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EXECUTIVE SUMMARY

The overall objective of this research effort is to improve the efficiency of fine coal flotation in
preparation plants above that 'of currently used conventional cells. In addition to evaluating
single-stage operation of four selected advanced flotation devices, the project will also evaluate
them in two-stage configurations. The project is being implemented in two phases. Phase |
comprises bench-scale testing of the flotation units, and Phase Il comprises in-plant, proof-of-
concept (POC), pilot-scale testing of selected configurations at the Cyprus Emerald preparation
plant. The Task 5 report presents the findings of the Phase | bench-scale test results and

provides the basis for equipment selection for Phase Il.

Four advanced flotation technologies selected for bench-scale testing are:

o Jameson cell
Outokumpu HG tank cell
Packed column

Open column.

In addition to testing all four of the cells in single-stage operation, the Jameson and Outockumpu
cells were tested as candidate first-stage cells because of their propensity for rapid attachment
of coal particles with air bubbles and low capital and operating costs. The column celis were
selected as candidate second-stage cells because of their high-efficiency separation of low-ash

products from high-ash feed coals.

Samples of minus 150u (100-mesh) raw coal flotation feed and existing fiotation circuit tailings
(operated to produce tailings which simulated a second-stage feed coal) were collected at the
Cyprus Emerald Plant. The raw coal samples were used to evaluate the performance of the
selected cells in single-stage operation or as the first stage of a two-stage operation. The
tailings sample was used to evaluate the performance of the cells in second-stage applications
only. Three of the four cells were tested at vendor-recommended laboratory facilities. The

fourth cell, i.e., the Outokumpu cell, was tested in the Cyprus plant because its high capacity

made shipment of sufficient quantities of sample prohibitively expensive.
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Table 1 describes the equipment used for the bench-scale work.

Table 1. Summary of Bench-Scale Test Equipment

Flotation Unit Effective Cross- Height, Maximum Flow Rate
Sectional Area, cm® cm Tested, I/min
Jameson 182.3 122.0 14.7
Jameson 81.0 122.0 226
Outokumpu 716 59.0 94.5
Packed column 456 366.0 8.2
Open column 31.7 549.0 8.6

The vendors were given samples of the plant frother and the results of conventional bench-
scale flotation tests to assist them in determining appropriate test conditions. Based on a
preliminary evaluation of the plant economics, vendors were asked to target a clean coal

product containing less than 5% ash at an energy recovery of approximately 85% for the feed
coal sample.

Flotation Performance for the Feed Sample

Between 20 and 40 tests were conducted for each cell. In general, the performance of each
flotation machine was very good with respect to both grade and recovery. Three of the four
cells exceeded the goal of a 5% ash product at 85% energy recovery. Total sulfur rejections
noted during the project ranged from 25% to 40%. This would equate to pyritic sulfur rejections
of 40-65%. Table 2 provides performance data from selected tests using a raw coal feed
sample and shows the ability of all cells to work over a wide range of quality and energy

recovery. The results of all other tests are given in Section 5 of this report.

In general, a number of process variables were found to be correlated to product ash.

e Addition of wash water was found to be beneficial for each of the cells tested,
although it was not as significant as expected.

¢ Froth depth was observed to be significant with respect to product grade and
recovery. Increased froth depth resulted in improved grade (i.e., lower
product ash) but reduced recovery. However, the vendors noted that, in
general, this coal could be processed with relatively shallow froth depths and
still achieve an excellent grade of 4% product ash.

e Increased air flow rates led to slightly higher product ash contents and
recoveries for the column cells.
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Table 2. Highlights of Bench-Scale Test Results (Raw Coal Sample)

Jameson Cell Outokumpu Packed Column Open Column
Feed Velocity (cm/s) 4.57 1.10 1.80 220 3.00 3.00 0.95 0.79
Aeration Rate (cm/s) NA NA 24 2.4 42 4.2 24 16
Wash Water Velocity (cm/s) 0.78 0.17 0.28 0.26 0.28 0.28 0.20 0.20
Froth Mass Loading (gm/min/cm?)|  4.50 1.25 1.62 217 4.01 3.65 1.53 0.89
Product Ash (%) 3.80 4.70 7.30 7.90 4.90 3.50 5.30 4.10
Product Sulfur (%) N/A 1.02 1.20 117 1.04 1.01 1.00 N/A
Energy Recovery (CMR, %) 72.9 854 685 66.0 87.2 80.5 93.0 86.0

Energy recovery was found to be to be primarily a function of reagent dosage and aeration
rates. Frother was the most significant reagent for the Jameson and open column cells, with
increasing frother addition leading to higher recoveries. The ratio of fuel oil to frother was fixed

for the packed column tests, and increasing the rate of addition was found to increase recovery.

Cell capacity was generally dictated by froth mass loading considerations for the raw coal feed,
especially for the Outokumpu and open column cells. High feed mass loadings resulted in
reduced recoveries or placed limits on the capacity of the cell. The froth mass loading for the
Jameson and packed column cells exceeded the levels observed for the open column. In the
case of the Jameson cell, the ratio of feed pipe diameter (downcomer) to froth tank area was
increased during the final set of tests to evaluate the first-stage capacity (high-capacity tests).
These tests achieved a froth loading of 2.7 tph/m? (4.5 gm/min/cm® with a recovery of 73%.

This result indicates that the Jameson cell could be used at much higher capacities in first-

stage applications compared to their usage as single-stage units.
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Flotation Performance for the Tailings Sample

Ten tests were run to evaluate the cleaning of the tailings using open and packed column cells
as second-stage units. Typical results, shown in Table 3, indicate that a relatively low-ash
product can be recovered from a feed containing 40-50% ash. This is equivalent to a combined
first- and second-stage energy recovery of 93-96%. The column cells achieved good
separation efficiency at feed velocities in the range of 1.8-3 cm/sec. The maximum froth
loading measured in the second-stage test work was 0.9 tph/m® (1.53 gm/min/cmz). This
constraint is within the anticipated requirements for processing dilute feed slurries expected for
second-stage operations. The expected residence time requirement for second-stage column

cell operation is 2-4 minutes.

Table 3. Highlights of Bench-Scale Test Results (Tailings Sample)

Packed Column Open Column

Test Numbers T3 27

Feed Velocity (cm/s) 297 1.84
Aeration Rate (cm/s) 4.2 2.5
Wash Water Velocity (cm/s) 0.28 0.20
Froth Mass Loading (gm/min/cm?) 1.06 153
Product Ash (%) 6.5 8.1

Energy Recovery (CMR, %) 73.9 88.0

Process Economics

Process economics were analyzed using two distinct approaches. In both cases, levelized
costs were used as the basis of comparison. The first approach consists of viewing the fine
coal circuit by itself. In this approach, four single-stage and four two-stage flotation circuits are
compared on the basis of their levelized costs, which include capital costs, operating costs, and
the amount of energy recovered from an equal amount of feed. These data are summarized in
Table 4, which also shows the same parameters for the conventional flotation cells. In addition,

the ash content of the various products is shown for purposes of comparison.
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Table 4. Economic Comparison of Flotation Circuits
Circuit Levelized Cost, Energy Recovery, Product Ash

$/MMBtu % (db)
Conventional flotation 0.20 85.0 7.5
Jameson 0.21 90.1 4.2
Outokumpu 0.20 85.0 8.0
Open column 0.16 93.0 5.3
Packed column 0.18 91.4 4.9
Jameson/Packed column 0.16 92.9 4.4
Jameson/Open column 0.14 96.8 4.9
Outokumpu/Packed column 0.16 91.8 71
Outokumpu/Open column 0.14 96.3 7.5

v

If only a single-stage circuit were to be deéigned and built, the open column has an advantage
when both the product quality and levelized costs are considered. Two-stage circuits are
generally more cost-effective than single-stage circuits. Further, their levelized costs are similar

in all four cases, and as long as the fine coal circuit is considered in isolation, any of these four

alternatives would perform equally well.

In the second approach, the flotation circuit is analyzed as a component in the whole cleaning
plant. In this approach, the effects of the yield and quality in the fines circuit are studied
interactively with the coarse coal cleaning circuits, e.g., heavy-media cyclones, in the plant. In
this view, a two-stage circuit using a Jameson cell with an open or a packed column makes
products with a significantly lower ash content while still achieving high energy recoveries. This
improvement in the quality of the fines would allow the plant operators to increase the
separation gravity in the coarse circuits, resuiting in a slight increase in ash and yield for their
products, while still maintaining the same overall quality, i.e., Btu, ash, moisture, etc., of the
product on a plant-wide basis. An economic analysis carried out for a target plant product with
13,000 Btu/lb heating value (as-received basis) showed that an overall gain in the plant

recovery of 0.8% can be achieved when using the Jameson/packed column two-stage option.

When this increased energy recovery is factored into the levelized costs for this circuit, it results
in the lowest overall cost of $0.125/MMBtu in the product.
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Equipment Selection for POC Pilot-Scale Tests

After reviewing the performance data and related economics, the flotation machines and circuits
recommended for POC testing at the pilot scale are:

e Single-stage Jameson cell
¢ Single-stage packed column
o First-stage Jameson cell, second-stage packed column.

The Jameson cell was selected for the first stage based on its good performance and low
operating costs. The high-capacity tests indicated that it has a good potential for recovering a
low-ash product with a high froth mass loading. Both the open and packed column cells
achieved good process separations and demonstrated the potential for high-capacity operations
with dilute feed slurries (second-stage feed conditions), and either cell would be suitable for
demonstration of two-stage circuits. Both cells were capable of producing a product containing
less than 4% ash from the raw coal. The packed column was selected in favor of the open

column because of its:

¢ Potential for achieving high froth mass loading levels
e Potential for process control via regulation of froth depth
¢ Enhanced process separation efficiency when producing a low-ash product
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1.0 INTRODUCTION
The work activities of this project are structured in two phases:

+ Phase I: Bench-scale testing and equipment selection
e Phase lI: In-plant, proof-of-concept (POC), pilot-scale testing.

This report presents the results of the Phase | work. The basic goal of this phase was to
complete the bench-scale testing of the cells mentioned below and to recommend single- and
two-stage circuits for testing at the POC scale in Phase Ii:

Jameson cell

Outokumpu HG tank cell

Packed column
Open column.

The report is structured in sections corresponding to each major work activity. The project
objectives and the equipment selection criteria formulated at the start of the project are
presented in Section 2.

Section 3 describes test sample collection and related sample analysis.
In Section 4, plant data and initial construction of a two-stage material balance are discussed.

In Section 5, the bench-scale test work is described and the results are analyzed. In general, .
the testing included the following:

e Each cell was tested for single-stage operation.

e The Jameson and Outokumpu cells were also tested for use as the first stage
of a two-stage circuit.

¢ The open and packed column cells were tested for use as the second stage of
a two-stage circuit.

In Section 6, a conceptual design based on the bench-scale test results is developed for both
single- and two-stage circuits. The bench-scale test results are scaled up and circuit material

balances are completed for the following eight configurations:
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Single-stage operation . Two-stage operation
Jameson cell / Jameson/open column
Outokumpu HG tank cell Jameson/packed column
Open column Outokumpu/open column
Packed column _ Outokumpu/packed column

Section 7 presents the economics of using each single- and two-stage circuit at the Cyprus
plant. Levelized product costs are used as the basis for making comparisons between circuits.

The economics include a sensitivity analysis of coal and process assumptions that impact the
levelized costs.

Section 8 presents a discussion of the merits of two-stage circuits.

Equipment selection recommendations for the in-plant POC pilot-scale tests are presented in

Section 9.

2.0 PROJECT OBJECTIVES
The objective of the project is to test advanced flotation concepts in order to improve fine coal
cleaning and develop an optimal circuit configuration. This project objective may be broken

down into the following subsections:

« Evaluate emerging flotation equipment and practices and select four advanced
flotation cells. '

e Conduct bench-scale studies to establish the relationships between capacity
and product recovery and ash content for each cell.

¢ Conduct economic analyses of the bench-scale results and select two of the
most promising advanced flotation cells for POC testing.

e Design and construct a pilot-scale POC flotation circuit to conduct single- and
two-stage flotation tests.

o Test and demonstrate single- and two-stage circuits to gather operating data
for accurate estimation of full-scale plant operations.
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The criteria for selection of advanced flotation equipment are summarized below.

e Good cleaning performance, i.e., ash and sulfur rejection, at high Btu recovery
levels

o Sufficient data available at the laboratory scale, or larger, to substantiate
process performance claims

 Demonstrated operations for coal or other mineral applications

o Ability to recover a high-grade coal product from a raw coal feed with high
specific capacity. (This is important for rate-limited cells when used as first-
stage units.)

o Efficient recovery of low-ash coal from a high-ash feed coal. (This is important
for second-stage cells receiving a high-ash feed.)

o Amenability to process control under varying plant conditions.

The four flotation cells selected for bench-scale test work were:

e A Jameson cell

¢ An Outokumpu Mintec HG tank cell

¢ A Pyramid Resources, Inc. open column cell

¢ A packed column cell from Mineral Technologies International, inc. (MTI).

Four equipment vendors with proven expertise in conducting bench-scale test work were
selected for the work. The Jameson cell was tested at Southern lllinois University at
Carbondale (SIUC), Carbondale, IL; the open column tests were conducted at the Pyramid
Resources, Inc. facility in Salt Lake City, UT; the packed column tests were conducted at MTI
facilities in Morgantown, WV; and the Outokumpu Mintec HG tank cell was tested at the Cyprus
Emerald facility in Waynesburg, PA.

3.0 SAMPLE COLLECTION AND ANALYSIS

3.1 Sample Collection
Representative samples of the 150u x 0 (100M x 0) stream from the Emerald plant were
collected to conduct the bench-scale test work. Muitiple samples were collected to correspond
to each flotation circuit to be tested. These were:

+ Minus 100-mesh raw coal (classifying cyclone overflow) flotation feed

¢ Flotation tailings
e Froth flotation product from the existing flotation cells.
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Relatively large quantities of the first two streams, i.e., feed and tailings, were collected in order
to ship them to vendors for bench-scale testing. In addition, 5-gallon samples from all three
streams were collected and set aside for analytical purposes.

A total of 45 drums in five sets (9 drums/set) of flotation feed and 10 drums in another five sets

(2 drums/set) of the flotation tailings were collected.

The drums were filled using a flexible hose connected to the sampling port of the plant feed and
tailings streams. During sample collection, the hose was transferred from one drum to another
while attempting to minimize spillage. The samples were collected in increments of 5 gallons

each. Sample collection lasted over five shifts.

3.2 Sample Analysis

The 5-gallon analytical samples collected over the entire sampling period were combined to
form raw coal and tailings composite samples which were used for the preliminary analytical
and characterization work. Coal characterization tests were conducted on plant flotation feed,
product, and tailings samples to provide information necessary for bench-scale testing. The
150 x 0 (100M x 0) plant flotation feed coal and the tailings sample were fully characterized for
proximate analysis as per ASTM standards (ASTM D 3173, D 3174, D 3175); total sulfur and
forms of sulfur were determined based on ASTM D 2492. The plant feed coal analysis is

presented in Table 5 and the plant tailings sample analysis is presented in Table 6.

Table 5. Plant Flotation Feed Coal Analysis

Parameter Value
Ash 19.99
Sulfur forms
Sulfatic sulfur 0.00
Pyritic sulfur 0.49
Organic sulfur 0.61
Total sulfur 1.10
Btu/lb 11,911
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Table 6 . Plant Flotation Tailings Analysis

Parameter Value
Ash 47.83
Sulfur forms
Sulfatic sulfur 0.01
Pyritic sulfur 1.41
Organic sulfur 0.33
Total sulfur 1.75
Btu/lb 7,359

Figure 1 illustrates the particle size distribution of the plant feed which was determined using a
Microtrac Analyzer.

Washability tests were also conducted on the plant feed coal based on ASTM D 4371 using the

centrifuge sink/float technique, the results of which are presented in Table 7.

Table 7. Plant Flotation Feed Coal Washability Analysis (100M x0)

Elementary Data Cumulative Computed Data Analysis
Specific Gravity SO S02/ Btu Ash
Fraction Wt% Ash Suifur Btu* MBtu Wt% Ash Suffur Btu MBtu Recovery CMR % Rejection %

Float 1.3 254 22 080 14768 1.22 254 22 09 14768 1.22 30.7 30.3 96.9
13 14 34.4 56 099 14142 140 59.7 42 095 14408 1.32 70.6 69.9 86.2
1.4 1.5 146 104 095 13270 143 743 54 095 14184 134 86.5 85.9 77.8
15 1.6 6.2 11.8 082 13017 1.26 805 59 094 14095 134 93.1 92.5 73.8
1.6 1.8 3.3 211 087 11381 153 837 65 094 13990 1.34 96.1 95.6 70.0

1.8 Sink 163 780 209 2886 14438 1000 181 113 12184 185 100.0 100.0 0.0

* Estimated
These washability data provide a good estimate of the expected flotation circuit performance
and indicate that at energy recoveries of 85% a product ash content of about 5.3% would be

achieved while about 35% of the total sulfur would be rejected. Since most of the rejected

sulfur is pyritic in nature, pyritic sulfur rejections may reach about 70%.
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Figure 1. Particle Size Distribution of Plant Flotation Feed Coal
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3.3 Batch Flotation Tests

The batch feed and tailings samples were tested in a conventional (batch) flotation cell to
determine a benchmark laboratory performance against which the performance of all the
advanced flotation machines would be assessed. The froth product from a single-stage batch
experiment was repulped and floated in a second stage. Second-stage froth recleaning was
incorporated in an effort to simulate froth washing techniques used in advanced flotation
equipment. The product of this two-stage bench flotation procedure was intended to represent
the product expected from the advanced flotation cells. The results of the batch flotation testing

of the raw coal and tailings samples are presented in Table 8 and Table 9.

