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by
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ABSTRACT

The process described here is designed for the beneficlatlon of
coal, especilally highly friable coals of the type found in western Ganada.
The main components of the E. M. R. process comprise the following four
unit operations: selective feed preparation; scalping in bulk using watex
as a medium; oil-assisted drying of coal slimes; and water recovery. The
system operates with a closed water circult and avoids thermal drying, thus
preventing pollution of the air and of water at the source. 1t provides for
the optional treatment of middlings by special methods, e.g. the liberation
of intergrown coal by grinding and separation by heavy-medium methods,
tabling, etc., A wide varilety of separators can be used, and this provides
the flexibility of choice needed for producing optimum results at a maximum
profit per ton of pithead coal (run~of-mine). A closed water system is
maintained for all combinations.

A general method for determining steady~state conditions is intro-
duced. This procedure is essential for the advance calculation of slimes
recirculation and its control, especially if the process must turn out
metallurgical grades from highly variable raw coal.

*Head, Western Regional Laboratory, Metals Reduction and Energy Centre,
Mines Branch, Department of Energy, Mines and Resources, Edmonton, Alberta.
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RESUME

Le procédé décrit ci-aprés est destiné a4 améliorer la qualité du
charbon, en particulier des charbons trés friables comme ceux que 1'on
extrait dans 1'ouest du Canada. Les principales &tapes du procédé de 1'E.M.R.
sont les quatre opérations suivantes: préparation selective de 1'alimentation;
8limination des impuret&s en gros, 4 l'aide de l'eau; séchage des boues de
charbon & 1'aide d'huile; et récupération de l'eau. Le systéme fonctionne en
‘circuit d'eau fermd et permet d'dviter le séchage thermique, donc d'éviter de
Polluer 1l'air et 1'eau 4 la source. Cette méthode permet également de traiter,
si on le désire, les mixtes & 1'aide de procédés spéciaux, par exemple en
récupérant le charbon par broyage et par séparation suivant le procédé de
différenciation des poids, ou par sélection mécanique sur table, etc. On
Peut utiliser des types de séparateurs tré&s divers, ce qui laisse toute la
latitude de choix nécessaire pour obtenir les meilleurs résultats possibles
avec ‘un rendement maximum par tonne de charbon extrait directement (charbon
tout-venant). On utilise un systéme de ¢irculation d'eau en circuit fermé
pour toutes les méthodes employées. '

On'a introduit une méthode génédrale permettant de déterminer les
conditions de stabilité. Cette méthode est indispensable pour calculer &
1'avance la remise en circulation des boues et le contrdle de cette opé&ration,
tout particulisrement si 1'on doit produire & l'aide de cette méthode des
charbons métallurgiques a partir de charbons bruts de qualité treés variable.

1) Chef, Laboratoire régional de 1l'ouest (Edmonton), Direction des mines,
ministére de 1'Energie, des Mines et des Ressources (E.M.R.)
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INTRODUCTION

The problems of coal beneficiation are many but, if one had to
describe 'washery Frouble' with friable coals by a single expression, the
word would be degradation. The amount of minus 28-mesh fines that is accum-
ulated during transport from the pit, in storage bins, and during feed prep-
aration is usually double the amount found in the pithead coal. 1In the
wash plant, additional fines are formed during processing, fines that elude
desliming screens and so contribute to the build-up of slimes in the wash-
water circuit.

These slimes interfere with the recovery of heavy medium. The
consumption of magnetite rises, not infrequently, from less than 2 1b/ton
to over 8 1lb/ton. Dewatering screens are soon overloaded by fines, the

moisture contents of centrifuge products Increase and coal freezes in the

. cars during the winter season. These problems are so well known that no

more need be said of them.
The general solution of the fines problem is covered by three
points:

1) S;alp the prepared feed by bulk cleaning, using water as a medium,
and apply more precise methods only on the middlings, 1f needed.

2) -Keep plant volume small to reduce the residence time of slimes,
the degradation of particles, as well as the capital cost.

3) Remove slimes from the circuit and recover the water. Agglomer-
ation of coal slimes with small amounts of oil has been actively studied as
a means of controlling slimes build-up and of eliminating the need for ther-
mal drying. This method, once promoted for other reasons (ash reduction),
is again in favour because of its economic and technical advantages.

The above three points describe, in essence, the E. M. R. process.
Control of recirculating loads and - for design purposes - the predictability

of the steady state at each point in the circuit are the key to its practical



solution in each piant. Contrary to doubts expressed by some, the process
permits the use of a considerable variety of equipment types. Bulk clean-
iﬁg with water as a medium can be done in jigs, on.tables, with water cy-
clones, etc. For recleaning of middlings (deslimed), two entirely differ-
ent principles can be followed: depending on the liberation size of the
intergrown coal, the middlings can be ground and recirculated; if it is

more profitable to do go, a sharp cut can be made on the uncrushed middlings,
in a heavy-medium section of the plaﬁt that is "plugged in" to the main
process as a back-up, by means of a cone separator, bath, or a cyclone.

Though the above principles are not new, it is evident that their

re~embodiment in any processing plant presents a new set of conditions and
requirements. Different properties of the coal and different qﬁantities of'
prbducts reqﬁire a synthesis of the main‘function, at the maximum returns
pef ton run-of-mine (abbr. $/t.rom.). Conventional thinking in terms of
any speciél equipment or method needs to be broadened by considering the
interaction of.all the equipment within the frame of these main functions:

F e é d preparation, inclﬁding blending, storage,
screening and crushing of the raw coal and the optional selective
grinding of middlings;

Cleaning, the beneficiation of the prepared feed, and
the beneficiation and recovery of effluent solids;

Drying, the dewaﬁering and final moisture reduction of all
products, including reject, to buyer specifications and to environ-~
‘mental requirements; '

Clarifyding, the recovery of reconditioned wash water.

