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Abstract
A non-invasive and non-intrusive monitoring techniques are developed based on the signal capacitance method to observe 
column flotation performance. In general, gas holdup and bubble flow characteristics are the essential parameters that affect 
flotation performance. This study investigates and verifies the effects of frother dosage and solid percent on the gas holdup 
and bubble flow transition characteristic by analyzing the capacitance signals. Experiments were conducted in two- and three-
phase systems with a variation of frother addition and solid concentration in the range of 1–5 cm/s of superficial gas veloci-
ties. The results showed that the capacitance signals method could characterize the bubble flow and its transition in column 
flotation, which consists of discrete bubbly, cap-discrete bubbly, and slug flow. The bubble flow transition in the three-phase 
system occurred at slightly lower superficial gas velocity and gas holdup than in the two-phase system, as measured by the 
deviation of gas holdup analysis. Higher frother addition and the higher solid concentration will decrease the gas holdup of 
bubble flow transition. In this study, the flow transition occurred between the superficial gas velocity of 2.5–3.3 cm/s for 2 
phase and 2.5–3 cm/s for 3 phase systems.
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List of symbols
ϕg	� Gas holdup
εm	� Permittivity of aerated medium
εg	� Permittivity of gas phase
εb	� Permittivity of non-aerated medium (liquid phase)
Jg	� Superficial gas velocity
C	� Measured capacitance
Q	� Total charge
∇Φ	� Potential distribution
ΔV	� Voltage difference
H0	� Height of non-aerated medium
ΔH	� Height difference of aerated and non-aerated media

Introduction

Column flotation, which was first invented in 1962, is the 
physicochemical process of a three-phase system (solid, liq-
uid, and gas), that separates valuable mineral from gangue 
by controlling the hydrophobicity of the minerals particles 
surface. Since then, its basic understanding and applications 
had proliferated in the 1980s (Finch and Dobby 1991). The 
bubbles are generated from the bottom part of the column by 
injecting the gas into the solid–liquid mixture. Hydrophobic 
mineral particles, either valuable minerals or gangue, will 
collide, attach to the bubble due to collector reagents addi-
tion in the slurry, and float to the surface of the slurry. In 
contrast, hydrophilic particles will collide with the bubble 
without attachment and sink at the bottom of the column. In 
some industries, column flotation may be utilized in com-
bination with the mechanical flotation process. The column 
flotation is mainly attributed as a cleaning section, which 
increases the recovery and grade of a concentrate (Uribe-
Salas et al. 2007).

As in general flotation techniques, the column’s disper-
sion properties determine the flotation performance since 
they relate with the mechanism of particle attachment by the 
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bubbles (Sanwani et al. 2006). The opportunities for process 
improvements, therefore, can be provided by studying them 
(Yianatos et al. 2010).

In the 2 phase and 3 phase system, not only limited in 
the flotation process, many studies have extensively investi-
gated the dispersion properties by several techniques, such 
as visual (Chen et al. 2001; Grau and Heiskanen 2003; Mati-
olo et al. 2011; Nesset et al. 2006; Schwarz and Alexander 
2006), electrical or resistance (Banisi et al. 1995a, b; Dahlke 
et al. 2005; Gomez et al. 2003; Lee et al. 2003; Sanwani 
et al. 2006; Tavera et al. 2001; Tavera and Escudero 2002), 
pressure (Hernandez et al. 2003; Shukla et al. 2010), radia-
tion (Yianatos et al. 2010) and resistance or conductance 
tomography (Nissinen et al. 2014; Vadlakonda and Manga-
doddy 2017) techniques. The visual method is mainly used 
for bubble estimation and flow identification. Electrical, 
pressure, and phase separation techniques are used for phase 
holdup analysis. Also, tomography techniques are employed 
to analyze phase holdups and their distribution because of 
the capability to provide images. Most studies have reported 
that optimum flotation performance can be achieved if the 
flow has a bubbly flow pattern. Since the turbulence is mini-
mal in bubbly flow conditions, the particle-bubbles aggre-
gates are preserved and float successfully. Generally, the 
bubble flow is set to obtain optimum flotation performance. 
Therefore, the transition area of the bubbly flow to slug or 
churn-turbulent flow must be known to achieve the highest 
recovery and grade of concentrate.

