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Abstract: This work presents the application of radioactive tracers to detect and correct feed flowrate
imbalances in parallel rougher flotation banks. Several surveys were conducted at Minera Los
Pelambres concentrator, in banks consisting of 250 m® mechanical flotation cells. The feed pulp
distribution was estimated from the mean residence times, which were obtained from residence
time distribution measurements. The tracer was injected in the feed distributor and the inlet and
outlet tracer signals of cells 1 and 2 were measured by on-stream sensors. The baseline condition
for the pulp distribution was defined by the valve settings in the feed distributor, which led to an
unbalanced condition for two parallel rougher banks, with 34% of the pulp being fed to bank A and
66% to bank B. New valve configurations were evaluated, with a fraction of the feed being directed to
the rougher bank C, which was not initially fed from the same distributor. The feed distribution was
finally balanced with 49% of the pulp being fed to bank A versus 51% to bank B. Thus, the radioactive
traces proved to be a powerful tool to industrially detect and improve feed distributions in parallel
flotation circuits.

Keywords: flotation; radioactive tracers; feed flowrate distribution; residence time

1. Introduction

Radioactive tracers have extensively been used in flotation to characterize processes [1-4],
determine the path of the different phases (solid, liquid, gas) throughout the machines
and circuits [5-8], and estimate residence times and residence time distributions (RTD) in
machines and machine arrangements [9-12]. The latter two are strongly dependent on
equipment design and circuit configuration, which have been subject to significant changes
due to the continuous increase in capacity in the mining industry. This capacity increase
has been addressed by the installation of larger flotation machines and the use of parallel
flotation banks [13-16]. The flowrate distribution in parallel banks is not reliably measured
in real time at large scale and imbalances have been observed in industrial operations
due to unknown configurations in the feed distributors [8,17]. Under unbalanced feed
distributions, differences in mineral recoveries are expected as banks with shorter residence
times are more sensitive to the slow-floating minerals.

Unknown feed distributions in flotation circuits challenge the evaluation and inter-
pretation of metallurgical performances, particularly under differences in the mineral
recoveries between parallel banks. Independent of the actual feed configuration, even
distributions are assumed, which may bias metallurgical and kinetic characterizations in
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circuits under unbalanced distributions. Unbalanced distributions also hinder the circuit
operation to keep or continuously improve performance indicators.

This paper presents the use of radioactive tracers to detect and improve feed flowrate
imbalances in one of the flotation circuits of Minera Los Pelambres, Chile. RTD measure-
ments were conducted in one rougher circuit consisting of two parallel banks (A and B),
from which an uneven pulp distribution was observed. This imbalance was attributed to
the valve configuration from the feed distributor, which was initially set to only feed the
rougher banks A and B. This distributor optionally allowed a fraction of the pulp to be fed
to a rougher bank C by means of a change in the valve configuration. From a sequence
of RTD measurements under different valve settings, the potential to correct the pulp
distribution was evaluated.

2. Materials and Methods
2.1. Rougher Flotation Circuit

Figure 1 shows the rougher flotation circuit of Minera Los Pelambres, which processes
a copper ore with typical feed grades of 0.7%. The circuit consists of eight parallel flotation
banks which are fed from three SAG (semi-autogeneous) grinding lines. The radioactive
tracer tests were conducted in banks A, B and C. The overall throughput was approximately
6500 tph. The rougher banks A and B consist of five Dorr-Oliver Eimco cells of 250 m?,
banks C and D of six Dorr-Oliver Eimco cells of 250 m® and banks E to H of nine Wemco cells
of 130 m3, respectively. The dashed red line in Figure 1 represents an optional configuration
for the distributor box of the SAG line 3, which allows a fraction of the pulp to be fed to the
rougher bank C.
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Figure 1. Rougher flotation circuit of Minera Los Pelambres. The dashed line represents an
optional stream.

The baseline along with two additional configurations for the valve openings were
tested in the feed distributor. These additional configurations aimed for lower flowrates
towards the rougher bank B to correct an imbalance observed in the first tests. Figure 2
shows the studied settings for the distributor box from SAG line 3. Figure 2a presents the
baseline, whereas Figure 2b,c presents the alternative valve settings 1 and 2. Each box has
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six valves that are represented by circles when operated 100% open. The symbol x implies
the valves were operated 100% closed. The two alternative options consider the use of the
optional stream towards the rougher bank C, as shown in Figure 1.

