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Abstract: Mining operations often send samples for testing to commercial laboratories. Unless
a customised test is requested, they expect laboratories to use standard procedures, which are
reproducible. A thermal coal and a metallurgical coal were sent to eight laboratories, which were
requested to perform a basic flotation test (AS 4156.2.1-2004) and a sequential flotation procedure
test, i.e., standard tree test (AS 4156.2.2-1998). This study compared the reports produced by the
various laboratories and compared them with the requirements laid out by the Australian standards.
It was found that many elements were missing in most cases, probably due to the fact that some
of the requirements of the standard, such as size analysis, are offered as other services. The basic
tests generally agreed with one another whilst the sequential tests presented more variations. A
quantitative analysis of the variation in the yield-ash curves produced by the sequential procedure
was conducted using dynamic time warping (DTW). This approach can be used to numerically
compare yield-ash curves and perform statistical comparisons.
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1. Introduction

Froth flotation is a process used to separate particles based on their surface properties.
Fine particles are placed in a vessel and contacted with bubbles. Hydrophobic particles
have a greater likelihood of being collected by bubbles to produce a concentrate. In the coal
industry, the separation of the coal from the tailings is achieved mostly through gravity
separation [1]. Froth flotation is used for the finer-sized fractions of coal. Up to 40%
of the coal may be concentrated by flotation [1], a figure that may be as low as 10% in
Australia [2]. It is believed that the proportion of coal concentrated by flotation is increasing
with the increasing mechanisation of mining. Thus, flotation is now an integral part of
most coal washeries.

Flotation is strongly influenced by the design of the device and its operation [3-5], the
flotation reagents [6-9], and water [10-16]. Considering the number of factors influencing
the flotation of coal, standard procedures have been established. A standard sets rules
and procedures, which are considered as authoritative for a particular task [17]. There are
several standard organisations and some standards are duplications of other standards.
One standard of interest is the basic flotation test (AS 4156.2.1-2004) [18], which follows the
International Standard (ISO 8858-1:1990). It consists of a single flotation test. It aims to
give a preliminary evaluation method of the flotation characteristics of coal samples. The
basic flotation test provides only a single yield point and ash percentage for a specific set of
conditions. The sequential procedure (AS 4156.2.2-1998) [19], or standard tree test, aims to
determine coal flotation characteristics by producing a curve that describes the sensitivity
of flotation performance. It indicates the maximum possible yield for any specified ash
level. Those two standards are particularly useful in the characterisation of coals and the
development of process flowsheets.

Although standards are used to ensure uniformity in the interpretation of the results,
the flotation standards are voluntary consensus standards. That is, they are not manda-
tory unlike safety standards. As such, companies are free to deviate from the standard
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procedures. This may be a problem for mining operations requesting standard tests to
evaluate the floatability of their coal samples. Different commercial laboratories could
produce varying results, which become difficult to interpret. Recognising this problem,
the Australian Coal Association Research Program (ACARP), which includes many coal
mining operations, decided to fund a study to determine the extent of the variation in those
results. The aim of this study was to establish variations in the results obtained for a basic
flotation test and a sequential flotation procedure across different laboratories. Samples
were sent to eight laboratories and the results were assessed in terms of the standard
procedures. It was noted that the interpretation of standard procedures is subjective. (It
was not the aim of this study to investigate those differences. In addition, the interpretation
of what must be present in the report and how the reports comply to the standards was
performed according to the understanding of the standards by the authors.) The elements
of the reports, the results from the basic test, and the sequential procedure were analysed.
The application of dynamic time warping was proposed to quantitatively assess the lat-
ter. Future work for this investigation is concerned with differences in the methodology
employed by different laboratories when following the standard procedure. It should be
noted that this work is the first stage of a larger project in which the standard practice will
be examined and changes to the standard will be tested.

2. Materials and Methods

The methodology for this study, whenever followed, is detailed in the Australian Stan-
dards AS 4156.2.1-2004 and AS 4156.2.2-1998. Only brief comments are made where necessary.

Both commercial laboratories (all approved by the National Association of Testing
Authorities, NATA) and university laboratories participated in this study. No distinction
was made between the two groups and they are all referred to as laboratory(ies). Each
coal was tested 8 times since the laboratories were meant to conduct tests following the
standard procedures. What was observed was within variation. The authors conducted
the experiments and the results are displayed as one of the laboratories.

