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Abstract: This short communication evaluates a new strategy to sample bubbles in gas dispersion
characterizations. Bubble size is measured in a bidimensional flotation cell using the McGill bubble
size analyzer under different types of frothers, frother concentrations and superficial gas rates. The
original design of this bubble viewer is modified, changing the deflecting system to photograph
only a fraction of the bubbles entering the device. As a result, the new design increases the ability to
successfully identify bubbles by a maximum of 20% using an automated algorithm. This increase is
caused by a reduction in the formation of clusters in the visual field. The improvement, which is a
function of the operating conditions, is most significant in the transition from ellipsoidal/ellipsoidal—-
turbulent regimes (no frother or low frother concentrations) to conditions with an over-agglomeration
of bubbles in the visual field (high superficial gas rates and high frother concentrations). A comparison
of the bubble size parameters obtained from the original and proposed deflecting systems shows
that the new design does not distort the estimated bubble size distributions. To complement the
research findings, alternative sampling designs, using new or existing segmentation algorithms, are
then proposed to improve gas dispersion characterizations at different scales.
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1. Introduction

Flotation performance depends on several operating conditions, with gas dispersion
being a critical variable that influences the process efficiency and separation rate. The
flotation rate constant has proven to be proportional to bubble surface area flux, collection
efficiency and froth recovery [1-3]. Bubble size plays a role in affecting each of these
parameters, which explains its impact on the process performance. Bubble size has been
proposed as an operating variable to improve the recovery of fine and coarse particles, as
recently discussed by Hassanzadeh et al. [4]. New flotation technologies have incorporated
alternative mechanisms to disperse gas, focusing on higher collection efficiencies. Bubble
size is typically characterized by the bubble size distribution (BSD) and Sauter mean
diameter (D3, = Xd;3/%d;?). The latter corresponds to an equivalent diameter with the
same volume-to-surface ratio as the evaluated population [1,5-8].

Several devices have been proposed to estimate the bubble size in flotation [9-13].
Systems based on bubble viewers along with image processing tools have received more
attention than others because of their trade-off between the number of sampled bubbles and
their applicability at different scales. The bubble viewers are initially filled with conditioned
water, which is displaced by the gas as the bubbles rise into the chamber. The sampling
system was designed such that the bubbles are photographed in a bidimensional plane
to avoid BSD distortions due to variable depths of field. On the plane, the photographed
bubbles tend to collide, leading to an increase in the observation of clusters of bubbles, as
illustrated by several authors at different scales [14-16].
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Two approaches have been typically followed to deal with clusters of bubbles in BSD
characterizations: (i) removal of objects with low shape factors, and (ii) object segmentation.
The first strategy has been widely used in the flotation literature [17-19], even though
significant biases have been observed in BSD estimations [20-22]. The Hough [20,23] and
Watershed [10,24] transforms have been proposed for circle detection and object segmenta-
tion, respectively, to identify bubbles in clusters. Although these techniques reduce bubble
removal, the results have not yet been satisfactory in industrial applications [14].

Changes in the sampling design to reduce the presence of clusters have been scarce.
An evident modification to the bubble viewers is the use of narrow sampling tubes [25].
However, this approach has proven to change the observed gas dispersion patterns at high
superficial gas rates and high frother concentrations [26]. Azgomi et al. [27] measured
bubble size in a laboratory-scale flotation column. This column was designed with an
expansion in the section where bubble size was measured. The results showed that the
gas holdup decrease in the sampling point was effective in the reduction of the bubbles
observed in the visual field. Yet, though this approach allowed for simpler bubble size
estimations, it required changes to the flotation machines instead of the measurement
system. More recently, an in situ bubble viewer was evaluated at laboratory scale [28].
The ParticleView™ V19 probe containing a camera was used to directly measure bubble
size in the collection zone. Bubbles were identified in a field of view of 1300 um x 890 pum.
This measurement system did not include any mechanism to photograph bubbles in a
bidimensional plane. Thus, the presence of bubbles in clusters may have been lower with
respect to conventional bubble viewers. However, the measurement system had variable
depths of field and was limited to spherical regimes.

This short communication presents an alternative design for sampling bubbles in
flotation. The McGill bubble size analyzer (MBSA) [29] was used for data acquisition. The
deflecting system of this device was modified to divert only a fraction of the bubbles to
the visual field, with the aim of reducing the presence of clusters. The effectiveness of this
design was evaluated at laboratory scale under different operating conditions.