The gas holdup (ϕg) is one of the dispersion properties 
that significantly affects the flotation performance (Connor 
et al. 1990; Gomez et al. 1991; Sanwani et al. 2006; Tavera 
et al. 2001; Zhou and Egiebor 1993). The gas holdup is influ-
enced by some variables of chemicals (such as collectors, 
frothers, activators, and regulators), operational (e.g., air-
flow, feed rate, wash water), and mechanical aspects (such 
as cell design and configuration). ϕg also defines the bub-
ble-flow density, which corresponds to the flotation kinetics 
(Gorain et al, 1997). Hence, some attempts have been made 
to better understand flotation performance by ϕg measure-
ments and predictions. Zhou and Egiebor (1993) developed 
a model to predict the axial ϕg profiles of gas and compared 
their model to other studies. Finch et al. (2000) proposed 
gas-holdup measurement to replace the bubble surface area 
flux (Sb)as a machine factor due to its practicability and ease 
of measurement. Shukla et al. (2010) found that the bubble 
size increased, and ϕg decreased due to bubble coalescence 
in the presence of particles. Xu et al. (1992) investigated 
to measure the radial profile of ϕg and found that the pro-
file changed from W-shape to saddle-shape as superficial 
gas velocity increased with three spargers. Saddle-shaped 
patterns occurred at low superficial gas velocity with one 
central sparger, and the profile was axisymmetric with one 
off-center sparger.

In the gas holdup study using electrical techniques, the 
capacitance technique is another prospective method besides 
conductance and electrical resistance techniques due to its 
capability to measure non-invasively and non-intrusively. This 
technique measures gas holdup (ϕg) based on different permit-
tivities of the aerated and non-aerated media, since permittiv-
ity is a volumetric function of the dispersed phase. As in the 
conductance technique, Maxwell’s equation may also be used 
to estimate gas holdup (Gomez et al. 2003).

In this study, bubble flows in the column flotation process 
are characterized using a capacitive measurement method by 
analyzing ϕg from capacitance signal. Frother dosage and 
solid concentration (wt%) are the main parameters used in this 
study. This study aims to investigate those effects on ϕg and 
its characteristic as well as the bubble flow transition. A high-
speed camera is used for confirming the flow and analyzing 
the bubble size.

Gas holdup measurement by capacitance 
method

Φg measurement using the capacitance technique is derived 
by solving the Laplace equation (Geraets and Borst 1988). 
Some models have been developed in particular applications 
for determining ϕg accurately. In the case of the flotation pro-
cess, Maxwell’s model given by Eq. (1) has been used exten-
sively (Gomez et al. 2003) because this model considers small 
spheres that disperse uniformly in a continuous phase (liquid 
or slurry). In the capacitance technique, the conductivity effect 
is kept as low as possible for minimizing error in ϕg measure-
ment using Maxwell’s model. Therefore, demineralized water 
is used in this study to reduce the effect of conductivity (see 
Table 1). For comparison in estimating ϕg, models of series, 
parallel, and complex refractive index (CRI) given by Eqs. 
(2), (3), and (4), respectively, are also included (Jaworek and 
Krupa 2010).

(1)�g =

1 −

(
�m−�g

�b−�g

)

1 + 0.5

(
�m−�g

�b−�g

)

Table 1   The relative permittivity and conductivity of materials used 
in this study

Material Relative permittivity 
(εr)

Conductiv-
ity (S/m) 
(σ)

Air ( for 0.9 MHz) 1.0006 –
Demineralized water (at 

25 °C)
78.5  < 2 × 103

SiO2 4.5 5 × 10–14
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ϕg (-) is the gas holdup; εm (-), εg (-), and εb (-) are the 
permittivities of the aerated medium, air (100%), and non-
aerated medium, respectively.