2.1. Coal Samples

Two coal samples were used for this study. A thermal coal sample was sourced from
the Hunter Valley coal field in NSW and a metallurgical coal sample was sourced from
the Bowen Basin in Qld, Australia. Both samples were plant feed and were taken from
the conveyor belt. The sample preparation was performed by an external laboratory. The
coal samples were wet tumbled to a top size of 212 pm, filtered, and air dried. The coal
samples were divided into lots of 500 g. Two sample bags of 500 g were dispatched to
each laboratory for each coal sample. Some of the laboratories characterised the feed.
The mean moisture and the head ash of the feed are presented in Table 1. Only three
laboratories provided the information contributing to Table 1. The determination of the
moisture appears to have a relatively high variability, with one of the laboratories deviating
from the other two laboratories.

Table 1. Moisture and ash in the feed calculated from the information provided by the laboratories.
The means are presented with the standard deviations in brackets.

Sample Moisture, % Ash, %
Thermal 1.4 (1.2) 62.8 (1.4)
Metallurgical 1.0 (0.7) 20.7 (0.5)

The size analysis and size-by-size ash analysis of the feed was performed by three
laboratories and is presented in Table 2. The results of the size analysis are consistent
amongst the three laboratories, which provided this information.



Minerals 2021, 11, 550

30f15

Table 2. Sieve analysis and size-by-size ash analysis for the thermal and metallurgical coal samples.

Thermal Coal Metallurgical Coal
Sieve Size, ym  Mass Percentage 0 Mass Percentage 0
Retained, % Ash, % Retained, % Ash, %
250 7.3(2.3) 47139  103(323) 18.4 (1.0)
125 255 (3.1) 578(09) 245 (3.8) 18.0 (0.6)
63 24.7 (4.4) 624(13)  29.4(89) 20.0 (1.1)
pan 426 (9.5) 69.4(49) 357 (15.6) 24.0 (1.4)

2.2. Reagents

The collector used for the flotation of coal according to the standard was n-dodecane
of analytical grade. The frother was 4-methyl-2-pentanol (or methyl isobutyl carbinol,
MIBC) and was also of analytical grade. The water used for the flotation test according to
the standard was deionised (DI) water or water of similar purity. It should be noted that
some laboratories (C and G) have used diesel oil, as noted in Table 3. It should be noted
that some laboratories may not have self-reported the use of different reagents.

Table 3. Elements of the basic flotation test (section 11 of the AS) present in the different reports. A black tick means that the

information is clearly presented. The absence of a tick indicates that the information is not present.

Criterion II;aboratml';y C D E F G H
Date the test was conducted v 4 v
Sample ID v v 4 4 v %4 4 4
Sample history
Reference to the standard v 4 4 4 v v
Sample size analysis v v v?3
Sample ash analysis (by size fraction) v v vl
Mass of coal (feed, concentrate, tailings) v?2 vl 4 v?2 v!
Ash percentage (feed, concentrate, tailings) vl vl vl v? v! vl v v!
Mass distribution (feed, concentrate, tailings) v/ 1 vl vl v?2 vl v v vl

. Moisture . COHeC.tor
Other properties Collect Moisture Flotation

ollector
cell

Format xls EIC; £ pdf pdf Elds £ pdf .doc pdf

! The weight basis is unspecified or not dry or non-standardised drying method; 2 one stream is missing. In some cases, the feed is missing
which may be calculated from the concentrate and the tailings; 3 dry sieving.

2.3. Flotation

The flotation tests were to be conducted in a standard flotation cell. The tests were to
be conducted according to the standards AS 4156.2.1 (2004) [18] for the basic test and AS
4156.2.2 (1998) [19] for the sequential flotation test. Briefly, in a standard test the sample is
to be mixed in a flotation cell (approximately 3.5 L and equipped with a deflector block)
to 10% solids. Dodecane and MIBC are to be added at a dosage rate of 1 mL/kg of dry
solids and 0.1 mL/kg of dry solids, respectively. The pulp level is to be maintained at
20 mm below the overflow lip of the cell. The flotation test is to be conducted at impeller
speed of 1500 rpm and the air flow rate is to be set at 4 L/min. During the test, the froth
is to be scrapped every 15 s over a period of 3 min, after which the test is to be stopped.
A sequential flotation test consists in a series of basic tests in which the concentrates and
tailings are re-floated at various reagent concentrations.