2. Materials and Methods

Bubble size measurements were conducted at the laboratory scale in the two-dimensional
flotation cell schematized in Figure 1. This forced-air cell represents a slice of an industrial
flotation cell (upper radial section), with a 140 cm x 140 cm cross-section and a width of
15 cm. The air flow rate was regulated at Jg = 0.4, 1.2 and 2.0 cm/s and fed from 24 porous
spargers. These superficial gas rates were chosen according to the typical values reported
by Vinnett, Yianatos and Alvarez [5] for industrial flotation machines. For each Jg value,
three commercial frothers were assessed to expand the set of experimental conditions:
AeroFroth® 70 (Cytec, Woodland Park, NJ, USA), OrePrep® F-507 (Cytec, Woodland Park,
NJ, USA) and Flotanol® 9946 (Clariant Mining Solutions, Louisville, KY, USA). AeroFroth®
70 contains methyl isobutyl carbinol (MIBC) and diisobutyl ketone, with MIBC as the
main component [30]; OrePrep® F-507 contains 30~60% glycol and other non-hazardous
ingredients to 100% [30]; Flotanol® 9946 corresponds to a 2-ethyl hexanol distillation
bottom [31]. The experimental critical coalescence concentrations (at Jg = 0.4 cm/s) were
approximately 12.6 ppm, 7.1 ppm and 6.2 ppm for AeroFroth® 70, OrePrep® F-507 and
Flotanol® 9946, respectively. Frother concentrations of 0, 2, 4, 8, 16 and 32 ppm were
evaluated for each reagent and superficial gas rate. Thus, 18 experimental conditions were
run per frother type.
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Figure 1. Two-dimensional flotation cell and installation of the McGill bubble size analyzer (modified
from [32]).

The McGill bubble size analyzer (MBSA) [29] was used to sample and record the
bubble images. The MBSA chamber was initially filled with conditioned water at the same
frother concentration as the 2D cell. The water was displaced by the sampled bubbles, and
the air was accumulated at the top of the chamber. The original design included a deflector
glass that diverts the rising bubbles to measure the BSD in a single two-dimensional
plane. A digital video camera (Teledyne Dalsa, Waterloo, ON, Canada) was used for image
acquisition at a sampling rate of one frame per second and a resolution of 0.056 mm /pxL.
All measurements were conducted for 3 min.

Two types of deflectors were used to evaluate the potential to reduce the presence
of clusters in the visual field. Figure 2 presents the original deflector of 7.7 cm x 10 cm
(Figure 2a) and an alternative design (Figure 2b). In the former, all sampled bubbles
were diverted to the visual field for image acquisition. The alternative design involved a
sampling tube extension inside the MBSA chamber (1 in Figure 2b) and a shorter deflector
glass of 4 cm x 10 cm (2 in Figure 2b) to divert approximately 50% of the bubbles to the
visual field. Bubbles that were not diverted to the MBSA screen were accumulated in the
glass arrangement in Figure 2b consisting of plates 3 (3.5 cm x 15 cm) and 4 (5 cm x 15 cm),
and directed far from the visual field. This design guaranteed that only a fraction of the
sampled bubbles was recorded for image processing. It should be noted that the alternative
deflecting system did not change the characteristics of the bubbles entering the sampling
tube. For each experimental condition, the BSD measurements were alternately conducted
using the original and new deflectors.

A semi-automated tool from the Image Processing Toolbox of MATLAB (The Math-
Works Inc., Natick, MA, USA) was implemented to characterize the bubble size populations.
The recorded images were analyzed from their black and white representations. The al-
gorithm sequentially applied bubble identification based on solidity [33] to detect regular
bubbles (i.e., isolated spheres and ellipsoids). The size of these regular bubbles was then
estimated as an equivalent ellipsoid diameter. Objects with low solidity were sequentially
segmented using Watershed and Hough transforms [20,34]. The previous steps define the
automatic algorithm (Figure 3b, 45 mm x 35 mm). Table 1 presents the relevant parameters
and thresholds for each of these automated techniques. These parameters were defined to
obtain a trade-off between the number of successfully identified bubbles and the presence
of false positives (e.g., clusters of bubbles identified as single bubbles). The semi-automated
tool was then complemented with manual processing. False positives were first removed
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from the analysis, as shown in Figure 3c. Complex clusters and irregular bubbles were
then manually estimated, as illustrated in Figure 3d. Thus, no bubbles were removed from
the image analysis. The results from the entire semi-automated algorithm were used as
references for comparison purposes. For each experimental condition, 180 images were
recorded. From this set of images, a subset was randomly chosen for analysis. A minimum
of 1500 bubbles were processed per experimental condition. For the cases with no frother,
all images were analyzed. A minimum of 10 images were processed for conditions with a
high number of bubbles per frame (e.g., high Jg and high frother concentration). A field of
view of 45 mm x 35 mm was chosen in all cases.

