Using equation (5) we can calculate
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§RZ = (0.490)2(0.5)2 + (0.101)2(0.5)2 + (1.542)2(0.5)2 = 0.811 %

In other words the calculated value of recovery (R = 89.7 %) has a
maximum error of }0.81 %, higher than the individual values from
which it was calculated. It can also be seen that three components
of the total error can be examined separately to determine which
contributes the most. In this case improvement in the precision of
R is best achieved by improving the error of the measured value of
t.

The experimenter should also note that the error in R depends
both on the errors in the measured values and the magnitude of
these values. Consider the case where the pilot plant was run with
a set of conditions that gave poor recovery, say with £ = 40.4 %, ¢
= 86.7 % and t = 32.1 Z, each of these values also having a maximum
error of ¥ 0.5 Z. Calculating the relevant parameters we have

R = 32.6 %Z; 3R = 0.221; R = 3.930; 3R = 3.123
d¢ ot of

thus giving ®R = (5.025)(0.5) = 2.5 %

Thus, the error has deteriorated both in its absolute value and in
terms of relative error (® R/R) despite the measured values having
the same precision.

Calculations of simple parameters like recovery are often
carried out during the course of a flotation investigation but
rarely is the error of the calculated value assessed. Obviously
this may have repercussions in many situations but especially when
optimisation is being attempted and real increases in recovery, say
of 1 %4, are deemed to be important.

6. MODEL DEVELOPMENT AND OPTIMISATION

6.1. Kinetic Models

6.1.1, Batch tests
Research has shown that flotation can generally be regarded as
a first-order rate process (33) with respect to the concentration
of the floating species in the pulp, cj. Hence, a batch flotation
experiment will have
dcj/dt = - kej
or cj = coe-kit \7)

where c, is the initial (feed) concentration

ki is the first order rate constant
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t is the time elapsed since the start of flotation.

After some period of flotation, t, it can be seen that recovery of
species i (Rj) is given by
Ri=co—ci=1-e_kit

(8)

The flotation rate constant can then be found by plotting In (1 -
Rj) against t and reading off the slope of the best-fit straight
line. Obviously, one hopes to arrange, by suitable selection of
reagent additions, air flow rate etc. that k values for gangue
minerals are much lower than those for a valuable floating species.
The range of values usually found for k is between 0.01 and 1
min™*,

Of course, some gangue will float and dilute the concentrate.
The longer flotation continues the more will be this dilution and
cumulative concentrate grade will decrease. To maximise the
difference in recovery between two minerals we wish that Rj - Ry is
a maximum. Hence, if E = Ry - Ry = [1 - exp (~kjt)] - [1 - exp
(-kot)]

we can show that when dE/dt = 0

ky exp(-kjt) = kg exp(-kot)

from which t = 1lnkj - 1lnk (g)
(kl - kzj

It is evident that there is an optimum flotation time beyond
which the incremental increase in recovery of (2) begins to exceed
that of (1). Table 8 shows what happens when k} = 0.3 and ky =
0.01 min~l. Equation (9) predicts an optimum flotation time of
11.7 min and it can be seen that after this time E starts to
decrease. Of course, recoveries of 99 %Z in practice are rare with
most minerals showing a maximum recovery, Rp, after “long” but
“reasonable” flotation times. Equation (8) can be modified to take
account of this by

Ri/Rp j =1 - e kit (10)

As a general approach, the above is a good approximation of
what happens with a simple two component ore where species 1 is the
valuable mineral and species 2 the gangue. Of course, most ores
have several waste minerals that have significant ( and different)
values of kg. In this case, kg can be taken as a weighted average
of the individual rate constants. That is, there are two single
values of k, for the valuable species and for “the rest”. This
approach can introduce errors due to mineralogical differences
between test samples.
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k; = 0.3 min~1

kg = 0.0l min~!

t(min) R Ry E
1 0.26 0.01 0.25
4 0.70 0.04 0.66
7 0.88 0.07 0.81
10 0.95 0.10 0.86
13 0.98 0.12 0.86
15 0.99 0.14 0.85

Table 8. Optimum Flotation Time

To ensure that differences between samples are not hiding
differences in response due to factor level changes is difficult.
However, analysis can be aided by a regression approach. The
observed recovery values over time are modelled by

In (EmRm] i" R]‘) = kit (11)

using a linear regression, least squares criterion. The best fit

values of Ry and kj are determined with their respective confidence
levels. It is thus easier to determine whether or not real
differences in kj or Ry values exist as the treatment changes.

In an attempt to avoid the problem of individual rate
constants for several floating species, some workers have used
models of the type

Ri/Ry i =1 - ((1 - E!:p(-kt)g (12)

where k is the first order rate constant of total mass removal
(value plus gangue).

Ri, Ry, i are the recoveries of valuable species. Again best
values of Ry j and k may be found by curve-fitting. In these
models k has a direct physical meaning in that it represents the

rate of mass removal from the cell and may be used for design
purposes.
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A few words of caution are necessary at this point. Models of
batch flotation of the type described have wide application but
some ores may require more complex forms. This is particularlly
true if relatively large amounts of coarse or fine floating
material exist in the feed since kj is known to vary with particle
size. In these cases particle size fractions may have to be
modelled separately.

A method of prediction and simulation of locked cycle tests
has been proposed that uses a simplified concept (34). Here “split
factors” are asigned to every component in each separator and the
circuit simulated by using an algorithm. A split factor is the
fraction of each mineral species in the feed to each separator that
reports to the tailings. Batch-generated split factors are used to
initiate the procedure which is brought to a steady state as
defined by some convergence criterion. Surprisingly, for many
ores, the assumption that split factors remain constant as material
proceeds from stage-to-stage appears to remain valid.

6.1.2. Pilot Plant Kinetic Model

A convenient method of modelling a continuous pilot plant cell
is to use the population balance model technique (35). 1In this
method the fluid flowing into the cell is considered to comprise a
large number of identical fluid “elements”, each containing a
perfect sample of the feed slurry. These elements pass through the
cell and floatable material is removed. The total amount of
floatable material removed depends on how long each fluid element
stays in the cell; its residence time. The residence time of fluid
elements depends on the hydrodynamics of the system and can be
represented by a frequency distribution of residence times, E(t).
E(t) can take many forms but for most flotatiom cells it
approximates to perfect mixing (36) where

E(t) = e-t/t (13)

t

and t is the fluid mean residence time.

The final concentration of floatable material leaving a cell
is hence an integration of lst order removal of floatable material
from elements with the residence times existing in the system. In

symbols, ¢ = :SCE.E(t)dt where cg=cge Kt and t is the residence
time of an element
00
Hence ¢ = (coe~kt)(e~t/E)at (14)
t
)
c = 1

W l+ke (15)
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Recovery is then R = 1 - c/¢, =_KkE (16)
1 + kE

Thus, if the steady state recovery of a pilot plant cell is
monitored and t is known then k values can be calculated from (16).
In many cases the variation in k for different particle sizes of a
given mineral requires that each size is monitored and modelled
indpendently although to a first approximation the concept of two
classes, “slow floaters” and “fast floaters” may be adequate (37).
If a valuable component occurs in more than one phase a complex
distributed parameter model of k may be necessary (38), for
instance when a mineral is not completely liberated.

6.2. Faetor-Models

The kinetic models described above are most useful but often
simpler steady state relationships can suffice. In these the
factors are held at fixed settings which do not fluctuate, so
called non-stochastic or deterministic models.

When factors and responses are continuous in scale they may be
empirically modelled by simple first or second degree polynomials.
For instance, in the case of a single factor, say collector
concentration (X) the recovery (Y) obtained in a series of tests
may follow

Y

[}

ag + ajX first degree (17)
or Y = aj + aijX + a2x2 second degree (18)

Figure (5) shows these two cases and the values of the model
parameters (ay, aj, ap) may be found by a least-squares regression
technique. Note that for a second degree polynomial the maximum
value of Y occurs at an X value of 2aj/aj and up to this value a
first degree model may be sufficient.

If two or more factors are modelled then account may have to
be taken of any interactions. If no interaction exists the factors
are said to be additive, that is the effect of a single variable at
selected fixed conditions of other variables is the same as at
other settings of the other variables. Figure (6) shows an
additive (non-interactive) response to collector (Xj) and pH (X3).
A suitable model 1is

Y = a, + ajX) + agXy (]g)

However, figure (7) shows a case where considerable interaction has
occurred and the model will contain an XjX9 term, thus,

Y = ao + ajX] + agXg + a3zXjXy (20)



193

2
0,X + o)X
o

a,/0,

Figure 5. Polynomial models,

Figure 6. Additive models.
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Figure 7. Interactionms. X, —

Note that for a given level of X7 when the response is linear, this
expression can also be written as

Y = (ao + azXg) + (a3 + a3zXy)X; (21)
where (ao + azXy) = intercept and (aj + a3Xy) = slope.

When the graphical relationship between interactive factors
gives curves rather than straight lines the full second degree
polynomial must be used.

Y = a0 + ajX) + agXy + a3X{ + azX} + asKjXp (22)

A range of values of X; and X9 may best be represented as a
contour map of the response surface Y over the space defined by X;
and Xy (see figure X). This is a very effective graphical overview
of experimental results and can be extended to 3 dimensional
surfaces for work with three factors.

6.3. Optimisation

The response surface shown in figure (8) is a method of
finding the optimum levels of factors X; and X3 in terms of the
value of the response variable Y. The “shape” is that of a hill
and optimisation may be visualised as the act of ascending the hill
to find the summit. The method is somewhat laborious because of
the large number of tests involved to obtain a clear idea of the
position of contours. Also the resolution may be poor in the
presence of experimental error and certainty about the site of the
summit is often lacking. An experimental design involving a 2-way
ANOVA will give information on the experimental error variance and
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can help interpretation.

Figure 8. Contour mapping

To reduce the amount of work involved a 2-level factorial
design may be used with the strategy of steepest ascent. A region
is examined by a 22 factorial design and analysed (by Yates
technique for instance) to show the direction of a positive
increase in the response variable (Y). Another 22 design is
repeated in a new region along the predicted direction until a
decrease is observed. A new direction of “positivity” in Y will be
indicated and followed and so on. The procedure is illustrated in
figure (9). Eventually a point should be reached where the
influence of the two factors is small. This is evidence that the
optimum region is close and one may now carry out a more detailed
ANOVA over this small region to determine the optimum point.

This procedure can be very successful but often fails because
of changes in Y induced by unknown (and uncontrolled) factors
swamping the true direction indicated by response to Xj and Xj.
The engineer must have tight control over independent variables,
hold all except X; and X constant and avoid bias in his
experimental technique and analytical systems.
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steps .

design tests [j

Figure 9. Technique of steepest ascent using experimental designs.
6.4, Scale-up

The flotation engineer is faced with scale-up problems
whenever he proceeds from small scale to large scale equipment. A
number of dimensionless relationships are available to allow
intelligent scaling of cell parameters such as airflowrate and
impeller motor rating (39). However, a real problem exists when
attempts are made to scale-up from batch laboratory work to
continuous pilot or full scale equipment. This will be illustrated
by using the simple first order flotation model discussed above.

Assume that batch flotation testwork has been carried out on
an ore and the mass proportion recovery (Rg) of a floatable
species is related to the time of flotation in a batch laboratory
cell by

Rg = 1 - ekt (23)

Here k is a lumped lst order flotation rate constant whose value is
found by plotting 1n(l - Rg) vs t for various flotation times.
Consider now achieving the same recovery in a single continuous
cell being fed with the same material. How large should it be? A
convenient measure of size is the mean residence time of the cell t
given by t = V/Q where V is the internal volume and Q the
volumetric flowrate though it. Most flotation cells approximate to
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perfect mixers and it has been_shown that the recovery of such a
cell R. is given by R; =kt/(1 + kt)

Equating Rg and R, we get

1 - ekt = ¥£/(1 + kt)

or
(ekt - 1) = ¢
k
The ratio t/t is then equal to (ekt - 1)/kt (24)
Batch-Recovery kt* iﬂ:_
In-Time t (Rp)
0.85 1.90 3.0
0.90 2.30 3.9
0.92 2,53 4.6
0.95 3.00 6.3

* from equation (24)

Table 9. Ratio of flotation time. Continuous to batch recovery

Table 9 shows the values of T/t for various values of R and
it can be seen that the continuous flotation time t is several
times that required in a laboratory batch cell. If 8 minutes were
required in the batch test to get 92 %Z recovery, a time of (8)(4.6)
= 37 mins would be required in a single continuous cell. If the
volumetric feedrate Q is fixed then the cell volume can be
determined through V = QE. It would be quite wrong to design the
continuous cell with the same flotation time as that found in the
laboratory, even with a reasonable safety factor. Note also that
table 8 shows that the ratio t/t gets bigger the higher is Rg so
the error in simply taking the laboratory flotation time gets even
worse.

This increase in flotation time for continuous cells is
associated with the loss of efficiency due to the distribution of
residence times in perfect mixing. It can be compensated for to a
great extent by using several cells in series to give the same
overall residence time.
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It can be shown (40) that if n individual flotation machine
were arranged in series, each machine being identical, then as long
as k remains constant the overall recovery RE is given by

n

fe =1 - (n +nkEc) (25)

where Ec is the total mean residence time of a bank of n cells. If
we now put Rg = R. then

tc/t =n_ {exp {l_c_t_; - 1] (26)

kt n

For example, if the batch recovery is 90 Z then Rg = 0.9 and kt =
2.30. The ratio t./t can be calculated for various numbers of
cells in series (n).

No. of machines t/t
(n)
1 3.9
2 1.9
3 1.5
5 1.3
7 1.2

Table 10. Continuous recovery in n-machines_(Rp = Rp =-0:90)

Table 10 shows that there is a substantial drop in overall
retention time to achieve the recovery as n increases. Hence, if
it required 6 minutes to achieve 90 % recovery in the laboratory
batch cell then 6(1.5) = 9 min total flotation time would be needed
using 3 cells in the equivalent continuous plant. Each cell would
have a mean residence time of 3 mins and its volume could be
determined for a given value of Q. It can also be seen that more
than five cells in series produces little reduction in total
residence time.
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ABSTRACT

Metallurgical testing is the most essential part of any mine-
ral processing flowsheet development. Its objectives must therefore
be clearly defined. These are discussed together with the importance
of the choice of the samples required for the test program.

Rather than describing testing procedures, stress is laid on
how the test program should be established and what informations
such planning requires.

Recommendations are given concerning the choice of the process
flowsheet on the base of the laboratory batch test results. Final-
ly, while cycle tests should be considered as useful additional
tests and be recommended, pilot plant testing is open to much con-
troversy : its difficulties and advantages are presented.
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1. INTRODUCTION

In most cases, the raw materials treated by mineral processing
are natural ores, i.e. highly heterogeneous mixtures of solid mine-
ral species. Their heterogeneity is such that not only the texture
of the ore (and consequently the size of liberation), the type of
minerals present and their relative amounts, but even the properties
of similar minerals may not be constant throughout the same ore
body.

Therefore, while it might be feasible, without any preliminary
testwork, to develop a complete process flowsheet based on smelting
operations as soon as the elemental analysis of the feed is known,
on the contrary it is absolutely required to perform preliminary
laboratory testing whenever the flowsheet involves mineral proces—
sing operations. In contrast to smelting, which has an effect of
washing out the mineralogical features of the ore, mineral proces-—
sing is indeed essentially dependent on the mode of occurrence of
the valuable elements, whether it uses physical methods of separa-
tion or leaching.

The purpose of this paper is to discuss the philosophy of mine-
ral processing flowsheet development and to make recommendations
based on the experience accumulated since 25 years in the author's
laboratory through metallurgical testwork performed in close rela-
tion with specialized engineering firms engaged in feasibility
studies on new mineral deposits.

2. OBJECTIVES OF METALLURGICAL TESTING

The objectives should be clearly defined by the client. Of
course, they may differ according to the stage of perfection to
which the feasibility study has to be brought, either preliminary
or final. The client may also have very good personal reasons for
requesting to limit the testwork to some types of processes or to
the obtention of well specified products. Nevertheless, even in
these cases, orientation tests determining the metallurgical,
chemical and physical properties of the ore should never be dropped
out of the program. Such tests indeed permit to appraise the well-
founded character of the client's request and to draw his attention
upon interesting particularities he might not be aware of.

But the main objective of metallurgical testing is of course
the establishing of the process flowsheet, with determination of
the material balance, metallurgical recoveries and quality of the
final products. The metallurgical testing should also provide all
necessary information on the operating parameters for design pur-
poses and capital and operating costs estimates.
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By stating these objectives, it is clear that, when involved in
the developing of a mineral processing flowsheet, the metallurgist
should already search for the overall economics when choosing a
process or combination of processes.

3. CHOICE OF THE SAMPLE(S) FOR METALLURGICAL TESTING

The reliability of the process flowsheet of course depends on
the representative character of the sample on which the flowsheet
was based. The sample collected for flowsheet development investi-
gations should therefore represent the "average" ore of the deposit,
with respect not only to chemical composition, but also to mineralo-
gical composition and texture (i.e. grain shape and size distribu-
tion, nature of gangue-ore boundaries and degree of dissémination
of the valuable minerals).

Metallurgists might, at first sight, not worry too much about
the true representativeness of the sample, considering the fact
that the exploration geologists involved in the ore reserve evalua-
tion would evidently be well aware of the importance of the sampling.
In fact, for the geologist, the sampling of a mineral deposit pro-
vides data for estimating "ore reserves" including grade and ton-
nage. But the metallurgist's concern is the feed to the mill. The
sample he needs should thus correspond to the "mining reserves",
which are based on cut-off grade and take into account the actual
mining method with its eventual ore dilution factor.

In order to prevent any misunderstanding, the process develop-
ment investigations should thus preferably start simultaneously
with the drilling and mine development program. By organizing, at
the early stage of the development of a new deposit, a close coope-
ration between the specialists in geology, mining and mineral
processing, not only the procurement of the most reliable samples
for metallurgical testing is greatly facilitated, but more accurate
information can also be readily obtained on the amount of recover-
able valuable byproducts, such as precious metals. An excellent
illustration of the benefits to be drawn from such cooperation is
given in Dunn's paper [lj for the development of a small low-grade
porphyry copper deposit.

Obviously, the incorporation of a mineral processing expert
into the team from the start of the exploration program can help
orienting the exploration towards mineralized zones of greater
interest on account of ore beneficiation. Cases are known, where
expensive drilling programs could have been avoided by adequate
testing of preliminary samples which would have shown the inaptness
of the ore to be beneficiated in spite of its high grade : limoni-
tized smithsonite deposits with zinc contents of 20 to 25 % are
typical examples of such situation.
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Preliminary testwork on split diamond drill cores can also help
define the various types of mineralization and provide useful indi-
cations for preparing composite samples representing them. This is
particularly important in the case of copper or lead ore deposits
showing wide variations of the oxide to sulphide ratio.

The aforementioned remarks lead to the conclusion that a much
better knowledge of the deposit and of the various responses of its
ore to mineral processing may be gained by conducting the beneficia-
tion tests on several smaller composite samples including the
extreme ore types, rather than simply on one large "average" sample.
It is then the metallurgist's duty to try to find out the most
suitable process conditions which would best fit all cases. The
amount of data collected by such testwork will be extremely valu-
able, not only for the designer of the plant, but even for the
future mill operator. With regard to the feasibility study, it will
provide the realistic margin within which the expected results could
be maintained , instead of giving only one maximized grade-recovery
couple of values, which probably would be reached only occasionally
in the commercial plant.

While the number of individual and composite samples to submit
to metallurgical testing has to be decided through a permanent
dialogue between the respective responsibles for geologic develop-
ment, mining plan and metallurgical process, the weight required
for each sample must be determined by the metallurgist in charge of
the testwork. This weight varies of course according to :

- the type of tests to be performed. Obviously, samples taken for
crushing or autogenous grinding testing should be much bigger
than those required for bench scale flotation tests. For auto-
genous grinding tests, for instance, samples should not be less
than 50 tons, while 150 kg samples would be sufficient to complete
the initial bench scale investigations on a porphyry copper ore[2] ;

- the type of ore. It should be kept in mind that the amount of
final concentrate must be sufficiently large for assay purposes
or whenever it must be submitted to subsequent testwork like
roasting or leaching;

- the size of the largest particles. Reference can be made to recom-
mended sample weights at various particle sizes, as tabulated by
Taggart [3] or as calculated by Gy's theory [4]. The formula pro-
posed by Gy is particularly useful for checking whether a given
sample can be accepted or not. Moreover, the particle size of the
sample must of course be also adapted to the size of liberation
of the minerals, with a view to the possible applicability of
gravity concentration.
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In any case, the metallurgist is strongly recommended to keep
a direct control of the whole sampling operation or at least to know
exactly how it has been done, from where the sample comes and whether
it has not been oxidized during storage or transport. He should be
particularly attentive to avoid any loss (e.g. of primary slimes)
or contamination (e.g. by oil, grease or other chemical products
which might influence the flotation tests or even make them useless).
Special care must therefore be taken in the choice of the sample
container.

4., LABORATORY TESTWORK PROGRAMMING

Mineral processing flowsheet development work presents many
similarities with a detective business : it requires an acute sense
of observation and a thorough knowledge of all the parameters which
might influence the whole process and of how this influence might
be exerted. This also means that the responsible for such job must
have a wide experience in the whole field of unit operations con-
cerned, not only from a strictly technical point of view but also
with a broader industrial perception of the problems, including
aspects such as marketing, capital and operating costs, safety and
environmental regulations. Since mineral processing involves both
metallurgical operations and physical separations and is controlled
by chemical and mineralogical analyses, a good comprehension of all
these techniques is of course essential.

As already pointed out in the introduction, the mode of occur-
rence of the valuable elements in the ore is highly variable, not
only from one deposit to another but even throughout any given
deposit. Therefore, there cannot be any standardized method for
programming the metallurgical testing. When looking for instance
at the grinding, which is one of the first steps of the whole pro-
cess, while the ore grindability at any given mesh is readily
measured by standard methods, variations in the amenability of the
ore to a given treatment such as flotation or leaching cannot be
directly related to it, due to the large number of independent
variables which interfere in the process.

Planning the metallurgical testwork can thus only be done
after a preliminary gathering of relevant informations.

4,1, Pertinent Information to Collect

The information required concerns :

- the ore sample : its particle size, its chemical analysis
and the main characteristics of its mineralization (types of valu-
able and gangue minerals present, and ore texture).
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Very useful observations can already be made at the time the
sample is received and its container opened : the visual examination
of the ore may for example indicate that elimination of clay slimes
by washing and scrubbing would be a beneficial first step of the
process.

One should also select at this moment a few typical pieces of
the ore for initial mineralogical observations (by microscopic
methods and X ray diffraction) in order to identify the major mine-
ral types and the nature of the gangue. These rough examinations
will give valuable indications on the grind required for mineral
liberation and help take decisions on the sampling program with
regard to the types of concentration methods which should be tested
and to the necessary homogeneization of the whole sample for chemi-
cal assays.

On the basis of such preliminary examinations, a decision will
also be taken concerning the elements to be analyzed. These may be
extended to differentiations between total metal contents and their
soluble oxide forms. Depending on the type of ore, the chemical
analysis should also consider the minor constituents which are known
to be either favorable (e.g. precious metals) or deleterious (e.g.
As, Sb, Bi).

The gangue elements should of course not be forgotten : SiOp
(total silica and eventually quartz), Ca0 and MgO (total and soluble)
Al,03, P05, BaO and COy, as well as the ignition loss. The Na,0
and K,0 contents are also good indicators of the presence of clay
minerals which might cause difficulties in the ore treatment by
increasing the viscosity of the pulps and the consumption rate of
flotation reagents. Finally, in the case of sulphide ores, total
sulphur and sulphate sulphur contents should also be determined.

By combining the results of the chemical analysis with those
of the mineralogical examination, a quantitative mineralogical
composition of the ore can be worked out.

If any major problem arises, additional investigations should
be made at this point. On the chemical side, assay methods giving
an element under its various forms (e.g. lead as sulphate, as
carbonate, as sulphide ...) might be very useful. On the mineralo-
gical side, electron-probe quantitative microanalysis might be
useful, e.g. for determining the iron content of the sphalerite or
the composition of minerals of the sulpho-salts group {5].

Since the grind size is an essential parameter in physical
methods of concentration, it is clear that it must be taken into
consideration from the beginning of the ore sample characterization
study. This means that after completion of any comminution stage
estimated necessary for concentration testing, a detailed size
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analysis must be performed, including, if necessary, a sand-slime
separation of the finest minus 400 mesh screen fraction. Chemical
assays of the main elements of each size fraction would then permit
the metallurgist to calculate the metals distribution between the
various size fractions and to draw important conclusions regarding
the effect of grinding.

Finally, depending on the ore type and on the observations
already made, further characterization of the ore sample might
still be made by densimetric analysis using heavy liquids or by
magnetometric analysis at different intensities. The results of
such analyses can be plotted as washability curves which describe
the ideal response of the ore to the corresponding separations [Q].

- specific data relative to the ore deposit location, such as
water availability, climate, reagents supply, availability of quali-
fied labor, transportation facilities, environmental regulations,
market conditions for the end products. All these local features
must be known and be taken into account in the metallurgical test-
work.

Water is a particularly important parameter : its availability
directly influences the flowsheet development and its quality can
profoundly affect the flotation results. It is well known for ins-
tance that in oxide ores flotation with fatty acid collectors, hard
water would cause detrimental precipitation reactions with the
calcium and magnesium ions. But drastic depression of sulphide mine-
rals might also occur in the presence of some hard waters under
normal flotation conditions [7].

Therefore, knowledge of the detailed composition of the availa-
ble water at the future mill site is imperative. Since seasonal
changes in water composition are possible, this eventuality should
also be checked. Of course, for most of the metallurgical tests,
the-easiest procedure would be to use demineralized water, as long
as the effect of the water quality change has been established.
However, if this effect appears to be important, preference should
be given to the systematic use of a synthetic water of composition
close to that which would be expected in the commercial plant.