Effective integration of these unit operations includes cdntrol of the re-
circulation of water and solids. In this publication, a computer proced-
ure is introduced whereby steady-state conditions can be calculated for

groups of separators whose error curves are known. This includes density

error curves and size error curves.




INTEGRATED PROCESS

The general objective 1s to separate friable coal by wet-
mechanical means and to produce dry clean coal to specification, de-
watered reject for stockpiling, and reconditioned plant water for re~
circulation, at a maximum return in $/t. rom.

The diagram on Fig. 1 shows the master plan of an integrated
washery for friable coal without limiting the process to any specific
method of beneficiation or type of equipment. The emphasils 1s on the
reclirculation of middlings and slimes because, for friable coals, the
control of recilrculating products is a point of major importance.

The problem of builld-up may be circumvented by eliminating the
fines from the feed (by dedusting, for example) or by sending the efflu-
ent solids to a pond. Neither Sf these examples applies when the minus
28-mesh fines constilitute over 30 percent of the feed to the cleaning
section. There has always existed a tendency in the coal industry 1) to
preserve a large average particle size and 2) to operate on a "once-through"
basils; but the maximum particle size is limited, particularly for metallurg-
ical coals whose average ash content has to be reduced to the very minimum
and where ash distribution has to be controlled (hard,
high-ash particles are detrimental to coke quality because of thelr dif-
ferent shrinkage on cooling). The advantage of a "once-through" operation -
though valid as a target ~ is lost if the amount of fines is large. It is
also lost if the amount of middlings is large and no end~use for a middlings
product exists.

Control of Reclrculating Products

The quantitative appraisal of slimes and middlings recirculation
willl now be discussed in some more detaill, as a means of estimating and
controlling build-up in an integrated plant,

Referring to Fig. 2, what happens, In essence, when a product

from separator B is fed back to another separator A (or set of separators)
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whence it returns in part to B, can be described mathematically as accumu-
lating a converging series of increments ofdiminishing size approaching
a limit that is known in process engineering as the steady state. When

this state of equilibrium is reached, the build-up (recirculating load)

can be expressed as A= F'/F =-ero-mmemmcemc e M ————— 1)
‘where A= recirculation coefficient,
' F = néw feed to plant or system (A+3), in tph of solids,

F' = feed to separator A, in tph solids. .

Equation (1) provides the basic relationship for calculating the build-up
of solids in a system of separators shown in elementary fofm on Fig. 2. 1In

1)

this example, the overproduct “0 of separator A is fed into separator B;
underproduct U and overproduct 00 leave the system, while underproduct OU
recirculates to the feed of separator A.

Under steady-state conditions, the new feed (F) to the system
equals U + 00 ana the recirculation coefficient éan be found from | _

A= (F + OU)/F =mmmmmm oo oo e e o 2)

vwhere ou repreéents the underproduct solids flowrate of separator B.

Equation 2 applies as well for the flowrates of homologous fractions
of F and OU. Thus ) can, for instance be calculated for the 48 to 100-mesh
fractioﬁ that forms part of the minus 1/4-inch feed to the system;

The relative amounts of this fraction in each product (0, U, 00
and OU) are found from ﬁhe size consist of the new feed F, and from the |
densimetric error curves2) for the 48 to 100-mesh fractions of separators
A and B respectively. The work involved in calculating the fractional val-
ues and the overall value of A from the error curves of a series of inter-
locked separators is time-consuming but manageable with an engineering desk
computer. The details of this procedure are written up in a separate pub-

"lication by J. L. Picard (1)° The build~up in mixed systems of gfavity sep-
arators and classifiers, including a maximum of five units, can be computed

without complications. Larger numbers of units require a larger computer.

D Synonym for ‘overflow' and 'overflow product'; used in coal preparation

terminology to describe the entire product as well as its components, e.g.
overproduct solids flowrate, overproduct pulprate, overproduct slimes flowrate.

2) Synonymous with partition curve, distribution curve.




The resultant overall value of A for a separator system provides
the information from which the throughput capacity of each unit can be de-

termined. ,
Computer techniques for washery design provide the possibility of

comparing two washery circults and selecting the one with the lower re-
circulation ratio. It provides a means of checking the build-up for a range
of feed compositions and of checking the possibility that a separator may
get overloaded to the point where its separating efficiency will be affected.
At E. M. R., the effect of separating efficiency of individual units has
been studied in context with the overall result of the integrated process.
The error curve of a separator (A) may be better than that of separator (B);
yet, two separators (B) may produce a better overall error curve than separ-
ator (A) at the expense of a controlled degree of recirculation but at a
lower overall cost per ton run-of-mine.

Research on all aspects of beneficiation, including dewatering
with oll and centrifugal drying, was directed towards achieving the maximum
return in $$ per ton rom., a parameter that does take into account the yield
of clean coal and the cost at which it is attained. This method of 'counting
the cost' ﬁfovides the specific information for any individual separator in
relation to other separators within a coal washery. Thus, the optimization
of the above main functions (Fig. 1) can be achieved. General guidelines
for washery design can then be checked for specific applications. TFor ex-
ample, it is often advantageous to separate the majority of the clean coal
by scalping the raw feed in bulk, using a low-cost method. A performance
evaluation, illustrated by the graph shown on Fig. 3, provides the inform-
ation for designing the cleaning section for a given set of conditions and
requirements. It is noted, firstly, that the curves for actual yield and
ash content become more steeply inclined as the cutpoint is reduced; and
secondly, that these curves, in fact, turn back when the separating effic-
iency indicated by increasing values of the probable error (r) becomes too

low.



