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Abstract,  Recent rescarch has shown thar froth flowation is not cffective at treating fine coals
{-2B mesh) containing a Jacge portion of middling particles. Due 1o their relatively large density
differences, middling particles ¢an be separated more efficiently using gravity-based processes. The
abiliey of gravity separators to wean fine pariicles has been limiied by the lack of particle inertia
relative to the surface drag forces, Howewer, particle inértia can be enhianced by the application of
cenirifugal field. A commercial-scale centrifugal Falcon concentrator capable of treating a mass flow
raic of greater than 1 1ph cuntinuously has been used 1o evaluare its feasibility for treating fine coal as
an alternative 10 froth flotation. Tests conducted on a -28 mesh fine cosl circuit feed have found the
Falcon concentrator to be very effective at cleaning the 28 x 325 mesh size fraction. For an IMinois
Mo. 5 coal sample, the ash content was reduced in the 100 x 325 mesh size fraction from ahoul 13%
m 8% while achicving a high combustille recovery value of nearly 97%. 1n addition, the total sulfyr
cottent was subitantially decreascd from 2.6% to (7%, The effects of the ¢ritical operating
paramelers on separation performiance have been studied and thelr values optimized.

INTRODUCTION

Froth flotation, a physico-chemical process, is the most commonly used process for tresting
finc coal, i.e., 28 mesh x 0. Since scparation is achieved on the basis of surface hydrophobicity,
mixed-phased particles or middlings arc not efficiently reated by froth flotation, Middling parnigles
containing a8 lile as 5% coal may report to the froth concentrate due to bubble attachment to the coal
portion that is exposed on the particles' surface.  Another problem occurs when the coal pyrite s
hydrophobic which results in a high recovery of sulfur components to the froth concentrae.

A possible solution 1o the shoncomings of the froth flotstion process is the use of enhanced
gravity separstors. MNumerous studies comparing washability curves o flotation results have found
that density-based processes are always mare efficicnt at treating eoals containing a significant amournt
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of adélings (Adel er al., 1990 Killmever o al., 1992). Enhanccd gravity separalors provids the
cemrifugs] force ceeded o effeciively treat fine coal partizles (Han and Say, 1985).

The gnhanced gravity coscentrators 1hat operale canticuously and are comomérially aveilable
include the Multi-Gravity Concenteator (MOGE), the Kelsey Iig, the Knelson Concentrator. and the
Falcon Conventrataz.  Initial studies using enhanced gravity separators for fine ¢oal cleaning
corhined advanced treth fotation with tze MGS unit for tmproved sulfur rejection (Luterell ct al.
1993). Howewver, tests peclformed on the Kelsey Jig found that high ash rejcctions can also bz
achieved on fine coal using enhanced gravity separation (Riley and Firth, 1993), Work condusied ai
SIUC using a semi-basch Falcon concencrator also found that high ash and sulfur rejections can be
achweved on 28 mesh by 10 gam ¢oal size fraction (Honaker ¢1 al., 19%4). This publication will
present the findings obained from the vse of a comimmss Falcon concencrator to treat fine coal circuil
fecd that is comimally 28 mesh x .

EXPERTMLENTAL
Enhanced Gravity Concentrator

The cnhznced gravily separata: wsed in this inwestigation was a continvous Fal-om
Concentraigr baving a .25 m {10-n) diameter bowl, This concentraror wrilizes up w 300 2°s of
cemrifuga: force to cause deposicion and stzanificaios of the fine particles agaimst the inside of =
smoath centrifogal bowl. As shuwn in Figure 1, the fead is introduced at the bottom of the bow] and
onta a spinning sater. AR impeller hurls the feed against the wali of the rotor.  The bottorm of the
rotor is called the migration zone. and i5 isclined at a slight angle so that the enhanced gravicy ficld
generated iy the spiming rooe can be rasolved into two force components.  The strong companeant
noeimal w the wall is the corcentrating gravity ficld thal provides the strong g-forces for the hindered
sectling processes and stratification of (e feed. The weak driving compenent paralle] @ the inclined
rolor surface pushes e strafied solids up oward the wop of 1he bowd.