For the calibration of the capacitance technique, the low-
est and highest permittivity materials are considered, which 
consist of air (εg) and non-aerated medium (εb), demin-
eralized water mixed with a small amount of frother less 
than 40 ppm (40 mg/L). Since specific information about 
the electrical permittivity of frother used in this study is 
not available, the calibration of the highest permittivity is 
conducted by mixing demineralized water with a frother to 
overcome the permittivity change caused by frother concen-
tration. The relative permittivity (εr) of air, demineralized 
water, and SiO2 is shown in Table 1 (Drake et al. 1930; 
Schön 2011).

In the case of a three-dimensional medium, the general 
relationship of measured capacitance and permittivity is 
given as Eq. (5).

Here, C is the measured capacitance, Q is the total charge 
as a function of permittivity (ε), and ∇� is the potential 
distribution (or electric field). ΔV is the voltage differ-
ence between the electrodes, and S is the area enclosing the 
receiver electrode. The measured capacitance increases with 
increasing relative permittivity because C ∝ ε. In this case, 
since the relative permittivity of air is lower than the demin-
eralized water, the rise in ϕg decreases the measured capaci-
tance. Therefore, by knowing the permittivity as measured 
capacitance, ϕg can be estimated using those models in Eqs. 
(1)–(4).

Materials and methods

Materials

In this simulated laboratory scale flotation study, demineral-
ized water as the liquid phase was used with the addition of 
DowFroth ® 1012 as the frother agent. As the solid phase, 

(2)�g =
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SiO2, which has a purity of 99% and a particle size distri-
bution in the range of 105–149 micron, was utilized. The 
pure SiO2 was used to minimize the conductivity effect and 
increase the accuracy of gas holdup measurement.

Capacitance sensor design

The capacitance sensor mainly consists of electrodes that 
act as the transmitter and receiver electrodes, as well as a 
guard electrode. Transmitter and receiver electrodes have a 
function to excite and receive the signal corresponding to 
measured capacitance. The guard/ground electrode acts to 
maximize the uniformity of the electric field distribution 
radially and axially by reducing the edge effects (non-linear 
electric fields) (Abouelwafa et al. 1980). Thus, the electric 
fields received by the receiver electrode are uniform since 
the non-linear response of the capacitance sensor will cause 
an error of ϕg measurement (Ahmed 2006). Therefore, the 
capacitance sensor design is crucial for accurately measur-
ing ϕg because the difference in the geometry of electrodes 
affects the distribution of the electric field inside the volume 
of measurement, consequently affecting the sensitivity and 
response of the sensors (Ahmed 2006). In this study, the 
concave-type capacitance sensor (Fig. 1), a modification 
of previous studies (Ahmed 2006; Hewitt and Hall-Taylor 
1970), has the highest sensitivity for measuring ϕg among 
all capacitance design sensors.

A customized data acquisition system (DAS; C-Tech Labs 
Edwar Technology; model: DAQ013202, 2016) was used in 
this study. The DAS has a signal excitation of 18.4 Vpp (sine 
wave) and a working frequency of 2.5 MHz, and the acqui-
sition rate was up to 200 frames per second (fps) for one 
pair of the electrode. The signal to noise ratio (SNR) of this 
system was 52 dB for measuring demineralized water object, 
which has a variance 2 times smaller than when measuring 
demineralized water with superficial gas velocity 1 cm/s. It 
indicates that the fluctuation comes from the behavior inside 
the column, not the noise of equipment.

