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EXECUTIVE SUMMARY

The costs of cleaning and dewatering fine coal are substantially higher than those of coarse
coal. Because of this problem, many plants relegate the fines fraction and portions thereof to refuse or
waste ponds. It is estimated that up to 2.8 billion tons of coal fines have been deposited in the ponds in
the U.S. and 20 to 30 million tons of fresh refuse are still being discarded annually. This situation
represents a significant loss of valuable national resources and loss of coals that have already been
mined at high costs, and creates environmental problems. In order to address these problems,
particularly concerning the difficulty in removing sulfur, the U.S. Department of Energy has sponsored
the development of various advanced coal cleaning technologies, e.g., oil agglomeration, column
flotation, chemical cleaning, microbial cleaning, etc., of which column flotation has been gaining

acceptance in industry.

Column flotation is now in commercial use for removing ash-forming minerals from fine coal.
However, this technology has difficulties in removing sulfur-containing minerals such as pyrite.
According to the release analysis tests conducted on many high-sulfur coals, the sulfur rejection is
substantially less than predicted by washability tests. It is generally believed that release analysis
represents the best possible flotation results, while washability gives the best possible results obtainable
by density-based separation. There are two reasons for the difficulty in removing pyritic sulfur from
coal by flotation. First, middling particles containing both coal and pyrite show considerable floatability
and report to froth products, resulting in the contamination of the clean coal products. Second, even
the pyrite particles free of coal inclusions acquire hydrophobicity when superficially oxidized and,
hence, report to the froth. Various reagents have been tested to solve these problems, but there have
been no practicable solutions found to date. The difficulty in separating pyrite is not unique to
flotation. Any other separation process exploiting the differences in the surface chemical properties of
coal and pyrite face the same difficulty.

The fact that washability tests show better pyritic sulfur rejection potential than release
analyses suggests that gravity separation should be better than flotation at rejecting pyritic sulfur.
However, gravity separation is difficult with fine particles because of the very slow settling
velocities and the wide range of particle sizes involved in usual flotation feeds. Nevertheless,
there are new developments in the minerals industry where fine particle separation is enhanced by
using strong centrifugal fields rather than the gravitational field alone. Several enhanced gravity

separators are in commercial use in the minerals industry. These include, among others, the Multi-
Gravity Separator (MGS), Falcon Concentrator, Knelson Concentrator, and Kelsey Jig. Laboratory-
scale test work conducted on coal using some of these new devices showed promising results in
removing pyrite; however, some are not as efficient as flotation in removing ash-forming minerals.

It was the purpose of this investigation to test a new fine coal cleaning system, in which a coal
is cleaned first by column flotation to remove primarily ash-forming minerals and then by an enhanced
gravity separation technique to remove the pyrite remaining in the flotation product, Of the various
column flotation technologies developed under the auspices of the U.S. Department of Energy, the
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Microcel™ flotation column was chosen because it is being used commercially in the U.S. coal
industry, particularly by low-sulfur coal producers. Of the various enhanced gravity separation
technologies used in minerals industry, MGS was chosen because it shows promise for pyrite rejection
from fine coal streams containing a wide range of particle sizes. It is possible, however, that a
combination of other column flotation and enhanced gravity separation devices can be used for the
same purpose. Therefore, the use of Microcel™ and MGS in this project does not necessarily
represent the best possible combination.

Two high-sulfur coals, namely Pittsburgh No. 8 and Illinois No. 6 seam coals, were tested at
the bench scale at feed rates of 300 to 600 Ib/hr. All the tests were conducted at the Coal Preparation
Process Research Facility, Pittsburgh Energy Technology Center, U.S. Department of Energy. Run-
of-mine (ROM) coal samples crushed to different sizes were used as feeds for the bench-scale tests.
Effects of different circuit configurations, coal top size, feed rate, pulp density, and various other
operating parameters were investigated.

The bench-scale tests were conducted using three different circuit configurations, i.e., i)
Microcel™ column alone, ii) MGS alone, and iii) Microcel™ and MGS in series. In general, high ash-
rejections were achieved using Microcel™ alone with both the Pittsburgh and Iiinois No. 6 coals;
however, this circuit produced poor sulfur rejections. On the other hand, the results obtained using
MGS alone showed excellent pyritic sulfur rejections but with poor ash rejections. When using a
Microcel™ column and an MGS unit in series, both the ash and pyritic sulfur rejections exceeded what
can be achieved using either the Microcel™ column or the MGS unit alone, demonstrating a synergistic
effect.

The test results obtained under various operating conditions were compared on the basis of
separation efficiency. The best results were obtained using the combined Microcel™ column/MGS
circuit. With the ROM Pittsburgh coal (-48 mesh) assaying 21.4% ash and 1.64% pyritic sulfur, a
clean coal product with 5.6% ash and 0.41% pyritic sulfur was obtained. The combustible recovery
was 89.2%, and the pyritic sulfur rejection was 81.4%. Using the Microcel™ column alone, the pyritic
sulfur content was reduced to 0.78%, representing a 34.0% pyritic sulfur rejection. Thus, the pyritic
sulfur rejection was improved by 139% due to the use of an enhanced gravity separator. With the
MGS alone, the pyritic sulfur was reduced to 0.49%; however, the ash content was 14.3%, which was
substantially higher than that (7.63%) obtained using the Microcel™ alone. Therefore, for the coal
feeds having the characteristics of those used in these tests, it is necessary to use both column flotation
and enhanced gravity separation in a single circuit in order to obtain clean coal products with low ash
and low pyritic sulfur contents while maintaining high yields.

With the ROM Illinois coal (48 mesh), the best results were also obtained using the
Microcel™/MGS circuit. From the feed assaying 34.4% ash and 2.32% pyritic sulfur, a clean coal
product with 8.0% ash and 0.57% pyritic sulfur was produced at 85.4% combustible recovery and
85.1% pyritic sulfur rejection. The pyritic sulfur content obtained using the Microcel™ alone was
1.7%, representing 60.0% pyritic sulfur rejection. Thus, the use of MGS in conjunction with
Center for Coal and Minerals Processing March 1995
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Microcel™ resulted in a 41.6% improvement in pyritic sulfur rejection. When using the MGS alone,
the pyritic sulfur content was reduced to 0.68%; however, the ash content was as high as 23.7%.
Thus, the results obtained with the Illinois coal also suggest that both column flotation and enhanced
gravity separation are needed to produce low-ash, low-pyritic sulfur coals at high yields.

An economic analysis for cleaning the two high-sulfur coals using the combined
Microce™/MGS circuit has been carried out. The analysis is based on an assumption that Microcel™
and MGS units are added to an existing preparation plant to process the natural fines without further
size reduction. For the Pittsburgh coal, the processing cost for the fine coal stream is estimated to be
$158/ton of SO, removed, while for the Illinois No. 6 coal it would be $77/ton of SO, removed. These
cost figures are substantially lower than those (=$300-350/ton of SO, removed) obtained when the
same coals were ground substantially finer than 200 mesh and then cleaned using either an advanced
froth flotation process or an oil agglomeration process. Two main reasons may be given for the low
estimated costs for using the combined Microcel™/MGS circuit. First, the circuit does not require the
costly step of fine grinding. Second, because of the larger particle sizes in the feed stream, the cost of
dewatering is substantially lower than is the case when coal is ground finer than 200 mesh before

cleaning. The new coal cleaning concept tested in the present work also compares favorably with flue-
gas scrubbing technologies, which have higher capital costs.

The synergistic effect of combining a flotation column and an enhanced gravity separator in a
single coal cleaning circuit has been manifested in substantially improved pyritic sulfur rejection while
meeting ash rejection specifications. The improved pyrite rejection process has an added benefit, that
is, improved rejection of trace elements. Chemical analyses of the products obtained in the combined
Microcel™/MGS circuit show that many of the 11 trace elements identified in Title IIT of the 1990
Clean Air Act Amendments (CAAA) are further removed beyond the level achieved using the
Microcel™ flotation column alone. With the Pittsburgh coal, the incremental improvement in the
removal of the 11 trace elements is 39% on average, while it is 27% with the Illinois No. 6 coal.
Particularly significant improvements have been achieved with the removal of arsenic and mercury,
which are predominantly associated with pyrite in coal. The average improvement achieved for these
two elements is 125% for the Pittsburgh coal and 174% for the Illinois No. 6 coal. In view of the
difficulties in removing mercury by electrostatic precipitators in coal-burning power plants, the new
pre-combustion coal cleaning concept demonstrated in the present work should prove useful for
meeting the 1990 CAAA in more ways than one.

Center for Coal and Minerals Processing March 1995



Final Report Page iv

Center for Coal and Minerals Processing March 1995



TR T e e St e e D - - - T et T s e - Al s e e o

Final Report Pagev
TABLE OF CONTENTS
EXECUTIVE SUMMARY .......ocortitirerienrenersaetessessensesstessesseessessesessssesesssessessesssssasssssssassasssenses i
TABLE OF CONTENTS ...t oeieeteteireetecreeeteiestessesiestesssstesessesasssessessasessassessensessessensenes \4
LIST OF FIGURES .........ccccooteireinriorentesteresresseseestestesessessessessessassassessassessentessesessessassensensensenses ix
LIST OF TABLES ...t ceeeetetieesteeeeeteeeteenessessesseesstessessesseessessesssassassesstassassassanssensasnes xiii
INTRODUCGTION .......cocotiietrenteeinientneestesenteesteaestesestessssesssssssassasessesasessssassrssssasensessnsessassesenns 1
1. BaCKGIOUNA......c.ooioirieieieieeieeietetee sttt e ee e s e e e se s e e sas s easenseseeseesessansensensans 1
2. Description of the Proposed Investigation............c.cceeueeeeeeeerieereeneereeeeeeeeeseeseesee e 6
3. Description of the Microcel and MGS Technologies .........c..ccceeevveevenreeveecienecreecieseennee. 7
3.1 Description of the Multi-Gravity Separator (MGS) ........cc.eeeeruemvecrreeeeeeeeeeeeeeeenne, 7
3.2 Description of the Microcel Flotation Column.............ccceeeeeeeeireeecieereeeeeereereeenen, 9
4, ODJECLIVES.....cuveueereeirteririeeieerreestesestesssseesessnesesssessssessessssesensensesesssersesonsesensesssnenses 11
5. APPIOACKL......ouiiiiiiititictnie ettt sttt sttt a b bt s s sen et b nnerens 12
PROJECT TASKS ...ttt tetetets ettt s s sttt sa s ss s e seesanes 16
Task 1 - Project PIanming.........cccccoeiiriiiiiniiiiiaeiiteeeceriereeereceraesecensasaeeesaeeseennneeesesan 16
1.1 Development of Project Work Plans............c.covveeueeeecieneniereeeeeceeececeee e 16
1.2 Project REPOTING........cc.oeuereeierererrereanresesesessesesresstesesesesessnsssssssessssesessssessmennene 17
Task 2 - CPPRF MOdfICAHIONS .........ccocierirrirrerieneeetreieeieeceeereee e et e st enee s e ese e e eneas 17
2.1 Engineering and DeSIN .........c.coverreeieeiieeieireeecceeeeeee et et eeeeeeeeeae e e e e ene 17
2.2 Procurement and FabriCation.............e.ceveeeteueeeeieeresieeieieeeseneniesenceseesesesseeeeeeesneseene 18
2.3 CONSLIUCHION.....cueeeeieienieireteteteetetesseteeseresteeeaesassnessesseseensesennessenssssssssnsmnsnnesns 18
' Task 3 - Sample ACUISTHON .........covvuiemrerierieeeeeeteresetete e ettt e sene e 18
3.1 Coal SElECHION......cucirvimenieeeeeeteeeetrtseeeeteee et ae s s s s e s sese e s s seseesesensenen 18
3.2 Bulk Sample ACQUISILION...........c.coierereririnieeieieeteceeeteeeeere ettt et b ese st e eseenes 19
Task 4 - Sample Characterization.............ccceceueererirrreniereeerseseereerssseeeseesessesesesesssseressenes 19
4.1 Preliminary Characterization ............c.ccoevvevevneverneeieeenciseeeeeensesesene e ecnene s 19

Center for Coal and Minerals Processing March 1995



Final Report Page vi

4.2 Washability Characterization...........cc.ceoceeruerermirinieniinrinnimeeeeeseste s 23
4.3 Release Analysis CharaCteriZation ...........ccceeercreeueruerceiiimenerirnreersssesssesesessassanes 31
Task S - Flowsheet Development and Engineering Design..........ccoovenieineininenicnieennnnen. 35
5.1 Flowsheet DevelOpment.........cccooiveieniiiiiniiiiniiieee ettt 35
5.2 Engineering DeSIBI.......c.cccevuirercriiiiiiiniieieier ettt e 35
5.2.1 Flowsheet DESIZN........cccueeuererieeriirreeitieiiinree ettt r e s e s e seenae 36
5.2.2 Circuit LAYOUL.......c.coeeveeeueieeeceicenenecsietetesensesesse s snensssssese s assassessenaneene 38
5.2.3 PIPING ..oiiiieiieieet ettt ettt ettt st eane 40
5.2.4 Instrumentation and Electrical.........c.cccooireniiiiiiniiniiieeecee 40

5.3 COSt ANALYSIS.......ccoorreieeeieririeieecrtcient ettt ettt 42
5.4 ET Circuit Design Topical RepOrt.........ccouvevvevcuricrrercriiciiniineee e, 42
Task 6 - Procurement and Fabrication..........cooiiiiiiiiiiiiiniiiiiiiiiiiiciiniiareenrrnrnnre s 43
6.1 BIAAING.....c.oooeeeierieeieeieeeie ettt et ettt e it et e et e bt nnas 43
6.2 Procurement/FabriCatiONn.............cvreerererceernencrimeniiersienicisisisesessnssiesessssssesesssssssssenes 43
Task 7 - Process Module Installation ............cccoooeviiiiiiniiniiniiieee e 44
7.1 Installation/CONStIUCHION ......cc.veieiiieeiecrenreeeiceciie et e e s e 44
7.2 Safety AnalySiS/REVIEW .......cccccoveieiruireriiiiiiintititeteeer et essenes 44
Task 8 - Shakedown TeStiNgG..........cceeecveeieerieeeeiceiiectee ettt san e es 44
8.1 StAME-TUD ..ottt ettt ee et ettt et as e ene e 44
8.2 EXpIOratory TeStNG ........ccccevueeerreeeiieiieeiictecenteatsies et 45
Task 9 - MGS SCAle-UP ..c.veouriieeieeteteeteet ettt ettt ettt et e 45
9.1 Development of Scale-Up Criteria.........ccccecirviiiuiiciiiiiiiiiieiceeeeeteeee e 45
9.1.1 Identification of Operating Parameters ...........cc.ccecveeieemerseeneneinccncvenniennneennenes 46
9.1.2 Population Balance Model Development..............ccccucivirincineunniinninnrnerennns 47
9.1.3 Population Model Development ...........cocoiiiiioiniiiiiniineiicerceeeeeieeineene 47

9.2 Scale-Up Validation..........cccceeverreiiimiiiiiiiiineiiceiiercnrccnteee s e e s s es 54
Task 10 - Detailed TeStiNG........cccoeouiiiiieeiieeeeeeenece ettt sete et sseeesreeesassassnnaessrrsas 56
10.1 Microcel Parametric TeStNG .........ccovieeeiiieeeiieeieeeereeeertete et e eseeeeeree e smeeeannes 60

Center for Coal and Minerals Processing March 1995



Final Report Page vii

10.1.1 Testing of Pittsburgh No. 8 Coal........c.ccoeeoreereeieeteieeeereeeeeee e 60
16,1.2 Testing of TUHNOIS NO. 6 COBL ..o 65

10.2 MGS Parametric TeSHNG.......ccccceeereereriererierreeceeseeseereereessesseenseeesseesasseessesssanne 69
10.2.1 Testing of Pittsburgh No. 8 Coal............ooorieiiaiieeieteecrrereecee e 69
10.2.2 Testing of llinois NO. 6 Coal .........cooveoiiieeierieerereeeeeecteeeee et 76

10.3 Combined Microcel/MGS Parametric TeSHNE .......cccceeveeererreeereeereerreeeeneeeesnresens 80
10.3.1 Testing of Pittsburgh No. 8 Coal.........coceeeieveivieiiirieiieeiceteceieeeneceeens 80
10.3.2 Testing of Tinois NO. 6 €@l .......cc.ceiieeeeeeeiieieeeeerecereeeeeeree e eeeaeeaeeenans 87

10.4 Combined Microcel/MGS/WOC with WOC Testing .........ccceeceeverienircencvreeennnnne 94
10.5 Long-Duration TeStNG...........ccocevreererrerereerernreiseireseneiessensesesetsissseesesssesssasesssens 96
10.5.1 Testing of Pittsburgh No. 8 Coal.........ccoieieriirrinieieeieceeeee e sreeenens 96
10.5.2 Testing of Minois NO. 6 €Coal ........ccociiiiiieiiiiieieeereeeee et e eee e 102
10.5.3 Partition Curves for the MGS........ccoiiiiiiiiieeeeecereeetcceteeeaeeen e e 108

10.6 Near-Term AppLCAtions..........cooieviritirteeieiieieietereeee et et eee e seeesee s ees 112
10.6.1 Testing of Pittsburgh No. 8 Coal.........coccoviiimiiiiiiiiiireiecceeteceeeens 112
10.6.2 Testing of Illin0is NO. 6 Coal ........cccoeecieeeiieiieeiieeeeceeeeceeecereeeeeesereeeeeee e 114
Task 11 - DeCOMMISSIONING..........ceceeereeeieeeretereteeeeseeeteesteeaesserssaessesssesssesnsesssnessesssanaes 114
11.1 Circuit DECOMMISSIONING .......ccccevreerieesrerreererrserseeraeseessasssesseasssasssesseesssesssrsssnes 114
11.2 Equipment DiSPOSItiON........cccceeirieireteieeiniieteerteseeeseet e te et et e eessessessaens 114
Task 12 - Sample ANALYSIS.....c.cooieiieieeteercee ettt et este et ee e et s et e see et e et asseeaas 114
12.1 Standard ANalySes............cccoeeereerieerieeeierreeeieestesseeesaeeseseessseesssessseaesssaessssenenn 114
12.2 Specialty ANALYSES ........ccceeeiieeieeeeceecieeteeiee e e ereeeee e eeeessaeseesssesseeasaasssesnneeas 115
12.3 Trace Element ANalySes..........ccceeeiieeeeeiereireseeecereeeseeeesseeesnsesssssessnssssssssssessas 116
Task 13 = FINAL REPOIL.......cccievuerieriiiecreetreneeeeieetestessesaessaeessnesssesesseestesesssessasasessansns 121
13.1 Technical EVaIUGLION..........ccoeeuererrreecurenrerenniseneaeinaecnsiesessesesesseseneseseesassssnsssesans 121
13.2 EconomiC Evaluation ........ccccccceiireiierniieecieeeeeeeeeteeeeeeaesteseeneesensaeesssessesnsssasens 143
13.2.1 Estimation of Capital COStS........cccveeerrirereiierieeeiieenreeeeeeeeeeeeeseaeeeeneeeeens 143
13.2.2 Estimation of Operating CostS..........ccvevviverrieeerreeerreereerrereesreseessereeereesseens 144

Center for Coal and Minerals Processing March 1995



Final Report Page viii
13.2.3 Cost-Benefit ANalysis..........cccoeeeiiiieriireerieerecreeerneeesreeeereeeareeeneesesameeeesnes 144
13.3 FINal REPOTL.....coeiieiiiiiiiecec ettt cee et e ce e sseeas s se s sne s ssesnaeens 148
CONCLUSIONS .....ocutiiieeteeiaeeereeesreseee s abesssesseeatresesaseaestesseesseessesssesaeeaseesstessesssessessussonesssens 149

Center for Coal and Minerals Processing March 1995



Final Report Page ix
LIST OF FIGURES
Figure 1.  Comparison of centrifugal washability data with release analysis results for a

28 mesh x 0 Pittsburgh No. 8 seam coal. ..........cooeveeeeeciiiieeeieeeeeeeee e 4
Figure2.  Comparison of centrifugal washability data with release analysis results for a

200 mesh x 0 Pittsburgh coal............cccocmveriirminriiniiirereecee e 5
Figure3.  Schematic drawing of the pilot-scale Mozley Multi-Gravity Separator (MGS).......... 8
Figure4.  Schematic drawing of the Microcel flotation column. ...........c.c.coeeveeveeeiieeeniiiinns 10
Figure 5.  Project work breakdown structure showing required tasks and subtasks................. 14
Figure 6.  Detailed project schedule by task and subtask...........ccccceevreeveerereereeiceecieiceenee 15
Figure 7. Comparison of release analysis and image analysis separation curves for pyrite

obtained using a -28 mesh Illinois NO. 6 €oal. .........ccoeeiieeiieeiecieiieceeecee e 25
Figure 8.  Comparison of release analysis and image analysis separation curves for

mineral matter obtained using a -28 mesh Illinois No. 6 coal............c.cccuveeurennnnn.ee. 26
Figure 9.  Comparison of release analysis and image analysis separation curves for pyrite

obtained using a -28 mesh Pittsburgh No. 8 coal. ...........coeevvveeiieiiiiiecee 27
Figure 10. Comparison of release analysis and image analysis separation curves for

mineral matter obtained using a -28 mesh Pittsburgh No. 8 coal. ..............c.c......... 28
Figure 11. Weight percent pyrite containing carbonaceous inclusions finer than a given

size obtained using a -28 mesh Illinois No. 6 coal. ...........cooveeeeeemeeeeeeeeeeeene. 29
Figure 12. Weight percent pyrite containing carbonaceous inclusions finer than a given

size obtained using a -28 mesh Pittsburgh No. 8 coal............cceeevevieeivcniriieeennne, 30
Figure 13. Combustible recovery versus total ash rejection (top) and total sulfur rejection

(bottom) obtained from replicate release analysis tests on -65 mesh Illinois No.

6 COAL......ereeeeere ettt ettt r e n et n s ene et entennenns 32
Figure 14. Combustible recovery versus ash rejection (top) and total sulfur rejection

(bottom) obtained from release analysis tests on -28 and -65 mesh Illinois No.

6 COAL ..ttt ettt ae s ettt et neenensenna 33
Figure 15. Combustible recovery versus ash rejection (top) and total sulfur rejection

(bottom) obtained from release analyses tests on -28, -65, and-200 mesh

Pittsburgh NO. 8 COQL. .....cceeeeieeieeeeeeeee ettt e e 34
Figure 16. Flow diagram for the testing of the Microcel, MGS, Microcel/MGS and

Microcel/WOC/MGS CITCUILS. ......ve.eeerereerererereeeansereresssesessesesessssssssessssesssssnenes 37
Figure 17. Approximate MGS capacities for fine coal cleaning. ................ccoeeveerrerveeeeeennene. 56
Figure 18. Combustible recovery versus rejection plots for the parametric testing of the

Pittsburgh No. 8 seam coal using the Microcel flotation columm. ........................... 64
Figure 19. Combustible recovery versus rejection plots for the parametric testing of the

Tllinois No. 6 seam coal using the Microcel flotation column....................cecu......... 68
Figure 20. Combustible recovery versus rejection plots for the parametric testing of the

Pittsburgh No. 8 seam coal using the MGS unit.............cc.oovemivieeeiiiieceeeeeeeen. 73

Center for Coal and Minerals Processing March 1995



Final Report

Pagex

Figure 21.
Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

Figure 27.

Figure 28.

Figure 29.

Figure 30.

Figure 31.

Figure 32.
Figure 33.

Figure 34.

Figure 35.

Figure 36.