(@) (b)

ORIGINAL
DEFLECTOR

Figure 3. Example of a processed image (45 mm x 35 mm): (a) original image; (b) automatic image
processing; (c) false-positive removal; (d) manual processing.
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Table 1. Parameters of each image processing technique.
Technique Threshold Sensitivity Edge Threshold
Solidity 0.93 - -
Watershed + Solidity 0.93 - -
Hough - 0.80 0.66
3. Results

The efficacy of the new deflecting system to reduce the percentage of non-identified
bubbles was evaluated. The algorithm described in Section 2 was used as the automated
image processing tool. Figure 4 compares the percentage of bubbles that were manually
characterized using the original and new deflectors, for each Jg value and type of frother.
Figures 4a, 4b and 4c shows the comparisons for AeroFroth®70 and Jg = 0.4, 1.2 and
2.0 cm/s, respectively. Figures 4d, 4e and 4f, and Figures 4g, 4h and 4i present the same
comparisons as a function of Jg for OrePrep®F-507 and Flotanol®9946, respectively. The
results are shown as a function of the frother concentrations. The percentage of bubbles
manually characterized included those that were not automatically identified and the false
positives that were corrected in the analysis. Conditions under no frother were combined
to increase bubble populations. A decrease in the non- and erroneously identified bubbles
was typically observed when using the new deflector. The maximum increase in the
successfully identified bubbles by the automated algorithm was approximately 20% for
AeroFroth® 70 and J¢ = 2.0 cm/s, which corresponded to a relative increase of about
38%. The improvement was strongly dependent on the operating conditions (i.e., type of
frother, frother concentration and superficial gas rate). As the bubble size distributions
transition from ellipsoidal (low Jg) or ellipsoidal-turbulent (high Jg) and spherical regimes
when increasing the frother concentrations, the bubble shapes and bubble concentrations
determine the capacity of the image processing techniques to identify bubbles. At 0 ppm
and low frother concentrations the BSDs were governed by ellipsoidal and irregular bubbles
whose shapes were not changed by the new deflector. Thus, the differences in the identified
bubbles were not significant under those operating conditions. At a higher Jg (2.0 cm/s)
and high frother concentrations, the significant agglomeration of bubbles in the visual field
typically led to low or moderate-low improvements in bubble identification using the new
deflector. Thus, the highest increase in the automatically identified bubbles was observed
in the transition between conditions under ellipsoidal/ellipsoidal-turbulent regimes and
those leading to over-agglomeration of bubbles in the visual field. This transition depended
on the type of frother and superficial gas rates.

Figure 5 illustrates the percentages of bubbles observed in clusters at a 4 ppm frother
concentration when using the original and new deflectors in the bubble sampling. The
results are presented for the three types of frothers and superficial gas rates. The conditions
at 4 ppm were chosen to allow for manual bubble counting with no significant bias. The
percentage of clusters was also significant in all cases at this frother concentration. The new
deflecting system decreased the number of bubbles observed in clusters. The magnitude of
this improvement depended on the type of frother and the superficial gas rate. The absolute
decreases were in the ranges of 1.6%—6.6%, 6.3%-11.1% and 6.1%—-8.7%, for Jc = 0.4, 1.2
and 2.0 cm/s, respectively. These ranges represented relative improvements of 8%-17%,
15%-31% and 15%-20%, respectively. The results from Figure 5 show that the bubble
sampling provided by the new deflecting system increased the number of automatically
identified bubbles due to a reduction in their presence in clusters.
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Figure 4. Comparison of the percentages of bubbles that were manually identified when us-
ing the original and the new deflectors. Operating conditions: AeroFroth® 70, (a) Jg = 0.4 cm/s,
(b)Jg=12cam/s, (¢) Jg = 2.0 cm/s; OrePrep® F-570, (d) Jg = 04 am/s, (e) Jg = 1.2 am/s,
(f) Jg = 2.0 cm/s; Flotanol® 9946, (8Jg=04cm/s, (h)Jg=12cm/s, (i) Jg =2.0 cm/s.
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Figure 5. Percentage of bubbles in clusters under the original and new deflectors at a 4 ppm
frother concentration.