Experimental procedure

Experiments were conducted in a simulated condition of lab-
oratory-scale column flotation cell having an internal diam-
eter of 4.6 cm and a height of 125 cm. Filter disc or sparger 
used has 16–40 μm pore sizes (P3; Duran). The capacitance 
measurement system and a personal computer were con-
nected to the flotation column. The capacitance sensor was 
attached to the outer column surface at the center of the 
collection zone (Fig. 2). As shown in the dashed line box of 
Fig. 2, only one electrode pair was used in this study. The 
high-speed camera was installed at 75 cm from the bottom 
column, above the capacitance sensor for visualizing the 
hydrodynamics conditions and comparing ϕg measurements. 
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Also, bubble images from the camera were used to estimate 
the bubble size using image analysis software. The bubble’s 
size was measured from a modified pipe (flat surface) to 
eliminate bias due to the curved tube. Sauter diameter (D32) 
was then calculated and compared with those measured by 
drift flux analysis.

In the three-phase system, frother (DowFroth® 1012) was 
added to the 500 cm3 demineralized water and conditioned 
for up to 5 min. First, the bubbles were generated, and wash 
water was operated, then the solid particles (SiO2) was fed into 
the column. Air bubbles were produced by injecting normal 
air from the bottom of the column using a compressor, while 
wash water was pumped from above of the column using a 
pump. The capacitance signals were captured for 30 s of each 
variable with the frother dosage addition was 10 and 20 ppm. 
The solid concentration used in this experiment was 1, 5, and 
10 wt%. Each variable was injected by air at the superficial 
gas velocity from 2 to 4 cm/s. Statistical analysis using three-
ways ANOVA and multi regression analysis were conducted to 

interpret the gas holdup data from the measurements (Jackson 
2009; Venkateshan 2015).

To estimate the gas holdup (ϕg), derived from Eqs. (1)–(4), 
accurately, an alternative method using the height difference 
measurement of the aerated and non-aerated media was per-
formed for standardization. ϕg estimation by using height dif-
ference measurement was given by Eq. (6) where H0 is the 
height of the non-aerated medium, ΔH is the height differ-
ence of aerated and non-aerated media. ϕg estimation from 
the height difference measurement of aerated and non-aerated 
media was used as a standard. Therefore, the model closest to 
the standard would be used for further data analysis.

(6)�g =
ΔH

ΔH + H0

Fig. 1   Schematic of a concave-type two-electrode capacitance sensor design

Fig. 2   Schematic arrangement 
of laboratory-scale column flo-
tation equipped with a capaci-
tance measurement device
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Results and discussion

Gas holdup models evaluation

Figure 3 shows the comparison ofgas holdup obtained from 
the models (ϕg-m) given by Eqs. (1)–(4) and the gas-holdup 
obtained from the height of difference measurements (ϕg-std). 
It shows that the preferred model of the study is the Max-
well and CRI models since the models’ curves are closest 
to the diagonal line (measurement curve). The parallel and 
series models show overestimated and underestimated the 
gas holdup (ϕg), respectively. The relative deviation (RE) is 
used to evaluate these models’ accuracy (see Eq. 7), where 
ϕg-m and ϕg-std are the gas holdup value from models and 
from the height difference measurements, respectively.

As shown in Table 2, the series and parallel models show 
high relative errors, which are 48% and 22%, respectively. 
On the other hand, both Maxwell and CRI models show the 
same relative errors, which are 8%. Therefore, either the 
Maxwell or CRI model can be used for further data analysis. 
In this study, the Maxwell model is used for the data analysis 
since it is more common in the flotation study.

Bubble size analysis

Figure 4 shows a relation between sauter mean diameter 
(D32) and superficial gas velocity at different frother con-
centration. Black-square, black-triangle, and black-circle 
lines indicate D32 with the frother concentration of 0 ppm 