The results for the two-stage flotation test on the feed coal show that advanced cells should be
able to provide energy recoveries of 85-90% at 5% product ash values, while rejecting 30% of

the total sulfur.
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Table 8. Batch Flotation Tests on Plant Flotation Feed

One Stage Fiotation Using 5.2% Solids
Collector (Fuel oil) 0.40 kg/tonne coal (.81 Ib/ton)
Frother (SM222) 0.17 kg/tonne coal (0.35 Ib/ton)

~Product(Cumulative Values) .. Performance

Stage Flotation Time Wt% Ash% Sulfur%  Yield% Ash% Sulfur% Btu Rec% Ash Rej

Rougher 30 sec 42% 6.6% 1.09% 42.0% 6.6% 1.09% 49.2% 86%
60 sec 9.9% 6.7% 1.09% 51.9% 6.6% 1.09% 60.8% 83%
120 sec 7.4% 9.2% 1.12% 59.3% 7.0% 1.09% 69.2% 80%
Tails 40.7% 39.9% 1.13%

Jotal 1000% 204% 111%

One Stage Flotation Using 5.2% Solids
Collector (Fuel oil) 0.56 kgftonne coal (1.11 Ib/ton)
Frother (SM222) 0.23 kg/tonne coal (0.47 lb/ton)

—Product(Cumulative Values) . Performance

Stage Fiotation Time Wt% Ash% Sulfur% Yield % Ash% Sulfur% Btu Rec% Ash Rej
60 sec 13.3% 74% 1.14% 64.2% 6.7% 1.11% 76:3% 80%
120 sec 8.9% 94% 1.22% 74.2% 7.1% 1.12% 87.8% 76%
Tails 258% 62.9% 1.01%

TJotal 1000% 215%_  109%

Two Stage Flotation Using 2.9% Solids

Collector (Fuel oif) 0.99 kg/tonne (1.98 ibton) & 1.13 kg/tonne (2.25 Ibfton) -1st and 2nd stage resp.
Frother (SM222) 0.42 kg/tonne (0.84 Ib/ton) & 0.48 kg/tonne (0.96 Ib/ton) -1st and 2nd stage resp.
—Product(Direct Values) ~ __Product(Cumulative Values)

— Performance
Stage Flotation Time Wt% Ash% Sulfur % Yield% Ash% Sulfur% Btu Rec% Ash Rej
Cleaner 30 sec 64.7% 40% 1.09% 64.7%  4.0% 1.09% 76.1%  85.9%
60 sec 7.1% 6.6% 1.22% 71.8% 43% 1.10% 842% 83.4%
120 sec 5.9% 6.3% 1.22% 777% 4.4% 1.11% 91.0%  81.4%
Cleaner Tails 24% 613% 1.77% 80.0% 6.1% 113% 921%  73.5%
Rougher  Tails 20.0% 67.8% 1.21%

Jotal 1000% 18.4% 1.15%
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Table 9. Batch Flotation Tests on Plant Flotation Tailings

One Stage Flotation
Collector (Fuel oil) 1.9 kgftonne (3.8 Ib/ton)
Frother (SM222) 0.7 kg/tonne (01.4 Ib/ton})

Product(Direct Values) Product(Cumulative Values) Performance
Stage Flotation Time Wt% Ash%  Sulfur% Yield% Ash% Sulfur% BtuRec% AshRej%
Rougher 30 sec 22.50 15.17 1.75 15.2 225 1.8 30.2 90.7
60 sec 10.00 9.87 1.66 13.5 325 17 44.4 88.0
120 sec 7.50 14.05 1.12 13.6 40.0 1.6 54.6 85.2
Tails 60.00 52.14 2.09
Total 100.0 36.7 1.68

Two Stage Flotation
Collector (Fuel oil) 0.9 kg/tonne (1.8 Ib/ton) in 2nd stage resp.
Frother (SM222) 0.4 kg/tonne (0.8 Ib/ton) in both 1st and 2nd stage resp.

Product(Direct Values) Product(Cumulative Values) Performance
Stage Flotation Time Wt% Ash% Sulfur% Yield% Ash% Sulfur%  BtuRec% AshRej%
Cleaner 30 sec 16.05 5.64 1.57 16.1 5.6 1.57 240 97.5
60 sec 8.77 6.05 1.59 24.8 58 1.58 374 96.1
Cleaner Tails 13.28 2410 2.31 38.1 122 1.83 53.0 87.4
Rougher Tails, +48 mesh 16.29 8.32 1.93

Rougher Tails, -48 mesh 45.61 67.79 2.1

Total 100.0 36.9 1.82

3.4 QA/QC Analysis

Verification of vendor analyses for ash and total sulfur was completed in two steps: (1) repeat
analysis of project feed coal samples during testing and (ii) analysis of selected bench-scale
samples by an independent laboratory. First, subsamples of the project samples sent to the
vendors were analyzed at the Cyprus coal laboratory. The vendors were also requested to
analyze the feed samples periodically during their test work. The analysis of the Cyprus plant
flotation feed and tailings samples collected for the bench-scale test work is presented in Table

10. The corresponding vendor analysis is presented in Table 11 and Table 12.

As discussed in Section 5, a bench-scale Outokumpu HG tank cell was installed and tested at
the Cyprus plant site using a slipstream of the plant flotation feed. Therefore, for this cell,
comparison of the plant flotation feed analysis with the project sample analysis does not
represent a check on analytical procedures. For this reason, the Outokumpu analysis is not

presented in Table 12.
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Table 10. Analysis of Plant Flotation Feed and Tailings Samples
Set ID Sample Ash Sulfur % Solids

A Raw Coai  20.0 1.09 5.21
B Raw Coal 19.0 1.07 5.20
C+D Raw Coal 183 1.11 2.80
E Raw Coal 18.1 1.1 2.75

Tailings 47.8 1.75 N/A

Table 11. Vendor Analysis of Feed Coal (Flotation Feed) to Test Cells

Vendor (Test Site) Ash, % Sulfur, %
Jameson Cell (SIUC)
Raw coal A 202 1.00
20.4
Raw coal B 19.5
21.5
20.0
Packed Column (MTI)
Raw coal A 20.6 1.12
20.2 1.12
21.0 1.10
20.6 1.10
Raw coal B 20.0 1.12
19.0 1.13
19.6 1.10
Open Column (Pyramid)
Raw coal B 20.2 .87
20.6 1.26
Raw coals B&C 205 1.40
19.6 1.60
Raw coal D 19.5 1.46
19.7 0.87
19.1 0.92
Raw coal E 19.1
19.9
18.5

18.6
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Table 12. Vendor Analysis of Feed Coal (Tailings) to Test Cells
Vendor (Test Site) Ash, % Sulfur, %

Packed Column (MTI) 46.1 2.10
Open Column (Pyramid) | 46.6 1.30
42.3
48.6
457
445

The second step in checking the vendor analyses was to request that splits of the test samples
be sent to an independent laboratory for analysis. A comparison of the independent laboratory
analyses with the corresponding vendor results is shown in Table 13.

Table 13. Comparison of Vendor and Independent Laboratory Analyses

Sample Vendor. Independent
Laboratory
Ash, % Sulfur, % Ash, % Sulfur, %
Jameson 20.7 N/A 20.7 1.00
419 N/A 4.49 0.97
55.9 N/A 50.2 1.10
20.4 N/A 20.2: 1.07
3.67 NA 419 0.92
46.5 N/A 458 1.20
215 N/A 217 1.01
4.51 N/A 5.05 0.96
56.0 N/A 55.5 1.12
Packed Column
B-4 feed 20.0 1.12 19.3 1.1
4.88 1.07 464 1.05
70.4 1.37 71.2 1.25
B-16 feed 20.02 1.12 18.5 1.12
4.88 1.04 4,68 1.03
59.8 1.38 60.8 1.34
B-17 3.50 1.01 3.42 0.99
51.4 1.40 52.7 1.34
C-1 19.7 N/A 19.9 1.15
475 N/A 4.61 1.01
50.6 N/A 51.0 1.27

The vendor analytical techniques are within ASTM specifications for ash and sulfur with the
exception of the Pyramid open column analysis for sulfur, shown in Table 11. After a review of

these results, Pyramid was requested to use an outside laboratory for this sulfur analysis.
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Sulfur measurements for the Jameson cell were also completed by an outside laboratory. No

other significant differences in the analyses between laboratories were detected.

4.0 PLANT DATA AND FLOTATION CIRCUIT MATERIAL BALANCE
ESTIMATES

41 Conventional Flotation
Before the start of the test program, historical plant flotation data were reviewed to assess

circuit performance. Sample sets of the flotation circuit feed, clean coal, and tailings were
compiled as shown in Table 14.

Table 14. Historical Plant Flotation Performance

Ash % (db) - Sulfur % (db) Energy Total Suifur
Feed Product Tailings Feed Product Tailings  Recovery Rejection, %
28.6 7.8 63.5 1.64 1.81 2.13 81.0 30.8
26.7 8.4 76.1 1.62 1.65 2.09 91.1 25.8
28.4 7.4 61.9 1.62 1.63 2.06 79.5 38.1
31.0 7.6 65.5 1.62 1.59 1.94 79.9 41.4
314 7.4 60.3 1.8 2.1 22 73.7 36.0
26.9 6.7 73.2 1.89 1.77 1.96 88.9 34.8
30.0 8.6 72.8 1.5 1.9 1.73 87.0 35.1
25.0 6.4 36.0 46.5
36.1 9.2 83.8 90.8
36.0 7.7 80.3 88.0
31.9 7.3 788 89.3
30.5 7.8 79.8 90.9
315 7.6 60.5 1.95 2.15 2.37 73.9 39.6
29.7 7.2 71.3 85.7
29.1 7.4 53.2 68.8
26.5 7.9 67.8 86.4
24.9 7.8 71.9 ' 90.0
25.8 7.7 48.3 69.1
24.7 7.3 53.0 76.3

The data represent a wide range in circuit operations, with feed ash ranging from 25% to 36%
and recoveries varying between 46% and 91%. Figure 2 shows a plot of the flotation circuit data
illustrating the trend in energy recovery versus clean coal ash. In addition to the average trend
line, a second curve depicts the assumed grade/recovery curve for the case when the flotation
feed ash content is 20% (ash content of the project sample). Using this low-ash coal feed
gradefrecovery curve, the projected performance of the existing flotation cells is 85% energy
recovery at a clean coal ash content of 7.5%.




Cyprus Emerald Resources Corporation

Bench-Scale Test Results
13 November 1995

Page 19

100

90
80
70 |

60 +

Energy Recovery, %

50

40 |

30 1 L . L ) ' : 1 ! 1 : L 1 L 1 L L L
6.0 7.0 8.0 9.0 10.0

Clean Coal Ash, %

Figure 2. Historical Flotation Grade/Recovery Curve

4.2 Advanced Flotation Circuit Material Balances
Material balance estimates of single- and two-stage flotation circuits were developed based on
information in the literature, discussions with the equipment vendors, and the characterization

test data (batch flotation tests and centrifuge float/sink analyses).

A review of the literature on advanced flotation cell operations indicated that:

* Properly applied wash water was effective in removing entrained ash from the
froth.

* Product ash can approach the ash level measured by float 1.6 specific gravity
(centrifuge sink/float method).

Estimates of the performance for both single-stage and two-stage flotation circuits were derived
from consideration of the washability properties of the raw coal sample and bench-scale
flotation test results as given in Section 3.3. Table 15 and Table 16 list the relevant data for
these tests and the assumed performance for single-stage operation and for the first stage of a

two-stage circuit, respectively. At this point, the overall performance of the two-stage circuit

was assumed to be the same as that of the single-stage circuit.
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Theoretically, the wash water is set in excess of the water carry-over by the froth to remove all

of the process water from the froth and establish a net flow of wash water to the flotation

tailings stream, i.e., negative bias.

Table 15. Estimated Single-Stage Flotation Performance

Raw Coal Laboratory Assumed Single-
Washability Flotation Test Stage Advanced
Float 1.6 SG Flotation Circuit
Performance
Weight yield, % 80.5 77.7 76.6
Btu recovery, % 92.5 91.0 o1
Clean coal ash, % 5.9 4.4 5.0
Clean coal sulfur, % 0.94 1.1 1.0

Table 16. Estimated First-Stage Flotation Performance

Raw Coal Laboratory Assumed First-
Washability Flotation Test Stage Advanced
Float 1.4 SG Flotation Circuit
Performance
Weight yield, % 59.7 % 64.7 60
Btu recovery, % 70.6% 76.1 72
Clean coal ash, % 4.17 % 4.0 4.0
Clean coal sulfur, % 0.95% 1.09 1.0

The assumptions required to complete a material balance for the single-stage and two-stage

circuits are given in Table 17. The feed conditions are taken from the plant flowsheet and the

coal quality values are selected to be compatible with the project raw coal sample.

Table 17. Plant Flotation Circuit Assumptions

Feed Rate, tph 76
Flow Rate, gpm 9000
Feed % solids 3.3%
Feed ash, % 20
Feed sulfur, % 1.1

The plant feed conditions and circuit performance assumptions (Table 15, Table 16, and Table
17) were used to derive material balance estimates for the single-stage circuit, given in Table

18, and for a two-stage configuration, given in Table 19.
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The important features of the assumed material balances are:
* Feed percent solids is 3.3%
e Overall product ash is 5% ash
o Energy recovery is 91%
o Second-stage feed ash is 44%
e Second-stage feed percent solids is 1.4%

e Second-stage flow rate is approximately equal to Aﬁrst—stage flow rate.

Table 18. Estimated Single-Stage Material Balance

Solids, Solids, Water, Slurry, Slurry Slurry  Ash, Sulfur,
tph % tph tph Density Flow Rate, % %
gpm
Feed 76 3.35 2193 2269 1.008 9000 20.0 11
Wash water 250 250 1.000 1000
Product 58 20 233 291 1.053 1107 5.0 1.0
Tailings 18 0.80 2210 2228 1.002 8893 69.2 1.4

Table 19. Estimated Two-Stage Flotation Material Balance

Solids, Solids, Water, Slurry, Slurry Slurry Ash, Sulfur,
tph % tph tph Density Flow Rate, % %
. apm
1st-stage balance
Feed 76 3.3 2,193 2,269 1.008 9,000 20.0 1.1
Wash water 200 200 1.000 800
Product 46 20.0 182 228 1.053 866 4.0 1.0
Tailings 3 1.4 2,211 2,241 1.003 8,934 44.0 1.3
2nd-stage balance
Feed 30 14 2,21 2,241 1.003 8,934 44.0 13
Wash water 75 75  1.000 300
Product 13 20.0 51 63  1.053 240 8.6 1.0
Tailings 18 0.8 2,235 2,253 1.002 8,993 69.2 1.4
Combined product 58 233 291 1.053 1,107 5.00 1.0
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5.0 BENCH-SCALE TESTS

5.1 Introduction

As described in Section 4, coal characterization flotation tests and washability analyses
conducted prior to bench-scale testing indicated that a product containing less than 5% ash
could be achieved with high energy recovery. The flotation cell vendors were informed of these
results before starting the bench-scale test work and were asked to achieve a minimum energy
recovery of 85% at a product ash of 5% for a single-stage operation. The second-stage
performance target (tailings sample) was set at production of a 5-10% ash product at a

minimum 70% energy recovery. This would provide a total energy recovery of 90% or more in
the two-stage operation.

The vendors were also instructed to determine cell operating conditions to produce a low-ash
first-stage product at maximum capacity and lower-than-acceptable total energy recovery. A
grade/recovery relationship for a second-stage operation was established using the plant
tailings sample in the column cells. By determining the conditions for single-stage and two-

stage flotation operations, a total grade/recovery relationship for the two stages could be
calculated.

During the test work, a Praxis test engineer visited each test site to inspect the work in progress
and to assure that appropriate QA/QC measures were adopted during test and analytical work.
Flow rates, equipment calibration, and process calculations were verified to assure that the
reported values were accurate. Cell operations were discussed with the vendors, and their
recommendations for equipment scale-up were obtained. Test work on the Outokumpu HG tank
cell was conducted in the Cyprus plant under the supervision of a test engineer from Praxis.
The dimensions of the cells used for the bench-scale test work are given in Table 1. The bench-
scale tests conducted for each flotation machine, along with the results obtained, are

summarized in this section.

5.2 Jameson Cell
All bench-scale tests for this cell used only feed coal. The test work was conducted in two

sequences. First, a series of 19 single-stage tests and 3 two-stage tests was completed,

primarily to quantify the importance of major operating parameters (parametric studies). A
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6-inch diameter cell was used for this series and the equipment configuration such as the
downcomer diameter and orifice size was set to conform to sizes (24.5 mm and 3 mm,

respectively) used for coal flotation in Australia.
A second series of tests was completed at very high feed flow rates in order to evaluate the
Jameson cell for first-stage operations. A 4-inch diameter cell was used for these tests in order

to minimize sample usage.

The major process parameters tested were:v

Reagent dosage

Froth depth

Feed rate

Two-stage processing.

All tests were carried out on a semi-batch basis. Coal slurry was batched to a holding tank and
agitated with a mixer. The feed slurry was also recirculated with a pump. Fuel oil was added to
the feed coal batch and mixed (conditioned) for five minutes before the start of testing. Frother
was added directly into the feed pipe. Air was adjusted to produce a stable froth in accordance
with previous process parameter settings used for treating coal. The cell was operated for at
least 600 seconds (10 minutes) until steady state was achieved, after which product and tailings
samples were collected simuitaneously. For each set of tests, a feed sample was taken prior to
the start of testing. |

During testing, it was observed that the downcomer operation was very consistent and the
partial vacuum developed in it remained stable. Similarly, the froth depth was also consistent
and did not vary more than +0.635 cm (+0.25 inches). The froth achieved was dense and
viscous with a small bubble structure. However, the discharge from the cell was continuous and

consistent.

The bench-scale tests conditions are shown in Table 20 and results are shown in Table 21.
The various scale-up parameters for these tests are shown in Table 22. This table presents the
Jameson cell test conditions after conversion to superficial velocity and mass loading values for

purposes of comparison to the other flotation cells. Since the flow rate to the Jameson cell is
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set by the downcomer jet action, the feed mass flow rate was tested over a narrow range of
1.14 to 1.44 tph/m2 during the parametric tests (1.9 to 2.4 gm/min/cmz) with a feed superficial
velocity of about 1.5-1.6 cm/s (3.0-3.2 ft/min) (calculation based on froth tank area and feed
flow rate). The corresponding froth mass flow rate was 0.6-1.02 tph/m? (1.0-1.7 gm/min/cm?).

The prefixes designating test types in these tables stand for the following:

s VR: Reagent dosage variation

o LF: Low frother

e VF: Variable froth depth tests

e HT, DT Feed rate variability

o TS: Two-stage tests

o HV: Series 2 tests with high volumetric feed rates.

