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Particle concentration distribution
measurements in stirred tanks using a new
experimental technique: time and frequency
domain analyses

O. G. Olvera*1, D. Rival2 and E. Asselin1

A novel experimental technique has been used to measure particle concentration distributions in

agitated tanks. This approach consisted in using pyrite (FeS2) particles and a Pt electrode connected

to a potentiostat to measure variations in the electrode potential caused by galvanic interactions

between FeS2 particles and the Pt electrode. In order to discern collisions between the particles and

the Pt electrode from randomvariations in electrode potential, a time anda frequency domainmethod

of analysis were used. The latter showed no periodicity in the collision rate indicating that the process

was stochastic. The presented method is convenient because of its simplicity and it can provide

important information regarding the hydrodynamic behaviour of solids in agitated tanks, particularly

when non-intrusive techniques are not an option. Finally, the advantages and drawbacks of the

technique, and its relevance to hydrometallurgical and other chemical processes are discussed.

On a utilisé une nouvelle technique expérimentale pour mesurer les distributions de concentration

departiculesdans les réservoirs à agitation.Cette approcheconsiste à utiliser desparticulesdepyrite

(FeS2) et une électrodedePt connectée à unpotentiostat afindemesurer lesvariationsdupotentiel de

l’électrode causées par les interactions galvaniques entre les particules de FeS2 et l’électrode de Pt.

Afin de discerner les collisions entre les particules et l’électrode de Pt des variations aléatoires du

potentiel de l’électrode, on a utilisé une méthode d’analyse du domaine de temps et de fréquence.

Cette dernière n’a pas montré de périodicité dans le taux de collision, indiquant que le procédé était

stochastique.Laméthodeprésentéeest commodegrâce àsasimplicitéetpeut fournirde l’information

importante au sujet du comportement hydrodynamique de solides dans les réservoirs à agitation,

particulièrement quand les techniques non envahissantes ne sont pas une option. Finalement, on

discutedesavantagesetdes inconvénientsdecette technique,etdesapertinencepour lesprocédés

d’hydrométallurgie et autres procédés chimiques.
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This paper is part of a special issue on hydrometallurgy

Introduction
Liquid–solid operations are common practice in different
hydrometallurgical processes. Particularly, in the case

of leaching operations in stirred tanks, the presence of
solid particles in the liquid phase significantly affects the
hydrodynamics of the system and has to be considered to
make efficient use of the entire volume of the tank.
Therefore, knowledge of the distribution of solid particles
within the tank is necessary to gain a better understanding
of particle flow patterns and to help find operating
conditions for which homogenous particle distributions
can be achieved. This information can also provide an
estimate of the particle–particle collision rate as well as

1The University of British Columbia, Department of Materials Engineering,
309-6350 Stores Road, Vancouver, Canada V6T IZ4
2Queen’s University, Department of Mechanical and Materials
Engineering, 130 Stuart St. Kingston, Ontario, Canada K7L 3N6

*Corresponding author, email oscar.olvera@ubc.ca

289

� 2015 Canadian Institute of Mining, Metallurgy and Petroleum
Published by Maney on behalf of the Institute
Received 02 January 2015; accepted 17 March 2015
DOI 10.1179/1879139515Y.0000000012 Canadian Metallurgical Quarterly 2015 VOL 54 NO 3



the contribution of these interactions to the overall
leaching rate in systems where galvanic interactions
between particles with different rest potentials take
place. However, the measurement of particle distribution
in stirred tanks is not an easy task and remains an
open problem, both from a modelling and from an
experimental point of view.

Experimentally, a number of techniques have been
used to measure solid concentration distributions in
liquid–solid systems. Recent work by Tamburini et al.1

presents a brief literature review of particle concen-
tration measurement techniques, both intrusive and
non-intrusive. Briefly, the intrusive techniques can be
categorised as impedance, acoustic, optical and sampling
methods. For more details regarding their corres-
ponding advantages and disadvantages, the reader is
referred to the abovementioned reference as well as to
the work by Goldstein.2

In this work, the authors present a new experimental
approach to measure particle concentration distributions
in hydrometallurgical leaching tanks. The technique
consists ofmeasuring changes in the open circuit potential
(OCP) caused by galvanic interactions between FeS2
particles and a Pt electrode in aqueous acid solutions.
The advantages and limitations of this technique and its
applicability to other systems are then discussed.