Size-by-size analysis of MGS test data for a run-of-mine Pittsburgh No. 8 seam

COAL et ceetee et e et e et e st e s e s et s e aee e e e e ba e e a b s st e s s e s as e e ba e e s bnan e e enneean 76
Combustible recovery versus rejection plots for the parametric testing of the
Tllinois No. 6 seam coal using the MGS unit. ...........coceeveeververrenienenenreeeneeereennenn 79

Combustible recovery versus rejection plots obtained for the Microcel column
during the parametric testing of the combined Microcel/MGS circuit using the
Pittsburgh No. 8 s€am €oal.........cccciiiiiiniiiiitrecetreeetieee et 84
Combustible recovery versus rejection plots obtained for the MGS unit during

the parametric testing of the combined Microcel/MGS circuit using the

Pittsburgh No. 8 seam coal...........ccoovviiiriiiiiiiiiiiiiiii 85
Combustible recovery versus rejection plots obtained for the combined
Microcel/MGS circuit during the parametric testing of the Pittsburgh No. 8

SEAM COAL. ...viveerireeteerictest ettt e st et et et s e e esnesee e enesnssnsssaesasesnssrbentans 86

Combustible recovery versus rejection plots obtained for the Microcel column
during the parametric testing of the combined Microcel/MGS circuit using the
Tlinois NO. 6 $€aM COAL. ......ccoiiiiiiiiiiiieeiiieeeeccnttte et 91
Combustible recovery versus rejection plots obtained for the MGS unit during
the parametric testing of the combined Microcel/MGS circuit using the Illinois
NO. 6 SEAM COBL. ......vreeieiecicietceeee et bbb 92

Combustible recovery versus rejection plots obtained for the combined
Microcel/MGS circuit during the parametric testing of the Illinois No. 6 seam

Combustible recovery versus rejection plots obtained for the Microcel column
during the long-duration testing of the combined Microcel/MGS circuit using

the Pittsburgh No. 8 5€am Coal. .........ccovererinireriecceree et 99
Combustible recovery versus rejection plots obtained for the MGS unit during

the long-duration testing of the combined Microcel/MGS circuit using the

Pittsburgh No. 8 seam coal..........cccoevverriiiiiiiiiiiiccccccicice e 100
Combustible recovery versus rejection plots obtained for the combined
Microcel/MGS circuit during the long-duration testing of the Pittsburgh No. 8

SEAIML COAL. ....eiereeeieiceieeieeet et et e te e et et et e bt ssae e s et e nee st e sesube s e e et entesnneenes 101
Long Duration results per hour during Pittsburgh #8 seam test..........c.cc.cceeuenen. 102
Combustible recovery versus rejection plots obtained for the Microcel column
during the long-duration testing of the combined Microcel/MGS circuit using

the Illinois NO. 6 S€AM COAL. .......cccoereitrrrierreceiirccecicreriterr e 105
Combustible recovery versus rejection plots obtained for the MGS unit during

the long-duration testing of the combined Microcel/MGS circuit using the

Ilinois NO. 6 SEAM COAL. .......cocoeeereieeeientereenieeeeeereesie et et ies s essesenaessmnneenaes 106
Combustible recovery versus rejection plots obtained for the combined
Microcel/MGS circuit during the long-duration testing of the Illinois No. 6

SEAM COAL .. .eiiiieieeteeie et et e et esaessre s st e s e e as e sassatsesbesase s re e s bt seras e s aeens 107
Long Duration results per hour during Illinois #6 seam test. ..........ccccceecvreueennene. 108

Center for Coal and Minerals Processing March 1995



Final Report Page xi
Figure 37.  Effect of particle size on the partition curves for the MGS unit obtained during

the long-duration testing of the Pittsburgh No. 8 seam coal. ............ccccoeeurrenneen. 111
Figure 38.  Effect of particle size on the partition curves for the MGS unit obtained during

the long-duration testing of the Illinois No. 6 seam coal..............ccoveererverccrcencnnne. 112
Figure 39. Percent removals of trace elements after Microcel and MGS processing for the

Pittsburgh No. 8 5€am COal..........cceieeeieereeeeeierecee et e et saeaeens 120
Figure 40. Percent removals of trace elements after Microcel and MGS processing for the

Ilinois NO. 6 5€am COal.........ccovuiriiiirrerreeetiinicitrrcres et eate e cnae e 121
Figure 41. Combustible recovery versus ash rejection for run-of-mine Pittsburgh #8 seam

COAL..oevirrerieteeeeeeietestesteste s e esestessasseesaeesaeeesaeeseestensenneenanneestentensessesatenaeasesnten 123
Figure 42. Combustible recovery versus total sulfur rejection for run-of-mine Pittsburgh

#8 SEAIM COAL. ...eouvieeiireeieieete ettt cee et e et s s s et e st cena s e ens 124
Figure 43. Combustible recovery versus pyrite rejection for run-of-mine Pittsburgh #8

SEAM COAL. ....ucvevvereerriereirnrnrirreerstseersestesesessssesesesesessssnsssesesssscacsesessencsstesscsenens 125
Figure 44. Combustible recovery versus ash rejection for each unit of the combined

CITCUIL. ..evvererieruereeraeteeseeeetesteseneesses st esnesueeseentestessesasensneneenteasaentensensessansessnans 125
Figure 45. Combustible recovery versus total sulfur rejection for each unit of the

COMDINEd CITCUIL. .......eveeireiiieereeice et teereteeeeee et eeeeenneeeeeeeseneeee s areeeesesanneaanens 126
Figure 46. Combustible recovery versus pyritic sulfur rejection for each unit of the

COMDINED CIFCUIL........cueeueeeeerieerteieeteteete et e sreesee e teeseete s es s e st essaesaeaaneeaasasaaens 127
Figure 47. Combustible recovery versus ash rejection for each unit of the combined circuit

during long duration testing..............cceeeererrereereertereeeesteetereeteeeeeesresseeseseanes 128
Figure 48. Combustible recovery versus total sulfur rejection for each unit of the

combined circuit during long duration testing. .........c.ccceeeceeeecurecieeccieeneeeieeraenne 129
Figure 49. Combustible recovery versus pyritic sulfur rejection for each unit of the

combined circuit during long duration testing. ..........ccc.eeevveeeueeeveenriecrveeeeeennenns 130
Figure 50. Combustible recovery versus ash rejection for run-of-mine Illinois #6 seam

COBL. .ttt ettt r et e e sttt et ettt e s et et e eat e bt nae 131
Figure 51. Combustible recovery versus total sulfur rejection for run-of-mine Illinois #6

SEAIMN COAL. ..eeunuieeniiiriieeiceeteeeeeeeteetentee st e e et eeesteeseee e et semneesnaesnsaesanteensasseesnnesnnns 132
Figure 52. Combustible recovery versus pyritic sulfur rejection for run-of-mine Illinois #6

SEAIM COBL. .ttt ettt ettt see e stesae st e s e st e ste et e e e ranae 133
Figure 53. Combustible recovery versus ash rejection for each unit of the combined

CITCUIL. .ouveereeeeeneeneerteeeeesirtetestestestesesseesaesses e eessnessesneesstensentensasssasaessassaeneennens 134
Figure 54. Combustible recovery versus total sulfur rejection for each unit of the

COMDINEA CITCUIL.......cveververerncierrirereiernreeseeseresesssseneseseesassesessrsssnsssssesarsssesessasesene 135
Figure 55. Combustible recovery versus pyritic sulfur rejection for each unit of the

COMDBINEd CITCUIL.......ueereeeireeiiireeetreereeanraereeteeeaee e naneerectenesaesasssnnnnsnseereeeeesssssnsns 136
Figure 56. Combustible recovery versus ash rejection for each unit of the combined circuit

during long duration testing..........cccccceereereeicrernniercreeerereeineeeeseeseneresesaesonae 137
Figure 57. Combustible recovery versus total sulfur rejection for each unit of the

combined circuit during long duration testing. .............ccceeeveeeeeeeeeeeereeeeeecireeeens 138

Center for Coal and Minerals Processing March 1995



Final Report Page xii

Figure 58. Combustible recovery versus pyritic sulfur rejection for each unit of the

combined circuit during long duration testing. ............ccccceeveereerceerenrenenicnnecnenne 139
Figure 59. Concentrate sulfur versus ash content obtained during the parametric testing of

the Pittsburgh No. 8 s€am Coal. .........ccccuiieeiiiiceieeeecereere et eaae 141
Figure 60. Concentrate sulfur versus ash content obtained during the parametric testing of

the Ilinois NO. 6 SEAM COAL. ......occcierereeeierereerreieeie et eecereeeeeeseee et eneesneane 142
Figure 61. Cost of SO, removed versus pyrite rejection for several traditional and

advanced Cleaning CIFCUILS. ........ccecuieeerureecieeereteesieeeiteeeeiesseeesneeesreesereesseraeesnees 148

Center for Coal and Minerals Processing March 1995



Final Report Page xiii

LIST OF TABLES
Table 1.  Size-by-size ash and sulfur contents for the Illinois No. 6 seam coal. ........................ 21
Table 2.  Size-by-size ash and sulfur contents for the Pittsburgh No. 8 seam coal. ................... 22
Table 3. Complete listing of construction drawings provided to DOE for the ET circuit......... 39
Table 4. Control Panel Instrumentation..........c.cceeceeevieeeieeieeeeeeeeeeeeeeseeeceseeeeereeessesesseeeneeennnes 41
Table 5. Nomenclature used in the development of the population balance model for the

MGS...cceeee ettt ettt ts e st e st e e e e e st e sta e s s s a e b et e s s et s ensenseneenneenseensas 48
Table 6. Numbering system used for the detailed testing program. ...........ccccoeoveveuvieeveiecnnnenns 58
Table 7. Performance expressions used in the present Work. ..........cccocevveevieeveenieeiieereereeneennns 59
Table 8. Parametric test matrix used to investigate the performance of the Microcel

column for the Pittsburgh No. 8 seam coal. ..........cccovveiieiiiiieee 61
Table 9. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using

Microcel column flIotation. .........c.ceceeieviinieeinieieteteree et 64
Table 10. Parametric test matrix used to investigate the performance of the Microcel

column for the Illinois No. 6 seam coal............cccoeeeererieenieereieeeeeeeeeec et 65
Table 11. Correlation matrix for the testing of the Illinois No. 6 seam coal using Microcel

COlUMN flOtAtION. ...ttt e 68
Table 12. Parametric test matrix used to investigate the performance of the MGS unit for

the Pittsburgh No. 8 seam €oal. ..........ccooooeeiioirieeeeiieeeceteeeeeeree e 70
Table 13. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using the

MGS UL ......oovivriecteeeeete ettt sttt seess s sttt ess s sssesenssnaes 73
Table 14. Size-by-size analysis of MGS test data for a run-of-mine Pittsburgh No. 8 seam

COAL.oeeiieiieiteereetc e ettt e ettt e e s et e ee s e sae s es s anseeassrbneeaa s saesasasaaanaesesrraraeeeeansasanees 74
Table 15. Parametric test matrix used to investigate the performance of the MGS unit for

the Illinois NO. 6 S€aM COAL. .......c.cceorerireirererrerererereee ettt 77
Table 16. Correlation matrix for the testing of the Illinois No. 6 seam coal using the

MGS UL, ...ttt ettt et ee et ee e e e e e e ssae e beaeesseae e sseneensnesesensnsessnnas 79
Table 17. Parametric test matrix used to investigate the performance of the combined

Microcel/MGS circuit for the Pittsburgh No. 8 seam coal...........ccccovvevveveveeeeennnne. 81
Table 18. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using the

combined Microcel/MGS CIFCUIL..........c.cceereruerrerreeieieeteereeneereeee e ese e ese s 86
Table 19. Parametric test matrix used to investigate the performance of the combined

Microcel/MGS circuit for the Illinois No. 6 seam coal. ...........ccooeveeueerieneecereinnnne. 88
Table 20. Correlation matrix for the testing of the Illinois No. 6 seam coal using the

combined MicrocCel/MGS CITCUIL.........ccccourererereereeereteeteee et eeee e ereeere e e eenae 93
Table 21. Results obtained from the testing of the combined Microcel/ WOC/MGS

CITCUIL. .euveveruieueerereeeiereteeeseesesiesteesesesse s e seseseesassessesaesassassessasansansansenneseseesssennsns 95
Table 22. Operating conditions examined in the long-duration testing of the Pittsburgh

NO. 8 SEAM COAL .....veuveueerirereietereesenierter e esere et eaete e e sesesse s s aeeressesrestesaones 96

Center for Coal and Minerals Processing March 1995



Final Report Page xiv

Table 23.

Table 24.
Table 25.

Table 26.
Table 27.

Table 28.
Table 29.

Operating conditions examined in the long-duration testing of the Illinois No. 6

SEAM COAL. ....vviivviiicieetiee ettt te e e ettt e s e s e et e beesneesne s s e b r s b e a s r e e ae e beeaa s 102
Overview of the MGS performance during the long-duration tests.......................... 109
Test results obtained during the near-term testing of the Pittsburgh No. 8 seam

COL.uvierirereeretetes et e ste st et e st esee e emt e ee e e e e tent e e e se st e b s sa e s e s s e e s s Rt s b s s s e b et e e e s e s erns 113
Trace element analysis of the samples collected during the long-duration

testing of the Pittsburgh No. 8 seam coal (material balanced data). ......................... 117
Trace element analysis of the samples collected during the long-duration

testing of the Illinois No. 6 seam coal (material balanced data). ...........cc.cccoeeennen. 118
Cost-Benefit Analysis for the Pittsburgh No. 8 Seam Coal..........c.ccoovriviinirnnnnnn. 147
Cost-Benefit Analysis for the Illinois No. 6 Seam Coal. ..........cccccoveiiiiininninnnnn. 147

Center for Coal and Minerals Processing March 1995



Final Report Page 1

INTRODUCTION

1. Background

The 1990 Revision of the Clean Air Act mandates that electric utilities reduce SO,
emissions from 17.5 MM tons/year to 8.9 MM tons/year. This is to be accomplished in two
phases. In Phase I, 111 plants representing about 261 units will be required to reduce their
emissions to 2.5 Ib SO,/MMBtu by 1995. In Phase II, these plants and almost all others must
reduce their emission levels to below 1.2 1b SO,/MMBtu by year 2000.

It appears that the two most popular compliance options for the utilities are (i) scrubbing
and (ii) coal switching. Installing wet-scrubbers may be a viable option for some of the large and
relatively new power plants, while switching to low-sulfur coals may be a more realistic option for
smaller and older power plants. However, even the larger power plants are cautious about
installing scrubbers because of the high capital and O&M costs. For this reason and many others,
coal switching seems to be gaining momentum among utilities (Coal and Synfuels Technology,
Nov. 11, 1991). This will undoubtedly increase the future demand for compliance coals. In
anticipation of this trend, many coal companies in the central Appalachian region have plans for
building new preparation plants or for renovating old facilities. For example, one regional coal
company anticipates that it will increase its low-sulfur coal production by approximately 50 MM
tons/year when the Phase I program goes into effect (Coal, Oct., 1991). There is also
considerable interest and activity in developing and demonstrating various beneficiation
technologies for the western low-rank coals. It should be noted, however, that most of the
upgrading technologies for the western low-rank coals may be uneconomical without the Oil
Barrel Equivalent Tax Credit.

The new Clean Air Act imposes a ceiling on the total SO, emissions that can be allowed
annually in the U.S. and permits trading of allowance credits among power plants and utility
companies. This system provides flexibility for a company to over-comply in one plant using a
high-efficiency scrubber, while burning high-sulfur coals in another. The allowance credit can also
be traded to other companies who plan to build new power plants. Thus, while allowance trading
offers provisions for continued utilization of high-sulfur coals, it also creates an incentive for
precombustion removal of sulfur from high-sulfur coals beyond what can be normally achieved
through conventional means. This incremental sulfur rejection creates a premium for the coal.

For example, if allowance credits are traded at $500/ton of SO, and the sulfur content of a coal is
reduced from 2.5% to 2.0%, the coal immediately carries a $5/ton premium (DOE, 1991).

To achieve the incremental sulfur rejection from high sulfur coals, some of the advanced

coal cleaning technologies developed in recent years may be used. Of these, only the physical
coal cleaning processes are likely to find commercial application in the near future. A common
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feature of these processes is that the coal is pulverized to very fine sizes, often to micron-sizes, to
liberate pyrite. In most of these processes, the liberated pyrite is then separated from the coal by
exploiting the differences in the surface properties of coal and pyrite. Although advances have
been made in improving the separation efficiencies in processing fine particles, the total processing
costs may exceed the premium that can be gained from the incremental sulfur rejection when coal
is pulverized to a micron-size. Economic analyses indicate that the major components of the
processing costs are due to (i) pulverization of the coal to very fine sizes, (ii) downstream
dewatering of the clean-coal concentrate and (iii) handling and transportation of the ultrafine coal.

Using the deep-cleaned coals as feed stocks for coal-water mixture (CWM) may obviate the

dewatering cost, but a market for this technology has yet to be developed in the U.S., primarily
due to the current low cost of oil and gas.

Therefore, it would be useful to develop a process of removing pyritic sulfur without
micronizing the coal. It is very difficult, however, to remove more than 50% of the pyrite from a
65 mesh x 0 coal, which is the typical size treated by flotation in coal preparation plants today.
Recent work at the Center for Coal and Minerals Processing (CCMP) at Virginia Tech has
identified two major reasons why even the most advanced coal cleaning technologies (without fine
grinding) fail to meet what is for most mineral systems a standard flotation separation, i.e., a 90-
95% rejection. They are:

1)  superficial oxidation of pyrite as an inadvertent corrosion-type process that occurs during
mining, crushing and transportation, and

2) incomplete liberation of pyrite from coal such that a large fraction of the pyrite remains
associated or locked with the coal as middlings (or composite particles).

The superficial oxidation of pyrite produces surface species, such as elemental sulfur or
polysulfides, which are hydrophobic. When these surface species are formed, the separation
becomes difficult since both coal and pyrite are hydrophobic. Fortunately, this problem can be
minimized by controlling the electrochemical potentials of the system. This approach has been
discussed extensively by Yoon et al. (Processing and Utilization of High Sulfur Coals, 1daho
Falls, Idaho, Aug. 1991).

The problems created by the incomplete liberation of pyrite are more difficult to
overcome. For the case of flotation, composite particles are recovered at a lower rate than well-
liberated coal particles of the same size. Unfortunately, the flotation rate of a particle is
controlled not only by its composition, but also by its size. Thus, it is possible for a composite
particle of the optimum size to be floated more readily than a well-liberated coal particle of a
different size. In fact, studies conducted at Virginia Tech indicate that large amounts of
composite particles are often recovered during normal flotation separations. Furthermore, since
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coal is strongly hydrophobic and flotation is a very surface-sensitive process, even the tiniest
inclusions of coal in pyrite can make the particle readily floated.

One solution to the problem of recovering composite particles would be to employ the
"split-feed flotation" technique. In this approach, the feed coal is carefully sized and the coarse
and fine fractions are treated in separate flotation banks. However, it may be necessary to treat
very narrow size fractions and have multitudes of split-feed flotation banks in order to achieve
very efficient separations of the coal-pyrite composites. The high costs associated with this type
of circuit make it impractical in today's coal industry. Another option would be to float for only a
short period of time so that only the well-liberated, high-grade coal particles are recovered. This
approach is known as the "grab-and-run" technique advocated by Professor Aplan of Penn State
(Coal Flotation, Flotation - AM. Gaudin Memorial Volume, Chpt. 45, 1976). The major
problem is that low clean-coal yields are usually obtained when using this approach.

The most attractive method for separating composite particles from coal is to use
separation processes which exploit bulk properties. For example, Figures 1 and 2 compare the
washability data obtained for the Pittsburgh No. 8 coal using the centrifugal float-sink analysis and
image analysis techniques. As the particle top-size is reduced from 28 to 200 mesh, a higher
pyrite rejection can be achieved with a higher degree of combustible recovery. This is a result of
improved liberation with decreasing particle size. The release analysis results, which represent the
best possible flotation results, give pyritic sulfur rejections that are vastly inferior to those that can
be expected from the washability analysis. In this case, release analysis shows that only 70% of
the pyritic sulfur can be removed from the 200 mesh x 0 coal with 60% energy recovery, while the
washability data show 90% pyritic sulfur rejection with 90% energy recovery. Thus, separation
processes that exploit bulk properties appear to be a better choice for achieving high rejections of
pyrite than separation processes which exploit surface properties.
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Figure 1. Comparison of centrifugal washability data with release analysis results for a 28 mesh x

0 Pittsburgh No. 8 seam coal.
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Figure 2. Comparison of centrifugal washability data with release analysis results for a 200 mesh
x 0 Pittsburgh coal.
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In light of the above discussion, both gravity and magnetic separation techniques would be
attractive for coal cleaning since these techniques rely on the bulk properties of particles to create
a separation. Magnetic separations are unlikely to find widespread application since the removal
of paramagnetic particles such as pyrite from coal requires high-gradient magnetic separators
(HGMS) which are energy-intensive and costly. Gravity separation techniques are much less
costly, but all of the conventional gravity separation techniques currently used in the coal
preparation industry are ineffective for upgrading flotation-size particles, e.g., 65 mesh x 0.
Therefore, a new approach for fine-coal cleaning needs to be developed.

2. Description of the Proposed Investigation

The data shown above provide a tremendous incentive for using density-based separation
techniques for fine-coal cleaning. In the past, this approach was considered to be impractical due
to particle size limitations associated with conventional gravity separators. However, during the
past several years a new generation of centrifugal fine-particle gravity concentrators have been
developed in the minerals processing industry that are capable of treating flotation-size particles.
One such unit is the Mozley Multi-Gravity Separator (MGS), which is currently marketed by
Carpco of Jacksonville, Florida. In principle, the MGS is a flowing-film separator like shaking
tables and spirals, except that particles are also subjected to centrifugal forces so that finer
particles can be separated.

Previous studies conducted at Virginia Tech have shown that the MGS is very effective
for sulfur reduction because of the large difference in specific gravity between coal and pyrite.
However, it may be difficult to use the MGS, or any other fine-particle gravity concentrator, as a
stand alone unit operation for fine-coal cleaning. For example, the separation of ash-forming
minerals by the MGS is more difficult because of their lower specific gravity. Also, ultrafine clay
"slimes" present in the feed coal often report to the clean-coal product by entrainment. Thus, the
MGS is expected to be less efficient in removing ash-forming minerals such as clay than high-
density particles such as pyrite.

To overcome the limitations associated with single-stage separation techniques,
researchers at Virginia Tech have developed a two-stage coal cleaning process that combines
centrifugal fine-particle gravity separation with advanced froth flotation. Froth flotation is used to
reject ash-forming mineral matter such as clay, while the fine-particle gravity separator is used to
reject coal-pyrite composites. In this way, these two technologies complement each other and
compensate for each other's deficiencies.

The project described in this report was undertaken to provide the necessary research and
development required to move this novel two-stage coal cleaning circuit toward
commercialization.
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3. Description of the Microcel and MGS Technologies

This work involved the testing of the Multi-Gravity Separator (MGS) in conjunction with
an advanced froth flotation technology developed at CCMP known as Microcel column flotation.
Each of these technologies are described in the following sections.

3.1 Description of the Multi-Gravity Separator (MGS)

The Multi-Gravity Separator (MGS) was developed by Richard Mozley Limited, U.K., for
the selective separation of fine particles based on differences in density. The MGS unit is
distributed in North America by Carpco, Inc., of Jacksonville, Florida. A schematic of the pilot-
scale version of this device is shown in Figure 3. The operating principle of MGS is similar to
that of a conventional shaking table. However, by placing the table surface inside a rotating
drum, it is possible to achieve many times the normal gravitational pull on the particles as they
move across the table in a film of water flowing along the internal surface of the drum. The
centrifugal field allows finer particles to be selectively separated than would be possible using
conventional flowing-film separators.
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Figure 3. Schematic drawing of the pilot-scale Mozley Multi-Gravity Separator (MGS).
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Successful applications of the MGS technology include the concentration of cassiterite,
chromite, wolframite, graphite, mixed sulfides and gold. For these applications, MGS can treat
particles in the range of 1-1000 mm with high separation efficiencies. The lower particle size limit
is much smaller than can be achieved with any other commercially-viable gravity separation
process. For example, shaking tables are generally effective over a particle size range of 200-
1,200 mm. Tests conducted at Virginia Tech suggest that the MGS may be useful for processing
fine coals below 30 pm in diameter.