Table 20. Bench-Scale Test Conditions for Jameson Cell

Feed Flow Rate  Solids Mass Flow Rate Fuel Ot Frother Froth Depth Wash Water Air
Test m/s x am/  Kg/ b/ Kgl b/ Kg! m/s m’s
Number gpm 10° % min s ton t ton t in m gpm  x10° Vmin  x 107
15.2 cm (6 inch) diameter Jameson cell
VR-1 317 0.20 2.96 355 0.0059 1.33 0.67 0.67 0.34 15 0.38 0.50 0.032 NA NA
VR-2 317 0.20 2.96 355  0.0059 1.67 0.84 0.80 0.40 18 046 0.50 0.032 NA NA
VR-3 3.17 0.20 2.96 356  0.0059 2.00 1.00 1.00 0.50 20 051 0.50 0.032 NA NA
VR4 3.17 0.20 2.96 355 0.0059 233 1.17 1.17 0.59 21 053 0.50 0.032 NA NA
VR-5 3.17 0.20 2.96 355 0.0059 2.67 1.34 1.33 0.67 22 0.56 0.50 0.032 NA NA
VR-6 3.17 0.20 2.96 355 0.0059 3.00 1.50 1.50 0.75 22 056 0.50 0.032 NA NA
VF-1 3.43 0.22 2.91 378 0.0063 267 1.34 1.33 0.67 23 058 0.50 0.032 NA NA
VF-2 3.43 0.22 2.91 378  0.0063 2.67 1.34 1.33 0.67 17 043 0.50 0.032 NA NA
VF-3 3.43 0.22 291 378 0.0063 2.67 1.34 1.33 0.67 13 033 0.50 0.032 NA NA
VF-4 3.43 0.22 2.91 378 0.0063 2.67 1.34 1.33 0.67 10 025 0.50 0.032 NA NA
VF-§ 3.43 0.22 2.91 378 0.0063 2.67 1.34 1.33 0.67 7 0.18 0.50 0.032 NA NA
HT-1 3.96 0.25 2.91 436 0.0073 2.67 1.34 1.33 0.67 5 0.13 0.50 0.032 NA NA
HT-2 3.6 0.25 2.91 436  0.0073 2.67 1.34 1.33 0.67 4 0.1 0.50 0.032 NA NA
DT-1 3.17 0.20 2.71 325 0.0054 2.67 1.34 1.33 0.67 7 0.18 0.50 0.032 NA NA
DT-2 3.17 0.20 2.71 325 0.0054 2.67 1.34 1.33 0.67 5 0.13 0.50 0.032 NA NA
LF-1 317 0.20 2.94 353 0.0058 3.00 1.50 1.00 0.50 6 0.15 0.50 0.032 NA NA
LF-2 3.17 0.20 2.94 353  0.0059 3.50 1.75 0.80 0.40 6 0.5 0.50 0.032 NA NA
LF-3 3.17 0.20 2.94 353 0.0059 4.00 2.00 0.50 0.25 2 0.05 0.50 0.032 NA NA
TS-1 3.96 0.25 2.89 433 0.0072 267 1.34 1.33 0.67 5 0.13 0.50 0.032 NA NA
TS-2* 3.30 0.21 0.91 114 0.0019 0.00 0.00 0.00 0.00 6 0.15 0.50 0.032 NA NA
TS-3* 3.30 0.21 0.91 114  0.0018 1.30 0.65 0.80 0.40 6 0.15 0.50 0.032 NA NA
TS-4* 3.30 0.21 0.91 114 0.0019 3.50 175 2.10 1.05 6 0.15 0.50 0.032 NA NA
10.2 cm (4 inch) diameter Jameson celf

HVR-1 5.87 0.37 2.67 593 0.0099 2.20 1.10 1.13 0.57 22 058 1.00 0.063 NA NA
HVR-2 5.87 0.37 2.67 693  0.0099 1.70 0.85 0.85 0.43 19 048 1.00 0.063 NA NA
HVR-3 5.87 0.37 2.67 593 0.0099 1.70 0.85 0.85 0.43 16 0.41 1.00 0.063 NA NA
HVR-4 5.87 0.37 2.67 593 0.0099 1.70 0.85 0.85 0.43 6 0.15 1.00 0.063 NA NA
HVTS-1 5.87 0.37 2.71 602  0.0101 2.00 1.00 0.76 0.38 22 056 1.00 0.063 NA NA
HVTS-2* 587 037 103 223 0.0038 000 0.00 000 0.00 6 0.5 0.50  0.032 NA  NA
HVTS-3* 587 037 103 228 0.0038 020 0.10 000 0.0 13 033 050  0.032 NA  NA
HVTS-4* 587 037 103 229 0.0038 020 010 000 0.00 3__0.08 050  0.032 NA _ NA

* Two stage tests
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Table 21. Bench-Scale Test Results for Jameson Cell

Feed Product Tailings Analysis
Test Ash Sulfur Pyr. S Ash  Sulfur Pyr. S Ash Sulfur Pyr. S Yield, CMR, AshRej TSR PSR
Number % % % % % % % % % % % % % %
15.2 cm (6 inch) diameter Jameson cell
VR-1 20.2 36 0.98 38.4 52 63 91
VR-2 20.2 37 46.1 61 74 89
VR-3 20.2 3.9 51.1 65 79 87
VR-4 20.2 1.00 049 4.2 0.97 0.25 55.9 1.10 1.08 69 83 86 33.0 64.8
VR-5 20.2 1.00 3.7 1.01 §3.9 67 81 88 322
VR-6 202 4.0 457 61 74 88
VF-1 204 1.07 057 3.7 0.92 0.24 46.5 1.20 1.01 61 74 89 476 74.3
VF-2 204 38 51.8 65 79 88
VF-3 204 3.9 545 67 81 87
VF-4 20.4 4.0 57.9 70 84 87
VF-5 20.4 4.0 60.1 71 85 86
HT-1 19.5 4.1 1.02 60.7 73 87 85
HT-2 19.5 4.2 67.3 76 90 84
DT-1 215 1.01 0.53 4.5 0.96 0.27 56.0 1.19 1.12 67 82 86 363 65.9
DT-2 21.5 1.01 4.7 1.02 61.4 70 85 85 29.0
LF-1 20.0 44 49.9 66 79 86
LF-2 20.0 4.0 53.6 68 81 86
LF-3 20.0 7.2 79.8 82 96 70
TS-1 19.5 4.1 1.04 60.7 73 87 85
TS-2 579 75 80.8 31 69 96
TS-3 57.9 8.1 82.7 33 73 95
TS-4 57.9 7.9 81.9 32 71 96
10.2 cm (4 inch) diameter Jameson cell
HVR-1 37.6 37 66.0 46 70 96
HVR-2 37.6 4.3 74.1 52 80 94
HVR-3 376 4.0 68.3 48 73 95
HVR-4 376 53 51.8 31 46 96
HVTS-1 200 3.8 45.0 81 73 89
HVTS-2 450 4.7 483 8 13 99
HVTS-3 45.0 ’ 5.1 59.5 27 46 97
HVTS-4 45.0 7.8 58.7 27 45 95

* Two stage tests
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Table 22. Jameson Cell: Superficial Velocities and Mass Loadings

Superficial Velocities Mass Loadings
Mean Residence Time Feed Wash Water  ~ Air Feed Froth
Test gm/min/ tph/ gm/min/ tph/
Number min s cm/s /s cm/s m/s cms m/s cm? m? cm’ m?
15.2 cm (6 inch) diameter Jameson cell
VR-1 1.27 76.41 1.10 0.011 0.17 0.002 NA NA 1.95 1.17 1.02 0.61
VR-2 1.16 69.47 1.10 0.011 0.17 0.002 NA NA 1.95 117 1.19 0.71
VR-3 1.08 64.83 1.10 0.011 0.17 0.002 NA NA 1.95 1.17 1.28 0.77
VR-4 1.04 62.52 1.10 0.011 0.17 0.002 NA NA 1.95 1.17 1.34 0.81
VR-5 1.00 60.20 1.10 0.011 0.17 0.002 NA NA 1.95 1.17 1.31 0.78
VR-6 1.00 60.20 1.10 0.011 0.17 0.002 NA NA 1.95 1.17 1.19 0.72
VF-1 0.89 53.50 1.19 0.012 0.17 0.002 NA NA 2.07 1.24 1.26 0.76
VF-2 1.1 66.34 1.19 0.012 0.17 0.002 NA NA 2.07 1.24 1.36 0.81
VF-3 1.25 74.90 1.19 0.012 0.17 0.002 NA NA 2.07 1.24 1.40 0.84
VF-4 1.36 81.32 1.19 0.012 0.17 0.002 NA NA 2.07 1.24 1.44 0.86
VF-5 1.46 87.74 1.19 0.012 0.17 0.002 NA NA 2.07 1.24 1.47 0.88
HT-1 1.33 79.70 1.37 0.014 0.17 0.002 NA NA 2.39 1.44 1.74 1.04
HT-2 1.36 81.56 1.37 0.014 0.17 0.002 NA NA 2.39 1.44 1.81 1.09
DT-1 1.58 94.94 1.10 0.011 0.17 0.002 NA NA 1.78 1.07 1.20 0.72
DT-2 1.66 99.57 1.10 0.011 0.17 0.002 NA NA 1.78 1.07 1.25 0.75
LF-1 1.62 97.25 1.10 0.011 0.17 0.002 NA NA 1.94 1.16 1.27 0.76
LF-2 1.62 97.25 1.10 0.011 0.17 0.002 NA NA 1.94 1.16 1.31 0.79
LF-3 1.78 106.51 1.10 0.011 0.17 0.002 NA NA 1.94 1.16 1.59 0.96
TS-1 1.33 79.70 1.37 0.014 0.17 0.002 NA NA 2.38 1.43 1.73 1.04
TS-2 1.56 93.42 1.14 0.011 0.17 0.002 NA NA 0.62 0.37 0.19 0.12
TS-3 1.56 93.42 1.14 0.011 0.17 0.002 NA NA 0.62 0.37 0.21 0.12
TS-4 1.66 93.42 1.14 0.011 0.17 0.002 NA NA 0.62 0.37 0.20 0.12
10.2 cm (4 inch) diameter Jameson cell
HVR-1 0.24 14.45 4.57 0.046 0.78 0.008 NA NA 7.32 4.39 3.34 2.00
HVR-2 0.27 16.12 4.57 0.046 0.78 0.008 NA NA 7.32 439 3.83 2.30
HVR-3 0.30 17.78 4.57 0.046 0.78 0.008 NA NA 7.32 4.39 3.50 210
HVR-4 0.39 23.34 457 0.046 0.78 0.008 NA NA 7.32 4.39 2.23 1.34
HVTS-1 0.24 14.45 4,57 0.048 0.78 0.008 NA NA 7.43 4.46 4.50 270
HVTS-2 0.39 23.34 4.57 0.046 0.39 0.004 NA NA 2.82 1.69 0.21 0.13
HVTS-3 0.32 19.45 4.57 0.0486 0.39 0.004 NA NA 2.82 1.69 0.75 0.45
HVTS-4 0.42 25.01 4,57 0.046 0.39 0.004 NA NA 2.82 1.69 0.76 0.46

* Two stage tests
The results of various series of tests are discussed in the following sections.

5.2.1 Parametric Studies: Discussion of Results
The main conclusions of the parametric tests are that higher recoveries are achieved by:

¢ Increasing reagent dosages
e Reducing the froth depth, or
* Reprocessing the tailings in a second stage.

These conclusions are graphically illustrated in Figure 3.
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Test results showed that the grade/recovery curve for this case is very steep, i.e., a large
increase in recovery can be realized with only a small increase in the product ash content. This
is indicative of a high degree of liberation. It can be seen in Figure 4 that product ash variation
from about 3.5% to 4.4% can mean a shift in energy recovery from 65% to about 85%. Figure 5
shows the grade/recovery relationship in terms of energy recovery and the total sulfur of the
clean coal product obtained after processing in the Jameson cell. This relationship also shows a
similar trend in that a fairly large shift in energy recovery can occur without much impact on
product sulfur. The reason for this phenomenon is that most of the sulfur remaining in the froth
is organic, which does not change with recovery.

The relationship of ash and sulfur rejection with energy recovery is shown in Figure 6 and

Figure 7. It can be seen that at 85% energy recovery, ash and sulfur rejections are 85% and
30% respectively.
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Figure 5. Jameson Cell: Energy Recovery vs. Clean Coal Sulfur
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5.2.2 High-Capacity Tests

Although the parametric tests indicated that good process separation efficiency could be
realized, the capacity achieved was perceived to be low, especially for first-stage operation in a
two-stage flotation circuit. A series of eight high-capacity tests was conducted to determine
whether the separation efficiency could be maintained at high mass loadings in the froth. A

4-inch diameter test cell was used for these tests as a means of conserving the coal sample.

All relevant data for these tests are shown in Table 20, Table 21, and Table 22. The tests are
prefixed with “HV.” The high-capacity tests were run at four times the flow rate per cross-
sectional area of the original tests for a superficial feed velocity of 4.57 cm/s. The wash water
was proportioned to the expected froth mass loading. A deeper froth bed was used to provide
sufficient time for removal of entrained ash. Lower reagent dosages were used for economical
operations. The results indicate that low product ash could still be achieved under these
conditions. The final test using the original project coal produced a 3.8% ash product with 73%
energy recovery. The froth mass loading was 4.5 gm/minlcmz, and showed that much higher

flow rates are possible when this cell is used in a first-stage application.

5.2.3 Recommended Operating Conditions
Based on the parametric test work, the recommended conditions for the Jameson cell are given

in Table 23 for single-stage operation and in Table 24 for the first-stage application in a two-

stage process.

Table 23. Jameson Cell: Recommended Operating Conditions, Single-Stage Operation

Parameter

Value

Feed velocity
Frother to fuel oil ratio
Total reagent dosage

Froth depth
Wash water flow rate

1.2 cm/s (2.3 ft/min)
1:2t01:3
2 kg/t (4 Ib/ton)
15.2 cm (6 inch)
0.20 cm/s (0.4 ft/min)

Table 24. Jameson Cell: Recommended Operating Conditions, First-Stage Operation

Parameter

Value

Feed velocity
Frother to fuel oil ratio
Total reagent dosage

Froth depth
Wash water flow rate

4.5 cm/s (8.9 f/min)
1:.2.6
1.38 kg/t (2.75 Ib/ton)
56 cm (22 inch)
0.78 cm/s (1.6 ft/min)
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53 Outokumpu Cell

A total of 15 tests were conducted on the Outokumpu HG tank cell at the Cyprus Emerald plant
as part of the bench-scale test work. The test conditions and results are shown in Table 25 and
Table 26. The scale-up parameters for this cell are shown in Table 27. This table provides the
test conditions for the Outokumpu cell after conversion to superficial velocity and mass loading
values for purposes of comparison. The feed superficial velocity varied between 1.0 and 2.2
cm/s with a corresponding feed mass loading of 1.02 to 2.28 tph/m2 (1.7 to 3.8 gmlmin/cmz).
The froth loading was as high as 1.8 tph/m? 3 gm/min/cmz); however, poor process efficiency
was obtained at this loading. A froth loading of 1.08 tph /m’ (1.8 gmlmin/cmz) achieved
acceptable results.

A slipstream of the minus 150n (100-mesh) classifying cyclone overflow was diverted to the

cell. Reagents were added to the feed slurry using metering pumps. The water-soluble frother

was diluted 1:10 to improve metering accuracy.

The major parameters tested were:

e Reagent dosage

e Wash water

¢ Froth depth

e Feed slurry flow rate or residence time.

After preliminary testing, the superficial air velocity was set to approximately 2.3-2.4 cm/s (4.6-
4.8 ft/min) in accordance with vendor recommendations. The cell was operated for a minimum
of 900 seconds (15 minutes) between tests. Product and tailings samples were taken
simultaneously, and feed samples were collected immediately following the collection of product
samples. The Outokumpu cell behaved differently from the other three cells in terms of froth
mobility which showed a great deal of sensitivity to oil. During the first three tests conducted
using 0.54-0.72 kg/t (1.08-1.45 |b/t) of fuel oil, the froth was viscous and did not discharge

easily. Product ash contents were between 9.2 and 10% with energy recoveries in the 73-79%

range.

In order to alleviate this difficulty, tests 4 through 11 were carried out with no oil addition. This

had the desired effect of reducing froth viscosity but also led to a considerable loss of energy
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recovery. Though some improvement was noticed in the product ashes, they still remained well
above the 5% target.

The last set of four tests used about half of the oil used in the first tests. This improved the

energy recovery, but still gave unacceptable product ashes.

The relationship of energy recovery with product ash and sulfur contents is shown in Figure 8
and Figure 9. Figure 10 and Figure 11 show the effect of energy recovery on ash and sulfur
rejections. It can be seen that the Outokumpu cell did not meet the project targets. However, it
must be recognized that it was run using an actual plant slipstream and its performance may
have been somewhat affected by the changing behavior of the plant feed.