Experimental

Preliminary tests
Preliminary measurements were conducted in a 200 mL
beaker. The objective of these tests was primarily to
confirm that the deviations observed in the measured
potential could be attributed exclusively to the galvanic
interactions between the Pt electrode and the FeS2
particles. For these experiments, 150 mL of a 10 g L21

sulphuric acid solution were poured into a beaker and
agitated to 400 rev min21 with a magnetic stirrer; this
acid concentration was used to prevent the formation of
an iron hydroxide layer that could affect the galvanic
interactions between the Pt electrode and the pyrite
particles. Although FeS2 can react and dissolve under
these acidic conditions, it can be considered as inert in
the timescale of the experiments.

Electrode potential measurements were conducted
using a PARSTAT 2273 potentiostat from Princeton
Applied Research, Mississauga, ON, Canada. A Pt wire
was used as a working electrode and a saturated calomel
electrode (SCE) as a reference electrode. Only OCP
measurements were conducted, and therefore, no coun-
ter-electrode was required. All experiments were con-
ducted at room temperature (20uC). An acquisition time
of 10 ms (sampling frequency of 100 Hz) was used for
these experiments. Either 3 g of sand or of FeS2 were used
for these experiments (2 wt-% solids). The FeS2 and the
sand used in these experiments had particle sizes ranging
from 100–200 mm and 600–850 mm, respectively. Quan-
titative X-ray diffraction analysis of the FeS2 used in this
study revealed FeS2 (96 wt-%), sphalerite (2?4 wt-%) and
quartz (1?6 wt-%) as the only mineralogical phases
present in the sample.

Leaching tank tests
These experiments were conducted in an unbaffled 3 L
glass jacketed tank. The internal diameter of the tank
was 12?8 cm and the length 23?8 cm. The tank was
covered using a stainless steel (grade 316) lid and a
Rushton turbine of the same material was used to stir
the solution in the tank. Figure 1 shows a schematic
representation of the system used in this work. The Pt
electrode used for these experiments was 3?5 mm long
and had a diameter of 0?5 mm. The Pt electrode was
connected to a copper wire and embedded into a 2?4 mm
outer diameter plastic tube. In all experiments, 1?5 L of a
10 g L21 H2SO4 and 70 g L21 Na2SO4 solution was used;
sodium sulphate was used to decrease the ohmic drop
between the working and reference electrodes. A SCE
electrode was used as reference electrode. 15 g of FeS2
particles (100–200 mm) were used for the experiments. For
the OCP measurements, the Pt electrode was introduced
and fixed at the desired position inside the tank through
one of the perforations in the lid of the tank. Open circuit
potential measurements were conducted at different
positions in the axial direction of the tank with the Pt
electrode placed 0?5 cm away from the wall of the tank in
all the experiments. Open circuit potential was measured
for 3 s with a sampling rate of 1 kHz, unless otherwise
indicated.

Results and discussion

Preliminary tests
Figure 2 shows the separate effect of sand and FeS2 on
the recorded OCP. The addition of sand to the solution

1 Schematic representation of the leaching tank used in the

experiments. The values of L (0–9 cm) shown in the

scheme indicate the region of study. L59 cm corresponds

to the level of the liquid inside the tank and L50 cm to the

bottom
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first decreased the OCP from 397 to 374 mV but after
5 min the value of the OCP went to 395 mV, only 2 mV
lower than the OCP recorded at the beginning of this
experiment. After a steady OCP was reached (variations
were of no more than 0?1 mV min21), no important
deviations were observed in the OCP transient profile
when compared with the baseline experiment (Fig. 3).
This last statement is based on comparison with the
baseline experiment. Indeed, the standard deviation, s,
for the baseline experiment was 0?38 mV and the largest
deviation from the mean OCP was 1?3 mV. In the
presence of sand, the calculated s and largest OCP

deviation from the mean value were 0?77 (an increase
only by a factor of 2) and 4?1 mV, respectively. On the
contrary, in the presence of pyrite, the value of s
increased to 22?2 mV and deviations from the mean
OCP were larger than 40 mV. This represents an
increase by a factor of 58 with respect to the value of s
observed in the baseline experiment, which was caused
by the magnitude of the deviations arising from the
collisions of the FeS2 particles with the Pt electrode.
Because these deviations were not observed in the
presence of sand, it is possible to conclude that they were
the consequence of electrical and not mechanical inter-
actions between the Pt electrode and the particles in
solution. This effect was further confirmed by adding
FeS2 particles in the presence of sand (Fig. 3) after the
OCP in the presence of sand had become steady.