Figure 6a,b compare the mean (Dmean) and Sauter mean diameters, respectively. These
results were obtained from the original and new deflectors. In Figure 6a, the new sampling
mechanism did not significantly change the location indexes of the BSDs, as also presented
in Appendix A, for the bubble size median (D5 in Figure Alc). The Sauter mean diameter
also presented a good agreement between the evaluated measurement systems, with
moderately higher variability. As the Sauter mean diameter is more sensitive to extreme
values, two experimental conditions presented higher deviations, which were caused by
the presence of a low percentage of large bubbles (cap-shaped bubbles). However, this
sensitivity was not biased toward one of the measurement systems. Appendix A presents
the same comparison for percentiles 10 and 90 of the BSDs. From all these statistical indexes,
the new deflecting system did not distort the bubble size distributions with respect to the
original design.

() (b)
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g
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[
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Figure 6. Comparison of the (a) mean bubble size and (b) Sauter mean diameter when using the
original and new deflecting systems, as assessed using the McGill bubble size analyzer.
4. Discussion and Future Work

The identification of bubbles by only shape factors has proved to be biased [20-22],
which has led to alternative algorithms for bubble size characterizations [10,20,23,24].
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These algorithms have mainly been focused on the characterizations of bubbles in clusters
by object segmentation and circle detection. However, these techniques have not led to
satisfactory results in all flotation systems [14]. To date, scarce assessments of alternative
sampling strategies have been reported in flotation literature. Results from Figures 46 and
Figure Al indicated that moderate changes in the bubble sampling allow for a reduction in
the presence of bubbles in clusters, with no bias in the BSD estimations. Less bubbles in
clusters make it possible for simpler image processing techniques or for a reduction in the
computational costs for object segmentation. Although the new deflector led to satisfactory
results at laboratory scale, more efforts must be made to reduce the formation of clusters in
the visual field under high superficial gas rates and high frother concentrations. As the over-
agglomeration of bubbles in the visual field has been common in industrial measurements
leading to bias for D3 > 2.0 mm [14], further developments are being investigated to
expand these results for gas dispersion characterizations at large scale. As shown here,
bubble sampling has not been completely solved. Although the proposed strategy led
to an improvement in the bubble size measurements, other possible drawbacks require
specific studies for adequate gas dispersion characterizations. For example, stereological
problems in bubble identification, population size for adequate bubble size estimations,
and wall effect and solid presence at different scales, must be taken into consideration in
future developments.

5. Conclusions

From laboratory flotation tests, the potential to reduce the number of bubbles pho-
tographed in clusters was evaluated as a strategy to improve gas dispersion characteriza-
tions. Using a modification for the McGill Bubble Size Analyzer, the following findings
were obtained:

e A new deflecting system that allowed a fraction of the sampled bubbles to be pho-
tographed was effective in reducing clusters of bubbles in the visual field. This
improvement strongly depended upon the experimental conditions (i.e., frother types
and concentrations and superficial gas rates).

e  The maximum improvement in the number of bubbles automatically identified was
20% (absolute), using the new deflector. This result corresponded to a relative increase
of 38%.

e  The new deflecting system led to better performances in the ability to automatically
identify bubbles when transitioning from ellipsoidal/ellipsoidal-turbulent regimes
(no frother or low frother concentrations) to conditions with an over-agglomeration of
bubbles in the visual field (high superficial gas rates and high frother concentrations).

e The new sampling system allowed more bubbles to be automatically identified
with no significant differences in the estimated statistical parameters of the bubble
size distributions.

The study of new sampling strategies in bubble size measurements proved to have
potential to improve gas dispersion characterizations. As automatic algorithms have not
led to satisfactory results at large scale, it is estimated that less clusters in bubble size
measurements may potentially improve BSD estimations in industrial flotation machines.
The new deflecting design will be then assessed at large scale to detect opportunities for
improvements in gas dispersion characterizations.
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Appendix A

Figure A1 shows comparisons of the 10th (Figure Ala), 90th (Figure A1b) and 50th
percentiles (Figure Alc) of the estimated bubble size distributions when using the original
and new deflecting systems in the MBSA. These three percentiles were consistent between
the evaluated measurement schemes, which proved that the proposed deflecting system
did not distort the estimated BSDs compared to the original MBSA design.
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Figure Al. Comparison of different percentiles of the BSDs when using the original and new
deflecting systems in the McGill bubble size analyzer: (a) 10th percentile (Dy), (b) 90th percentile
(Dyp) and (c) 50th percentile or median (Dsp).
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