Table 25. Bench-Scale Test Conditions for Outokumpu HG Tank Cell

Feed Flow Rate Solids Mass Flow Rate Fuel Oil Frother Froth Depth Wash Water Air

Test m¥s x g Ko/ I/ Ko/ b Kgl ms m/s
Number  gpm 107 % min s ton t ton t in m gpm x10° cfm  x10°
1 11 0.69 2.85 1187 0.02 1.45 0.72 1.12 0.56 25 0.06 2.00 0.13 34 1.60
2 16 1.01 2.60 1575 0.03 1.09 0.55 0.84 0.42 25 0.06 1.00 0.06 3.5 1.65
3 16 1.01 2.62 1587 0.03 1.08 0.54 0.58 0.29 25 0.06 1.00 0.06 3.5 1.65
4 25 1.58 2.54 2404 0.04 0.00 0.00 0.96 0.48 50 0.13 0.00 0.00 3.5 1.65
5 25 1.58 2.59 2451 0.04 0.00 0.00 0.94 0.47 50 013 3.00 0.19 3.5 1.65
6 20 1.26 2.59 1961 0.03 0.00 0.00 1.18 0.59 50 013 3.25 0.21 3.6 1.70
7 20 1.26 2.63 1991 0.03 0.00 0.00 1.45 0.73 5.0 0.13 3.00 0.19 36 1.70
8 20 1.26 2.63 1991 0.03 0.00 0.00 1.45 0.73 50 0.13 0.00 0.00 3.6 1.70
9 20 1.26 3.01 2279 0.04 0.00 0.00 1.44 0.72 50 0.3 0.00 0.00 36 1.70
10 20 1.26 3.01 2279 0.04 0.00 0.00 1.44 072 53 013 3.00 0.19 3.6 1.70
11 25 1.58 3.01 2849 0.05 0.00 0.00 1.01 0.51 53 0.13 3.00 0.19 3.6 1.70
12 25 1.58 2.66 2517 0.04 0.51 0.26 1.15 0.57 50 0.13 3.00 0.19 3.6 1.70
13 25 1.58 2.66 2517 0.04 0.46 0.23 1.30 0.65 50 0.13 3.00 0.19 36 1.70
14 25 1.58 2.80 2744 0.05 0.52 0.26 1.19 0.60 5.0 0.13 3.00 0.18 36 1.70

15 25 1.58 2.90 2744 0.05 0.47 0.24 1.19 0.60 5.0 0.13 3.00 0.19 3.6 1.70
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Table 26. Bench-Scale Test Results for Outokumpu HG Tank Cell

Feed Product Tailings Analysis

Test Ash  Sulfur Ash Sulfur Ash Suifur Yield, CMR, AshRej TSR
Number % % % % % % % % % %
1 304 1.16 9.2 1.33 57.4 1.06 56 73 83 35
2 31.2 1.13 9.6 1.29 616 1.05 58 77 82 33
3 30.0 1.13 10.0 1.28 61.9 0.98 62 79 79 30
4 17.4 1.26 11.8 1.21 269 1.29 63 67 58 40
5 19.5 1.19 9.6 1.14 314 1.18 55 61 73 48
6 19.5 1.19 7.3 1.20 375 1.24 59 69 78 40
7 19.9 1.23 8.4 1.22 34.0 1.25 55 63 77 45
8 19.9 1.23 14.4 1.27 316 1.34 68 73 51 30
9 19.4 1.33 8.5 1.27 328 1.40 56 63 76 47
10 19.4 1.33 7.5 1.22 337 .1.29 55 63 79 50
11 19.4 1.33 14.0 1.25 36.4 1.26 76 81 45 29
12 20.5 1.25 16.0 1.32 38.7 1.32 80 85 37 15
13 20.5 1.25 125 1.30 399 1.32 71 78 57 26
14 20.6 1.27 11.3 1.23 41.3 1.22 69 77 62 33
15 20.6 1.27 7.9 1.21 37.4 1.17 57 66 78 46

Table 27. Outokumpu HG Tank Cell: Superficial Velocities and Mass Loadings

Superficial Velocities Mass Loadings
Mean Residence
Time Feed Wash Water Air Feed Froth
Test gm/min/ tpt/ gm/min/ tph/
Number  min s cm/s m/s cm/s m/s cm/s m/s cm? m? cm? m?
1 1.31 78.67 0.96 0.010 0.18 0.002 223 0.022 1.65 0.99 0.92 0.55
2 0.90 54,09 1.40 0.014 0.09 0.001 229 0.023 2.18 1.31 1.28 0.77
3 0.90 54.09 1.40 0.014 0.09 0.001 2.29 0.023 2.20 1.32 1.36 0.81
4 0.58 34.62 2.19 0.022 0.00 0.000 2.29 0.023 3.33 2.00 2.09 1.25
5 0.58 34.62 2.19 0.022 0.26 0.003 2.29 0.023 3.40 2.04 1.86 1.12
6 0.72 43.27 1.75 0.018 0.28 0.003 2.36 0.024 272 1.63 1.62 0.97
7 0.72 43.27 1.75 0.018 0.26 0.003 2.36 0.024 2.76 1.66 1.52 0.91
8 0.72 43.27 1.75 0.018 0.00 0.000 2.36 0.024 2.76 1.66 1.88 1.13
9 0.72 43.27 1.75 0.018 0.00 0.000 2.36 0.024 3.16 1.90 1.76 1.058
10 0.72 43.27 1.75 0.018 0.26 0.003 2.36 0.024 3.16 1.90 1.73 1.04
11 0.58 34.62 2.19 0.022 0.26 0.003 236 0.024 3.95 2.37 3.01 1.80
12 0.58 34.62 2,19 0.022 0.26 0.003 236 0.024 3.49 2.09 2.81 1.68
13 0.58 34.62 219 0.022 0.26 0.003 2.36 0.024 3.49 2.09 247 1.48
14 0.58 34,6168 2.19 0.022 0.26 0.003 2.36 0.024 3.81 2.28 262 1.57

15 0.58 34.62 2.19 0.022 0.26 0.003 2.36 0.024 3.81 2.28 2.17 1.30
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Figure 8 illustrates the grade/recovery curve for this cell under various conditions tested in

terms of energy recovery and product ash, and Figure 9 illustrates the relationship between
product sulfur and energy recovery achieved for this cell.
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Figure 8. Outokumpu HG Tank Cell: Energy Recovery vs. Clean Coal Ash
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Figure 9. Outokumpu HG Tank Cell: Energy Recovery vs. Clean Coal Sulfur

The relationship of energy recovery with ash and total sulfur rejection is shown in Figure 10 and

Figure 11. These figures show that the cell did not achieve recoveries of 85% or higher, and its

ash and sulfur rejections were correspondingly lower.
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Figure 10. Outokumpu HG Tank Cell: Energy Recovery vs. Ash Rejection
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Figure 11. Outokumpu HG Tank Cell: Energy Recovery vs. Sulfur Rejection
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5.3.1 Recommended Operating Conditions
The recommended conditions for the Outokumpu cell assuming first-stage operation are

presented in Table 28. Recommended single-stage operation would use the same conditions

except that the residence time would be increased from 1 minute to 2.5 minutes.

Table 28. Outokumpu Cell: Recommended First-Stage Operating Conditions

Parameter Value

Residence time 40-60 sec (0.67-1 min) per cell
Fuel oil 0.1-0.25 Kg/t (0.2-0.5 Ib/ton)
Frother 0.5-0.65 Kgft (1.0-1.3 Ib/ton)
Froth depth 20.3 cm (8 inches)

5.4 Packed Column
Packed columns were tested and evaluated for use as single-stage units as well as second-

stage units for cleaning the tailings. In order to assess their performance in these applications,

the following test program was conducted:

e Twenty-nine parametric tests were carried out for the raw coal sample in a
3-in. diameter x 12-ft tall column (shown in Table 29 as A-1 through B-8-5).

o Four tests were conducted on the tailings in a 3-in. diameter x 12-ft tall column
to evaluate its use as the second stage.

5.4.1 Raw Coal Parametric Tests
A total of 29 tests with the plant feed coal were conducted (shown in Table 29 as A-1 through

B-8-5). The major parameters tested were:

Feed slurry flow rate or residence time
Reagent dosage

Wash water

Froth depth

Aeration rate.

The reagent ratio was set at two parts fuel oil to one part frother, and was maintained at this
level throughout the program. The reagents were emulsified prior to the start of each test to
enable higher flow rates through the reagent pump, thereby facilitating accurate monitoring of
reagent addition. The tests were conducted as a series of four major test runs, using a fixed
flow rate for each test run. A minimum of 1200 seconds (20 minutes) was allowed between test
points to ensure steady-state operation. Product and tailings samples were collected

simultaneously. The feed coal was sampled whenever the coal sample barrel was switched.

The bench-scale tests conditions are shown in Table 29, and results are shown in Table 30. In
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general, it can be seen that all tests, except one, achieved the ash target of 5.0% and at least

half of them also provided energy recoveries higher than 85%. The scaleable parameters for

these tests are shown in Table 31.

As can be seen from the data for tests B-8-1 through B-8-5, the packed column was operated
at high mass loadings with a feed of 3.34 tph/m? (5.4 gm/min/cm?) and froth at 2.4 tph/m? (4.0
gm/min/cmz), and still achieved good process efficiency. The results in Table 30 for these tests
show that a high energy recovery of 87% was achieved at a product ash content of 4.9%.
These data compare quite favorably with those of tests B-6 through B-10 where the mass

loading is 33% lower and the energy recoveries are only marginally higher.

The drop in recovery as the feed rate is increased cannot be directly accounted for by the test
work. This drop could either be related to the corresponding reduction in slurry residence time
(bubble attachment) or may be the result of froth dropback as the froth mass flow increases.
However, over the test range considered, the maximum froth loading was not determined and

the possibility exists of higher loadings than 2.4 tph/m? (4.0 gmlminlcmz), used in Test B-8-3,

may be improved further without sacrificing either recovery or quality.
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Table 29. Bench-Scale Test Conditions for Packed Column

. Feed Flow Rate Solids Mass Feed Rate Fuel Qil Frother Froth Depth Wash Water Air
Test m°/s x am Ko/ b/ Kg/ b Kl m'/s m'/s
Number  Vmin 10° % min s ton t ton t in m gom  x10° cfm  x10°

7.6 cm (3 inch) diameter x 366 cm (12 ft) tall
A1 271 0.045 3.00 81.30 0.0014 4.42 2.21 221 111 65 1.65 0.20 0.013 0.50 0.236

A-2 2.71 0.045 3.00 81.30 0.0014 4.42 2.21 2.21 111 87 221 0.20 0.013 0.50 0.236
A-3 271 0.045 3.00 81.30 0.0014 2.00 1.00 1.00 0.50 89 226 0.20 0.013 0.50 0.236
A-3A 271 0.045 3.00 81.30 0.0014 2.00 1.00 1.00 0.50 92 234 0.20 0.013 0.50 0.236
A-4 27 0.045 3.00 81.30 0.0014 2.00 1.00 1.00  0.50 71 180 0.20 0.013 0.50 0.236
A-5 271 0.045 3.00 81.30 0.0014 2.00 1.00 1.00 0.50 62 157 0.20 0.013 1.00 0472

A-8 2.71 0.045 3.00 81.30 0.0014 2.00 1.00 075 0.38 84 213 0.20 0.013 045 0212
A7 2.71 0.045 3.00 81.30 0.0014 1.60 0.75 075 0.38 31 079 0.20 0.013 0.45 0.212
A-8 271 0.045 3.00 81.30 0.0014 1.50 0.75 075 0.38 70 1.78 0.20 0.013 0.55  0.260

A-8 271 0.045 3.00 81.30 0.0014 1.50 0.75 140 070 36 091 0.30 0.019 0.50 0.236
A-10 2.7 0.045 3.00 81.30 0.0014 2.80 1.40 140 070 32 03 0.30 0.019 0.50 0.236
A-11 2.71% 0.045 3.00 81.30 0.0014 2.80 1.40 140 0.70 33 084 0.2¢ 6.013 0.50 0.236
A-12 2.71 0.045 3.00 81.30 0.0014 2.80 1.40 140 0.70 45 114 0.00 0.000 0.50 0.238
A-13 271 0.045 3.00 81.30 0.0014 2.80 1.40 140 070 84 213 0.00 0.000 0.60 0.283

B-1 2.71 0.045 3.00 81.30 0.0014 2.80 1.40 140 0.70 43 1.22 0.30 0.019 0.55 0260

B-2 27 0.045 3.00 81.30 0.0014 2.80 1.40 140 070 42 1.07 0.30 0.019 0.80 0.378

B-3 2.71 0.045 3.00 81.30 0.0014 2.80 1.40 140  0.70 27 0869 0.20 0.013 0.80 0.378

B4 2.71 0.045 3.00 81.30 0.0014 2.80 1.40 140 070 14 0.36 0.20 0.013 060 0.283

B-5 2.71 0.045 3.00 81.30 0.0014 2.80 1.40 140 0.70 33 084 0.20 0.013 0.50 0236

B-6 5.42 0.091 3.00 162.60 0.0027 2.80 1.40 140 070 14  0.36 0.20 0.013 0.50 0.236

B-7 542 0.091 3.00 162.60 0.0027 2.80 1.40 140 070 2% 074 0.25 0.016 0.50 0.236

B-8 5.42 0.091 3.00 162.60 0.0027 2.80 1.40 140 0.70 54 1.37 0.20 0.013 0.50 0.236

B-9 5.42 0.091 3.00 162.60 0.0027 2.80 1.40 140 0.70 70 178 0.25 0.016 0.50 0.236
B-10 5.42 0.091 3.00 162.60 0.0027 2.80 1.40 140 070 ‘66 1.68 0.20 0.013 0.50 0.236
B-8-1 8.20 0.137 3.00 246.00 0.0041 = 1.85 0.93 092 046 16  0.38 0.20 0.013 0.55 0.260
B-8-2 8.20 0.137 3.00 246.00 0.0041 1.85 0.93 0.92 048 68 1.73 0.20 0.013 0.40 0.189
B-8-3 8.20 0.137 3.00 246.00 0.0041 1.85 0.93 092 046 24 061 0.20 0.013 040 0.188
B-8-4 8.20 0.137 3.00 246,00 0.0041 1.85 0.93 092 046 56 1.40 0.20 0.013 040 0.189

B-8-5 8.20 0.137 3.00 246.00 0.0041 1.85 0.93 0.92  0.46 75 1.91 0.20 0.013 0.40 0.189
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Table 30. Bench-Scale Test Results for Packed Column

Feed Product Tailings Analysis

Test Ash Sulfur Ash  Sulfur Ash Sulfur Yield CMR Ash Rej TSR

Number % % % % % % % % % %
7.6 cm (3 inch) diameter x 366 cm (12 f.) tall

A-1 20.6 1.12 3.2 1.00 64.3 1.34 72 87 89 36
A-2 206 112 341 0.99 63.5 1.41 71 87 89 37
A-3 20.2 1.12 1.8 . 0.95 23.2 1.16 14 17 99 88
A-3A 20.2 1.12 4.1 1.03 63.1 1.34 73 87 85 33
A4 20.2 1.12 25 0.98 39.9 1.30 53 64 94 54
A-5 20.2 1.12 4.0 0.99 63.9 1.39 73 88 86 36
A-6 21.0 1.10 44 1.03 56.6 1.27 68 83 86 36
A7 21.0 1.10 29 0.99 46.2 1.27 58 72 92 48
A-8 21.0 1.10 27 0.98 40.2 1.22 51 63 94 54
A-9 20.6 1.11 3.8 1.02 65.8 1.26 73 88 87 ©33
A-10 20.6 1.1 3.9 1.03 65.3 1.33 73 88 86 32
A-11 20.6 1.1 4.0 1.03 66.3 1.28 73 89 86 32
A-12 20.6 1.1 4.9 1.03 67.4 1.28 75 90 82 K
A-13 20.6 1.11 4.6 1.01 70.1 1.37 75 91 83 31
B-1 20.0 1.12 35 1.02 62.8 1.34 72 87 87 34
B-2 20.0 112 3.9 1.04 66.5 1.33 74 89 86 31
B-3 20.0 1.12 3.7 1.03 69.1 1.32 75 90 86 31
B-4 20.0 1.12 4.9 1.07 70.4 1.30 77 91 81 27
B-5 20.0 1.12 4.1 1.04 63.6 1.35 73 88 85 32
B-6 19.6 1.10 52 1.04 62.2 1.26 75 88 80 29
B-7 19.6 1.10 4.3 1.02 58.8 1.24 72 86 84 33
B-8 19.6 1.10 3.8 1.01 54.9 1.30 69 83 86 36
B-9 19.6 1.10 3.1 0.99 40.5 1.27 56 67 o 50
B-10 19.6 110 34 0.99 55.1 1.36 69 83 88 38
B-8-1 19.0 1.13 4.1 1.02 49.5 1.35 67 79 86 39
B-8-2 19.0 1.13 31 0.98 45.2 1.31 62 74 90 46
B-8-3 19.0 1.13 4.9 1.04 59.8 1.38 74 87 81 32
B-8-4 19.0 1.13 3.5 1.01 51.4 1.40 68 81 88 40

B-8-5 19.0 1.13 2.8 0.98 22.0 1.16 15 19 98 87
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Table 31. Packed Column: Superficial Velocities and Mass Loadings (Raw Coal)

Superficial Velocities Mass Loadings
Mean Residence Time Feed Wash Water Air Feed Froth
Test gm/min/ tph/ gm/min/ tph/
Number  min s cm/s m/s cmis m/s cm/s m/s cm? m? cm? m?
7.6 cm (3 inch) diameter x 366 cm (12 ft.) tall .
A-1 3.37 202.50 0.99 0.0099 0.28 0.0028 5.18 0.0518 | 1.78 1.07 1.28 0.77
A2 2.44 146.11 0.99 0.0099 0.28 0.0028 5.18 0.0518 1.78 1.07 1.27 0.76
A-3 2.35 140.98 0.99 0.0099 0.28 0.0028 5.18 0.0518 1.78 1.07 0.25 0.15
A-3A 2.22 133.29 0.99 0.0099 0.28 0.0028 5.18 ~0.0518 1.78 1.07 1.30 0.78
A-4 3.12 187.12 0.99 0.0098 0.28 0.0028 5.18 0.0518 1.78 1.07 0.94 0.56
A-5 3.50 210.1¢8 0.99 0.0099 0.28 0.0028 10.36 0.1036 178 1.07 1.30 0.78
-A-6 2.56 153.80 0.99 0.0099 0.28 0.0028 4.66 0.0466 1.78 1.07 1.22 0.73
A-7 4.83 289.65 0.99 0.0099 0.28 0.0028 4.66 0.0466 1.78 1.07 1.04 0.62
A-8 3.16 189.68 0.99 0.0099 0.28 0.0028 5.70 0.0570 ) 1.78 1.07 0.91 0.55
A-9 4.61 276.83 0.99 0.0099 0.42 0.0042 5.18 0.0518 1.78 1.07 1.30 0.78
A-10 478 287.09 0.99 0.0099 0.42 0.0042 5.18 0.0518 1.78 1.07 1.30 0.78
A-11 4.74 284.52 0.99 0.0089 0.28 0.0028 5.18 0.0518 1.78 1.07 1.31 0.78
A-12 4.23 253.76 0.99 0.0099 0.00 0.0000 5.18 0.0518 1.78 1.07 1.33 0.80
A-13 2.56 153.80 0.99 0.0099 0.00 0.0000 6.21 0.0621 1.78 1.07 1.35 0.81
B-1 4.10 246.07 0.99 0.0099 0.42 0.0042 5.70 0.0570 1.78 1.07 1.29 0.77
B-2 4.36 261.45 0.99 0.0099 0.42 0.0042 8.28 0.0828 1.78 1.07 1.32 0.79
B-3 5.00 299.90 0.99 0.0099 0.28 0.0028 8.28 0.0828 1.78 1.07 1.34 0.80
B4 5.55 333.23 0.99 0.0099 0.28 0.0028 6.21 0.0621 1.78 1.07 1.37 0.82
B-5 4.74 284.52 0.99 0.0099 0.28 0.0028 5.18 0.0518 1.78 1.07 1.31 0.78
B-6 2.78 166.61 1.98 0.0198 0.28 0.0028 5.18 0.0518 3.57 2.14 2.67 1.60
B-7 2.46 147.38 1.98 0.0198 0.35 0.0035 5.18 0.0518 3.57 2.14 2.57 1.54 .
B-8 1.92 115.35 1.98 0.0198 0.28 0.0028 5.18 0.0518 3.57 2.14 2.47 1.48
B-9 1.58 94.84 1.98 0.0198 0.35 0.0035 5.18 0.0518 3.57 2.14 2.00 1.20
B-10 1.67 99.97 1.98 0.0188 0.28 0.0028 5.18 0.0518 3.57 2.14 245 1.47
B8-1 182 109.28 3.00  0.0300 0.28  0.0028 570  0.0570 5.40 3.24 362 217
B-8-2 1.07 64.38 3.00 0.0300 0.28 0.0028 4.14 0.0414 5.40 3.24 3.35 2.01
B-8-3 1.69 101.66 3.00 0.0300 0.28 0.0028 4.14 0.0414 5.40 3.24 4.01 2.40
B-8-4 1.26 75.38 3.00 0.0300 0.28 0.0028 4.14 0.0414 5.40 3.24 3.65 2.19
B-8-5 0.97 58.45 3.00 0.0300 0.28 0.0028 4.14 0.0414 5.40 3.24 0.83 0.50

Figure 12 illustrates the major trends observed in the raw coal tests in the packed column in
terms of the relationship between energy recovery and ash content of the product coal. Along
similar lines, Figure 13 illustrates the performance of the cell in terms of the sulfur content of the

product coal. The relationship of energy recovery to ash and sulfur rejection is also shown in

Figure 14 and Figure 15. As can be seen in Figure 15, total sulfur rejections of about 35% can
be obtained at energy recoveries of 85%.
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Figure 12. Packed Column: Energy Recovery vs. Clean Coal Ash
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Figure 13. Packed Column: Energy Recovery vs. Clean Coal Sulfur
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5.4.2 Second-Stage Test Work
Tests were conducted on a tailings sample at 1.4% solids, again using the 12-ft tall column.