Leaching tank tests
After having confirmed that the deviations observed in
the OCP when FeS2 particles collided with the Pt elec-
trode were of an electrical nature, tests were conducted
in the 3 L leaching tank. The experiments were first
conducted in the absence of FeS2 in order to obtain a
baseline, which would allow subtracting the contri-
bution of deviations inherent to the experiment
(i.e. white noise) from the mean OCP. Figure 4 shows
the transient OCP profiles measured in the absence of
FeS2 particles (baseline) and in the presence of FeS2 at
two different heights in the tank.

For the baseline experiment in Fig. 4, a standard
deviation, s, of 0?78 mV was calculated. After FeS2 was
added to the leaching tank, changes in potential were
observed. The frequency of these deviations depended

2 Separate effect of sand (3 g) and FeS2 (3 g) particles in

the recorded open circuit potential (OCP) in a 10 g L21

sulphuric acid solution; stirring rate was 400 rev min21

3 Transient open circuit potential (OCP) profiles in the

absence and presence of FeS2 (3 g) and sand (3 g);

stirring rate was 400 rev min21

4 Open circuit potential (OCP) transient profiles at different

heights in the tank; stirring rate was 800 rev min21.

No solids were added in the baseline experiment,

measurements at 0 and 4?5 cm were conducted in the

presence of pyrite
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on the relative position of the Pt electrode inside the
tank and deviations of up to 26 mV were observed,
a much higher value than the standard deviation
estimated for the baseline experiment, indicating
that these measurements were not white noise but a
result of the collision of pyrite particles with the
electrode.

Figure 5 shows the effect of the stirring rate on the
OCP transient profiles with the Pt electrode positioned
at 4?5 cm from the bottom of the tank. In this case,
increasing the stirring rate from 600 to 800 rev min21

resulted in an increase in the number and magnitude of
the deviations in the OCP.

To estimate the number of collisions occurring at
different positions inside the tank, different approaches
were considered. The simplest approach was based on
the mean OCP value, OCPmean, measured at every
position and the standard deviation calculated for the
baseline experiment in the absence of FeS2. Equation (1)
shows the criterion that was used to consider a sampled
OCP value as a collision

jOCP2OCPmeanj
Nss

. 1 ð1Þ

where Ns is the number of standard deviations and s the
standard deviation calculated for the baseline test.

In equation (1),Ns plays a role similar to that of a filter;
the higher its value, the more stringent the criterion
becomes and the lower the chance that a ‘white noise’
deviation will be considered as a collision. Figure 6 shows
the effect of this parameter on the collision rate axial
distributions.

One interesting observation is that, despite the
decrease in the magnitude of the estimated collision rate,

as Ns was increased the different profiles presented in
Fig. 6 are qualitatively very similar. If we assume that
the number of collisions is directly proportional to the
concentration of particles for a given volume element in
the tank, then Fig. 6 shows that there is a larger
concentration of particles at the bottom of the tank
(at 0 cm), right below the horizontal plane where the
blades of the turbine are located. A second region of
high concentration can also be identified between 2 and
4 cm, approximately at the same height corresponding
to the position of the turbine in the tank. To help
visualise this situation, Fig. 6 also shows a schematic
representation of the tank where the position of the
blade and the level of the solution have been
indicated relative to the scale used for the axial
distributions.

To present the results more adequately, an average
collision frequency was calculated for each profile shown
in Fig. 6 so that the axial distributions could be
normalised.

Owing to the difference between the densities of the
fluid and the particles, and the relatively large size of the
solids (150–200 mm), it can be assumed that the particles
will not be in dynamic equilibrium with the fluid in the
vicinity of the Pt electrode.3 Therefore, the collision of
the solids with the electrode will be unavoidable and the
concentration of the particles will be proportional to
the collision rates. This can be used to calculate
dimensionless particle concentration (c/cav) plots such as
those presented in Fig. 7.

In contrast to Fig. 6, the distributions shown in Fig. 7
did not change considerably when Ns was increased.
As a matter of fact, for Ns values higher than 3, constant
distributions could be observed. These distributions are
in close agreement with those calculated by Derksen4 for
a tank of similar geometry.