The anfft of incline on the rotor surface changes near the top of the rotor so that it is now
parallel 1o the axis of rowion. As a result, there is no weak gravity force component (o drive
particles upward toward the top of the rotor. This part of the rowr is called the retention zone.  Light
particles on the outside of the bed move wpward 1o the overflow lip of the rotor using the momentum

Clea Coial Broedecr

Figure 1. A schematic illustration of the operating principles of the continuous Faleon
Concenirator.
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they accomulated in the migration zone and the force of the upward flowing water film. Heavy
particles and coarse, light particles form 2 bed on the bow! serface with the heavy particles foerming a
layer nearest the bowl wall, The bed of panicles move along the howl wall and accoss a2 0.13 m
{152-ind shon that exists around the circumfarence of the bowl. The heavies flow inte the slot and are
discharged using pinch valves. The light, coarse particles flow over tap the slot and report to the
overflow as the finak product wich the particles that remained dispersed in the feed water,

Test Sample

The coal sample used in wmost of the tests i this study was collected from the fine circut
steeam (28 mesh x () of a coal preparation plant teeating the Ilinais {Herein) No. 5 seam coal. A wt
screening amalysis tevealed that 52.5% of the sample was +100 mesh, 17.6% was in the 100 x 325
mesh size fraction and 29.9% was <325 mesh, The sice-by-size assays of the sample can be found in
Tables 2 and 3 ¢orresponding to the Dlinais Ma. 5 (82} sample. The original feed solids contenl Of
the steeam was 18% by weight,

Experimental Procedure

Prior 10 each test, four 208 liter (55 gallon} drums of coal sturry were placed in a feed sump
where the feed solids coment was adjusted to the desived value. During the tests, the Falcon unit was
fed from a splif siream on a recitculation 1o0p that transported material from the botlom of the feed
sump to ils top. The feed rate was adjusted using valves located on the recirculation line, The Falcon
unit was mounied slightly above the feed sump so that the overflow (product) and vnder flow (tailings)
streams could be gravity fed back into the feed sump,  After allowing sufficient time for the process
1o reach steady-state, a timed-sample of the feed, preduce, and tailing streams were vollected in short
incremental time peciods for approximalely 3 minutes, The peoduct and tailing samples were then wet
screened itto three size fractions, i.e., -+ 100 mesh, 108 x 325 mesh, and -325 mesh.

BRESULTS AND DISCUSSION
Parametric Study

An experimental prugram based on a Box-Behnoken statistical design was conducied on the
Falcon Concentrabor o evaluate the effect of the operating parameter values on separation
performance.  The parameters and their respective values studied in the Box-Behnken design, which
required @ total of 27 tests, are shown in Table 1. The overflow and underflow samples werc
screened o obain size-by-size resulis, The west data, which resulied from the treatment of the -28
mesh 1llinois No. 5 coal sample, were used to develop empirical relationships describing the response
variables (i.c.. sepacation efficiency and wtal sulfur rejection) a3 a function of the cperating parameter
values, A quadratic model was found to provide the best fit for the cxperimental data and took he
follopwing form:

RV =k +k, (FRY &k, (FS}+ &, (BS) + &, (0T + R (FRY +.... vk, (BS K OT) !

whete K.V, is the response variable, FR the volumetric feed rate, F§ the fead zolids content, BS the
bowl spead, OT the opening time of the underflow pinch valve which controls the underflow rate, and
% the parameter constants. ‘The closing time for the underfloy valves was kept constant at 4 seconds
throughout the 27 tests. The coelficient of determination or X -value, which was used o evaluate the
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closeness-of-fir, was preater than 0,90 for all models. The optihium parameler viiues, which are also
shuwn in Table 1, were obtained on a size-by-size basis by deteomining the values carresponding o
the predicted maxiruen separation efficiency. Separation efficiency was calewlae:d by subtracting ash
recovery to the product from combustible recovery, The maximum separabion efficiency for the 28 x
100 mesh size fraction was predicted to be 40% while a valoe of 60% was estimated for the 100 x 323
mesh size fraction.

Table 1. A list of the cgeraling patameiers. the parameter valie ranges sdied in the Box-Bahoken
st program, acd the oprimum pazamewsr values for che treatment of the 28 x 100 and
1000 %325 mesh size fractions.