Data concerning the climate at the mill site are mostly useful
for the design of the process plant, but may also be taken into
account for the testwork, considering the effect of temperature on
the flotation of some ores, particularly when less soluble long-
chain fatty acids are to be used as collectors.

Choice of reagents might be restricted at some places, either
for environmental reasons or because of the obligation to use local-
ly manufactured products. The metallurgist should of course be
aware of the existence of such constraints before starting the test-
work.
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Data on the availability of qualified labor should also be
known, since they might lead to the choice of some processes prefe-
rably to others.

The same can be said for the transportation facilities -for
evacuating the final products to the market. If there is a local
market which can absorb the production of the plant, a process
giving a lower grade product with a higher recovery may be preferred
and.by-products of lower value might also bring some benefit and
contribute to the viability of the project. Of course, in any case,
the metallurgist in charge of the testwork must be aware, from the
beginning, of the market requirements for the various categories of
products he plans to produce. The better he knows the real problems
encountered by the potential customers of these products, the more
chance he has to work out a process that would give the greatest
benefit.

Finally, before establishing the test program, it is advisable
to verify whether environmental legislative requirements might not
impose restrictions on the process operations due to contaminant
effluents. There are cases indeed where some very specific reagents
are not allowed to be used, for instance because of the necessity
to protect a fishing area located in the vicinity of the plant site.

4.2. Planning the Metallurgical Testwork

When all the aforementioned data have been collected and
analyzed, a rapid survey should be made of the technical documents
pertinent to problems of similar nature and including not only
published materials but also antecedent reports available in the
laboratory own files.

With all this information in mind, the metallurgist can then
define his position for proposing a program of tests to be performed.
At this point, he must even be able to predetermine already the type
of flowsheet which appears to be the most appropriate or at least
to select a limited number of processes that should be taken into
consideration during the testwork.

For example, he can already determine whether there might be
any interest to include a preconcentration operation in ‘the flow-
sheet, e.g. by washing out the primary slimes or by heavy media
separation or any other gravity concentration method [8]. Taking
such decision at this point is important, because if preconcentra-
tion operations are to be considered in the test program, they intro-
duce more complications into the sampling program in comparison
with a flowsheet based on direct flotation. In the latter case, the
whole sample might indeed advantageously be crushed directly to
minus 10 mesh and, after homogeneization, be used as reference
feed for the various wet grinding and flotation tests.
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For such crushing, one ‘should by preference use a jaw crusher and
a roll crusher in close circuit with a 10 mesh screen in such a way
as to avoid overgrinding of the ore.

5. EXECUTION OF THE LABORATORY BATCH TESTWORK

Detailed description of testing procedures can be found in
most of mineral processing handbooks. Some of these are given in
the list of references (9] [10] (11 (12].

Without going into such details, it may be clearly stated that,
being first well aware of the objectives of the test program, no
serious work can be done without :

- a thorough knowledge of all the parameters which might have
an effect on the actual operation test results. This means that
each of these parameters must be adequately controlled and evalua-
ted. For example, in a batch test for wet grinding in a given labo-
ratory ball mill, following data should be recorded : total weight
and size distribution of the ore sample, pulp dilution, total
weight and size distribution of the ball charge, material used for
the balls, water composition, amount and type of reagents added,
mill speed, grinding time and size distribution of the sample after
grinding;

- a keen observation of all details during actual operation
testing. This is particularly important in flotation work, where
the effect of addition of a given reagent can be readily observed
on the froth aspect, like color, texture and loaded character.

Many other details, such as pulp viscosity, presence of flocculated
solids, natural floatability of particles before adding any collec-
tor, can also be easily visualized and serve as guiding-marks for
the metallurgist. All such observations should be mentioned in the
laboratory record book. They will help to establish experimental
conditions for subsequent tests;

- a correct evaluation of test results. This first of all
implies that sufficient results must be known for each test, both
qualitatively and quantitatively. For instance, for a good evalua-
tion of a laboratory flotation test, the froth should be removed
in several increments, each separate concentrate fraction and the
tailing being then dried, weighed and assayed, so that material
and metal balances may be established and cumulative results be
plotted on a graph. If the recalculated feed grade differs too much
from the assay value of the main ore sample, it is preferable to
discard such test results from the evaluation.

Many methods have been proposed for evaluating mineral proces-—
sing batch tests results [13] [14] [15].
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Some were even specially developed for specific operations or mate-
rials tested : coal washing for example led to the development of
the well known Tromp's theory [16] and of the Mayer's method of
presenting the separation results [171.

In ore flotation,the most convenient method for comparing tests
results consists in the comparison of the cumulative metal recovery
curves plotted vs. the cumulative concentrate grade curves. Another
type of graph can be used by plotting the cumulative weight percent
of solids in the froth as abscissae and respectively the cumulative
metal recovery and the cumulative concentrate grade as ordinates.
Such method of course implies the use of multiple-inérement tests
and, consequently, also requires a larger number of assays; but it
gives very useful informations on the detailed development of the
entire flotation process. By applying this method, there will be no
difficulty to find out, with a minimum number of tests, the most
adequate experimental conditions. For instance, at the rougher flo-
tation stage, il will readily permit to determine the effects of
grinding, conditioning time, pH, types and amounts of reagents
and flotation time.

But a correct evaluation of tests results also means that inter-
pretation must be given to eventual difficulties one might observe
in getting sufficiently good results, either in overall metal reco-
very or in the grade of concentrate.

In such cases, detailed mineralogical examinations of separate
concentrate fractions and (or) of the flotation tails will most
often provide the explanation. In fact, this is also the most favo-
rable occasion for getting the exactly and actually desired infor-
mation on the mineralogical composition of the ore. Quantitative
textural analysis and electron microprobe analysis are particularly
useful at this point [5] [18] (191 [20]. A complete size analysis
of the flotation tails or even a simple cycloning, combined with
chemical assays of the size fractions, may also provide effective
guidance for further testing.

The whole batch testwork must be conducted up to the point
that a complete flowsheet can be derived. It therefore includes
not only rougher separations, but also all the necessary cleaning
stages in order to produce the desired final products.

With complex ores, such as polymetallic sulphide ores, mixed
sulphide and oxide ores or ores containing several valuable non-
metallic minerals, a wide variety of flowsheets may be considered,
based on selective, semi-bulk or bulk separations. ThHey may include
regrind operations or combinations of several physical concentra-
tion methods and metallurgical operations such as leaching or
roasting.
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Although the initial test program may have been limited to the
most currently used methods for treating the type of ore concerned,
the development of the final flowsheet must actually be dictated,
step by step, by a correct interpretation of all the observations
accumulated at each stage of the testwork. Of course, the most
simple, straight forward, process should always be tried first.
Therefore, any possibility of removing the values as soon as they
are liberated should be looked at carefully and the most current
flotation reagents should always be tested before any other more
expensive one.

The final flowsheet(s) to be retained must present the detailed
material and metallurgical balances for each operation with referen-
ce to the raw ore. The metallurgical balances must of course be
established for the various metals concerned and for any element
which might have a significant effect on the market value of the
final products.

6. CYCLE TESTS

Since the final flowsheet derived from the batch testwork leads
to the production of several intermediate products, such as cleaner
tailings, which, in a commercial plant, would be recirculated, it
is essential to determine the upgradeability of these products when
reintroduced at the appropriate point of the flowsheet. It might
indeed happen that some of the recirculated products would build
up and not be recovered : they should then be submitted to a sepa-
rate treatment.

Therefore, a first and easy approach might consist in separate
testing of the products to be recirculated under the same conditions
as those previously established at the point of reentry into the
main circuit.

However, a complete cycle test would be preferable. This starts
with a first batch test, using the conditions previously determined
during the main batch testwork. Several cleaner concentrates and
cleaner tails are produced, as well as a final rougher tail.

A second batch test is then performed on a new sample of the ore,
of the same weight, but as the test goes on, cleaner tailings from
the first batch tests are added at the appropriate points. This
operation is repeated several times. If a total of (n) tests has
been performed and if (a) is the number of cleaning stages in each
test, following products will be available at the end of the last
test : (n) cleaner concentrates, (n) final rougher tailings and

(a) cleaner tailings from the last test. All these products are
weighed and assayed.
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The whole flowsheet with its recirculation cycles is then con-—
sidered as a black box with one inlet (the raw ore feed) and several
outlets (the cleaner concentrates and the final rougher tailings).
The metal distributions are then calculated for each of the n tests
on the basis of the outlets and a fictive feed grade is calculated
by dividing the sum of the weights of metal in the outlets by the
weight of the inlet.

When the equilibrium has been reached, the amount of metal
introduced into the circuit is entirely divided between the various
outlets; this means that the calculated fictive feed grade must then
correspond to the actual feed grade.

The fictive feed grade values obtained at each stage of the
cycle test are then plotted as ordinates and the metal recoveries
of the final concentrates as abscissae. By joining the points in
the order of the successive cycles, a series of straight segments
is obtained : any point of intersection of these segments with the
horizontal whose ordinate corresponds to the actual feed grade are
equilibrium points. This finally permits to determine all the reco-
veries, weight percent and grades of the concentrates and tailings
at equilibrium.

An example of data obtained from a flotation cycle test consis-—
ting of two successive flotation operations involving respectively
one and four cleaning stages, is given in Table 1 where
I and II refer to the respective flotation operations.

Results of this test are illustrated in Fig. 1 : points A
and B correspond to equilibrium values.

Since actual cycle flotation tests may sometimes fail to reach
a steady state, methods of calculation have been developed for
predicting the results of such tests from batch bench-scale test
data [21] [22].
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Test N° Sample Wt (g) % Sn Sn Wt (g) Sn Recov. (%)
1 final conc. I 23.7 0.54 0.13 1.6
final conc. II 52.7 13.31 7.01 86.7
final tail 410.7 0.23 0.94 11.7
new feed 750 1.08 8.08 100
2 final conc. I 34.9 0.66 0.23 2.3
final conc. II 47.4 17.99 8.52 85.0
final tail 531.1 0.24 1.27 12.7
new feed 750 1.34 10.02 100
3 final conc. I 59.7 0.88 0.52 7.1
final conc. II 30.2 17.74 5.36 73.4
final tail 525.6 0.27 1.42 19.5
new feed 750 0.97 7.30 100
4 final conc. I 32.2 0.61 0.20 1.0
final conc. II 85.1 18.02 15.34 77.7
final tail 752.1 0.56 4,21 21.3
new feed 750 2.63 19.75 100
5 final conc. I 35.5 0.61 0.22 1.1
final conc. II 131.3 13.33 17.50 90.6
final tail 500.0 0.32 1.60 8.3
new feed 750 2.58 19.32 100
6 final conc. I 39.2 0.67 0.26 1.7
final conc. II 111.9 12.12 13.56 89.8
final tail 538.4 0.24 1.29 8.5
new feed 750 2.02 15.12 100
7 final conc. I 49.9 0.79 0.39 2.7
final conc. II 112.3 10.43 11.72 82.5
final tail 584.0 0.36 2.10 14.8
new feed 750 1.89 14.21 100
8 final conc. I 37.0 0.66 0.24 1.5
final conc. II 140.7 10.04 14.13 86.3
final tail 531.6 0.35 2.00 12.2
new feed 750 2.18 16.37 100
9 final conc. I 30.1 0.48 0.14 1.0
final conc. II 114.2 10.21 11.66 86.0
final tail 552.1 0.32 1.77 13.0
new feed 750 1.81 13.57 100
10 final conc. I 41.6 0.77 0.32 2.8
final conc. II 72.3 11.02 7.97 71.0
final tail 625.4 0.47 2.94 26.2
new feed 750 1.50 11.23 100
clean. tail I 54.7 1.78 0.97

lst clean. tail II 156.1 0.87 1.36
2d clean. tail II  337.5 1.54 5.20
3d clean. tail II 114.1 1.85 2.11
4th clean. tail II 60.9 3.66 2.23
Total outlets 7596.1 1.93 146.85
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7. COMPLEMENTARY TESTWORK FOR DESIGN PURPOSES

With the information derived from the aforementioned cycle
tests, a better evaluation of the actual metallurgical results
which should be expected in the future commercial plant can be made.
It must however still be completed by several additional tests, in
order to provide some important engineering data which might not
yet be known at this point.

Such data are for example : Bond work indices to determine the
power needed to grind the ore to the required size f23j LZAI,sett—
ling and filtration characteristics of the final products to deter-
mine the required thickening and filter unit areas [25] [26]. These
characteristics should not be overlooked since they might strongly
affect the overall economics of the process.

8. PILOT PLANT TESTWORK

Deciding whether a pilot plant should or should not be under-
taken is a problem open to much controversy.

Among the arguments against pilot plant testing, one can quote :

- the high tonnage of ore sample required (even for the smallest
pilot plants with capacities between 5C and 80 kg per hour);

- the difficulty of keeping the circuit under stable operating
conditions (particularly due to pumping problems) and consequently
of establishing reliable metallurgical balances;

- the difficulty of keeping the circuit under stable operating
conditions (particularly due pumping problems) and consequently
of establishing reliable metallurgical balances;

- the eventual difficulty of hiring qualified labor for operating
the pilot plant around the clock, when it is installed in an
independant research centre;

- the fact that a much better knowledge (easier interpretation and
correction) of the possible effects of feed variations will be
gained at a much lower cost by laboratory batch testwork on diffe-
rent ore samples corresponding to the various types of mineraliza-
tions found in the deposit, than by pilot plant testing of one
large bulk sample.

Other arguments are however in favor of pilot plant testing.
They refer to :

- the possibility of producing sufficiently large quantities of
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material for subsequent metallurgical processing experiments

(each batch roasting test, for instance, requires a minimum weight
sample of 15 kg, but a 3 to 5 tons sample would be necessary for
a pilot scale test);

- the possibility of checking the technical feasibility of the whole
process, particularly when there is no reference available of
commercial use of the process for similar types of ores;

- the possibility of determining more readily and more accurately
all the recycle effects, regarding solutions as well as solids;

- the possibility of testing new types of equipment.

9. FINAL RECOMMENDATIONS

Any owner or discoverer of a mineral deposit is hopeful that
it might sooner or later be developed into a promising viable pro-
ject. Consultants are then requested to give their opinion. Normal-
ly these are geologists, and preferably economic geologists.

If the opinion of these specialists is not unfavourable, every
attempt is made to collect more information by further exploration
work, so as to be able to prepare a preliminary feasibility study.
Step by step, additional data will be gathered, which make the
project progress.

Already at these very early stages of the project, it is essen-
tial to have the geologist working in close association with a mine-
ral processing laboratory, for the reasons shown in this paper.

Such mineral processing laboratory should have at its own
direct disposal all the facilities required for making metallurgi-
cal testwork, including chemical assays and mineralogical analyses.
It should also have a well organized service of technical documen-
tation based on most of the published books, periodicals and pre-
prints pertinent to the concerned field, and on its own internal
reports.

The organization of this laboratory must be such that minera-
logists, chemists, geologists and metallurgists are used to working
together as members of a team. In each category, there should be
people with a few years experience of work in the industry.

University laboratories, where the aforementioned requirements
are filled, are in a particularly good position for acting as
referees, as . long as they keep their independance, specially towards
any equipment manufacturing company.
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As also shown in this paper, mineral processing testwork pro-
gramming is, per definition, a very delicate task. It should there-
fore be planned, step by step, in close association with the client.
Frequent meetings should be organized between all the people con-
cerned. Such recommendation is essential and gives the best guaran-
ty for both parts to find the most efficient solution to mineral
processing flowsheet development.



219

REFERENCES

1.

10.

11.

12.

13.

Dunn, P.G. Geologic Studies During the Development of the
Copper Flat Porphyry Deposit. Mining Engineering, 36 (1984)
151.

. Smith P.R. and Butts G.E. Design of Mineral Processing Flowsheet.

Case History, in A.L. Mular and R.B. Bhappu, (eds.), Mineral
Processing Plant Design (New York : SME/AIME, 1980),
pp. 860, 863.

. Taggart A.F. Handbook of Mineral Dressing (New York : Wiley,

1948), section 19 : 22-23.

. Gy P. L'Echantillonnage des Minerais en Vrac, vol. 1 and 2

(Saint Etienne : Revue de 1'Industrie Minérale, 1967 and 1971).

. Evrard L. and De Cuyper J. La Microsonde Quantitative & Balayage

comme Méthode d'Investigation en Minéralurgie. Industrie Miné-
rale-Minéralurgie, 1 (1978) 2.

. Fournol H. Courbes de.Lavabilité et ContrSle du Lavage. Applica-

tion aux Minerais et Minéraux. Revue Industrie Minérale, 47
(1965) 11.

Van Lierde A., Van Hauw J.M., Evrard L. and De Cuyper J.
Flotation of a Zinc Iron Sulfide Ore in Water Saturated with
Calcium Sulfate, in S. Castro and J. Alvarez, (eds.), Avances
en Flotacidn, vol. 4 (Chile : Universidad de Concepcidn, 1979),
pp. 45-56.

Morizot G. and Lafosse J. Preconcentration.
Industrie Minérale : Les Techniques, 1 (1981) 81.

. Taggart A.F. Handbook of Mineral Dressing Ores and Industrial

Minerals (New York : Wiley, 1948), section 19 : 1-208.

Pryor E.J. Mineral Processing (Amsterdam : Elsevier, 1965),
pPp. 600-633.

Macdonald R.D. and Brison R.J. Applied Research in Flotation,
in D.W. Fuerstenau, (ed.), Froth Flotation 50th Anniversary
Volume (New York : Soc. Mining Engineers AIME, 1962), pp. 298-327.

Coleman R.L. Metallurgical Testing Procedures, in A.L. Mular
and R.B. Bhappu, (eds.), Mineral Processing Plant Design (New
York : SME/AIME, 1980) pp. 144-182,

Mitchell W., Sollenberger C.L. and Kirkland T.G.
Trans. AIME, 190 (1951) 60.




220

14, Black K.G. and Faulkner B.P. Evaluation of Batch Flotation

Results by Multiple Linear Regression. Trans. AIME, 252
(1972) 19.

15. Jowett A. Formulae for the Technical Efficiency of Mineral

Separations. International Journal of Mineral Processing, 2
(1975) 287.

16. Tromp K.F. Neue Wege fur die Beurteilung der Aufbereitung von
Steinkohlen. Gliickauf, 73 (1937 125-131, 151-156.

17. Mayer F.W. Gluckauf 86 (1950) 498-509. A new Curve Showing
Middling Composition. Gluckauf, 86 (1950) 498.

18. Bérubé M.A. La Minéralogie Appliquée au Traitement des Minerais.
CIM Bull., 75 (1982) 121.

19. Henley K.J. Ore-dressing Mineralogy. A review of Techniques,
Applications and Recent Developments. Spec. Publ. Geol. Soc.
S. Afr. 7 (1983) pp. 175-200.

20. Jacquin J.P. and Gateau C. Développements de la Minéralogie
Appliquée au Traitement des Minerais. Industrie Minérale, 66
(1984) 172.

21. Agar G.E. and Kipkie W.B. Predicting Locked Cycle Flotation
Test Results from Batch Data. CIM Bulletin, 71 (1978) 119.

22, Cutting G.W. Process Audits on Mineral Dressing Processes :
Their Generation and Practical Uses. Warren Spring Laboratory
Report N° LR 271 (1978).

23. Bond F.C. Crushing and Grinding Calculation. CIM Bulletin, 46
(1954) 466.

24, Yap R.F., Sepulveda J.L., and Jauregui R. Determination of the
Bond Index Using an Ordinary Laboratory Batch Ball Mill, in
A.L. Mular and G.V. Jergensen, (eds.), Design and Installation
of Comminution Circuits (New York : SME/AIME, 1982), pp. 176-203.

25, Miller S.A. Liquid-Solid Systems, in R.H. Perry and C.H. Chilton,
(eds.), Chemical Engineers' Handbook (New York : Mc Graw-Hill,
1973), Section 19 : pp. 44-46, 60-61.

26. Leenaerts R. Essais de Laboratoire, in Société Belge de Filtra-
tion, (edr.), La Filtration dans 1'Industrie des Procédés,
Part V : Essais de Filtration, Sélection et Spécification du
Matériel (Louvain-la-Neuve, Belgium : Soc. Belge Filtration,
1977) pp. 43-105.



221

MASS BALANCE EQUILIBRATION
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It is common practice to correct the measurements taken from a pro-
cess so that random or gress errors can be accounted for and redu-
ced. Data reliability is crucial for classical operations such as
regulation, control, optimization, identification, and can be secu=-
red through a balance equilibration algorithm. Historically, balance
computation proved important in determining yield accounting, in
allocating costs and in recording information upon which future ac-
tion can be based. From the planning point of view, balance determi-
nation is important in process design, sensors location production
planning.

The general diagram of a process caracterization reveals that data
validation is an essential part of the control sequence (figure 1).

1. THE ORIGIN AND CLASSIFICATION OF ERRORS

Practice has shown that measurements carried out on any process only
partially verify the equations derived from its mathematical model-
ling. This observation can be justified as follow :

Basis

- A model is no more than an approximation of the actual process.
Its structure and parameters may have been selected or estimated
from restrictive hypotheses and the computational methods may in-
duce a certain amount of bias.
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- Measurements carried out on the process variables do not present
an accurate picture of the actual magnitudes.

In the following paragraphs only errors of the second type will be
considered ; in effect we will argue that a balance equation is not
derived from an approximation but that, on the contrary, it trans-
lates a physical reality.

The principle of measurement :

Measuring a magnitude G consists in establishing two reference
points Ei and Ej such that :

E. <G < E,
1 J

In practice, this direct method is rarely used. A sequence of mea-
surements is used instead such that this comparison is made follo-
wing a more or less complex transformation of the magnitude to be
measured. Thus a certain number of error factors are brought into
evidence, from which we may isolate the following :

- Random factors : during the time required to effect the measure-
ment certain magnitudes (e.g. power supply, ambient temperature,
field of electrical interference, etc ...) may fluctuate in an
haphazard fashion ;

— Accidental factors : either the operator or the equipment itself
may sustain some temporary disorder ;

- Routine errors : ageing, maladjustment, drift or some constant
external factor that not been allowed for when calibrating the
measuring device may introduce a regular discrepancy whose influ-
ence may not necessarily be known.

Figure 2 shows the three types of error based on a single example :
the process involved is a production unit idstinguished by its to-
tal imput flow-rate Q; and total output flow-rate Q,, which are as-
sumed to have been measured with two distinct measuring devices
operating continuously.

The diagram (Q;, Qp) shows the relative position of the cluster of
experimental points and the hypothetical curve (the first bisector
of the axes).

- Random errors are pinpointed by the distance separating the expe-
rimental points from the line that "best centres" the cluster of
points.

- Accidental errors are distributed as points which appear to be
distinctly "more remote'" from the mean than the other points.
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Figure 2 - The types of measurement errors

- Routine errors affect the measurements of Q, and/or Q,, still fol-
lowing the same trend as shown in figure 2 twith this“particular
example it is impossible to predict whether the routine errors on
measurements Q] and Q2 are positive, real or negative).

2. THE NEED FOR A SYSTEMATIC APPROACH TO DATA VALIDATION

The following examples have been choosen to point out the differents
problems involved in data validation :

- type of measurement errors,

- detection of errors,

- correction of measurements,

- missing data,

- estimation of parameter,

- hierarchical validation.
Example 1 : A simple circuit shown schematically in figure 3 con-
sists of 1 node with 3 branches such as a cyclone, a distributor, a
flotation cell ... If Q. are solid ore flow rates and x.. is the

particle size distribution, typical equations of materialdconserva-
tion are :

Q -Q -Q =0 (1

u

for the total solid mass, and
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Figure 3 - A distributor node

Qf Ui T Q0 Xio T Qu Xiu =0 i=1, ... n (2)

for the solid mass per perticle size interval, where n is the number
of size interval.

A typical material balance problem could be stated as follows : X.;
having been measured - What are the values of Qi ? - How consisten
are the measured data ?

The material conservation equation can be written :

Xip ~ (1 - 1) X —T X 0= 0 (3)
Qu
where r is the circulating load ratio = 9
f
Obviously r can be estimated by :
X.. = X,
if io0 .
r=-——————————x. — l=1, eeey 1IN (4)
iu io

In the case where n 1, the measurements-are said to be redundant ;
i.e. there is more information than needed for circulating load ra-
tio. The impossibility of exactly solving (3) for r is a consequence
of the errors which have occured in the measurements ; the problem
of mags balance is due to the fact that the date are redundant and
not error-free.

Table 1 illustrates inconsistencies in data collected in a hydrocy-
clone classifier. An examination of the results (circulating load
ratio and efficiency curve) clearly suggests that the complete set
of data is suspicious.
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Size Feed Overflow Underflow Circulating Efficiency
) (ai 7Z) (Oi 7) (ui %) load ratio curve (Ci)
(r)
> 710 0,82 0 2 0,88 0
500-710 1,58 0 3,65 0,87 0
350-500 3,09 0 9,50 0,90 0
250-350 6,65 0 25,44 0,92 0
177-250 10,36 1,27 22,19 0,87 0,11
125-177 11,86 8,21 14,44 0,89 0,62
88-125 10,04 11,34 7,40 1,04 1,02
53-88 9,05 10,45 3,99 1,19 1,04
37-53 4,22 7,76 1,13 0,14 1,66
< 37 42,30 60,97 10,24 0,37 1,30

Table 1 - Test of data incomnsistency

Example 2 : For the circuit given in figure 4 we will consider the
solid ore flow rate Q. and the KCl and NaCl concentrations k and n,
Table 2 lists some data collected on the circuit.