The conditions and results are included in Table 32 and Table 33. The operating conditions
reduced to standard scaleable parameters such as superficial velocities, mass loading, and
residence times are shown in Table 34. The tests were run at a feed velocity of 3 cm/s, which
corresponds to a 2-minute residence time, and achieved froth loadings of up to 0.68 tph/mz.
Table 34 presents the analysis of the test results. At these conditions, the tailings ash was
about 75% and energy recovery was 74-76%. The clean coal ash content ranged between 6.5

and 10%, indicating good separation efficiency for second-stage operations.

Figure 16 and Figure 17 illustrate the overall performance of this cell in terms of the relationship
between energy recovery and clean coal ash, and energy recovery and product sulfur
respectively. Figure 18 and Figure 19 depict the relationship between energy recovery and ash

rejection and sulfur rejection, respectively.

Table 32. Packed Column Test Conditions for Tailings Sample

Feed Rate Solids Feed Rate Fuel Olf Frother Froth Depth Wash Water Air
Test m/s x gm/ Ko/ ib/ Kg/ I/ Kg/ m/s m*/s
Number  lmin 102 % min s ton t ton t in m gpm x1073 cfm  x10°
T-1 8.11 0.135 1.40 713.54 0.0018 280 140 1.40 Q.70 5] 0.13 0.20 0.013 040 U.185
T-2 8.1 0.135 1.40 113.54 0.0018 2.80 1.40 1.40 0.70 5 0.13 0.20 0.013 0.40 0.189
T-3 8.11 0.135 1.40 113.54 0.0018 2.80 1.40 1.40 0.70 5 0.13 0.20 0.013 040 0.189
T4 8.11 0.135 1.40 113.54 0.0018 2.80 140 1.40 0.70 12 0.30 0.20 0.013 0.40 0.189

Table 33. Packed Column Test Results for Tailings Sample

Feed Product Tailings Analysis
Test Ash Suifur Pyr. S Ash  Sulfur Pyr. S Ash Sulfur Pyr. 8 Yield CMR Ash Rej TSR PSR
Number % % % % % % % % % % % % % %
T1 46.1 2.10 7.0 1.98 75.3 217 a3 74 94 60 [¢]
T-2 461 210 10.4 225 75.5 2.01 45 75 90 62 0
T3 46.1 2.10 1.67 6.5 1.88 0.80 75.5 2.14 1.80 43 74 94 62 80
T-4 46,1 2.10 9.3 212 76.7 2.12 45 76 91 54 0

Table 34. Packed Column: Superficial Velocities and Mass Loadings

Superficial Velocifies Wass Loadings
Mean Residence Time Feed Wash Water Air Feed Froth
Test gm/min/ tph/ gm/min/ tph/
Number  min s emls mis cm/is m/s cm/s mis cm? m? cm? m?
T-1 1.898 119.06 297 0.0257 028 0.0028 414 0.0414 243 149 1.06 0.64
T-2 1.98 119.06 297 0.0297 0.28 0.0028 414 0.0414 249 149 112 0.67
T-3 1.98 119.06 297 0.0297 0.28 0.0028 4.14 0.0414 249 1.49 1.06 0.64

T-4 1.88 113.06 297 0.0297 0.28 0.0028 414  0.0414 249 1.49 1.13 0.68
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5.4.3 Recommended Operating Conditions
The recommended conditions for packed column operation are given in Table 35 for single-

stage operation and Table 36 for its use as a second-stage unit.

Table 35. Packed Column: Recommended Single-Stage Operating Conditions

Parameter Value

Feed flow rate 3 cm/s (6 ft/min)

Residence time 150 seconds (2.5 min)

Froth depth 35.5 cm (14 inch) minimum
Fuel oil 1.0 kg/t (2 Ibfton)

Frother 0.6 kg/t (1.4 Ib/ton) or 10 ppm
Aeration rate 4-5 cm/s (8-10 ft/min)

Wash water flow rate 0.15 cm/s (0.3 ft/min)

Table 36. Packed Column: Recommended Second-Stage Operating Conditions

Parameter Value

Feed flow rate 2-3 cm/s (4-6 ft/min)
Residence time 120-180 seconds (2-3 min)
Froth depth 25 cm (12 inch) minimum
Fuel oil 1.0 kg/t (2 Ib/ton)

Frother 0.5 kg/t (1 Ib/ton)

Aeration rate 6 cm/s (12 f/min)

Wash water flow rate 0.28 cm/s (0.6 f/min)

(1) Assumes 1.4% solids in feed

5.5 Open Column

A 2.5-in. diameter x 18-ft tall column was used for these tests. A total of 27 tests were
conducted on the raw coal sample to determine the effects of the major operating variables.
The test conditions for these tests are given in Table 37 and their results are given in Table 38.

The scaleable parameters are given in Table 39.

The breakdown of these tests is as follows:

o Tests 1-9 were conducted to determine the reagent dosages.

e Tests 10-20 were conducted to determine the effects of feed rate, wash water
addition, and aeration rates.

o Tests 21-23 were conducted to determine the effects of residence time.

» Tests 24-27 were conducted to determine the effects of high volumetric flow
rates.
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In all cases, the test procedure consisted of the following steps. A large batch of feed slurry
was agitated and the solids content measured. Fuel oil was then added to the batch to achieve
the desired reagent dosage prior to the start of the testing. A stirred 5-gallon tank was
continuously fed slurry from this large batch. Frother was added to the stirred 5-gailon tank at a
rate proportional to the column feed flow rate as a means of conditioning the coal before
injecting it into the column. This approach was used to ensure that the frother maintained the
same contact time with the coal for all tests. Frother solution equivalent to 10 ppm was also

added into the air sparger water and used as wash water to ensure proper bubble size.

A minimum of 20 minutes was allowed between test points to achieve steady-state operation.
Product and tailings samples were collected simultaneously. The mass flows of product and

tailings were measured and used to reconstruct the feed coal quality. The results of the tests

are discussed in the following sections.

Table 37. Bench-Scale Test Conditions for Open Column (Raw Coal)

Feed Flow Rate Solids Mass Flow Rate * Fuel Oil Frother Froth Depth Wash Water Air

Test omi Kal b/ Kal o Kgi ms
Number mimin m¥sx10° % min s ton t ton t in m miimin  m¥s Vmin  x103
1 1500 0.03 6.00 93.86 0.0016 1.00 0.50 0.59 0.30 40 1.02 380 6.35 3.00 0.050
2 1500 0.03 6.00 93.86 0.0016 1.00 0.50 0.59 0.30 40 1.02 380 6.35 3.00 0.050
4 1500 0.03 2.60 39.72 0.0007 1.00 0.50 0.50 0.25 24 061 380 6.35 3.00 0.050
5 1500 0.03 2.60 39.72 0.0007 1.75 0.88 0.50 0.25 24 061 380 6.35 3.00 0.050
8 1500 0.03 2.60 39.72 0.0007 2.00 1.00 0.50 0.25 24 061 380 6.35 3.00 0.050
7 1500 0.03 2.60 39.72 0.0007 2.00 1.00 1.14 0.57 24 061 380 6.35 3.00 0.050
8 1500 0.03 2.60 39.72 0.0007 1.75 0.88 1.14 0.57 24 061 380 6.35 3.00 0.050
9 1500 0.03 2.60 39.72 0.0007 1.25 0.63 1.14 0.57 24 061 380 6.35 3.00 0.050
10 1500 0.03 6.70 102.64 0.0017 1.04 0.52 0.41 0.1 30 0.76 570 9.52 420 0.070
11 1530 0.03 463 71.85 0.0012 1.04 0.52 0.59 0.30 30 0.76 570 9.52 190 0.032
12 1521 0.03 " 436 67.12 0.0011 1.04 0.52 0.52 0.26 30 0.76 190 3.17 4.18 0.070
13 1521 0.03 1.91 29.22 0.0005 1.04 0.52 1.20 0.60 30 0.76 190 3.17 1.90 0.032
14 2450 0.04 3.57 88.31 0.0015 1.04 0.52 0.53 0.27 30 076 380 6.35 3.04 0.051
15 2450 0.04 410 10161 0.0017 1.04 0.52 - 0.46 0.23 30 076 380 6.35 3.04 0.051
16 3421 0.06 2.39 82.37 0.0014 1.04 0.52 0.62 0.31 30 0.76 190 3.17 1.80 0.032
17 3421 0.06 2.04 70.25 0.0012 1.04 0.52 0.73 0.37 30 0.76 190 317 418 0.070
18 3421 0.06 1.68 57.74 0.0010 1.04 0.52 1.02 0.51 30 0.76 570 9.52 418 0.070
19 3421 0.06 1.73 59.59 0.0010 1.04 0.52 0.99 0.50 30 076 5§70 9.52 190 0.032
20 2471 0.04 1.20 2967 0.0005 1.04 0.52 1.58 0.79 30 0.76 380 6.35 3.04 0.051
21 1800 0.03 244 44,22 0.0007 2.00 1.00 1.1 0.55 30 0.76 380 6.35 450 0075
22 1800 0.03 2.69 48.76 0.0008 2.00 1.00 1.00 0.50 30 0.76 380 6.35 4.50 0.075
23 1800 0.03 3.43 62.42 0.0010 2.00 1.00 0.79 0.39 30 0.76 380 6.35 4.50 0.075
24 3000 0.05 1.24 37.40 0.0006 2.00 1.00 1.53 0.76 30 0.76 380 8.35 4.20 0.070
25 5000 0.08 1.48 74.20 0.0012 2.00 1.00 1.05 0.53 30 0.786 380 6.35 4.20 0.070
26 7000 0.12 1.35 95.00 0.0016 2.00 1.00 1.05 0.52 30 0.76 380 6.35 420 0.070

27 8560 0.14 112 9660 0.0018 2.00 1.00 125  0.62 30 0.76 380 6.35 420 0.070
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Table 38. Bench-Scale Test Results for Open Column (Raw Coal)
Feed Product Tailings Analysis

" Test Ash Sulfur Pyr. 8. Ash  Suifur Pyr. S. Ash Suffur Pyr. S. Yield, CMR, Ash Rej TSR

Number % % % % % % % % % % % % %
1 20.4 2.0 298 34 42 o7
2 21.4 3.9 30.8 35 43 94
4 21.0 3.1 318 38 46 95
5 19.8 3.8 36.3 51 61 90
6 19.7 3.8 36.1 51 61 90
7 19.5 4.1 59.3 72 86 85
8 18.9 3.8 50.3 68 80 86
9 20.2 36 484 63 76 89
10 20.2 1.05 3.1 0.94 252 1.06 22 27 g7 80
1 206  1.05 29  0.94 237 1.29 15 18 98 87
12 213 1.04 34 100 25.8 0.95 20 24 97 81
13 220 107 35 092 292 1.09 28 35 % 76
14 205  1.02 33 1.08 25.2 1.55 21 26 o7 77
15 19.6 1.01 3.2 0.82 25.0 1.00 25 30 96 77
16 213 1.02 36 083 217 1.01 2 2 100 99
17 213 097 44 092 50.3 1.37 63 77 87 40
18 216 098 36 093 50.4 1.26 62 76 20 44
19 213 107 38 097 376 1.12 48 59 91 56
20 21.5 1.04 0.49 4.0 0.94 0.24 59.3 1.19 1.01 68 84 87 38
71 185 1.06 82 057 B34 (K] g §7 64 22
22 19.4 1.01 5.3 0.99 80.9 1.13 82 a6 77 20
23 197  1.06 047 53 100 026 743 135 146 79 93 79 25
24 19.1 4.2 50.5 68 80 85
25 18.9 38 51.5 66 80 87
26 185 36 46.7 65 77 87
27 18.6 4.2 53.8 71 84 84

measured feed ashes

Table 39. Open Column: Superficial Velocities and Mass Loadings (Raw Coal)

Superficial Velocities

Mass Loadings

Mean Residence Time Feed Wash Water Air Feed Froth
Test gm/min/ tph/ gm/min/ tph/
Number min s cm/s m/s cm/s m/s cm/s mis cm? m? cm? m?
1 9.43 566.01 0.79 0.0079 0.20 0.0020 1.58 0.0158 2.97 1.78 1.01 0.60
2 9.43 566.01 0.79 0.0079 0.20 0.0020 1.58 0.0158 2.97 1.78 1.04 0.62
4 10.29 617.46 0.79 0.0079 0.20 0.0020 158 0.0158 1.25 0.75 0.47 0.28
5 10.29 617.46 0.79 0.0079 0.20 0.0020 1.58 0.0158 1.25 0.75 0.64 0.38
6 10.29 617.46 0.79 0.0079 0.20 0.0020 1.58  0.0158 1.25 0.75 0.64 0.38
7 10.29 617.46 0.7¢9 0.0079 0.20 0.0020 1.58  0.0158 1.25 0.75 0.91 0.54
8 10.29 617.46 0.79 0.0079 0.20 0.0020 1.58 0.0158 1.25 0.75 0.85 0.51
9 10.29 617.46 0.79 0.0079 0.20 0.0020 1.568 0.0158 1.25 0.75 0.79 0.47
10 9.97 588.17 0.79 0.0079 0.30 0.0030 2.21 0.0221 3.24 1.95 0.73 0.44
11 9.77 586.44 0.81 0.0081 0.30 0.0030 1.00 0.0100 2.27 1.36 0.34 0.20
12 9.83 589.91 0.80 0.0080 0.10 0.0010 2.20 0.0220 212 1.27 0.42 0.25
13 9.83 589.91 0.80 0.0080 0.10 0.0010 1.00 0.0100 0.92 0.55 0.26 0.15
14 6.10 366.23 1.29 0.0129 0.20 0.0020 1.60 0.0160 2.79 1.67 0.60 0.36
15 6.10 366.23 1.29 0.0129 0.20 0.0020 1.60 0.0160 3.21 1.83 0.80 0.48
16 4.37 262.28 1.80 Q0.0180 0.10 0.0010 1.00 0.0100 2.60 1.56 a.05 0.03
17 4.37 262.28 1.80 0.0180 0.10 0.0010 2.20 0.0220 2.22 1.33 1.40 0.84
18 4.37 262.28 1.80 0.0180 0.30 0.0030 2.20 0.0220 1.82 1.09 1.12 0.67
19 4.37 262.28 1.80 0.0180 0.30 0.0030 1.00 0.0100 1.88 1.13 0.91 0.55
20 6.05 363.11 1.30 0.0130 0.20 0.0020 1.60 0.0160 0.94 0.56 0.64 0.39
21 8.31 498.47 0.95 0.0095 0.20 0.0020 2.37 0.0237 1.40 0.84 1.19 0.71
22 5.09 305.52 0.85 0.0095 0.20 0.0020 237  0.0237 1.54 0.92 1.26 0.76
23 1.88 112.56 0.95 0.0095 0.20 0.0020 2.37 0.0237 1.97 1.18 1.56 0.94
24 4.98 299.08 1.58 0.0158 0.20 0.0020 2.21 0.0221 1.18 0.71 0.80 0.48
25 2.99 179.45 2.63 0.0263 0.20 0.0020 2.21 0.0221 2.34 1.41 1.55 0.93
26 2.14 128.18 3.69 0.0369 0.20 0.0020 2.21 0.0221 3.00 1.80 1.96 1.18
27 1.75 104.82 4.51 0.0451 0.20 0.0020 2.21 0.0221 3.05 1.83 217 1.30
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5.5.1 Reagent Dosage Tests
During these tests, the volumetric feed rate was maintained constant, though some variations in

percent solids were observed. The frother dosage was varied between 0.25 kg/ton to 0.57
kg/ton (0.5 Ib/ton and 1.14 Ib/ton). The results of tests 7 and 8 indicate that to achieve an
acceptable performance the frother and fuel oil dosages had to be 0.5 kg/ton (1 Ib/ton) and
1 kgfton (2 Ib/ton) respectively. These tests showed energy recoveries of 80% and 86% at ash

contents of 3.8% and 4.1% respectively.

5.5.2 Factorial Tests
After conducting the dosage tests, a three-factor, two-level series of tests was completed using

the feed rate, wash water, and aeration rate as variables (tests 10-20). The reagent dosage
was set at 1 kg/t (2 Ib/ton) fuel oil and 0.5 kg/t (1 Ib/ton) frother for these tests. Due to an error
during sampling of the feed slurry its solids content was determined to be 1.7%, and the fuel oil
was added accordingly. However, the actual percent solids was 3.1%, and the amount of
reagents calculated on the basis of the low feed solids turned out to be insufficient and resulted

in poor recoveries and performance.

Variations in the feed solids concentration were also detected during the testing based on the
measured mass flow rates of the product and tailings samples. Fluctuations in the feed solids
concentration measurements were possibly the result of non-steady-state recirculation of the

slurry in the large batch tank, where stratification of the solids may have occurred.