2.4. Reporting

In each of the standards, a section is dedicated to reporting the results of the tests.
They contain itemised elements, which ought to be included in the report. The reports
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were examined to determine if all the elements required by the standards were present.
This step is subject to the interpretation of the authors.

2.5. Analysis of Results

All results were tabulated and statistically analysed with the statistical program R.
The aim of the standard test is to obtain repeatable and reproducible results. The analysis
looked at the reproducibility of the results achieved by the standards. It also included
variations due to deviations from the standard procedures, which cannot be measured
unless disclosed by the laboratories.

3. Results and Discussion
3.1. Reporting

The reports were submitted in various formats and contained various elements.
A checklist of the elements and those reported in the different reports is presented in
Tables 3 and 4 for the basic test and sequential procedure, respectively. The tables re-
veal the high level of inconsistencies between the laboratories and the standards. A few
comments are warranted.

Table 4. Elements of the sequential flotation procedure (section 10 of the AS) present in the different reports. A black tick

means that the information is clearly presented. The absence of a tick indicates that the information is not present.

o Laboratory
Criterion A B C D E F G H
Date the test was conducted v v (4
Sample ID Vv v v v 4 vV v 4
Sample history
Reference to the standard v v v v Vv v
Sample size analysis vl 4 vl r
Mass of coal (feed, concentrate, tailings) v? v vV Vv v
Mass distribution (feed, concentrate, tailings) v v v? v vV Vv (%4
Ash percentage (feed, concentrate, tailings) 4 4 v? v vV v v
Yield-ash relationship in a tabular form * v Vv v v?2 (4 v Vv (4
Yield—ash relationship in a graphical form v v v? v v
Moisture Collector
Other properties Moisture Flotation
Collector cell
Format xls .pdf, xls pdf pdf .pdf, xls .pdf .doc pdf

* Taken as the tabulation of the cumulative yield and the cumulative ash sorted in order to incremental ash; 1 taken as given from the basic
test; 2 one stream is missing. In some cases, the feed is missing which may be calculated from the concentrate and the tailings.

Sample history cannot always be known by the laboratory performing the test since
it is up to the customer to disclose the history of a sample. As such, it cannot always be
included in the report. One major element missing is the characterisation of the feed. It
is noted that sizing has its own standard and in some cases the customer of a laboratory
may have to ‘order’ or ‘request” a size analysis and a flotation test. Nevertheless, the
flotation standard does require a size analysis to be conducted on the feed. In addition, the
basic test requires an ash analysis of the different size fractions. Table 3 demonstrates that
laboratories will have to adapt their practices in order to comply to the standard if they
claim to follow the standard.

The standard may also lack clarity. The reporting section of the standard requires that
the mass of the feed, concentrate, and tailings be reported. However, the same standard
proposes a template for the report, which does not include the mass of the concentrate and
the tailings. Whilst the report was deemed incomplete if the masses of all components
were not included, it is important to highlight that this element is subject to interpretation.
That is, given the mass of the feed and the distribution of the concentrate and tailings,
the mass of coal to the concentrate and tailings can be easily calculated. However, the
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standard should be clear on the number of derived elements in the report. Similarly, the
distribution of the tailings could be omitted and back calculated from the distribution of
the concentrate.

The reports for the sequential test showed similar shortfalls to the basic test. For
example, all elements were present to calculate the yield—ash relationship but in some cases
the numbers were not tabulated and a graphical presentation of the yield—ash relationship
was not included.

3.2. Basic Flotation Test

Laboratories were asked to perform a basic flotation test on two coal samples. The
percent mass to the concentrate obtained for each laboratory is presented in Figure 1.
The data was aggregated in bins of 5%. The standard specifies that when a repeat test
is conducted, there should be no more than 5% (absolute) variation between the tests.
Although it may differ in terms of reproducibility (as opposed to repeatability), a 5%
variation was selected to present the results. For both samples, there are three distinct
groups. Some statistics are also presented in Figure 1. The range clearly showed that the
values taken by the yield were over three times that of the cut-off point for repeatability.
A typical deviation from the mean value was 5.4% for the thermal coal and 6.2% for the
metallurgical coal, which was also outside the repeatability limit. (Note that the standard
has no reproducibility variation limit but it is assumed it should be close to the repeatability
limit of the test.) Thus, the standard basic test was either (i) not reproducible or (ii) the
method employed by the various laboratories differed (which is partly true in terms of
operator). Another study will investigate those variations in procedures including the
effect of the operator on the yield obtained from the basic test.