It 1s commonly accepted that a sharper gravity Ls always more
economical because of the resultant higher yield. Adverse EXPGriQQCé”iﬁ’“‘
the field has shown that this rule should be checked_carefull}", especlally

where it concerns the beneficiation of highly friable coals.




SCALPING IN BULK, USING WATER ONLY

Scalping in bulk is the recovery of a substantial portiop of
clean coal by washing the raw feed "in bulk",-that is; all sizes toéether.
The reject and the slimes are recleaned in order to recover additional coal,
if present.

Application of water-only methods for the scalping, in bulk, of:
friable coal offers the advantages of simplicity and low cost. A recent
article by A.A. Terchick (3) on this subject is of interest. One of the
oldest methods used for this purpose is jigging. Large jigs are often used
to treat the entire size range, including coarse coal with a top size up to
5 in., the finer siées being retreated to provide an acceptable product.
Similarly, for smaller top sizes, up to 5/8 in. tabling in bulk is often
practised. Water cyclones of the eompound type are used for bulk cleaning
raw coals with a top size of up to 2 1/2 in. The compound water cyclone
thus handles a range of top sizes intermediate between those of the table
and the jig.

Depending on the type of coal and the end use of the product,
water-only methods may or may not be sufficient. In some instance, if a
very low cutpoint is required, scalping may not be feasible, as is illustrat-
ed in the example on Fig. 3 for the curve representing a probable error
r 2 0.20. It is noted that, as the cutpoint decreases, the ash % of the coal
tends to increase again for large r-values, owing to the high percentage of
near-gravityl)material present in the iow-density fractions of the feed. 1In
many cases, however, a combination of scalping and retreatment of middlings
and fines is preferable; and in some cases, water-only methods by themselves
are sufficient to attain the desired end product.

Control of the recirculating products and effluent solids depends,
as has been demonstrated above, on the error curves of all separators, in-

cluding those of screens and centrifuges; and on the stability of these error

L)

Defined as the weilght fraction of coal contained in the d to.1 density
fraction, where d = density cutpoint.



curves under build-up condifions. The latter fequirement is thé one
most commonly overlooked when plant sections are not propefly integrated
at the design stage. Consequently, a spate of troﬁbleé awaifs the coal
preparation superintendént during start-up and later on, if the capacity"

of the plant needs to be increased.




CONTROL OF RECIRCULATING SOLIDS

In-plant products that are returned to the feed, either directly
or indirectly, contribute to the build-up that determines the minimum cap-
acity of each sepa;ator under steady-state conditions.

The procedure for calculating the recirculation coefficient A,
mentioned earlier (eqn. 1, p. 4, can be found for any arrangement of sep-
arators, as illustrated by the decision flowchart on Fig. 4. With this
chart, combinations of up to five separators for sorting and sizing can be
handled, using an engineering desk computer. An example is presented on
Fig. 5. Though this example illustrates a compound water cyclone circuit,
it is clear that thg procedure applies to any method or combination of
methods for cleaning coal. The program can, of course, be amplified if more
than flve separators are Iinvolved., This requires a computer with a larger
memory bank.

The essential information shown on Fig. 5 comprises,for each size
fraction, the fractional partition numbers (Rj) of each separator (including
gravity separationl), the yieldsz) of the gravity separators, and the size
consist of the prepared raw feed to the washery. The partition numbers rep-
resent the separator's size error curve under conditions within the normal
range of operation. Once the overall value of )} is found, the capacity of
each separator can be determined for the plant, as it will be operating
in the steady state.

With friable coals, the slimes content can build up to intolerable
levels when recirculation is not kept in check by special means. One method
of containing the build-up is that of oil agglomeration, to be described in
more detail in a separate section below (p. 1l4). 0il added to the circuit

is absorbed by the hydrophobic coal particles, and small agglomerates are

D
2)

Every gravity separator operates to a certaln extent as a classifier.

The yield figures account for the effect of the gravity separation on the
recirculation and build-up of middlings, in each size fraction.
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formed that can be effectilvely screened out on a 28-mesh dewatering screen.
Recoveries of over 95% can be obtalned for coals of which, for example, 40%
would pass through the 28-mesh screen if no oll were used, Theraffinity of
the oil is selective; it does not affect tﬁe clay and high-ash silt. Thﬁs,the
agglomeration of coal slimes has the additionai advantage of effecting a
significant ash reduction of the coal slimes reborting to the clean coal
product. For oxidized coals and for the 1ow-rank coals;.oil agglomeration
15 less effective or not effective at all. The.size error curves of de-
‘watering screens depend, therefore, on the type of coal and amount of clay '
present when oll agglomeration is used and the partition numbers are found
from a test, if no prior information is available,

~ Control of the slimes aﬂd middlings removes most, 1if not ail, of -
the objections that can be raised'againsf the recircdlation of solids as a
beneficiation procedure. Where friability is in evidence, the recirculation
of soiids is a dominant factor which, to.say the/very least, can never .be
ignored. 1In many ceses it overrides the'differences between methods of

beneficlation.
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OPTIONAL TREATMENT OF MIDDLINGS

Once the recirculation as a whole is under control, middlings
problems, 1f present, can be solved in a straightforward manner. Three
options will be briefly discussed. The first possibility is to return
the middlings to the feed. This method has the advantage of simplicity
and the retreatment of the middlings adds to the overall separating ef-
ficiency of the plant. Calculation of A will indicate the feasibility
of this choice as far as the build-up of middlings in the steady state
is concerned.