The results of the parametric tests are shown in Figure 20 as a function of feed mass loading
(equivalent to feed percent solids). The results indicate that energy recovery was dependent on
mass loading, with high loadings leading to low recoveries. Increasing the air flow rates
improved recovery over the range tested (1, 1.6, and 2.2 cm/s). The conclusions from these
tests are:

o High air flow rates are required for maximum recovery

o Wash water flow rate had little effect on product quality over the range tested (0.1 to

0.3 cm/s)

¢ Higher levels of fuel oil are required to increase recovery
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Figure 20. Open Column Parametric Test Results

5.5.3 Residence Time Tests
Prior to conducting these tests, the slurry mixing and reagent addition procedure were revised

in order to ensure a more consistent performance. A constant feed rate was set for these tests
and the residence time was varied by removing sections of the column. The column heights
used were 5.67 m (17 ft), 3.67 (11 ft), and 1.67 (5 ft), respectively. The slurry residence time
corresponding to the three column heights was 8.3, 5.1, and 1.9 minutes for tests number 21,
22, and 23, respectively in Table 37 and Table 38. The tests were run at a maximum aeration
rate of 2.4 cm/s, using 1 Kg/t (2 Ib/ton) fuel oil and 0.5 Kg/t (1 Ib/ton) frother. The feed velocity
was set at approximately 1 cm/sec. The higher fuel oil dosage improved operations
considerably. The process efficiency was very good, and equaled that of the Jameson cell and
packed column. The maximum froth loading achieved was 0.93 tph/m? (1.55 gm/min/cmz).
Even a residence time of 1.9 minutes (test 23) resulted in high energy recovery of 93%. The
product ash for this test was 5.33%, which is somewhat higher than the target value of 5% but

is consistent with the correspondingly high energy recovery and indicates that a relatively

efficient separation was achieved.
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5.5.4 High Volumetric Flow Rate Tests
The final series of tests was run to evaluate the effects of operating the open column at high

feed velocities. Raw coal samples were diluted to 1.4% solids and were tested in the open
column after reassembling it to its full height of 18 ft. The flow rates for these tests (24 through
27 in Table 37 and Table 38) ranged from 1.6 to 4.5 cm/s with corresponding residence times of
5 minutes to 1.75 minutes. Frother addition was set to a minimal level of 0.35 to 0.5 kg/t (0.7 to
1.0 Ib/t) or a concentration of 6-7 ppm. The resulting performance showed that while a clean
product with low ash was made, energy recoveries were not as high as in the previous tests.
Were this cell to be used as a first-stage unit, this performance would be acceptable. However,

as a single-stage device this performance needs to be better.

5.5.5 Summary of Raw Coal Tests
The raw coal tests results have been summarized in four graphs. Figure 21 presents the trends

in clean coal ash vs. recovery. Along similar lines, the grade/recovery curve for the open
column cell was determined in terms of the product sulfur content, as shown in Figure 22.
Figure 23 and Figure 24 illustrate the overall performance of this cell in terms of the relationship
between energy recovery and ash rejection, and energy recovery and sulfur rejection,
respectively. As shown in Figure 24, total sulfur rejections of between 30 and 35% were

achieved at an energy recovery of 85%.
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5.5.6 Second-Stage Tests

Six tailings sample tests were run (tests 28-33) using three levels of feed flow rate and two
levels of aeration rate. The tailings feed tests were run at a relatively high feed solids content of
2.7-3% solids. The test conditions, results, and analysis are given in Table 40 and Table 41.
The scaleable parameters are shown in Table 42.

The tailings tests demonstrate that a high-ash tailings could be achieved, in the range of 80 to

85%, with good separation at feed rates of up to 1.84 cm/s.

Table 40. Open Column Test Conditions for Tailings Sample

Feed Flow Rate Solids Mass Flow Rate Fuel Qil Frother Froth Depth Wash Water Alr
Test ami | Kg/ b/ Ko/ b/ Ko/ m7s
Number mimin  m¥sx10% % min s ton t ton t in m mbimin ~ m%s Umin  x10°
28 1500 0.03 2.62 39.60 0.0007 2.00 1.00 1.14 0.57 30 0.76 380 6.35 340 0.057
29 2500 0.04 259 65.20 0.0011 2.00 1.00 0.89 0.45 30 076 380 6.35 3.40 0.057
30 3500 0.06 259 9140 0.0015 2.00 1.00 0.78 0.39 30 0.76 380 6.35 340 0.057
31 3500 0.06 2.59 9140 0.0015 200 1.00 0.78 - 0.39 30 0.76 380 6.35 470 0078
32 2500 0.04 2.59 65.20 0.0011 2.00 1.00 0.89 045 30 0.76 380 6.35 4,70 0.078
33 1500 0.03 2.61 39.40 0.0007 2.00 1.00 1.14 0.57 30 0.76 380 6.35 470 0.078

Table 41. Open Column Test Results for Tailings Sample

Feed Product Tailings Analysis
Test Ash Sulfur Pyr. S. Ash  Sulfur Pyr.S. Ash Sulfur Pyr. S. Yield, CMR, Ash Rej TSR
Number % % % % % % % % % % % % %
28 423 1.69 8.5 1.75 76.0 1.33 50 79 80 48
29 48.6 1.72 8.6 1.84 78.7 1.73 43 76 92 54
30 46.8 1.58 7.8 1.97 791 1.84 45 79 92 44
31 445 1.76  1.39 8.1 1.94 1.06 85.8 1.49 1.49 53 88 90 41
32 445 1.88 9.5 1.99 87.1 1.56 55 89 88 31
33 45.7 1.30 9.0 1.82 86.0 1.20 52 88 90 27

Table 42. Open Column: Superficial Velocities and Mass Loadings (Tailings Sample)

Superficial Velocities Mass Loadings
Mean Residence Time Feed Wash Water Air Feed Froth
Test gm/min/ tph/ gm/min/ tph/
Number min s cmis m/s cm/s m/s cm/s m/s cm’ m’ cm? m’
28 9.97 598.17 0.79 0.0079 0.20 0.0020 1.790 0.0179 1.25 0.75 0.63 0.38
29 5.98 358.90 1.32 0.0132 0.20 0.0020 1.790 0.0179 2.06 1.24 0.88 0.53
30 4.27 256.36 1.84 0.0184 0.20 0.0020 1790 0.0179 2.89 1.73 1.31 0.78
31 427 256.36 1.84 0.0184 0.20 0.0020 2.475 0.0247 2.88 1.73 1.53 0.92
32 598 358.90 1.32 0.0132 0.20 0.0020 2475 0.0247 2.06 1.24 1.13 0.68
33 9.97 598.17 0.79 0.0079 0.20 0.0020 2475 0.0247 1.24 0.75 0.65 0.39

The results are summarized in Figure 25, Figure 26, Figure 27, and Figure 28. Figure 25 and

Figure 26 illustrate the overall performance of this cell in terms of the relationship between

energy recovery and clean coal ash, and energy recovery and product sulfur respectively.
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The energy recovery was essentially constant over the range of flow rates tested (0.7 to 1.84
cm/s). The clean coal ash content was in the range of 8-9%, and energy recovery was
approximately 78% for an aeration rate of 1.8 cm/s and 88% for an aeration rate of 2.5 cm/s.
Again, the results suggest that a froth loading of 0.93 tph/m? (1.55 gm/min/cm®) can be
achieved, but it is not known whether this value would apply to more dilute feed slurries at
higher feed rates of say 3.7 cm/s.

Figure 27 and Figure 28 illustrate the overall performance of this cell in terms of the

relationship between energy recovery and ash rejection, and energy recovery and total sulfur

rejection respectively.
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The recommended conditions based on the benéh-scale test results are shown in Table 43 and

Tab_le 44.

Table 43. Open Column: Recommended Single-Stage Operating Conditions

Parameter Value

Feed velocity 1.8 cm/s (3.5 ft/min)
Aeration rate 2.4 cmi/s (4.7 ft/min)
Fuel oil 1 kg/ton (2 Ib/ton)
Frother 0.5 kg/ton (1 Ib/ton)

Froth mass loading

Retention time, minimum

1.2 tph/m?
(2.0 gm/min/cm?)
120 sec (2 min)

Table 44. Open Column: Recommended Second-Stage Operating Conditions

Parameter Value

Feed velocity 4 cm/s (7.8 ft/min)
Aeration rate 2.2 cm/s (4.5 ft/min)
Fuel oil 1 kg/ton (2 Ib/ton)
Frother 0.7 kgfton (1.4 Ibfton)

Froth mass loading

Retention time, minimum

1.3 tph/m?

(2.0 gm/min/cm?)
120-240 sec (2-4
min)

6.0 CONCEPTUAL DESIGN

This section outlines the procedures and assumptions used for the conceptual design of the

eight advanced flotation circuits selected for evaluation in this task. Aspects of the conceptual

design including scale-up, material balances, process instrumentation and control, and ancillary

requirements are discussed. The following eight circuits are included for analysis and

evaluation:
Single-stage operation

Jameson cell
Outokumpu HG tank cell
Open column

Packed column

6.1 Design Procedures

Two-stage operation

Jameson/open column
Jameson/packed column
Outokumpu/open column
Outokumpu/packed column

A computer spreadsheet model was developed and used to evaluate each advanced circuit.

Bench-scale test results were scaled-up to commercial size and used as the basis for material
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balance and equipment sizing calculations. Using the material balance and equipment sizes,
capital and operating cost estimates were prepared for each advanced circuit. Following this,
-an economic analysis was performed based on the PETC economic model developed by Eos

Technologies, Inc. which is based on levelized, discounted cash flow principles.

Various operating conditions (i.e., different points on the grade/recovery curve) were evaluated
and economically optimal conditions were selected for inclusion in the conceptual design. This
evaluation was berformed using two optimization criteria. The first criterion considered the
circuit as a stand-alone entity during evaluation and is referred to as the circuit-optimized
approach. The second criterion considered the effects of the circuit on the remainder of the
preparation plant flowsheet and is called the plant-optimized approach. In this approach, any
overall yield or recovery gains made on a plant-wide basis as a result of a more effective

operation in the flotation circuit are credited to it during economic analysis.

6.2 Scale-Up to Commercial Scale

The bench-scale test work formed the basis for predicting full-scale equipment size and
performance and associated capital and operating costs. The scale-up assumes that the slurry
solids concentration and coal size consist and flotability are similar to properties tested during
the bench-scale test work. Scale-up procedures were developed specifically for each flotation
machine after consultation with the equipment vendors and a review of scale-up methods
presented in the literature for similar equipment. The scale-up parameters of interest are: circuit
flotation performance, reagent dosage, air consumption, residence time, and wash water

consumption. Each of these scale-up parameters is discussed below for all circuits.

The full-scale circuit performance, with respect to energy recovery and ash and sulfur rejection,
was projected to be equal to the bench-scale results. The fuel oil dosage was also assumed to
be constant on a kg/t (Ib/ton) basis. The frother dosage was assumed to be constant on a mass
concentration basis (constant ppm frother in slurry) which is proportional to a Kg/t basis if the
solids concentration is held constant. Wash water is assumed to be equal to the product of the
wash water superficial velocity (cm/s) as measured from the bench-scale tests and the

commercial-scale cross-sectional area at the froth discharge.

The other scale factors are discussed below for each cell.




Cyprus Emerald Resources Corporation

13 November 1995

Jameson Cell

The capacity of each downcomer is set by fixing the slurry velocity to a constant

value as required to achieve proper jet operations. This value is approximately
40-45 cm/s (1.3-1.4 ft/sec).

The ratio of the downcomer area to the froth tank surface area was initially fixed
to a ratio of 2.8% and was established during development of the machine. After

completion of the parametric tests, this ratio was increased to 6.25% for the high
capacity tests.

The aeration rate is set equal to the product of the air superficial velocity
determined in the bench-scale tests and the cross-sectional area of the froth

tank at the lip discharge. This can be achieved by induced suction created by
the downcomer orifice.

Froth mass loading: The maximum froth removal for this cell is estimated from
mass loadings achieved during the bench-scale tests. The maximum froth mass
flow is estimated at 0.9 tph/m? (1.5 g/min/cmz) for high-recovery single-stage
operation. For high- capacity, first-stage operation, a froth loading of 2.7 tph/m?
(4.5 g/min/cmz) was achieved.

Power requirements (excluding air compression) are related to achieving 0.13
MPa (20 psi) pressure at the downcomer inlet. It has been assumed that 6 m

(20 ft) of head can be achieved by elevation differences and the remainder must
be achieved by pumping.

Outokumpu Tank Cell

» Residence time: Determined by estimation of flotation kinetics as calculated
from testing two flow rates. The residence time is estimated at 150 seconds
(2.5 minutes).

» Froth mass loading: The maximum froth removal for each cell is estimated

from mass loadings achieved during the bench-scale tests. The maximum
froth mass flow is estimated at 1.1 tph/m? (1.8 g/min/cm?).

» The aeration rate is set equal to the product of the air superficial velocity
determined during the bench-scale tests (2.3 cm/s) and the cross-sectional
area between the froth cone and lip at the discharge.

Packed Column

» Volumetric scaleup: The vendor recommends a volumetric scale-up to adjust
between changes in cell dimensions. The proportion of the cell filled with froth
or slurry would also be scaled proportionately. For instance, doubling the cell
height would increase capacity by a factor of two provided that the froth depth
is proportionately increased or doubled. This scale-up does not address froth
mass loading and has been validated only for base metal applications where
froth mass loading is not critical. A modified scale-up procedure has been
applied that is more conservative in estimating the required cross-sectional
flotation area. The scale-up is established by assuming that doubling the
height of the cell would lead to only a 50% increase in cell capacity.

Bench-Scale Test Results

Page 59
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* Residence time: The minimum slurry residence time is set by the time required
to achieve high energy recovery. This is estimated to be 2 minutes for single-
and second-stage applications. A longer residence time will be used, if
required, to satisfy the froth mass loading constraint.

¢ Froth mass loading: The maximum froth removal as estimated from mass
loadings achieved during the bench-scale tests. The maximum froth mass
loading for a raw coal feed was set at 1.8 tph/m? (3.0 gm/mm/cm ) for a
column height of 366 cm (12 ft) and 2.7 tph/m2 (4.5 gm/min/cm?) for a column
height of 732 cm (24 ft). The maximum forth mass !oadmg for second stage
operation (hlgh ash feed) was 1.2 tph/m2 (2 gm/mln/cm ) and 1.8 tph/m2 (3.0

gm/mln/cm) for a column height of 366 cm (12 ft) and 732 cm (24 ft),
respectively.

e The aeration rate is set equal to the product of the air superficial velocity
determined during the bench-scale tests (5.2-4.1 cm/s) times the height scale-
up factor and cross-sectional area. This represents proportioning the air flow
rate with the froth mass loading, i.e., the same solids loading on the air
bubbles.

Open Column

¢ Residence time: Based on the slurry residence time required for high energy
recovery when not mass-loading-limited. Residence time is estimated to be
2 minutes for single- and 4.3 minutes for second-stage applications. A longer
residence time will be used, if required, to satisfy the froth mass loading
constraint.

e Froth mass loading: The maximum froth removal as estimated from mass
loadings achieved during the bench-scale tests. The maximum froth mass flow
is estimated at 1.2 tph/m (2.0 g/mm/cm ) for raw coal and second stage feed
coal.

e The aeration rate is set equal to the product of the air superficial velocity
determined in the bench-scale tests (2.4 cm/s) and the cross-sectional area.

6.3 Material Balances
The conceptual design of the optimal fine coal cleaning circuit assumes a Pittsburgh No. 8

feedstock. The plant feedstock analysis is provided in Table 45. Analyses for the +100M size

fraction are used for the plant-optimization case.
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Table 45. Assumed Plant Feedstock Analysis (dry basis)

Size Fraction Ash HHV Total
% % Btu/lb Sulfur
%

2"x10M 715 230 11805 1.10
10 x 100M 223 200 12255 1.10
100M x 0 6.3 20.0 11911 1.10

Composite 100.0 221 11933 1.10

The feed conditions assumed are based on plant performance data as presented in Table 17 in

Section 4. The circuit feed rate was set at 76 tph with a solids content of 3.35%.