Further analysis was undertaken in order to determine the ‘true’ yield of the coal
samples. Bootstrapping was employed to re-sample the measurements and produce
estimates of the mean yield. A total of 10,000 re-samplings were performed and compiled.
The means of the new samples are displayed in Figure 2. The mean yield for the thermal
coal was 29.3% whilst that for the metallurgical coal was 76.7%, which for both represent
a small bias. Of interest are the confidence limits. They show that with 95% confidence,
the expected yield for the thermal coal was between 25.4 and 32.4% whilst that for the
metallurgical coal was between 72.2 and 80.2%. Based on these estimates, three of the
seven laboratories did not estimate the true yield of the thermal coal sample appropriately
and four of the seven laboratories did likewise for the metallurgical coal sample. One of
the laboratories had a lower estimate of the yield (outside the lower confidence limit) for
both samples and another laboratory had a higher estimate of the yield (outside the upper
confidence limit) for both samples.

The values of the ash produced upon the combustion of the concentrate are shown
in Figure 3. The observations were grouped in bins of 0.5%, which was the cut-off point
for the repeatability of the test. This cut-off point was for a repeat ash analysis on the
same concentrate sample and is not correlated to the reproducibility of the test, which
was not specified. In the result presented in Figure 3, the ash was analysed for eight
different samples, which were produced by the laboratories from eight distinct concentrates.
Therefore, more variability was expected. The metallurgical coal series had four distinct
groups whilst the thermal coal had seven different groups, almost one per laboratory. The
thermal coal, as shown in the statistics in Figure 3, had at least twice the range of the
metallurgical coal and the typical variation from the mean value was also over twice as
much as that of the metallurgical coal. Such results demonstrated the strong effect of the
yield and coal type on the ash produced upon the combustion of the concentrate.
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Sample Mean SD Min Max Range
(%) (%) (%) (%) (%)

Thermal coal 29.2 5.4 20.4 37.9 17.5

Metallurgical coal 76.7 6.2 67.4 83.4 16.0

30 50

Yield to concentrate, %

70

Figure 1. Dotplot showing the yield to the concentrate obtained from the different laboratories. The blue dots are data for
the thermal coal and the salmon dots are data for the metallurgical coal. The data were agglomerated in bins of 5%.
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_ _ _ _ Lower confidence limit -25.4% _ _ _ _
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Figure 2. Histogram of the mean yields for the (left) thermal and (right) metallurgical coal samples. The means were
obtained by re-sampling the measurements 10,000 times. The black curves are the associated normal distributions and the

dashed lines are the 95% confidence limits.
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The relationship between the yield and the ash is captured in Figure 4. There was
a somewhat linear trend over the range of the data considered. A change in the yield of
the thermal coal resulted in a larger change in the measurement of the ash percentage as
given by the slope, which explained the large variability in the ash percentage obtained
from the different laboratories (Figure 3). This conclusion can be confirmed using the
sequential procedure.

3.3. Sequential Flotation Procedure
3.3.1. Qualitative Comparison

The sequential flotation procedure was used to determine the possible yield at any
given ash level. The shape of the curve showed the sensitivity of the flotation performance
to both the coal sample and to the operating conditions. Figure 5 presents the results of
the sequential procedure for the thermal and metallurgical coals for the eight laboratories.
The yield—ash curve of the metallurgical coal is more sensitive to changes in operation,
since a small change in ash leads to a greater change in yield. For the thermal coal, the
variation in the yield-ash curves appeared larger. An attempt to perform a quantitative
analysis followed.

Sample Mean SD Min Max Range
(%) (%) (%) (%) (%)

Thermal coal 15.2 2.2 11.6 18.4 6.8

Metallurgical coal 9.2 1.0 7.6 10.5 2.9

> O :.“..

10.0 12.5 15.0 17.5
Ash percentage in concentrate, %

Figure 3. Dotplot showing the ash percentage in the concentrate obtained from the different laboratories. The blue dots

are data for the thermal coal and the salmon dots are data for the metallurgical coal. The data were agglomerated in bins

of 0.5%.