As in the previous example the material balance equations can be
written :

9 - Q"0 - ¢ =0 (5.1
kaf - QckC - tht =0 (5.2)
anf - anc - Qtnt =0 (5.3)

The consistency of the raw data can be checked through the help of
the set of equations (5) ; the residuals :

Qf + Qw - QC - Qt -652

kaf - Qckc - tht -3113

anf - anc - Qtnt = 97



227

Feed
l —  Water
Production
unit
] L+ Tailing
Concentrate

Figure 4 - A sample production unit
are clearly different from zero.
A more sophisticated test can be applied : each variable can be esti-
mated from a direct measurement but can also be deduced from the
other measured variables through the mass balance equations. For
instance Qf is given by :

direct measurement : 400944 t

but we can also deduce its values

from eq. 5.1 : Qc + Qt - Qw = 401296 t
from eq. 5.2 : (Qckc + tht)/kf = 362235 t
from eq. 5.3 : (anc + Qtnt)/nf = 400783 t

All such different estimates are collected in table 3.

The following comments can be adduced from an examination of the re-
sults.

Feed Concentrate Tailing Additionnal water
(t) (c) (t) (w)

Flow (t) 400944 104256 1380340 1083300

KC1 (%) .2697 .8616 0.0047 -

NaCl (%) .6068 .0382 0.1733 -

Table 2 - Measurements

All flow rate measurements are nearly equal to the estimates obtai-
ned through the total balance equation and the NaCl balance equation;
on the opposite these measurements are not consistent with the esti-
mates deduced from the KCl balance equation. As a preliminary con-
clusion we should probably view with suspicious -the KCl data.
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measured estimated estimated estimated

(5.1) (5.2) (5.3)

Qf (t) 400944 401296 362235 400783

Qw () 1083300 1083652

Q. (t) 104256 103904 116372 106803

Qt (t) 1380340 1379988 3211864 1380901

kf (%) .2697 .2436

kc (%) .8616 .9617

kt (%) .0057 .0132

ng (%) .6068 .6065

n, (%) .0382 .0391

n, (%) L1733 .1733

Table 3 - Test of data inconsistency

The examination of the NaCl concentrations underlines the fact that
the NaCl variables are correctly measured. However it is not possible
to go further in this analysis and each measurement of the KCl assay
can be suspected.

3. PRINCIPLES OF MASS BALANCE COMPUTATION

The purpose of the procedure outlined here is to evaluate the flow
rate of each stream of a processing circuit : flow rate of ore, con-
centrations, pulp solid percent, concentrations ...

The following notations will be used :

wij is the measurement of the jtl—1 variable for the itl;l observation.

W is the observation or measurement matrix with n rows or obser-
vations and m columns or variables formed with the elements Wij'

is the matrix of the true values.

* . .
=W - W 1is the error matrix.
is an estimate of W%
=W - W is the correction matrix

1)HE) Z‘M

Usually the errors E are assumed to be realization of random varia-
bles with the following classical hypothesis :

- each random variable Ei is represented by a probability density
function. The overall probability density function is written :

P (E/¥)
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- the random variables E. are assumed to be statistically indepen-
dant in regard to the different observations. We thus have :

n
P(E/¥) = T P, (E./¥)

i=1
- the random variables Ei are assumed to be normally distributed :
_ -m/2 1/2 i 2 ~
Pi = (2m) IViI exp { ol Ei Ai Vil} (6)

where IVi| is the determinant of the covariance matrix Vi a.ndAi the
mean-value of Ei'

- for the set of n observations the measurement errors for each va-
riable are assumed to be statistically independant and of cons-
tant variance :

where V is a m.m diagonal matrix.

- the bias error Ai is assumed to be constant for each variable :

A ;= A Vi =1, ..., n

~

In terms of maximum probability the best estimator W of the true va-
riables W 1is the one which maximizes the probability density of the
observed values W, subject to the mass balance constraints :

g (W =0

From the previous hypothesis, the probability density function redu-
ces to :

_ -m/2 . -1/ 5 2
P (W/V) = (2m) ™ i1'=I] |V| 1/2 exP{' ';" i}=:1 "Wi - w? _Allv—l}(7)

where W? are constrained to satisfy : g; (wi*) =0

Provided the covariance matrix V is known, the problem of mass ba-+
lance may be stated as

min 3 W, - Wt -a?
i=1 7 v

(8)
under g; (W?) =0

Hence the Lagrange function is defined as follows

/ -

12 2 %
2 iflall W - W ooyt e D) 9
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The stationnary conditions of first order required thdt

_ dg. (W.*)
alx=-vl(wi—w.*-A)+ AN, ——1 =0
W, : S
1 1
n
_a_l_ -- 3z v W o -wEoa) =0 (10)
A i=1 i i
Y/ *
22 = g (W, =
o, g; (W.7) 0

In general the structure of the constraint g and the dimension of
the problem are such that an analytical solution of the equations is
not available. Consequently we have to use a gradient a Newton type
iterative algorithm. In a number of cases, partitioning the crite-
rion Z into sub-criteria leads to a solution that only involves a
few steps of simple computations : a multiple lower level calcula-
tion is used to solve the subcriteria and a single coordination le-
vel will force the common variables of the subcriteria to take the
same values.

4. APPLICATION TO A GRINDING-CLASSIFICATION PROCESS
The pilot plant of the "Laboratoire d'Automatique et de Recherche

Appliquée" at the "Centre de Recherches sur la Valorisation des
Minerais" of Nancy (France) is composed of

a ball mill (4) with its feed circuit (conveyor-belt, happer),

a sump (8) to collect the output pulp of the ball-mill,
- a pump which control the flowrate of the input hydrocyclone,

- an hydrocyclone to classify the ore particles.

Figure 5 describes these elements and their connexions. The position
of the sensors is indicated (electromagnetic flow-meters for water,
weight-gauge for ore, gamma-gauge for density).

Actually the points 5 and 11 are not equiped with sensors ; the mea-
surements at these points are obtained manually.

In the foregoing Q denotes a flow, d a density ; the subscript i
refers to the '"channel" i. All the defined variables obey the balan-
ce equations which are due to the conservation of the total mass and
of the total volume for each sub-system : ball-mill, sump and hydro-
cyclone.
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Figure 5 - Grinding-classification process

The true value Q?, ax i =1, 2, 5, 6, 9, 11, 12) satisfy the balan-

. i . .
ce equations expresséd in terms of volumetric flow-rate and mass
flow-rate. For each sub-system we have :

*
Q
. 1 x % * B
ball-mill f4 = ET_ + Q2 + Q11 Q5 =0
(1)
* % * % x % _
8, = Q) *Q *Q d" -0 4y =0
* % x _
sump fg=Q +Qp - Q =0
(12)
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hydrocyclone

€10

(In our case,
density and nee

eds

is a constant factor which represents
therefore not to be estimated).

~

(13)

the mineral

-~

In terms of maximum probability, the best estimator Q, d of the ac-

x
Q, d

tual magnitudes

are those which maximize the probability

density of the observed values Q, d subject to the mass balance

constraints.

BN SRR

i€l

I
J

with

{5, 9, 11,

under the system of constralnxs (11,
term of the estimated values Q d instead of the actual values Q,

The constraints (11, 12,

multipliers and
ﬂ:
L= {4, 8, 10}

12}

This problem reduces to :

Z(d-i Py:

je€J

{1, 2, 5,6, 9, 11, 12}

12,

1
1

(14)

13) which is written in

X

13) are attached to (14) by the Lagrange

® @, d,) + ji: A

1€ L

which define the new functional :

jz: k81

1€ L

The conditions of first order stationarity for [ are :

Por (@ - Q)

_.] -~

Py (@ = Q)

..1 -~

Pail Q= Q)
-1 -~

Pos (@5 - Q)
LI
d, 2 11 5
-1 -~

Papp @y —dy) *m

+ A4/d] + Fy

4}\4 +'u4

A, “‘4d Mo Tk
Ay THy ds”‘s kg ds
6 Q1 TR0 O

(15)

(16.1)
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_] -~ ~ -~ _

Pl (g - d) -k, QO *tmg Qg =0 (16.2)
Q +Q + Q) dy - Q5 dg =0

-1 -~ _

Pos (@ = Q) * Ag * g =0

-1~ -~ - )

Po (A9 = Q) = Ag ~mg dg + Mg +uyg dg =0 (17.1)
Q5 + Q6 - Qg = O

_] ~ ~ ~ _

Pag (dg = dg) — kg Qg + w4 Qg =0 7.2
Q dg + Qg — Q; dg =0
. R

qi2 Qg = Q) = Ao T Hp 4y =0

- . R (18.1)
Q = Q= Q =0

_l -~ ~ _

Parz iy —dyp) = kg Qpy =0
- . (18.2)
Q dg = @y 44y~ Qp dyy =0

In practice an analytical solution is not possible on account of the
strong linking between these 17 equations. Classical methods can be
used to solve them such as a gradient or a Newton algorithm, linea-
risation, or direct iteration. Typical input data and results obtai-
ned from a standard program are given in table 4.

Measurements Estimations
Stream Flow Density Flow Density

1 153 2.7 138.8 2.7
2 153 1 114.6 1

5 899 1.387 900.3 1.404
6 630 1 630.5 1

9 1538 1.317 1530.8 1.238
11 702 1.356 734 1.377
12 768 1.229 796 1.110

Table 4 - Measurements and estimations
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5. EXTENDED BALANCE EQUILIBRATION

In classical and previous studies the problem of data validation is
solved thraugh the least squares solution constrained by linear or
non linear balance equations. In practice the application of such
methods is not adapted to large-scalé and complex plants. This fea-
ture motivated Vaclavek [39] to attempt to reduce the size of the
least squares problem by classifying the process variables into mea-
sured and unmeasured variables. More recently, Ragot [25] and Hodouin
[16] pointed out the usefulness of decomposing the process in terms
of macroscopic and microscopic variables. In a later work Maquin

[21] emphasizes the advantage of a decentralized mass balance equi-
bration obtained through a typological analysis of the process net-
work.

In keeping with motivations listed above we will now survey

~ the decomposition of the process flowsheet by classifying the va-
riables into measured, unmeasured, overdetermined, just determined.

- the decomposition of the process flowsheet into quite unconnected
subprocesses by using a structural or a typological analysis.

- the decomposition of the process flowsSheet through the classifica-
tion of the variables into homogeneous sets.

5.1. The variables classification and the first decomposition

In the previous section we showed that the problem of data error re-
duction can be solved in the case of a completely observable process.
Generally but unfortunately the X vector of the variables must be
partitioned into

Xm the subvector of the measured variables

Xﬁ the subvector of the unmeasured variables

Some of the unmeasured variables X; can be deduced in a simple way
from the measured variables according to the mass balance equations.
In other words Xﬁ may be partitioned into

Xﬁd the subvector of unmeasured but determinable variables

X_E the subvector of unmeasured and indeterminable variables
m
Moreover some of the measured variables X can be "recomputed" from

. . m .
the balance equation and with the other measured variables. Thus Xm
may be partitionned as :

de the subvector of measured and overdetermined variables
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Xma the subvector of measured and just determined variables

Consequently this classification induce the following partitioning
of the process network R into

R i.e. the useful network which contains only nodes with
streams belongi X- - -
e ging to =1 de , de
RG i.e. the unuseful network which contains nodes with more
two streams belonging to Xﬁ&
An illustration of this classification is given by the flowsheet in
figure 6. It is easy to see that streams 4 and 8 can be deduced from
measured streams ; more completely we have the following subsets

Xm =1, 5, 9, 11

Xa =2, 3, 4, 5, 7, 8, 10
de =1, 3, 11

ch_i =5, 6

XI.I-ld =4, 8

XI_I_lc_l =2, 3,7, 10

Let us now define the general strategy to "automatically" obtained
the above classification. The vector X of the process variables is
partitioned into X and X-. Accordingly the incidence matrix M is
partitioned into M" and ME (obtained by permutation of the columns
of M). The balancemequations become

M X +M-X-=0 (19)
m “m m “m
If Mﬁ notes the regular part of Mﬁ we have the following decompo-
sition for M :
M YoM=Y M- \
1 1
M= (Mm MITI) = -Mgll-r-ﬁt}l-]-l- ﬁIEII_Z_ (20)
m2 | m2l , m22/
As Mﬁll is regular, an equivalent form for M is
V=L VI B Vv
mil " ml | { mll Tml2
M= \{==="="="- === moTTTTTTT (21)
l — —
MmZ : Mm21 : Mm22

and finaly, by partial elimination we get
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Nodes
l 1 2 3 4 5 6 7 8 9 10 11e«—Streams
1 1 -1 -1 0 0 0 0 0 0 0 0
2 0 1 0 0 1 0 0 0 0 -1 0
3 0 0 0 1 -1 -1 0 0 0 0 0
4 0 0 0 0 0 1 0 -1 -1 0 0
5 0 0 1 -1 0 0 1 1 0 0 0
6 0 0 0 0 0 0 -1 0 0 1 -1

Figure 6 — Flow diagram for a simple system with measured streams
(m) and its associated incidence matrix

-1

M=l i M M-

‘ 1
211 M : M Moo
M -1 : :
Mo " Mar MEn Mmoo @ 1 O
I

An examination of this canonical form for the incidence matrix M
gives the classification of the variables.

In order to clarify this classification problem, let us consider our
previous example (figure 6).

Step 1 : the vector X is classified as :
X=( 5 6 9 1M+ 2 3 4 7 8 10)

I

Step 2 : the matrix M is written accordingly -
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1 5 9 11 2 3 4 7 8 10 «—Streams
(1 o 0O o0}-1 -1 0 0 O 0
0 1 o o;1 o o0 o0 0 -l
0 -1 -1 0 010 0 1 0 0 0
M= 1
0 1 -1 010 0 0 0 -1 0
0 0 0 o'o 1 -1 1 1 0
0 0 -1 70 0 0 -1 0 1]
\_’ﬁ/’\__—/ M_
m m
Step 3 : A permutation of the columns of M- is used in order to
point out its regular part : "
1 9 11 3 4 7 8 10 2 «—Streams
[ 1 0 0'-1 0 0 0 0'-1]
0o 1 0 0.0 0 0 0 -1.1
1 [}
M= |0 -1 -1 0 0! o0 1 0 0 10
0 1 -1 0, 0 0 0 -1 7 0
0 0 01 1 -l 1 1 010
_________________ he o o o e ow e s mn e e o e o me e omm e o -
| 0 -1, 0 0 -1l 0 1, 0]
Step 4 Premultiplying the upper blocs of M by Mé}] gives
1 5 6 9 11 3 7 8 10 2 «——Streams
-t 0 0 ©0 0'1 0 ©0 ©0 0! 1]
0 -1 -1 0 0,0 1 0o o0 0 ;0
M=1l7 1 0o -1 olo0 0 1 0 0 i-
o o0 -1 1 0410 0 0 1 010
1 1
0 -1 0 0 0 to 0 0 0 1or-l
r 1
L0 0 0 o -1 'o 0 -1 0 1o

At this step in the computation, the nodes of the flowsheet associa-
‘téd to M are linear combinations of the nodes of the original flow-
sheet (due to the premultiplying matrix operation).
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Step 5 : Elimination of ummeasured variables in the lower blocs
of M makes explicit the canonical form of the incidence
matrix :

1 5 6 11 3 7 8 10 2 e—Streams
-1 0o o o o)1 o o o0 0 '1]
0o -1 -1 0 0,0 1 0 0 o0 'o0
1
1 -1 0 -1 0410 0O 1 0 0 1-I
i 1
0 -l 1 0 ! 0 0 ] ! 0
-1 0 0 0 : 0 0 0 1 :-l
T I
|1 0 0 -1 -1 10 0 0 0 o ! OJ

Examining the elements of M yields the following subsets of varia-
bles :

de =

Xod
Xod
Xa= A

]
—
-
O
-
—
_—
——

N R WU
o]
~——

, 3, 7, 10}

5.2. Partioning the network

For industrial chemical or metalurgical processes the application of
mass balance does not work satisfactorily on large-scale networks.
The plan therefore should be partitioned by setting up some criter~
tion to be optimized over the set of all partitions into subsets.

This problem is a classical one in the field of system analysis and
is connected with classification theory : one is given a collection
of objects (the nodes of the network) on which a number of varia-
bles (the flows) have been observed and one want to express the re-
lationships between objects in terms of a number of classes or sub-
sets into which the objects fall.

This relationship can be adjusted by a suitable choice of a simila-
rity or proximity measure for two objects ; an extended list is
given by Chandon and Pinson. In our case the Minkowski metric ap-
pears to be sucessful in describing the distance between two nodes
i and j of the network :

.. = ¥ w lo.-mn 1/ (23)
ij 7% " [ Pih T Min
where
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mij are the node coordinates

w  are weighting factors
A is the metric parameter (= 2 if euclidean distance is used)

As is well-known in clustering theory, the nodes or objects Q_ and
Q, are members of a cluster at level t if there exists a sequence

o? ohjects linking O  and 0, such that the dissimilarity between
each successive pair in the sequence is no greater than t. As t va-
ries, the clusters at level t form a hierarchy ; this result implies
that the clusters can be found by constructing the hierarchy either
divisively or agglomeratively.

In our application we only look at agglomerative algorithm. As a
first step we select the objects O_, 0. for min (d_,) ; in the se-
cond step, Oa’ 0, are replaced by & clister 0a and its dissimilari-
ty with all other objects is recomputed ; after reinitialization
these two steps are repeated until all the objects are linked into
one class.

It should be clear that we consider at each stage a current dissimi-
larity matrix between classes, and we amalgamate the pair of classes
with smallest dissimilarity ; a rule is needed for expressing the
dissimilarity between classes in term of the dissimilarity between
objects in the classes.

All rules have the following property : if 0a stands for the union
of O8 and OB, d (Oab’ OK) is a function only of d (Oa’ Ok), d (Ob, Ok)
and (Oa, b).

Numerous rules have been suggested ; the most commonly used are :

- single linkage dg, = min (dac,.dbc)
wa dac * wb dbd
- group average dfc = T (24)
a b
- minimum variance dfc = (wa + WC) dac + (Wb + Wc) dbd - Wc dab /
(wa + wb + wc)

A comparative study of those rules is given in Gordon (13).

For the plant given in figure 7 the dendogram shown (fig. 8) is
obtained sectionning the tree diagram where indicated by the dashed
line yield a partition into four groups.
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Fig. 8 - Dendogram of the circuit (Fig. 7)

Partionning the equations

Let us now consider the problem of measurement rectification for large
data base systems.

In the following the flowsheet of the process will be described by
means of a n x b incidence matrix M whose elements take the values
0, 1, -1 depending upon the existence and the direction of a stream
at a node, with b as the number of flow streams and n the number of
nodes.

The set of mass balance equations at each node are based on the total
volumetric flows and on the partial flows which take the demnsity, the
granulometric distribution and the chemical species into account.
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With X expanded as

U] : volumic flow-rate
U2 : density
U3. : granulometric distribution (percentage of particles belonging
1 -th -
to the 1 interval)
.th . . .th
Uaij : percentage of the j specie in the i

The balance constraints can now be expressed in matrix form :

M U] =

M U] * U2 =

(N =
M U1 b3 Uz * U3.
+U,.. =

M U1 % U2 * U3i 413

(25)

o O O O

where % is the Hadamard product of two vectors.

Mass-balance equilibration

The preceding balance equation can be aggregated into :

wheré II denotes the Hadamar product of a set of vectors. According
to (8) we are led to minimize the criterion :

R 2
m®=7k}=:1 "Uk—Uk"V

m
- k
Uy
under the constraint : (26)
L .
M (I Uk)=0;k=|,N
k=1
or equivalently :
N ~ 2 L A
. 1
min max £ == ¥ fu -vU +A, M (IO u) @7
-~ 2 k kg V = L
A =1 k L=1
Uy

A necessary condition for the function ﬂ to be minimum is that all
the first order derivative be zero.
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>4 " Nop ko oop
—=—=V: (U.-U,)+ ¥ M (] U;) A, =0 (28)
du, I I T k= LK

k] L=}
3/ i
—— =M [ U =0 (29)
oA =1

The above system is a large scale one which is furthermore non-
linear ; classical procedures can solved it but they become tedious
when the number of variables gets large. In order to reduce the com-
plexity of this problem we suggest a method based on the hierarchi-
cal calculus, that makes the following schema :

- decomposition of the objective function into a number of smaller
objective functions.

- optimization of the subfunctions as if they were independent.

- coordination of the partial optimizationms.

A first decomposition use a split of the variables into four subsets,
each of them corresponding to the physical variables : flow-rate
(U]), density (U2), granulometric distribution (UBi)’ assay (U4ij)'
Thus, for the subscript j, in equations (28) and (29), considering

all the variables U. known except those corresponding to i = j,
yields the solution™:

N k
~ -1 ~r
U, =U, -V, X ﬁ”(gl UD A,

I k=j+1 1
=]
and (30)
i-1 =«
R. =M II U
] * L=1 L
T, -1 -
. = (R. R: R. U.
)\J ( ] J) ]
and (31
- T T,.-1 -
U. = (I - R. (R. R, R.) U.
] ( ] ( J J) J) ]

The whole solution can be rewritten as :

i=1, ... N

i=1, ... N ; i=] 32)

Uu. = F. (U.
J J ¢ 1)
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or equivalently :
U =F (U) (33)

Although the objective function may be separated into four non-inte-
racting functions, one for each subsystem, interaction will occur
because of the interaction variables U which affect the subsystems.
This coordination can be simply achieved with the help of the rela-
xation principle which essentially makes use of a Jacobi or of a
Gauss-Seidel formulation.

Parallel resolution (Jacobi)

The whole recurrence Um+1 =F (Um) (34)
is used to solve all the subproblems for the iteration of ¥ank m+l.

Sequential resolution (Gauss-Seidel)

Let us define the two associated series

s = 0,1, ... m ...
0 1 m (35)
S = S 3 S 3 s4e S 5 4.
where the elements of S are choosen in the set :
I = 1,2, . i, ... D
The recurrence :
v ™o r @™ £ =s"
- i+1 ‘Jm m (36)
U . =T If j s
j i i#
with like a '"chaotique" resolution of all the subproblems.
The case : s"=1+m (modulo N) (37)

is known as the Gauss-Seidel algorithm.

A computer aided design system dedicated to the data validation
problem

The general problem of material requirement is known in different
fields under names such as material balances, mass balancing, input-
output analysis, flowheet analysis, observability ofiprocess. A mo-
dular approach is particulary attractive for complex and large scale
process where it is useful to evaluate numerous alternatives ; such
approach identifies types of calculations which can be written as



Data base Data base Data base
. Data base . 4.
typological measurement weighing

measurements

flow-sheet positions factors

Classification of the data :
m, m, d, d
First decompositiona of the
flow-sheet Ru’ RG

Structural analysis of the
useful network R
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flow-sheet R = U R .

u ; ui

Classification of the mass
balance constraints
Third decomposition of
the flow-sheet

Mass balance equilibration
Data validation
Data deduction

Sensibility analysis
Errors analysis
Variance analysis

Modification of the

data bases

Figure 9 - A CAD system
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subroutines in a computer program. As previously mentionned figure 1
summarizes the different computational steps of control process. Data
validation is obviously necessary to achieve the final purpose of
control ; data validation can also be looked on as a logical sequence
of computations as illustrated in figure 9.
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CONCENTRATING PLANT DESIGN - CAPITAL AND OPERATING COSTS

Corneille S. EK

Professor of Metallurgy, University of Liege, Belgium

ABSTRACT

Present design of concentrating plants is briefly dealt with,
emphasizing the different factors which seem to be most important
in these days of high labour costs and reduced availability of
low-cost energy. Such items as autogenous and semi-autogenous
grinding, two-stage classification, large flotation cells, pres-—
sure filtration, etc., are particularly discussed. Recent examples
of small lead-zinc selective flotation plants, as well as big
porphyry copper mills are described.

Methods for capital cost evaluation are surveyed according to
generally accepted procedures; relationship with flowsheeting and
mill design and their constant interrelations are specially
pointed out.

Distribution of operating costs is indicated on the basis of
processes and elements, and a few examples are fully detailed.

Reference is made to the scarce published papers which inclu-
de the different above-mentioned topics.

1. CONCENTRATING PLANT DESIGN

It is not intended here to reproduce, or even summarize the
large and comprehensive works recently published in excellent
books [1,2], nor to simply update former contributions authored
by distinguished professionals [3, 4, 5], but to briefly present
thoughts on the .current conceptions on plant design.
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1.1. Mill Design

Mill design is one of the numerous steps that originate from
successful geological explorations and are ending with an opera-
ting concentrating plant.

When the decision has come to that an orebody has to be mi-
ned and the ore processed, numerous studies have so far been
carried out concerning ore reserves, mining methods, daily tonna-
ge mined and/or processed, treatment schemes, financing, etc.
Bench tests and possibly pilot—plant work have given informations
for primary selection of a flowsheet which has to provide data on
materials flows and processing characteristics like size distri-
bution, pulp dilution, solid density, recycling points, etc. All
this material is then passed on to the design office, where it
will be committed to a project leader.

At this stage, it cannot be overemphasized that in the office
entrusted with design work, being either part of the operating
company, either an independent contractor, it is most successful
to put together in the design team a process engineer with the
project leader : this fact, well recognized by the chemical indus-
try, is too often disregarded in the mineral industry. Furthermore,
each project leader should be supplemented by an assistant project
engineer permanently able to act as deputy in case of vacancy.

It must also be stressed that there are very close connec-
tions between process flowsheet, plant design and capital cost
estimates : generally, one of these stages cannot be claimed to
be definitively assessed until all three are settled together.
This is one of the reasons why process engineer and project leader
are to be partners on the job and share responsability for work
completion.

Once again, it is here pointed out that mill design and capi-
tal cost estimates are advanced at same pace and that accuracy
range for both features varies depending on amount of expenses
and engineering time assigned to the project at a specified stage,
as will be discussed in details later on.

1.2, Mill Layout

In any case, concentrating plant design is an idle task, and
the statement that '"mo one ore has its like' can be translated
into "no one mill has its like". This is particularly true as mill
site is concerned, and this explains why mill layout should be
considered as soon as possible in design planning.
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Factors governing the selection of mill site are numerous and
possibly include the following : location of mining area, schedule
of mining operations, location of overburden and waste disposal
areas, available municipal services (power, fuel, communication
networks, rail, road, water and air transportation) and labour
resources.

Geographic data comprise detailed values on general topography,
hydrology and water resources, soil mechanics, meteorology (tempe-
ratures, rainfall, snowfall, mist) : careful mapping of the future
site should be carried out.