3.2 Description of the Microcel Flotation Column

The Microcel flotation column was developed in the early 1980's to take advantage of the
benefits of using smaller air bubbles for flotation. Small air bubbles increase the rate of flotation
and allow a higher throughput to be achieved at a given coal recovery (Yoon et al., Coal
Preparation, Vol. 10, 1992). Also, like most other column flotation cells, Microcel is equipped

with a wash water system that minimizes the entrainment of ultrafine mineral matter (such as clay)

into the froth product. Because of these advantages, Microcel is capable of achieving better
recoveries of coal and higher rejections of mineral matter than conventional flotation cells.

A schematic representation of a typical Microcel unit is shown in Figure 4. In this device,
air bubbles in the range of 0.1-0.4 mm are generated by passing air and a portion of the flotation
pulp through an in-line static mixer. The intense high-shear agitation provided by the in-line
mixers generates smaller air bubbles than other commercially available air sparging systems. The
Microcel bubble generators are not subject to plugging and can be serviced without column shut-
down. The Microcel technology is marketed by ICF-Kaiser Engineers and Control International.
More than a dozen full-scale units are already in commercial operation, and several other
installations are currently planned or under consideration.
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4. Objectives

The primary objective of this project was to design, install, and operate a continuous (300-
500 Ib/hr) advanced fine-coal processing circuit combining the Microcel and Multi-Gravity
Separator (MGS) technologies. Both of these processes have specific advantages as stand-alone
units. For example, the Microcel column effectively removes ash-bearing mineral matter, while
the MGS efficiently removes coal-pyrite composites. By combining both unit operations into a
single processing circuit, synergistic advantages can be gained. As a result, this circuit
arrangement has the potential to improve coal quality beyond that achieved using the individual
technologies.

In addition to the primary objective, secondary objectives of the test program included:

Circuit Optimization: Evaluate and optimized the performance of each unit operation,
individually and combined, by conducting parametric studies as a function of key operating
variables. The goal of this work was to maximize the rejections of pyritic sulfur and ash
while maintaining a high energy recovery.

Process Variability: Evaluate the steady-state performance of the optimized processing

circuit by (i) conducting several long-duration test runs and (ii) testing coal samples from
other sources as specified by the participating coal companies.

Process Evaluation: Conduct technical and economic evaluations to examine the
feasibility of the proposed concept for fine-coal cleaning on an industrial scale. This
evaluation includes a projected cost-benefit analysis and a review of all test data,
engineering analyses, scale-up procedures, and process deficiencies.

The test work was conducted at the Pittsburgh Energy Technology Center's Coal
Preparation Process Research Facility (CPPRF) located in Pittsburgh, Pennsylvania. The CPPRF
is a state-of-the-art bench-scale testing facility for coal preparation research and development
projects. The Emerging Technology (ET) section of the pilot plant was used for testing the
combined Microcel and MGS circuit. The ET area, and subsequently installed mezzanine, is
adjacent to the primary plant and was established for testing new and emerging technologies in
coal preparation. This facility is ideally suited for bench-scale test work due to the availability of
all necessary ancillary facilities (i.e., bulk solids handling, feed stock preparation, and waste
disposal) and the ability to tightly control feed and operating conditions. The CPPRF is operated
by Gilbert-Commonwealth for the Department of Energy.
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S. Approach

The project objectives were met by testing two moderate-to-high sulfur coals in three
different circuit configurations. The following configurations were evaluated:

a single Microcel unit,
a single MGS unit, and
combined Microcel/MGS units.
In the combined circuit, the froth product from the Microcel was reprocessed by the MGS unit.

The successful completion of the project required the active participation of several
different research, engineering, manufacturing and industrial organizations. These included:

Virginia Center for Coal and Minerals Processing (CCMP)
Roberts & Schaefer Company (R&S)

Carpco, Inc.

Consolidation Coal Company (Consol)

Kerr-McGee Coal Company

Rizzo & Sons, Inc.

The CCMP served as the prime contractor and provided the contractual management,
technical guidance, and overall supervision necessary to complete the proposed work in a timely
and orderly fashion. Technical personnel from CCMP also were primarily responsible for the
flowsheet development, shakedown and testing of the proposed circuitry and was actively
involved in the design and installation activities conducted by the various project participants. In
addition, a variety of raw coal characterization studies and product sample analyses were
conducted in the coal analysis laboratories at CCMP. R&S provided basic engineering services
(which included such tasks as the layout of unit operations, specification of equipment/material
requirements, selecting and monitoring the installation subcontractor, detailing of miscellaneous
contractual services and on-site construction oversight). R&S also served as an external reviewer
for the technical documents generated by the prime contractor. Carpco provided expertise related
to the installation, shakedown and operation of the MGS circuit. This company also assisted in
the analysis and interpretation of the experimental data collected using the MGS. Finally, the two
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participating coal companies (Consol and Kerr-McGee) provided raw coal samples and
miscellaneous technical services required to evaluate the overall success of the proposed work.

Figure 5 shows the work breakdown structure (WBS) for the project. In total, 13
different tasks and 36 different subtasks were required to carry out the proposed work. The
project schedule for these work elements is shown in Figure 6. As shown, approximately 20
months were required to complete the proposed work. However, most of the work effort was
concentrated during the six month period of activity at the CPPRF (July 1993 to January, 1994).
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PROJECT TASKS

Task 1 - Project Planning

1.1 Development of Project Work Plans

The first project activity was to prepare a detailed Project Work Plan. This document
provided a detailed description of the test program, experimental procedures, analytical methods,
and reporting guidelines for implementation and completion of the proposed work. The work
plan detailed the assignment of project responsibilities for each participant involved in the project
and clearly defined the lines of communication. Specific items provided in the Project Work Plan
included:

Work Breakdown Structure (WBS)

Task Objectives/Anticipated Results

Detailed Project Schedule

Milestones Identification Schedule

Quality Assurance/Quality Control (QA/QC) Plan

Project Reporting Schedule

Environmental, Safety, and Health (ES&H) Plan
Any revisions to the project work plan were discussed with the COR and submitted in writing to

DOE for approval prior to implementation.

During this planning stage, preliminary drafts of several other technical/management
project plans were also submitted with the Project Work Plan. These included:

Test, Sampling and Analytical (TS&A) Plan
Installation and Shakedown Plan
Coal Procurement, Handling, and Logistics Plan

Procurement and Fabrication Plan
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Decommissioning Plan

ET Area Modification Design Plan
Hazardous Substance Plan

Project Management Plan

Project Labor Plan

Project Cost Plan

All project plans were developed by personnel from CCMP with assistance provided by Carpco,
Roberts & Schaefer, Consolidation Coal and Kerr-McGee.

1.2 Project Reporting

The prime contractor (CCMP) was responsible for the timely submission of all weekly,
monthly, quarterly, topical and final reports as specified by the DOE Reporting Requirements
Distribution List and the Project Work Plan. The DOE Uniform Reporting System was used as
the guide for preparing all project reports. CCMP coordinated preparation and dissemination of
all technical reports and non-financial management reports. The Office of Sponsored Projects
(OSP) at Virginia Tech prepared and certified all financial and property reports. Responsibility
for the preparation of environmental and safety reports and documents, as required, rested with
CCMP personnel and was submitted through OSP.

Reports were prepared by the various subcontractors and submitted directly to the CCMP
Project Manager for incorporation into the required DOE report. To ensure that all project
participants were fully aware of their reporting requirements, a separate reporting requirements
schedule was prepared by CCMP and provided to each primary subcontractor. A project planning
meeting was held shortly after project award to review these requirements.

Task 2 - CPPRF Modifications

2.1 Engineering and Design

The prime contractor (CCMP) was responsible for completing several permanent
modifications to the CPPRF to accommodate the installation and testing of this and other high
efficiency preparation (HEP) projects. These modifications included:

The addition of two (2) stories of open platform area extending along the north wall from
the existing conventional precleaning and comminution structure to the east wall.
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The addition of a floor trench in the ET area.

The upgrading of the raw coal receiving area.

The open platform area was necessary to allow access between the existing CPPRF
structure and the circuitry to be installed as part of the proposed work and to provide additional
space for installation of ET circuit equipment. The floor trench is used to contain accidental spills
and to enable washdown of the test circuit area. The raw coal receiving area was upgraded with a
truck ramp and a new hopper/screw conveyor to facilitate coal loading into the plant.

Engineering and design activities related to the CPPRF modifications were carried out by
Roberts &  Schaefer Company. This subtask included the development of
engineering/fabrication/construction drawings and preparation of a detailed cost estimate.
Specific details related to this work effort were provided in the ET Area Modification Design
Plan.

2.2 Procurement and Fabrication

Roberts & Schaefer performed the procurement and fabrication of all components and
materials required to complete the CPPRF modifications. R&S prepared all bid specifications, bid
solicitations, bid reviews, and awarded the subcontracts and purchase orders required to complete
this effort. All procurement activities were to follow the guidelines established by the Department
of Energy (DOE) and Virginia Tech. R&S periodically visited the selected fabrication shop(s) to
inspect workmanship prior to shipping and installation.

2.3 Construction

All on-site construction activities related to the CPPRF modifications were monitored by
Roberts & Schaefer and coordinated with DOE and Gilbert-Commonwealth. R&S selected and
monitored the various mechanical and electrical subcontractors that were necessary to complete
the on-site installation and construction activities.

Task 3 - Sample Acquisition
3.1 Coal Selection

This subtask began immediately after approval of the Project Work Plan developed in
Task 1 (Project Planning). Completion of this subtask was the responsibility of the prime
contractor (CCMP) and the participating coal companies. Samples from several different U.S.
coal seams having moderate-to-high sulfur contents were evaluated with two (2) seams being
selected for testing in the CPPRF. These two coals were obtained from the Pittsburgh No. 8 and
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Illinois No. 6 coal seams. These coals are well known for their large reserve base and relatively

high pyritic sulfur content.

Prior to testing in the CPPRF, representative samples of each of the two base coal seams
were collected, stored in an inert environment, and subjected to various laboratory
characterization tests as outlined in Task 4 (Sample Characterization). Approximately one 55-
gallon drum of representative sample was required for each seam. The characterization work was
completed prior to the procurement and shipping of the bulk sample used in the CPPRF test
work. This arrangement was necessary to minimize problems, i.e., oxidation and weathering,
associated with the long-term storage of the bulk coal sample. In addition, this schedule allowed
the potential cleanability of the selected feed coals to be evaluated prior to final selection and
shipping of the CPPREF test coals.

3.2 Bulk Sample Acquisition

Prior to the start of this subtask, the Coal Procurement, Handling, and Logistics Plan was
finalized. This document provided detailed information related to the required tonnages and
shipping/delivery dates for each of the two base coal samples. The CCMP and participating coal
companies were responsible for the sampling campaign and safe transportation of the coal
samples. To minimize problems associated with coal weathering, the bulk samples were procured
and shipped to an off-site storage facility (Dillner Storage Company, West Elizabeth,
Pennsylvania) just prior to start-up of the circuit.

Approximately 60-75 tons of each coal were required to complete the proposed test work.

Each entire lot of coal was homogenized at the off-site storage facility and split into lots of 5-6

tons each for delivery to the CPPRF as needed. Once received, the raw coal was crushed to

below 1/4-inch using the CPPRF coarse coal crushing circuit. The crushed coals were then stored
in the 5-ton raw coal storage bins and inerted under nitrogen until needed in the testing program.

Task 4 - Sample Characterization

A variety of laboratory characterization studies were undertaken in order to evaluate the
potential cleanability of the base coal samples used in the present work, i.e., Pittsburgh No. 8 and
Illinois No. 6 coal seams. The characterization effort was the sole responsibility of the prime
contractor (CCMP). The characterization work began immediately after the acquisition of
representative lots of each of the two base coal samples.

4.1 Preliminary Characterization

The first series of characterization studies were conducted to evaluate the overall quality
of each run-of-mine sample. The samples were dry pulverized to two different topsizes (i.e., 28
and 65 mesh) using a laboratory hammer mill. The ground products were wet-screened, dried,
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weighed and subjected to ash and sulfur analyses. The particle size distributions and size-by-size
analyses are summarized in Tables 1 and 2.

The preliminary analyses indicate that a relatively large proportion of fines were generated
by the grinding process. At the 65 mesh grind, more than half of the Illinois No. 6 coal and over
one-third of the Pittsburgh No. 8 was found to be finer than 400 mesh. The high production of
fines is typical of an impact-type crusher, such as a hammer mill. It is recommended that future
grinding tests use a laboratory rod mill to minimize the production of excessive fines. The
characterization data also indicate that the Illinois No. 6 seam coal possessed significantly higher
ash and sulfur contents than the Pittsburgh No. 8 seam coal (i.e., 45% ash and 4.6% sulfur versus
18% ash and 3.6% sulfur). For both coals, the finer size fractions tended to yield lower ash and
sulfur values than did the coarser fractions. The only exception to this trend was observed for the
finest size fraction, i.e., 400 mesh x 0. In this case, the higher ash content can be largely
attributed to the disproportionate amount of high-ash clay particles in the ultrafine size range.
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Table 1. Size-by-size ash and sulfur contents for the llinois No. 6 seam coal.
Dry Pulverized to 28 Mesh Topsize
Size Individual Cumulative
Fraction Weight Ash Sulfur Weight Ash Sulfur
(Mesh) (%) (%) %) %) (%) (%)
+28 0.71 51.72 3.25 0.71 51.72 3.25
28x35 4.91 44.70 491 5.62 45.59 4.70
- 35x%48 6.16 46.75 4.00 11.78 46.20 4.33
48x65 11.64 46.50 5.77 23.42 46.35 5.05
65x100 8.18 33.79 4.36 31.60 43.10 4.87
100x150 11.02 33.88 5.01 42.62 40.71 4.91
150x200 8.62 30.64 485 51.24 39.02 4.90
200x270 5.62 33.20 5.75 56.86 38.44 4.98
270x400 8.24 32.80 5.84 65.10 37.73 5.09
-400 34.90 56.53 3.48 100.00 44.29 4.53
Feed 100.00 44.29 4.53
Dry Pulverized to 65 Mesh Topsize
Size Individual Cumulative
Fraction Weight Ash Sulfur Weight Ash Sulfur
(Mesh) (%) (%) (%) (%) (%) *n)
+65 6.80 55.49 5.04 6.80 55.49 5.04
65x100 9.82 46.70 5.99 16.62 50.30 5.60
100x150 11.81 33.60 5.82 28.43 43.36 5.69
150%200 12.64 33.56 5.11 41.07 40.34 551
200x270 8.60 32.67 5.36 49.67 39.02 5.49
270x400 10.01 36.43 5.86 59.68 38.58 5.55
-400 40.32 56.53 3.52 100.00 45.82 4.73
Feed 100.00 45.82 4.73
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Table 2. Size-by-size ash and sulfur contents for the Pittsburgh No. 8 seam coal.
Dry Pulverized to 28 Mesh Topsize
Size Individual Cumulative
Fraction Weight Ash Sulfur Weight Ash Sulfur
(Mesh) () (%) (%) (%) (%) (%)
+28 0.00 0.00 0.00 0.00 0.00 0.00
28x35 28.06 29.71 3.64 28.06 29.71 3.64
35x48 19.17 14.07 3.47 47.23 23.36 3.57
48x65 14.34 13.33 4.13 61.57 21.03 3.70
65x100 9.91 14.10 4.07 71.48 20.07 3.75
100x150 9.09 13.93 4.03 80.57 19.37 3.78
150%200 5.25 8.99 3.52 85.82 18.74 3.77
200x270 3.85 13.73 4.96 89.67 18.52 3.82
270x400 2.71 12.93 4.40 92.38 18.36 3.84
-400 7.62 21.78 3.55 100.00 18.62 3.81
Feed 100.00 18.62 3.81
Dry Pulverized to 65 Mesh Topsize
Size Individual Cumulative
Fraction Weight Ash Sulfur Weight Ash Sulfur
(Mesh) (%) (%) (%) ) ) (%)
+65 5.78 17.15 3.48 5.78 17.15 3.48
65x100 7.98 14.10 3.76 13.76 15.38 3.64
100x150 14.71 13.42 3.48 28.47 14.37 3.56
150x200 14.11 12.05 3.80 42.58 13.60 3.64
200x270 10.57 12.25 3.75 53.15 13.33 3.66
270x400 13.25 12.70 3.76 66.40 13.21 3.68
-400 33.60 27.52 2.93 100.00 18.02 343
Feed 100.00 18.02 3.43
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4.2 Washability Characterization

In this subtask, standard and centrifugal float-sink tests were to be carried out using each
of the two base coal samples. These analyses were performed at a 28 mesh topsize. The

information collected from these tests allowed the degree of liberation to be estimated and
provided a "yardstick" against which the performance of the density-based separator (i.e., MGS)
could be evaluated. In selected tests, the clean-coal products were analyzed on a size-by-size
basis so that any deficiencies in the rejection of mineral matter could be identified. All products
were analyzed for ash, total sulfur, sulfur forms, and heating value.

The initial fine-coal washability tests were conducted using a Sharples high-G centrifuge.
Aqueous solutions of zinc chloride were prepared to provide a wide range of heavy liquids for the
float-sink tests. Zinc chloride solutions were selected over traditional organic heavy liquids
because of lower costs and reduced health risks. In each test, a small amount of fine coal was
suspended in the lowest SG zinc chloride solution and passed through the centrifuge. The light
fraction was collected throughout the test period, while the heavy fraction was retained inside the
bowl and collected after stopping the centrifuge. The heavy fraction was resuspended in the next
highest SG solution and again passed through the centrifuge. This procedure was repeated until
the desired range of float-sink products were collected for each coal.

The test results indicated that the fine-coal washability procedure employed at CCMP was
unreliable. In fact, the test results obtained to date indicate that the fine-coal washability
procedure used at CCMP gives a separation curve that is poorer than that obtained by flotation
release analysis. This finding was considered to be highly unlikely (if not impossible), particularly
for the rejection of pyritic sulfur. The difficulty in obtaining good fine-coal washability results
was attributed to the poor dispersion of the ultrafine-coal particles suspended in the zinc chloride
solutions. Although the use of chemical dispersants appeared to improve the reliability of the
float-sink procedure, the data was not believed to be completely trustworthy.

For these reasons described above, the fine-coal centrifugal washability work was
discontinued and an image analysis technique using a Scanning Electron Microscope Image
Processing System (SEM-IPS) was substituted. The SEM-IPS provided a particle composition
analysis by area resulting in the percent of carbonaceous material, mineral matter, and pyrite. An
equivalent washability by density was then calculated (Adel et al., 1991). This technique is
believed to be the most reliable method for determining fine-coal washability since it provides a
direct measure of the various components contained in the coal sample and is not subject to
problems related to coal dispersion.

Results of the SEM-IPS characterization tests conducted on the Pittsburgh No. 8 and
Illinois No. 6 coal seams are presented in Figures 7-10. Because of the relatively high cost of the
SEM-IPS work, only the 28 mesh x 0 grind was examined for each coal. In general, the image
analysis data indicate that very high rejections of mineral matter and pyritic sulfur could be
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obtained for each of the two base coal samples. For the Illinois No. 6 seam coal, mineral matter
and pyrite rejections of approximately 85-90% could be achieved while maintaining coal
recoveries approaching 90% (Figures 7-8). Similar reductions in mineral matter and pyritic sulfur
could also be obtained for the Pittsburgh No. 8 seam coal (Figures 9-10).

The image analysis characterization data indicate that most of the pyrite which can be
liberated is freed from the coal matrix at a relatively coarse size. This phenomenon is illustrated in
Figures 11 and 12 which show the weight percent of pyrite containing carbonaceous inclusions
finer than a specified size for each of the two base coals. For the Iilinois No. 6 seam coal, only
about 30% of the pyrite contains coal inclusions smaller than 10 microns. This value falls to
approximately 20% for the Pittsburgh No. 8 seam coal. The data suggest that much of the pyrite
which remains locked with the coal is very finely disseminated and cannot be completely liberated
even at a 400 mesh x O grind size.
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Figure 7. Comparison of release analysis and image analysis separation curves for pyrite obtained

using a -28 mesh Ilinois No. 6 coal.
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Figure 8. Comparison of release analysis and image analysis separation curves for mineral matter

obtained using a -28 mesh Hlinois No. 6 coal.
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Figure 9. Comparison of release analysis and image analysis separation curves for pyrite obtained
using a -28 mesh Pittsburgh No. 8 coal.
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Figure 10. Comparison of release analysis and image analysis separation curves for mineral matter

obtained using a -28 mesh Pittsburgh No. 8 coal.
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Figure 11. Weight percent pyrite containing carbonaceous inclusions finer than a given size
obtained using a -28 mesh Illinois No. 6 coal.
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Figure 12. Weight percent pyrite containing carbonaceous inclusions finer than a given size
obtained using a -28 mesh Pittsburgh No. 8 coal.
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4.3 Release Analysis Characterization

To characterize the potential performance of the flotation column in the ET Test Circuit,
release analysis tests were conducted at several grind sizes for both the Pittsburgh No. 8 and
Illinois No. 6 seam coals. The release analysis test provides an indication of the ultimate
cleanability by flotation for a particular coal under a given set of reagent conditions. In the
present work, the release analysis data provided a means by which the performance of the
Microcel column could be evaluated. A Denver D-12 conventional flotation machine was used to
conduct the release analysis tests. All products were analyzed for ash, total sulfur, sulfur forms,
and heating value.

Each feed coal was pulverized in a laboratory hammer mill. Several different product size
distributions similar to those used in the bench-scale circuit were used for the characterization
work, i.e., 28 mesh x 0 and 65 mesh x 0. In addition, a 200 mesh x 0 grind size was examined for
the Pittsburgh No. 8 seam coal. To determine the reliability of the release analysis test
procedures, several duplicate tests were conducted on -65 mesh Illinois No. 6 seam coal. Results
from these tests, shown in Figure 13, indicate that the release analysis procedure provides
reproducible results. In this case, combustible recovery was plotted as a function of ash and
sulfur rejection to normalize the effect of changes in feed quality.

Figure 14 shows the results of release analysis tests conducted on an Illinois No. 6 coal as
a function of grind size (i.e., -28 and -65 mesh). As expected, an increase in product ash rejection
is observed with a reduction in particle size; however, essentially no improvement was observed in
sulfur rejection. This finding can be explained by either the inadequate liberation of pyritic sulfur,
or the natural floatability of coal pyrite. The latter is the subject of an on-going DOE
investigation (DE-AC22-92P(C92246).

Figure 15 shows similar results for release analysis tests conducted on -28, -65 and -200
mesh Pittsburgh No. 8 seam coal. As shown, a slight improvement in product ash rejection
occurs as the particle size is reduced. As with the Illinois No. 6 seam coal, particle size does not
appear to dramatically impact the total sulfur rejection. These findings support the conclusion
that a flotation-based separation process is acceptable for the rejection of ash-bearing minerals but
is less effective for the removal of pyritic sulfur. As previously stated, a density-based separation
would be more effective for the rejection of pyritic sulfur due to the large difference in specific
gravities of coal and pyrite.
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Figure 13. Combustible recovery versus total ash rejection (top) and total sulfur rejection
(bottom) obtained from replicate release analysis tests on -65 mesh Illinois No. 6 coal.
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Figure 14. Combustible recovery versus ash rejection (top) and total sulfur rejection (bottom)
obtained from release analysis tests on -28 and -65 mesh Illinois No. 6 coal.
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Figure 15. Combustible recovery versus ash rejection (top) and total sulfur rejection (bottom)
obtained from release analyses tests on -28, -65, and-200 mesh Pittsburgh No. 8 coal.
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Task 5 - Flowsheet Development and Engineering Design

5.1 Flowsheet Development

This task began immediately after the approval of the project work plan. The work effort
was shared by the prime contractor (CCMP) and the participating A&E firm (Roberts &
Schaefer). Work elements completed in this subtask included:

Calculations of mass and liquid flow rates based on particle size analyses and raw
coal washability data currently available from the participating coal companies and
other sources.