The second option is to screen out the middlings on a dewatering
screen and to send them back after liberating the intergrown carbon by
grinding. This is, in fact, a method of improving the cleaning character-
istics of the plant feed by selective treatment of the pre-sorted middlings.
It can be seen as a form of feed preparation which may reduce or eliminate
the need for retreatment of the middlings by more sophisticated means. In
this case the bulld-up is calculated on the basis of a feed whose middlings
have been ground in advance.

The third option is to rewash the dewatered uncrushed middlings
of a water-only washery circuit in a separate section of the plant by a
more efficient method.

Because higher efficiency generally means higher cost, the quest-
ion arises, what combination of methods will produce the highest returns
per ton of mined coal for any given case. A cost-profit calculation (p.17)
will indicate which method is to be preferred from the economic point of

view.
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THE E. M. R. PROCESS

The_beneficiation of friable coals requires that the methods for
cleaning, dewatering, etc. be matched with one another so-that control of
the recirculatiﬁg solids is established and the plant produces the speci-
fied product at the maximum return per ton of mined coal.

The process developed by the Department of Fnergy, Mines and Re-
sources provides the means whereby these two requirements can be met when
fines are present in large quantity.

The essential features of the E./M. R. process are: A combination
of a bulk cleaning method for the entire feed, using water only; controlled
recirculation of solids; the dewatering of coal slimes with oil; the drying
of all products by centrifugal force; and the recovery of plant water.

The principal equipment used consists of cyclones and screens,
complemented 1f necessary with other equipment. The process flowsheet is
shown on Fig. 6. The four main sections will be discussed in relation to
the above requirements of fines control and process economics.

Pre-treatment of Feed Coal

Raw coal is treated in the manner shown on the flowsheet, Fig. 6.
The following two features are noted: firstly, the raw coal can be crushed
to a finer product with topsizes ranging from 2 1/2 to 1/4 inch, in prepar-
ation for the bulk cleaning step; secondly, middlings pre-sorted in the
cleaning section can be returned to the pre-treatment section after dewater-
ing and selective grinding. As a result, the washability characteristics
of the feed can be improved by liberation of carbon from the intergrown
coal and shale. This advantage is to be balanced against the increasing
difficulty of cleaning particles of diminishing size, but taking into ac-
count the beneficial effects of oil agglomeration as well.

‘The Cleaning Section

The prepared feed is cleaned with water as a medium, using com-
pound water cyclones in single- or two-stage operation. The C. W. cyclone

which is made in sizes ranging from 2~in. to 24-~in. in dia. (95-142 stph raw
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coal capacity)l) has been described in more detail elsewhere (4). It is a
special type of water cyclone that operates on the hindered settling prin-~
ciple, not unlike the jig. TIn the presence of slimes an artificial medium
is developed and mainfained under steady-state conditions, thus creating a
system that - like the jig - has characteristics of a true heavy-medium pro-
cess, as pointed out by H. L. Lov e 1l 1 (2). Commercial C. W. cyclones
are known to carry 1 1/2 times their nominal capacity in recirculating slimes
in addition to their normal new feed. Operational data of six C. W. cyclone
models are presented on Table 1.

The flowsheet of a two-stage C. W. cyclone circuit is shown on Fig.
7. The main characteristics of this circuit are, a) four products, including
the effluent, are produced with a single pump and sump; b) the pulp divider,
a cyclonic device producing injection water under pressure; it is an optional
feature, saving a pump and a sumﬁ; c) automatic control of pressures within
the circuit, which also provides instantaneous cutpoint control to compensate
for the small but often persistent variations in feed composition; d) remote
adjustment of the vortex finder position for re-setting the C. W. cyclone
cutpoint when a different coal is to be washed; e) a dual mix-tank of compact
construction with controlled internal circulation that prevents plugging.
This tank holds the water and solids of the entire circuit when the pump is
not operating. The use of a single pump and sump eliminates the problem of
"matching" the flow rates that is common with pumps operating in series. In
this two-stage circult the impeller of the pump is the only moving part.

An exploded view of the C.I«io cyclone is presented on Fig. 8. In
view of other published information, only a brief recapitulation will be given
here of its main features. The compound cone section, which is the essential
part of the separator, is available in three different models (types L, M,
and S), the choice depending on the type of feed material and the cutpoint
required. The vortex finder is available in two diameters and is adjustable
in height. The vertical distance between the lower orifice edge of the vortex

L

A 36-in. C.W.C. (260-390 stph raw coal cap.) has recently been added to
the series available to industry.
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finder and the triconical bottom, called ''wortex finder clearance", is the
major controlling factor with respect to the cutpoint. For compound water
cyclones the efficiency of separation is substantially independent of the

cutpoint over the entire range of 1 to 2.5 specific gravity (4).

The pr obable errors for five models are shown as

a function of particle size and particle specific gravity on Fig. 9. The
probable error values refer to single-stage operation and apply geﬁeraliy
for C. W. cyclones operating within the ranges shown on Table 1. Lower ef-
ficiencies may be found when flat particles occur in significant amounts, as
happens when the coal has been deformed ("slickensided") by mountain move-
ments and breaks into fragments of lenticular shape when mined. These flaky
particles also tend to be extra friable. TFurther details on the CWC error
curve are given in the appendix.

If it is required to reclean the slimes fraction - e. g. with
finely divided pyrite and high-ash silt being present - wet gravity separ~
ation by means of tables, froth flotation, or small-bore water cyclones,
is added as a back-up. On the process flowsheet, this slimes beneficiation
circuit is shown to receive its feed from the middlings dewatering screen
and from the classifier overflow. The circuit shown schematically on Fig. 6
consists of a multiple 2-in. C. W. cyclone unit followed by a multiple 2~in.
classifier cyclone unit for dewatering the coal product; the effluent re-
turns to the circuit. This arrangement is essentially the same as that
shown for the bulk product shown on Fig. 7, except that the CWC —I under-
flow is not retreated, but discarded.