From the results observed in Fig. 7, a value of Ns53?0
was selected to calculate the dimensionless concentration
distributions presented in Fig. 8 where the distributions
obtained at 600 and 800 rev min21 are presented. Both
distributions were very similar although particles were
less concentrated at the bottom of the tank when the
stirring rate was increased to 800 rev min21. Further-
more, a larger concentration of particles was observed in
a zone between 4 and 6 cm at 800 rev min21.

Finally, from the transient profiles shown in Fig. 4,
it was observed that a moving average would probably
be more appropriate than using the mean OCP in
equation (1). When a moving average with linear
weights, and taken with the 20 previous data points, was
used instead of the value for OCPmean in equation (1),
the distributions shown in Fig. 9 were obtained. These
distributions were similar to those observed in Fig. 8 in
the sense that zones of high particle concentration were
observed at the bottom of the tank and in a zone located
between 2 and 6 cm, depending on the stirring rate.
However, given the differences observed in the
scales of both figures, it is clear that the results shown in
Fig. 9 yielded more uniform distributions when
compared to those presented in Fig. 8. This difference is
a consequence of the transient profiles in the presence

5 Effect of stirring rate on open circuit potential (OCP)

transient profiles in the presence of pyrite. The Pt

electrode was positioned at a height of 4?5 cm
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of FeS2 not being flat as in the case of the baseline
experiment.

Although the profiles shown in Figs. 8 and 9 seem to
represent appropriately the solid particle distributions
within the leaching tank, there are certain assumptions
and limitations related to the use of equation (1), both
using the mean and the moving average OCP. The
following is a list with the assumptions behind the use of
equation (1):

N Asmentionedbefore,OCPdeviations are assumed tobe
proportional to the concentration of particles. This
assumption is valid because of the large size of the par-
ticles used in this work. However, smaller particles
(in the range of 10 mm or less) will have a very rapid
response to variations in the fluid flowandwill probably
not collide with the probe. Under these circumstances,
the OCP deviations will not necessarily be directly pro-
portional to the concentration of the solid particles.

6 Change in the axial collision rate profiles as a function of Ns (equation (1)) at 600 rev min21 and the relative position of the

turbine blades with respect to the scale of the axial distribution

7 Dimensionless particle concentration axial distributions

for different values of Ns at 600 rev min21

8 Effect of the stirring rate on the dimensionless particle

concentration axial distributions (Ns53)
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N Deviations meeting the criterion proposed by
equation (1) are caused only by FeS2 collisions with
the Pt electrode. Any other deviation will not meet the
criterion and will not be counted as a collision. This
assumption seems to be valid for Ns values higher
than 3 (see Fig. 7).

N One OCP deviation is caused by only one FeS2 particle
colliding with the Pt electrode. This is the equivalent of
saying that two or more particles are not colliding sim-
ultaneously with the Pt electrode.

N The experimental data have a normal distribution.

Because of the previous assumptions, the analysis
presented in this work possesses certain limitations. The
simultaneous collisions of two ormore particles with the Pt
electrode will be counted as only one collision. The
sampling rate of the equipmentwill also be a limiting factor
and very high frequency collision rates may represent a
difficulty, particularly for high solid concentrations and
high stirring rates. Some of the collisions will also produce
deviations that will not cause deviations in the OCP
meeting the criterion presented by equation (1).

As an attempt to address the limitations mentioned in
the previous paragraph, a different approach to analyse
the experimental measurements was followed. For this
approach, the OCP measurements were directly analysed
using a fast Fourier transform (FFT) algorithm to see if a
fundamental frequency component corresponding to the
collisions of the solid particles with the Pt electrode could
be found. First, Fig. 10 shows the FFT corresponding
to OCP measurements in the absence of solid particles
at different stirring rates with the electrode located at
4?5 cm from the bottom of the tank. In the absence of
solids, and with no agitation, only a weak frequency

component was observed at 1278 Hz, this was also pre-
sent when the tank was stirred at 600 and 800 rev min21

but it shifted to 1313 and 1347 Hz, respectively. When
the solution was stirred, some frequency components
could be observed. At 800 rev min21, the highest inten-
sity peak corresponded to a frequency of 7?8 Hz, the
following two peaks correspond to some of its harmonics
located at 15?6 and 31?2 Hz. The objective of finding
these frequencies was to avoid a possible confusion
with frequencies arising from the experiments in the
presence of suspended solids.