Development of a flowsheet that summarizes the physical arrangement of the unit
operations and connecting streams. Estimates of flow rates, solids contents, mean particle
sizes, assays, etc., were provided on the basis of best available information.

The flowsheet was reviewed by the DOE COR and required modifications and revisions required
to meet the project and environmental, safety and health (ES&H) objectives were incorporated
prior to proceeding to subsequent design tasks.

5.2 Engineering Design

This subtask involved all activities related to the engineering design of the Microce/MGS
test circuit. This effort was primarily performed by Roberts & Schaefer. Work elements
completed under this subtask included:

Preparation of a detailed listing of required equipment including equipment type,
unit size, throughput capacity, power requirements, air/water requirements, and
operating limitations. Preliminary identification of potential vendors and suppliers
were also made at this time.

Development of an updated flowsheet that summarized the physical arrangement
of all unit operations, connecting streams, valves, pumps, sampling points, process
control instrumentation, etc. Complete material balances were projected for the
entire circuit for each of the two base coals. The flowsheet specified expected
flow rates, solids contents, mean particle sizes, assays, etc., for all streams.

Development of engineering drawings detailing the construction, fabrication and
installation of all components required to operate and evaluate the proposed unit
operations and associated circuitry. These drawings unambiguously specified the
spatial layout of equipment, location of electrical wiring, arrangement of piping
and plumbing, and other pertinent electrical/mechanical requirements. These

documents were of sufficient detail and quality to be utilized by the
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mechanical/electrical subcontractor for the construction and assembly of the
proposed circuitry.

Preparation of an CPPRF Integration Plan/Schedule that outlined the specific requirements
for integrating the proposed test circuit into the CPPRF.

Final approval of the proposed flowsheet, detailed engineering drawings, equipment
specifications, plant layout, etc., were obtained from the DOE COR prior to the initiation of any
additional work elements.

5.2.1 Flowsheet Design

The ET circuit was designed to allow for testing of the following four circuit
configurations:

Microcel only,

Multi-Gravity Separator only,

Microcel/Multi-Gravity Separator in combination, and
Microcel/Water-Only Cyclone/Multi-Gravity Separator in combination.

The Microcel and MGS circuits were designed to allow for independent operation of each unit.
This allows a direct comparison of the performance of each device to be obtained. The
Microcel/MGS circuit will be used to determine the advantages of the combined processing
scheme. In this circuit, the flotation product from the Microcel is de-aerated and fed directly to
the MGS. The final circuit incorporates a water-only cyclone to remove a portion of clean-coal
from the column product prior to feeding to the MGS. The intent of this circuit is to reduce the
load to the MGS unit to provide a higher circuit throughput. The overall project test circuit is
illustrated in Figure 16. The material-balanced flowsheets for each of the above described circuits
are included in Appendix 1-A.
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Two different coal samples (Pittsburgh #8 and Illinois #6) were used for parametric testing
in the various circuits. The bulk, run-of-mine samples were held at a nearby storage facility until
required. This material was transferred by truck in 5-ton increments and off-loaded to the coarse
coal storage bins at the CPPRF. The run-of-mine coal was fed from the storage silos to the
CPPRF comminution circuit to produce feed slurries of various size consists for the ET circuit.
Slurry entered the test circuit through a three-way automatic valve located above the CPPRF
sludge storage tank, elev. 1106'-6". The automatic valve was configured to either send feed
slurry to the ET circuit, or by-pass it into the sludge storage tank. From this point, the feed slurry
could be directed to any of the three process feed sumps (Unit No.'s 101, 102 and 103); thus
allowing each circuit to be operated independently.

The process feed sumps were arranged such that the Microcel, water-only cyclone or
MGS could be independently operated. This approach allowed each device to be tested
separately without being influenced by the performance of other unit operations. The process
sumps were equipped with side-mounted mixers to maintain the solids in a homogeneous
suspension. In addition, the process sumps have been designed with dish-shaped bottoms to

facilitate mixing.

Each process sump was equipped with a variable speed (split sheave) pump to allow for
variations in pressure and flow in each test circuit. Slurry from the pump discharge was circulated
at relatively high velocities to the point of discharge and returned to the sump. This approach
ensured that the solids remain in suspension throughout the circuit. Feed for each unit operation
was bled-off the respective recirculation line through a pneumatic pinch valve. Feed rate to each
unit operation was determined using mass flow sensors. Water addition lines were also provided
for each sump to regulate the feed solids concentration solids. The flow rate of dilution water
was regulated by pneumatic pinch valves.

Each sump/pump combination was equipped with a drain line and a constant head
overflow box. These lines were directed to the ET waste sump located on ground floor (elev.
1086'-6). In addition, the product and reject streams from all test circuits were discharged to the
ET waste sump. Slurry from the waste sump was pumped either to the CPPRF thickener feed de-
aeration tank or to the sludge tank. Emergency overflow lines from the waste sump were directed
to the CPPRF's existing ground floor trenches and sent to the thickener via ground floor sump
pumps.

5.2.2 Circuit Layout
The column/MGS circuit was planned for installation in the newly constructed mezzanine

area adjacent to the ET test area and the temporary module stack previously installed and used by
Process Technology, Inc. (PTI), for an earlier project. Detailed plan and elevation drawings
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showing the equipment, instrumentation, piping and electrical layouts were previously provided to
DOE and are included in Appendix 10. A complete listing of these drawings are given in Table 3.

Table 3. Complete listing of construction drawings provided to DOE for the ET circuit.

MECHANICAL - ET CIRCUIT

R & S Drawing No. Title

9234-L1 Layout - Plan Views
9234-12 Layout - Elevation Sections
9234-L1A Layout - Plan Views
9234-1.2A Layout - Elevation Sections
9234-P1 Piping - Plan Views
9234-P2 Piping - Elevation Sections
9234-P3 Piping - Typical Details

MECHANICAL - RAW COAL RECEIVING AREA

R & S Drawing No. Title

9234-L3 Layout of Plant Feed

9234-C1 Plant Feed Truck Ramp

9234-C2 Plant Feed Truck Ramp - Details
9234-PW1 18" Screw Feeder Receiving Hopper
9234-PW2 18" Screw Feeder Discharge Chute & Supports
ELECTRICAL

R & S Drawing No. Title

9234-E0 Motor Data Chart

9234-E1 Control Panel Layout

9234-E2 MCC Panel Layout

9234-E3 MCC Single Line

9234-E4 Instrumentation & Control Panel Wiring
9234-ES MCC Panel Wiring

9234-E6 MCC Panel Wiring

9234-E7 Instrumentation & Control Pane! Wiring
9234-E8 Instrumentation & Control Panel Wiring
9234-E9 Nuclear Density Unit Wiring Diagram
9234-PID P&I Diagram
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The construction drawings specified that the process waste sump/pump circuit be located
on the ground floor (elev. 1086'-6). This allowed for gravity transport of slurry from all sump
overflows, drain lines and unit operations. The process feed sumps and Microcel base were to be
located on the first mezzanine level (elev. 1096'-6). The MGS and cyclone feed sump/pumps
were to be located on the existing PTI structure and the column feed sump/pump on the west side
of the existing sludge storage tank. The latter was necessary to provide sufficient access around
all process equipment. The Microcel base is located on elevation 1086'-6 and passes through the
1096'-6 elevation. The water-only cyclone was mounted directly to the cyclone feed sump. The
column overflow weir, reagent feeders and MGS will be located on the second mezzanine level
(elev. 11106'-6). The MGS was to be placed on the PTT structure, while the reagent feeders were
located against the north wall of the facility.

The above described circuit layout was selected to minimize piping runs and installation
costs and to maximize spacing between adjacent process equipment. The latter is necessary to
allow for equipment maintenance and to ensure safe working conditions. In addition, this circuit
layout provided an opportunity to reuse existing mechanical systems already installed by PTL

5.2.3 Piping

The system utilities (i.e. compressed air, clarified water, and process water) were provided
by DOE/PETC. Tie-in points to the CPPRF utility circuits were arranged with and approved by
DOE/PETC prior to installation. Maximum anticipated utility consumption were determined as
follows:

Process Water - 50 gpm

Air - 25 scfm @ 80 psi (process)
10 scfm @ 80 psi (instrument)

All incoming utility piping was equipped with manual shut-off valves located at the tie-in points to
completely isolate the test circuit if necessary. Water/slurry lines and pneumatic lines were
constructed of CPVC (80 psi minimum rating) and schedule 40 steel (150 psi minimum rating),
respectively. Diagrams showing the proposed piping layout were provided to DOE in the detailed
construction diagrams.

5.2.4 Instrumentation and Electrical

Several different types of remote sensors were used in the ET test circuit. These include
the following:
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Venturi Flow Meters,
Magnetic Flow Meters,
Nuclear Density Gauges,
Paddlewheel Flow Meters,
DP Cells, and

Hi/Lo Level Indicators.

The venturi flow meter was used to meter air to the Microcel flotation column. A magnetic
flowmeter and nuclear density gauge was used on the Microcel and MGS sump/pump
recirculation systems to monitor mass flow rates. Paddlewheel flow meters were used exclusively
for water flow measurement. The DP cells and High/Low level indicators were used for level
detection in the Microcel and waste sump, respectively. All instrumentation will be equipped with
a remote 4-20 mA signal output. In addition, a number of pneumatically-actuated control valves
was used to regulate process liquid and slurry flow rates.

The ET circuit control panel was located on the second mezzanine level (elev. 1106'-6)
next to the sludge storage tank. The control panel housed all of the necessary electrical and
pneumatic instrumentation interfaces shown in Table 4.

Table 4. Control Panel Instrumentation
All water and slurry flow meters
LED All density meters
Displays All pressure sensors

Column air flow measurement
PID Controller for column level control
Pressure regulators/gauges for pneumatic valve control
Start/stop switches All motor drives
Emergency stop button

The bulk of the above described instrumentation and controls are provided for on-line
sensing and operation. However, two stabilizing control loops were also installed in the ET
circuit. The first is for control of column level. In this loop, a pressure reading provided by a DP
cell was used to control the column tailings discharge rate which, in turn, was regulated by a
pneumatic pinch valve. Valve response was controlled by a stand-alone PID controller. The
fractional air hold-up was determined from differential pressure measurements in the column
collection zone. Finally, a Hi/Lo sump level controller was installed on the ET circuit waste sump
as a safety precaution. This controller prevented overflow and/or dry pumping conditions within

the waste sump.
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All power to the ET test circuit was supplied from a central motor control center (MCC)
located on the east side of the sludge storage tank on elevation 1106'-6. A single supply line was
connected to the ET MCC from the existing CPPRF MCC to power the test circuit. All
equipment in the ET circuit was powered by the local MCC. This approach minimized the impact
to the existing CPPRF MCC and facilitated installation of the test circuit. All electrical services
had a Class II, Division II, Group F and a NEMA 4 rating and were not be interlocked to any
existing CPPRF equipment.

5.3 Cost Analysis

In this subtask, a detailed analysis was performed to provide an updated cost estimate for
the proposed test circuit. The analysis included all capital expenditures as well as the cost of
miscellaneous supplies, contractual labor, rental fees, etc. This subtask was carried out in
conjunction with Subtask 5.2. A detailed listing of all major equipment was provided in Appendix
1-B. This listing provides unit dimensions, capacities and requirements for air, water and power
for all of the unit operations included in the ET circuit.

5.4 ET Circuit Design Topical Report

An ET Circuit Design Topical Report was prepared by CCMP and R&S after completing
all work elements associated with the flowsheet development, engineering design, and cost
analysis. This document provided all relevant material balance calculations, flow diagrams,
engineering analyses, equipment specifications, cost analyses, estimation procedures, and
construction/fabrication drawings.

In addition to the above, an Operation, Maintenance and Safety Manual was prepared for
each of the key unit operations to be installed in the CPPRF. This document provided a brief
technical description of the equipment, start-up and shutdown procedures, and recommended
guidelines for safe operation.

As part of PETC's extensive EH&S program, two EH&S permits were required prior to
the initiation of operations for this project. One was for the operation of the circuit and one was
for the installation and operation of two nuclear density gauges. The first step toward acquiring
the permit for the operation of the circuit was to conduct a system safety analysis (SSA) on the

design of the circuit, prior to finalization of the design. This provided an opportunity to correct
any design-related EH&S concerns at an early date when changes could easily and inexpensively
be made. PETC EH&S specialists reviewed the required documents and provided detailed
comments on the design and proposed operation. The design was then finalized based on this
input. The second and final step for obtaining the EH&S permit for operation of the circuit as
well as the EH&S permit for the nuclear sources was conducted when the installation of the
circuit was nearly complete.
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Task 6 - Procurement and Fabrication

6.1 Bidding

+

The procurement and fabrication of all key components of the proposed circuitry began
immediately upon approval of engineering drawings and specifications developed in Task 5. The
prime contractor (CCMP) was responsible for directing the work conducted under this subtask,
although some technical assistance was provided by the participating A&E firm (Roberts &
Schaefer). The work elements undertaken in this subtask include:

Preparation and solicitation of competitive bid packages for major purchases of
equipment, materials, fabricated components, and services necessary to complete
the installation of the proposed circuitry in the CPPREF.

Review of bid packages and selection of appropriate vendors based on quoted
cost, availability and suitability.

All bidding for services and high-value equipment was performed by R&S with input (e.g., bid
specification, source identification, and bid review) from CCMP and Carpco.

6.2 Procurement/Fabrication

After appropriate vendors were selected on the basis of the competitive bidding process,
the following work elements were initiated:

Request to the DOE COR for the approval of purchases of equipment, supplies and
contractual services.

Prepare and issue all required purchase orders and requests for services.

Procure and ship major equipment, fabricated components, materials, supplies,
etc., to the test facility.

Inspection of all purchased equipment, materials, and fabricated components to
ensure that they are of suitable workmanship, and are structurally, mechanically
and/or electrically operational.

Roberts & Schaefer performed much of the work in this subtask with the exception of
procurement associated with the major equipment items (e.g., MGS and Microcel). However, all
procurement actions were reviewed by CCMP to ensure that appropriate state and federal
guidelines were followed.
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Task 7 - Process Module Installation

7.1 Installation/Construction

This work effort was jointly shared by the prime contractor (CCMP) and the participating
A&E firm (Roberts & Schaefer). The preliminary draft of the Installation and Shakedown Plan
was updated on the basis of information gathered since its original submission. After final
approval of this plan, the work elements to be completed under this subtask were then initiated.
A regional subcontractor, i.e., Rizzo & Sons, was competitively selected to perform the on-site
construction activities. This effort involved the positioning of all major unit operations and
associated installation of piping, electrical wiring, instrumentation, etc., as designated in the
flowsheet developed in Task 5 (Flowsheet Development and Engineering Design). During the
installation of the proposed test circuit, all pertinent local, state and federal regulations were
followed by all participating subcontractors. A brief Schedule/Status Sheet was prepared weekly
and provided to the DOE COR during the entire duration of this subtask. This document
summarized the previous week's accomplishments and presented the planned work and objectives
for the upcoming week.

7.2 Safety Analysis/Review

At the completion of on-site construction and prior to operation of the circuit, a final
Safety Analysis and Review was performed. The System Safety Analysis conducted in Task 5 for
the process circuit was revised and submitted to DOE along with standard operating methods and
emergency shutdown procedures. These documents were used by DOE to ensure that all EH&S
concerns were adequately addressed prior to issuing EH&S Permit for circuit operation and
installing/operating the nuclear sources.

Task 8 - Shakedown Testing

8.1 Start-Up

After completing Task 7 (Process Installation), shakedown tests were conducted to get
the various unit operations up and running. Prior to the initiation of this effort, operator training
was provided to ensure that all parties were familiar with standard operating procedures and
emergency shutdown procedures. Several "dry" runs were conducted to evaluate the electrical
and mechanical integrity of the test circuit. Water was then passed through the circuit for leak
testing and establishing operating pressures. In addition, preliminary tests were performed to
determine whether the pumping capacities, pipe sizes, electrical supplies, instrumentation/control
systems, etc., were adequate. A complete and detailed listing of the activities to be carried out
under this subtask were provided in the Installation and Shakedown Plan.
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8.2 Exploratory Testing

After completing the preliminary shakedown, a variety of exploratory test runs were
undertaken. These tests were necessary in order to:

evaluate the performance of the CPPRF grinding circuit in terms of capacity and product
consistency,

provide "hands-on" operator training prior to detailed testing,

validate the design capacities for the various unit operations included in the test
circuit,

establish appropriate operating levels for the various process variables associated with the
Microcel and MGS test units, and

identify key operating parameters to be examined in the detailed testing program
(Task 10).

During the exploratory tests, the Test, Sampling and Analytical Plan was updated and
submitted to the DOE COR. This document specified the frequency, duration and types of test
runs to be conducted using the Microcel and MGS units. The plan provided an overall sampling
plan that specified the location of sampling points, frequency of sampling, sampling procedures,
data logging requirements, and analytical techniques and procedures.

Because of the cooperative teaming arrangements required by this project, several
different participants were on-site during a substantial portion of the shakedown testing. These
included various technical personnel from CCMP, Carpco, and R&S. Personnel from CCMP
were responsible for the start-up, operation and fine-tuning of the Microcel unit. Carpco
provided the staffing and expertise necessary to properly start-up and operate the MGS unit.
Preliminary tests were conducted on the MGS at the CCMP pilot plant to train operating
personnel. Other components in the fine-coal circuitry, including additional pumps, sumps,
screens, head tanks, reagent feeders, storage tanks, sampling devices, miscellaneous
instrumentation, etc., were jointly operated and monitored by personnel from CCMP and R&S.
Specific details related to this work are provided in the Installation and Shakedown Plan.

Task 9 - MGS Scale-Up

9.1 Development of Scale-Up Criteria

Reliable scale-up criteria have been developed for the Microcel column as a result of the work
conducted in a previous DOE project (U.S. DOE DE-AC2289PC89909). This scale-up procedure has
been successfully validated using Microcel columns from 2-inch to 10-foot in diameter. In addition, a
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computer simulator has been developed at Virginia Tech which is capable of predicting the separation
performance of the Microcel column for different feed coals. Unfortunately, much less is known about
the scale-up of the MGS unit, particularly for applications involving the cleaning of fine coal. To
overcome this problem, a simulation program has been developed in the present work (i) to identify the
most desirable operating conditions for MGS and (i) to assist in the sizing of the MGS for full-scale
commercial applications.

9.1.1 Identification of Operating Parameters

Development of a process model for the MGS requires identification of the operating
parameters which affect performance. A series of tests have been conducted at the CCMP to
identify these parameters. The following key operating parameters have been identified: feed
flow rate, feed solids content, wash water flow rate, drum rotation speed, tilt angle and shake
amplitude.

The feed flow rate to the MGS affects both mass loading and retention time. As with
most continuous processes, an increase in feed rate would increase the mass loading and decrease
the retention time. This should lead to an overall decrease in coal recovery. This operating
parameter is strongly dependent on the feed solids content. At a fixed volume feed rate, an
increase in percent solids increases the mass loading within the unit. However, the overall
retention time does not change. Thus, higher solids contents should allow higher capacities to be
achieved without a reduction in capacity. Conversely, for a fixed mass feed rate of solids to the
unit, an increase in percent solids should lower the volume flow rate and increase the retention
time. This would lead to an increase in recovery.

Another important operating variable is wash water flow rate. Wash water is added at the
lip of the drum to prevent low-density particles from discharging with the high-density fraction.
This mechanism parallels the cross-flow of wash water used on conventional shaking tables for
recovery of the coarse particles. This parameter is somewhat related to shake intensity/amplitude
and tilt angle. The tilt angle represents the angle of decline of the drum axis towards the low-
density product discharge end (typically 2-8 degrees). Tilt angle predominantly controls the rate
at which material progresses through the drum. As a result, this parameter also influences the
particle retention time. The shake intensity and amplitude are complementary in nature. Shake is
applied in the axial direction with a sinusoidal wave form. The shaking action imparts an
additional shearing action on the particles that aids in the particle stratification process.

Although many factors influence the overall performance of the MGS, the most important
operating variable is the drum rotation speed. A higher drum speed increases the centrifugal field
within the separator. The required drum speed is a function of the size and density of particles to
be separated, i.e., finer particles typically require higher rotational speeds.
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9.1.2 Population Balance Model Development

In the present work, a microscopic population balance model was developed to describe
the separation process in the MGS under steady-state operating conditions. Basically, the MGS
unit can be divided into four zones along its axial length. There are two main zones in which the
separation takes place. The primary concentration takes place in zone IIT (rougher zone) and the
final concentration takes place in zone II (cleaner zone). In one cycle, high-density particles along
with entrapped low-density particles settle down in the low-velocity region of the flowing film.
The scraper imparts a counter-current movement, transporting the settled particles upstream
towards the high-density discharge lip. However, the movement of the scraper not only causes
transport towards the high-density discharge, but also brings the settled particles into the high-
velocity region of the flowing film. This sequence of settling and scraping enhances the
separation of low-density particies from high-density particles. In zones I and IV, the transport of
the concentrate and waste particles takes place.

Model equations representing the particles in terms of size and specific gravity have been
developed by conducting a volume balance around each zone in the MGS. Each equation
considers terms that describe the movement of the solid particles due to fluid flow, buoyancy or
gravity, as well as the scraping action. The operating and design variables are incorporated in the
model with an aim to predict the performance of the unit and aid in scale-up.

9.1.3 Population Model Development

The separation of high-density particles from low-density particles in a MGS is dependent
on the settling velocity of the particles, flow rate of the slurry and scraping/ploughing rate. In
modeling the MGS, the separation can be described in terms of the flow pattern along the axial
length of the rotating drum (x-direction) and also along the thickness of the flowing film (z-
direction). Although there are two main zones of separation, the only difference in the two zones
is the flow rate of the slurry. The flow rate in the rougher zone (zone III) is higher than that of
the flow rate in the cleaner zone (zone II). To model these zones, a generalized microscopic
population balance model can be written based on simple volume balances. In the present work, it

is assumed that the slurry leaving zone IT reports to the high-density product and the shurry

leaving zone III reports to low-density product. A list of symbols used in the model derivation
are given in Table 5.
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Table S. Nomenclature used in the development of the population balance model for the MGS.
A = cross-sectional area of the MGS
Qs = total volumetric flow rate of feed pulp
Q« total volumetric wash water flow rate
Q = total volumetric flow rate reporting to lights
Q = total volumetric flow rate reporting to heavies
Qe = upward flow rate from zone III to zone II
k1 = scraping distance
SW scraper width
F1 = percent solids content in the z-direction
o = volume fraction solids
v{y) = terminal settling velocity of the particle
) = average particle diameter
0 = flowing film thickness in the z-direction at L
F. = centrifugal force acting on a particle
m = particle mass
r = drum radius
o’ drum angular velocity
D = drum diameter
N = drum rotational speed (rpm)
p particle specific gravity
w = volumetric fluid flow per unit time and unit depth
A = specific gravity of the slurry
o = angle of drum tilt
y(feed) = number concentration in the feed
vl,pxz) = number concentration of particle size, 8, of the specific gravity class,
p, at the position x and z
W = number concentration in the heavies
) number concentration in the lights
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The generalized microscopic population balance model can be expressed by:

i'/_/"'*'i(Vx‘//)-'-i

d ; d_ .
dt ax ay(VyW)—*-E(VZW)-*.Zi:Idg,(VJW)+D+A 0

J

Terms I - I «— I v

In this model, the properties of interest are size (§) and specific gravity (p). It is inherently
assumed that their are no continuous or discrete changes in particle size within the separator.

Also, the system is assumed to be operating under steady-state conditions. For simplicity, the

system has been assumed to be operated under plug-flow conditions in the x- and z- directions
and is completely mixed in the y-direction. Based on these restrictions, the various terms in the
population balance model can be derived as follows.