The Drying and Clarifylng Sections

This is the part of the washery where control of the slimesl)re~
circulation is established. 1In the drying section, where the dewatering

screens and centrifuges are located, the "coarse" fractions of the products

are permanently removed from the circuit. A considerable amount of undersize

L)

Slimes are defined here as substantially minus 28-mesh material.
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particles may be removed with the coarse fractions, preferably as much as
the moisture content of the load-out products permits. By thus permitting
part of the finesz)to discharge with the coarser coal, a considerable prop-
ortion of it is permanently removed from the system at this stage. The quan-
tities involved are found from tests or from prior knowledge; and this in-
formation, expressed in the form of size error curves, can then be used for
steady-state calculations as discussed above (p. 9 and Fig. 5).

The fines passing through the clean-coal dewatering screens gener-

ally constitute the bulk of that size fraction in the new feed to the plant

(and which includes clay and silt as well). This slimes fraction is con-

ditioned with a small amount of light oil which causes the coal to agglom=
erate into aggregates, most of which will remain on a 28-mesh screen and
discharge with the overproduct. This process, for which patents are pending,
is incorporated in the Clarifying Section shown on Fig. 6.

The conditioned coal slimes are removed from the effluent on a
28~mesh screen and the effluent is subsequently aerated to float off the
remnant of oil-conditioned coal from the high-ash silt. This coal fraction
is either sent back to the same screen (as shown on Fig. 6) or discharged
directly into the high-speed centrifuge.

The clay and silt remaining in the effluent are densified and dried
in a three-step procedure shown on Fig. 6, by -

a) slugging cyclones, followed by a screen for dewatering the bulk of the
slimes and discharging; this is really a scalping operation for the re-
moval of fine reject material; it is an optional, low-cost separator;

b) a clarifier; this can take the form of a static thickener, an inclined
settler, a pond or any method whereby reconditioned wash water is re-
turned to the plant; solids contents of this water may range between
0 and 500 ppm;

c¢) a high-speed centrifuge for final dewatering of the clay.
Several recirculation sub-circuits are involved in the drying aad
clarifying sections that contribute to the overall steady-state flow patcern.
Two examples are discussed in part II of this publication, to which the reader

is referred for further information (1).

2) Fines are broadly defined as the material typical of any dewatering screen
underproduct.
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When using narrow vortex finder reduce -solids fl owrates and water flowrates by one
*% Figures apply to CWC and CIC with m_de vortex’ flnder. '
Feed :Lnlet pressure 25 ps:.. ‘

Table 1. Capacities and Flowrates of Compound Water Cvclones and Classifier Cyclones
Top Size Dry Feed* Average TFlowrate Inlet Pressure Maximum Average
of feed ‘ “tph - of Water® (minimum) % Solids Sp Gr
mesh J¥% long™¥| short™ 5 - *% i wx Iyofemdy | ft. . . .
m.m 4metrlc (eross) (met) | ™ fhr USGPM IGPM (atmos) P nead wt. % vol.7 solids pulp
Mult.2"| Coal 3555 3B 3 5165 174-355 1145-585 |0.4-1.7 625lie-58 7 | 5 | 1.5 |1.03
cwWC-2M] Sand| L5 10 m. | 6-12 | -6-12 | 7-14 |36-72 | 200-400 {167-334 {0.5-1.7 8-25{18-58] 12 | 5 [2.5 |1.08
C1lC-2M| Ore 8-16 8-16 9-18 36-71 200-400 {167-334 0.5-1.7 8~25(18-58 16 5 3.5 1.13
4" | Coal, . 0.5 0.5 0.5 6 37 23 0.2 3 8 -7 5 1.5 1.03
CWC-4 Ssand 5| 3/16 0.8 0.8 0.9 6 27 23 0.3 4 '8 . 12 5 2.5 1.08
Clc-4 {Ore 1.1 1.1 1.3 6 27 23 0.3 4 9 16 5 3.5 [1.13
8" | Codl 3=6 3-5 3-6 35 . 154 128 0.5 7 16 7-14 1 5-10 | 1.5 L0105
CWC-8 |[Sand | 10| 3/8 9 9 10 33 146 . 122 0.6 | 8 |18 22 | 10 2.5 |L.15
ClC-8 |Ore 13 11'3 14 33 146 122 0.6 9 20 18t 10 - 3.5 | 1.25
12' | Coal 15 - 15 17 92 403 335 0.8 11 25 4 4 10 1.5 1.05
CWC-12 | Sand| 19 3/4 25 25 .28. 92. 403 336 0.8 12 27 22 10 ,~2’5 1.15
Clc-12 |Ore 36 35 39 92 403 335 0.9 {13 {29 28 10 | 3.5 11.25
241 1 Codl ~ 186-129 | 85-127 | 95-142 518-489|2279-2153 IS_QS-U92 1.5 21-22 50-51[14-21 lOf-lS 1.5_ LOS-L(B
CWC-24'1Sand| 38 | 1 1/2 |143-216 _141-212 158-238 518-489| 2280-2153 1898192 1.6 |[24-25|54-58[22-31 |10-15 2.5 |LI5-123
ClCc-% {Ore - 1201-301] 198-296 [22-232 |518-489| 2279~ 2154 |1898-1793 L -20{26-28 59-—65 28-38 10-15:3.5:_ 1.25-1.38
36" Coal - , 238-356 | 234-350 {262-392 |1426-1348 6282—5_932 5229-4940 2.3 |32-33}74-76{14-21 | 10-15 1.5 176—1,'08
CWC-36 |Sand| 62 | 2 1/2 [395-59% | 389-585 436—655 | 1427-1347) 6282-5032 | 5231-4939 | 2.5-2.6 (35-38| 81-87{22-31 . 10-15}2.5 - {L15-1.23
cic-% Ore ’ '555-83 0| 546-817 611-91-’-15 1427-1348} 6281~5935 | 5230-49421 2.7-3.0|38-42 88-97 28-38 _' 10- »3.5,’ 1.25-1.38
third.