3.3.2. Qualitative Comparison

In the assessment of the repeatability of a yield—ash curve, the datapoints from differ-
ent repeat experiments are plotted and qualitatively compared, e.g., in [20,21]. (An index
can be used to compare different coals but not to evaluate the similarity or dissimilarity
between the curves.) Dynamic time warping (DTW) is a method used to find the optimal



Minerals 2021, 11, 550

8 of 15

90

80

~
=

(=)
[

Yield to concentrate, %
- (9
< ]

L8]
(=]

20

coupling between two sequences [22]. Thus, the distance between two points from two
sequences, if any correspondence is found, is not a one-to-one relationship as in the Euclid-
ian distance. DTW can be used to analyse vectors of different lengths. It is commonly used
to quantify the dissimilarity between sequences. The DTW distances between the curves
for the thermal and metallurgical coal samples are presented in Tables 5 and 6, respectively,
for the different laboratories. The overall mean deviation indeed suggested that there was
more variation in the thermal coal sample than the metallurgical coal sample.

The distance between two curves is sensitive to the extent of the curve. For example,
laboratory A, the grey curve in Figure 5, had fewer data points in the lower end of the
curve and a few more points in the mid-range to higher end of the curve (i.e., between
30 and 40% cumulative ash), which explained the higher mean dissimilarity.

The reagent was also shown to be very important, especially at lower concentrations.
Laboratory C had similar results to the other laboratories for the basic test (see relative
clustering of the data in Figure 1). However, the sequential procedure required lower
collector dosing, which may be less effective, as shown by the green curve in Figure 5. As
a result, the basic test produced a yield-ash concentrate greater than expected from the
yield—-ash curve. It is also noted that the sequential procedure was highly dependent on
the operator.

y=-3.08+2.13x R>=0.71

10 15 20 25
Ash percentage in concentrate, %

Figure 4. Relationship between the yield to the concentrate and the ash produced upon the combustion of the concentrate.
The blue markers are data for the thermal coal and the salmon markers are data for the metallurgical coal. The solid lines
represent regression lines and the shaded areas are the 95% confidence interval on the yield at any given ash percentage.

The procedure of Petitjean, Ketterlin and Gangarski [22] to find a global average was
applied on the datasets provided by the laboratories that used dodecane as a collector. The
technique, called DTW barycentre averaging (DBA), consists in a series of iterations to refine
an initial average sequence. The initial average sequence in the DBA uses elements from
the set of sequences to be averaged. Although robust, it was found that variations occurred
depending on the element used from the dataset to initialise the averaging sequence. Thus,
100 replications of the DBA algorithms were performed and the result is referred to as
simulation 1. The mean of the pairwise distances of the sequences in simulation 1 was
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calculated. Running another set of 100 replications to find the global distance between the
sequences from simulation 1 produced a set called simulation 2. The mean of the pairwise
distances of the sequences in simulation 2 was not found to improve significantly upon
simulation 1. Similarly, simulation 3, in fact, provided a worse mean pairwise distance.
Thus, one global average was selected.

The global average sequence was plotted along with the individual laboratory data
in Figure 5 for comparison (in black). Graphically, the global average showed a good
agreement with the test data with a potential loss of resolution in the lower end of the
curves. The distance of each curve from the global average is presented in Table 7. Again,
the thermal coal showed a greater overall deviation in the measurements and the deviation
from the mean was also larger.

100
90
80
70
60
50

40

Cumulative mass, %

30

0 10 20 30 40 50 60 70
Cumulative ash, %

Figure 5. Results from a sequential flotation procedure showing the relationship between the yield to the cumulative mass
and the ash produced upon combustion of coal concentrates and tailings for the 8 laboratories. The triangles are for the
thermal coal and the circles are for the metallurgical coal. Each colour pair represents one laboratory (A = grey, B = salmon,
C = green, D = olive, E = iris blue, F = sky blue, G = purple, H = pink) and the black line is the mean.

Table 5. Pairwise DTW distance (in y/ash%? + yield%? ) between the yield—ash curves for the
thermal coal.