Operating Parameter | Paramcter Yalue Range | Oplinn Pararmeter | Ctimum Parameter
_ Value (24 x 100 b)Y | Value (130 x 325 M)
Feed Rate (Lis} |26 - 2,57 1.51 T1.Zh
Feed Sulids (%) 16 50 L6 16
Chpening ‘Lime (sec.) 0.5-1.5 : L3 [RE
Bowl Speed frpm) 473 MY ; 56 923

Comparing the optimum values in Tahle 1 oltained for the twd $3re frastions, it is apparen
that the optimum feed solids conlen: is the same for both size fractions whilz the optimum values of
the other parameters differ. A smaller volsmerric feed cate is desirable for the 100 x 325 mesh size
fraction most likely Jue to a need for additional retention time 1o allow ke ash-forming particles to
scitle to (he bowl] wall. The higher bowl] spesd was also found to be desirzble for the finer fraction
which is probably a resulr of the need for a higher g-force to allow the mincral particies o report
the Browl wall within the given tedention time. The longer eximum opening time for the 25 x 100
mesh size fraction is likely due o the slower optimum bowt speed. The cenurifugal fazee assists the
thixcharge of the underflow matecial. Thus, o maiuaio & piven undeslow cate while decreasing bowl
specd, the apening time mcst he inereased,

Figures 2{a} and 2(h) show the sipoificant cffect that volumetric feed faw rae has oo
separation cfficiency and toal sultur rejaction, respecuvely, as predicted using the empirical modeis.
For the 100 x 325 mesh size fraction, an incrocase in the feed Aow rae from 1.26 - 2,52 LA {20 - 45
epm) results ina 10% dacrease in separation efficiency and a nearly 8% drop 1n ozl sulfur rejection.
Althomgh eombustible recovery gradually increased owver the raape in volumetzic flow rates, ash
rejection sharply decreased by nearly 20% which accounts for the reduction in separalion efficiency.
An imerease in volumetric flow rate affects the separation performance for the following reasons: 1)
reduction of the particle tetention time, 2) increase in the chance of patiicle by-pass due to tucbulence
and 3} erosion of the solids bed cavsing beached gangue particles to repart o the overlaw, Further
tests conducted at a flow rate of (83 145 {10 gpm) found that a low volumerric flow rate also
reduces separation pecformance. These tests were eonducied separalely from the experimental design
and the test resulis integrated into the empirical expressiong to abtain the Jow flow rate trends shown
in Figure 2. From the (.63 Lfs {10 gpm) tests, low combustible recovery walues were shiained,
mosl likely due to a Jonger particle retention time which allowed coal particles to report to the bowl
wall. Thus, an optimum velemetric flow rate exists where separation efficiency is maximum.

Predicted trends indicating the effect of eenirifugal force oo separation performarce are shown
in Figures 3(a) and (b}). For the + 100} mesh size fraction, separation efficiency gradvally increases
with an tncrease in g-force to a maximum of nearly 40% at 50 g's. An increase tes the g-force hevand
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Figure 2.  Predicted trends obtained from empirical models showing the effect of volumetric foed
rate on (a) separavion efficiency and (b} total sulfur rejeciion; all other parameters
maintained ar their oprimum values,

50 g results im 2 decrcase in separation efficiency. This decline in separation efficiency is a reselt of 2
gradual decline in combustible recovery with ligtle or no improvement in ash rejection, This trend
results from the faci that the g-force required to allow the free gangue particles to reporct (o the bowl
wall has been surpassed and is sufficient 1o cause middling particles containing mostly coal to report
to the inner layers of the beached sclids near the bowl wall.  Sulfur rejection improves throughout the
range of g-force values due to the loss of organic sulfur with the combustibles reporting o tailings.

—
of g Jf 1
— =,
a ¥ :‘E, wi
&
¥ axf e g an b
E - _\__\_u-h"-\—-.._\_ T
E 30 ‘-‘-“H"'\-\.._\_\_ g o
é BE M o WP — *WOMA
£ e IO e 2 — 100325 Mesh
Y1 mp =
b
:'[ 'l i i | I | p— o 1 F I, 1 -
o s 1] H 104 120 LD b 4 Bl i 1900 1240 (]
" Centrifugal Force (g) o Cemnfugal Foree (g)
a . )