Figure 11 shows the frequency content of the OCP
measurements in the presence of suspended FeS2 particles
at two different stirring rates. At 600 rev min21, a fun-
damental frequency was observed at 8?7 Hz with its
corresponding harmonics at 17?4, 26?1 and 34. 8 Hz. This
frequency was very close to the frequency component
observed for the 800 rev min21 experiment in the absence
of pyrite (Fig. 10) and it is not probable to assign it to any
changes in the system caused by the presence of pyrite.
The same can be said for the 800 rev min21 experiment in
Fig. 11 where the highest peak was very close to the first
harmonic of the 8?7 Hz component observed at
600 rev min21. Although not shown here, more exper-
iments were conducted in the presence of different con-
centration of solids, stirring rates, electrode position and
sampling frequencies. From these experiments, it was not
possible to find any frequency that could be related to
the collision rate of pyrite with the Pt electrode,
indicating that the process was entirely stochastic.
Therefore, the analysis of this phenomenon on the
frequency domain does not seem to be an adequate
alternative, at least under the experimental conditions
used in this work.

Although this method has been developed in the
context of hydrometallurgical extraction systems, it is by
no means limited to this area. Other possible fields of
application may include catalytic reactors, gas–solid–
liquid systems, cementation tanks and in the electro-
deposition of metal powders, to mention a few. Some
examples will be discussed in the paragraphs below.

As previously mentioned, the distribution of solids in
tanks is of great importance in fluid–solid operations.
A measuring system like the one presented in this work
would be useful to determine if complete solids suspen-
sion is achieved as well as the required minimum stirring
speed to achieve uniformity when pulp density or stir-
ring rates are varied. The method could also be used to
characterise and analyse the performance of draft-tube-
baffle crystallisers or similar equipment.

The Actimag process consists in the fluidised cemen-
tation of copper using iron particles subjected to an
external pulsating magnetic field. The method presented
in this work could be used to monitor the concentration
of iron particles in the fluidised tank and control its
replenishment rate to maintain high particle collision
rates, and reaction surface area at all times, thus making
the process more efficient.

Liquid–solid fluidised bed heat exchangers are an
alternative to fouling control techniques; in these

9 Effect of the stirring rate on the dimensionless particle

concentration axial distributions (Ns53) using moving

averages in equation (1) instead of the mean OCP
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10 Frequency content of the open circuit potential (OCP) measurements in the absence of pyrite. Sampling frequency was

3 kHz

11 Frequency content of the open circuit potential (OCP) measurements in the presence of 1 wt-% pyrite. Sampling frequency

was 3 kHz
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systems, fouling is prevented by adding solid particles
that collide with the walls of the fluidised bed and pre-
vent the formation of precipitates or deposition of
solids. In order for this equipment to work adequately, a
high particle collision rate on the wall is required,
making a uniform particle distribution necessary for
high equipment performance. A method such as that
presented in this work could be useful to determine the
flow conditions under which uniformity will be achieved.

In flotation cells, a method like this could be used to
measure the concentration of solids in the process
streams and to adjust the recycle flows in the flotation
circuit.

From the previous discussion, it can be seen that the
method presented in this work, after further develop-
ment, could be used not only for the analysis of the
performance of an agitated solid–liquid system but also
for control purposes, further extending its possible
applications and uses.

Conclusions
In this work, the authors have presented a new exper-
imental technique to measure particle concentration
distribution in stirred tanks. This technique consists of
measuring the deviations in the OCP measured with a Pt
electrode and caused by FeS2 particles collisions. With
this technique and simple data analyses, it was possible
to obtain particle distributions that were similar to

results estimated in a previous work for a tank with a
similar geometry.4

The technique is simple and yields results in very short
times but has to be further developed to increase its
accuracy and extend its applicability to other systems.
Future work will be oriented in this direction as
well as in the development of a more adequate data
analysis.

Despite being an intrusive technique, the procedure
presented in this work is simple and allows a qualitative
assessment of the distribution of particles within
the tank in very short times. The results presented in this
work correspond to one-dimensional axial distributions.
Nevertheless, the experimental system can be easily
modified to extend it to the radial and angular coordi-
nates so that concentration distributions for the whole
system can be estimated.
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