When choice has been made of the ground where the mill is to
be built, several options must be considered on a number of
salient features :

- will a sloping terrain be used as such, or will it be levelled
up or down : on one hand, advantage is taken of gravity flow for
part of materials handling, but recycling will probably result
in larger pumps and conveyor installations (it is however advi-
sable to have recycle loops on the same floor); on the other
hand, more power and space will be consumed for belt conveyors,
but high buildings with strong foundations are avoided;

- which consideration will be given to local or regional building
materials, taking into account town-planning rules and environ-
mental regulations ?

- which part of the mill can be built in open air, or protected
only by a roof, with open sides ?

- does the owner anticipate increasing concentrator capacity in
the future ?

- does the owner favour a straight line or radial, more compact
mill layout, in relation with previous item ?

In general, various alternatives are considered and proposed
to the owner at an early design stage; when possible, a small-
scale model is constructed to better visualize future mill appea-
rance and find the correct position for the various equipment
parts.

1.3. Design Features

General process data are described in Table 1. The different
numerical values are bearing design factors :

- engineering factor, which is a security factor for process
values, applied in the following order : weight output - volu—
metric flow - rounded flow;



Table 1. General Process Data

Primary crushing

Coarse ore

Fine crushing

Fine ore

Concentrator

Thickening

Filtering

Tailings disposal

Control criteria

daily feed rate
feed and product size
operating hours per day

total and live storage
daily feed rate
feed and product size

operating hours per day

total and live storage

: daily feed rate

grinding feed and product size

work index

classification method

rougher pulp dilution and flotation time

scavenger feed rate, pulp dilution and
flotation time

regrinding product size

cleaner and recleaner circuits feed rate

pulp dilution and flotation time

feed rate
feed and underflow pulp dilution
specific area (m2/t/d)

feed rate

feed pulp dilution

cake moisture (% H90)
specific loading (kg/mz/d)

daily tonnage
pulp dilution
piping length and pulp flow (m/s)

position and capacity of control room
equipment actuation and instrumentation
computer optimization
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- sizing factor, which is a security factor for equipment sizing,
variable according to equipment type.

In this connection, the project leader has to select the
available working hours and the utilization factor for the whole
mill; furthermore, he has to estimate the working rate for each
equipment part (for instance, 75-78 % for primary crushing, 7 1/4-
7 1/2 hours/8 hours for secondary crushing), taking possibly into
account the type of material treated (i.e., for screening,

90-92 7 efficiency for pebbly ores and lower figures for earthy
ones).

It is well recognized now that large size equipment is more
economical that small size one, advantageously reducing the num—
ber of individual pieces and consequently the building size; the
statement that such a choice can result in the complete shut-down
of the plant in case of failure seems to be statistically erro-
neous.

Large spacing between the equipment pieces increases the
length of the various communication networks (conveyor belts,
power and water lines, slurry pipes, etc.) and the building size,
but operation supervision and maintenance are rendered much easier.

Great care must be dedicated to smoothing and shortening the
movement of materials : one can here remember that a mill trea-
ting 90 000 t/d of a copper porphyry ore, is moving through the
flotation plant, at a solid density of 3 and a pulp dilution of
30 %2, 2,78 m 3/s, i.e. a flow of 13,7 m/s in a 20" diameter pipe.

Another possibility that cannot be neglected is the plant
building according to the modular type, which takes advantage of
simplicity, easier transportation in rough conditions, lower
construction cost and possible ability for removing from one
place and rebuilding in another one.

Experts also consider that a successful design work requires

the services of an engineering firm specializing in the field,
or, at least, of a well-informed consultant.

1.4. Crushing, Grinding and Classification

In recent years, the design of crushing and grinding
sections of concentrating plants has recorded the most signi-
ficant changes.

Today, mine and mill planning teams have to decide whether
or not primary crushing should be installed in surface plant, or
in pit, or underground; whether or not autogenous or semi-
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autogenous grinding will be tested against more classical rod
mill - ball mill system; whether or not two — stage classifica-
tion presents advantages against one-stage hydrocycloning or
classifying.

Many underground mines have decided in favour of underground
primary crusher, generally of the jaw type, due to the better
filling rate of the skips.

In-pit primary crushers set on movable platforms are gaining
more and more favour, as they permit to reduce the length of truck
haulage from the shovels and the number of trucks in operation;
ore transport from the pit to the mill is by belt conveyors.

When planning a new mine — mill complex operation, like in porphyry
copper orebodies, it is today necessary to examine and compare
many developments like in-pit crushing and conveying, skip hois-
ting, diesel trucking and trolley-assist trucking.

General use of autogenous milling is still questionned at
the present time and there appears to be no evidence of its
ability to fulfill the primary objectives set forth : ore milled
when tumbling on itself and comminuted along grain boundaries with
a high degree of liberation and a minimum energy consumption. It
seems also that small scale tests, according among others to the
Bond's Third Theory, do not give results sufficiently reliable
to dimension industrial units and that tests must be carried out
in pilot equipment.

Some project engineers claim that autogenous grinding is not
recommended for capacities lower than 10 000 t/d, or for complex
Pb-Zn sulfide ores, that its automatic control is difficult and
that a comprehensive geological and mineralogical study of the
deposit must be performed beforehand. However, one can see in
Swedish plants, for instance, autogenous mills used in many
occurences, and for different ore types, with a high degree of
automation : people in charge of those mills are generally most
satisfied.

High circulating loads are sources of many discussions; they
can show some advantages, but there appears to be trends towards
reduced circulating loads resulting from better classification,
such as provided by two-stage systems (i.e., hydrocyclone -
cone classifier or spiral classifier - hydrocyclone, or hydro-
cyclones in series).
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1.5. Flotation

Flotation progress has kept pace with increasing complexity
and decreasing values content of most of the ores treated today.
Except for marketing of new reagents with better properties and
constant improvement of the modeling of plant configuration, it
must be stressed that cell design and cell size have shown
tremendous changes since a few years.

Large flotation cells are now standard in many plants,
whatever their production capacity, and 60 m3 cells are used on
a trial basis in Finland. At present, it is claimed that for
big mine-mill operations, like some of the low-grade porphyry cop—
pers, large flotation cells are indisputably the best choice, for
many proposed advantages have been checked, confirmed and illus-
trated. What is still in dispute is the minimum number of cells
to be set in a row in order to meet the requirements of accepta-
ble pulp flow, residence time distribution and metallurgical
flexibility. When floating complex sulfide ores in medium-size
or small plants, it seems that avoiding short-circuits in a bank
results in the use of smaller cells : this explains why present
practice refers mainly to copper roughing-scavenging circuits,
although companies like Outokumpu in Finland use big cells in
lead-zinc circuits. The large mechanical cells are however
challenged by some pneumatic systems like Flotaire, Davcra,
Maxwell or Column flotation cells; their use is not very wides-
pread, but satisfactory results are reported by different opera-
tors.

Furthermore, design engineers must anticipate the development,
in a not too far future, of new types of flotation cells based
on a better knowledge of hydrodynamics, microturbulent patterns
and operation kinetics, resulting in a reduced energy consumption
with equal or better metallurgy.

Cell size and cell number determination is founded on labo-
ratory data, and the present selection of scale-up factors is
sometimes based on guess more than rigorous theory, or even
reliable practice. For instance, scale-up of flotation time is
not an easy task and it requires a good knowledge of ore type
response and cell design criteria to correctly decide upon cell
number and circuit outline : in that respect, the sparkling
achievements of flotation circuit modeling are noteworthy, as it
will be dealt with in another chapter of this book.

Although the many aspects of the work performed by the flo-
tation process cannot be covered at any length in this chapter,
one can however emphasize some particular points :
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- simplicity and flexibility are often opposite requirements, but
this must be the goal set for the flotation plant by the design
engineer; simplicity of the circuit permits better control of
all the cell functions and easier management of the process, but
flexibility is needed to cope with varying feed grades and ton-
nages, changing floatability characteristics, possible break-
downs, etc.; these are the reasons why roughing-scavenging
sections are generally considered as a whole, without any recy-
cling, and why many designers prefer to set 2 parallel circuits
in that flotation step;

— optimization of flotation metallurgical results depends on the
strict and adaptable control of all the cell functions; it is
now recommended to separate the pumping and the aeration duties
of the cell impeller from its.truly flotative work :.this
explains why most of the new cell types are supercharged, allo-
wing for a much more precise adjustement of air flow;

- in spite of the development of automatic control of the flota-
tion process, this still requires the supervision of a trained
operator; inspection and maintenance are easier when the flota-
tion cells are installed at an adequate height above ground,
with the pumps sited at a lower level;

- flotation plant lay-out has to provide for a possible expansion,
as this fact has been observed so many times in so many ore
treatments;

- for ores of all types, the trend is to decreasing values content
and increased intergrowth; grinding is getting finer and finer,
resulting in a decrease of preconcentration methods suitability
(ore sorting, heavy-media separation, jigging, etc.); however,
flotation itself can be used as a preconcentration method,
applied in the grinding circuit (ball-mill or even rod-mill
discharge) to scalp out the liberated values, as coarse as
possible, before their sliming in circulating loads; unit cells
have been designed to accomodate for coarser feed without too
much sanding;

- big flotation cells are preferably installed step-wise, to
make use of gravity influence for very large pulp flows.

1.6. Flotation Products Handling

Products of the flotation process are one or several concen-
trates and tailings.

Generally, the concentrates are dewatered in classical thi-
ckeners, then on filters of different types, and, possibly, in
dryers when metallurgical process or transportation requirements
demand a low moisture content.
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At the present time, use of lamella thickeners for concen-
trates is uncommun (what is probably due to their very limited
surge capacity), and progress in this field is mainly related to
the development of new flocculants.

As far as filtering is concerned, the usual drum or disk
vacuum rotary filters are challenged by new models of belt fil-
ters and, chiefly, of automatic chamber or pressure filters. In
some cases, the latter type is able to cut down the moisture
content to a figure low enough to discontinue drying, which is
a high cost operation at today's fuel prices. The use of this
type of filters has even been considered for tailings.

Tailings disposal is quite a matter : in some mining opera-
tions, tailings are likely to represent 90 to 95 % of the ore feed,
i.e. up to 80 000 or 100 000 t/d. Choice of the site, construction
of the dam, possible hydrocycloning, seapage troubles, water
recycle, land-slide dangers, gravity flow or pumping are but a few
criteria that are to be evaluated with utmost care during concen-—
trating plant design : example of molybdenum Henderson mine and
mill is at the best illustrative in that respect.

1.7. Energy Consumption

Energy usage in mineral processing was recently the subject
of specific papers [6]1[7]. In a specific case (1 % Cu sulfide ore
processed by flotation), it has been calculated that comminution
and water supply can represent 60-70 7 of the total energy cost,
with around 50 7 for grinding alone : this fact explains why so
many attempts are made in order to improve the grinding - clas-
sification circuits.

However, it must be pointed out that, per ton of refined
metal, energy consumption is possibly higher in beneficiation
stages than in smelting and refining. Due to the present low
prices of metals, leading to search for savings in all the process
stages, it is mandatory to consider the whole flowsheet, from mine
to refinery and adapt technology to the better economic balances.

1.8. Environmental Problems

Environmental considerations are to be dealt with at a very
early stage of the plant design. In many cases, tailings dispo-
sal is the main constraint, as described hereabove, and in the
future, effluent quality will probably be checked with permanent
instrumentation, in order to monitor the chemical and/or biologi-
cal treatment of disposed water.
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However, ecological protection is possibly realized at its
best when any effluent (solid, liquid or gas) can be recycled
(solids as backfill in an underground mine, pond overflow as
process water, etc.).

Drying of concentrates and losses during transportation can
also represent pollution sources, which require consideration in
due time.

1.9. Porphyry Copper Ores

Porphyry copper ores originate from huge orebodies. with very
low grades; the economics of ore fruition require the mining and
the processing of very large daily amounts of ore and waste.

Fine dissemination of sulfides and/or intergrowth of copper
sulphides with pyrite result in the fine grinding and the flota-
tion of the bulk of the ore : recent examples of such concentra-
ting plants are described in specialized books and periodicals

[81l91l101[11].

One can here observe trends towards increasing use of semi-
autogenous or autogenous grinding (Aitik, Palabora, Bougainville,
Lornex, Similkameen, Pima, Bagdad, etc.), resulting in the cons-
truction of very big shells powered by one or two electric motors.
Increased diameter and lighter grinding medium could be the cause
of higher energy consumptions.

Good metallurgical performance of large flotation cells,
combined with lower floor surface, lower specific energy consump-
tion and easier process control, is leading to their necessary
setting up in these concentrators.

1.10. Lead - Zinc Ores

As early as 1953, a very useful and detailed paper [12] has
been published by Wright on the design and construction of small
lead-zinc concentrators in British Columbia; although limited in
time and geographic area, this paper covered the whole field of
plant design and capital cost, and contained a wealth of informa-
tion. To the best of my knowledge, it has never been supplemented
afterwards.

In recent years, it appears that a few changes have been
introduced in the processing of lead-zinc ores :
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- in many concentrators, autogenous or semi-autogenous grinding
has found favour, mainly in Europe (Saint-Salvy in France,
scandinavian and finnish mills);

- development of big and rich orebodies in remote areas, like
Northern Canada, has led to original solutions, like the Polaris
barge [13].

2. CAPITAL COST
2.1. General

It is now possible to find adequate references for capital
cost estimation : some of these are very general, coping with the
whole mine-mill operation [141[15]1[16] some are restricted to
mineral beneficiation [17], and one is specific of flotation
plants [18] : in the latter paper, 3 examples are worked out in
details.

It seems that progress in this field has derived from a
"chemical engineering" approach, based on the "unit operations"
concept and from a better file-keeping and file-release in many
engineering companies.

However, as already pointed out, the concentrating plants are
all different, and design engineering and capital cost estimation
require more time with more people than in the chemical industry.
Nevertheless, one can also find in mineral process engineering the
three common steps : pre—feasibility, feasibility, construction.

2.2. Prefeasibility Engineering

At this stage, which is intended to provide the means of
accepting or rejecting a project, i.e. deciding in fact to put
more money in an enlarged project, design and capital cost esti-
mations are limited to a gross value that can be derived, accor-
ding to the size of the project and the complexity of the flow-
sheet, by 2 or 3 persons working 2 to 4 weeks.

The prefeasibility project comprises :

1. project definition with indication of battery limits

2. selection of data used to prepare the plant design

3. flowsheet description with equipment listing

4. mass balances for the different principal equipment units

5. dimensioning table giving the unit flows corrected by the
suitable factors
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6. calculation of values permitting preliminary equipment specifi-
cations with water and electricity consumptions

7. listing of major equipment units.

At this stage, accuracy of + 30 Z is obtained by -analogy with
existing plants, but it is generally preferred to subdivide the
plant into different sections (crushing, grinding, flotation,
etc.) and to apply judgment as to corrections to be applied when
process or tonnages are different.

It is very common to use the "six-tenths rule'", which is
written

capacity P, f
capacity Pl)

cost P, = cost P, (
where f is a factor usually taken as 0,6 in chemical engineering,
and maybe nearer to 0,7 in mineral processing. This factor f is a
gross value, adequate for a whole mill, but it can be varied ac-
cording to the selected section of the plant and to the practical
experience of the project leader.

When such a project is prepared by an engineering company,
it is highly possible that they draw from their knowledge of many
cases to provide a quicker and safer response.

It is obvious that cost Py is valid in the same year as cost
Py, generally in the past. In order to estimate the cost now,
cost P, is multiplied by one of the published cost indexes, like
Engineering News Record construction index, Chemical Engineering
plant construction cost index, or Marshall and Swift cost index,
the latter one having several values according to the type of
industry : best choice could be M-S mine/mill cost index. The
accuracy of cost indexing is about 10 7 over a time lapse of
5 years, and it decreases after that.

2.3. Feasibility Engineering

When a general agreement has been reached on fundamentals, a fea-
sibility study can be ordered in view of arriving to a decision
of constructing the plant, or not.

Here, the proposed process data are surveyed in details,
process equipments are speficied and selected, and general lay-
out of the different sections can be drawn. At this moment, accu-
racy reaches + 10 to 15 Z.
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The feasibility project comprises :
1. same as in 2.2
2. same as in 2.2

3. same as in 2.2, with further listing of comnecting lines and
instrumentation

4. same as in 2.2
same as in 2.2

6. calculation of values permitting complete and definitive
equipment specifications, water and energy consumptions

7. determination of the water circuit lines

8. 1listing of the principal electric motors in order to calcula-
te energy consumption

9. 1listing of equipment specifications

10. drawing of general plans, with level selection.

The work involved at this stage requires from 4 persons
during 2 months up to 10-12 persons during one year.

Capital cost estimates are prepared by summing up the dif-
ferent items of delivered process equipment (delivered price is
generally taken as 1,03 x factory cost), and multiplying this
sum by a plant cost ratio that has the following values :

solid process plant : 3,1
solid-fluid process plant : 3,6
fluid process plant : 4,7

Another method is the plant component cost ratio method [17],
where delivered equipment costs (taken from references or facto-
ry consultations) are the base of a factored summation to inclu-
de major cost additions like equipment installation, piping,
electrical, instrumentation, buildings, plant services, site
improvements, field expenses and project management. The total
cost obtained represents the fixed capital cost, and it is neces-
sary to add a supplement (10 to 20 %) for the working capital
cost, covering materials inventory, accounts receivable and
available cash.

2.4. Construction Engineering

When plant construction has been settled, all the items
included in the feasibility engineering project are revised,
and flowsheet is fully dimensioned.



At this moment, engineering company and client have to
finally freeze flowsheet and design, in order to avoid further

delays and postponements.

The project now includes :

detailed study of the process

- specification and selection of all the equipments

- detailed construction drawings
- construction planning
- start-up procedure.

2.5. Project Reports

263

At the end of each stage of the project, the project leader

must prepare for the client a progress report which generally

includes the following items :

1. Summary and conclusions

2. Position of the project in the company's development
p p

3. Scope of the project

4. Cost estimation : fundamentals

repartition by sections
estimated accuracy

5. Planning

6. Economic aspects.

2.6. Examples

In U.S. #/t/d, 1980, capital costs of concentrating plants

are probably comprised in the following range :

t/d
10 000
20 000
50 000
80 000

#/t/d

2 000 - 6 500
2 000 - 5 000
2 000 - 3 500
2 000 - 3 000

From 1973 values, it has been calculated that capital costs

varied as follows :

103 t/d

20
50
70

M ﬂ, 1980

80 - 85
130 - 140
190 - 210
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3. OPERATING COSTS

3.1. Introduction

Operating costs for beneficiation plants can be found in many
papers dispersed in a number of periodicals, but they are not
collected in a systematic way. However, published values give a
rather good picture of the past and present state, and detailed
methods of calculation are described in a very good manner [14][15]
[191[20].

3.2. Operating Cost Distribution

Operating costs are generally distributed in direct costs
and indirect costs; the latter costs include mainly all the items
which are not directly related to in-plant operation, i.e. super-
vision, clerical, engineering, assaying, research and development,
purchasing and selling, safety and security, all the supplies for
the above-mentioned items, various communication expenses (tele-
phone, postage, telex, etc.) specialized services (accounting,
computing, etc.), and other administration operations.

Direct operating costs can be distributed according to pro-
cesses or to elements, as indicated hereunder :

Cost distribution by processes Cost distribution by elements

Crushing Labor
Grinding and classification Power
Flotation Supplies
Thickening and filtration Steel
Concentrate handling Shops
Tailing disposal Reagents
Water supply Others
Maintenance

Assaying

Supervision

Others

In some summary forms, operating costs are divided as
follows :

- Direct Milling Costs
. operation (cost distribution by elements)
. maintenance (cost distribution by elements)
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- Indirect Milling Costs

Total amounts and amount per processed ton are indicated for
the current month and for the year to date.

However, for a mill superintendent, it may be clearer to
distribute the costs by processes, for operation and for mainte-

nance, in order to get a better knowledge of the evolution of
the concentration cost price.

3.3. Examples

In U.S. #/t, 1980 value, direct concentrating cost could vary
as follows, according to mean general figures :

Concentrating capacity, 103t/d Concentrating cost, #/t

20 2,00
40 1,50
70 1,25

As related in the Canadian Mining Manual, one can find the
following values, in U.S. #/t, 1983 :

t/d 743

Copper mills 1350 - 19500 2,29 - 5,42
Copper-zinc and zinc mills 1440 - 6530 3,27 - 5,58
Copper-lead-zinc mills 900 - 9000 5,73 -- 10,05

For copper porphyries, treating 20 000 to 50 000 t/d, it can
be estimated that operating costs are distributed as follows :

#t, 1980
Crushing 30 - 65
Grinding and classification 50 - 80
Flotation 15 - 30
Others 12 - 77

Total 150 - 270
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ABSTRACT

A technique for simulating a continuous flotation circuit from
batch test data is described and demonstrated. Because the
simulation is based on a kinetic analysis of the batch data, a
method for accurately collecting rate data from a batch test is
also described; and based on the kinetic results, it is shown that
an optimum time can be specified for a flotation stage. Sequential
application of this procedure to the successive stages of a
circuit lead to an optimized flowsheet.

An empirical demonstration of these techniques on a prospect
sample is included. A three stage counter current flowsheet was
optimized, continuous circuit results were simulated, and finally
an experimental locked cycle test was executed to demonstrate the
agreement between simulated and experimental results.
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INTRODUCTION

Simulation of various aspects of mineral processing
operations has been practiced in one form or another for many
years. Primarily, the emphasis has been on empirically based
experimental methods; for instance, batch locked cycle tests, that
culminate in pilot plant testing. From the observatiomns of the
difficulty encountered in commissioning new plants it might be
concluded that these methods could be improved. The increased
emphasis on mathematical simulation techniques and particularly
the ready availability of high capacity computers has enhanced
interest in this general area of mineral processing.

Grinding and classification have received the far greatest
attention; perhaps because that phase of a mineral separation
operation consumes much of the total emergy used in a plant and
correspondingly is the most expensive portion; perhaps because it
is so vital that the desired liberation be achieved effectively
without unnecessary size reduction of liberated particles so that
the subsequent separation process can be practiced most
efficiently; or perhaps it is because the topic was accessible to
laboratory scale investigation without regard to chemical
conditions that so affect other surface sensitive aspects of
mineral processing operationms. For whatever reason, the
technology has been extensively developed and the population
balance modelling of grinding and classification has reached the
industrial application stage. Some noteworthy applications were
in the evaluation of grinding aids [1] and in characterizing the
performance of a centrifugal mill [2].

Other aspects of mineral processing have not received the
same intensive research attention accorded to grinding. Of these,
flotation 1is one of the most predominant and except for the work

of King [3,4] and Lynch et al [5] not much is readily available in
the literature.

The application of simulation procedures for separation
processes such as flotation is evident when the use of batch test
data is examined. Every year thousands of batch flotation tests
are executed, ostensibly to evaluate samples from prospects. To
be truly useful it 1is essential that these prospect evaluation
tests yield accurate estimates of the concentrate grade and
mineral recovery that would be obtained in a continuous plant
operation. Obviously, some technological scheme such as
simulation is required to transform the results of batch tests
into the corresponding results for a continuous circuit [6]. If
the Dbasic grade-recovery data can be generated, the next
requirement is a complete mass flow balance for a circuit which
can be used to size the equipment to carry out the separation.
Again a simulation procedure using the batch data will satisfy
this need.



270

Fortunately, the procedure applicable to prospect samples
will be equally applicable to the treatment of intermediate
streams in an operating plant. With an effective simulation
procedure batch testing could be used to examine process
alternatives and pilot plant testing could be appropriately used
to confirm the results predicted rather than to conduct
investigations as 1is often the case now. In what follows a
procedure will be described which meets these needs and some
applications of the procedure will be discussed.

Once a simulation scheme is available the need for an
optimization procedure becomes apparent. The accurate translation
of batch test results to continuous circuit results is the first
step; the next step is to generate an optimized circuit design
[7]. The basic premise for the optimization is that flotation is
a kinetic process which can be described by appropriate
mathematical expressions. While several criteria may be used to
define the optimum separation in a stage, the one preferred states
that at the optimum time the flotation rates of the valuable
component and the gangue are equal. For a simple two component
system this is equivalent to terminating flotation when the
incremental concentrate grade decreases to the feed grade. Another
statement of this is to add nothing to the concentrate that is
lower in grade than the feed to the separator. Simultaneous
application of these two procedures, simulation of continuous
results and stage optimization, provides a means for efficiently
generating an optimized circuit design from batch test data.

METHODOLOGY
Simulation

A continuous circuit can be simulated from batch test results
by assigning “split factors" to each of the components in a
separation stage [6]. The split factor, which is illustrated in
Figure 1, has been defined as the distribution of the component in
the non-float portion. It was assumed that the split factors are
functions of flotation chemistry, mechanical conditions and
flotation time. Thus, by f£fixing the chemical and mechanical
conditions and the time, split factors for a given separation
stage will be fixed. It must be emphasized that the split factors
are based on the feed to the individual separation stage, not the
feed to the circuit.

Besides the other assumptions it is apparent that the
assumption must also be made that the behavior of minerals in a
separation stage must be independent of the solids composition of
the pulp. This is a sort of Dalton's Law, applied to flotation.
The independent behavior of each size fraction was demonstrated
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FIGURE 1 - Illustration of the definition of split factors

for ilmenite flotation where, from split factors of the various

size fractions, the flotation of a variety of different size
distributions could be predicted [8].

CONCENTRATE

TAILING

FIGURE 2 - Flowsheet of a three stage countercurrent separation
circuit
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The mass balance for a three stage counter current circuit
that is illustrated in Figure 2 can be simulated with the split
factors as defined by the following set of algebraic equatiomns.
Any other circuit can be simulated similarly with an appropriate
set of algebraic equations.