Four single-stage configurations and four two-stage rougher-scavenger configurations of the
advanced circuit were considered in the conceptual design and economic evaluation. Assumed
" operating conditions for the advanced circuits under consideration are presented in Table 46
and Table 55. As will be discussed in Section 7, Economics, the operation of the flotation
circuit is influenced by the criteria used to optimize its performance. For the purposes of this
report, two criteria have been developed: (i) circuit-optimized (Table 46) and (ii) plant-optimized
(Table 55). The assumed optimization criteria have a small effect on the circuit operating

conditions but do not affect the sizing of the equipment. Material balances for each of the

advanced circuits assuming circuit-optimized conditions are presented in Table 47 through
Table 54.
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Table 47. Jameson Cell: One-Stage Material Balance

Solids Solids Water Slurry Slurry Ash  Sulfur HHV
th % th t/h Flow Rate % % Btu/lb
gpm db
First Stage
Feed 76.0 3.35 2193 2269 9000 20.0 1.10 11911
Wash Water 365 365 1459
Product 57.2 20.0 229 286 1086 42 1.04 14269
Tails 18.8 0.80 2323 2348 9373 68.1 129 4747
Table 48. Outokumpu Cell: One-Stage Material Balance
Solids Solids Water Slurry Slurry Ash  Sulfur HHV
th % th th  Flow Rate % % Btu/lb
gpm db
First Stage _
Feed 76.0 3.35 2193 2269 9000 20.0 1.10 11911 -
Wash Water 454 454 1817
Product 56.2 20.0 225 281 1067 8.0 1.19 13698
Tails 19.8 0.81 2422 2442 9749 54.0 0.84 6849
Table 49. Open Column: One-Stage Material Balance
Solids  Solids  Water Slurry  Slurry Ash  Sulfur HHV
th % th th  Flow Rate % % Btu/lb
gpm db
First Stage
Feed 76.0 3.35 2193 2269 9000 20.0 110 11911
Wash Water 667 667 2668
Product 59.7 20.0 239 299 1134 5.3 1.03 14100
Tails 16.3 0.62 2621 2637 10533 73.9 1.34 3890
Table 50. Packed Column: One-Stage Material Balance
""" Solids Solids Water Slurry Slurry Ash  Sulfur HHV
t’h % t’h th Flow Rate % % Btu/lb
gpm db
First Stage
Feed 76.0 3.35 2193 2269 9000 20.0 110 11911
Wash Water 173 173 694
Product 58.4 20.0 234 292 1111 4.9 1.05 14162
Tails 17.6 0.82 2133 2150 8583 70.3 1.27 4415
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Table 51. Jameson Cell/Packed Column: Two-Stage Material Balance

Solids Solids Water Slurry Slurry Ash  Sulfur HHV
t/h % t’h t’/h Flow Rate % % Btu/lb
gpm db

First Stage
Feed 76.0 3.35 2193 2269 9000 200 110 11911
Wash Water 479 479 1917
Product 46.1 20.0 184 230 875 3.8 0.96 14330
Tails 29.9 1.19 2488 2518 10042 45.0 1.31 8191
Second Stage
Feed 29.9 1.19 2488 2518 10042 45.0 1.31 8191
Wash Water 121 121 485
Product 13.0 20.0 52 65 247 6.5 1.15 13926
Tails 16.9 0.66 2557 2574 10280 74.6 1.44 3782
Combined Product 59.1 20.0 236 295 1122 4.4 1.00 14241

Table 52. Jameson Cell/Open Column: Two-Stage Material Balance

Solids Solids Water Slurry Slurry Ash  Sulfur HHV
t’h % t/h th Flow Rate % % Btu/lb
gpm
First Stage
Feed 76.0 3.35 2193 2269 9000 20.0 110 11911
Wash Water 479 479 1917
Product 46.1 20.0 184 230 875 3.8 0.96 14330
Tails 29.9 1.19 2488 2518 10042 45.0 1.31 8191
Second Stage
Feed 29.9 1.19 2488 2518 10042 45.0 1.31 8191
Wash Water 316 316 1266
Product 15.8 20.0 63 79 300 8.1 1.47 13688
Tails 14.2 0.51 2741 2756 11008 86.2 1.14 2062
Combined Product 61.8 20.0 247 309 1175 4.9 1.09 14166
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Table 5§3. Outokumpu Cell/Packed Column: Two-Stage Material Balance

Solids Solids Water Slurry Slurry Ash  Sulfur HHV
th % th th  Flow Rate % % Btu/Ib
gpm dab

First Stage
Feed 76.0 3.356 2193 2269 9000 20.0 110 11911
Wash Water 44 44 175
Product 44.9 20.0 180 225 854 7.3 1.12 13802
Tails 311 1.49 2057 2088 8321 38.4 1.08 9177
Second Stage
Feed 311 1.49 2057 2088 8321 38.4 1.08 9177
Wash Water 100 100 400
Product 15.1 20.0 61 76 288 6.5 0.84 13921
Tails 15.9 0.75 2096 2112 8434 68.6 130 4670
Combined Product 60.1 20.0 240 300 1141 7.1 1.05 13832

Table 54. Outokumpu Cell/Open Column: Two-Stage Material Balance

Solids Solids Water Slurry Slurry Ash  Sulfur HHV
t/h % t’h th Flow Rate % % Btu/ib
. gpm . db .

First Stage o = N
Feed 76.0 3.35 2193 2269 9000 20.0 110 11911
Wash Water 44 44 175
Product 449 20.0 180 225 854 7.3 112 13802
Tails 31.1 1.49 2057 2088 8321 38.4 1.08 9177
Second Stage
Feed 311 1.49 2057 2088 8321 38.4 1.08 9177
Wash Water 275 275 1102
Product 18.4 20.0 73 92 349 8.1 1.07 13683
Tails 12.7 0.56 2259 2272 9074 82.1 1.08 2669
Combined Product 63.3 20.0 253 316 1202 7.5 1.10 13767
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6.4 Preparatfon Plant Effects

Adjustments were made to the overall preparation plant operation in the plant-optimized case in
an effort to accurately reflect the impact that an advanced flotation circuit would have on the
overall product recovery at a fixed quality. Specifically, increases or decreases in cleaned fine
coal quality will cause corresponding changes in overall clean coal quality. In actual plant
operations, adjustments would be made to the cleaning operation to bring the overall clean coal
product back to the product specification. Table 56 lists the specifications used for the plant-
optimized case. Table 57 describes the major equipment assumed to be in use for the overall

preparation plant flowsheet for the plant-optimized case.

Table 56. Product Specification (As-Received Basis)

Property Specification
Moisture Not to exceed 8.5%
Heating value Not less than

13,000 Btu/lb
Ash No specified limit but

limited in practice by
the heating value
specification and
moisture content

Table 57. Preparation Plant Flowsheet Assumptions

Capacity 1200 tph (db)
Coal Supply Pittsburgh No. 8
Unit Operations
Coarse (2" x 10M) Heavy media separation at S.G. ~1.6

Intermediate (10 x 100M)  Water-only cyclones with tailings reclean using
spiral concentrators
Fines (-100M) Advanced flotation: various configurations as
» specified

6.5 Process Instrumentation and Control
An elementary level of process instrumentation and control requirements have been assumed

for each advanced circuit under consideration. The level of instrumentation and control

assumed includes level control for the flotation cells, measurement of column feed rates,
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measurement of the air addition rate, and measurement of reagent addition rates. The level of
control was determined based on a number of factors including the constant nature of coal
cleaning operations, the level of instrumentation provided at similar installations, and the level

of control required to operate the advanced circuit effectively.

The flotation cell level control loop consists of a single differential pressure transmitter to
measure the pulp-froth interface height regulating a control valve on the column feed piping
using a PID controller. Consideration was given to using a second differential pressure
transmitter to obtain a better measurement of the pulp density which in turn will provide a better
indication of interface height; however, it was not deemed necessary as the operation of the

column is at a set volumetric loading and air addition.

Measurements of the feed rate and air addition rate to the flotation cell were also included in the
instrumentation for the advanced circuit. Reagent addition was accomplished by using

metering pumps which add reagent at an adjustable volumetric rate.

6.7 Ancillary Requirements

The ancillary requirements for the advanced circuit are identified below. The discussion is
limited to the anticipated impact of installing an advanced flotation circuit at a conventional
preparation plant. The ancillary requirements for the advanced circuit are not significantly

different from those for a conventional flotation circuit used for fines processing.

6.7.1 Utilities
The process utilities required for the advanced circuit are similar to those required by a

conventional flotation circuit and include electricity and process water. In general, the
advanced circuit requires more electrical power than a conventional flotation process because
additional energy is needed to introduce air into the cell, either through an air compressor or a
blower. In the case of the Jameson cell, additional pump power is also used to develop suction

for air introduction via a venturi orifice. The capital expenditure required to accommodate the

increase in electrical load is estimated in the economic analysis.
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Each process also requires an air supply at a pressure which depends on the flotation
equipment used. However, this air is provided by process equipment and not by plant utilities.

A tabulation of process air requirements is provided in Table 58.

Table 58. Process Air Requirements

Cell Type Pressure Comments
psig

Jameson ~0 Air inducted through downcomer

Outokumpu 5

Packed column 15

Open column 45

Jameson/Packed column 15 Based on packed column design

Jameson/Open column 45 Based on open column design

Outokumpu/Packed column 15 Based on packed column design

Outokumpu/Open column 45 Based on open column design
6.7.2 Site

The building requirements for the advanced circuit are dependent on the size and configuration
of the equipment used. For column-type equipment, ceiling height also becomes a
consideration. The economic analysis assumes that a building addition to the existing plant will
be constructed to accommodate the new circuit. Equipment floor space and height
requirements are considered in the capital cost estimate. As a practical matter, a preparation
plant replacing a conventional circuit with an advanced circuit will size equipment to utilize

existing space whenever practical.

7.0 ECONOMICS

The bench-scale work presented in Section 5 demonstrates that the advanced circuits can
achieve improved process performance when compared to conventional fiotation processes for
fine coal cleaning. However, it is necessary to assure that this process improvement is also
economically viable. The assumptions, estimation procedure, cost estimates, and economic
analyses for the eight selected advanced fine coal cleaning circuits are presented in this section
and contrasted with conventional flotation. The economic merits of each advanced circuit
configuration are determined by calculating its levelized costs for the two optimization criteria
discussed earlier, i.e., on a circuit-optimized and a plant-optimized basis. Lastly, a sensitivity

analysis examining the effects of process assumptions is also included.
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71 Assumptions

The following economic evaluation assumes that the advanced circuit is to be installed at an
existing coal preparation plant to process coal fines. The capital and operating costs of the
equipment used to process the coarse fractions of coal are not considered. However, the
production impéct of the advanced circuit on coarse coal circuit operations is considered in the

plant-optimized cases and any yield improvements are credited to the advanced fine coal circuit
in question.

Several assumptions regarding the design basis for the advanced circuit have been
incorporated in the conceptual design. These assumptions, as well as other assumptions
required for the economic analysis, are presented in Table 59.

Table 59. Operating Assumptions

Annual operating hours 4500 hours
Plant feed rate 1,200 tph dry basis
Fines circuit feed rate 76 tph dry basis
Plant life 20 years
Royalties none
Financing 100% equity
Construction duration 1 year
Inflation rate 4%
Corporate tax rate 38%

Rate of return 25%

It was assumed that the circuit will be constructed at an existing preparation plant and that the

plant will have sufficient land for constructing the building for it.

7.2 Purchased Equipment
The costs for major plant equipment items and their power requirements are based on vendor
quotations, prices of similar equipment, and estimating guidelines. The costs are reported in

1995 dollars. Selection and scale-up of major plant equipment is discussed below.

7.21 Jameson Cell
For the conceptual plant design, the Jameson Cell Model 6000/10 was selected. For a single-

stage configuration, four cells are required. Each cell is approximately 6 meters long by 2

meters wide and is priced at $159,500, including remote instrumentation and controls. The
shipping weight of each cell is 31,739 Ib.
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For first-stage operation, 16 m? of froth tank area was assumed and the cost was calculated

proportionately.

7.2.2 Outokumpu Cell
The Outokumpu Tank Cell Flotation Unit Model TC 10 was selected for the conceptual plant

design. For a single-stage configuration, two lines of cells containing four cells each were
required (12.5 minutes residence time). The cost of all eight units is $320,000 and includes
instrumentation, controls, and air supply equipment. A blower with a blower motor is used to
supply air to the cells.

For first-stage operation, a 1-minute residence time was assumed on three Model TC 10 cell.

7.2.3 Open Column
For the open column single-stage design, four 12-ft diameter by 20-ft tall flotation column cells

from Pyramid Resources were selected. Each column costs $92,400 F.O.B. and includes a

sparger system, wash water system, and level control.

For second-stage operation, 33 m? of column cell area was assumed based on the scale-up

criteria given in Section 6.2, or approximately one-third of the single-stage area. The cost was

calculated accordingly.

7.2.4 Packed Column
Two GL&V self-supported packed columns, 8 ft by 12 ft by 24 ft high, were selected for the

single-stage design of the packed column circuit. Each column costs $220,300 F.O.B. and
includes distributors for feed inlet, air inlet, and wash water. Instrumentation was not included

in the cost estimate for this item and was assumed to be $35,000.

For second-stage operation, 11 m? of column cell area was assumed (see Section 6.2), and the

cost was proportioned accordingly.
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7.2.5 Cost Scaling
Equipment costs for cells and columns with sizes different than those presented above were

scaled proportionally to flotation area.- This scaling represents the fact that multiple equipment
items were used in the design and variations in required area from the base equipment can be
accommodated by purchasing additional (or fewer) units. Cell and column heights were

assumed constant in the conceptual design.

7.3 Capital Costs

Capital costs such as installation, structures, piping, instrumentation other than cell
instrumentation, and foundations were estimated directly based on the scope of work and were
not factored from purchased equipment costs. Flotation cell/column instrumentation costs were
included in the purchased cost of the equipment. Electrical costs were estimated taking into
account the gross electrical requirements of each circuit. Building construction costs were
estimated on the basis of the floor plan area required by each circuit. Indirect capital costs
were then estimated from the total direct fixed costs. The bases used to estimate direct and

indirect capital costs are summarized in Table 60.

Table 60. Direct and Indirect Cost Estimation

Cost Item Basis for Estimation
Direct Costs
Purchased equipment Manufacturer's estimate
Installation Direct estimate
Piping Direct estimate
Instrumentation Direct estimate*
Electrical : Determined by electrical needs
Buildings 5 Determined by equipment size
Indirect Costs
Engineering 25% of direct costs

* Does not include cell instrumentation which is included in the flotation
cell/column equipment cost

7.4 Operating Costs

7.4.1 Utilities
Electrical power consumption was estimated for each item in the equipment list. Power costs

were estimated using an industrial rate of $0.05/kW-hr.
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7.4.2 Consumables
The consumables used in the advanced flotation circuit are shown in Table 61. The dosages

and addition rates of each item vary depending on the process. Details on the addition rates

are provided in the material balance presented in Section 6.

Table 61. Unit Costs for Consumables

Item Unit Cost
Frother $0.64/Ib
Fuel oil #2 $0.10/Ib
Flocculant $0.90/Ib

7.4.3 Personnel
It is estimated that manpower requirements for operation of the advanced circuit will be similar

to those for operation of a conventional flotation circuit. Personnel requirements and
associated annual costs are summarized in Table 62.

Table 62. Personnel Requirements

Position Operator Maintenance
Salary $35,000 $45,000
Benefits 50% of salary 50% of salary
Shifts per day 2 2
Utilization 25% 5%
Annual cost $26,250 $6,750
Total Annual Cost $33,000

For purposes of the economic evaluation, there is no net gain or loss in manpower when

comparing the advanced flotation circuit and the conventional flotation circuit.

7.4.4 Maintenance
Annual equipment maintenance costs were estimated to be 5% of the purchased equipment

cost for each advanced circuit.

7.5 Circuit-Optimized Economics
Each of the advanced circuits was evaluated as a stand-alone entity using the PETC economic
model developed by Eos Technologies, Inc. Levelized incremental product costs were

calculated on a $/ton and $/MMBtu basis. Also, desulfurization costs were calculated on a

$/ton of SO, removed basis. The circuit-specific input data set used for the economic model is
provided in Table 63.
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The results of the economic analysis are presented in Table 64 and Table 65.

Table 64. Single-Stage Economic Results (Circuit-Optimized)

Conventional Jameson Outokumpu Open Packed
Flotation Column Column

Levelized Product Costs
Incremental, $/MMBtu 0.201 0.206 0.198 0.158 0.182
Total, $/MMBtu 0.79 0.79 0.79 0.74 0.77
Total, $/ton 21.71 22.63 21.51 21.00 21.78
Desulfurization, $/ton SO, 3158 897 3108 740 854
Energy recovery, % 85.0 90.1 85.0 93.0 91.4
Clean coal ash, % (db) 7.5 4.2 8.0 53 4.9

Table 65. Two-Stage Economic Results (Circuit-Optimized)

Conventional Jameson/ Jameson/ Outokumpu/ Outokumpu/
Flotation Packed Open Packed Open
Column Column Column Column

Levelized Product Costs
Incremental, $/MMBtu 0.201 0.162 0.142 0.163 0.138
Total, $/MMBtu 0.79 0.75 0.73 0.75 0.73
Total, $/ton 21.71 21.33 20.65 20.75 19.96
Desulfurization, $/ton SO, 3158 631 788.0 836 967
Energy recovery, % 85 92.9 96.8 91.8 96.3
Clean coal ash, % (db) 7.5 4.4 4.9 7.1 7.5

The above single-stage circuit-optimized results indicate that both column cells will result in
lower costs than a conventional flotation circuit. The open column costs were the lowest for the
single-stage configuration. In the case of two-stage operation, all four circuits were more

economical than the conventional circuit.

The results of the circuit-optimized economic analysis correspond with the overall energy
recovery, as expected. The energy recovery value correlates to the clean coal ash content in
that tests with lower product ash contents also have lower energy recoveries. The problem with
a circuit-optimized approach is that no constraints on product quality have been introduced and
that the tests being compared are at different points on the grade/recovery relationship. If the
fine coal circuit results represented a final product, then price adjustment factors could, in
general, be applied to compensate for changes in product quélity. Price adjustments (price
premiums) have been computed for each circuit-optimized case to determine the break-even

levelized production cost for each circuit. The Outokumpu/open column circuit, which has the
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lowest circuit-optimized levelized cost, was selected as the base case. Annual revenue
requirements were computed for the other circuits that resulted in the same levelized cost as
the Outokumpu/open column case. Table 66 summarizes the price premiums required to
achieve the break-even production cost. For instance, the open column case will produce a
clean coal product with an energy content that is 332 Btu/Ib higher than the Outokumpu/open
column case and requires an increase in revenues of $0.016/MMBtu to achieve the break-even
levelized cost of $0.73/MMBtu. The issue is whether the marketplace would support a 1.6
¢/MMBtu premium for coal with a 332 Btu/Ib higher calorific value.

Table 66. Calculated Price Premium Requirement for Break-even Levelized Production
Costs

Incremental Levelized Production Cost = $0.14/MMBtu, levelized product cost = $0.73/MMBtu
Increase in

Product Product Revenue Price
Ash Btu/lb Requirement Premium  Btu/lb
Circuit % (db) $x1000/yr $/MMBtu Increase

Conventional 7.50 . 13,772 375 0.054 5
Flotation
Jameson 4.16 14,269 423 0.058 502
Outokumpu 8.00 13,698 350 0.051 -70
Open column 5.30 14,100 124 0.016 332
Packed column 4.88 14,162 273 0.037 395
Jameson/Packed column 4.39 14,241 149 0.020 474
Jameson/Open column 4.89 14,166 22 0.003 399
Qutokumpu/Packed column 7.10 13,832 156 0.021 65
Outokumpu/Open column 7.53 13,767 0 0 0

However, discussing the relative merits of producing high-calorific fine coal tends to
oversimpllfy the economics of fine coal cleaning. In the case of existing coal preparation plants,
the recovered fines will always be blended with the coarse coal product. Therefore, operation
of the fine coal circuit is dependent upon the quality of the coal from the coarse coal circuit in
addition to the contract specifications for coal quality. The following section modifies the
economics presented above to consider the total coal product as the basis for economic
comparisons.

7.6 Plant-Optimized Economics
Each of the eight advanced circuits was reevaluated using the PETC economic model.

However, the operating conditions were selected using a different criterion for defining optimal
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economic performance, termed plant-optimized economics. The goal is to derive operating
conditions simultaneously for the fine coal circuit and other circuits in the plant such that the
levelized costs of producing the plant product are minimized. This approach assumes that the
fine coal circuit is constructed at an existing plant. Plant-optimized economic performance
includes the operating and capital costs of the advanced circuit, energy recovered from the

advanced circuit, and additional energy recovery (or losses) from changes in coarse coal circuit
operations.

