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1.0 INTRODUCTION 

1 

The overall objective of the proposed research program is to explore the potential 

application of a new invention involving a multistage column equipped with vortex-inducing loop- 

flow contactors (hereafter referred to as the multistage column) for fine coal cleaning process. 

The research work will identi@ the design parameters and their effects on the performance of the 

separation process. The results of this study will provide an engineering basis for Wher  

development of this technology in coal cl-g and in the general areas of fluidparticle separation. 

In the last quarter, we investigated the mixing and loop flow (circulation) behaviors around 

the contactors. In this quarter, the fine coal beneficiation tests were carried out in the multistage 

column and conventional column. Table 1.1, the project schedule, shows work accomplished to 

date. 

Table 1.1 Project Schedule 

Tasks 
1994 1995 19% 1997 

7 9 1 2 3 6 9 1 2 3 6  9 1 2 3 6  

1. Project Planning 

2. Equipment- 

3. Hydrc~dy~mic Tests 

4. SeparationTests 

5. Conventional Column Tests 

6. Data Analysis 

7. Reports 

t Notes: Quarterly Technical Progress Report; Annual Report; 0 Final Report. 
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2.0 TECHNICAL PROGRESS 

8 

2.1 

1 

2.2 

2.3 

Task 1: Project Planning 

This task was completed in September 1994[']. 

Task 2: Equipment Design and Construction 

Task 2 was completed in March 1995r21. 

Task 3: Hydrodynamic Tests 

The objective of this task is to pursue a basic understandmg of the hydrodynamic behavior 

and to characterize the flow and mixing conditions in the multistage separation column. 

In the last quarter, we have completed the following subtasks: 

1. The investigation of mixing behavior in the multistage column and conventional column, 

which include: 

a. Setting up and calibration of the conductivity meter and auxiliary devices; 

b. Measurements of mixing time under various operating conditions. 

2. The investigation of circulation flow characteristics around the contactor, which include: 

a. Definition of the circulation velocity and development of a measurement procedure; 

b. Measurements of the circulation velocity around the contactors. 

AU the subtasks in Task 3 were completed in March 1996[3-51. 

k 

3 

2.4 Task 4: Separation Tests 

Task 4 has been initiated in January 1996. The goal of this task is to conduct the 

investigation on fine coal beneficiation and evaluate the effectiveness of the multistage flotation 



column. In addition, the potential application of the multistage column to other separation 

processes will be explored. 

In this quarter, to verifjr the advantages of using the multistage column in the fine coal 

flotation process, a series of coal cleaning tests were carried out to compare the performance of 
I 

the multistage column with that of the conventional column. 

2.4.1 Experimental Procedure and Operating Conditions 

In the study of coal cleaning process, the heating value recovefy (HVR) and the impurity 

rejection were the criteria used in the evaluation of column performance. The HFB and impurity 

rejection (including pyrite rejection and ash rejection) are defked by Equations (2.1) and (2.2), 

respectively, as follows: 

where Wi is the weight of coal recovered in the ith collection; @W)j is the BTU per unit weight 

in the ith collection; @W)total is the total BWin  the feed coal. 

where (1P)i is the impurity content in the ith collection; ( P h l  is the total impurity content in the 

feed coal. 

The Upper Freeport coal fiom Indiana County, Pennsylvania was selected as the model 

coal for this study. The coal was crushed and screened to collect the 100x325 mesh size fiaction 

as the feed coal sample. The mean size of the feed coal was 45-150 pm. The feed coal sample 

contained 26.4% ash and 2.95% sulfur (2.4% pyritic sulfur). 

4 



In each batch test, 300 grams of cod were premixed with 500 ml tap water to prepare the 

slurry feed. Various dosages of fiother, 4-methyl-2-pentanol (MIBC), were added to the liquid 

phase and premixed for 5 minutes. The typical solid concentration in the column was 

approximately 3%. Clean coal samples were collected at predetermined time intervals (usually 0.5, 

1, 2, 4, 8, 16, 32 minutes) until the fioth was depleted. The beneficiation tests were also 

conducted in the conventional column under the same operating conditions. 

2.4.2 Heating Value Recovery 

The HYR versus flotation time is plotted in Figure 2.1. It can be seen fiom the plot that the 

conventional flotation column, recovered only about half of the heating value compared to the 

multistage column. In the multistage column, during the first 4 minutes, more than 85% of the 

heating value was already recovered. This c o b e d  that the better kinetic performance in the 

multistage column was mainly due to the arrangement of draft tubes and attached vortex inducing 

plates. 

2.4.3 Impurity Rejection 

In addition to HT/?i, the other key performance criterion of a fine coal flotation process is 

pyrite rejection. The current interest centers on pyrite rejection because the su&r components in 

coal are the root cause of SO2 emission in coal-fired power plants. Figure 2.2 presents a 

comparison of pyritic sulfur rejection between the multistage column and the conventional column. 