[3]
[4]
[5]
[7]
[2]
(8]
[6]
[9]

[1] / (1 - ((1-SF1)(SF2) / (1 - (1-SF2)(SF3))))
[3] (SF1)

[3] (1-SF1)

[3] (1-SF1) / (1 - (1-SF2)(SF3))

[3] (1-SF1)(SF2) / (1-(1-SF2)(SF3))

[3] (1-SF1)(1-SF2) / (1-(1-SF2)(SF3))

[3] (1-SF1)(1-SF2)(SF3) / (1-(1-SF2)(SF3))

[3] (1-SF1)(1-SF2)(1-SF3) / (1-(1-SF2)(SF3))

From the mass flow of each of the components and the feed
assay, the assays of each stream can be calculated. Although this
procedure is straightforward and produces an exact solution for
the circuit, the calculations become tedious when several size
fractions are considered. For this reason a computerized version
of this calculation was prepared and, to provide flexibility in
examining a variety of flowsheets, an iterative procedure was used
to determine the distributions rather than the set of algebraic
equations. An example of the input data for the simulation of the
circuit in Figure 2 is shown in Table 1 and the output is shown in
Table 2. While it may at first glance appear to be a limitation
to apply a given set of split factors to the entire feed to a
separation stage because the feed consists of a mixture of fresh
feed and recycle material, this has been shown to have minor
impact [6]. The effect of the recycle stream was examined by
subjecting the recycle stream to a separation under conditions as
close as possible to those used on the fresh feed stream. A set
of split factors for the recycle stream were designated "secondary
split factors" and were shown to be similar in magnitude to the
primary split factors, and because of the small mass fraction of
material in the recycle stream there was very little impact on the
final result. Since small recycle streams are preferred in a
continuous operation it is unlikely that secondary split factors
will be required. It was also shown that a change of as little as
104 in the split factors could cause as much as a 75% change in
the simulated assays of the minor components. Thus, it would
appear that the agreement between the simulated and experimental
results observed in these cases was not fortuitous.

This simulation scheme has proven to be a valuable tool in
flowsheet design when it is used interactively with the batch test
program. Following batch tests a variety of circuits may be
simulated. If the desired results are not achieved then
adjustments may be made to the flotation chemistry or 1if
mineralogical examination justifies it, a regrind stage may be
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TABLE 1 - Computer input for a typical three stage counter current
flotation separation flowsheet

UITKOMST U74-2
BATCH TEST 4156 LCT 12 (4149)
OCKED

1 3 9 5
CUNIFE
CU FEED ASSAY
171 17

.1700000
NI FEED ASSAY
410000026

FE_FEED ASSAY
11.8800001
2 1 2 3
1 1 3 4 5
2 2 5 6 7
2 1 7 2 8
1 8 6 9
WSF1
796599984
WSF2
608799994
354300022

USF1
.782999992E-01
SF2
.699999928E-01
SF3
.513000004€-01

ISF1
.131299973
SF2
136900008

NISF3
296999991

E!

615700006

ESF2
292999983
SF3
.214999974

TABLE 2 - Computer output of the locked cycle simulation of a
three stage counter current flotation separation

UITKOMST U74-2
BATCH TEST 4156 LCT 12 (4149)

STREAM CALCULATED ASSAY CALCULATED RECOVERY
NUMBER Cu NI FE WEIGHT cu NI FE
1 0.17 0.41 11.88 100.0 100.0 100.0 100.0
2 0.07 0.46 10.83 16.8 7.3 19.0 15.3
3 0.16 0.42 11.73 116.8 107.3 119.0 115.3
4 0.02 0.07 9.07 93.0 8.4 15.6 71.0
5 0.71 1.78 22.16 23.8 98.9 103.4 44.3
6 0.22 3.82  24.69 3.8 5.0 35.6 7.9
7 0.64 2.07  22.51 27.6 103.8 139.0 52.2
8 1.52 4.56 40.68 10.8 96.6 120.0 36.9
9 2.24 4.97 49.46 7.0 91.6 84.3 29.0
NO. OF ITERATIONS FOR WEIGHT = 6
NO. OF ITERATIONS FOR CU = 5
NO. OF ITERATIONS FOR NI = 8
NO. OF ITERATIONS FOR FE = 6
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TABLE 3 - Comparison of simulated and experimental locked cycle
test results for a silver prospect sample

Simulated / Experimental

Stream Weight Silver

Number Distribution (%) Assay (ppm) Distribution (%)
6 6.4/ 7.0 123 / 128 3.2/ 3.4
9 7.6 / 6.8 391 / 380 11.9 / 9.8
7(T) 98.1 / 98.3 40 / 39 15.6 / 14.4
8(c) 1.9/ 1.7 11.1 / 13.7% 84.4 | 85.6

* Ag assay in ppm x 10—3

added prior to the execution of additional batch tests. Only
after the simulation indicates that satisfactory grade and
recovery would be obtained along with small recycle streams would
a locked cycle test be done to confirm the prediction. An example
of the results of an experimental program conducted along these
lines is shown in Table 3.

The flowsheet consisted of a grinding stage, rougher
flotation, a rougher scavenger and a cleaner. The rougher
scavenger concentrate and the cleaner tails were recycled to the
rougher feed. The average results of the last four cycles of an
eight cycle test are shown in Table 3. Stream number 6 was the
rougher scavenger concentrate, stream 9 was the cleaner tails,
stream 7 the rougher scavenger tails, and stream 8 the final
concentrate. Despite the fact that 1less than 2% of the feed
weight was floated into the final concentrate there is
quantitative agreement between the simulated results and the
experimental results. This is true not only for the final
concentrate and tails but also for the circulating streams (6&9)
which are always the most difficult to simulate.

The results presented in Figure 3 for a seven cycle locked
cycle test that failed, illustrate that this simulation procedure
is equally capable of predicting bad results. The concentrate
from the first cycle, which is simply a batch test,assayed almost
11Z copper. In succeeding cycles with counter current recycle of
the cleaner tails, the concentrate grade decreased progressively
until it appeared to stabilize at the unsatisfactory level of 4 to
5Z copper. At the same time the concentrate grade was decreasing
the magnitude of the circulating load was increasing.

The simulation which successfully predicted this behavior was
obviously done after the fact. Had this simulation procedure been
available this locked cycle test would not have been done.
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FIGURE 3 - Concentrate assays as a function of the number of
cycles for an unsatisfactory locked cycle test

The closest to a full scale test of this procedure which is
available [9] was done in an inverse fashion. Inverse because the
plant circuit was established and operating then batch bench scale
tests were done to reproduce the plant results. The simulation
procedure was first used to establish the targets for the batch
test when the plant operating results were used as input. From
the batch results the continuous circuit was simulated and a
locked cycle test was done. The flowsheet for this mill circuit
is shown in Figure 4.

The results for all 15 streams are given in the original
reference, only the final concentrate and tails are shown in Table
4, The agreement amongst these three data sets is quite
acceptable especially when account is taken of the extreme
conditions that had to be used in the laboratory flotation machine
to emulate the plant performance.

While the foregoing discussion has referred only to flotation
results it should be apparent that the simulation procedure
applies equally well to any physical separation process. An
electrostatic separation of aluminum dross [10] and hydrocyclone
classification [1l1] have both been satisfactorily simulated with
this procedure.
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FIGURE 4 - Plant flowsheet

TABLE 4 - Comparison of plant, simulated and laboratory locked
cycle test results

Assays Distribution (%)

% Ni Weight Nickel
Conc Tails Conc Tails Conc Tails
Plant 8.98 0.20 5.6 9.4 72.3 27.7
Simulated 8.76 0.18 6.5 93.5 76.9 23.1
LCT 9.15 0.19 6.2 93.8 76.2  23.9
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Rate Equation

The simulation procedure just described treated the
separators as black boxes in which a split was made. By
recognizing that flotation is a first order rate process the
simulation procedure can be put on a firmer base and can be made
more flexible., In the following discussion the premise will be
made that flotation can be described kinetically with a modified
first order rate equation [12, 13, 14]. While there appears to be
ample evidence to accept this premise as a reasonable description
of the process, any other rate equation could be used equally
well.

The modified first order rate equation that has been used is:
R = RI[1 - exp(-k(t+p))]

where R is the recovery after any time t
RI is the maximum theoretical flotation recovery
t is the cumulative flotation time -1
k is the first order flotation rate constant (time ")
® is a time correction factor (time)

If data can be fitted to this, or some other rate equation,
from batch bench scale data then the recovery to the concentrate,
hence the split factor, can be calculated for any desired
cumulative flotation time. In the next section it will be
demonstrated that the rate equation can be used to optimize the
separation time in a given separator.

The collection of data from a batch test in a manner suitable
for fitting the parameters in the rate equation requires special
care. To minimize differences in performance between operators
Roberts et al [15] modified a Denver laboratory flotation cell by
fitting it with an angled deflector so that all of the froth would
be available for scraping. They also used a froth skimmer that
fitted tightly inside the cell width and which skimmed to a
constant fixed froth depth. These two cell modifications as well
as a cell level controller described by Luttrell and Yoon [16]
were employed to maintain a fixed pulp level and thereby a fixed
froth depth. Additionally, the air was added through a flowrator
with a toggle switch. The agitator speed and air flggrate were
selected to produce a modified air flow number of 3x10 ~ [17].

The time correction factor was added in the rate equation
because of the difficulty in physically assigning time zero. The
clock was - always started at the same instant as the air flow and
this was nominally time zero. Since it takes a finite time for a
stable froth to accumulate on the pulp surface it would seem that
a negative correction to the time would be required. Indeed this
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TABLE 5 - Replicated batch flotation test results

CUMULATIVE RECOVERY

Cumulative
Flotation
Time (sec) Chalcopyrite Pentlandite
Mean o Mean g
15 0.491 0.467 0.447 0.406 0.453 0.036 0.338 0.266 0.289 0.189 0.271 0.062
30 0.671 0.628 0.628 0.589 0.629 0.033 0.521 0.411 0.471 0.354 0.439 0.072
60 0.819 0.789 0.800 0.799 0.802 0.013 0.746 0.651 0.732 0.661 0.698 0.048
105 0.899 0.884 0.868 0.883 0.884 0.013 0.876 0.828 0.842 0.846 0.848 0.020
180 0.939 0.934 0.921 0.933 0.932 0.008 0.932 0.916 0.916 0.931 0.924 0.009
300 0.963 0.961 0.945 0.955 0.956 0.008 0.950 0.945 0.939 0.953 0.946 0.007
480 0.977 0.976 0.960 0.968 0.970 0.008 0.958 0.957 0.950 0.963 0.957 0.005
720 0.985 0.985 0.969 0.977 0.979 0.008 0.964 0.964 0.955 0.970 0.963 0.006
Rock
Mean g
15 0.012 0.009 0.010 0.005 0.009 0.003
30 0.017 0.013 0.015 0.010 0.014 0.003
60 0.030 0.024 0.030 0.021 0.026 0.005
105 0.049 0.043 0.042 0.038 0.043 0.005
180 0.073 0.069 0.065 0.065 0.068 0.004
300 0.101 0.093 0.094 0.090 0.095 0.005
480 0.135 0.120 0.123 0.120 0.125 0.007
720 0.186 0.159 0.165 0.159 0.167 0.013

is often observed especially with the least floatable component.
On the other hand, the most hydrophobic solids often have some air
attached to them during the conditioning period that always
precedes the introduction of air which causes them to float faster
than they would in the absence of this attached air. Such a
phenomonon causes a positive correction factor because flotation
appears to have begun before the initiation of air flow. It is
not unusual to find a negative correction factor for one mineral
and a positive correction factor for another mineral in the same
batch flotation tests. Fortunately, with the flotation cell
modifications just described the time correction factor is usually
small and has little impact on the calculated recovery at the
times of greatest interest.

To examine the reproducibility of the data collection
procedure just described, Table 5 shows the results of four tests
done under nearly the same conditionms.

These data were fitted to the first order rate equation with
a program that provides a statistically best fit. The program
begins with an initial arbitrary estimate of RI then does a least
squares fit of the function 1n(RI-R)/RI versus the cumulative
time. Following this initial fit the initial estimate of RI is
decremented by an arbitrary adjustable amount and the least
squares fit is repeated. An F ratio statistic is then calculated
with the regression sum of squares in the numerator and the
residual sum of squares in the denominator. This iterative
procedure continues until the F ratio is maximized. Should no
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FIGURE 5 — First order rate plots for chalcopyrite, pentlandite
and rock

maximum in F be found within the limits of an arbitrary but
adjustable value of the correction factor before the value of RI
reaches the maximum observed R then the point with the highest
value of R is rejected and the routine begun again. The program
is allowed to truncate the data only until a minimum of four data
points remain but fortunately this seldom occurs.

When the data has been fitted the values of recovery from the
fitted equation are printed, the deviation calculated and the
fitted parameters are printed.

Figure 5 shows the curves fitted for the average values in
Table 5. In the case of pentlandite the range of observed values
are indicated, all for an RI of 0.957.

The fitted parameters for the three components, chalcopyrite,
pentlandite and rock for each of the four tests as well as for the
average results are shown in Table 6.

The resulting equations fitted to the averaged data are shown
below.

%pn

Rep = 0.235 [1 - exp(-0.0017(t+10.8))]

0.957 [1 - exp(-0.018 (t+ 3.2))]



280

TABLE 6 - Kinetic parameters fitted to replicate test data

Test Chalcopyrite Pentlandite Rock
x x 103 k x 10° k x 10°
(sec-1) RI (sec-1) RI (sec-1) RI
1 23.4 0.96 22.5 0.95 1.5 0.27
2 21.2 0.96 18.1 0.96 1.9 0.21
3 21.9 0.95 17.8 0.95 1.6 0.24
4 22.4 0.96 18.4 0.96 1.8 0.22
AV 22.1 0.96 18.0 0.96 1.7 0.24

Optimization

The objective of the flotation process is to separate one or
more of the components from the other. In this instance the
primary separation desired was pentlandite from rock. The
chalcopyrite was simultaneously separated from the rock but since
it was of lessor value than the pentlandite the criterion for
optimum separation condtions was based on pentlandite.

The separation efficency [18] has been used for a long time
as a technological measure of the efficiency of a physical
separation process. It 1is simply defined as the difference in
recovery of the two components to be separated. In this instance

S.E. = RPn - RRk

Differentiating the S.E. and setting the differential equal
to zero illustrates that the separation efficiency is at a maximum
when the rates of flotation of the two components are equal.

ds.E. - 0
ot =

P =.a_R)
at ot Rk
= (RI)(k) exp (-k(t + @))

(RI)Pn(kPn)exp(—kPn(t + 9,0 = (RI)Rk(kRk)(exp—kRk(t + Pp,))

from which the optimum time, topt, is obtained

ln(RI) (k )/(RI)

Re¥Re) = ®ppPpn * Kpifric

kPn - kRk

topt =
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FIGURE 6 - Flotation rate for pentlandite and rock as a function
of flotation time

The flotation rates of pentlandite and rock have been plotted
in Figure 6 which shows that the rates became equal after 229
seconds of flotation and that is, by definition, the optimum time
for this separation stage under this set of chemical and
mechanical conditions. By applying this technique sequentially
through a flowsheet it is possible to optimize the circuit with
respect to flotation times for the physical and chemical
conditions selected. This procedure 1is especially valuable 1in
deciding on the use of primary and scavenger separators because it
permits the selection of optimum separations while still
maximizing upgrading and recovery. For instance, in the primary
separation stage if flotation is carried out for a time shorter
than the optimum then a preferably high grade concentrate will be
produced with 1less than optimal recovery. Under  some
circumstances this may be regarded as preferable but those
occasions are rare. On the other hand, continuing the flotation
beyond the optimum time will result in unnecessary dilution of the
concentrate with gangue; in effect material will be added to the
concentrate that is lower in grade than the feed to the separation
stage.

Application of this procedure religiously to a high grade
feed may well result in a primary separator tailing that is
psychologically unsatisfactory because it is too high in assay and
from which more desirable component could easily be recovered. A
scavenger stage added on this primary separator tailng will solve
the problem; the scavenger stage being optimized in the same
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TABLE 7 - Analysis of Molybdenite Prospect Sample
Assay (%)
Mo Cu Fe Mos, Cp Py Rk

0.96 0.19 2.08 1.62 0.53 3.1 94.8

manner as the primary separator. A mineralogical examination of
the scavenger concentrate would be necessary to ascertain the
state of liberation of the desired component before a decision
could be made on how to treat it further. While there is no
rigorous criterion as to where an intermediate stream should be
returned to the circuit, it is customary to add it to a stream of
similar chemical assay with respect to the valuable component.
Some people advocate treating the intermediate streams separately
but a study by NIM [19] of various alternatives showed that
recycling the intermediate streams was advantageous, Utilization
of the circuit simulation procedure described previously provides
the opportunity to examine a host of alternatives, many of which
can be rejected without further experimental work.

EXPERIMENTAL EXAMPLE

An  experimental test of the foregoing procedures was
conducted on a molybdenite prospect [20]. The sample contained
molybdenite, chalcopyrite, pyrite and a small amount of
tetrahedrite. The main rock mineral was quartz with a small
amount of feldspar. The analysis of the feed sample is shown in
Table 7.

In the mineral calculation all of the copper was attributed
to chalcopyrite then the rock was calculated by difference. The
objective of the testwork was to produce a molybdenite concentrate
with the minimum level of contamination by copper, iromn and rock
while maintaining high molybdenite recovery. While no definitive
targets were available assays of more than 90% molybdenite (>54.0%
Mo) less than 0.2% Cu and 1% Fe were thought to be the least that
would be acceptable.

Initial testwork revealed that a combination of a short (low
energy input) primary grind followed by flotation of a rougher
concentrate with a regrind of the rougher concentrate would
produce a high grade concentrate with good recovery. However,
because the projected size of the deposit was small a flowsheet
that would minimize plant capital cost was desired even though the
operating cost might be high. Therefore, tests were undertaken
with a long (high energy input) primary grind that would provide
sufficient liberation to achieve the target grades.
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TABLE 8 - Kinetic results for molybdenite ore flotation

ROUGHER FLOTATION 1st CLEANER FLOTATION 2nd CLEANER FLOTATION
HoS; cp Py Rk MoS,  Cp Py Rk MoS, cp Py Rk
RI 0.95 0.59 1.0 1.0 0.94 0.21 0.25 0.21 0.95 0.51 0.52 0.50
0.95 0.54 1.0 1.0 0.93 0.11 0.28 0.15 0.93 0.39 0.51 0.43
0.93 0.28 0.33 0.20
kx103 37.5 6.5 0.3 0.24 28 1.4 2.9 1.2 36 8.8 7.8 6.8
(sec-') 38.4 5.8 0.3 0.20 15 3.4 3.1 1.9 51 20.0 25.0 9.0
21 1.5 3.0 1.8
-] 5.6 6.0 7.1 -6.1 4.4 4.9 4.5 14.7 4.0 10.4 14.9 11.6
(sec) 2.6 =3.9 11.0 -9.0 3.3 2.4 4.8 -0.7 -0.2 4.9 4.3 9.5
14.7 14.9 14.5 14.7

The flotation chemistry required to give good molybdenite
flotation while depressng the other sulfides had previously been
established through a series of batch tests [21]. The results of
these batch tests were analyzed kinetically to maximize the
differences in flotation rates between the molybdenite and the
gangue sulfides [22]. The minimum energy input to the primary
grinding stage was determined from batch tests through a
combination of kinetic flotation tests and mineralogical
examination of the flotation concentrate. In particular the value
of RI for the rock component was especially helpful in identifying
the minimum grinding requirement because a locked particle with
only a small portion of melybdenite was floatable under the
chemical conditions chosen.

Replicate flotation tests were done on the flotation stages
in sequence; first a rougher, then a lst cleaner, then a second
cleaner. The optimum separation time was established for the
rougher before proceeding to the first cleaner and so on.

The kinetic results from these tests are shown in Table 8.
The optimum flotation times obtained from these rate data are
shown in Table 9.

The 2nd cleaner concentrate grade at the optimum time
averaged 56.4% Mo (94%Z MoS,) which satisfied the grade objective;
therefore a simulation of a locked cycle test (continuous circuit
equivalent) was done with average split factors obtained from all
the test data available. For instance two kinetic tests were done

TABLE 9 - Optimum flotation times for molybdenite flotation

Flotation Stage Optimum Time (sec)
Rougher 133
1st Cleaner 231

2nd Cleaner 69
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Table 10 - Experimental split factors for molybdenite flotation

Mo Cp Py Wt n
Rougher SF 0.0564 0.6948 0.9398 0.9445
sigma 0.055 0.046 0.011 0.00071 7
lst Cleaner SF 0.0607 0.935 0.8826 0.687
sigma 0,017 0.011 0.023 0.033 5
2nd Cleaner SF 0.1065 0.71 0.65 0.2227
sigma 0.0007 O 0.093 0.0064 2

on the rougher stage then five more tests with the optimum rougher
time were done during the cleaner kinetic tests. All of the data
used is shown in Table 10.

A locked cycle simulation indicated that a final concentrate
assaying more than 59%Z would be obtained with 947 molybdenum
recovery. Since the weight recovery was predicted to be only 1.5%
it is obvious that the simulated assays would be extremely
sensitive to the weight split factors. To minimize this
sensitivity the weight split factors were all calculated from the
predicted recoveries of the components. Because the simulated
results met all of the objectives with respect to grades,
recoveries, recycle flows, and only five iterations were required
to reach steady state, a seven cycle locked cycle test was done
with these conditions.

The full locked cycle results are shown in Appendix 1. There
was good accountability for all components in this test and the
weight of the recycle streams stabilized at the fourth cycle
values. The concentrate weight was practically constant
throughout the test. A comparison of the simulated and
experimental locked cycle test results is shown in Table 1ll1.

TABLE 11 - Comparison of simulated and experimental locked cycle
test results on molybdenite ore

SIMULATED/EXPERIMENTAL
STREAM WEIGHT Mo Cu Fe
DISTRIBUTION ASSAY DIST'N ASSAY DIST'N  ASSAY DIST'N
ROUGHER FEED  104.3/105.2  0.99/0.95 107.0/105.0 0.25/0.19 143/106 2.1/2.1 106.1/108.2
ROUGHER CONC 5.8/ 6.8 16.8/13.7 100.8/101.0 1.4 /0.2 43.5/ 7.1 2.3/2.6 6.4/ 8.7
ROUGHER TAILS  98.5/ 98.5  0.06/0.07 6.0/7.5 0.1970.19 99.1798.2 2.172.1  99.77102.4
1st CLNR FEED 6.2/ 7.3 17.3/13.6 112.0/108.0 1.4 /0.2 45.6/ 7.9 2.3/2.6 6.9/ 9.5
1st CLNR CONC 1.9/ 2.1 52.0/45.0 105.0/103.0 0.3/ 0.2 3.0/ 1.7 0.9/1.2 0.8/ 1.3
1st CLNR TAILS 4.3/ 5.2 1.5/ 0.9 6.8/5.2 1.97 0.2 42.7/ 6.2 3.0/3.2 6.1/ 8.2
2nd CLNR TAILS 0.4/ 0.5 24.9/12.8  11.2/7.2 0.9/ 0.3 2.1/ 0.8 2.5/3.1 0.5/ 0.8
2nd CLNR CONC 1.5/ 1.6 59.8/55.0  94.0/95.9  0.11/0.11 0.9/ 0.9 0.39/0.62 0.3/ 0.5
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In general there is excellent agreement between the simulated
and experimental results. The minor discrepancy in the molybdenum
assay of the final concentrate is due to the extreme sensitivity
of the assay to the weight distribution. A similar semsitivity is
exhibited by the copper assay in the rougher feed. There is a
small difference in the simulated and experimental assays but a
large difference in the distribution. It does appear though that
the addition of copper sulfide depressant to the rougher stage was
on the borderline of being too low. The addition of more
depressant in the lst cleaning stage was effective in depressing
virtually all of the copper sulfides so that the experimental
distribution of copper to the lst cleaner concentrate is even less
than the simulated value.

Overall the agreement between the simulated and experimental
results is sufficient to demonstrate the effectiveness of both the
optimization and the simulation procedures.

CONCLUSION

A review has been made of a technique for simulating
continuous circuit results from batch data. Also, an effective
method of data collection and processing has been demonstrated
which permits fitting a first order rate equation to batch test
data. With this rate data the optimum time in a given separatiomn
stage can be accurately specified. Finally, it was demonstrated
that application of these techniques to a real prospect sample
permitted the design of an efficient separation circuit. The
results of an experimental locked cycle test and the simulated
results were in excellent agreement.
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SLURRY PIPELINE TRANSPORT OF MINERALS AND COAL

Oner Yucel

Civil Engineering Department and Virginia Center for Coal
and Energy Research, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia 24061, U.S.A.

ABSTRACT

A review is presented on slurry pipeline transportation of
minerals and coal. Primary emphasis is put on past commercial
applications, technical characteristics of the various pipeline
system components, preliminary costing methodologies, and the
hydraulic design criteria for both conventional as well as non-
conventional slurries. A number of numerical examples are
included for illustration purposes. Although a majority of
the technical details pertain to cross-country, large-throughput
coal slurry pipelines, appropriate generalizations are also
offered for application to other types of slurry pipelines.
Also assessed briefly are the overall energy, economic and
environmental aspects of slurry pipelines.

KEYWORDS: Slurry transport; slurry pipelines; mineral transport;
coal transport; hydraulic design; preliminary costing;
conventional slurries; non-conventional slurries;
coarse-coal slurries; coal-liquid mixtures.
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1. INTRODUCTION

For a number of decades, an exciting expansion of the
pipeline industry has emerged in conjunction with the trans-
portation of minerals and coal in slurry form. Today, long-
distance, large-throughput pipelines transporting coal, iron,
copper, phosphate, limestone and other minerals are a reality.
They provide a technically feasible, environmentally superior
and economically viable alternative to conventional modes of
bulk transportation such as truck, rail or barge. Thompson,
et al. [82] define a slurry pipeline as "a two-phase flow
pipeline which transports a solid material dispersed in a liquid
carrying vehicle." Water is the most widely applied carrying
vehicle. However, investigations have shown the viability of
a number of other liquids, as well, such as crude oil, methanol
(methyl alcohol) and liquid carbon dioxide. Non-water liquids
have attracted the interest of designers particularly where
water presents problems or from the viewpoint of increased
energy transportation. Efficient and economic transportation
of energy being the primary objective, various other non-
conventional slurries, and especially directly combustible
slurries have recently become an important part of research
and development in the general area of slurry technology.