(a)
SAG line 2 SAG line 3
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Figure 2. Valve configuration in the feed distributors of SAG lines 2 and 3: (a) Baseline; (b) Alternative
valve setting 1; (c) Alternative valve setting 2.
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2.2. Residence Time Distribution Measurements

Radioactive tracer experiments were conducted to determine the pulp distribution
in the parallel rougher banks A and B. The three valve settings shown in Figure 2 were
evaluated. The sampling campaign was scheduled for being conducted in 4 days, taking
into consideration the following aspects: (i) the plant availability; (ii) the measurement
times per radioactive test (2-3 h); (iii) the time required to reach steady and stable operations
after changing the valve settings; (iv) the tracer lifetimes; and (v) personnel availability.
The two alternative valve settings shown in Figure 2 were chosen to obtain a range of flow
distributions with adequate replicability at industrial scale. Therefore, the experimental
conditions were selected based on the potential to characterize and improve the flow
distribution, repeating all measurements. The tracer tests consisted of injecting a small
amount of liquid or pulp tracer (approximately 100 mL) into the feed distributor, and the
inlet and outlet tracer signals were measured using non-invasive sensors: scintillating
crystals of Nal(Tl) of 1”x1.5” (Saphymo, Montigny-le-Bretonneux, France). Irradiated
non-floatable solid and Br®? (both in water solution) were used as solid and liquid tracers,
respectively. The non-floatable solid was sampled from the plant tailings and tested in
three size classes (fine —-45 um; medium: —150 + 45 um; and coarse: +150 um). These
three classes were chosen to consider the effect of solid segregation in the flow distribution.
As reported by Yianatos and Diaz [8], solid segregation has been observed in rougher
flotation banks, with the fine classes showing residence times comparable to those of the
liquid phase and a decreasing trend towards the coarser classes. Appendix A illustrates
a typical particle size distribution in the feed distributor to banks A and B. A pneumatic
system was used to generate a pulse signal in the inlet streams (approaching an impulse).
The size-by-size solid was irradiated at the nuclear reactor of the Chilean Commission
of Nuclear Energy, in Santiago, Chile. The mean tracer lifetimes were 36 h and 15 h
for liquid and solid, respectively. The radioactivity type and intensity were determined
taking the pulp flowrates and fluid characteristics into consideration, which allowed for
real-time measurements. The samples were irradiated in a thermal 5 MW reactor using a
neutronic flux of up to 5 x 10! n/cm? s, spatially homogeneous in 47t. The samples were
installed inside a grid with the combustible elements exposed to the neutronic flux for
approximately 20 h, which guaranteed homogeneous activation of the selected elements in
the sample (typically Na?%). Br®? was also obtained from irradiated KBr. All tracer activities
were calculated to provide enough significance (50 times) above typical local backgrounds
(10-20 cps). Figure 3 shows the injection and measurement points in the rougher banks A
and B at Los Pelambres. The on-stream sensors were located at the inlet and outlet streams
of the first cell of each bank. The outlet stream of the second cell was also measured to
obtain a second estimate for the pulp distribution. This installation allowed for short overall
measurement times with respect to the entire rougher banks. The sensors were collimated
to observe the tracer transport through the pipelines with negligible interferences from

other sources.
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Figure 3. Tracer injection and sensor location in rougher banks A and B.
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Table 1 summarizes the type of tracer employed in each test, according to their avail-
ability. For the valve setting 1, the radioactive tests consider fine and medium solid tracers,
whereas for the valve setting 2, liquid and coarse solid were employed in the experiments.
In the baseline, all tracers were used.

Table 1. Types of tracers employed in the pulp distribution measurements.