Cav-rTr
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PROCESS ECONOMICS

The direct economic benefit of a coal mining operation can be ex-
pressed as a function of the total cost per ton run-of-mine ($/ton rom.),
the proceeds per ton rom., and the yield of marketable products that are of
a quality stipulated by contract and assessed by mutually acceptable methods
of analysis and testing.

When the difference between the proceeds per ton rom. and the cost
per ton rom. is defined as 'profit' (short for 'gross returns'), the cost=-
profit relationship can be protrayed for varying yields as shown on Fig. 10.

The J-shaped curve AA typifies the costl) of a metallurgical-grade
coal worth $10.00 per ton f.o.b. cars. This cost is constant below the actual
yield (85%) but rises steeply to a very high value as the theoretical yield
(90%) for this grade of coal is approached by means of more efficient clean-

2)is a straight line B that intersects the cost

ing methods. The proceeds
curve twice. In area (1) the distance between curves AA and B indicates the
profit per ton rom. as indicated by Py when only a two-product separation is
made. A higher profit P2 is obtained if a better, more expensive cleaning
process is employed. .

If the reject is recleaned to produce 10% middlings for steam
raising worth $6/ton, the cost curve moves over, on the right-hand side,
to AA' and, within area (2), it indicates that the profit per ton rom. Pj
has risen above the profit P2 gained by two-product separation. The cost of
this three~product beneficiation riseq sharply as the actual yield of coal
and middlings approaches the theoretical yield of 95%.

Additional profit can conceivably be extracted from the reject, e.g.
by recovery of pyrite (at a concentrate grade of say, 28-347% S) as shown

schematically by curve AA". The overall profit per ton rom. as shown by P4

1? Cost of mining and cleaning raw coal, in $/ton rom. = total cost of mining
and preparation, in $, divided by the tonnage of rom. processed (during a
specified period).

2) Proceeds, in $/t rom. = total proceeds in $, divided by the tonnage of
rom., processed (during a specified period).




in area (3) on the graph exceeds the profit of. the three-product separation.
This graph shows that the choice of a coal cleaning dev1ce or process is to

be Judged by its efficiency, in context with 1ts profit per ton rom. '

Profit Evaluation for P1lant Des ign

The basis for profit evaluations is the series of equations shown
on Table 2, with individual items being identified on Table 3; the ﬁormer also
shows the computation of cost, proceeds, and protit estimatest Alternative sit-
uations can be studied by repeating the:computation Wi?h;de?fied values for'
items a, b, c,~=~- u. l

Examples 1, 2,

Theprofit evaluation procedure is exemplified on Table 3 by two sets
of data, for a 100 tph and a 1000-tph CWC plant, respectively. The figures
apply to the combined Main Beneficiation, Drying,and Clarifying sections. ’:ﬁ
both designs, a three-product separation (coal middlings, reJect) is attained.
Coal slimes are dewatered with oil to a resultant overall free~water content
of 6% in the load-out coal. The pre treatment section of the process is not
'included in the figures shown on Table 35 and the cost of mining the coal is“

assumed to be the same for the small plant as ﬁn'thebig plant.

Table 2 - Equations’ for Calculating Cost;, Proceeds and Profit

Cost of processing in $/ton r.o.m.

A=B+C+D+E+F +G*
Labour B = 100 em/a(100-f) ‘
Materials ~ C = 100 n/abed (100-f) +. o0 --
Power _ D = 100 gs/a (100-f) .
Depreciation : E = 100 (k/i + 1/1)/abcd(100 f)
Interest F=(k+ 1) p/abed (100-f)
Supervision & Administration G = 100 q (1 + ¥/100)/abed (100-f)

[=1

Proceeds u = (uth; + 2h2 + u3h3)/100

Profit P.

I

u =~ (A + t)

* Symbols on Table 3.-
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Table 3 - Cost Analysis of E.M.R. Process
- Sym-| Plant 1 | Plant 2
Ttem' : +_Description Unit bol | 100 tph | 1000 tph
Plant feed‘:ﬁg§?éQal to cleaning plant tph a 100 950
Hr/shift ‘Operating hrs.(incl. down time) hr/shift | b 7 1/2 7 1/2
Shifts/day| Oper'g shifts (incl. repair sh.) sh/day c 2 2
days/yr Operating days only days/yr d 250 250
Av. no.men| Men/shift (incl. operators, oilers,
on shift | repair men etc.) men/sh. e 3 4
Down time | Stoppages due to breakdown etc. % £ 6 6
Power Installed capacity or equivalent cap. g 700 4600
Yield of 2~ and 3-product separation % h 85 and 5| 85 and 5
Life Expected lifetime of machinery yr i 5 5
"  Ditto, of other equip & bldgs yr j 10 10
Cost of | Mechanlcal & electrical lnSta%%Sns s K 429,000 | 4,704,821
" " Bulldlngs incl.site preparation,
utilities hook~up $ 1 160,000 1,309,000
" " "Labor (wages & social chgs.) $/man hr | m 7 7
" " . Mateérials (repairs,maintenance,
~k + 1/30) $/yr n 20,000 | 200,000
n " Flotation reagents, oil, etc. $/t.rom. o 0.16 0.12
" " Gapatal int rate (flat equiv) % P 10 10
n " |- Supervision §/yr q 15,000 15,000
" "o r-Admim: (as % of supervision) % T 5 5
" " | Power $ /kwh s 0.01 0.01
" " - Raw. coal at pithead or washeryl) $/t rom. t 6.50 6.50
Proceeds :chéah coal, fob cars & middlings ($/tonof | 10 & 6 10 & 6
: S (producfa
Labor *:“;fﬁﬁi. all social charges $/t rom. B 0.22 0.03
Materials. | -incl. maintenance & supplies " C 0.22 0.18
Power be@trical or other,expressed askwh L D 0.07 0.05
Depreciation 5¢Magh,, bldgs & other equip " E 0.29 0.32
Interest " F 0.17 0.18
Supv.& adm f'Salarles of mgr.etc. jcost of. admin
; :r% of supervision " G 0.03 0.00
’ZTQtal cost of cleaning?) A 1.00 0.76
Profit ‘ product separation $/t rom. P2 1.00 1.23
3-product separation3 " P3 | 1.30 1.53
.4nproduct separation " Py i - -
Remarks: 1) The cost of raw coal at the washery (t) includes feed preparation