TermlI = 0
d
Termll = —(vy,v)
dx
d
- (v.v)

d
d — =0
an dy (Vyy/)

TermlIll] = 0

TermIV = 0
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Thus, the overall model equation simplifies to:
d d
& (v.xl//) Tz (v:y) =0

dy dv dy dv,
Ve + Y + vy + ¥

The velocity along the axial length (vy) consists of two components; (i) a flow component in the
positive x-direction towards the low-density end of the drum, v&= f{x), and a scraping component
in the negative x-direction, ve= f{x). The flow component, vi, can be determined by calculating
the volumetric flow passing through each zone of the MGS. A total volumetric flow balance
around the MGS gives:

Qf+Qw=Ql+Qh

Since the main purpose of adding wash water is to prevent the entrainment of low-density
particles, it is logical to assume that all of the wash water added in zone I would report to zone
III. There is an internal flow from zone III to zone II and vice versa. The net flow (Qg) would be
in the negative x-direction flowing from zone III towards zone II. The flow component v¢ in zone
IT and III can be written as follows:

ForO0<x<L:

= -Qﬂ + Qw
vr —A
ForL<x<M:
- Qf + Qw - Qﬁ
Vr 4
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The scraping component (Vi) can be determined from the pitch of the scraper and the
thickness of the bottom layer of the flowing film. The scraper is pivoted towards the scraper arm.
The position of the scraper is dependent on the radial speed of the arm. The scraper arm rotates
at a 5% higher speed than the drum. Hence, the pitch of the scraper is a function of the drum
speed. The thickness of the bottom layer of the flowing film depends on the settling rate. The

thickness of the bottom layer can either be expressed in terms of percent solids in the z-direction

or determined from the force balance on the particles at different positions in the z-direction. This
dictates that:

ve = kI * FI

where,

27
4*sw

kl = * 1.05 * sw

sw = fldrumspeed)

F1 = flploughing action, feed % solids, settling rate)

Therefore, the velocity component in the x direction can be written as:

Vx — v_f" Vsr
ForO0<x<L:
0, + @

.= 22 v g1+ F]
v y (k )
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ForL <x<M:

Ve = Q’+i”'Q”-(k1*F1)

The velocity along the thickness of the flowing film (v,) consists of two components; a
settling component in the negative z-direction towards the bottom of the drum), v, = f(z) and a
ploughing action component in the positive z-direction, v, = f{z). The settling component, v,, is a
function of particle size, specific gravity and the flow characteristics, i.e.:

vi(W) = w(y) * (1-¢)*°

The Richardson & Zaki equation has been used to represent the hindered settling of the particles
within the settled bed, i.e.:

vi(W) = w(y) * (1-k,0;5°wds J'©

The ploughing action, v,, brings the settled particles into the high-velocity region of the flowing
film. This action can be described by:

v, = kI * ©

where,

34 W 1/3
o - [ ,
Agsina

Therefore, the velocity component in the z-direction can be written as:

v = (kI *©) - (v (v) * (I - kJ,8yds %)
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Using all of the aforementioned mathematical expressions, the final modeling expression
for the MGS can be rewritten as:

For0<x<L:
I
Op * Q‘") dy d *
K 4 :|d§c ty— (KI*fl)
+ [(kl *0) - [Vt('//) * (]'ka'Z53y/d5)"“]] %
vvZ [[#1 % 0) - [utw) * @ - wisowis €] = o
ForL<x<M:
)/
9£+_QWJ * dy d .
[( 4 - (kI Fl)} Y vy Lkl *F)

+ [(kl *0) - [V: (v) * (I - kv,[:(S’y/dé')w” %
+ l//% [[(kl *0) - [vz (w) * (I - kaZ5’y/d5)3-65]]} _,

Boundary conditions for the model include:
x=L;z=0; =y (Feed)
x=0; v =y (I) High-Density Component
x=M; v =vy; () Low-Density

The model derived in the present work assumes that the separation process in the MGS takes
place due to particle transport. Thus, the final model equation is written in terms of velocity

Center for Coal and Minerals Processing March 1995



Final Report Page 54

distributions in the x- and z-directions. Unfortunately, there are certain terms in the model which
are yet to be completely defined. The internal net flow (Qg) from zone III to zone II has to be
evaluated. The volume of the material in the bottom layer of the flowing film that is being
transported upstream by the scraper is presently assumed to be a function of the solids content in
the z-direction. A mathematical relationship between this parameter and the operating and design
variables has not yet been derived.

9.2 Scale-Up Validation

Because of limitations associated with the identification of unknown modeling terms in the
population balance model, an overall scale-up model for the MGS could not be completed under
the allotted project schedule. However, the data collected to date indicates that the unit capacity
of the MGS is proportional to the square of drum diameter and directly proportional to drum
speed. Based on this observation, a preliminary scale-up plot has been constructed based on the
test data obtained using the Pittsburgh No. 8 and Illinois No. 6 coal seams. This plot, which is
shown in Figure 17, suggests that a full-scale, twin-drum MGS unit would be capable of
processing approximately 25 tph of fine coal. Validation of these assumptions through additional
testing at various feed flow rates using units of different diameters is recommended for future

research and development projects.
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Figure 17. Approximate MGS capacities for fine coal cleaning,
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Task 10 - Detailed Testing

Detailed testing of the proposed circuitry was initiated after the successful completion of
shakedown and exploratory testing. The primary objective of this work was to investigate the
effects of various operating parameters on the performance of the Microcel, MGS, combined
Microcel/MGS, and combined Microcel/MGS/WOC circuits. Test runs were carried out in
accordance with Test, Sampling and Analytical Test Plan approved by the DOE COR.
Statistically designed sets of experiments were used throughout the detailed testing program. The
emphasis of the parametric testing was to characterize and optimize the performance of the MGS
unit both with and without the precleaning operations (i.e., Microcel column and water-only
cyclone).

Personnel from the prime contractor (CCMP) and Carpco were on-site for most of the
duration of the detailed test work. These participants were responsible for the day-to-day
operation of the proposed circuitry, implementation of the test program, analysis of test samples,
and interpretation of the test data. Periodic assistance in operating the circuit was also provided
by personnel from R&S. The participating coal companies provided advice for formulating the
test program and assistance in the interpretation of the experimental data as it became available.
Brief weekly Schedule/Status Reports were prepared and submitted to the DOE COR throughout
the duration of this task to assist in on-site monitoring of project progress.

The first series of tests were carried out using only the Microcel flotation column. These
tests examined the effects of reagent dosage, feed size and feed rate on column performance. In
each test run, the flow rates of feed slurry, air, water and reagents were set at the predetermined
levels established by the test plan. The column was allowed to operate at these settings until
steady-state conditions were reached. This normally required about 30-45 minutes of
uninterrupted operation (i.e., 2-3 slurry retention times). During steady-state operation,
representative samples of the feed, clean-coal and reject streams were collected using standard
sampling techniques, dried and subjected to ash, total sulfur, pyritic sulfur and heating value
analyses.

The second series of tests were conducted using only the MGS unit. A much broader
test program was undertaken for the MGS due to the lack of acceptable operating guidelines for
coal cleaning applications. Operating parameters examined for the MGS included feed size, drum
speed, wash water rate, feed solids content and feed rate. After setting these parameters at the
predetermined levels established by the test plan, the MGS was allowed to operate for a period of
time sufficient to reach steady-state conditions. Incremental sampling during several test runs at
the CPPRF indicated that steady-state conditions were normally reached after about 45-60
minutes of uninterrupted operation. After this period of time, representative samples of the feed,
clean-coal and reject streams were collected using standard sampling techniques, dried and
subjected to ash, total sulfur, pyritic sulfur and heating value analyses.
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After identifying the key operating parameters for the Microcel and MGS units, testing
began on the combined circuit in which the Microcel froth product was recleaned by the MGS
unit. Parameters examined in this series of tests included Microcel feed rate, MGS feed rate,
MGS drum speed, MGS wash water rate and MGS shake amplitude. As before, the circuit was
operated for a period of time sufficient to ensure that steady-state conditions had been achieved.
The optimum operating settings identified in the combined Microcel/MGS tests were then used

for a long-duration run of the combined circuit.

Two different feed coals, i.e., Pittsburgh No. 8 and Illinois No. 6, were used in each series
of parametric tests. The chronological order of testing for the Pittsburgh No. 8 seam coal was as
follows: (i) parametric testing of the independent Microcel and MGS units, (i) parametric testing
of the combined Microcel/MGS circuit, and (iii) long-duration testing of the combined
Microcel/MGS circuit. An identical sequence of unit testing was then repeated for the Illinois No.
6 seam coal. Table 6 summarizes the systematic approach that was used in assigning test run
identification numbers throughout the detailed test program.

The effectiveness of each coal cleaning unit was quantified using a variety of performance
indicators. These included clean-coal yield, combustible recovery, energy recovery, ash rejection,
total sulfur rejection, pyritic sulfur rejection and separation efficiency. In all cases, these values
were calculated from the assay values obtained from samples of the clean coal, tailings and feed
streams. A complete listing of the calculation formula used in the present work are provided in
Table 7. A commercially available mass-balancing program (BILMAT) was used to adjust all of
the assay values so that a self-consistent set of experimental data was obtained in each test run.
Assay values which did not balance well were considered to be unreliable and were eliminated
from the data set.
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Table 6. Numbering system used for the detailed testing program.

TEST NUMBER RANGES CIRCUIT COAL SEAM
101-199 Microcel Only Pittsburgh #8
201-299 MGS Only Pittsburgh #8
301-399 Microcel Conc. to MGS Pittsburgh #8
PITT-LD Microcel Conc. to MGS Pittsburgh #8
401-499 Microcel Only Tilinois #6
501-599 MGS Only Tllinois #6
601-699 Microcel Conc. to MGS Illinois #6
ILL-LD Microcel Conc. to MGS Illinois #6
Center for Coal and Minerals Processing March 1995
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Table 7. Performance expressions used in the present work.
Performance Indicator Calculation Formula
Clean Coal Yield (% A - A
) 7. = 100 =)
(A P - At )
Combustible Recovery (% 100- 4
rY( 0) Rmb=100Yp( p)
(100-4))
Energy Recovery (% BTU
& v (%) Ry =1007, — 2
¥ BTU,
—
Ash Rejection (%) Jo = (100-T) 4,
Af
— >
Sulfur Rejection (%) T = (100-7,) S,
Sy
Pyritic Rejection (%)

5
Jprse = (100-1,) =L
S

Ash Separation Efficiency (%)

SE,,, = Rgry —(100-J,,)

Sulfur Separation Efficiency (%)

SE:uyilr = RBTU - (100 - Jsulﬁ:r)

Pyritic Separation Efficiency (%)

SE pyivie = Rpry = (100 - J i)

Nomenclature:

A,, A,, As= Ash contents of the coal product, tailings and feed streams.
BTU,, BTU,, BTU;= Energy contents of the coal product, tailings and feed streams.

Sp, St, S¢= Total sulfur contents of the coal product, tailings and feed streams.
P,, P,, P¢= Pyritic sulfur contents of the coal product, tailings and feed streams.

After completing each set of parametric tests, statistical analyses of the
experimental test data were carried out using a commercially available software package from the
Stat-Ease Corporation known as Design-Expert. The program was used to create the test
matrices and to perform all required statistical computations and regression analyses. The first
step in the statistical analysis involved the determination of influence of each test variable on
circuit performance. This was carried out by fitting the test data using a linear regression model.
In general, a large coefficient in the linear regression model indicates that the given variable has a
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large influence on the response in question. The second step in the statistical analysis involved the
development of empirical models for each test circuit. These models are capable of predicting
circuit response (e.g., energy recovery, ash rejection, separation efficiency, etc.) as a function of
various operational settings (e.g., feed rate, drum speed, frother dosage, etc.). In each case, data
fitting was performed using a standard quadratic regression model. Although cubic models
typically provided a better overall fit, quadratic models were preferred since they provided
reasonably good correlations, minimized model complexity, and reduced aliasing of the model
coefficients. The data fitting procedure was an iterative process since, in most cases, several
analyses were required in order to obtain a suitable relationship between the operating variables
and circuit performance. After selecting an appropriate model (i.e., linear, quadratic or cubic), a
variety of statistical routines were executed to identify the goodness-of-fit. For all runs, the
values of regression coefficients, standard errors, variances, t-tests, etc., were determined as a
means of quantifying the statistical significance of each of the coefficients in the model. In
general, good correlations were obtained between the model predictions and experimental results.

After acceptable empirical models were developed for each series of test runs, the
resultant mathematical relationships were plotted using a three-dimensional graphics routine. The
response surface plots allow the joint influence of the various operating parameters on circuit
response to be readily visualized. In the present work, response surface plots were developed for
combustible recovery, energy recovery, ash rejection, total sulfur rejection, pyritic sulfur rejection,
separation efficiency, and weight of sulfur dioxide per unit heating value.

10.1 Microcel Parametric Testing

In this subtask, the key operating parameters associated with the operation of the Microcel
column were examined using a statistically designed set of experiments for each coal. The results
of these tests are discussed in the following sections.

10.1.1 Testing of Pittsburgh No. 8 Coal

A three-level Box-Behnken experimental design was used to evaluate the performance of

the Microcel flotation column for upgrading a run-of-mine sample of Pittsburgh No. 8 seam coal.

Parameters examined in this series of tests included grind size, feed flow rate and frother dosage.

The test matrix for the parametric study is provided in Table 8. A summary of the test results
and performance calculations is provided in Appendix 2-A.
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Table 8. Parametric test matrix used to investigate the performance of the Microcel column for
the Pittsburgh No. 8 seam coal.

Microcel Conditions Held Constant

Collector Dosage (Ibs/ton):
Wash Water (Ipm):
Percent Solids (w/w):

Air Flow Rate (SCFM):

1
40.13
1112

9.01

Microcel Variables

Feed Feed Frother
Test Size Rate Dosage
Number | (microns) (Ibs/hr) (ml/min)
101 300 300 1.00
102 300 400 0.50
103 300 500 1.00
104 300 400 1.50
105 200 400 1.00
106 200 500 0.50
107 20C 500 1.50
108 200 400 1.00
109 100 300 1.00
110 100 400 0.50
111 100 500 1.00
113 200 300 1.50
114 200 400 1.00
116 200 300 1.50
117 200 400 1.00
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Figure 18 shows the combustible recovery obtained from the Box-Behnken tests as a
function of the rejections of ash, total sulfur and pyritic sulfur. Although the flotation tests were
conducted over a wide range of operating conditions, most of the experimental data points fell
along distinct recovery-rejection curves. Although not shown, the test results generally fell just
below the performance curve established by release analysis. The "knee" or "elbow" in each
separation curve was found to correspond to the point of maximum separation efficiency. The
test data suggest that a 90% energy recovery would provide an ash rejection of nearly 70%. At
the same energy recovery, a total sulfur rejection of approximately 25% and pyritic sulfur
rejection of 65% would be achieved using the Microcel column. It is also interesting to note that
the Box-Behnken test data indicate that several different combinations of operating parameters
can be used to achieve the same level of separation performance. This implies that other factors
(e.g., column capacity, operating cost, maintenance considerations, etc.) should be used to select
the preferred column operating point.
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Figure 18. Combustible recovery versus rejection plots for the parametric testing of the Pittsburgh

No. 8 seam coal using the Microcel flotation column.
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The statistical analyses for the testing of the Pittsburgh No. 8 seam coal by Microcel
column flotation is provided in Appendix 3-A. The correlation matrix, which shows the
correlation between each of the operating variables and column performance, is given in Table 9.
The test data indicate that higher frother dosages produced a very large increase in coal recovery.
The higher dosage of frother produced smaller air bubbles which increased recovery by improving

both the flotation kinetics and froth carrying capacity. An increase in particle size or feed flow
rate resulted in a lower coal recovery, although the impact of these parameters were small

compared to that obtained by varying frother dosage.

Table 9. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using Microcel
column flotation.
Process Process Variable
Response Increasiqg Particle | Increasing Feed | Increasing Frother
Size Rate Dosage
Comb. Recovery si Ml Lt
Energy Recovery sl sl Lt
Ash Rejection st Lt L
Sulfur Rejection S Lt Ll
Pyritic Rejection Ll Lt Ll
Efficiency st Lt Ml
Ib SO2/MM Btu 50 Ml Lt

Correlation: L=Large, M=Medium, S=Small

Table 9 shows that both feed rate and frother dosage had a large impact on the rejections
of ash, total sulfur and pyritic sulfur. In general, higher frother dosages decreased rejection, while
higher feed rates increased rejection. The improvement in rejection can be attributed to a
decrease in the recovery of middlings particles at the lower frother dosages and higher feed flow
rates. These trends are in good agreement with the overall concept of a fixed column
performance curve, i.e., recovery and rejection are inversely related. In contrast, an increase in
grind size was found to decrease both the coal recovery and the rejection of sulfur. The
decreased recovery can be explained by an increase in particle detachment at the coarser grind
size, while the lower sulfur rejection can be attributed to poorer liberation of pyrite. However,
one would assume that the liberation of ash-containing minerals was more complete since ash
rejection did not diminish at the coarser grind sizes.
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The response surface plots and calculations for the Microcel tests conducted using the
Pittsburgh No. 8 seam coal are provided in Appendix 4-A. Unfortunately, the limited data set
allowed unique fits to be obtained only for the linear regression model. Therefore, no information
was generated concerning possible interactions between the various operating parameters.

10.1.2 Testing of lllinois No. 6 Coal
The test matrix for the testing of the Illinois No. 6 seam coal using the Microcel flotation
column is provided in Table 10. This series of experiments required nine test runs in which the

collector and frother dosages were varied. A summary of the test results and performance
calculations are provided in Appendix 2-B.

Table 10. Parametric test matrix used to investigate the performance of the Microcel column for
the Illinois No. 6 seam coal.

Microcel Conditions Held Constant

Feed Rate (Ibs/ton): 500
Wash Water (Ipm): 40.1
Percent Solids (w/w): 11-12
Grind Size (d80 (microns)): 200
Air Flow Rate (SCFM): 8.89

Microcel Collector and Frother Dosages

Collector Frother
Test Dosage Dosage
Number Ibs/ton mi/min
401 2.00 2.00
402 2.00 1.00
403 3.00 3.00
404 2.00 3.00
405 1.00 3.00
406 1.00 2.00
407 3.00 1.00
408 3.00 2.00
409 1.00 1.00
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Figure 19 shows the combustible recovery obtained in this series of tests versus the
rejections of ash, total sulfur and pyritic sulfur. In general, the results of all nine tests were very
similar with the optimums having combustible recoveries in the mid-to-high 80's, ash rejections in
the low 80's, and pyritic sulfur rejections in the low 60's.
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Figure 19. Combustible recovery versus rejection plots for the parametric testing of the Illinois
No. 6 seam coal using the Microcel flotation column.
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The statistical analyses for the testing of the Illinois No. 6 seam coal by Microcel column
flotation is provided in Appendix 3-B. The correlation matrix, given in Table 11, indicates that
higher reagent dosages generally increased coal recovery and decreased the rejection of mineral
matter (as would be expected from the recovery-rejection curve). The only exception to this
trend was ash rejection, which actually increased with increasing collector dosage. This finding
agrees with previous work conducted at Virginia Tech which indicates that traditional
hydrocarbon-based coal collectors (i.e., kerosene, fuel oil, diesel fuel, etc.) increase the
hydrophobicities of coal and pyrite while having essentially no effect on ash-forming mineral
matter. Table 11 also indicates that frother dosage has a much greater impact on column
performance than collector dosage. The importance of frother dosage can probably be attributed
to its effect on bubble size.

Table 11. Correlation matrix for the testing of the Illinois No. 6 seam coal using Microcel column
flotation.
Process Process Variable
Response Increasing Collector Increasing Frother
Dosage Dosage

Comb. Recovery st Lt
Energy Recovery st LT
Ash Rejection st Ly
Sulfur Rejection S Ly
Pyritic Rejection Sl L
Efficiency Mt L

Correlation: L=Large, M=Medium, S=Small

Appendix 4-B provides the response surface plots and calculations for the Microcel tests
conducted using the Illinois No. 6 seam coal. The interaction between collector and frother
dosage was evaluated by examining the joint coefficient for these parameters in the quadratic
regression model for each response. These analyses indicate that there is a strong interaction
between collector and frother dosage for the case of pyrite rejection. All other performance
indicators (i.e., ash rejection, energy recovery, etc.) showed this interaction to be of only minor
importance.
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10.2 MGS Parametric Testing

In this subtask, the key operating parameters associated with the MGS were examined
using a statistically designed set of experiments. The operating variables examined in this phase
of the work included feed flow rate, wash water rate, rotation speed, feed solids content and grind
size. The results obtained from this test work are discussed in the following sections.

10.2.1 Testing of Pittsburgh No. 8 Coal

A run-of-mine sample of Pittsburgh No. 8 seam coal was used as feed material for the
independent MGS tests. The test program examined the effects of grind size, drum speed, wash
water, percent solids feed, and feed rate on separation performance. The specific test matrix for
this series of tests is shown in Table 12. Testing these five variables over three ranges required
that 43 individual test runs be performed (which including several replicate tests). The test data

and performance calculations are summarized in Appendix 2-C.
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Table 12. Parametric test matrix used to investigate the performance of the MGS unit for the

Pittsburgh No. 8 seam coal.

MGS Conditions Held Constant

Shake Amplitude (mm): 15
Shake Frequency (cps): 5
Tilt Angle (degrees): 6
MGS Variables
Drum Wash Percent § Feed
Grind Speed | Water Feed Rate
Test Size Solids
Number || (microns) pm Ipm wiw Ibs/hr
201 200 280 1.02 35 110
202 200 280 1.02 35§ 235
203 200 241 1.48 26 169
204 200 280 0.53 25 273
205] 200 240| 0.53] 25 158
206 200 280 0.53] 25| 100]|
2071 2001 280 0.95] 26| 200}
208! 200] 321 1.10]) 15| 1731
2091 200/ 2801 0.91] 161 261)
210} 3001, 281] 0.951 351 2161
211} 3001 280/ 0981 25] 260/
212]| 3001, 2801 1.51] 26] 215]
213} 3001 2801 0.911 25] 110]
2141 3001 321} 0.951] 251 217}
2151 3001 281} 0.45i 261 2151
2161 3001 2411 1.02! 25] 2171
2171 3004 280] 1021 141 2391
218 2001 282] 0.481 351 210/
2191 2001 2801 1.51] 351 216}
2201 2001 3201 098} 25] 3341
2214 2001 240| 0.98) 24| 347}
| 222} 2001 2801 0.281 261 164 |
J 223! 2001 2401 0.281 26| 1371
| 224 | 2001 2811 1.51] 251 3131
2281 2001 281 1.481 161 2001
2261 2001 242 0.981 15i 212|
227 1001 284 0.98] 361 197
2281l 1001 2821 0.21}4 251 1001
2294 100! 2801 0.98] 251 321}
2301 1001 3201 0.98| 26 198/
2211 1001 2801 0.491 251 2041
2321 1001 2401 0.981 251 2081
| 2331 1001l 280 1 48] 26 200
; 2334 1001 2801l 0 981 151 2051
2351 2Q01 2201 0.951 35i 2081
] 2351 2001 2411 0.95] 351 223}
X 2371 2001 2200 0.981 25| 128
| 228 200 2801 0.981 26 1761
i 2281 2001 3211 0.531 261 1861
i 2z 200 321  1.51] 251 1461
] 22411 2001 2801 1.39] 251 1031
| 2421 2001 2801 0421 151 235i
: 2231 2001l 2804 0.91} 161 1191
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Figure 20 graphically illustrates the effects the various operating parameters on the
relationship between combustible recovery and the rejections of ash, total sulfur and pyritic sulfur.
Figure 20 shows that the MGS was very effective in rejecting pyrite, but less effective in rejecting
ash-containing mineral matter. This is opposite to the trends observed previous in Figure 18 for
the Microcel flotation test results. In any case, the MGS achieved recoveries in excess of 90% at
ash rejections up to 50%, total sulfur rejections up to 50% and pyritic sulfur rejections up to 75%.
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Figure 20. Combustible recovery versus rejection plots for the parametric testing of the Pittsburgh
No. 8 seam coal using the MGS unit.
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The statistical analyses for the testing of the Pittsburgh No. 8 seam coal by the MGS is
provided in Appendix 3-C. Table 13 provides the correlation matrix for this series of tests. As
shown, drum speed was found to be the most important variable in controlling the performance of
the MGS unit. In general, an increase in drum speed produced a large decrease in coal recovery
and a large increase in the rejections of ash, total sulfur and pyritic sulfur. This finding was
expected since higher speeds increase the centrifugal force which pins particles to the drum
surface. These particles are eventually carried into the reject launder by the rotating scrapers.
Likewise, an increase in feed solids content decreased coal recovery by reducing the velocity of
the flowing film which carries particles into the coal product. However, as shown in Table 13,
drum speed was found to have a much more dramatic impact on MGS performance than feed
solids content. Grind size, feed rate and wash water rate were found to have only a small
influence on separator performance. In general, a change in any of these operating parameters
which improved coal recovery resulted in a corresponding decrease in the rejection of mineral
matter. This implies that changes in the various operating conditions simply varied the amounts of
middlings particles reporting to either the clean-coal or reject streams. The one notable exception
to this rule was found for the effect of grind size on pyrite rejection. In this case, both the coal

recovery and pyrite rejection decreased (albeit small) as the grind size became coarser. This
phenomenon can be explained by a decrease in pyrite liberation at the coarser grind sizes.