It can be seen fiom Figure 2.2 that the multistage column achieves a much greater pyrite rejection 

with higher HYR than the conventional column. 
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Figure 2.1 Comparison of HVR between Multistage Column and Conventional Column 

Note: SGV- Superficial Gas Velocity. 
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Figure 2.2 Comparison of Pyrite Rejection between Multistage 

Column and Conventional Column 

Further, it is shown that even when the HPR in the multistage column is as high as 95%, the pyrite 

rejection still remains above 70%. This indicates that a very significant improvement in the HP?? 

can be achieved in the multistage column without seriously affecting the pyritic &r rejection. In 

other words, the multistage column can provide a good product quality over a considerably wider 
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operating range than the conventional column. This h d m g  is in good agreement with the results 

documented in our previous worQG8]. It is important to note that such a favorable performance is 

essential for the operation of a commercial flotation column. 

2.4.3 Role of the Frother Dosage 

Since the addition of fi-other could alter the column hydrodynamic state and, in turn, the 

column beneficiation behavior, the effect of fiother dosage on the column separation characteristics 

was also studied in the multistage and conventional columns. The data for the effect of MIBC 

dosage (C) obtained fiom the conventional column and multistage column are plotted in Figures 

2.3 and 2.4, respectively. As shown in Figure 2.3, in the conventional column the pyrite rejection 

and the HYR are very sensitive to the change in the fiother dosage. Although the HJB increases 

sigruficantly as the MIBC dosage increases, the pyrite rejection decreases sharply. This is 

attributed to the deficient control of impurity entrainment in the conventional column. On the 

other hand, the pyrite rejection is less sensitive to the variation in MIl3C dosage in the multistage 

column. The results (see Figure 2.4) indicate that using a low MIBC dosage of 15 ppm is 

suf3icient to obtain a high pyrite rejection. This is because in the conventional column the bubble 

sizes are large and not uniformly In the 

multistage column, the bubble sizes are uniform and relatively small, resulting in a large interfacial 

area for bubble-particle contacts. 

as observed in the hydrodynamic tests. 
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Figure 2.3 The Effects of Frother Dosage on Pyrite Rejection (Conventional Column) 
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2.4.4 Fine Coal Beneficiation Tests Under Various Operating Conditions 

To ident% the effect of operating conditions on the characteristics of -le coal flotation in 

the multistage column, additional tests were carried out. The results of these tests are presented in 

10 
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Figure 2.4 The Effects of Frother Dosage on Pyrite Rejection (Multistage Column) 



Table 2.1. As noted in Table 2.1, the results indicate that the multistage column demonstrates a 

better operating flexibfity. 

Table 2.1 Performances of Multistage Fine Coal Flotation 

Test 1 2 3 4 
m c ,  ppm 15 15 20 20 

24 15 1 SVG.m/s I 0.01 I 0.006 I 0.006 I 0.006 
30 30 N, = 

MaximumHFT 95.1 . 93.7 96.5 89.4 
(%) 

Maximum Pyrite 67.5 73.5 70.3 76.3 
Rejection (%) 

Maximum Ash 78.6 75.6 77.8 74.3 
Rejection (%) 

HFT at 4 minutes 87.9 86.5 84.4 74.2 
? (“A) 

2.5 Task 5: Conventional Column Tests 

In the last quarter, we completed the investigation on the liquid mixing and circulation 

behavior in the conventional flotation coIumn. The results were reported in the last quarterly 

rep01-t‘~~. In this quarter, experiments similar to those for Task 4 were carried out to study the fine 

coal beneficiation behavior in the conventional column for comparison purposes. The results have 

been discussed in Section 2.4. 
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2.6 Task 6: Data Analysis 

In the past several quarters, data for the gas holdup, bubble size and specific interfacial 

arear4] were analyzed in terms of three key operating parameters: SGV, agitation speed (N) and C. 

Empirical correlations were established in terms of three second-order polynomial  equation^'^] 

representing the experimental data. 

In this quarter, an attempt was made to analyze the kinetic data obtained fiom the 

mutistage column using a flotation model based on the unified proportionality equation[””’. 

2.6.1 Basic Principle of the Model Equation 

The unified proportionality equation is a multiscale, multidimensional equation. The 

equation not only embraces both linear and logarithmic scales, but also includes a multilogarithmic 

dimension. The equation has shown to be usefid for modeling experimental data when dealing 

with two associated variables lplll. In this study, we performed the modeling of flotation kinetic 

data using three forms of equations derived fiom the general udied proportionality equation. The 

kinetic data on fine coal flotation in the multistage column were used for statistical discrimination 

of the models. Model equation parameters were obtained using Microsof3 Excel (version 5.0). 