Tracer Baseline Valve Setting 1 Valve Setting 2
Liquid v - v
Fine Solid v v -
Medium Solid v v -
Coarse Solid v - v

2.3. RTD Characterizations

Figure 4 illustrates radioactive tracer measurements in the feed and the outlet streams
of cells 1 and 2 for the rougher bank A, using liquid tracer. From all measurements, the
residence time distributions were estimated by deconvolution. Given the inlet (x) and
outlet () tracer concentrations and an adequate model structure for the RTDs (h), the RTD
parameters were estimated from Equation (1) to minimize the squared reconstruction errors
for the outlet concentrations:

min (y — xxh)T(y — x* h) 1)

where x, y and h are discretized, normalized and vectorized representations of x, y and
h, respectively, * corresponds to the convolution product and T denotes transposition.
Equation (1) was implemented in Matlab, using the Optimization Toolbox (The MathWorks,

Natick, MA, USA).
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Figure 4. Normalized tracer concentrations in the inlet and outlet of the first and second cells of the
rougher bank A, liquid tracer.
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For single flotation cells, the Large and Small Tanks in Series (LSTS) model of Equation (2)
was used, which adequately described the experimental data with only three parameters.

h(t) = eXP[—(f—TD)/T%L}:zp[—(f—TD)/TS], t> 1
h(t) =0, 0<t<t 2)
Tmean = T+ Ts+

Within Equation (2), t is the flotation time, 71, the residence time of a large perfect
mixer, Tg the residence time of a small perfect mixer, Tp a transport delay and Tmean the
mean residence time. The latter is directly obtained from the model parameters.

Similarly, the N perfectly-mixed-reactors-in-series model of Equation (3) was employed
to represent the RTDs of an arrangement of two cells in series:

__\N—1
h(t) = %GXP[*U —m/m)], t>
h(t) =0, 0<t<tp 3)
Tmean = NTv+ T

where N is the number of equivalent perfect mixers in series, Ty the residence time of a
single perfect mixer and I'(N) the Gamma function. A transport delay was also incorporated
in this model.

2.4. Pulp Distribution between Parallel Flotation Banks

For each RTD measurement detailed in Figure 3 and Table 1, the mean residence times
were obtained from Equations (2) and (3). The volumetric pulp flowrates (Q = Vegt/ Tmean)
were then obtained [18], given an effective volume (V) for the flotation machines or
arrangements. The design volume of each flotation cell was 250 m3. However, the effective
volume also considers the gas hold-up in the flotation machines. As the flotation machines
are self-aspirated, the same effective volumes were assumed in all cases with eg = 10%.
The volumetric pulp flowrates were then inversely proportional to the mean residence
times. Therefore, significant differences in the Tmean values between parallel banks directly
indicated pulp flowrate imbalances in the rougher circuit.

3. Results

Figure 5 illustrates the outlet tracer concentrations of cell 1 (Figure 5a,c,e) and 2
(Figure 5b,d,f) along with the model fitting for the three valve settings described in Figure 2.
The baseline (Figure 5a,b, coarse solid tracer) and the valve setting 1 (Figure 5a,b, intermedi-
ate solid tracer) showed imbalance, with residence times significantly higher in the rougher
bank A, which implied lower flowrates feeding that bank. The valve setting 1 did not allow
for improvements in the pulp distribution despite a fraction of the feed was directed to the
rougher bank C. The medium size tracer was more affected by radioactive decay due to the
survey schedule, showing a lower signal to noise ratio as shown in Figure 5c,d. However,
this sensitivity did not significantly affect the distribution estimates presented here. As
shown in Figure 5ef, the valve setting 2 was effective in improving the flow distribution
between the rougher banks A and B. It should be noted that the residence time differences
between the banks A and B, from the RTD measurements in one cell and two cells in series,
were consistent. Therefore, these estimations were considered as repetitions.
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Figure 5. Normalized outlet tracer concentrations: Baseline, coarse solid tracer (a) Cell 1, (b) Cell
2; Valve Setting 1, medium solid tracer (c) Cell 1, (d) Cell 2; Valve Setting 2, liquid tracer (e) Cell 1,
(f) Cell 2.
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Table 2 shows the estimated mean residence times in cell 1 and the arrangement of
two cells in series (cells 1 + 2), for all tracers. The mean residence times from the baseline
were significantly and consistently different between the rougher banks A and B. These
differences slightly decreased with the valve setting 1. This condition was subject to some
variability from the fine solid tracer due to a control instability in the second cell. Results
from the valve setting 2 presented similar residence times between the rougher banks A
and B in all measurements, showing the effectiveness of this configuration to balance the
pulp distribution.

Table 2. Mean residence times for each valve setting and experimental condition.