1.1 Major Applications of Conventional Slurry Pipelines

In addition to analytical and experimental investigations,
significant and varied experience has been accumulated from
numerous slurry pipelines in operation or under construction.
Fig. 1 and Table 1 highlight the major slurry pipelines around
the world. The total length of these major slurry pipelines
exceeds 1700 miles (2700 kilometers), with a capacity of trans-
porting over 60 million tons of various products per year, while
the cumulative operating experience has exceeded 150 years
[5-6,22,28,45,61,64,69,76,82,84-86,89-91].

The first modern study of slurry pipeline technology was
undertaken in 1951 by the Consolidation Coal Company in Ohio.
A demonstration plant was built, including a 4,000-foot (1300-
meter) long horizontal loop and a 1,200-foot (400-meter) long
incline loop, both with 12-inch (300-mm) steel pipe, and with
its own slurry preparation plant. Systematic investigations
were carried out on practically all of the technical aspects of
slurry pipelining, including determination of optimum particle
size distribution, optimum slurry flow characteristics, power
requirements, erosion and corrosion of system components,
particle size degradation, shutdown/restart, operational and
control procedures, and overall economics. These investigations
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Table 1 Characteristics of Major Commercial Slurry Pipelines

SLURRY
MATERIAL

ceccoswcenaa

COAL

LIMESTONE

COPPER
CONCENTRATE

IRON
CONCENTRATE

GILSONITE
COPPER
TAILINGS

NICKEL
TAILINGS

PHOSPHATE
CONCENTRATE

KAOLIN

SYSTEM

CONSOLIDATION
COAL, OHMIO
BLACK MESA
ARIZONA

BELOVO~
NOVOSIBIRSK

CALAVERAS

CALIFORNIA
RUGBY

VOEST-ALPINE
TRINIDAD
GLADSTONE

BOUGANVILLE
WEST IRIAN
MURGUL.-KBI
PINTO VALLEY
ARIZONA
SAVAGE RIVER
WAIPIPI (LAND)
WAIPIPI (SHORE)
PENA COLORADA
LAS TRUCHAS
S8IERRA GRANDE
SAMARCO

CHONGIN
KUDREMUKH

LA PERLA -
HERCULES
AMERICAN -
GILSONITE, UTAH
N/A

WESTERN MINING

VALEP
FOSFERTIL

FREEPORT
GEORGIA

COUNTRY LENGTH
MILES
usa io8
usa 273
USSR 1558
usa 17
ENGLAND 57
TRINIDAD N/A
TRINIDAD 6
AUSTRALIA i3
N. ZEALAND 17
N. ZEALAND 69
TURKEY 40
usa 11
TASMANIA 53
N. ZEALAND 4
N. ZEALAND 1.8
MEXICO 30
MEXICO 17
ARGENTINA 20
BRAZIL 2653
N. KOREA 61
INDIA a6
MEXICO 53
183
usa 72
JAPAN 66
AUSTRALIA 4.3
BRAZIL 76
BRAZIL 9
usa 26

DIAM.

sescsa

10
%]

17

7

10

N/A

da & o

9

12

i0

20

N/A
18

14

i2

i0

ANNUAL

MSPY

1.3
4.8

1.0
1.8
1.5
2.1
12.0

6.5
7.5

4.3

INITIAL
INCHES THROUGHPUT OPERATION
YEAR

1957
1970

19846

1971
19646

1959
1981

1972
1972
1973
1976
1967
1971
1971
1976
1976
1976
1977

1973
1980

1982

1987

1968

1970

1978
1981

1976
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lead to the construction of the first long-distance coal-slurry
pipeline, which began operation in 1957, known as the "Con-
solidation Coal Pipeline". The 108-mile (173-kilometers) long
pipeline had a capacity of 1.3 million short tons per year.
It was operated successfully until June 1963, when it was
"mothballed" after having transported some 7 million tons of
coal. This was the time when the concept of "unit trains" was
introduced by the railroads to compete with the pipeline, and
the rail rates were reduced drastically to a level below that
of the pipeline [81,89-91].

The next major slurry pipeline in the United States was
sponsored by a railroad, the Southern Pacific Transportation
Company. The Black Mesa Coal Slurry Pipeline went into
operation in 1970. Since then, it has been transporting about
5.5 million tons of coal per year with 99 percent reliability,
and is considered to be a milestone in modern pipeline tech-
nology. For most of its 273-mile (439-kilometer) length the
pipeline is 18 inches (457 mm) in diameter [22,61,91].

Another milestone in slurry pipeline technology is the
Savage River pipeline in Tasmania. Since 1967, the 53-mile
(85-kilometer) pipeline has also been operated with 99 percent
reliability in transporting about 2.3 million tons of magnetite
concentrate per year [89]. The 400-mile (640-kilometer) long
Samarco pipeline in Brazil, on the other hand, is the longest
iron ore pipeline in operation. It went into operation in 1977
and has been transporting 12.0 million tons of hematite type
iron ore per year [45]. The Black Mesa, Savage River and West
Irian pipelines [89-91] have demonstrated the capability of
slurry pipelines to economically overcome various extreme
topographic features, which would pose often insurmountable
problems for conventional modes of transportation. The Samarco
pipeline in Brazil is a convincing example for successfully
handling large throughputs of a relatively abrasive ore. The
Waipipi pipeline in New Zealand, on the other hand, has the
unique feature, that part of the system is submerged in water
to connect to an off-shore mooring buoy for direct ship loading.

1.2 Major Applications of Coarse-Coal Slurry Pipelines

Belt conveyors and shuttle cars on rail that are currently
employed for the majority of underground and surface haulage
of mined coal, are also a primary source of accidents and other
hazardous situations. Coarse-coal pipelines with compact and
mobile equipment are now recognized as a viable alternative,
in this respect, to effectively eliminate these hazards. In-
vestigations carried out since late 1960's have now created a
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significantly convincing technology [1,31,41,49,54,57,60,75,83].
A number of pioneering coarse-coal slurry pipeline applications
in the United States, West Germany, Japan and Soviet Union
are referred to as safe, economical and efficient commercial
operations in hauling run-of-mine coal from the mine face to the
surface and to the coal cleaning/preparation plant that may be
located at some distance.

Consolidation Coal Company in the United States has success-
fully demonstrated the integrated application of underground/
overland coarse-coal pipelining to continuous and long-wall
mining machines as well as conventional coal cleaning facil-
ities. The method, which was patented in 1970, has been applied
to their Loveridge Mine with a performance that has exceeded the
design targets. As a result of over 3.0 million short tons of
cumulative haulage of run-of-mine coal with a 4-inch (102-mm)
top size, an average plant yield of 93 percent has been reported
as of March 1984. The capacity of the system is about 18 short
tons per minute, involving a vertical 1lift of 900 feet (270
meters) and an overland haulage of 2.4 miles (3.4 kilometers).
The totally computerized programmable logical control system and
continuing research/design improvements are expected to further
increase the system availability [1].

Primarily in association with steep-seam hydraulic mining
operations, both vertical-hoist and overland-type coarse-coal
slurry systems have also been implemented in other parts of the
world. The Gidrougol system in the Soviet Union has two pipes
involving a vertical 1lift of over 500 meters (1500 feet) [37].
Run-of-mine coals with 90-mm (3.5-inch) and 13-mm (0.5-inch)
top sizes are transported to an overland distance of about 10
kilometers (6.2 miles). The Sunagawa Mine in Japan involves
a series of slurry systems operating since 1965, including a
200-meter (656-foot) hydrohoist segment, handling coal with a
top size of 30 mm (1.2 inches) with a capacity of 100 tons per
hour [8l]. At the Hansa Mine in West Germany, mined coal with
a top size of 60 mm (2.4 inches) is lifted 860 meters (2,820
feet) to the surface and hauled overland through two horizontal
pipeline segments of 2 kilometers (1.24 miles) and 3 kilometers
(1.87 miles) in length, with a capacity of about 500 tons per
hour [54].

These and some fifteen other operations with varying,
mostly site-specific system characteristics are now considered
to have demonstrated the safety, technical and economic viabil-
ity of coarse-coal slurry systems in handling run-of-mine coal
both vertically and horizontally. Consequently, hydraulic
handling of minerals and coal between the underground mine face
and the preparation facility at the surface appears to have even



294

a greater potential for future implementation, particularly in
view of the significant developments that have been accomplished
in the computer-driven, integrated control and operation
systems.

1.3 Coarse-Coal Ship Loading/Unloading

A parallel development involves hydraulic ship loading/
unloading of minerals and coal. Primarily associated with
an offshore, single-point-mooring (SPM) system, coarse-solids
slurry pipelining has also been demonstrated to be a technically
and economically viable method. A prime example, in this
respect, is the IMODCO-MARCONA joint venture at Waipipi, New
Zealand, that has been successfully handling iron-sand con-
centrates since 1971. A number of reports suggest that there
are no major technical difficulties that should be involved in
coarse-coal slurry applications, identify the various areas that
need further to be addressed for the development of optimum
design criteria, and illustrate the advantages of coarse-coal
ship loading/unloading slurry systems [26,29,52,66,71,77-78].

2. TECHNICAL ASPECTS OF SLURRY PIPELINE SYSTEM COMPONENTS

A slurry pipeline consists mainly of three basic system
components: the slurry preparation facility at the point of
origin, the pipeline and pumping stations, and the separation or
dewatering facility at the receiving terminal. As schematically
illustrated in Fig. 2, it may also constitute a major element
of total slurry transportation system, which may also include
offshore loading/unloading, ocean transport and conventional
dry/bulk transportation segments. Today, almost an "off-the-
shelf" kind of established technology is available on the
various technical design, construction and operation character-
istics of each of these system components.

The subsequent sections present a brief assessment of the
general technical aspects of the various system components of
slurry pipelines. Although the technical details presented
pertain mainly to coal slurry pipelines, the general principles
and trends are also largely applicable to other types of slurry
pipelines that have been implemented in various parts of the
world.

2.1 Slurry Pumps
Pumps used to transport solids in current applications fall

into the following categories: Reciprocating pumps, centrifugal
pumps, hydrohoists, Jjet pumps and air-lift pumps. For long



295

Figure 2  Total Slurry Transport System
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distance slurry pipelines, however, only the first two cate-
gories are of significance, at least based on the applications
and experience to date.

2.1.1 Reciprocating Pumps: These pumps are also often referred
to as positive-displacement pumps, and are generally appropriate
for high-discharge pressure operations. As shown in Table 2,
these pumps have been used in many long-distance slurry pipe-
lines. Of the various types listed in Table 3, the most popular
ones are the piston and plunger-type reciprocating pumps.

Gandhi, et al. [33], list the desirable features of these
pumps as follows:

1. The flow rate is independent of the system pressure.

2. Any reasonable system pressure requirement can be met.
Pumps with discharge pressures of over 5,000 psi (34,500 kPa)
are available, although pumps capable of producing discharge
pressures of only up to 2,300 psi (15,900 kPa) have been used
to date (in magnetite slurry pipelines).

3. The overall efficiency of the pump, including the
driving mechanism, can be as high as 85 percent.

4, These pumps help determine the pipeline flow rate
without the use of a flow meter.

Their primary disadvantages, on the other hand, are:

1. Their capacity is gquite low, namely only up to about
3,900 gallons per minute (0.25 cubic meters per second) at
relatively low pressures. This, of course, implies that a
large number of pumps operating in parallel would be required
to handle high flow rates.

2. Capital investment and maintenance costs, as well as
required operation and maintenance skills are usually high.

3. Variable speed driving mechanisms are required to vary
flow rates.

4. Due to the pulsating nature of flow through the pump,
vibration and fatigue related phenomena may occur in the station
piping system, unless properly designed.

5. Check valve seal requirements limit the size of the
particles that can be pumped in slurry.

The piston-type reciprocating pumps can be of double-acting
design yielding about twice the flow rate for the same physical
pump size. Plunger pumps, on the other hand, are more adaptable
to flushing and lubrication, and thereby have relatively longer
operational 1life. Schematics of typical piston and plunger
pumps are given in Figs. 3 and 4. Two other types of recipro-
cating pumps are the GEHO piston-diaphragm pump and the
Mitsubishi Mars pump, which are illustrated in Figs. 5 and 6,
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Table 2 Selected Applications of Reciprocating Slurry Pumps

Manismues

Length  Dineneter Particle FI':. Pressure Drive

par
System (km) (mem) Maserial Stae (m?/hs) (KPa)* (kw) Source of Data
PISTON PUMPS —DOUBLE ACTING, DUPLEX
CONSOLIDATION 19¢ 250 Coal 8 Mesh 125 8.270 335 Halvorsen (19
BLACK MESA 4% 450  Cosl 14 Mesh LY 3 14480 1,305 Bechiel. Inc.
CALAVERAS k1] 175 Umestone 28 Mesh 190 8.790 520 Beciwel, Inc.
RUGBY 103 250  Umestone 35 Mesh 6 14,480 $60 Thompeon et al. (1)
TRINIDAD, 1n 200  Umesone 48 Mesh 7 6.620 135 Kem Keim (20}
COLOMBIA 10 200  Umesione - 175 1.380 110 Keim (20}
JAPAN 68 300 Sieme - 180 2.930 370 Kaweshima (21)
PLUNGER PUMPS
SAMARCO 396 S00  Hemaste 100 Mesh 200 14,480 930 Beciwel, Inc
VALEP 120 225  Phosphate 65 Mesh 132 14,900 670 Bechiel, Inc.
SAVAGE RIVER 95 225  Magnetiie 100 Mesh 88 13,790 450 Bechuel, Inc.
SIERRA GRANDE 3% 200  Magnetse 100 Mesh 130 9.660 450 Beciuel. Inc
LAS TRUCHAS 3 250  Magnetie 150 Mesh 190 8.480 520 Bechuel, Inc.
BOUGAINVILLE k1) 150 Copper 65 Mesh 110 13.790 520 Bechel, Inc.
WEST IRIAN 12¢ 100  Copper 100 Mesh 30 15,860 225 Beciwel, lnc.
PINTO VALLEY 2 100 Copper 65 Mesh 45 15.860 260 Bechusl, Inc
MARS PUMPS
ENGLISH CHINA CLAY ) 106  Talings 60 Mesh 7 3450 112 Sambels (18)
VAAL REEFS, RSA - ~  GoldOreFines  65Mah 130 7.860 345 World Mining, Jaa 72
OPPU MINING 8 27 Miled Ore - 7 2.940 100 Mitsublshi
HOKUROKU 72 300  M#l Talings 65 Mesh i7s 4,900 375 Musubishi
DIAPHRAGM PUMPS
CUBAN AMERICAN - ~  kenOve 80 Mesh - 4,140 ~ 625 Kelm (20
N. GERMANY - ~  Beunite 3w 162 13.180 625 Holhwis, B.V.
*1KPa=0.145 pui

Table 3 Application Characteristics of Reciprocating Slurry Pumps

Maximum. Maxi M
low Pressure Particle Size
Type of Pump m?*/hr (gpm) KPa (psi) (mm)
PISTON 890 (3.900) 15,000 (2.200) 8
PLUNGER 225 (990) 41,000 (6.000) 8
MARS 204 (898) 7.860 (1,149) 1
DIAPHRAGM 325 (1.4200 20,500 (3.000) )

Table 4 Selected Applications of Centrifugal Slurry Pumps

Mes,
Pipe  Disch. Ne. of
L-.t"" Flow Din: Presswe Pumps  Sewsce
System Maserial  (km) (wi/br)  (m)  (KPa) inSeries of Data
WAIPPIPI—NEW ZEALAND ron Sand 33 300 1465 4,720 6  Bechisl, Inc.
KUDREMUKH— INDIA Magnetie 67.0 400 1,115 3.100 5  Bechusl, ine.
SHIRASU—~JAPAN Ash 6.8 600 4,100 2,300 3

(Neote: 1 KPu=0.145 ped
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Figure 3 Schematic of a Typical Piston Pump

Figure 4 Schematic of a Typical Plunger Pump
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Figure 5 Schematic of a Typical Piston-Diaphragm Pump

Figure 6 Schematic of a Typical MARS Pump
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respectively. With the piston-diaphragm pumps, the major
advantage is that the valves and the diaphragm are the only
parts to experience major wear. Applications have already
demonstrated that special polymers have the potential of
significantly diminishing the risk of diaphragm failure [46].
Mars pumps, on the other hand, have successfully been used with
highly abrasive solids, such as bauxite, as the valves are the
only moving parts in contact with the slurry. The decision as
to which pump is more suitable for a specific application is
often affected by the size and abrasivity of the solids to be
transported as well as by the life of the various parts of the
pumps [33].

2.1.2, Centrifugal Pumps: Centrifugal pumps are used exten-
sively for pumping slurry under relatively low discharge
pressures, as depicted by Table 4 which exhibits some of the
large capacity installation characteristics [33].

The main advantages of centrifugal pumps in slurry applica-
tions may be summarized as follows:

1. High flow rates can be achieved with a single unit at a
relatively low initial cost. Pumps capable of discharging up to
25,000 gallons per minute (1.6 cubic meters per second) are
available.

2. Very few moving and wearing parts are involved.

3. Their operation and maintenance are simple.

4., Maximum size of solids that can be handled is not
restricted from practical point of view.

5. The flow through the pump is pulse free.

6. They require little space.

7. No valves are required for operation.

Their drawbacks, on the other hand, are:

1. The maximum discharge pressure is limited to less than
130 psi (900 kPa) for a single-stage pump. With several pumps
arranged in series, a maximum practical pressure of 750 psi
(5,200 kPa) can be achieved.

2. The flow rate is governed by the system pressure.

3. Excessive attrition of solids may occur due to the high
velocity of flow through pump, which may increase the percentage
of fines and hence cause appreciable alterations in the
hydraulic design characteristics of the slurry.

4, Seal water required for prolonged packing life can
significantly dilute the slurry, particularly if the slurry has
to pass through a number of pumps.

5. Due to their robustness, as a defense against abrasion,
their efficiencies are relatively low.
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2.1.3 Hydrohoists, Jet Pumps and Air Lift Pumps: The hydro-
hoist consists of one or more chambers that can be filled with
solids either in dry form or as a slurry, and then pumped by
means of high-pressure water feed into the chamber [11l]. A
major application of these pumps is in the vertical
transportation of coarse solids from deep mines. Their
application to long-distance slurry pipelines is not vyet
popular. Jet and air 1lift pumps, on the other hand, are
suitable only for short distances, and have quite low
efficiency.

2.2 Pumping Stations

In each pumping station of a coal slurry pipeline system,
as for other slurry pipeline systems, the main components would
include a water supply system and related piping, water storage
pond, emergency slurry dump pond, agitated or inactive slurry
storage tank and reinjection system, slurry pump house, water
pump house, cooling tower, instrumentation and operational
control room, and a waste treatment facility.

2.3 Line Pipe

Primarily due to the high pressures involved, seamless
steel is the only material that has been employed for the 1line
pipes in applications to date for long-distance, conventional-
slurry pipelines. 1In lieu of an existing code, slurry pipelines
built to date have been designed using the American National
Standard (ANSI) code for Pressure Piping, B31l.4, "Liquid
Petroleum Transportation Piping Systems", as a guide for safe
design [82].

One of the more critical aspects involved in a slurry
pipeline design is associated with the prediction of pipe wear
due to corrosion/erosion phenomena. For all practical purposes,
the problem of corrosion has been adequately researched and
understood [36,51]. Wear can become a problem, when partly full
(slack) flow conditions occur, usually just downstream of high
elevation sections where the hydraulic gradient may intersect
the axis of the pipeline. Ensuring a minimum positive pressure
for the entire 1length of the pipeline would prevent such
"cavitation" producing conditions. It should also be remarked,
in this context, that prototype measurements carried out with
the operational slurry pipelines clearly indicate that some of
the earlier slurry pipelines might have been over designed with
regard to pipe wall thickness.
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2.4 Pipeline Construction

Pipeline construction techniques for a coal slurry pipeline
are the same as for conventional pipelines. "...The cover from
the top of the pipe to ground level would generally be a minimum
of 3 feet (about 1 meter), while the actual trench depths would
vary with the existing conditions and local regulations..."
[25]. A typical right-of-way section is illustrated in Fig. 7.

2.5 Coal Slurry Preparation Facility

Slurry preparation 1is necessary basically to provide
specified slurry characteristics appropriate for hydraulic
transportation, and to eliminate the risk of pump and pipe
blockage. For this purpose, the raw solid material extracted
from a mine source area is processed through a series of
mechanical equipment, which crush and grind the size of the
particles to suitable values for pipeline transportation,
and mixed with specified amount of water to form the slurry.
Selection of a suitable preparation system requires a detailed
study of the various factors, including the type of material, in
particular [8,91].

The hydraulic transportation of solids in water becomes
technically easier and requires lower energy when the particles
are ground finer in size. However, the separation of solids
from water becomes technically more difficult for fine particles
and the cost of dewatering process increases. Therefore, an
optimum design should take into consideration not only the
preparation but also the dewatering components of the whole
pipeline system [89-91]. The subsequent discussion deals
primarily with preparation of "conventional" coal slurries,
while the principles and trends are applicable to other types
of slurries as well.

Overall economic considerations for long distance pipeline
operations require that the particle top size be kept at a
modest level, abrasive wear be minimized, and pipeline steel and
pump energy redquirements be reduced. For example, the typical
size of coal produced at the mine site is 2-in x 0 (5 mm x 0),
whereas the final step of burning pulverized coal at the gener-
ating plant requires a grind of about 70 percent passing 200
mesh (74 microns). A top size limit of l4-mesh (1.19 mm) is
found to be desirable for a long distance pipeline system which
is in between the mine product and the boiler requirement. On
the other hand, a certain amount of fines, preferably 16 to 23
percent passing 325-mesh (44 microns) for pipelines which are 10
to over 1000 miles (16 to 1600 kilometers) in length, is found
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to be required for providing sufficient slurry viscosity for a
stable pipeline operation [89]. This is usually accomplished in
two major steps:

(a) Crushing - Breakdown of particles into fragments with a top
size less than 1 in. (25.4 mm), with reduction ratios of 4 to
10.

(b) Grinding - Process of further reducing the size smaller
than 1-in (25.4 mm) top size, with reduction ratios of 50 to
100.

The flow sheet of an advanced slurry preparation plant is
shown in Fig. 8. [91]. The primary function of the preparation
plant is to grind the coal to a pipeline consist of 100 percent
minus l4-mesh (1.18 mm) and about 20 percent minus 325-mesh (44
micron) by the use of a combination of two cage mills in series,
wire cloth vibrating screens to recover the oversize and a rod
mill to handle and regrind the oversize particles.

2.6 Coal Slurry Dewatering Facility

A pipeline transported coal slurry will be dewatered at the
receiving terminal before it is utilized either directly in a
power dgenerating plant or subjected to storage and redistribu-
tion. As depicted by the typical flowsheet of a modern coal
slurry dewatering system shown in Fig. 9 [91], dewatering of
coal slurry is characterized by two separate steps [14,21,56,
61,73,89]. Coal slurry is first filtered or centrifuged to
recover the bulk of solids. Coal fines in the filtrate or
concentrate are then settled and thickened in a sedimentation
unit. The overflow from the sedimentation is either discharged
into a disposal system or into the cooling water system, as
in the case of a power plant based dewatering facility. The
thickened underflow may then be filtered or centrifuged to
recover coal fines.

In the primary dewatering stage the slurry is sent to the
screen-bowl centrifuge which produces slurry cake with surface
moisture varying from 10 to 16 percent. The cake from the
centrifuge is then sent to fluid-bed screen dryer to reduce the
surface moisture to the order of 9 to 10 percent. This final
product of cake exhibits good handling properties, with a
moisture content exceeding the 5 percent value for safety
against probable dustiness. The effect of preheating the slurry
has been determined to be a major step for improving centrifuge
performance. The lower surface moisture from centrifuge was
also found to reduce the subsequent thermal drying. The cake
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Figure 8 Flowsheet of an Advanced Slurry Preparation Facility

Figure 9 Flowsheet of an Advanced Slurry Dewatring Facility
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from centrifuge is further treated in a fluid-bed screen dryer.
The sensible heat of the cake provides a major level of evapora-
tive heat needed to lower the moisture in the fluid-bed dryer by
adiabatic flashing. In the secondary dewatering phase, approx-
imately 1.5 to 2 percent of effluent from the screen-bowl
centrifuge is thickened in a clariflocculator, which is then
sent to solid-bowl centrifuges for dewatering of the much finer
coal slurry.

Perfect separation is never achieved by any single piece of
equipment. Various devices accomplish separation by different
processes and in varying degrees. For more thorough separation,
a combination of different equipment is often used to form a
separation process with each piece of equipment contributing its
best efficiency to the process.

2.7 Operational Characteristics

A careful selection and monitoring of the mode of operation
is important to slurry pipeline systems. The system is normally
not shut down with the full slurry load present in the line.
Both start-up and shut-down operations are carried out by
varying the solids concentration gradually for a smooth opera-
tion. Any amount of throughput below capacity can safely and
efficiently be transported in a given slurry pipeline, but
obviously not as economically as for the design conditions. It
is also obvious, that a slurry pipeline should not be expected
to handle above capacity throughputs ([5,22,25,38-39,89,98].