Statistical parameters were used for comparison of model applicability and identification of the 

most desirable model. Graphs for expressing the proportionality of each model are discussed 

below. 

2.6.1.1 General Equation 

The unified proportionality equation is given as: 
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d(q"Y) = Kd(q"X)  (2.3) 

where q is a notation of logarithm, K is a proportionality constant, and m and n are logarithmic 

dimensions of Y and X. The effective qmY and qoX always refer to the distance between qmY or 

qoX and its respective asymptote. 

In Equation (2.3), rn and n can be integers 0, 1, 2, 3, ... etc. When using the Werent values 

of m and n, Equation (2.3) can be written as the following expressions: 

dY=KG?X 

d(1ogY) = KGL;y 

d(l0gY) = Kd(l0gX) 

d[ log (log Y)] = K - 
X 

(2.3.a) 

(2.3.b) 

(2.3.c) 

(2.3.d) 

-tion (2.3.a) does not have an asymptote assoCiated with either Y or X. Thus, this equation can 

not be used to model the flotation kinetic data. The other three model equations need to incorporate 

the recovery asymptote (Yi) as reference point for accounhng the effective recovery or>, as will be 

discussed in the next section. 

2.6.1.2 Flotation Recovery Models - phenomena with pi > Y) 

In flotation, we are most interested in finding how much floatable material can be recovered or 

knowing what the recovery profile looks like as the flotation progresses in time. Because the profile of 

cumulative recovery tends to approach an asymptote, it is imperative that the asymptote be identified 

f%st and be used as a key reference in process analysis of effective recovery. 

The integral forms ofthe flotation recovery models, Equations (2.3.b) through (2.3.d), are: 
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=KX+logA (Model 1) 
1 

l0g(I; -Y) 

= Klog x +log A (Model 3) 
1 

lOB(4Yi -4Y) 

In the above equations, the term 11Wi- Y) and l/(qYi - qY) are known as thepro-dity fm. 

In Equations (2.4) and (2.5), the log implies 'the intention of plotting the proportionality factor l/vi - 
Y) in a logarithmic scale. In Quation (2.6), qYi and qY emphasii the need to calculate the values of 

logpi) and l o g o ;  and the log implies the intention of plotting the proportionality fkctor l/(qYi - qY) 

in a logarithmic scale. According to Equation (2.4), 1/vi - Y) versus X can be plotted in a semi-log 

I graph to obtain a straight line ifthe proportionality exists. S ia r ly ,  according to Equations (2.5) and 

I (2.6), l/wi - Y) versus X or I/(qYi - qY) versus X can be plotted in a log-log graph to obtain a straight 

line ifthe proportionality exists. Microsoft Excel was used to identi@ the asymptote Yi and parameters 

A and K in the above model equations. 

I 

2.6.2 Data Analysis Procedure 

Mcrosofi Excel was used for data analysis and graphing. Using an object oriented interaCtve 

approach, the asymptote Yi was first sought. For each model, the K, A, and unique Yi were determined 

simultaneously for Equations (2.4), (2.5), and (2.6) using the trendline (or so-called regression) analysis. 

The targeted objective was to iden@ the unique asymptote Yi for the best fit of the trendhe or the 

maximum of the c@icieM of ci&ermi&on @I2). The value of R2 can be defined as follows: 
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where, SSE is the mor sum of squares, which is used to measure the variation in the observations Y; 

when a regression model utilizing the independent variable X is employed; SSTO is a measure of the 

uncertainfy in predicting Y when the indeprndent variable X is not considered. 

The flotation data obtained fiom the multistage column and the calculated proportionality 

factors are listed in Table 2.3. Based on regression analysik, the model parameters were determined and 

presented in Table 2.4. Using the model parameters in Table 2.4, the theoretical Y values were 

calculated for each model (see Table 2.5). The mean square errors @&?C) were then calculated for the 

differences between the theoretical and experimental data, and used as indicators to compare the 

superiority of the models (see Table 2.6). TheMSE is defined by the following expression: 

Table 2.3 Flotation Kinetic Data Obtained From Multistage Column 

Yi 
X Y 96.501 I 98.4 I 97.3 

Time,& HvR,% l/(Yi-Y) l/(Yi-Y) l/(qYi-qy) 
0.5 19.0 0.0 12903 0.012594 1.409723 
1 37.8 0.01703 5 0.016502 2.43 533 6 
2 61.3 0.028408 0.026954 4.983744 
4 84.4 0.08263 8 0.07 1429 16.18899 
8 93.2 0.30293 9 0.192308 53.48472 
16 96.1 2.493 766 0.434783 185.5476 

I 32 I 96.5 I 1000.000 I 0.526316 I 278.899 I 
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Table 2.4 Model Parameters 