A model of the Cyprus Emerald Plant has been used as a basis for all recovery calculations.

The analysis is presented in a similar fashion to the circuit-optimized cases. A key difference
between the plant-optimized and the circuit-optimized criteria is that a coal quality specification
for the plant clean coal is specified for the plant-optimized case and the operation of each plant
circuit is adjusted to produce the overall clean coal specification at maximum profits. In the

case of the Cyprus Emerald plant, the clean coal specification is for a 13,000 Btu/lb product on

an as-received basis.

The plant-optimized approach was to evaluate each bench-scale test using a plant model. The
model computed the effect of changes in the coarse coal separating gravity required to produce
the specified product quality on total plant recovery. The levelized costs were then based on
the net change in energy recovery from the coarse circuit in_addition to the recovery from the
fine circuit. The model assumes no change in the middle size fraction spiral/ water-only-
cyclone circuit. The bench-scale test result which produced the lowest levelized costs was
assumed to be the optimal operating condition. This approach does not rely on extrapolations
of cell performance but it does restrict the evaluation to range in energy recovery measured
from the test work. Using this approach, the optimal conditions and associated levelized costs

were found for each of the eight circuits.

The flotation circuit-specific input data set used for the plant-economic model is provided in

Table 67. The results of the economic analysis are presented in Table 68 and Table 69.
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Table 68. One-Stage Economic Results (Plant-Optimized)

Conventional Jameson Outokumpu Open Packed
Flotation Column  Column
Levelized Product Costs
Incremental, $/MMBtu 0.201 0.147 0.228 0.134 0.138
Total, $/MMBtu 0.79 0.73 0.81 0.72 0.72
Total, $/ton 21.711 20.01 22,52 19.70 19.95
Desulfurization, $/ton SO, 3158 1901 3065 1745 865
Energy recovery, % 85.0 85.4 85.0 86.0 87.2
Clean coal ash, % 7.5 4.0 8.0 41 4.9

Table 69. Two-Stage Economic Results (Plant-Optimized)

Conventional Jameson/ Jameson/ Outokumpu/ Outokumpu/
Flotation Packed Open Packed Open
Column  Column Column Column

Levelized Product Costs
Incremental, $/MMBtu 0.201 0.125 0.152 0.219 0.180
Total, $/MMBtu 0.79 0.71 0.74 0.81 0.78
Total, $/ton 21.71 19.95 21.01 22.70 21.73
Desulfurization, $/ton SO, 3158 586 813 1021 1203
Energy recovery, % 85.0 92.9 96.8 91.8 96.3
Clean coal ash, % 7.5 4.4 4.9 7.1 7.5

The plant-optimized analysis results in a different operational perspective for fine coal circuit
operations. This approach penalizes the inclusion of ash and water with the fines and promotes
the recovery of coarse middlings particles if higher overall plant recoveries result. As a result,
lower levelized production costs are realized for the Jameson/packed column than for the
circuit-optimized approach ($0.125 vs. $0.142/MMBtu) despite the fact that no change has
taken place in its performance. This improvement in levelized production costs results from
increasing the coarse coal yield which was made possible by the low ash product from the
advanced flotation circuit. In Table 70 the levelized incremental costs given in Table 68 and

Table 69 are subdivided into the three major cost categories for coal cleaning processes in

order to analyze them more thoroughly:
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e Energy loss: loss of heating value in the refuse

e Operating costs: annual costs associated with circuit operations

e Capital costs: costs for construction of the circuit.
The operating costs are in the range of $0.054-$0.071/MMBtu and the capital costs are in the
range of $0.043-$0.062/MMBtu. The major difference in costs is related to the energy loss
costs. The energy loss cost is calculated on a net plant loss basis. It is determined by
calculating the loss of energy content from the flotation circuit minus the incremental energy
recovered from the coarse circuit by raising the media gravity. It reflects the full impact of
installing each flotation circuit on annual energy losses from the plant. The energy losses are
high for the Outokumpu cell because of the relatively high-ash product (8% vs. 7.5% ash from a
conventional circuit) produced which results in an additional loss of coal from the coarse coal
circuit. The lowest energy loss, on a plant-wide basis, is for the Jameson/packed column circuit

which has both high recovery and low product ash.

Table 70. Levelized Incremental Cost Breakdown

Conventional Jameson Outokumpu Open Packed Jameson/ Jameson/ Qutokumpu/ Qutokumpu/
Flotation Column Column Packed  Open Packed Open
Column  Column Column Column
Btu loss cost, 0.107 0.022 0.130 0.023 0.031 0.014 0.028 0.101 0.066
$/MMBtu
Operating cost, 0.054 0.066 0.065 0.065 0.055 0.062 0.071 0.061 0.066
$/MMBtu
Capital cost, 0.045 0.059 0.043 0.046 0.045 0.050 0.062 0.047 0.057
$/MMBtu
Btu loss cost, 52.2% 15.3% 57.0% 171% 23.6% 11.1% 17.3% 48.2% 35.1%
% of total
Operating cost, 26.1% 44.7% 242% 48.6% 424% 49.0% 441% 29.1% 34.7%
% of total
Capital cost, 21.7% 40.1% 18.8% 343% 34.1% 399% 38.6% 22.7% 30.2%
% of total

Optimal operation of the flotation circuit has been shown to depend on the properties of the coal
and operation of the other circuits. The plant model used in this analysis is representative of
the plant conditions for the project coal sample. However, as described in the following section,

changing the coal property assumptions alters the conditions for optimal flotation operations.

7.7 Sensitivity Analysis
The process economics for each circuit are based on a number of estimates and assumptions.

Both cost and process parameter assumptions can have a significant impact on levelized costs.
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In an effort to better quantify the effect of these assumptions, two series of sensitivity analyses

were performed. First, changes in capital and operating costs are considered, followed by
changes in the plant parameters used in the economic model.

A two-stage Jameson/packed column configuration was selected to conduct the sensitivity
analysis for capital and operating costs. The base case costs (shown in Table 67) were $1.2
million for capital costs and $0.732 million for annual operating costs, which led to a levelized
incremental cost of $0.125/MMBtu. These costs have been varied as shown in Table 71 to
assess the change in incremental levelized cost. An increase of $200,000 in the capital costs
or an increase of $150,000/yr in operating costs results in an increase in the levelized
incremental costs by $0.01/MMBtu. These changes are equivalent to a 17% and 20% increase
in the capital and operating costs, respectively. The capital and cost estimate would be

expected to be in this range or have a + $0.01/MMBtu incremental levelized cost.

Table 71. Capital and Operating Cost Sensitivity

Base Capital Cost Change Operating Cost Change
Case +200K  +400K  -200K +100K  +200K  -100K
Levelized
Incremental Cost, 0.125 0.135 0.145 0.114 0.132 0.140 0.117
$/MMBtu

The second sensitivity analysis to be considered is the impact of plant parameters. The plant
parameters are an integral part of the optimization process because the parameters indirectly
determine the optimal grade/recovery operating point for the flotation circuit. On average, the
clean coal quality at the Emerald mine coincides with the product specifications (13,000 Btu/lb
(as-received) at 8% moisture). However, to construct a plant model several assumptions were
required that are not normally measured, such as minus 100-mesh clean coal moisture.
Parameter estimates were based on available plant data and experience at similar coal
preparation plants where necessary. In an effort to better understand the plant-optimized

process, a sensitivity analysis was performed to evaluate the effects of moisture and ash

distribution assumptions on the optimal energy recovery from the fines circuit.
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The plant parameter sensitivity analysis requires prediction of fine coal flotation over a wide
range in energy recovery. The bench-scale data provide a measure of the grade/recovery
curve for each of the circuits considered but do not provide a consistent trend for this
relationship over the required range needed for sensitivity analysis to ensure optimal
operations. A two-stage flotation model has been constructed to estimate flotation circuit
performance as a means of providing a consist grade/recovery relationship. The model
assumes that the Jameson cell is used for the first stage and a column cell is used for the
second stage. The column cell could be either an open or a packed column since the
performance of these cells was essentially the same except that the packed column was
operated at a slightly lower energy recovery point (with lower clean coal ash) than the open

column during testing of second-stage operation.

The two-stage model first uses the raw coal washability to define the raw coal grade/recovery
relationship (Figure 29). The recovery from the Jameson cell (first stage) is then related to
frother concentration, as shown in Figure 30. The column cell recovery is modeled as a
function of cell residence time and frother concentration. The range of frother concentration
considered was 6-16 ppm and the range of residence time was 1-6 minutes. The column
model is based on first-order flotation kinetics with the flotation rate constant set proportional to
frother concentration. The model was fitted to the bench-scale column test results for the
tailings coal sample by adjustment of two model constants. Using the given residence time and
frother concentration, the column recovery is computed. The total circuit recovery is then
computed and the total circuit product coal ash is determined by using the raw coal model. The
coal quality of the second-stage product is then determined as the difference between the total
and first-stage performance. An example of how the model second-stage performance
changes as a function of residence time is given in Figure 31. The importance of frother

concentration for the second-stage column cell is depicted in Figure 32 with the residence time

set to 4 minutes.
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The model was used to derive fine coal circuit performance for six cases of preparation plant
model parameters. The cases shown in Table 72 represent six combinations of water and ash
assumptions that produce 13,000 Btu/lb clean coal using a 1.6 separating gravity in the coarse
coal circuit and conventional fine coal flotation. High and low fine coal moisture are evaluated
in cases 1 and 3. For example, in case 1, the fine coal moisture is assumed to be 24.9% which
requires an increase in the coarse coal moisture to 5% to achieve an 8% total product moisture.
Cases 4-6 evaluate the effect of lowering the coarse coal product ash from 6.6% to 6.25% at a
1.6 separating gravity. A base case for the decreased coarse coal ash scenario is established
by raising the conventional fine coal flotation recovery to 90% at 9.0% ash to again achieve the
13,000 Btu/lb total product specification. The three levels of fine coal moisture are repeated for

the new ash assumptions.

For each sensitivity case, a range of frother dosage (6-16 ppm) and column cell residence
times (1-6 minutes) was evaluated. The conditions that produce the lowest levelized costs for

each case have been tabulated in Table 72.

Table 72. Plant Parameter Sensitivity Analysis

Case Case Case Case Case Case Case
One Two Three Four Five Six(a) Six(b)
Fine coal moisture, % 249 284 314 249 284 314 314
Coarse coal moisture, % 50 45 4.0 50 4.5 4.0 4.0
Coarse coal F1.6 ash, % 6.6 6.6 6.6 6.25 6.25 625 625

Levelized product cost 0.128 0.131 0.125 0.06 0.073 0.073 0.073
Incremental, $/MMBtu
Optimal conditions:

Frother concentration, ppm| 7 6.5 6 8 6.5 6 7.5
Residence time, min.| 4 4 4 6 6 6 4
Clean coal ash, %| 4.9 4.7 4.5 55 53 5.2 5.0
Energy recovery, %|90 88 86 95 93 92 91

The results indicate that the optimal fine coal recovery changes depending on the plant
parameters. Increasing the fine coal moisture leads to lower optimal energy recovery (see
recovery trends for cases 1-3 and 4-6). When the ash content of the coarse coal is assumed to
be lower, the optimal recovery from the fine coal circuit increases (cases 4-1, 5-2, and 6-3) and

higher separating gravities are used in the coarse coal circuit resulting in lower levelized costs.

The column cell residence time is related to the optimal energy recovery and increases from 4
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to 6 minutes when recoveries above 90% are optimal. The frother dosage was low, ranging
from 8 ppm to 6 ppm. The simulation suggests that the best method for increasing coal
recovery is by increasing residence time and maintaining frother dosage below a level of about
8 ppm.

Since the above analysis is based on empirical simulation of a two-stage circuit, the absolute
values of the model outputs, such as residence time, may not be accurate but the trend in

outputs, such as optimal energy recovery decreasing with higher fines moisture is valid.

Although the base case is assumed to be the most accurate estimation of the plant conditions,
these parameters are not expected to be constant during plant operations. In Section 3,
conventional flotation data were shown where the product ash ranged from 6% to 9.5%. The
coarse coal cumulative float 1.6 ash is known to vary. Recent drill core data suggest that the
range for this ash value is 5.7% to 7.1% (12 samples). Therefore, the optimal flotation recovery
over time will change with changing plant conditions. This illustrates the need for control of the
flotation circuit recovery. For continuous optimal operations, the flotation circuit must be
capable of achieving efficient separations over a wide range in recovery. The sensitivity
analysis suggests that the recovery range required is 86% to 95% with a lower limit of 80% to
85%, given that the model becomes less accurate at lower frother concentrations because of

limited test data in this region.

8.0 TWO-STAGE OPERATION )

One of the major objectives of this project is to evaluate the use of two-stage circuits for an
optimal flotation circuit design. The premise of the project is that column cells are froth mass
loading-limited and cannot be operated at maximum feed velocities for relatively low-ash feed
coals such as the Pittsburgh seam. The test work completed by Pyramid has shown that the
open column is indeed froth mass loading-limited when processing the raw coal fines at 3%
solids. Their work also shows that feed velocities can be substantially increased, from 1 cm/s
to 1.84 cm/s, and possibly as high as 4.5 cm/sec, when a portion of the clean coal is recovered
in a first-stage flotation step. The packed column tests are less conclusive with regard to froth

mass loading since the maximum froth mass loading could not be determined for the 12-ft tall

test column due to feed pump limitations. The test work did demonstrate that a high froth mass
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loading of 2.4 tph/m2 (4 gm/min/cm2 ) was possible with a feed velocity of 3 cm/sec for a raw
coal feed. These results suggest that it is possible to devise a two-stage circuit in which both
the column froth mass loading and feed velocities (residence times) are maximized by
appropriate use of a two-stage circuit.

Economical use of a two-stage circuit requires that the feed velocities be higher in both flotation
steps than for a comparable single-stage operation while achieving high energy recovery.
Increasing the feed velocity in the first stage was shown to lead to higher froth loadings in the
tests on the Outokumpu cell, where feed rates of 75.6 I/min (20 gpm) produced approximately
1.9 glmin/cm2 loadings and feed rates of 94.5 I/min (25 gpm) produced about 2.5 g/min/cmz, or
a proportional increase in coal recovery. The high capacity tests for the Jameson cell resulted
in a substantial increase in froth mass loading (4.5 vs. 1.7 gm/min/cmz) while producing a clean
coal product containing less than 4% ash. As previously noted, the tailings sample tests
completed indicate that feed velocities can be also be increased for second stage operations,

where residence time considerations are the constraint on capacity.

Another issue concerning two-stage operations is the consumption of reagents. A hypothesis of
this project was that reagent consumption for two-stage operations could be reduced compared
to a single-stage operation. The rationale for this hypothesis was that high proportion of the
fine low-ash coal particles could be floated in the first stage with a small amount of reagents.
Removal of this low-ash coal fraction would then allow the reagent dosage to be set
appropriately for the more difficult-to-float particles in the second stage, leading to a net
reduction in total reagent consumption. The two-stage Jameson cell tests showed that very
high energy recoveries are possible (96%) with little or no additional reagent. Definitive
confirmation of this hypothesis can only be obtained by testing a two-stage circuit directly (as is
planned for the POC module). However, the test results to date are consistent with this

hypothesis given the low frother concentrations (10 ppm) used in the second-stage tests.

The economics of two-stage operations, presented in Sections 6 and 7, is based on an increase
in feed velocities to each stage compared to single-stage operations. In the case of the

Jameson cell the feed velocity is increased from 1.3 to 4 cm/s. In the case of a column second

stage, the feed velocity is increased from about 1 cm/sec to 2-4 cm/sec.
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The two-stage circuits achieved the lowest levelized costs. The capital cost, however, is_about
$115,000 higher than that of the best single-stage operation. This suggests favorable overall
economics for the two-stage operation. However, this is a very tentative analysis and two-stage

pilot-scale tests must be conducted to demonstrate the validity of this concept.

9.0 EQUIPMENT SELECTION

The primary objective of the bench-scale test work was to provide data required to select the
two most appropriate flotation machines for further testing at the pilot scale. During the in-plant
POC pilot-scale tests, these machines will be fully characterized in single- and two-stage
operations. The criteria established at the start of the project for development of a two-stage
circuit were that it should:

1. Achieve a low-ash product from the first stage with high froth mass loading

2. Achieve an efficient separation in the second stage given a high-ash, dilute
feed

3. Minimize operating and capital costs on a levelized cost basis.

The objective of Task 5 was to select either the Jameson or the Outokumpu cell as the first-
stage flotation machine and either the packed or open column cell as the second-stage
machine. After reviewing the performance data and related economics, the flotation machines
and circuits recommended for pilot testing are:

¢ Single-stage Jameson cell

¢ Single-stage packed column
o First-stage Jameson cell, second-stage packed column.

The Jameson cell has been selected for the first stage based on its good performance and low
operating costs since it does not require compressed air. It has also demonstrated the potential
for being used as a first-stage machine by achieving the highest froth mass loading levels

measured while producing a 4% ash product.

In general, the performance of both the open and packed columns was very good. Both cells
achieved good process separations and demonstrated the potential for high-capacity operations

with dilute feed slurries (second-stage feed conditions). Both cells were capable of producing a

product with less than 4% ash from a raw coal feed. The packed column, however,
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demonstrated a higher capacity with the raw coal feed with corresponding higher froth mass
loadings. The open column achieved higher recoveries with the high-ash feed coal (second-
stage feed) but also required longer residence times than the packed column. It appears that
both cells had a similar product ash/recovery relationship for the high-ash second-stage feed,
and the two-stage economics for both cells is excellent. The packed column was selected in
favor of the open column because of its:

¢ Potential for achieving high froth mass loading levels

o Potential for process control via regulation of froth depth

¢ Enhanced process separation efficiency when producing a low-ash product.
The packed column achieved twice the froth mass loading of the open column cell and has the
potential for higher loadings. The froth depth can be adjusted over a wider range of operation
than with the open column and was demonstrated to operate with depths up to 84 inches. The
packed column produced the lowest ash product from the tailings sample. Overall, the packed
column will provide a greater degree of testing flexibility because it can be operated over a wide
range of energy recovery values at near theoretical efficiency. This is important since the
economics indicated that the optimal energy recovery depends on coal parameters that have
been shown to vary. Therefore, continuous optimal circuit operation will require control of
energy recovery over a range of 95% to 85% and possibly as low as 80% in response to
changing plant conditions.