Mean Residence Times, min

Tracer Rougher Bank Baseline Valve Setting 1 Valve Setting 2
Cell1 Cells1+2 Cell1 Cells1+2 Cell 1 Cells1+2
Liquid A 10.5 16.6 - - 10.8 22.9
B 4.8 10.8 - - 9.5 21.9
Fine A 15.9 21.2 13.4 22.9 - -
Solid B 5.8 11.7 9.1 19.5 - -
Medium A 14.4 21.3 10.3 21.3 - -
Solid B 6.0 12.8 54 13.6 - -
Coarse A 13.2 184 - - 115 18.4
Solid B 6.0 11.6 - - 10.2 219

Figure 6 shows the estimated pulp distributions between the rougher banks A and
B. The error bars correspond to the 95% confidence intervals of the mean. In the baseline
[Figure 6a], the pulp distribution showed a significant imbalance, with 66% of the pulp
being fed (on average) to the rougher bank B. With the valve setting 1 [Figure 6b], the
feed distribution was slightly enhanced, with 60% of the pulp being directed to this bank.
It should be noted that the distribution imbalances in the baseline and with the valve
setting 1 were significant in terms of the mean (at a significance level of « = 5%), despite
the variability of the latter. Results from the valve setting 2 [Figure 6c] showed that this
configuration approximately balanced the pulp distribution with 49% versus 51% being
fed to the rougher banks A and B, respectively. In addition, the confidence intervals of the
mean were overlapped, showing that the differences were not significant at & = 5%.

Flotation banks with shorter residence times than the design values will be more
sensitive to mineral losses. This sensitivity will be more significant in the slow-floating
fractions (e.g., coarse and low-liberated particles) under increases in the feed flowrates.
From kinetic studies previously conducted in the rougher circuit, a 10% pulp flowrate
increase will decrease the recovery of the slow-floating particles by more than 2%, which
will be even higher in flotation banks with shorter residence times. Thus, significant feed
flowrate imbalances negatively affect the metallurgical performance, also hindering the
circuit operation.

The radioactive tracer tests allowed an unbalanced feed distribution to be detected
in an industrial flotation plant, using a non-invasive measurement technique. Given the
flexibility of the evaluated circuit, the imbalance was corrected by changing the valve
settings of the feed distributor, also directing a fraction of the feed to an additional rougher
bank. Thus, the methodology proved to be industrially suitable for improving the pulp
distribution between parallel flotation banks. Further efforts are being made to systematize
the radioactive tests in industrial operations. The results presented here showed the need for
reliable and robust pulp flowrate sensors to monitor possible imbalances at industrial scale.
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Figure 6. Pulp distribution between the rougher banks A and B: (a) Baseline; (b) Valve setting 1;
(c) Valve Setting 2. The error bars correspond to the 95% confidence intervals of the mean.

4. Conclusions

Radioactive tracer tests were conducted in a rougher flotation circuit. From the surveys,
the following results were obtained:

e  The radioactive tests allowed an imbalance between two parallel flotation banks
(rougher banks A and B) to be detected by non-invasive measurements. The rougher
bank B received approximately 66% of the feed from the distribution box. This
operational problem was not observable by the online instrumentation available in
the plant.

e  The plant flexibility made it possible for changes in the feed distributor to decrease
the flowrate towards the rougher bank B.

e  An alternative valve configuration in the feed distributor was set, which allowed the
residence times of the parallel banks to be balanced.

The radioactive tracer technique was suitable to industrially detect and correct opera-
tional problems associated with the pulp distribution in parallel flotation banks. Further
studies are being conducted to systematize these measurements at industrial scale.



]2022,5 296

Author Contributions: Methodology, L.V,, ED., ].Y.; Software, L.V.; Formal Analysis, L.V.,, ED., J.Y,;
Writing—Original Draft Preparation, FH., LM., L.V, ED., PV, ].Y.; Writing—Review & Editing, FH.,
LM, LV, ED, PV, ].Y,; Supervision, L.V, ED., ].Y.; Project Administration, FH., LM., L.V, ED,, J.Y.;
Funding Acquisition, FH., LM., L.V,, ED., J.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: Funding for process modeling and control research was provided by ANID, Project
Fondecyt 1201335, and Universidad Técnica Federico Santa Maria, Project PI_LIR_2021_78.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A

Figure Al shows a typical particle size distribution in the feed distributor to the
rougher banks A and B. The size classes —45 pm, +45-150 um and +150 um presented
approximately 1/3 of the mass, respectively.
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Figure A1. Typical particle size distribution in the flotation feed to the rougher banks A and B.
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