Model 

yi 

R2 

K 

A 

1 2 3 

96.501 98.4 97.3 

0.995 1 0.9708 0.9835 

0.15076 1.0153 1.3861 

0.014 0.0191 2.7208 

Table 2.5 Comparison of Calculated HVR with Experimental HVR 

im, % 
19.0 

Time, min 
% % % 

36.4539 7.42844 10.65300 0.5 

37.8 
61.3 
84.4 

1 46.021 84 46.04398 4 1.74206 
60.82697 72.49814 70.38714 
78.68409 85.58569 85.963 11 

2 

93.2 
96.1 
96.5 

4 
92.05681 92.06044 92.7959 1 
96.22449 95.26366 95.55148 
96.49993 96.84837 96.62727 

8 
16 
32 

Experimental 1 Model 1 1 Model2 1 Model3 

2.6.3 Discussion and Remark 

For a better discrimination of the models, we rely on a quantitative statistical parameter for 

comparison. Table 2.6 gives a comparison of the MSE for the three flotation kinetic models. It is 

clearly shown that Model 3 has the lowest MSE, Model 1 has moderate MSE, and Model 2 has the 
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highest MSE. It has been found in other studies that in general, the ME of Model 1 is one or two 

orders of magnitude higher than that of Model 3'"'. Based on the MSE comparison, it can be seen that 

Model 3 (Equation (2.6)) is the most applicable model for batch flotation data. 

Table 2.6 Statistical Discrimination Analysis 

SUM= 406.45 52 895.3493 170.71 19 

MSE= 58.06503 127.907 24.3 8742 * 

Figures 2.5 through 2.7 depict a comparison of the experimental data with the calculated data 

Figure 2.5 gives a proportionality plot for Model 1, where the based on the three models. 

proportionality factor 1 /v i  - Y) is plotted against time in a Semi-log graph. Figure 2.6 gives a 

proportionality plot for Model 2, where the proportionality fsctor 11Vi - Y) is plotted against t h e  in a 

log-log graph. Figure 2.7 is a proportionality plot for Model 3, where the proportionality Wor l/(qYi - 
qY) is plotted against time in a log-log graph. In the above figures, all trendlines are drawn to give 

unique Yi using the Excel. A comparison of Figures 2.5,2.6, and 2.7 reveals that the data points and 

the trendlines are most Matched by Model 3. 
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Figure 2.5 Proportionality Plot for Model 1 

Figure 2.6 Proportionality Plot for Model 2 
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Figure 2.7 Proportionality Plot for Model 3 

In Table 2.4, the R2 values range fiom 0.9708 to 0.9951. These R2 values for all models are 

high, indicating that all models can potentially be considered as a feasible candidate model. However, in 

reality Models 1 and 2 are not desirable, as verified quantitatively withMSE values. In his analysis of 

MSE for batch flotation data, Mazumdar [I2] also c o h e d  that Model 3 is best and Model 1 is worst 

among the models tested. 

From the above discussion, it can be concluded that the relationship of recovery with time for 

the multistage column flotation is not linear. Instead, their relationship is changing in a logarithmic scale 

and their relative change is varying in a fashion of hetional change rather than simple linear change. 

For this reason, the flotation kinetics can best be described by a high dimensional subset of the udied 

proportionality equation, which may be written as: 
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= 2.7208 XI-' 1 
1ogq -1ogY 

where, X is flotation time, min. 

2.7 Summary 

In the past several quarters, the mathematical expressions developed using the 

multiparameter regression method provided adequate correlations for the column hydrodynamic 

data. In this quarter, we conducted the investigation of fine coal flotation in the multistage column 

in terms of and impurity rejection. Additionally, we identified the applicabiity of three 

flotation kinetic models for multistage column kinetic data correlation. In conclusion, the 

following points are noted: 

1. 

2. 

3. 

4. 

r 5 .  

The experimental investigation of the fine coal flotation in the multistage coIumn shows 

that the design concept of the multistage column equipped with vortex-inducing contactors 

is expected to result in an improved performance compared to the conventional column. 

The superficial gas velocity and the agitation speed are two operating parameters affecting 

the HYR and impurity rejection. 

When the MIBC dosage is greater than 15 ppm, a fbrther increase in the MU3C dosage 

does not play a significant role in affecting the column operating performance. 

The fine coal beneficiation behavior of the multistage column appears to be less sensitive to 

the variation of MlBC dosages than that of the conventional column. 

Model 3, i.e. Equation (2.6), is the most applicable model for describing the batch flotation data 

obtained %om the multistage column. 
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3.0 WORK FORECAST 

In the next quarter, separation tests will be conducted as part of work under Task 4 to 

study the application of the multistage flotation column to other separation processes and to 

demonstrate its multiiimction capability. Work will include the following aspects: 

Waste water treatment; 

Recycled paper pulp de-inking; 

1. 

2. 

3. 

0 Removing metal oxide precipitates from decon water. 
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