(crushing, storage, and conveying), expressed in $/t. rom. (run-of-mine).

2) The total cost of cleaning (A) includes the cost of producing clean
coal, middlings, and reject; dewatering of clean coal to 6% moisture (free
water-only content), middlings to 19% moisture and reject to 22% moisture;
and the cost of water recovery for recirculation.

3) The profit of the 3-product separation represents the combined pro-
fits of clean coal and middlings.
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Table 3 illustrates (see itemized costs B to G)-thaéuthé,com—
bined costs of depreciation and interest constitutesAthg 1érgééttpo;tion‘¥ :{
46% and 65% of the total cost - for Plant 1 and Plant 2, reépectively.

It is noted that these figures increase when the Pretréatmént.Sebtidﬁfré—

ferred to on Fig. 6 is included in the overall plant cost. -
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CONCLUSIONS AND RECOMMENDATIONS

The examples presented in the previous section are typical of an
integrated coal washing plant, for a wide range of capacities between 100
tph and 1000 tph. The conclusions that can be drawn from the foregoing dis-
cussion apply generally to coals that are difficult to clean, especially
highly friable coals.

1) The processing of friable coals requires s 1l ime s con -
t r ol based on a detailed knowledge of the sizing effect of all separators
involved.

2) Capital cost is the main cost item affecting the profit/ton rom.l)
of a coal processing plant. The investment in $§/tph installed capacity for
the processing of friable coalslcan be kept at a level comparable to that re-
quired for "easy" coals by an appropriate c omb ination of con-
ventional methods; for example, a low-cost bulk cleaning method, augmented
by a special method for the retreatment of middlings, can be employed.

3) The scalping in bulk, using water-only methods, s imp 1 i -

f i e s the control of slimes recirculation and tends to reduce the cost of
operation. Scalping can be combined with other methods where required, e.g.,
the selective grinding and retreatment of middlings, or alternatively, H. M.
separation of middlings. Tabling can be used to advantage for pyrite re-
moval; other methods can be added on as required.

4) The well-known advantage of H. M. methods - that of high separ-
ating efficiency ~ is off-set by several limitations that stem from the fol-
lowing paradox: in H. M. circults, especially those where cyclones
are used for cleaning small particles, ash reduction is achieved by first
adding to the raw coal expensive "ash" in the form of say, magnetite; and
subsequently removing it again at considerable cost. Effective application
of heavy media at both low and high densities (below 1.50 and over 1.80 sp.
gr.) becomes a delicate operation when slimes are abundant and the coal is

flaky and fr iable. Difficulties experienced in the field

Drom. (run~of-mine) = pithead coal, or coal as mined.
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confirm the fallaciousness of the contention that a higher separating ef-
ficiency is by itself a cure-all for the beneficiation of any coal.

5) The over—abundance of clay and the presence of oxldized coal
common to the flaky, distorted coal seams of Western Canada tend to reduce.
the effectiveness of froth flotation. Water~only methods such as Jigglng,
tabling, and cycloning and other densimetric bulk- cleanlng procedures can
be used to advantage for the simultaneous ash reduction of coarse andtflne
coal. Tables and cyclones are capable of reﬁoving ultra-fine pyrites from
coal slimes with great efficiency because of the large differential ih‘ap~‘
parent density between pyrite and shale.

6) A design method is introduced for implementing the main
functions of a coal processing plant, i.e., p T e treatment,
cleaning, dr y ing,and clarifyin g . The general
application of this method in coal washery design is reoommended, in partlce
ular for the processing of highly friable coals. | ‘

7) A flexible process is introduced which permits the comblnation
of a w1de variety of separators to suit the condltlons and’ requlrements for
a glven mine. The E. M. R. process is recommended for coals that exhibit a
high and variable ash content, a variable.ash di stribution ,

and a tendency for degradat ion.
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1

Fig. 4-Decision Flowchart for Caolculation of Rec|rculation

Factor, A _and_Overall Partition Number, R,

START

Y

ecirculate
uory

= R, R,= 1.0

' Rg = Rg{1=Yy)

A N
+
t

R3= 1.0 c

ALCULATE
YES NO Y3= O > . e W——
R5= 0 )\
\/
Ry= Ry

\ Legend

|

Y
Pz
Y

c
. C
o

A = F/Fx 1/(uu + QU+ UGU+ baa)
R = UU/F
b = Fractianal Bleed 0P 19.5.71

(@ R i

\




26

Fig,5- Example .l. Five-separator Cambination
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WiILL AFFECT A IF