Table 13. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using the MGS
unit.
Process Variable
Process Increasing | Lcreasing Increasing | yncreasing | Increasing
Response Grind | FeedRate |  Drum Wash Feed
P Size Speed Water Solids
Comb. Recovery st sl L st Ml
Energy Recovery sl S L st Ml
Ash Rejection sT st LT S 1%5)
Sulfur Rejection st st Lt Sy Lt
Pyritic Rejection sl st Lt sl Mt
Efficiency si M Lt si LT
Ib SO2/MM Btu Mt ) Ly ) Ll
Correlation: L=Large, M=Medium, S=Small
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Appendix 4-C provides the response surface plots and calculations for the MGS tests
conducted using the Pittsburgh No. 8 seam coal. The most important interactions were found to
occur between drum speed and feed solids content. In order to maintain the same level of
performance, higher drum speeds were required as the solids content of the feed slurry decreased.
The higher drum speed is necessary to overcome the increased drag force imparted by the higher
velocity of the flowing film when the feed rate was increased.

The parametric test data obtained under this subtask suggests that the MGS is very effective in
separating high-density pyrite from low-density coal. On the other hand, the unit appears to be less
efficient in rejecting ash-forming mineral matter. The poor ash rejection can be largely attributed to
ultrafine clay slimes which are too small to be pinned to the drum wall and report to the clean-coal
product by entrainment in the process water. To test this hypothesis, a sample of Pittsburgh No. 8
seam coal was processed using the MGS and the resultant products were analyzed on a size-by-size
basis. This series of tests utilized a slightly coarser grind-size than that previously employed for the
parametric tests. The size-by-size test results, which are summarized in Table 14 and Figure 21, show
that the best overall separation was obtained for particles in the 100 x 325 mesh size class. In this size
range, ash and pyritic rejections of 75-80% were obtained at a combustible recovery of 85%. As
expected, the finest size fraction (325 mesh x 0) gave worst results in terms of ash rejection, although
the rejection of pyritic sulfur was still quite good, i.e., 72.6%. It is also interesting to note that the
performance of the MGS also drops when treating particles larger than 48 mesh. Particles in this size
range have sufficient mass to be pinned to the drum, but the physical size of the particle places it in the
high-velocity region of the flowing film. As a result, the pinning force is incapable of preventing the
particle from being carried along with the flowing-film into the clean coal product. Additional tests are
needed to establish the full range of particle sizes which can be effectively treated by the MGS.

Table 14. Size-by-size analysis of MGS test data for a run-of-mine Pittsburgh No. 8 seam coal.

Particle Weight Comb. Ash Sulfur Pyritic
Size Yield Recovery Rejection Rejection Rejection
(Mesh) (%) (%) (%) (%) (%)
+48 92.12 97.22 46.51 17.39 35.04
48 x 100 75.10 87.20 69.25 55.39 68.10
100 x 200 70.42 83.00 78.74 70.47 81.04
200 x 325 78.69 87.79 71.28 67.67 83.52
=325 91.29 95.35 13.64 4471 72.61
Total 86.14 93.39 43.53 41.12 63.20
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Figure 21. Size-by-size analysis of MGS test data for a run-of-mine Pittsburgh No. 8 seam coal.
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10.2.2  Testing of Illinois No. 6 Coal

The MGS testing of the Illinois No. 6 seam coal involved a four parameter test matrix in
which drum speed, wash water, feed solids content and feed rate were varied. As shown in Table
15, 27 individual test runs to were necessary in order to complete the specified Box-Behnken test
matrix. The performance calculations for this series of tests are provided in Appendix 2-D.

Figure 22 shows the recovery-rejection curves obtained from the parametric study
conducted using the MGS unit. As shown, the MGS achieved better rejections of pyritic sulfur
than ash. This data is in good agreement with those obtained previously using the Pittsburgh No.
8 seam coal.
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Table 15. Parametric test matrix used to investigate the performance of the MGS unit for the
Illinois No. 6 seam coal.
MGS Conditions Held Constant
Shake Amplitude (mm): 15
Shake Frequency {cps): 5
Tilt Angle (degrees): 6
Grind Size (d80 (microns)): 200
MGS Variables
Drum Wash Percent Feed
Speed Water Feed Rate
Test Solids
Number rpm Ipm wiw Ihs/hr
501 280 0.76]| 30.71)] 345.21
502 280] 0.76|| 24.16)] 198.64
563 287] 163|| 3463 199.60
504 321 ] 151 25.81) 212.36
505 2801 0.00 18.95|] 234.40
506 280 0.76 1714 306.22
507 281 0.801]  29.60f 241.91
508 2831 151 2446) 272.41
500] 280 0.00ff 26.32| 293.41
510| 281] 0.83]] 33.89| 140.90
511 283] 0.68]] 25.56)] 210.43
512 3201 0.83 17.06)] 206.79|
513] 24110 1.53 26.40]| 216.30
514 3201 0.761] 28.13)] 141.23
515] 3201 0.801 37.77) 229.75]
516 | 2401 0.76§  24.36]] 267.37]
517 2801 0.00] 3011 154.62]
5181 241] 0.80), 37.18| 225.19]
519] 3201 0.76]| 25381 278.12
5201 2811 0.83 18.24] 135.93
521] 2801 159) 28.631 148.15]
522| 240/ 080l 2961l 153.00!
523 241 0.83 17.221 208.501
324 2811 159 17.30)  213.81]
5251 3221 0.00f 25721 216.831
5261 2471 000|| 26.20( 226.57]
=271 2811 0.00 37.75j 260.03]
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Figure 22. Combustible recovery versus rejection plots for the parametric testing of the Illinois

No. 6 seam coal using the MGS unit.
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Appendix 3-D summarizes the statistical analyses performed for the testing of the Hlinois
No. 6 seam coal by the MGS unit. Table 16 provides the correlation matrix for this series of
tests. As with the Pittsburgh No. 8 seam coal, drum speed was found to be the most important
operating parameter for the MGS. Higher speeds tended to decrease coal recovery and increase
the rejections of ash, total sulfur and pyritic sulfur. The influence of feed solids content was also
found to be very similar. However, unlike the results obtained using the Pittsburgh No. 8 seam
coal, both the wash water rate and feed rate were found to have a significant impact on the
performance of the MGS when treating the Illinois No. 6 seam coal. For example, higher wash
water rates were found to produce a large increase in coal recovery and pyritic sulfur rejection.
One explanation for the increased significance of wash water can be attributed to the larger range
of values examined in this series of tests (i.e., 0.5-1.5 Ipm for the Pittsburgh No. 8 seam coal
versus 0-1.5 Ipm for the Illinois No. 6 seam coal). However, this possibility cannot be used to
explain the increased importance of feed rate, as a smaller range of feed rates was examined for
the Illinois No. 6 seam coal. Therefore, a more plausible explanation for the increased
significance of these operating parameters may be the increased population of middlings particles
present in the Illinois No. 6 seam coal.

Table 16. Correlation matrix for the testing of the Illinois No. 6 seam coal using the MGS unit.

Process Variable
Process Increasing | Increasing | Increasing | Increasing

Response Drum Feed Solids Wash Feed

P Speed Water Rate

Comb. Recovery L} MY Lt 1%
Energy Recovery L Ml LT Mt
Ash Rejection Lt MT s Ml
Sulfur Rejection 150 Lt Ml Ly
Pyritic Rejection LT LT Ll Ll
Efficiency Mt Lt Ml L
Ib SO2/MM Btu L M) st Sl

Correlation: L=Large, M=Medium, S=Small

The response surface plots and calculations for the MGS tests conducted using the Illinois
No. 6 seam coal are provided in Appendix 4-D. As with the Pittsburgh No. 8 seam coal, the most
important interactions were found to occur between drum speed and feed solids content. Thus,
higher drum speeds are required as the solids content of the feed slurry decreases in order to
maintain the same level of separation performance.
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10.3 Combined Microcel/MGS Parametric Testing

After completing the tests for the individual units, a statistically designed set of
experiments was developed to examine the effects of key operating parameters on the
performance of the combined Microcel/MGS circuit. In each of these tests, the run-of-mine coal
was processed by Microcel column flotation followed by recleaning of the froth concentrate by
the MGS. The results of this test work are discussed in the following sections.

10.3.1 Testing of Pittsburgh No. 8 Coal

A four-parameter Box-Behnken test matrix was used in the testing program for the
Pittsburgh No. 8 seam coal. Column feed rate was the only variable examined for the Microcel
column, while variables examined for the MGS unit included drum speed, wash water and feed
rate. The specific operating conditions for this series of tests are summarized in Table 17.
Samples were taken independently around both the Microcel and MGS units, which allowed for
complete evaluation of each unit as well as the total circuit. A summary of the individual and
combined test results are provided in Appendix 2-E.
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Table 17. Parametric test matrix used to investigate the performance of the combined
Microcel/MGS circuit for the Pittsburgh No. 8 seam coal.
Microcel
Wash Water (Ipm). 40.12
Percent Solids {wiw): 14.5-15.5
Grind Size (d80 (microns)): 200
Air Flow Rate (SCFM): 8.89
Diesel dosage (lbs/ton): 1
Frother Dosage (mi/min): 1
MGS
Percent Solids (w/w): 18-22
Shake Frequency (cps): 5
Shake Amplitude (mm): 15
Tilt Angle (degrees): 6
MGS Variables
Column Drum Wash MGS
Test Feed Speed Water Feed
Number || (Ibs/hr) rpm lpm |bs/hr
301 512 282 0.51 249
302 527 283 1.02 378
303 415 241 1.51 259
304 392 242 098 373
305 414 280 0 49| 381
3061 427 282] 1.061 260
3071 420 322} 1.50 241]
308| 414| 242| 0.98 124]
309 415 3201 0.981 351}
3101 3911 2801 0.49] 1351
311 397 280\ 1.51] 393}
3121 410 2801 1.55] 134
313} 458 280]| 0.951 2E9]
314 302 280] 0.28] 1601
3151 333 241 1.00| 2871
316 529/ 2811 0.981 141
3171 474 2411 0.98] 2761
3181 491 3201 0.28| 267 |
3191 491] 282] 1.85] 285]
3201 444 242 0.491 3251
321 383} 2801 0.251 313!
322{ 427 3201 0.51| 287|
323 3931 320} 0.97 ] 170/
3241 3111 2811 0.51 283 |
32E| 318\ 2811 1.85 283
| 3261 294 | 2801 0.5 474
r 327, 3241 3201 0.981 3281
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Figures 23-25 show the recovery-rejection plots for the Microcel, MGS and combined
Microcel/MGS units in the two-stage circuit. Once again, the Microcel column was found to be
superior for ash rejection, while the MGS was better in rejecting pyritic sulfur. However, the
combined results plotted in Figure 25 show that the best of both unit operations can be obtained
by combining the Microcel and MGS units into a single circuit. In general, the combined circuit
allowed excellent ash and pyrite rejections to be obtained while maintaining a high coal recovery.
It is important to remember when viewing these plots, that the scatter in the data is due to
intentionally varying several control parameters. Even with these variations, the performance
remains within relatively close patterns. The synergy of combining the two units is well illustrated
when comparing Figures 23-25. The test data suggest that the combined circuit is capable of
achieving an energy recovery of approximately 90% at an ash rejection of 75-80%, total sulfur
rejection of 50% and pyritic sulfur rejection of 70-75%.
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Figure 23. Combustible recovery versus rejection plots obtained for the Microcel column during
the parametric testing of the combined Microcel/MGS circuit using the Pittsburgh No.
8 seam coal.
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Figure 24. Combustible recovery versus rejection plots obtained for the MGS unit during the
parametric testing of the combined Microcel/MGS circuit using the Pittsburgh No. 8
seam coal.
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Figure 25. Combustible recovery versus rejection plots obtained for the combined Microcel/MGS
circuit during the parametric testing of the Pittsburgh No. 8 seam coal.
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Appendix 3-E provides a summary of the statistical analyses for the testing of the
Pittsburgh No. 8 seam coal by the combined Microcel/MGS circuit. The correlation matrix for
this series of tests is given in Table 18. According to these analyses, the most important operating
parameter for the combined circuit was the MGS drum speed. As expected, an increase in drum
speed tended to decrease the coal recovery and increase the rejections of ash, total sulfur and
pyritic sulfur. The other operating parameters, i.e., Microcel feed rate, MGS feed rate and MGS
wash water rate, were found to have a much smaller impact on circuit performance. In fact, drum
speed was so dominant that the other operating parameters were found to be relatively
insignificant by comparison. Nevertheless, the test data indicates that the coal recovery can be
increased (and rejection of mineral matter decreased) by increasing the Microcel feed rate.
Exactly the same trends were observed for the MGS feed rate and wash water rate. As with the
independent unit testing, the improvement in coal recovery can be attributed to changes in the
percentage of middlings particles reporting to either the clean-coal or reject streams.

Table 18. Correlation matrix for the testing of the Pittsburgh No. 8 seam coal using the combined

Microcel/MGS circuit.
Process Variable
Process Increasing | fnoreasing | Increasing | Increasing

R Microcel MGS MGS MGS

esponse Feed Rate Feed Wash Drum

Rate Water Speed
Comb. Recovery st st st L
Energy Recovery st st st Ll
Ash Rejection sl Sl sl LT
Sulfur Rejection sl Sl Sl Lt
Pyritic Rejection sl S St Lt
Efficiency si si si LT
Ib SO2/MM Btu Sl st gt Ll

Correlation: L=Large, M=Medium, S=Small

The response surface plots and calculations for the combined Microcel/MGS tests
conducted using the Pittsburgh No. 8 seam coal are provided in Appendix 4-E. In this case, a
strong interaction was found to exist between Microcel feed rate and MGS drum speed.
Typically, a decrease in the Microcel feed rate resulted in a larger proportion of middlings

particles reporting to the MGS feed. Due to the larger particle population, a larger proportion of
these middlings reported to the clean-coal product from the MGS. This resulted in an improved
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coal recovery and lower rejection of mineral matter (see Table 18). Therefore, in order to
maintain the same level of performance, the MGS must be operated at a higher speed to remove

the additional middlings particles not rejected by the by flotation when the column operates at a
lower feed rate.

10.3.2 Testing of Illinois No. 6 Coal

In order to examine addition operating variables for the MGS unit, all of the Microcel
operating parameters were held constant for the combined Microcel/MGS testing of the Illinois
No. 6 seam coal. This allowed the shake amplitude of the MGS unit to be added to the four-
parameter Box-Behnken test matrix (see Table 19). The test data and performance calculations
obtained for this series of tests are summarized in Appendix 2-F.
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Table 19. Parametric test matrix used to investigate the performance of the combined
Microcel/MGS circuit for the Illinois No. 6 seam coal.
Microcel
Feed Rate (Ibs/ton): 550.00
Wash Water (lpm): 40.1
Percent Solids (w/w): 11-12
Grind Size (480 (microns) 200
Arr Flow Rate (SCFM): 8.89
Diesel dosage (Ibs/ton): 1
Frother Dosage (mi/min): 1.8-16

MGS Conditions Held Constant

Shake Amplitude (mm): 15
Shake Frequency (cps): 5
Tilt Angle (degrees): 3]
Gnnd Size (d80 (microns) 200
Percent Solids (w/w): 21-22
MGS Variables
Drum Wash Shake Feed
Test Speed Water Amplitude Rate
Number rpm Ipm mm Ibsthr
601 283 1.51 10§ 269.00
602 | 283] 0.951 15 269.00
603 280 0.47] 20| 257.08
604 | 239] 1.061 15 341.50
605 || 239] 0.95] 20 276.02
606 i 280/ 0.95] 15l 267.901
607 | 2401 1.51] 15] 272.84)
608 | 280! 1.51] 151 160 99|
609 | 3231 1101 101 306.12}
610 2391 0 45i 151 258 45]
611 3221 091 201 281 57|
612] 322| 0.9811 15% 148.13|
6131 2801 1591 201 241031
6141 282! 0.954 15)] 289 911
615i 2801 0.451 15] 147 531
616 321§ 1.061 151 342.89|
817 2821 0 45§ 15 3£5.58{
518/ 282 0.931i 201 377 79|
519/ 2401 0.554 15§ 163 11|
6201 282 1.311| 15§ 352.70|
6211 2821 0.831 101 287 101
6221 2411 1.06 1 101 21817
i 623l 3221 1 554 15{ 238.371
! 624! 2814 1101 10} 160471
! 6254 3201 EH] 15 3CS 49l
i 5261 2801 RN 200 13«4 708
" 5271 2811 7201 104 37277,
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Figures 26-28 show the recovery-rejection plots obtained from the combined
Microcel/MGS tests conducted using the Illinois No. 6 seam coal. As with the Pittsburgh No. 8
seam coal, the results obtained for the Illinois No. 6 seam coal show that the combination of
Microcel flotation and MGS provide the best overall rejection of both ash-containing mineral
matter and pyrite. According to the data given in Figure 28, the combined circuit achieved ash
and pyritic sulfur rejections of 85-90% at an overall combustible recovery of approximately 80%.
A total sulfur rejection approaching 70% was achieved during many of the test runs.
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Figure 26. Combustible recovery versus rejection plots obtained for the Microcel column during
the parametric testing of the combined Microcel/MGS circuit using the Illinois No. 6
seam coal.
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Figure 27. Combustible recovery versus rejection plots obtained for the MGS unit during the
parametric testing of the combined Microcel/MGS circuit using the Illinois No. 6 seam
coal.
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Figure 28. Combustible recovery versus rejection plots obtained for the combined Microcel/MGS
circuit during the parametric testing of the Illinois No. 6 seam coal
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Appendix 3-F summarizes the statistical analyses performed for the testing of the Illinois
No. 6 seam coal by the combined Microcel/MGS circuit. The correlation matrix for this series of
tests is given in Table 20. As shown, the correlation matrix for the Illinois No. 6 seam coal is
essentially identical to that obtained for the Pittsburgh No. 8 seam. Drum speed was again found
to be the dominant operating parameter, while the MGS wash water rate and feed rate had only a

minor influence. The effect of MGS shake amplitude was also relatively small, although an
increase in this parameter did produce a moderate improvement in coal recovery (and a
correspondingly small decrease in the rejection of mineral matter). The improved recovery can
probably be attributed to enhanced stratification of the particle bed which occurs within the MGS
unit at the high shaking amplitudes.

Table 20. Correlation matrix for the testing of the Illinois No. 6 seam coal using the combined
Microcel/MGS circuit.
Process Variable
Process Increasing Increasing Increasing Increasing

Resoomnse MGS MGS MGS MGS

P Drum Wash Shake Feed

Speed Water Amplitude Rate
Comb. Recovery L{ st mt Sy
Energy Recovery L{ st 1% sl
Ash Rejection Lt SV St st
Sulfur Rejection Lt M Sl st
Pyritic Rejection LT S si st
Efficiency Lt sV si st
b SO2/MM Btu Ly Mt gt N

Correlation: L=Large, M=Medium, S=Small

The response surface plots and calculations for the combined Microcel/MGS tests
conducted using the Illinois No. 6 seam coal are summarized in Appendix 4-F. The most
significant interaction was found to occur between MGS drum speed and feed rate. This can be
explained by the fact that higher drum speeds are required to overcome the increased drag force
imparted on the pinned particles by the faster flow of slurry passing through the MGS. The test
data also indicated that a moderate interaction was found to exist between wash water rate and
shake amplitude. At present, this particular interaction is not well understood.
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10.4 Combined Microcel/MGS/WOC with WOC Testing

A limited number of tests were performed to determine whether a water-only cyclone
(WOC) can be used to reduce the amount of feed that must be passed to the MGS unit. Since the
incremental cost of treating coal by the MGS is significantly higher than for the WOC, any
material that can by-pass the MGS will reduce the processing costs and improve the overall
attractiveness of the proposed circuitry.

Three tests were conducted with a small water-only cyclone included in the combined
circuit. In this configuration, the froth concentrate from the Microcel was pumped to the cyclone
from which the overflow was taken as a final product and the underflow was fed to the MGS for
pyrite removal. The low-density products from the MGS and WOC are combined to form the
final clean-coal product from the circuit, while the column underflow and the high-density fraction
from the MGS forms the reject. The importance of including the WOC in this circuit is to reduce
the load on the MGS, to increase the percent solids in the MGS feed and to reduce the percentage
of slimes (-400 mesh) reporting to MGS. The total circuit quality is maintained by operating the
WOC to produce an overflow product of low ash. However, this produces a very low overflow
yield from the WOC and necessitates additional processing of the WOC underflow by the MGS to

recover misplaced coal.

The results of testing with the WOC are given in Table 21. Supporting data for these
calculations are provided in Appendix 5. As expected, this data demonstrates that the pyritic
sulfur rejections for the WOC are not as good as those obtained using the MGS. The overall
circuit performance, however, is comparable to that of the combined Microcel/MGS circuit, while
having the advantage of reducing the throughput to the MGS by 30-40%. Since the incremental
cost of treating coal by the MGS is significantly higher than by the WOC, this circuit should be
investigated further as a means of reducing the processing cost and improving the overall
attractiveness of the proposed circuitry.
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Table 21. Results obtained from the testing of the combined Microcel/ WOC/MGS circuit.
Ash Performance
Microcel woc MGS Total Circuit
Comb. Ash Ash Comb. Ash Ash Comb. Ash Ash Comb. Ash Ash
Recovery | Rejection |[Separatio | Recovery | Rejection |Separatio | Recovery | Rejection |Separatio || Recovery | Rejection |Separatio
Test Efficiency Efficiency Efficiency Efficiency
Number % % %o % %o % % % % % % %
701 87.98 72.36 60.34 35.45 69.15 4.60 90.27 40.34 30.61 82.45 80.07 62.52
702 89.06 72.28 61.34 26.88 76.81 3.69 92.38 34.04 26.42 84.09 79.53 63.62
703 88.73 74.02 62.76 48.73 56.30 5.03 93.00 33.85 26.85 85.55 78.97 64.52
Total Sulfur Performance
Microcel WocC MGS Total Circuit
Comb. [ T.Sulfur | T.Sulfur || Comb. | T.Sulfur | T. Sulfur || Comb. | T.Sulfur | T.Sulfur | Comb. | T.Sulfur | T.Sulfur
Recovery | Rejection |Separatio {{ Recovery | Rejection |Separatio | Recovery | Rejection [Separatio || Recovery | Rejection |Separatio
Test Efficiency Efficiency Efficiency Efficiency
Number % % % % Y% % Y% % % % % %
701 87.98 27.95 15.93 35.45 72.00 7.45 90.27 44.57 34.84 82.45 51.09 33.54
702 89.06 30.08 19.13 26.88 78.25 5.13 92.38 37.87 30.25 84.09 50.68 34.77
703 88.73 29.56 18.30 48.73 57.91 6.63 93.00 40.83 33.83 85.55 46.12 31.67
Pyritic Sulfur Performance
Microcel woc MGS Total Circuit
Comb. | PyriticS | PyriticS || Comb. | PyriticS | PyriticS || Comb. | PyriticS | PyriticS | Comb. | T.Sulfur | T. Sulfur
Recovery | Rejection }Separatio || Recovery | Rejection [Separatio || Recovery | Rejection |Separatio | Recovery | Rejection |Separatio
Test Efficiency Efficiency Efficiency Efficiency
Number % % Y% % % % %a % %o % Yo %%
701 87.98 38.76 26.74 35.45 77.28 12.73 89.50 72.38 61.88 82.45 72.99 5545
702 89.06 41.84 30.90 26.88 82.79 9.67 91.90 69.31 6121 84.09 75.17 59.26
703 88.73 42.89 31.63 48.73 67.07 15.80 93.25 69.58 62.83 85.55 69.60 5518
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10.5 Long-Duration Testing

In this subtask, two series of long-duration tests were performed under the optimized test
conditions established on the basis of previous test work carried out under Task 10. These tests
were used to establish the steady-state variability and operability of the proposed circuit over a
period of at least 10 hours of continuous operation. Long-duration tests were conducted using
both of the base coal samples.