Figure 3. Predicted wends obwined from empirical models showing the effect of the applied
centrifugal force on {a) separation efficiency and (b) total sulfur rejection; ali other
parameiers mainwained at their cotimum values,
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Ohe the other hacd, scparation effiziency incieases shacply feam d0% 1 60% for dhe 100 x 325
mesh size fraction with an increass in centrifugal force from 40 g to 120 g as shown in Figure 3(a).
The mmprovement v separation cfficiency is due o an incréase in ash rejection from 555 w RS %
while combustible recavery pradually decreases by about B% over the same range in g-force, Bl
scparation efficicncy and towal sulfur rejoction scem 1o be zpproaching maximum wvalues of
approximatcly 0% and 57%, respectively, aua centrifugal force of vearly 120 g, Bascd an the uend
cstablished for the + 100 mesh siee fraction, any increase 1 the centrifugal forer would likely resuli
B & decreasc in scparation cfficiency dug to parnicles consisting of a substantial 2zmannt of cowbustible
material ceporting to the underfiow or wilings. Thus, acvording 10 this irend, an inceease i g-force
beyond 120 g would only be needed to aclieve a destred product grads.  Additonal tz2se are heing
performed to coafirm this wend.

Separation Performance Resulty

The rest resutts shown in Table 2 scmmarize some of the beucr separation porformances
achicved to date, The resulls indicate that (he Falvon concenirator has the abiliy o significantly
reduce the ash content of the 28 x 100 and 100 x 325 mesh size freclion while achieving very high
combustible recovery values of greater than 30%. These resulls were oblained 2t selatively high miass
throughputs ranging from 3.9 w0 9.8 wonc/hrio? (0.4 - 1.0 ﬂle‘l’J_ The higher recovery values
achicved by the 23 x 100 mesh size fraztion indicates the ability of the Falcon wnit to sclectively
withdraw through the underflow valves the inner portion of the solids bod while allowing the outer
portion conwining the coarse coal parlicles o by pass to the overflow. The best separalion
pecformance was achieved on the 100 x 325 ntesh fraction which may be due tw the relatively Jow asl
vontent of the 28 x 100 mesh size fraction in the coal samples ested. The -325 mesh size fraction is
not clfectively de-ashed by the Falcon ¢uncentrator, however, previous ests have found that the 325
méesh by approximately 10 pm fraction is significantly cleaned. ‘I'his indicates thar either a Jesliming
device or column flowetion would be required to effcctively reject submicron clay particles from the 28
resh x (0 size fraction.

Tahle 2. Typical test resuls obuained on a size-by-sise basis by he conlinuous Falcon
Concentrator; volumetric feed rate = 1.26 L's (20 gpm), fecd solids contene = 25%
by weight, and bowl speed = 1,100 rpm.

Sample | Sise - Ash (%) _1' Ash | Recovery | Throughput
i {mezh) | Feed | Produst | Talings | Rej (%) | (W) | (tonnefha)
Wlinois Me % (510 =t0u 9,81 .08 54,4 a9 o0
100 325 | 1763 B30 7919 Sar 96.7 1.90
25 | s3ee | siip | #0%a 211 99.4 |
Illingis No 6 - 100 447 | 368 | 1150 6.6 o0 4
=100=325 B4R 34 B b | 213 15
| -315 6237 | 61.29 BE.%G 550 039
lliincis Mo § (52) | +100 161 | A | s243 245 48]
10323 | 1250 . 6619 481 9.4 0z
=113 M3 | 5214 T6.20 &0 936

As mentioned previously, initial swudies investigating the use of enhanced gravity separators
for fine coal cleaning were aimed at de-sulfucization of froth flowtion concentrates (Luetrell el al.,
1993). Table 3 shows the total sulfor reductions achieved on a flotation feed sample by the Falcon
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concentrator, The results show that the rajection of vaal pyeite ocours befare the rejecieon Of othar
mineral matier in al! size fractions which causes a slight decrease in the calovific value of the product,
This indicates that the pyrite, which is the heaviest of the gangue minerals, forms the inner layer of
the solids bed that is closast to the bowl wall. Sinoe the combustible recovery values are refatively
high, the large sulfur content in the wiling samples achieved in all size Fractions indicates a substantial
tejection of pyritic sulfue. The highest 1otal sulfur rejections were achleved in the 100 x 325 mesh
size fraction which may be duc to the low feed sulfur content in the + 100 mesh fraction and the lack
of cenitifugal force needed o rejoct ulteafioe coal pyrite In the <325 mesh size fraclion.

Table 3. Size-by-size sulfur reduction resulis achieved by the Faleon Concemrator from the
treaiment of the Iinois No. 5 {52} coal sample; calorific valoes reporicd on an a8-
received basis.