Lab A B C D E F G H Mean
A 0 76.0 405.0 117.9 84.2 47.5 192.3 85.0 144.0
B 76.0 0 279.4 62.0 37.7 33.3 61.1 49.5 85.5
C 405.0 279.4 0 133.2 264.3 297.6 198.1 194.2 253.1
D 117.9 62.0 133.2 0 429 69.4 62.4 36.9 75.0

E 84.2 37.3 264.3 429 0 56.0 45.2 43.1 81.9

F 475 33.3 297.6 69.4 56.0 0 111.7 54.4 95.7
G 192.3 61.1 198.1 62.4 45.2 111.7 0 50.6 103.1
H 85.0 495 194.2 36.9 43.1 54.4 50.6 0 73.4

Mean  144.0 85.5 253.1 75.0 81.9 95.7 103.1 73.4 114.0

The marginal means and overall mean are taken only for pairs (i, j) where i #j.
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Table 7. DTW distance (in

The standard deviation in Table 7 is the deviation within the measurements. A stan-
dard deviation from the global average was calculated as 88.8 and 67.0 \/ ash%? + yield%>
for the thermal and metallurgical coal, respectively. It was used to determine the ¢-score of
the yield—ash curves, which is plotted in Figure 6a. The DTW distance is an absolute value
such that only an absolute t-score is presented. Figure 6b assumed a constant standard de-

viation of 200 \/ ash%? + yield%?. This selection was arbitrary and more experimentation
could be used to determine an acceptable value for reproducibility. The figure is used to
highlight that a deviation from the mean can be standardised and potential outliers may
be identified.

Table 6. Pairwise DTW distance (in y/ash%? + yield%? ) between the yield—ash curves for the
metallurgical coal.

Lab A B C D E F G H Mean
A 0 34.0 79.2 32.7 103.8 67.3 76.7 73.6 66.8

B 34.0 0 106.6 36.9 108.3 96.1 79.3 105.8 81.0
C 79.2 106.6 0 80.8 88.7 134.0 73.0 31.7 84.9
D 32.7 36.9 80.8 0 80.0 74.3 96.1 74.4 67.9

E 103.8 108.3 88.7 80.0 0 160.0 100.2 99.4 105.8
F 67.3 96.1 134.0 74.3 160.0 0 223.5 124.7 125.7
G 76.7 79.3 73.0 96.1 100.2 223.5 0 73.3 103.1
H 73.6 105.8 31.7 74.4 99.4 124.7 73.3 0 83.3

Mean  66.8 81.0 84.9 67.9 105.8 125.7 103.1 83.3 89.8

The marginal means and overall mean are taken only for pairs (i, j) where i # j.

\/ash%? + yield%? ) from the global average sequence of yield—ash curves for the thermal and

metallurgical coal samples obtained by different laboratories. The table includes the mean error and the standard deviation

of the error.

Coal C D E F G H Mean Error Error SD
Thermal 30.1 200.6 41.4 42.5 36.7 76.0 21.2 62.9 58.1
Metallurgical 449 71.3 21.6 86.2 66.0 84.6 614 58.7 234

3.3.3. Other Comparison Methods (Hypothesis Testing and Clustering)

A quantitative comparison of the yield—ash curves provided a means to generalise
the sample data to a population, accounting for random variation. Unlike a mean value
generally obtained for a sample, the method described in Section 3.3.1 provided a sequence.
It was difficult to conduct further data reduction on the sequence without losing meaning.
However, two populations could be compared given two sample sequences. It could also
be used for more advanced comparison methods, such as clustering.

Two populations can be compared inferentially from two samples using a f-test [23].
For examples, given two populations, a system of hypotheses can be proposed:

Ho:yl—]lzzo (1)
Hli ]11—]12750

where y1 and iy are the distance means of the two populations. The two-sample ¢-test
takes the form: -
_ Xp—X1— 9

Sl—l—l

g T onp

t ()
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where £ is the size of the standardised distance between the means of two samples, x¥; and
Xy are the sample means, ¢ is difference expected for the null hypothesis (here it is 0), 1
and 7 are the sample sizes, and s is the pooled standard deviation and is calculated as:

o \/ (m —1)s2 + (1 — 1)s} )

ny+np—2

where s; and s, are the standard deviations of samples 1 and 2, respectively. For the
purpose of calculation, the two samples were assumed to have equal standard deviations

of 200 \/ ash%? + yield%z. The means for each sample were curves, however, the distance
between the curves could be used as a difference, i.e., X, — ¥ in Equation (2), and equal

to 492.5 \/ ash%?2 + yield%z. The t-value calculated from the six observations (i.e., those
not reporting using diesel as a collector) for each of the coal samples was 4.27. This
corresponds to a p-value of 0.004, which meant that considering the difference in the means
(i.e., the distance between the curves), there was only 0.4% probability that the deviation
observed was possible under the null hypothesis. It is likely that the two samples were
different, that is, they produced different yield—ash relationships (despite the large standard
deviation assumed).