10.5.1 Testing of Pittsburgh No. 8 Coal

The test results and performance calculations for the long-duration test run conducted
using the Pittsburgh No. 8 seam coal are provided in Appendix 6-A. The specific operating
conditions for this test was chosen on the basis of ash and pyrite rejections obtained in the
parametric studies discussed previously. Long-duration testing involved holding all control
parameters constant for a continuous run of over 10 hours. These operating parameters are given
in Table 22.

Table 22. Operating conditions examined in the long-duration testing of the Pittsburgh No. 8
seam coal.
Microcel
Feed Rate (Ibs/ton): 500
Wash Water (Ipm): 39
Percent Solids (w/w): 12-14
Grind Size (d80 (microns)): 200
Air Flow Rate (SCFM): 8.89
Diesel dosage (lbs/ton): 1.00
Frother Dosage (ml/min): 0.80
MGS
Feed Rate (Ibs/hr): 273
Drum Speed (rpm): 320
Wash water (ipm): 0.50-0.56
Percent Solids (w/w): 19-20
Shake Amplitude (mm): 15
Shake Frequency (cps): 5
Tilt Angle (degrees): 6
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The results obtained during the long-duration test run are plotted in Figures 29-31. These
graphs show the energy recoveries and rejections of ash, total sulfur and pyritic sulfur obtained
for the Microcel, MGS and combined Microcel/MGS circuit. The results were found to be in
good agreement with those obtained during the parametric test programs. On average, the
combined circuit achieved ash and pyritic sulfur rejections of over 75% at a combustible recovery
of approximately 90%. Figure 32 shows the stability of the combined circuit during the long
duration run. The consistent performance over time indicates the operating robustness of the
equipment.
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Figure 29. Combustible recovery versus rejection plots obtained for the Microcel column during
the long-duration testing of the combined Microcel/MGS circuit using the Pittsburgh
No. 8 seam coal.
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Figure 30. Combustible recovery versus rejection plots obtained for the MGS unit during the
long-duration testing of the combined Microcel/MGS circuit using the Pittsburgh No. 8
seam coal.
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Figure31. = Combustible recovery versus rejection plots obtained for the combined Microcel/MGS
circuit during the long-duration testing of the Pittsburgh No. 8 seam coal.

Center for Coal and Minerals Processing March 1995



Final Report Page 101
Long Duration Testing
Pittsburgh #8
100 10

;\ol\ 90 T p——t—— e —— s 9

c 80 ¢ +8

5 70+ -7

o
.a 60 T _--&---—k"'—k-_——"““t-—"""-——A _6 @
i )
= 50} 15 =

5 401 — 4 2

GE)‘ 30 L |Combustibles Recovery L 3

8 20 + :;tic Sulfur Rejection L 2

O -a-
& 1 8 - | Final Product Ash - ;

1 2 3 4 5 6 7 8 9
Time (hours)
Figure 32. Long Duration results per hour during Pittsburgh #8 seam test.
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10.5.2 Testing of Illinois No. 6 Coal

As discussed above, the best results of the combined testing were also used to select the
operating parameters to be held constant during the long-duration testing of the Illinois No. 6
coal. The operating parameters selected for this series of tests are summarized in Table 23. The

corresponding test data and performance calculation for these runs are summarized in Appendix
6-B.

Table 23. Operating conditions examined in the long-duration testing of the Illinois No. 6 seam
coal.

Microcel
Feed Rate (Ibs/ton): 600
Wash Water (Ilpm): 40.1
Percent Solids (w/w): 11-12
Grind Size (d80 (microns)): 200
Air Flow Rate (SCFM): 8.89
Diesel dosage (Ibs/ton): 1
Frother Dosage (mi/min): 1.7
MGS
Feed Rate (ibs/hr): 340
Drum Speed (rpm): 283
Wash water (Ipm): 0.49
Percent Solids (wiw): 23-24
Shake Amplitude (mm): 15
Shake Frequency (cps): 5
Tilt Angle (degrees): 6
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Figures 33-35 show graphically the ash, total sulfur and pyritic sulfur rejections obtained
using the Microcel, MGS and combined Microcel/MGS circuit. The synergistic effect is again
evident in the performance graphs. For the overall circuit, ash and pyrite rejections of over 75%
were obtained at a combustible recovery of over 85%. Although the Illinois No. 6 seam coal had
a much higher feed ash than the Pittsburgh No. 8 seam coal (and tended to be more difficult to
clean), the test results were in very good agreement with those obtained using the Pittsburgh No.
8 seam coal. Figure 36 shows the stability of the combined circuit during the long duration run.
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Figure 33. Combustible recovery versus rejection plots obtained for the Microcel column during
the long-duration testing of the combined Microcel/MGS circuit using the Illinois No. 6
seam coal.
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Figure 34. Combustible recovery versus rejection plots obtained for the MGS unit during the
long-duration testing of the combined Microcel/MGS circuit using the Illinois No. 6
seam coal.
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Figure 35. Combustible recovery versus rejection plots obtained for the combined Microcel/MGS
circuit during the long-duration testing of the Illinois No. 6 seam coal.
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Figure 36. Long Duration results per hour during Illinois #6 seam test.
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10.5.3 Partition Curves for the MGS

Distribution curves (i.e., partition curves) were constructed using samples collected from
the MGS during the middle segment of the long-duration test runs. The fine-coal washability
analyses were performed by Process Tech, Inc., of Calumet, Michigan. This organization is well
known for their expertise in conducting fine-coal washability tests. Organic heavy liquids were
used in place of zinc chloride solutions in this series of analyses in order to avoid the coal
dispersion problems that were encountered during the washability analyses conducted in Subtask
4.2 (Washability Characterization).

Figures 37 and 38 show the distribution curves obtained for the Pittsburgh No. 8 and
Hlinois No. 6 coal seams, respectively. For convenience, the cut-point (SGso) and probable error
(Ep) values have been summarized in Table 24. In general, the MGS provided cut-points higher
than approximately 1.9 SG. Since pyrite has a very high density (SG=5.1), composite particles
containing this mineral can be effectively rejected by the MGS at this high cut-point.
Unfortunately, composite particles containing ash-forming minerals of lower density (i.e., 2.2-2.6
SG) would be rejected less effectively at this high cut-point. This finding helps to explain why the

MGS achieves a lower rejection of ash than pyritic sulfur.

The test data obtained using the Illinois No. 6 seam coal shows that the E, values ranged
from 0.110 for the +100 mesh size fraction to 0.155 for the -400 mesh size fraction. The sharpest
separations were achieved between 100 mesh and 400 mesh, in which E, values of approximately
0.085-0.087 were achieved. The E, values obtained for the Pittsburgh No. 8 seam were slightly
poorer and varied from 0.156 to 0.205 for the +100 mesh and -400 mesh fractions, respectively.
The sharpest separations were again achieved for the intermediate sizes (i.e., 100 x 400 mesh)
which gave E, values in the range of 0.125 to 0.155. For comparison, the average E, values
obtained with the MGS are plotted along with those reported by Osborne (1988) for conventional
coal cleaning processes. This plot illustrates that the MGS is capable of significantly extending
the particle size range over which density-based separations are effective.
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Table 24. Overview of the MGS performance during the long-duration tests.
Particle Size Pittsburgh No. 8 Seam Illinois No. 6 Seam
(Mesh) SGso Ep SGSO Ep
+100 2.28 0.156 2.00 0.110
100 x 200 1.90 0.126 1.95 0.085
200 x 400 1.94 0.155 2.19 0.087
-400 1.97 0.205 2.71 0.155
Performance area for various coal cleaning devices
Center for Coal and Minerals Processing March 1995
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Figure 37. Effect of particle size on the partition curves for the MGS unit obtained during the
long-duration testing of the Pittsburgh No. 8 seam coal.
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Figure 38. Effect of particle size on the partition curves for the MGS unit obtained during the
long-duration testing of the Illinois No. 6 seam coal.
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10.6 Near-Term Applications

In order to further evaluate the commercialization potential of the proposed circuit, tests
were conducted near the end of the detailed test program using other coal samples supplied by the
two participating coal companies. Time did not permit the selection of coal from any other

Sources.

10.6.1 Testing of Pittsburgh No. 8 Coal

For this test, one of the participating coal companies sent a large volume of slurry
collected directly from an operating coal preparation plant. The sample was nominal 0.5 mm x 0
material that had been partially deslimed in a small cyclone. This feed slurry was screened at 1
mm to remove any gross oversize material and then fed directly to the MGS circuit. The purpose
of this series of testing was to determine the possible performance of the MGS as a stand alone
unit on a natural feed. The benefit of this would be the possible replacement of other cleaning
devices in the minus 0.5 mm range.

The test data and performance calculations for the near-term testing of the Pittsburgh No.
8 seam coal are provided in Appendix 8-A. The test data is summarized in Table 25. As shown,
the MGS performed very well down to a particle size of minus 325 mesh. This is much finer than

can typically be achieved using any other conventional water-based separation device used by the
coal preparation industry.
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Table 25. Test results obtained during the near-term testing of the Pittsburgh No. 8 seam coal.
Test no. 901
Comb. Ash T. Sulfur | PyriticS Ash T.Sulfur | PyriticS
Slze Yield Recovery | Rejection | ReJection | Rejection |Separatioa|Separatiod Separation
Efficieacy | Efficiency { Efficiency
(mesh) (%) (%) (%) (%) (%) (%) (%) (%)
+48| 85.81 91.83 58.13 24.04 34.75 49.96 15.87 26.58
48 x 100{ 63.63 78.59 79.72 62.83 74.21 58.31 41.42 52.80
100 x 200 68.59 80.31 79.99 69.47 84.06 60.31 49.79 64.38
200x 325] 67.20 78.44 81.92 74.49 84.70 60.36 52.94 63.14
-325| 84.82 91.00 22.62 56.29 76.76 13.62 47.29 67.75
Cum 79.28 87.83 54.01 47.69 64.00 41.85 35.52 51.83
Test no. 902
Comb. Ash T.Sulfur | PyriticS Ash T.Sulfur | PyriticS
Slze Yleld Recovery | Rejection | Rejection | Rejection |Separatioa{Separatiorq Separation
Efficiency { EMdency | Efficiency
(mesh) (%) (%) (%) (%) (%) (%) (%) (%)
+48| 9212 97.22 46.51 17.84 35.04 43.73 15.06 32.26
48 x 100 75.10 87.20 69.25 55.39 68.10 56.45 42.59 55.30
100x 200{ 70.42 83.00 78.74 70.47 81.04 61.74 53.47 64.04
200 x 325 78.69 81.79 71.28 67.67 83.52 59.07 55.46 na31
- 325 91.29 95.35 13.64 44.71 72.61 8.99 40.07 67.97
Cum. 86.13 93.39 43.55 41.26 63.20 36.93 34.65 56.59
Test no. 903
Comb. Ash T.Sultur | PyrticS Ash T. Suitur | PyritlcS
Slze Yield Recovery | Rejection | Rejection | Rejection |Separation |Separatior] Separation
Efficiency | Efficiency | Efficiency
{mcsh) (%) (%) (%) (%) (%) (%) (%) (%)
+48| 93.68 97.20 43.68 19.47 38.00 40.88 16.67 35.20
48 x 100 81.37 87.72 58.31 52.42 60.97 46.03 40.13 48.69
100 x 200| 85.74 91.78 69.53 5571 74.60 61.31 47.49 66.37
200 x 325 86.07 94.16 70.21 59.72 83.96 64.38 53.89 78.13
-325] 99.12 99.61 1.48 27.72 64.48 1.08 27.32 64.08
Cum 91.89 95.46 22.27 35.30 60.49 17.73 30.77 55.96
Test no. 904
Comb. Ash T.Sulfur | PyriticS Ash T. Sulfur | Pyritic S
Size Yield Recovery | Rejection | Refection | Rejection {Separation |Separatior Separation
Efficlency | Efficiency | Efficiency
(mesh) (%) (%) (%) (%) (%) (%) (%) (%)
+48] 88.96 94.23 53.86 21.98 41.84 48.09 16.22 36.07
48x 100] 79.43 88.26 70.42 50.71 65.40 58.68 38.97 53.65
100 x 200 88.99 93.80 55.60 47.28 67.47 49.40 41.08 61.27
200 x 325  69.92 78.74 78.79 67.85 86.43 51.53 46.59 65.17
-3251  89.96 94.33 15.16 48.53 66.64 949 42.86 60.97
Cum. 85.79 91.70 38.95 41.16 61.73 30.66 32.86 53.43
Test no. 905
Comb. Ash T.Sulfur | PyriticS Ash T. Sulfur | Pyritic S
Size Yield Recovery | Rejection | Rejection | Rejection |Separation]Separatior] Separation
Efficlency { Efficiency | Efficiency
{mesh) (%) (%) (%) ()] (%) (%) (%) (%)
+48| 93.06 95.89 47.48 16.36 25.55 43.36 12.24 21.44
48x100| 89.04 93.20 49.30 3741 27.81 42.51 30.61 21.01
100 x 200] 94.71 97.35 3275 27.90 50.58 30.10 25.26 47.94
¥ 200x 325| 83.64 90.73 63.35 60.75 79.78 54.08 51.48 70.51
-3251 9545 97.63 7.05 28.82 $5.37 168 26.45 $3.00
. _Cum 9235 | 9535 21.03 3047 35.96 16.38 25.82 41.32
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10.6.2 Testing of lllinois No. 6 Coal

The testing of the Illinois No. 6 coal was only partially successful due to the problems with
stabilizing the overall circuit. In addition, much of the feed sample was discarded as oversize
when pre-sized for circuit feed. Therefore, only a limited amount of this particular coal sample
was available for the near-term test program. In fact, most of the remaining coal was consumed
trying to stabilize the circuit. Therefore, no reliable data was collected for this particular series of
near-term tests. The test data that was collected is summarized in Appendix 8-B.

Task 11 - Decommissioning

11.1 Circuit Decommissioning

Prior to dismantling the circuit, a Decommissioning Plan was prepared by CCMP which
described the orderly removal of all related process equipment from the CPPRF by Rizzo & Sons.
Decommissioning began after the completion of Task 10 (Detailed Testing) and involved the
dismantling of all unit operations, disassembly of all electrical and mechanical components, and
the restoration of the CPPRF to its original condition. The prime contractor (CCMP) and
participating A&E firm (Roberts & Schaefer) shared the responsibility for the supervision of
Rizzo & Sons. This task was completed in approximately 4 days.

11.2 Equipment Disposition

This subtask involved the cleaning, minor repair, packing and shipment of the
decommissioned equipment to storage facilities specified by the DOE COR. DOE retained
ownership to all components necessary for the operation of a complete Microcel column flotation
circuit. Virginia Tech was assigned ownership of all other process equipment, including the
Multi-Gravity Separator (MGS).

Task 12 - Sample Analysis

12.1 Standard Analyses

The following ASTM procedures and standards were employed for all determinations.

-D 12191 Definition of Terms Relating to Coal and Coke

-D 311-84 Method of Sieve Analysis of Crushed Bituminous Coal

-D 410-84 Method of Sieve Analysis of Coal

-D 1857-87 Test Method for Fusibility of Coal and Coke Ash

-D 2013-86 Method of Preparing Coal Samples for Analysis

-D 2015-91 Test Method of Gross Calorific Value of Solid Fuel by Adiabatic Bomb
Calorimeter

Center for Coal and Minerals Processing March 1995
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- D 2234-89 Method of Collection of a Gross Sample of Coal

- D 2492-90 Test Method for Forms of Sulfur in Coal

-D 3172-89 Methods for Proximate Analysis of Coal and Coke

-D3173-87 Test Method for Moisture in the Analysis Sample of Coal and Coke

- D 3174-89 Test Method for Ash in the Analysis Sample of Coal and Coke from Coal

-D 3177-89 Test Methods for Total Sulfur in the Analysis Sample of Coal and Coke

-D 3180-89 Methods for Calculating Coal/Coke Analyses As Determined to Different
Bases

D 3302-91 Test Method of Total Moisture in Coal

-D 4371-91 Test Method for Determining the Washability Characteristics of Coal

-E 11-87 Specification for Wire Cloth Sieves for Testing Purposes

- E 323-80 Specification for Perforated-Plate Sieves for Testing Purposes

Details on the ASTM tests are available in the 1992 Annual Book of ASTM Standards
(Volume 05.05, Gaseous Fuels; Coal and Coke). Unless otherwise specified, these analyses
consisted of the determination of moisture, ash, total sulfur, pyritic sulfur, and heating value.
Particle size analyses were also determined for selected samples. Particle size distributions were
determined using standard wet-sieving techniques down to a minimum size of 400 mesh (37 microns),
while sub-sieve analysis were conducted using an Elzone particle size analyzer. Results from the sub-
sieve analysis will be blended with the sieve results to determine the overall particle size distribution.
Additional details related to the laboratory analyses were provided in the Test, Sampling and
Analytical Plan provided to DOE. In order to facilitate the timely completion of the sample
analyses, small portions of the work effort were subcontracted to a commercial laboratory
(Precision Testing, Beckley, West Virginia). All other analyses were conducted at CCMP.

The reliability of the experimental data was evaluated using the BILMAT matenial balance
program. This program examines the overall circuit to determine whether the mass flow rate of each
component entering and leaving each unit operation within the circuit is equivalent. If this criterion is
not met, the program adjusts the measured values until all component mass flows are externally and
internally consistent. Little or no adjustment suggests that the data set is reliable. This provides some
degree of assurance that the sampling procedures and laboratory analysis techniques used throughout
the test program were accurate.

12.2 Specialty Analyses

Additional analyses were conducted on selected samples. These included the
measurement of particle size distributions and fine-coal washability. Other characterization
analyses, include IPS/SEM studies, were conducted as necessary. In order to construct partition
curves for some of the MGS tests, selected samples were shipped to an external laboratory
(Process Tech, Inc., Calmulet, MI) for centrifugal float-sink testing. These analyses have been
discussed in previous sections throughout this report.
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12.3 Trace Element Analyses

A Cooperative Research and Development Agreement (CRADA) was established with
DOE/PETC to permit personnel from CCMP to collect samples from the combined
Microcel/MGS circuitry for trace element analyses. The sampling effort and associated analyses
of trace elements were conducted under a separate project sponsored by the Electric Power
Research Institute (EPRI Reference Number RP8022-07). The trace element analyses were
conducted on representative samples collected during the long-duration testing of the Pittsburgh No. 8
and Illinois No. 6 seam coals.

The results of the various trace element analyses are summarized in Tables 26-27. Using these
values, removal efficiencies of various trace elements after Microcel and MGS processing were
calculated and plotted in Figures 39 and 40. Note that antimony, boron and molybdenum have been
excluded from these plots since the concentration of these elements in the various clean coal products
were below the detection limit of the analytical techniques used in the present work. For the Pittsburgh
No. 8 seam coal, trace element removal efficiencies ranging from a low of 27% for vanadium to a high
of 89% for copper were achieved using the combined circuit. Likewise, the removal efficiencies for the
Tlinois No. 6 seam coal ranged from a low of 46% for mercury to a high of 93% for manganese. In
general, the overall removal efficiencies obtained using the Illinois No. 6 seam coal were typically

higher than those obtained using the Pittsburgh No. 8 seam coal.

With the exception of mercury, the Microcel achieved good removal efficiencies of metals (i.e.,
25-80%) for both coals. For the MGS, the best removal efficiencies were obtained for arsenic
(Pittsburgh No. 8 at 32% and Illinois No. 6 at 29%) and mercury (Pittsburgh No. 8 at 25% and Illinois
No. 6 at 38%). In addition, the MGS removed a significant amount of selenium (21%) from the
Pittsburgh No. 8 seam coal and lead (35%) from the Illinois No. 6 seam coal. The incremental
improvement in removal efficiency by the MGS is believed to be impressive in light of the high
removals of trace elements achieved by the Microcel unit.

Center for Coal and Minerals Processing March 1995



Page 117

poyap Jodea Aindsapy webjewy ploo-signod = 94
Adoosonoadg uoissjwg ojwioly ewse|d pajdno Ajaaonpuj = 4|
Adoosonpads uoljdiosqy oiwoly soeuind ayydess) = 49

/6n ui ajeld4 ‘6/6n u) spljog 'pajdsled JoN = AN

March 1995

Final Report

uring the long-duration testing of the

Pittsburgh No. 8 seam coal (material balanced data).

d

Trace element analysis of the samples collected

Table 26.

i b 1 s |vo-acl 2o | 1 b b [ so]vo]| o b b t ] o5 (1/Bn) ywiry uoydalaq .
dot |40 [ 4o [dorjoa |49 [ 40 | 49 [ 49 | 49 | 49 | 401 | 401 | 4Ot | 49 | d0I anbjuyda . [eahleuy v
Jajem dn-axew L

ajesjiid Jonpoid SON 9

2zz |61 |e6s | aN | zo0 [ vos [ toe | 290 8sy | tve [ 800 aN |esv | vsz | 21E | ON SPIOS 1Nnpold SOW s9
ajelid 1valey SOW 45

Zov |ver | sz | aN [eso|oer | 8z |28l |66t [o6s |svo ] aN o1t |29} €69 | aN SplIoS paley SOW Ss
8jenild paad SO TS

gez | 5ot |eso | an | vo | st |zee|ver 1es st | 1o | ON |SLv | 22 |eLs | ON SpIjoS paad SOW Sy
ajenid alay 1800.01W 4€

el |ves |68c | aN | vzo | scz [ecz[zie | 661 | 641 [sc0| aN | 162 | 28z {802 | ON | spios 1dalay 100101 se
ajRJ)|id paa |3001IN 4z

eielze |g | aNn fzio| ev [eoz|ees |z | 1€ [vi0o| ON | 2bv | 299 | 08 | ON SPIjoS paa [30011 sz
ajenlid paag unond 4l

cre|cz [s1L | aNn fzro| ey |[coz|ees |2 ] te [vio| aoN | 2vy {299 | vo8 | ON Spj0S pasd InoutD St
AJoes | IN[ow]bBHJun]ad [nofod |3 PO @ |28 |ega |sv]as uonduosaq s|dwes a|dwes

siSAleuy Juaws|3 adel)

Center for Coal and Minerals Processing



Page 118

Final Report

o
=
Gy
(o]
an
m poyiepy Jodep Anazspy webjewy ploH-ajqnog = 94
o £doososoadg uoissiwig olwoly ewse|d paidnod AjlaAnonpuy = 42|
R £doosonoadg uondiosqy 2iWwoly adeuing apydels = 49
m 7/6n uj sjen)4 ‘B/6n ul spijog 'paloaad ioN = AN
9
Wc I I l S |¥0-3€| 20 3 3 4 S0 {0 9 3 4 } 0s (/6n) ywiy uoalRa ..
> dol | 49 | 49 | do1 {90 | 49 | 49 | 49 | 4O 49 | 49 | 401 | 431 | 4O | 49 | dOI anbiuyoa |, [ednAjeuy e
.M.uc Jajepp dn-axeN L
m ajel|i4 yonpold SO 49
m ~lsiv ety ] st aN | 20012y ]vo6 | 199 ]8LG|L92) 20 | AN |vi'0j202]|voy | ON spljos npold SOW S9
w .m ajeiid 10aley SOW 49
Hw .m toL jeve 229 ] aON | 124 ] 20L [ 8EE | S€9 | G8F | 29 |LV'6| ON | 60 | €15 | 896 | AN SpiIoS 103ley SOW S§
B .M 8jely|id pasd SONW El4
m....m Gep 1606 |99t | N JZro |29 |96 |bbe ]| L6569 |622 |6V0) ON [2V0 (212 |20L | OGN SpPiog p3ad SONW 4
‘G ajexi4 1092y 1320101 4
Q
M..m. m o8l |6cz [98.| AN |st0] 10S |vOv GOy |9l2 | 6EC | €06 | ON | eV | dv2 | ¥GL | ON Spijog J03lay [330.01N St
N’
4 = ajesji4 paad |3d0101N E14
w 996 |1zl |86 | aN jc10 | oLtz | 962 |Lec|eet | 20 |6VC| ON | L'} | €0} | 201 | ON SpYOS paad 300N 4
m ajel)|i4 pasd indip 41
m lgos |1z |{86c| AN Jeto ]| ole |96z L2z |z | L0 |62 ON | 44 | €0l J2ol | ON Spi0S paad wndi) St
o}
52
m .m A |es | INJow]|[PH|uw]ad [ pO o3 | 4O | PO | 4 ag [ eg | sv | as uonduosaq sjdwes ajdweg
: sisk|euy Juawsa|3 ade
= IsAjeuy } 13 11

Table 27.