Teu Mumbee Total Sulfir (%) Prowduct Recovery | Towal Sulfur It 509
Product Tailings ETUb {%) [ Rejection (%) | per MBETU
Fegd {= £00) 1414 L3, &0 114
l 1% 791 L3470 R 6,64 105
2 12% >55 (NEARL 973 160 183
i 1.23 457 13610 D5z 216 i.BD
4 115 23T 13,660 :.'9.9 qE 4 1.&%
Feod [ 10D x 325} 130 ! 12,700 2.34
1 L.53 B.T6 12535 947 133 244
2 1Al 581 13 3485 96,7 2.4 20k
k| L% q 05 13,430 Q0.4 192 1492
4 1 1.23 _'3 4T 13,434 £0.5 d-'?_.1 189
Feed (-125) LT3 5. B30 5.03
l .44 TES 5855 ¥% 5 ! 0.5 492
2 .38 & %0 o, L T% a7 4 254 447
) ¥ 32 499 6,220 o35 | 360 425

A finding worth noting for the 10} x 325 mesh fraction in Table 3 is the decrease m the
pounds of 50/ METL from 2,84 w values less than the 2.5 limit set forth by the Clean Aw Act
Amendment. In face, the 1bs SO; / MBTU value was substancially decreased in each size fraction due
to relatvely high total sulfur rejections and an upgrading in the calomific valué resulting from
substantial rejeclions of ash-braring mimerais. These results illuscrate the ability of an enhanced
gravity scparator to produce compliance coal while maintaining high combustible recovery valves.

Flntation Versus Enhaaced Gravity Separation

Recovery-grade curves obtained by release analysis represent the best possible separation
performance that can be achieved by a flotation process (Dell 19584}  Release analysis results
phtained for the 28 x 10 mesh and 100 x 325 mesh size fractions of the Illinois No, 5 (2) coal sample
are compared with the results obtained by the Falcon concentrator in Figures 4 and 5, respectively.
In terms of ash rejection, the Falcon concentrator appears to provide a betier or equal separation
performance compared o that expected from a froth flotation process for both size fractions. The
Falcon concentrator was also found to be more efficient at reducing the tatal sulfur content.

The comparisons in Figure 4 and 5 indicate that an efficient circuit for meating the
2% mesh x O coal may involve the use of a Falcon concentrator as the primary cleaning unit and &
flotation column as a secondary ¢leaning unit. To reduce operating costs, a size separation at, say,
325 mesh could be conducted using 2 hydrocyclone whereby the cyclont underflow is a final product
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Figure 4, A comparison between the separation performances achisved by reléase analysis and
the Falcon concentrator in terms of (a) ash rejection and (b) total sulfur rejection fo
the weatment ¢f the 28 x 100 mesh size Eraction,
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Figure 5. A comparison between the separation perfermances achicved by release analysis and
the Falcon concentrator in terms of (a) ash rejection and (b) total sulfur refection foc
the treatment of the 100 x 325 mesh size frachion.

and the overflow is the feed o a flotation column, which serves as a very effective desliming device
while recovering the ultrafine coal. If the amount of combustibles in the -325 mesh sive fraction s
insignificant, a simple desliming unit in combination with a Faleon concentrator couid be used (©
process the 28 mesh x () fine coal stream, thereby, eliminating the need for froth flotation.
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CONCLUSIONS
1. The Falcon Concentrator is effective for treating coal size fractions between 28 and 323 mesh.
Excellent separation performances have been achieved for Ilinois Mo, 5 and No. 6 coal seam
samples.
2, Excellent saparation performances have Treen achieved by the 0.25 m {10-in) diameter Falcon

unit at relatively high throughputs. At 1.90 tornefhr {2,1 tph), the ash content of the 100 x
325 mesh fraction in an Illineds Mo, 5 coal sample was reduced from 185 to 8% with a high
pombustible recevery of 97%. Total sulfor rejection was 457%.

3. The production of compliance ceal from a medium -sulfur coal while maintaining combustible
recovery values preater than %% is feasible using the Faleon unit.

i, The sepacation perfoemanee achieved on size fractions between 28 x 325 mesh was found to be
herter or equal ko that achicved by release analysis, indicating the possibility of eliminating the
need for froth flotation for treating these size fractions.

5. Feed volumetric flow rate and bow] speed were found to he critical process paramelers.
lncreasing the volumetric flow rale abowve 126 Lfs was found o decrease separation
efficiecncy. The optimum cenwrifugal force for the 28 x 100 mesh and 100 x 325 mesh size
fractions was 90 g and 120 g, respectively.
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