In any pipeline system, emergencies such as power outage,
should be expected and do occur. Appropriate design provisions,
therefore, must be incorporated, and an operational plan must be
available for the system operators to implement during each such
postulated occurrence. A short power outage and shut-down of
the system will not ordinarily cause plugging in a properly
designed system. Historically, any plugs that have occurred
have been of short length, and therefore, can be deplugged once
its location is determined. Experience has indicated, that
segmental plug lengths vary from 50 to 100 feet (15 to 30
meters), and that with proper application of the techniques
available, removal of plugs is not a difficult and time con-
suming task. With the automated instrumentation and control
systems available today, it is a rather routine procedure to
detect and locate the problem segment along the pipeline. The
remedial action, on the other hand, either by using hot-tapping
techniques, or even by shutting the system down, and replacing
the plugged segment of the pipe, seldom takes longer than 48
hours [25, 81-82].
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2.9 Communication and Control Systems

The general techniques, principles and equipment involved
in the communication and supervisory control systems associated
with coal slurry pipelines are not different from those employed
for the conventional non-slurry pipelines, such as long-distance
0il pipelines. In addition to a telephone service for opera-
tions personnel, a microwave communication system would be
installed for maintenance bases and associated field wunits,
as well as for transmission of data to the supervisory control
system computer at the master control station. At approximately
30-mile (45-kilometer) intervals, microwave repeater antennas
would be installed on towers along the pipeline route, ranging
in height from 40 to over 300 feet (15 to 100 meters), depending
on the topography. For communication with the units located
off the primary system, such as mine sites, valve locations
and river crossings, narrow band radio installation are usually
employed. Each individual system component, such as slurry
preparation and dewatering plants and pumping stations would
also have its own control room.

A recent advanced-technology application, in this respect,
is reported on the completely automated, computer-driven
communication/control system at the La Perla-Hercules iron-
concentrate pipeline in Mexico [12]. The pipeline system is
linked with the two concentration plants and a pelletizer plant
through a dedicated microwave communication system, and is
controlled from a remote master station. Operations to date
have been reported to be virtually trouble-free.

3. HYDRAULICS OF SLURRY FLOWS IN PIPELINES

The overall stability and feasibility of a total slurry
transport system depends strongly on the stable hydraulic
performance of its pipeline component. As in many engineering
processes, none of the components of a system is generally
independent from the other components. Therefore, the design
and performance characteristics of the pipeline component 1is
also affected strongly by those of the other system components.
Clearly, optimum design of the total system may not necessarily
correspond to individually optimum design of its various stages
or components. Experience has shown that when coal is ground to
a size consist of 4 mesh x 0 (4.76 mm x 0), generally optimum
characteristics are obtained for a slurry transport system
involving a solids concentration of approximately 50 percent
by weight [89]. Experiments have also indicated, on the other
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hand, that a slurry made of finer solids, such as 16 mesh x O
(.00 mm x O0) yield 1lower pipeline transportation costs.
However, grinding the coal to a finer consistency would have
negative impacts on either end of the pipeline, since both
preparation and dewatering costs would be significantly
increased. Therefore, it should be remembered, that the
hydraulic design of a slurry pipeline must be considered not
as an individual component but as a part of the total system.

3.1 Behavior and Classification of Slurry Flows in Pipes

When a slurry is formed with a certain concentration of
a specified solids material, and pumped through a pipeline,
various flow conditions may be developed. From an engineering
viewpoint, these conditions may best be illustrated by examining
a typical relationship between the pressure drop (or hydraulic
gradient) and the flow rate for slurry flow in a horizontal
pipe, sketched in Fig. 10. On the 1log-log plot, the
clear-liquid relationship would be a straight line. If the flow
rate (or mean velocity) is sufficiently high, the curve for the
slurry would be approximately parallel to the clear-liquid line,
indicating somewhat greater pressure drops for the slurry flow.
In Fig. 10, this is the region between points 1 and 2, where the
solid particles are fully supported by the liquid forming an
approximately uniform concentration distribution across the pipe
section. If the flow rate is decreased to below point 2, the
slurry curve begins to diverge form the clear-liquid line, thus
exhibiting increasingly greater pressure drops as compared to
those for the clear-liquid. In this range, indicated by the
points 2 and 3 in Fig. 10, the solids concentration near the
bottom of the pipe increases as the flow rate decreases, thus
resulting in a nonuniform concentration distribution. If the
flow rate is further decreased to value corresponding 3, the
solids along the bottom begin to show the "tendency" of becoming
stationary. As the flow rate is further decreased below the
value corresponding to point 3, the amount of "stationary"
solids also increases, forming a "deposit".

The slurry behavior in the region between points 1 and 2 is
typically referred to as the "homogeneous", or more correctly,
"pseudo-homogeneous" flow. Once again, in this region, the
concentration distribution is roughly uniform, and thus the
"gravity" effects are negligible. The region between points 2
and 3, on the other hand, is usually characterized by a non-
uniform concentration distribution, and referred to as the
"heterogeneous" slurry flow. The velocity at point 3 has been
given various names, one of which is "critical deposition
velocity". Flows below critical deposition velocity are not of
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interest, indeed should normally be avoided for design purposes.
One obvious reason in this respect, is that transport of solids
with partial deposition would be contrary to efficient trans-
portation objectives, even if it does not eventually lead to
"plugging” of the pipe.

The interaction of solids of varying physical character-
istics with the flow is actually much more complex than the
rather simplified description above. Numerous investigations
have been devoted to understanding the behavior and classifica-
tion of slurry flow in pipes. To the scientists, the intriguing
fundamental characteristics of solid-liquid suspensions have
been the main target. Thus, their ultimate objective is to
establish constitutive relations for the slurries of interest
and apply them together with the basic laws of conservation. To
the engineer involved in design and application, on the other
hand, workable equations, whether theoretical or empirical, are
essential to establish the design criteria for a given slurry
pipeline problem. Behavior of solid-liquid flow may be so
complex in many cases, that it has not always been possible to
attain a smooth transition between the theory or analytic work
and the empirical relationships based on experimental findings
or "experience". Consequently, while for some slurry flows the
knowledge available may largely be classified as an "art", there
is sufficient accumulation of fundamental understanding of some
others that allow for a "scientific basis" [5-6,38-39,42,81-82,
87-89].

Among the various approaches proposed, a widely accepted
classification divides slurry flows in pipes into three groups.
These are homogeneous, hetero-homogeneous (or complex) and
heterogeneous flow. A rather simplistic chart exhibiting such
a classification is shown in Fig. 1l. Numerous theoretical and
experimental investigations have suggested, that a more rational
classification, in this respect, can be based on the value of
the relative concentration C/C_ [87-89]. This parameter is an
indicator of the concentration distribution, since C_ is the
reference concentration along the pipe axis and C isZXhe con-
centration measured at a location about (0.08 D) below the
top of pipe section of diameter D. Comprehensive experiments
conducted with the loop system built for the Consolidation Coal
Pipeline lead to the criteria that slurries with C/C_ values
of 0.8 or greater can be considered homogeneous. Ef%écts of
particle size, pipe diameter, flow velocity and solids con-
centration on the value of C/CA are all significant as typified
by Fig. 12.
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Previous work has also shown the overall validity of the
following relationship [89-911]:

log), (€/C,) = -1.8 w / ( Bk V,) (1)

where, w is the settling velocity of solids, V, is the shear
(or friction) velocity, k is von Karman's velocity distribution
coefficient, which has the value of k = 0.04 for clear-liquid
flows, and R is a coefficient representing the difference
between the diffusivities or motion of solid and 1liquid
particles. Experiments have indicated a 95 percent accuracy
for Egq. (1) in predicting the concentration distribution of
14 mesh x 28 mesh (1.19 mm x 0.6 mm) and 20 mesh x 48 mesh
(0.84 mm x 0.30 mm) coal-water slurries measured in a 100-mile
(l6l-kilometer) test section along the Consolidation Coal
Pipeline. Consequently, Eg. (1) is considered as the basis
for classification of slurries in the design of many pipelines.

3.2 Hydraulic Design Criteria for Homogeneous Slurries

Homogeneous slurries can be treated as a new fluid with a
unique and generally non-Newtonian rheologic behavior [2,19-20,
42,50,65,72]. Determination of the rheologic properties of
slurries is often a formidable task, because of the presence
of the solids, however small and uniformly spaced they may be
[47,97]. A generalized form of these rheologic models, referred
to as the "yield-power-law model”, is given by:

n
T =T+ k s (2)

where T is the shear stress, 1 _ is the yield-shear stress, s is
the shear-rate, and k, n are constants. One obtains the formula-
tions for a Newtonian fluid with T = 0, k = ( p= viscosity) and
n =1, Similarly, n = 1 yields a gingham plastic model and T =
0 reduces Eg. (2) to a power law model. The coefficients k 8na
n are also referred to as the coefficient of rigidity or the
plastic viscosity (k =n), and flow index, respectively.

A constitutive relation such as Eg. (2) is actually valid
only for laminar flow, whereas a universally acceptable formula-
tion does not yet exist for turbulent flow of non-Newtonian
fluids. Because homogeneous slurries are supposed to be non-
settling, laminar flow would appear to b appropriate regime
for implementation to slurry pipeline design. However, all
suspensions settle to some extent and at least mildly turbulent
conditions would be necessary to eliminate such a risk. There-
fore, the transition between laminar and turbulent flow regimes
must be determined fairly accurately. Reynolds number would
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be expected to constitute the predominant parameter, in this
respect. However, in view of the general or a simplified
version of Eq. (2), various definitions may be applicable for
the viscosity, which is the main rheologic variable forming the
Reynolds number. Four of these viscosities are [38,40,42]:

(a) The apparent viscosity, ua; defined by
W, = T/s = t/(du/dy) (3)
where (du/dy) is the velocity gradient;

(b) The effective pipe flow viscosity, ue; defined by

My = rw/ (8v/D) (4)

where T 1is the wall shear stress, V is the mean flow velocity
LW . R
and D is the pipe diameter;

(c) The viscosity at high shear rates, Ny,; which may be
assumed equal to the "coefficient of rigidity" n= k, for a
Bingham plastic fluid.

(d) The Generalized viscosity, k'; which is defined for
power law fluids by:

k' = k 8% (3n+1/4nm)" (5)

where k and n are the coefficients involved in Eq. (2).

With the first three of these viscosities, a conventional
Reynolds number can be defined in either of the following forms:

R = omVD/ua; R, = omVD/ue; R, = pmVD/n (6)

A generalized Reynolds number has been defined by Metzner (1956)
with the use of the generalized viscosity k', as follows:

R' = p DV (7

which is actually "not-so-general" [42-43], for it is applicable
to power law fluids, only. For Bingham plastic fluids, a better
variable for the viscous transition velocity is the Hedstrom
number defined by:

_ _ 2 2
H = (VDDm/n ) ( TOD/V ) = PmD To/ﬂ (8)

The significance of Hedstrom number is clearly demonstrated in
Fig. 13 [42].
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Figure 13 Variation of Reynolds Number with Hedstrom Number

Figure 14 Variation of Fanning Friction Factor with Generalized
Reynolds Number and Flow Index for Power-Law Fluids
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The pressure drop for a homogeneous slurry can be cal-
culated, in quite the same manner as applied to single-phase
fluids. Rather than the Darcy-Weisbach equation, however, the
Fanning equation is more widely used in slurry applications:

Ap=2£fp L v2/D (9)

where Ap is the pressure drop, f is the Fanning friction factor,
Pn is the slurry density, D is the pipe diameter, and V is the
mean flow velocity [40,42].

For laminar flows, the Fanning friction factor f can be
determined by:

f = 16/R' (10)

where R' is the generalized Reynolds number defined in Eq. (7).
For Bingham plastic fluids, it is more appropriate to wuse
Buckingham's approach which involves integration of Eq. (7)
with n = 1, to yield an implicit relationship for the wall shear
stress given by [42]:

4
8vVn/D = Tw[l—(4/3)(To/Tw)+(TO/Tw) /31 (11)
The pressure drop can then be calculated using:
Ap = 4TWL/D (12)
and the Fanning friction factor is given by:
2
£=27/(p V") (13)

For turbulent flows, however, data are scarce and the
theoretical basis is less understood. Consequently, the corre-
lations are not as satisfactory. Such a correlation is shown in
Fig. 14, which indicates the variation of the Fanning friction
factor £ with the generalized Reynolds number R' and the flow
index n for power law fluids. For Bingham plastic fluids, a
better relation is obtained with the use of the Reynolds number
R based on the coefficient of rigidity defined in Eg. (6), and
the Hedstrom number H defined in Eg. (8), as shown in Fig. 15.
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3.3 Hydraulic Design Criteria for Heterogeneous Slurries

Heterogeneous slurries have two characteristics that make
their hydraulic design completely different from that of the
homogeneous slurries. Firstly, solids in heterogeneous slurries
have a tendency to settle along the bottom of the pipe. There-
fore, the turbulence level of the flow must be sufficiently high
to prevent deposition. This requires velocities exceeding the
so-called "critical deposit velocity." Secondly, the solids
and the carrier liquid forming these slurries can be treated as
independent phases. This implies that the rheologic character-
istics of the carrier 1liquid can be considered unaffected by
the presence of solids, and thus will remain Newtonian in most
applications.

Hydraulic design of a slurry pipeline must ensure that no
risk of blockage (or clogging) exists, no significant erosion of
the pipe wall takes place, and finally, a long-term stability of
the slurry flow can be maintained. The objective, therefore, is
to transport all the solids completely in suspension, with no
solids traveling at low velocities or becoming stationary next
to the pipe wall. Consequently, from the viewpoint of hydraulic
design, it is perhaps more significant to deal with an "oper-
ating velocity", which should be somewhat higher than any
critical deposition velocity, yet remain sufficiently low to
avoid excessive friction losses.

The pioneering work on deposition velocity was carried
out by Durand [23]. It may be safe to state, that all of the
subsequent investigations have followed basically the same
approach. The basic form of "Durand's parameter" is given in
Dimensionless form as follows:

/2

_ 1
F. = VD/[2g D (ss—l)] (14)

L
where, V_ is the deposit velocity, D is the pipe diameter, s
is the dry specific gravity of solids, g is the gravitationa
acceleration, and F is a dimensionless parameter. Various
system variables, inéluding particle size concentration, affect
F_, which is often referred to as "Durand's parameter". This
variation is actually quite significant for solids particle
sizes up to 1 mm, beyond which F_ appears to remain constant,
according to Durand's original correlation, shown in Fig. 16.
Variation of F_ with concentration, on the other hand, appears
to be rather moderate, based on the evaluation of numerous
experimental data, as shown in Fig. 17 [89]. Numerous other
correlations have also been proposed to incorporate the
effects of various other variables, such as particle size,
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Figure 16 Variation of Durand's Parameter with Particle Size

Figure 17 Variation of Durand's Parameter with Concentration
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settling velocity, turbulence characteristics and particle
size distribution. However, = 1.0 appears to be quite
representative, if not conservgflve, a value for most of the
data evaluated, particularly considering the subjective nature
of observations expected to have been applicable in the deter-
mination of the critical deposition velocity [40].

In a heterogeneous slurry, the regime of the flow is always
turbulent. Solid and liquid phases may be treated separately,
and their contribution to the total pressure drop (or friction
loss) is cumulative. The pioneering work in this area was again
done by Durand [23], which resulted in the following equation:

1/23/2 (16)

. 2

fm =f [1+K c, [gD/V )(ss-l)/(CD)
where, fm is the friction factor for the heterogeneous slurry,
f is the friction factor for the carrier 1liquid, CV is the
volumetric concentration of solids, s_ 1is the dry specific
gravity of solids, C_ is the drag codfficient of solids, V
is the velocity of flow, D is the pipe diameter, and K is a
coefficient. Data from a large number of experiments carried
out to date have yielded a relatively wide range of values for
the latter coefficient, from K = 80 to K = 150 [89,90].

3.4 Hydraulic Design Criteria of Hetero-Homogeneous Slurries

Slurries consisting of both fine and coarse size fractions
exhibit a complex flow behavior. The relatively coarse solids
tend to settle out and hence require higher velocities and
turbulence 1levels to support them in suspension. The finer
particles, on the other hand, tend to form homogeneous slurries.
The rheology of the carrier liquid is altered by these fine
fractions, and a new "vehicle fluid" is formed. The process is
quite complex due to primarily three problems. Firstly, it is
a formidable task to identify the "rheologically active" fine
fractions, and the "rheologically inactive" coarse fractions for
a given suspension under specified flow conditions. The second
problem is to determine the rheologic behavior of the homo-
geneous portion of the slurry formed by the fine fractions in
the presence of the coarse fractions. Finally, the behavior of
the coarse fractions must be determined.

Many investigators have attempted to evaluate the pressure
drop due to hetero-homogeneous (or complex) slurries as if they
were heterogeneous slurries merely on the basis of a representa-
tive particle size of the mixture. A more rational method,
recoghizing the complexity of these slurries, has been intro-
duced by Wasp, et al. [87-89].
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This method has two significant features. One of these
is associated with a technique that has been previously used
effectively for predicting total bed material load in open
channels. The main principle is to divide the particle size
distribution into a number of fractions and to account for the
relative contribution of each size fraction independently. The
total behavior is then determined by simple summation. The
second feature of the method is the iterative technique employed
to identify the rheologically active fractions of the solids.
Initially, all the individual particle size fractions are
assumed to behave as "rheologically active" fines forming the
"vehicle fluid". The pressure drop calculations for the vehicle
fluid are made using the methodology applicable to homogeneous
slurries which was discussed earlier. The relative concentra-
tion criteria given by Eg. (1) is then used to evaluate the
contribution of the homogeneously behaving portion of the
solids for each size fraction. The remainder of the solids is
assumed to behave heterogeneously, and the relevant pressure
drop is calculated using Durand's equation. The "bed portion"
of the pressure drop, due to these "rheologically inactive"
particles 1is added to the "vehicle portion" due to the
"rheologically active" fraction, to obtain a new total pressure
drop. Iterations are continued in this manner until a
satisfactory degree of convergence is attained for the total
pressure drop, as examplified in Table 5 [47,89,97].

The Wasp method is theoretically sound, and has been proven
to yield sufficiently accurate predictions for the pressure drop
of hetero-homogeneous slurries. However, this accuracy depends
strongly on the proper evaluation of a number of variables
[47,97]. Several modifications of Wasp's model have been
suggested in an effort to improve on the various problem areas
mentioned in the preceding sections. These are primarily
related to the determination of the rheologic characteristics of
the vehicle portion of the slurry [42].

Another method often used in hydraulic design of complex
mixtures is to employ empirical equations derived from experi-
mental data for both the critical deposition velocity and
pressure drop. In these equations, the critical velocity
and pressure drop are usually expressed as products of the
exponential functions of the pipe diameter, representative
particle size, specific gravity and concentration of solids, and
operating flow velocity. The main drawback of such an approach
is, that all the solids are represented by a single particle
size, which may not account for the entire slurry behavior.
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3.5. Hydraulic Design Criteria for Coarse-Solids Slurries

Primarily because the experience to date is limited to a
few, case-specific applications, and the published information
is relatively scarce, hydraulic design criteria are not vyet
established for transportation of slurries involving coarse
solids such as run-of-mine coal. The work reported by Trainis
[83] is considered important, in this respect. It gives an
equation each for the critical deposition velocity and the
hydraulic gradient based on the data obtained for horizontal,
coarse-coal pipelines in the Soviet Union.. Both equations
generally follow Durand's concept, but the hydraulic gradient
is evaluated for the fine and coarse fractions separately, in
a similar manner as in Wasp's model for hetero-homogeneous
slurries.

The critical deposition velocity, V.

b’ is given in metric
units as follows:

/2 /3

vV, = (gD)l

b (20)

1
[(sc—sf) / kCyf s )]
where D is the pipe size, k is an empirical constant (k = 1.9
for coarse coal), C_. is the drag coefficient for the coarse
fraction (C_. = 0.75 for coarse coal), f is the Darcy-Weisbach
fraction factor for water of the same flow rate as that of
the slurry, s_is the specific gravity of the slurry formed
by the coarse” fraction, s_ is the specific gravity of the
slurry formed by the fine fc'raction, and g is the gravitational

acceleration.

The equation for the hydraulic gradient Sm, of the whole
slurry, is also given in metric units as follows:

i} /2 _
s, =8 [1+(ss—1)cv] + [(gD) (ss sf)cvc / (kv cD)] (21)

where S is the hydraulic gradient for water of the same flow
rate as that of the slurry, s_ is the dry specific gravity of
solids, C_ is the total volumetric concentration, C is the
volumetric concentration of the coarse fraction, and is the
mean slurry velocity, with the other variables as defined
earlier,

Numerous other studies have shown that Durand's concept
can be considered applicable essentially to coarse-solids slurry
pipelines, as well. For example, Ismail, et al. [49] refer to
correlations similar to the one shown in Fig. 18 and comment
on the reliability of the criterion of F_ = 1, at least for the
purposes of a conservative, preliminary evaluation of coarse-
coal slurry pipelines. Further investigations are needed,
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however, on such areas as the effect of solids size distri-

bution on the operational stability and determination of optimum
representative particle size distribution.

3.6 Hydraulic Design Criteria for Non-Conventional Slurries

Slurries formed by coarse or high-content solids and water
and those involving a 1liquid other than water are usually
referred to as the "non-conventional" slurries. The primary
basis for such a characterization is not that these are somewhat
exotic slurries, but the lack of sufficiently extensive tech-
nical information on their behavior, and for that matter,
generally acceptable design criteria.

An important class of non-conventional slurries consists of
coal-oil, coal-oil-water and coal-water mixtures containing coal
concentrations of up to 70-80 percent by weight. Investigations
on these slurries have begun fairly recently. It is known
by now, however, that they invariably behave as homogeneous
mixtures, at least with the help of some "stabilizing"
additives, and often have highly complex, non-Newtonian rheology
of their own. Their "representative" viscosities are high, and
may vary significantly with both time and rate of shear stress
applied. Once of the rheologic behavior is determined, then,
the general methodology applied to homogeneous slurries dis-
cussed earlier would also be applicable to these dense-phase
slurries. Other important aspects of hydraulic design for
these slurries yet to be fully analyzed are the variations in
their rheology due to pumping and performance of the usually
"progressive-cavity" type pumps themselves [2,6,24,27,30,55,59,
65,68,72,74].

For slurries involving liquids other than water, such as
methanol and 1liquid carbon dioxide, the main problem again
appears to be the shortage of sufficiently extensive information
to produce generally acceptable design criteria. A number of
studies have shown, however, these non-water-based slurries,
too, have a potential to become viable alternatives for
transporting minerals and coal, in particular. With appropriate
grinding of solids, it appears possible to achieve hydraulic
conditions that are similar to those of conventional coal-water
slurries. A review of the rheologic, hydraulic and the other
technical characteristics of non-conventional slurries studied
to date is beyond the present scope.
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4, SYSTEM COMPONENT COST ESTIMATING METHODOLOGY

This section presents a summary of the cost functions for
estimating the capital and annual operating costs of the various
system components for a typical cross-country coal slurry
pipeline. The cost functions given are based on an extensive
survey and evaluation of the available data and information
compiled, concerning not only the existing and planned coal
slurry pipelines, but also pipelines transporting other kinds of
slurries as well as liquids and gases. The costs presented are
with 1982 (end of 1981) prices for the United States, estimated
by escalation of the prices of the previous years. BAmong the
more important sources of information on costing slurry
pipelines are the reports published by the U.S. Congress Office
of Technology Assessment [64], Rieber, et al. [69], Zandi, et
al. [99], and Zandi [100], as well as numerous papers published
in the proceedings of various international conferences
organized by the Slurry Transport Association, and the British
Hydromechanics Research Association. Further information was
also compiled from the reports as well as through private
communications on a number of feasibility studies carried out by
various consulting and engineering companies.

4,1 Summary of Cost Estimate Relationships

The cost functions are associated mainly with the following
pipeline system components: line pipe, pumping stations, slurry
preparation plant, slurry dewatering plant, automated operation,
control and communication system and contingencies, all in-
cluding costs of material, equipment, land, and installation
concerning capital costs, and operational and personal costs
concerning annual expenses.

After a thorough evaluation of the data available, the
relationships employed in the study by Yucel [92] for estimating
the capital costs and annual operation and maintenance expenses
with 1982 prices applied to coal slurry pipelines in Virginia
are summarized below:

Capital Costs ($-millions)

Line Pipe

LP = (697.019)Dt + (17.311)D + 4.730

Pumping Stations : PST = (0.88)T(Np+1)/N}?+(0.33)T+(0.697)T2/3

Preparation PREP = (4.028)T + (0.756)T2/3 + 0.39
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(2.437)T + (5.160)T%> + 1.000

Dewatering : DEWT =
Control : CONT = (0.025) (LP)
Miscellaneous : MISC = (0.15) (LP + PST + PREP + DEWT + CONT)

Total Capital Cost: PT = LP + PST + PREP + DEWT + CONT + MISC

Annual Operation and Maintenance Cost ($-millions per year)

Line Pipe PLA = (0.050T) + (PW) (NDPY) (VW)

Pumping Stations

.

PSTA = (12) (0.050) (NP)

Preparation : PRA = (40) (0.050) + (0.198)T + (0.165)T
Dewatering : DWA = (40) (0.050) + (0.220)T + (0.165)T
Control : ENA = (PE) (ENY)

Miscellaneous : MISA = (0.15) (PLA + PSTA + PRA + DWA + ENA)

Total O & M Cost : OMT = PLA + PSTA + PRA + DWA + ENA + MISA

4.2 Selected Results for a Coal Slurry Pipeline in Virginia

The principles and cost functions described above were
applied by Yucel [92] to a preliminary feasibility study carried
out for coal slurry pipelines in Virginia. The computer model
VIR used for this purpose was an augmented version of the one
developed earlier [16-17,96] for a similar study conducted for
a magnetite concentrate slurry pipeline in Turkey.