THE OIFFERENCES

Reluse ' B .Ml{?l‘i._’ggg Cool Broed
(Coorse) .
[ .b = A 0
ot | pivider | cwe-12 | GHC-12 Sieeiond | oo |y el i
PROCESS Sizing | Sorting Sorting Sizing Unit 2 Unit 3 'fj‘octor Feoe:" ) ﬁ
sie N w R | Rs Rs Yo Yy N Wt % -
40004 | 0.95 | 1.0 | 1.0 1.0 | 0.25 | 015 | 1.0,
40002000 _(_)j_g*_' 1.0 1.0 1.0 ‘1.0
200-1000] 0.65 | 1.0 1.0 1.0 1.0
1000-500] 0.58 1.0 1.0 1.0 . 1.0
500-250{ 0.54 1.0 1.0 0.75 1.03
250-150] 0.52 1.0 1.0 0.30 1.10
150-100] 0.51 1.0 1.0 0.18 1,14
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! i
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MNOTES: 1) THE VALUES FOR Y, ANO Yy ARE HERE SHOWN AS CONSTANT OVER THE ENTIRE RANGE OF SIZES, IN PRACTICE,

FROM THE AVERAGE ARE -

LARGE, .

2) THE MEAN VALUE OF A 1S OBTAINED BY WEIGHTING ' THE
SIZE CONSIST VALUES FOR EACH FRACTION (LAST COLUMN),

INGIVIOUAL VALUES IN PROPORTION TO THE
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CL.C = Classifier Cyclone

Fig. 7- Compound Water Cyclone Automatic Two-stage Circuit
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F1G. 8 - COMPQUND WATER CYCLONE

Dept. of Energy, Mines & Resources
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APPENDIX
NOTES ON THE SEPARATION EFFICIENCY OF COMPOUND WATER CYCLONES

1) Probable error of the densimetric error curve

Estimates of the overall probable error (r) for the separation in
bulk of, for example, a minus 2-inch coal having a mean solids density of

1.50 g/ml are found by calculating its weighted average value from

r = 3qiri/Eqf --mmmmmmmmmmmmssesssoemmomooes 3)
where qi = % weight of size fraction (i)
ri = probable error of size fraction (i) (see Fig. 9).

Then, the overall value r is coxrected for the difference between the solids
density 1.50 and the reference value 1.40 as shown on Fig. 9.
. 1.50 - 1

= r 1.40 - 1 = 1.25 r.

2) Limits of efficient densimetric separation

The upper ends of the r-d curves on Fig. 9 correspond with the
particle sizes below which densimetric separation is noticeably affected by
size classification. The following practical limits correspond with a prob-

able error r+«0.40 and apply to C. W. cyclones operating in single stage.

CWC diam Lower limits of particle sizes cleaned by CWC
in. For coal . For rock For pyrite
(specific gravity 1.4) (sp gr 2.5) (sp gr 5.1)
1
2 325 mesh ) 40 microns 28 microns 14 microns
4 200 " 75 v 45 " . 30 "
8 150 " 100 " 75 " 60 v
12 100 v 150 v 100 n 80
24 60 " 250 " 160 " 140 v
1) The size values correspond with the 95% - point (dgs) on
the size error curve, i.e. the size of the particles that remain
95% unaffected by the classification effect of the C W cyclone.

The size error curve of a C W cyclone can be determined by a test or it can

be calculated in accordance with the method of Yoshioka et al (5).




3. Overall probable error of a standard two-stage CWC circuit

If compound water cyclones are operated in a two-stage ¢ircuit by
recleaning the underproduct of CWC-I and recirculating the middlihgs (over~-
product of CWC-II)back to the feed, the overall error curve of the circuit

is determined by the individual error curves of CWC-~I and CWC-IIL, as follows
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where R = fractional partition number of the circuit as a whole;
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4. The densimetric error curves of the~C; W. Cyclone

The shape of the densimetric error curve of a'sfngle C. W. cyclone
depends on its probable error (r) and its cutpoint (dp')° ‘

The abscissa (dj) of any point on the error curve can be found

from i
dgy = dp +jr Ay + By dp) --------- e et DL 5)

og—

Eq. 5 is an experimental formula derived from a series of 67 experiments in-

volving the beneficiation of coals, mineral sands and ores, with C. Wo cy~-

clone models of different diameters.




Constants A, B are listed for a series of partition numbers PN in the

following table:

| PN A B

Coordinates calculated with eq.5

0f{ -4.21{ + 0.05
are preferably plotted on graph 1} - 3.8.1 + 0.16
paper with a linear scale for the 21 -3.50} +0.18

51 =-2.70}f + 0.11
abscissas (density d;) and a

10} - 1.82}) - 0.03
(normal) probability scale for 151 - 1.411 - 0.03
the partition numbers PN. The 20 - 111 - 0.03

251 - 0.76 | - 0.10
curve of best fit, which on this 401 - 0.321 - 0.02
graph paper approaches a straight 60 | +0.321 + 0.03
line, is drawn through the 18 75 | +1.26 - 0.11

80 | +1.92} - 0.32
points to compensate for dev- 851 + 2.8 | - 0.63
iations which may occur in view 90 | + 4.29 - 1.14
of the wide range of materials 95 | + 7.42 - 2.39

98 | +13.43 | - 5.26
and cyclone sizes covered. 99 | +17.49 | - 7.30
Noticeable deviations for PN = 98, 100 | +24.34 -10.88

99 and 100may be corrected by
extrapolating the straight line, using

the linear-probability graph paper mentioned above.