The standard in [19] suggested that the procedure could be modified to compare
different reagents, to test the effect of liberation and of particle size fractions in the feed.
The above procedure could allow the comparison of the modified tests with a benchmark.
It could also be applied in the metal industry for grade-recovery curves, unless a model is
applied as in Napier-Munn [23].

Using DTW provided a measure of dissimilarity of the yield-ash curves produced by
the different laboratories. Hierarchical clustering could be used to agglomerate observa-
tions in a stepwise manner [24]. The algorithm used a dissimilarity measure between each
of the observations, which was provided by the DTW distance. As the distance increased,
the curves were considered increasingly more dissimilar. The algorithm compared the dis-
similarity of the different elements using the Euclidean distance between the dissimilarity
measures. Elements with the least dissimilarity were clustered. There are various ways
of assigning a new dissimilarity measure to a group of elements (i.e., when two elements
are clustered), which are called linkages. For this analysis, an average linkage was used,
which considered the mean intercluster dissimilarity. The results of the clustering can be
represented in the form of a dendrogram.

Figure 7 shows the dendrogram resulting from the clustering of the yield-ash curves
based on the DTW distance and an average linkage. The dendrogram shows 16 leaves
representing all individual yield—-ash curves. The curves were progressively combined
with branches to form subgroups based on the least amount of dissimilarity. The height at
which elements and subgroups branched determined their similarity.
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Figure 6. Dotplot showing the standardised distance from the mean yield-ash curve obtained from the different labo-
ratories with (a) the standard deviation of the data with respect to the global average and (b) a standard deviation of

200 \/ash%? + yield%?. The blue dots are data for the thermal coal and the salmon dots are data for the metallurgical coal.
The data were agglomerated in bins of size 0.5.
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Figure 7 is a method of classifying the results presented in Tables 3 and 4. A validation
of the clusters should be performed to know if the clusters represented true subgroups.
There were clearly two subgroups, which represented the two coal samples. Another
remark was that the thermal coal yield-ash curve from laboratory C was different from
the other thermal yield—ash curves. Thus, the clustering method could be employed to
compare laboratories as well as coal samples, flotation reagents, particle size fractions, or
any other factors tested according to the standard procedure.
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Figure 7. Dendrogram visualising the dissimilarity (and conversely similarity) between the different yield—ash curves.
The DTW distance was used as a dissimilarity measure with an average linkage. The height of the tree is the average

dissimilarity distance in \/ash%2 + yield%z. The first letter is (M) for metallurgical coal and (T) for thermal coal. The
second letter is the letter associated with each laboratory.

4. Conclusions

A basic flotation test and a standard tree test (sequential procedure) were requested
from eight laboratories to test the objective of measuring the reproducibility of the methods.
The reproducibility is essential for mining operations to know the reliability of the results
obtained from commercial laboratories. Some laboratories disclosed a methodology slightly
deviating from the standard procedures. It was found that reporting was very inconsistent,
which is likely due to the inclusion of multiple tests (e.g., sizing) with the flotation test.
Such test may have to be specifically requested. It was also found that the yields obtained
in the basic test are relatively consistent. However, the ash analysis resulted in greater
variations, which was explained by the shape of the yield—ash curves.

Yield-ash curves were also produced and compared. Again, there was some variations
in the results. Dynamic time warping (DTW) was used to assess the similarity between
the curves. It could be used to produce an average curve and to perform comparisons. In
the absence of a mathematical model, the procedure outlined in this study could be used
to compare coal samples (i.e., compare the washability of coals from different seams or
different coal splits within the same seam), reagents, or any variation in the method. It is
recommended that more analyses be performed to establish what is a reasonable variation
between repeats and replicates.
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Finally, this work highlighted the extent of the variation in reproducing flotation tests
using the standard. It is recommended to determine ways to improve the reproducibility
of the standard.
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