March 1995

Center for Coal and Minerals Processing



Final Report Page 119

= : EJAfter Microcel
VvV E : | EdAfter MGS
0 20 40 60 80 100

Removal (%)

Figure 39. Percent removals of trace elements after Microcel and MGS processing for the
Pittsburgh No. 8 seam coal
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Figure 40. Percent removals of trace elements after Microcel and MGS processing for the Illinots
No. 6 seam coal

Center for Coal and Minerals Processing March 1995



Final Report Page 121

Task 13 - Final Report
13.1 Technical Evaluation

The results obtained from the parametric testing of the Pittsburgh No. 8 and Hlinois No. 6 seam
coals are summarized in Figures 41-58. Although the data points are the same as those plotted in
Subtasks 10.1-10.3, the values have been replotted so that the performance of the Microcel, MGS and
combined Microcel/MGS circuits can be easily compared. These figures give an excellent summary of
the parametric and long duration testing for each of the two seams. Although combustible recovery is
plotted, this is essentially equal to energy recovery for these two coals. As shown, the experimental
data points obtained for each circuit fall along distinct grade-recovery curves. This trend was
surprising in light of the fact that the test runs were conducted over a wide range of operating
conditions. Data obtained using the run-of-mine Pittsburgh No. 8 seam (Figures 41-43) indicate that
the MGS achieved an ash rejection of 40% and pyritic sulfur rejection of 70% at an energy recovery
that approached 95%. Similar rejections of ash and pyritic sulfur were obtained for the Tllinois No. 6
seam coal (Figures 50-52), but at a slightly lower energy recovery of 90%. These results suggest that
the MGS is very effective in separating high-density pyrite from low-density coal. On the other hand,
the MGS appears to be less effective in removing ash-forming mineral matter from the feed coal.

The relatively poor ash rejections obtained using the MGS can be largely attributed to the
presence of clay minerals in the run-of-mine feed coals. Because of their ultrafine size, these particles
lack sufficient mass to be pinned to the drum surface and are readily entrained with the flowing-film
into the clean coal product. To overcome this problem, each of the run-of-mine coals were precleaned
using the Microcel flotation column to remove ultrafine clays. As shown in Figures 44-46 for the
Pittsburgh #8 seam, the removal of ash-forming minerals by the Microcel column allowed the MGS to
achieve a much higher level of performance in terms of ash removal. Figures 53-55 indicate similar
results for the Illinois #6 seam. By combining the two unit operations, the two-stage circuit provided
high rejections (75%-85%) of both ash and pyritic sulfur with minimal losses in overall energy recovery
(<5-10%). The previous comments are also shown in Figures 47-49 (Pittsburgh #8) and Figures 56-58
(Illinois #6) which indicate the consistent equipment performance of the combined testing during the
long duration runs.
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Figure 41. Combustible recovery versus ash rejection for run-of-mine Pittsburgh #8 seam coal.
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Figure 42. Combustible recovery versus total sulfur rejection for run-of-mine Pittsburgh #8 seam

coal.

Center for Coal and Minerals Processing

March 1995



Final Report Page 124

Pyrite Rejection

Pittsburgh #8
100 3
° ﬁ .
n B
| B, 2 Cafige ®
AdgQa =
w0l o A 4 aRAR
A A
A ". ry
— Ll
X s u
> 80 4 "
o 0
>
o]
0
]
X 7
2
2
)
7]
3
60 -
£
*]
© O Microcel Only
MGS Onl
0l [ | Only
A Combined
.
40 ; : ! ; + ' ‘ ' '
0 10 20 30 40 50 60 70 80 90 100

Ind_Pyr Pyrite Rejection (%)

Figure 43. Combustible recovery versus pyrite rejection for run-of-mine Pittsburgh #8 seam coal.
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Figure 44.

Combustible recovery versus ash rejection for each unit of the combined circuit.
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Figure 45. Combustible recovery versus total sulfur rejection for each unit of the combined circuit.
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Figure 47. Combustible recovery versus ash rejection for each unit of the combined circuit during
long duration testing.
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Figure 48. Combustible recovery versus total sulfur rejection for each unit of the combined circuit
during long duration testing.
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Figure 49. Combustible recovery versus pyritic sulfur rejection for each unit of the combined
circuit during long duration testing.
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Figure 51. Combustible recovery versus total sulfur rejection for run-of-mine Illinois #6 seam coal.
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Figure 52. Combustible recovery versus pyritic sulfur rejection for run-of-mine Illinois #6 seam
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Figure 54. Combustible recovery versus total sulfur rejection for each unit of the combined circuit.
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Figure 55. Combustible recovery versus pyritic sulfur rejection for each unit of the combined
circuit
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Figure 57. Combustible recovery versus total sulfur rejection for each unit of the combined circuit
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Figure 58. Combustible recovery versus pyritic sulfur rejection for each unit of the combined
circuit during long duration testing.
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The capabilities of the MGS are best illustrated by the data shown in Figures 59 and 60. These
plots show the pyritic sulfur and ash contents of the clean coal products obtained during the parametric
test programs. As shown, the test data obtaining using froth flotation fall into the low-ash/high pyritic
sulfur region of the plots. This indicates a preferential removal of ash-forming minerals using the
surface-based separation technique. On the other hand, the data obtained using the MGS (i.e., density-
based separation process) fall in the high-ash/low-pyritic sulfur region of the plots. This suggests that
the MGS removes high-density pyrite in preference to other ash-forming minerals. Pyrite may also be
difficult to reject by surface-based processes because of the formation of hydrophobic oxidation
products which makes the mineral floatable. However, the data shown in Figures 59 and 60 suggest
that it is possible to take advantage of the benefits of both surface- and density-based separation
techniques by precleaning the MGS feed coal using froth flotation. As shown, this two-stage
processing strategy can provide a low-ash/low-sulfur coal product without micronizing the feed coal to
ultrafine sizes.

No major technical deficiencies were noted as a result of the integration of the Microcel and
MGS units. Excessive frother dosages in the Microcel did not have an adverse impact on the
performance of the MGS as originally feared since any residual coal-laden froth which remained stable
when fed to the MGS floated on the surface of the flowing film and reported to the clean-coal product.
Also, no technical deficiencies are expected upon the transfer of this MGS technology into the
commercial sector. Although relatively small in size compared to full-scale industrial units, all of
the unit operations used in this project were commercial-scale equipment, i.e., no prototype
devices were used. The Microcel and MGS units, as well as ancillary equipment, are readily
available and currently operating in larger sizes. The capacity of the pilot-scale MGS unit was also
found to be adequate to handle the desired flow rate of clean-coal slurry from the Microcel unit.
However, additional demonstration tests using full-scale MGS units may be warranted to ensure that
the industrial units are capable of achieving the desired production capacity without diminishing the

separation efficiency.
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Figure 59. Concentrate sulfur versus ash content obtained during the parametric testing of the
Pittsburgh No. 8 seam coal.
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Figure 60. Concentrate sulfur versus ash content obtained during the parametric testing of the
Tllinois No. 6 seam coal.
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13.2 Economic Evaluation

The technical evaluation demonstrates that the cleanability of fine-coal streams can be
significantly improved through the use of circuit configurations which incorporate the Microcel
and MGS technologies. However, an economic evaluation must be carried out in conjunction
with the technical evaluation in order to establish the near-term commercialization potential of the
various circuit configurations.

The economic evaluation conducted in the present work assumes that the Microcel and/or
MGS units have been installed to upgrade fine coal at an existing preparation plant. This scenario
is believed to be the most promising near-term application of these technologies. The analyses
assume that the Microcel and MGS circuits would be added to an existing plant in which the fine
coal is currently being discarded. Experimental data obtained from the testing of the Pittsburgh
No. 8 and Illinois No.. 6 seam coals has been used to provide the necessary input data for the
economic analyses. For each coal, cost-benefit analyses were performed for full-scale circuits
incorporating the Microcel alone, the MGS alone and the combined Microcel/MGS circuit. For
the purpose of this study, the feed rate to the fine coal circuit has been assumed to be 75 tph. The
fine coal circuit has been assumed to operate two 8-hour shifts per day for 250 days per year, i.e,,
3600 hr/yr, with an on-line availability of 90%. The relevant performance data and associated
economic calculations for each of the two base coals are summarized in Appendices 9-A and 9-B.

13.2.1 Estimation of Capital Costs

In order to estimate the capital costs of the proposed circuits, preliminary scale-up
projections were made for the Microcel and MGS units. These calculations indicated that four
10-ft diameter Microcel columns and four 5-ft diameter MGS units would be required to achieve
the desired production rates. The cost of each Microcel unit, including associated instrumentation
and controls, has been estimated to be $110,000. Likewise, the cost of each MGS unit has been

assumed to be $120,000. These estimates are believed to be very conservative. In addition to
these coal cleaning units, several ancillary operations were also included in the listing of capital
costs. These included a single 1000 scfin air compressor ($90,000), two screen-bowl centrifuges
(175,000 each), and miscellaneous sumps and pumps (<$45,500). An additional capital outlay
of $10,000 was allocated to cover heat/lighting. Total installed cost was estimated by multiplying
the total equipment cost by a factor of two. This estimation procedure is routinely used by local
fabricators located in the coal fields. Other costs considered in the capital estimation included a
10% fee for engineering/permitting and an overhead rate of 20%.

Center for Coal and Minerals Processing March 1995



Final Report Page 144

13.2.2 Estimation of Operating Costs

Annual operating costs were estimated for power consumption, equipment maintenance,
personnel and miscellaneous consumables (i.e., reagents, lubricants, etc.). Electrical power
consumption was estimated for the Microcel columns (4 @ 60 HP), MGS units (4 @ 10 HP), air
compressor (150 HP), screen-bowl centrifuges (2 @ 250 HP), feed pumps (40 HP), product
pumps, (30 HP), reagent feeders (<0.5 HP) and heat/light (60 HP). For primary unit operations, a
power load factor of 80% was used to estimate actual power requirements, while a power factor

of 15% was used for heat/light and small reagent pumps. Power costs were estimated at an
industrial rate of $0.05/kW-hr.

The various plant circuits were assumed to require a part-time operator ($35,000/yr) and
part-time mechanic/electrician ($45,000/yr) for each working shift. Personnel benefits were
estimated as 50% of the base salary. The utilization of manpower required for operation and
maintenance of the fine coal circuitry was adjusted between 10%-50% depending on the
complexity of the circuit configuration.

The major consumable items included in the annual operating costs were the flotation
reagents (i.e., frother @ $0.86/Ib and fuel oil collector @ $0.11/1b). An additional $0.05/ton of
feed was also allocated to account for incremental increases in water clarification costs that may
be associated with the operation of the proposed circuits (i.e., 300 gpm for each column and 10
gpm for each MGS). Annual equipment maintenance costs were estimated as 10% of the total
capital cost of the proposed circuitry.

13.2.3 Cost-Benefit Analysis

Cost-benefit analyses were conducted for each circuit over an effective life span of 20
years. An inflation rate of 4% was assumed and that no debt was carried forward after the first
year of operation (i.e., no loan was necessary to cover the capital expenditure). Tax payments
were estimated using a 20 year depreciation period and 38% corporate tax rate. In addition,
additional payments were made at a rate of 6.5% for coal royalties and 6.7% for miscellaneous
taxes/fees (4.5% severance tax, 1% black lung tax and 1.2% reclamation fees). A straight-line
depreciation schedule was assumed in each case. A discount rate of 10% was assumed in
calculating the rate-of-return on the capital investment.

The value of the various coal products was caculated by pro-rating a base market value of
$1.30/MM Btu at 10-12% ash and 0.75 % sulfur. Significant differences in ash or sulfur resulted
in changes to the base value (i.e. higher sulfur or ash meant lower value per MM BTU). In
addition, the total heating value of the shipped products was also reduced to account for
differences in final product moisture contents. Shipping costs were estimated to be $10/ton of
clean coal for this particular case study. Mining costs (i.e., the cost of fine feed coal) were not
considered in the economic analysis since the fines were assumed to be discarded at present.
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The results of the cost-benefit analysis for the Pittsburgh No. 8 seam coal are summarized
in Table 28. Details related to the economic analyses are provided in Appendix 9-A. As shown,
the MGS unit had the lowest overall costs in terms of cost per ton of ash and SO, removed (i.e.,
$15.26 and $44.23, respectively). Unfortunately, the ash content of the MGS product was higher
(i.e., 14.1%) than that normally desired by electric utilities. As a result, the product from the
MGS carried a substantial coal quality penalty which made it less marketable under existing coal
pricing structures. The anticipated market premium for the reduced sulfur content pbtained using
the MGS circuitry has not been realized in the current coal pricing structure. On the other hand,
the froth product from the Microcel had an ash content of only half that of the MGS (6.98%
versus 14.1%). In addition, the Microcel was reasonably good at reducing the sulfur content of
this particular coal. The improved marketability of the coal produced by the Microcel resulted in
this unit having the best overall return on the capital investment. In this particular case study, the
Microcel installation offered a 77% internal rate of return and a corresponding payback period of
less than 17 months (1.37 years). Because of the high capital costs associated with the installation
of two-stage circuits, the combined Microcel/MGS configuration had the lowest overall return on
investment.

Table 29 provides a summary of the cost-benefit analysis for the Illinois No. 6 seam coal.
Details related to the economic analyses are provided in Appendix 9-B. As expected, the MGS
unit again had the lowest overall costs in terms of cost per ton of ash and sulfur removed.
However, despite the low cost of sulfur removal achieved by the MGS (i.e., $36.54/ton of SO,
removed), this particular circuit configuration was found to be uneconomical due to the inability
of the MGS to lower the product ash below 25%. Of the two remaining alternatives, the
Microcel circuit was found to be most attractive in terms of rate-of-return (36.7%) and payback
period (<37 months). A slightly lower rate of return (29.9%) and longer payback period (45
months) was calculated for the combined Microcel/MGS circuit.

Various coal cleaning technologies are frequently compared with each other on the basis of
$/ton of SO, removed. Figure 61 shows a plot of $/ton of SO, removed vs. % pyrite rejection for
various coal cleaning processes. The conventional coal cleaning devices such as jigs and dense-
medium separators show the lowest costs but the pyrite rejections are only 49 and 55%, respectively.
These estimates were made for the Pittsburgh No. 8 coal based on the washability data reported by
Cavallaro et al.' and the typical partition curves obtained for jigs and dense-medium separators.
Advanced coal cleaning processes show significantly improved pyrite rejections over the conventional
processes; however, the costs are in the $243-327/ton range. These costs are comparable to those for
flue-gas scrubbing, which are reported to be in the $250-350/ton range. The advanced coal cleaning
costs used in Figure 61 are listed as follows:

! Cavallaro, J.A., Deurbrouck, A.W., Killmeyer, R.P., Fuchs, W. and Jacobsen, P.S., 1990, Sulfur and Ash
Reduction Potential and Selected Chemical and Physical Properties of United States Coals, Volume I - Eastern
Region, U.S. Department of Energy Report No. DOE/PETC/TR-90/7 (DE91001737), 1226 pp.
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o Pittsburgh No. 8 coal by oil agglomeration after ball mill grinding to 74 pm top size;
$284/ton SO, removed; 200 TPH plant case (Feeley et al., 1994)°

e Illinois No. 5 coal by oil agglomeration after ball mill grinding to 150 pum top size; $243/ton
SO, removed; 200 TPH plant case (Feeley et al., 1994)

¢ Pittsburgh No. 8 coal by Microcel™ flotation column after ball mill grinding to 80% finer
than 74 um; $327/ton SO, removed; 200 TPH plant case (Ferris et al., 1994)°

e Tllinois No. 6 coal by Microcel™ flotation column after ball mill grinding to 80% finer than
74 um; $305/ton SO, removed; 200 TPH plant case (Ferris et al., 1994)*

These costs are compared in Figure 61 with those obtained in the present work for using the combined
Microcel™/MGS circuit: :

e DPittsburgh No. 8 coal; $158/ton of SO, removed (Table 28)
e Illinois No. 6 coal; $77/ton of SO, removed (Table 29)

These costs are substantially lower than those that result when coal is ground to a fine size in a ball mill
(to achieve a higher degree of pyrite liberation) and then cleaned by advanced flotation or oil
agglomeration. There are two major reasons for the cost savings. First, the combined circuit
eliminated the cost associated with fine grinding. Second, because of its ability to remove pyrite at
coarser sizes, the cost of dewatering is significantly reduced.

In summary, the cost-benefit analyses conducted in the present work indicate that all of
the test circuits evaluated under this program have a very good rate-of-return (30-77%) and short
payback period (16-46 months). The only apparent exception is the processing of the Tllinois No.
6 seam coal by the MGS alone. Surprisingly, the most attractive circuit configuration in terms of
return on investment was found to be the Microcel column. The advantage of this technology is
its ability to achieve high ash reductions which provide the largest market premiums. In fact, the
MGS was superior to the Microcel in terms of desulfurization performance, although current coal
pricing structures made this technology somewhat less attractive in terms of return on investment.
The combined Microcel/MGS circuit was also financially attractive, yielding internal rates of
return on the order of 30-50%. These margins are expected to improve as additional market
premiums are realized for low-ash and low-sulfur coal products.

? Feeley, T.J., Barnett, W. P. and Hucko, R.E., 1994, Advanced Physical Coal Cleaning for Controlling Acid Rain
Emissions, 12th International Coal Preparation Congress, May 23-27, Cracow, Poland, pp. 369-378.

3 Ferris, D.D., Bencho, J.R. and Torak, E.R., 1995, Engineering Development of Advanced Froth Flotation,
Executive Summary - Final Report for Contract DE-AC22-88PC88881 (U.S. Dept. of Energy), ICF Kaiser
Engineers, Inc., Pittsburgh, Pennsylvania.
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Table 28. Cost-Benefit Analysis for the Pittsburgh No. 8 Seam Coal.

Microcel MGS Microcel/MGS

Cost Indicator Only Only Combined
Production Cost:

(8/ton clean coal) $4.04 $1.88 $5.15
Removal Cost:

($/ton ash) $22.50 $15.26 $24.88

($/ton sulfur) $517.95 $88.46 $407.87

($/ton SO,) $259.97 $44.23 $158.16
Economic Indicators:

Rate of Return 77.0% 55.1% 50.2%

Payback Period 1.37 yrs 1.95 yrs 2.16 yrs

Table 29. Cost-Benefit Analysis for the Illinois No. 6 Seam Coal.

Microcel MGS Microcel/MGS

Cost Indicator Only Only Combined
Production Cost:

($/ton clean coal) $4.97 $2.14 $6.61
Removal Cost:

($/ton ash) $11.56 $9.92 $12.66

($/ton sulfur) $161.51 $73.08 $153.64

($/ton SO,) $30.76 $36.54 $76.82
Economic Indicators:

Rate of Return 36.7% NA 29.9%

Payback Period 3.03 yrs NA 3.78 yrs
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Figure 61. Cost of SO, removed versus pyrite rejection for several traditional and advanced

cleaning circuits.

13.3 Final Report

After completing the primary project work elements, a draft final report was prepared and
submitted to the DOE COR. Following review by DOE, the draft report was revised and
submitted as the final project report. This document is the product of this effort.
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CONCLUSIONS

This project consisted of combining the Microcel flotation column with the Multi-Gravity
Separator (MGS) for high ash and pyritic sulfur rejection. This concept proved very successful
since overall ash and pyritic sulfur rejections of 75%, and a 90% combustible recovery, were
consistently achieved on the Pittsburgh No. 8 seam coal. On the Illinois No. 6 coal, pyritic sulfur
rejections over 75% and combustible recoveries of over 85% were achieved. The consistency of

the long-duration results indicate the ease and reliability of the operation of the combined
Microcel/MGS circuit.

Based on the success of this project the combined circuit can be considered ready for a
larger-scale demonstration and possibly commercial application. Its success elsewhere would
obviously be dependent upon the liberation and nature of the pyritic sulfur. If flotation release
analysis testing yields significant pyritic sulfur in the concentrate then gravity separation for the
concentrate should be investigated. In-plant testing at existing coal preparation plants should be
the next step considered. Several small- or medium-sized column and gravity separator units are
available and could be utilized for determining applicability and performance at specific
preparation plants. The relative portability of these units allows for actual plant testing without
major installation expense.

Combining a column flotation device with a fine-particle gravity separator is now ready to
be evaluated in the commercial sector. The units tested were not laboratory prototypes but were
small versions of commercially available machines. The Microcel is currently producing coal in
several coal preparation plants as are other brands of flotation columns. Several mineral sands
processing plants are currently operating MGS units and a large unit for coal (i.e., 20-25 tph) is
currently available. There are at least three other brands of centrifugal fine-particle gravity
separators also available, although at this writing none are currently in full-scale production on
coal. Pilot size units can be tested at minimal cost within a coal preparation plant to verify
performance results for specific coals.

Due to the inefficiencies of most gravity separators in the near 100 mesh (150 micron)
range, the success of column flotation should cause coarser sizes than 100 mesh to be considered
for flotation. Sizing at 48 mesh would make desliming ahead of spirals or heavy media much
more efficient. Pushing more of the slimes to the column and utilizing its wash water would
decrease the plant product ash without a significant effect on yield. When high pyritic sulfur is
encountered then the fine gravity separator could be considered to remove the high density pyrite.

In summary, the testing of the Microcel/MGS circuit was very successful and
demonstrated the potential to remove ash and pyritic sulfur while maintaining a high energy
recovery. Thus, the primary objective of the project, i.e., to demonstrate the synergistic
advantages of this circuit at a continuous-scale, was successfully met. In addition, the secondary
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objectives of the project were all achieved. The performance of each unit operation, individually
and combined, was optimized by conducting parametric studies. This work allowed operating
conditions to be identified that maximized the rejections of pyritic sulfur and ash while maintaining
a high energy recovery. In addition, the steady-state performance of the optimized processing
circuit was evaluated by conducting two different series of long-duration test runs with the
Pittsburgh No. 8 and Illinois No. 6 seam coals. Finally, detailed technical and economic
evaluations were conducted to examine the feasibility of the proposed concept for fine-coal
cleaning on an industrial scale. This analysis suggests that the proposed circuit is technically
feasible for commercial application and economically attractive in today's coal market.
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