A Dblock diagram of the computer optimization model VIR
is shown in Fig. 19. All of the topographic, hydraulic and
economic data are retrieved by the subroutine INPUT. The three
control subroutines CONT1l, CONT2 and CONT3 perform the various
functions of managing the program, with respect to the hydraulic
and economic calculations and output of the results in both
tabulated and plotted formats. The eight route alternatives
studies are shown in Fig. 20. The topographic features were
typically as shown in Fig. 21 for the 380-mile (608-kilometer)
route #INS., A typical output of hydraulic and cost calculations
obtained for the optimum pipeline with an annual throughput of
10 million metric tons per year is given in Table 6, whereas a
summary of the results obtained for the route #INS is shown in
Table 7.
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Figure 19 Block Diagram of the Computer Optimization Model VIR

ROUTE ALTERNATIVES
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Figure 20 Route Alternatives Investigated for the Conceptual
Coal Slurry Pipelines in Virginia
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Figure 21 Typical Topographic Profile Characteristics
of Coal Slurry Pipelines in Virginia

Table 6

OISTACE (MILES)

Summary of Characteristics for a Typical
10-mty Coal Slurry Pipeline in Virginia

- YIRGINIA COAL SLURRY PIPCLINE - ROUTE # I1NS

PIPELINE LENGTH : 380. MILES
OPTIMIZATION CRITERION : UNIT TRANSPORTATION COST

ANMUAL NET THROUCHPUT : 10.00 MILLION METRIC TONS/YW
ALTERNATIVE SPECIFICS : 1-LIME PIPELINE WITH FULL LOAD

PIPE SIZE : 26.76 IN  WGT CONC : 50.00 %

HYORAULIC GRADIENT : 0.00477 VOL CONC :  42.19 %
MIXTURE VELOCITY  : 5.25 FPS MIX DISCH : 9202.18 GPM
4 PUME STATIONS AT M i 0/ 40/190/295/

NO OF PUMPS PER STATION :

AVERAGE HEAD OF PUMPS . : 2158.01 FEET OF WATER

OISCHARGE OF EACH PUMP : 1314.60 G

AVERAGE POWER OF PUMPS : 1036.64 H'

SUCT 10M HEAD OF PUMPS : 32.81 FEET OF WATER
TOTAL POWER REQUIRED H 21.64 HEGAWATTS

TOTAL ENERGY REQUIRED ;0 179.22 MILLION KW=HRS/YR

PIPE WALL THICKNESS AT 5-MI INTERVALS (MILLIMETERS)

1918 16 14 711 9 8181715 16 16 16 m 16 16
16 \5 15141210 6 9 8 710 09 7 6
6 61817 17 16 1 |515|5uu u 12 12
|ow999a76 16 15 15 14 18 13 12 12
1M1IG10 9 8 8 7 6
e SYSTEM COMPONENT COSTS -
° ® CAPITAL ® OPERATION °
© COST croup *  INVEST. o COST/YR ©
b ®  (S-MILL.) * (S-MILL.) ®
 LINE-PIPE . 209.269 = 2.78% *
© ENERGY . 2. . 5.377
. mmc STATIONS * 65.781 . .
® SLURRY PREP . uk. 185 ° 5.630 ©
® SLURRY OEWT . 49.321 ° 50 o
© AUTOMAT10M - 5.232 * .
® %1SCELLANEOUS - 61,831 ° 3.982 *
° TOTAL . 832.683 25.388 ©
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Table 7 Summary of Overall Characteristics for a
Typical Coal Slurry Pipeline in Virginia

L] 0 S NP HP EN Le PREP DEWT PS PT oM

BRBBOBBRRBBENBBBBDDBBRBNDBBRBIRORNBDBRBORNBBRBBBRBBRBRBRRBBNERRRBBBRBBRNND

2.5 13.4 1.13 6 36u48. 114, 96. 12, 17. 30. 185. 16.
2.5 13.4 1,13 7 3131, 4. 92. 12. 17. 35. 187. 16.
5.0 18.9 0.73 4 3455. 143, 152. 23. 28. 36. 282. 18.
5.0 18.9 0.73 5 2771. 144, 149, 23. 28. 45. 290. 19.
5.0 18.9 0.73 6 2314. 144, 136. 23. 28. S4. 286. 20.
5.0 18.9 0.73 7 1988. 144, 131, 23. 28. 63. 291. 20.
7.5 23.2 0.57 3 3495. 163. 190. 34, 39. 39. 354. 21.
7.5 23.2 0.57 4 2629. 164. 179. 34. 39. 51. 356. 22.
7.5 23.2 0.57 5 2110. 164. 171, 34, 39. 64. 362. 23.
7.5 23.2 0.57 6 1764. 165. 163. 4. 39. 77. 369. 23.
7.5 23.2 0.57 7 1516. 165. 160. 34. 39. 90. 381. 24,
10.0 26.8 0.48 3 2866. 179. 2u42. 4y, 49. 49. 4s52. 25.
10.0 26.8 0.48 4 2158. 179. 209. uy. 49. 66. 433. 25.
10.0 26.8 0.48 5 1733. 180. 225. uy. u9. 82. 471, 26.
10.0 26.8 0.48 6 1450. 181. 196. by, 49. 99. 457. 27.
10.0 26.8 0.u48 7 1243. 181. 194. Ly, 49. 115. U474, 27.
12.5 29.9 0.4 3 2u51. 191, 266. 55. 59. 60. 516. 28.
12.5 29.9 0.w1 4 1847. 192. 264. 55. 59. 80. 537. 29.
12.5 29.9 0.4 5 1484. 193. 252. 55. 59. 100. 547. 29.
12.5 29.9 0.wm1 6 1282. 193. 222. 55. 59. 120. 535. 30.
12.5 29.9 0.wm 7 1065. 193. 213. 55. 59. 140. 549. 3.
15.0 32.8 0.37 2 3212. 200. 358. 65. 69. 47. 632. 31,
15.0 32.8 0.37 3 2152. 201. 292. 65. 69. 71. 583. 3.
15.0 32.8 0.37 4 1623. £02. 303. 65. 69. 4. 623, 32.
15.0 32.8 0.37 5 1298. 202. 297. 65. 69. 118. 644, 33.
15.0 32.8 0.37 6 1087. 203. 255. 65. 69. 142, 623. 33.
15.0 32.8 0.137 7 937. 204. 243. 65. 69. 165. 636. 4.
20.0 37.8 0.3 2 2601, 216. 383. 87. 88. 61. 723. 37.
20.0 37.8 0.31 3 1745, 217, 333, 87. 88. 92. 700. 38.
20.0 37.8 0.31 4 1317, 219. 359. 87. 88. 122. 767. 39.
20.0 37.8 0.1 5 1054. 219. 345. 87. 88. 153. 786. 39.
20.0 37.8 0.3 6 883. 220. 293. 87. 88. 184. 762. 40.
20.0 37.8 0.31 7 8u8. 2u6. 288. 87. 88. 214. 792. 42.
25.0 42.3 0.27 2 2197. 228. U469. 108. 106. 75. 886. 43.
25.0 42.3 0.27 3 1476. 230. 380. 108. 106. 112. 825. Lb,
25.0 42.3 0.27 4 Y115, 232, 437. 108. 106. 150. 935. u5.
25.0 42.3 0.27 5 892. 232. U416. 108. 106. 187. 955. 46.
25.0 42.3 0.27 6 749. 233. 397. 108. 106. 225. 977. 4é6.
25.0 42.3 0.27 7 647. 235. 370. 108. 106. 262. 989. u7.
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A detailed discussion of the investigation and the results
obtained is presented by Yucel [92,93]. However, two of the
interesting features that were observed as common to all alter-
natives are as follows:

(a) The cost of installed line pipe is by far the major
component (over 50 percent) of the capital cost of the total
system.

(b) Optimum system cost characteristics do not vary
significantly with the number of pumping stations specified.
This is quite as expected, because as the number of pumping
stations increase, the line pressures decrease, and vice versa.
Thus, the sum of line pipe and pumping station costs is somewhat
balanced. It should be remarked that this is probably one of
the most significant positive features of a slurry pipeline.
Actually, it implies that a conceivable range of design varia-
tions that may be applied to locations and characteristics of
pumping stations in a detailed engineering design study will
apparently not alter the overall optimum design characteristics
evaluated in a previous feasibility study to any significant
degree.

4.3 A Simplified Optimization Methodology

Of the capital cost components referred to earlier, those
for the preparation and dewatering facilities and the
miscellaneous components are largely direct functions of the
annual throughput of the material handled, and therefore, are
practically independent of the topography, pipeline route or
other variable system characteristics. The variable components
of the overall cost relationship, then, are basically those of
the line pipe and the pumping stations. 1In fact, depending on
the topography, the number and the individual head/capacity
characteristics of the pumping stations directly affect the
pipe wall thickness at each along the pipeline. Therefore, the
customary procedure is to determine the line pipe and pumping
station costs using a segmental calculation technigue along a
given route. Because the capital cost is invariably the pre-
dominant component of long-distance, large-throughput slurry
pipelines, minimization of the sum of line pipe and pumping
station costs usually yields the optimum system characteristics
at least for the purposes of a preliminary feasibility study.

In view of the preceding discussion, a simplified yet
quite accurate technique was developed by Yucel [94] for
calculating the total system capital cost. The following are
the additional observations which formed the basis of the
technique:
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(a) It can be shown, that for a pipe of given nominal size
and material grade, the pipe wall thickness is a direct function
of the internal pressure, only.

(b) For a slurry of specified annual throughput, particle
size distribution, concentration and operating velocity, the
system hydraulic gradient is uniquely determined.

(c) Given a system hydraulic gradient and a topographic
profile, the total energy input required by the pumps is con-
stant, and given by the integral of the difference between the
energy grade line and the topographic profile.

(d) The total energy input by the pumps directly yields
the integral of the line pressure, which determines the integral
value of the pipe wall thickness, and for that matter the total
weight and the total cost of the line pipe of a given design
diameter.

As described in detail by Yucel [94], the preceding con-
siderations lead to the following simplified relationship for
the total system capital cost:

C = C, (SUM) + C

TS 1 (22)

2

Where C and C, are constants for a given annual slurry through-
put, whereas SaM is defined by:

, -
SUM=SL/2—At—Z[Li(ZH)] (23)
= J=i+l

Clearly, Eg. (23) contains gross gquantities only, namely the
system hydraulic gradient S, the total length of the pipeline
L, the net pumping heads H, at each of the N pumping stations,
and the pumping station -“spacings L,, whereas the term A
is simply the area between the topographic profile and the
horizontal plane passing through the lowest pipeline elevation,
as indicated in Fig. 22.

Topographic features may sometimes warrant the application
of different hydraulic gradients for certain pipeline segments
in order to prevent hold-up phenomena. Yucel suggests, that the
same concept should lead to a modified form of Egq. (23), again
involving only the gross geometric features of hydraulic and
topographic profiles, once the locations and pumping heads of
the pumping stations are determined, such as by graphical means.
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Figure 22 Pumping Heads and Hydraulic Gradients for a
Typical Pipeline on a Given Topography

4.4 Transportation Cost

Disregarding environmental, socio-political and other
applicable factors, the feasibility of a slurry pipeline would
be determined by an overall comparison of the resulting
transportation cost with those applicable to the alternative
modes of transportation that may be available. Such an economic
comparison can be based on the present worth of total costs,
levelized total annual costs or future worth of total costs,
each of which would depend strongly on the economic/financial
scenarios and methodologies applied. These scenarios may vary
considerably not only from one country to another, but also from
year to year and with the economic/financial forecast methods
chosen, a detailed discussion of which is clearly beyond the
present scope. However, the use of levelized annual costs is a
simple, yet rather widely accepted methodology, at least for the
purposes of a preliminary evaluation.

Levelized annual costs consist mainly of the annual opera-
tion and maintenance costs and the other expenses, including
financing charges for the capital investment, taxes, insurance,
dividends, and depreciation. These costs must be evaluated
for the project life, for which 30 years is a widely accepted
project basis in today's pipeline applications. A simplified
method would yield:

AN = OMT + (R) (PT) (24)
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where AN is the levelized annual cost, OMT is the total annual
operation and maintenance cost, PT is the total capital cost and
R is the representative fixed annual rate applied to the capital
cost to account for financing charges involved.

A simplified basis for comparison of the alternative
transportation systems can thus be obtained in either of the
following forms:

TC=AN/L; and TCU=AN /T / L (25)

where, TC is the "transportation cost" in $ per ton, TCU is the
"unit transportation cost" in $ per ton per mile (or kilometer),
T is th annual throughput in tons per year, and L is the pipe-
line length in miles (or kilometers).

The methodology described in the preceding sections deals
primarily with the preliminary feasibility costing of a typical
long-distance, large-throughput pipeline designed to transport
conventional coal-water slurries with approximately 50 percent
concentration of coal on a dry weight basis. Pipelines in-
volving other slurries would involve variations regarding these
cost functions. The most significant variations that depend on
the type of slurry would ordinarily be related to slurry prepar-
ation and dewatering systems as well as the operating velocity.
A final project design would clearly warrant detailed evalua-
tions of all of the characteristics specific to site and slurry
type.

5. BRIEF ASSESSMENT OF ENERGY, ECONOMIC AND ENVIRONMENTAL
ASPECTS OF SLURRY PIPELINES

Of the various criteria used to compare various alternative
modes of transportation, energy intensity, overall transporta-
tion cost, and environmental impact are probably the most
significant, if not the deciding ones. While a detailed com-
parison of slurry pipelines with the other modes of transporta-
tion, particularly with the railroads, is not within the present
scope, a brief assessment is presented herein.

5.1 Energy Aspects

The energy impacts of slurry pipelines in general, and
coal slurry pipelines in particular, have been the subject of a
number of investigations, with the following major objectives:

(a) to determine the quantity of the energy expanded by
the coal slurry pipelines, and perhaps more significantly,
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(b) to establish a common denominator or a representative
basis for comparison with the other modes of transportation,
particularly with the railroads.

The latter of these items often involves factors which are
not necessarily common to different transportation systems and
may not even be easily quantifiable. One of the basic measures
of "transportation energy" is referred to as the "energy in-
tensity", which is broadly defined as the amount of . energy
consumed per unit of transportation accomplished. Banks [7] as
many investigators, admit that this parameter may often be an
inaccurate indicator, since it does not necessarily reflect the
impact of the total length, total amount of haulage, and uni-
formity (continuity) or intermittency of transportation, as well
as the availability and even a nonquantifiable factor such as
the "kind" or the "value" of the energy that is expanded.

Based on an evaluation of numerous studies, including CBO
[15] and Banks [7], Hibbard [44] presented Table 8, and con-
cluded that "...given the uncertainties represented by all of
these estimates, the two total... (energy intensity)... values
should not be regarded as significantly different... Indeed, it
must be argued that when a comparison is made between strictly
equivalent options of slurry pipelines and unit trans, it is not
possible at this time to distinguish between these options on an
energy basis alone... Other criteria such as capital, access,
politics, and profitability remain as the major factors which
will determine the choice between slurry pipelines and unit
trains for moving coal...".

Table 8 Adjusted Energy Intensity Comparison

Categories of Coal Slurry Pipeline Unit Train
Energy Consumption (Btu/ton-mile) (Btu/ton-mile)
Propulsion 600 370
Vehicles (0] 60
Construction 50 100
Maintenance 100 60
Circuitry Factor (1.1) (1.51)

Total Energy Intensity 825 890
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5.2 Economic Aspects

As a primary motivation behind seeking an alternative to
the current existing systems, overall economic characteristics
of coal slurry pipelines have been the subject of numerous
investigations. The main objective of some of these studies
has been to determine simply as to whether a given coal slurry
pipeline would produce more economical transportation scenarios
than, for example, the railroads. Some studies, on the other
hand, have addressed a more general objective, namely the
overall economic impact of coal slurry pipeline development
upon the related areas of economy, regionally or throughout the
country, or overseas transportation. For more comprehensive and
specific treatment of the related issues, reference is made to
the other studies [4,7,10,13,16,25,29,48,53,64,66,69,92].

The main economic feature of pipelines in general, and coal
slurry pipelines in particular, is that they are predominantly
capital intensive, with up to 70 percent of the costs being
fixed. The reverse is generally the case for railroads, where
up to 80 percent of the costs are variable and affected strongly
by inflation. In an effort to illustrate this point, Aude, et
al. [4] gives the historical and projected future patterns of
slurry pipeline capital cost components in Tables 9 and 10. The
results of similar analyses for the operating cost component,
on the other hand, are given in Tables 11 and 12, respectively.
Aude, et al. [4] also analyzed the projected tariff variations
for both the coal slurry pipeline and rail transportation based
on the records of unit train tarriffs, for the movement of 5 mty
of coal between the same reference points. The results of the
individual tariff projections are given in Figs. 23 and 24,
respectively. Furthermore, Fig. 25 and Table 13 illustrate a
comparison of tariff projections for both modes of transporta-
tion. BAude, et al. [4] conclude that the slurry pipeline tariff
in 1983, namely in its first year of operation, is projected to
be 7 percent below the railroad tariff, and this spread will
keep increasing over a 30-year life of coal movement until the
railroad rate 1is almost three times the pipeline rate. The
increase in spread is attributable to the stabilizing effect of
the comparatively large capital-related component of the pipe-
line tariff versus the small capital-related component of the
railroad tariff.

Very similar conclusions have been drawn from various other
investigations. It must be remarked again, however, that the
quantitative results above can only be interpreted as indicators
of a general trend, particularly for relatively long-distance
large-throughput haulages. In each case not falling into this
category, the larger the distance and annual throughput, the
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Table 9 Historical and Projected Slurry Pipeline Capital Costs

Figure 10

Pipeline’ Pump Stations’
Period GNPD Line Pipe’ Construction and Other Facilities

1966-1970 4.4 0.4 5.3 2.7
1970-1971 5.0 7.7 10.2 3.7
1971-1972 4.2 1.8 79 2.1
1972-1973 538 7.0 8.2 2.9
1973-1974 9.6 28.6 11.3 14.9
1974-1975 9.7 39.7 13.6 15.7
1975-1976 5.3 3.2 6.0 5.9
Compound

Annual

Average 5.7 8.2 7.8 6.3
Projection?

1976-1983 5.5 7.1 7.0 7.0

'Oil & Gas Journal—August 22, 1977
"Wholesale Price Index— Machinery & Equipment
'Adapted from SHCA

Projected Construction Costs for a Typical
25-mty, 1100-mile Coal Slurry Pipeline

Pipeline Pump Station
and Other
Materials Construction Facilities Total

1978-% of Total 28 19 53 100%
1978-Capital-

Related ltem

$/Ton 2.64 1.79 5.00 9.43
Inflation Rates
%/Yr. (Table 1) 7.1 7.0 7.0
1983-Capital-

Related Com-

ponent $/Ton' 3.36 2.27 6.34 11.97

"Two-Year Construction Schedule
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Table 11 Historical and Projected Slurry Pipeline Operating Costs

(ANNUAL PERCENT INCREASE)

Supplies
Period Electric Power Labor and Other

1966-1970 1.5 5.5 2.6*
1970-1971 6.1 6.6 3.3
1971-1972 7.1 6.6 4.5
1972-1973 7.7 6.0 13.1
1973-1974 129 ‘9.5 18.9
1974-1975 21.3 15.0 92
1975-1976 13.8 7.9 4.6
1976-1977 94 98 6.1
Compound

Annual

Average 75 7.5 6.2
Projection
1977-1980 12.0¢ 7.0 6.1¢
1980-1985 8.0 6.0 5.5
1985-1990 6.6 6.0 5.5
1990-2010 56 6.0 55

Table 12 Projected Operating Costs for a Typical
25-mty, 1100-mile Coal Slurry Pipeline

Supplies
Power Labor and Other Total

1978 % of Total 45 15 40 100
1978 —Operating Component.

$/Ton 1.82 061 1.61 4.04
Inflation Rate, % /yr. (Table 3)

1978-1980 12.0 70 6.1

1980-1983 8.0 6.0 5.5
1983 Operating Component.

$/Ton 28 0383 2.13 5.84

Table 13 Comparison of Projected Tariffs for
Slurry Pipelines and Unit Trains

Transportation Mode
Slurry Pipeline Unit Train
Estimated 1983 taritf $17.81/ton $19.08/1cn.
’A 1 & “ d
5.0% per year general inflation 2.9%/yr. 6.7%/yr.

Projected 2010 taritf $38.68/10n $110.72/v0n
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Figure 23 Typical Coal Slurry Pipeline Tariff Projections

1204
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Figure 25 Comparison of Projected Tariffs for
Coal Slurry Pipelines and Unit Trains
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more favorable would be the economic features of coal slurry
pipelines in view of the above considerations. A final decision
concerning the economic impacts of the development of a partic-
ular coal slurry pipeline should inevitably be based on a
detailed analysis of various other factors, such as market
stability, supply potential, availability and terms of capital,
impact on other shippers and employment.

5.3 Environmental Aspects

To illustrate the environmental superiority of slurry
pipelines particularly over railroads, the following remarks
were made by Buck [9]: "...Dust, noise, diesel fumes, traffic
hazards, and frequent delays seem to be an essential part of the
unit (or conventional) train environmental impact, ... (there is
no) aesthetics (that can be claimed) of a mile-long train of
coal hoppers... The slurry line (on the other hand) is dust-
less, noiseless and independent of the vagaries of weather,
traffic and priorities of other shippers... The best com-
puterized rail operations system still permits collisions
between trains. Vehicle, pedestrian and animal collision are
frequent ...tons of coal or other goods, ...diesel fuel may be
spilled, trackside vegetation is devastated, fires and often
widespread pollution may accompany a train wreck... pipelines
(on the other hand), have an enviable safety record. Coal
slurry pipelines may be in their infancy; but the well-
established Black Mesa 1line has a 99 percent successful
operation record. Plugs may require some temporary shut-down
of a slurry line, but even if the line must be uncovered and
cut to remove a plug, this is miniscule in time and cost when
compared to a train wreck...".

One of the more frequently discussed environmental aspects
of slurry pipelines is concerned with the gquality of water
received at the end of the pipeline and its treatment for
possible reuse as process water or discharge to surface water
courses so as to meet the applicable effluent requirements. In
regards to various constituents and their impact, simulation
studies and laboratory tests have provided gquite definitive
indications [9,14,25,56,58,62-63,67,70]. For example, Manahan,
et al. [58] conclude, that "...In many cases, the percentage of
total metal extracted from coal in a 50 percent slurry is very
small... Specifically, environmentally important heavy metals
are not 1leached appreciably into the water, despite their
significant levels in the coal...". Even more interestingly, it
was further remarked, that "...Because of the rather good
sorption qualities of coal for organic compounds and heavy
metals, serious consideration should be given to the use of coal
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slurries for water purification. Thus, impaired water could be
used as a source of water for a coal slurry line and could be
largely purified by a long-term contact with coal in the
slurry..." wastewater were below the detectable limits...
(Thus,) water quality problems ... are not severe, and should
not impede development of a slurry pipeline system. Remedial
measures are available for upgrading the slurry wastewater
quality for reuse as process water or to allow discharge to
surface watercourses... to clean up the water to whatever level
is required...”.

In every comparison of slurry pipelines and railroads, the
water issue is always assigned as a glaring disadvantage to the
slurry pipelines, particularly where the water is known to be
scarce. A coal slurry pipeline requires about 800 acre-feet (65
cubic meters) per year for every million ton of coal transported
annually. This implies that a pipeline to haul 25 million tons
per year requires about 15,000 acre-feet (1,233 cubic meters) of
water per year at its source. Compared to the 120,000 acre-feet
(10,000 cubic meters) of water required annually for a 7000
megawatts of coal fired electric power plant, this amount of
water is certainly not unduly excessive.

Pipeline ruptures and spills are of frequent concern to
many. However, based on past experience, frequency as well
as incurred damages due to such incidences can now be reduced
to a minimum with adequate design considerations, and not
necessarily at any substantial costs contrary to the common
conceptions. Thus, no long-term impacts are anticipated to the
health or safety of any human as a result of a coal slurry spill
at any time during the project life.

Historical data on accidents related to slurry pipelines
are limited. However, an estimate made based on oil pipeline
data by OTA [64] shows, that for coal slurry pipelines to
transport about 75 million tons of coal annually, one disability
day would result for each 45 million ton-miles (73.6 million
ton-kilometers) of coal transported. No estimate on deaths is
made due to "lack of supporting data". For railroads carrying
the same 75 million tons of coal per year, however, estimates
are 1.9 deaths, 304 lost work-day injuries, and 14,000 dis-
ability days annually. The study concludes, therefore, that
railroads experience much more significant adverse impacts
related to occupational health and safety than pipelines.
Clearly, it can be argued, that similar statistics may apply
to many other parts of the world, as well.
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6. CONCLUSIONS

In view of the brief review presented in the preceding
sections, the following general conclusions may be offered:

A. The technology of "conventional" slurry pipelines
is established, readily available, and practically free from
any major and insurmountable problems, from the viewpoints of
design, construction, equipment, transport capacity, continuous
and efficient operation, line plugging, control of shotdown and
restart processes, as well as preparation and dewatering of the
slurry involved to any desirable and practical degree without
excessive cost, in regards to transporting any mineral or coal,
practically to any distance and anywhere in the world. Due to
their ability to overcome various topographical difficulties
rather easily, it has been and would be possible to economically
exploit minerals and coal in many parts of the world, which are
otherwise practically inaccessible by other means.

B. While each specific slurry pipeline project will have
its own specific characteristics, past experience clearly shows
that increasingly favorable conditions for slurry transportation
will result with increasing length and annual throughputs. A
very significant positive feature of slurry pipelines is that,
the fixed capital costs involved invariably constitute by far
the dominant portion of the total costs for the entire project
life. Therefore, they are much less affected by inflationary
factors, which is now a global fact of life, than most other
modes of overland transportation. A final decision associated
with the development of any slurry pipeline should inevitably
be determined by the outcome of a detailed analysis of various
specific factors and comparisons with the other modes of trans-
portation that may or may not exist.

C. There is sufficiently convincing evidence and exper-
ience that have formed the basis of reliable hydraulic and
overall design criteria for the conventional slurry pipelines.
The proven techniques of analysis and the indisputable success
of the past commercial applications have inevitably lead to
recently intensified research and development associated with
the "non-conventional" slurries. Relatively more significant
applications, in this respect, are offshore ship loading/
unloading pipelines, both underground and overland pipelines
handling coarse, run-of-mine coal and minerals, as well as
high-concentration coal-liquid mixtures intended for direct
combustion in industrial and utility boilers.
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