(7)RE =

|
|
|
||

�g−m − �g−std

�g−std

|
|
|
||
x100%

(no frother), 10 ppm, and 20 ppm, respectively. While the 
dashed lines indicate D32 for 10 and 20 ppm frother esti-
mated using drift-flux analysis (Dobby et al. 1988). The 
trend of D32 measured from the camera and the drift-flux 
analysis have relatively similar patterns. As shown in 
Fig. 4, D32 only changes slightly as superficial gas velocity 
increases, especially for 10 and 20 ppm frothers. However, 
the distribution of D32 tends to increase as the superficial 
gas velocity increases. It is indicated by the deviation of 
D32, in which it increases from the superficial gas velocity 
of 3 cm/s. The increase of superficial gas velocity (more 
than 4 cm/s) tends to change the flow pattern from bubbly 
to slug flow, which turbulency in the bubble flow becomes 
significant. Therefore, bubble sizes become more heteroge-
neous. Thus, it makes the deviation tend larger. However, at 
the same superficial gas velocity, D32 decreases as frother 
concentration increases, particularly for lower superficial gas 
velocity (1–2.5 cm/s). D32 of this study has a similar result 
with the previous study (Grau et al. 2005), D32 obtained for 
DowFroth ® 1012 is about 2.2 mm with critical coalescence 
concentration (CCC) at 6.6 ppm, and D32 above CCC still 
decreases slightly. It means that this result agrees well with 
the study of Grau et al. (2005).

Fig. 3   Comparison of gas holdup estimated from models given by 
Eqs. (1)–(4) and the height measurements in a laboratory-scale col-
umn flotation experiment

Table 2   Relative error 
comparison in estimating the 
gas holdup of each model 
using the capacitance signals 
measurement

Model Relative 
error 
(%)

Maxwell 8
Series 48
Parallel 22
CRI 8

Fig. 4   Relation of D32, drift-flux analysis and superficial gas velocity 
at different frother concentration in two-phase system



366	 Brazilian Journal of Chemical Engineering (2021) 38:361–372

1 3

Flow visualization and gas holdup characteristics

Figure 5 shows flow visualizations of two- and three-phase 
systems captured using a high-speed camera at 75 cm from 
the bottom of the column representing different flow pat-
terns. These images were obtained from the dosage of 
20 ppm at superficial gas velocities of 2, 3, and 4 cm/s 
for both two- and three-phase systems showing bubbly 
(Fig. 5a, d), cap-bubbly (Fig. 5b, e), and slug flow (Fig. 5c, 
f), respectively. As shown in Fig. 5, the bubbly flow pat-
tern is indicated by the relatively similar bubble size. 
The cap-bubbly flow pattern is observed appearing in the 
center of the column. The slug flow pattern is indicated 
by the large bubble having a size close to the column’s 
diameter. In the three-phase system (Fig. 5d, e and f), the 
interpretation of the flow pattern’s images was interfered 
with by solid particles. Additional lines around the bub-
bles were made to show the morphology of the bubbles 
in the column. It is still difficult to compare the bubble 
size between 2 and 3 phase system from the high-speed 
camera images (Fig. 5d, e and f). Theoretically, in the 3 
phase system with the same condition of frother addition 
and superficial gas velocity of 2 phase system, the bubble 
size is relatively larger due to coalescence induced by solid 
particles in the slurry resulting in larger bubbles that have 
higher rise velocity.

Figure 6 shows the gas holdup (ϕg) characteristics of 
two-phase (Fig. 6a–e) and three-phase (Fig. 6f–j) column 
flotation process as functions of time and frother dosage. 
Gas holdup (ϕg) characteristics of two-phase and three-phase 
at a particular time were characterized by using capacitive 
signals for 30 min measurements in different superficial gas 
velocities, i.e., 2.0, 2.5, 3.0, 3.5, and 4 cm/s.

Generally, at low superficial gas velocity (Jg), the bub-
bles are generated individually from the sparger and do not 
interact with each other (or weak interaction), resulting in 
a dispersed phase. In contrast, at high Jg, individual bub-
bles are triggered to collide with each other and form cap-
bubbles. At a particular condition, a slug flow pattern may 
develop when the bubble size diameter grows close to the 
column diameter. Based on hydrodynamic conditions within 
the column, there are three types of bubble flow patterns, 
namely, discrete bubbly, cap-discrete bubbly, and slug flow 
patterns. A detailed explanation of the flow pattern and its 
transition can be obtained in the previous study (Hewitt and 
Hall-Taylor 1970).

The capacitance signals measurement shown in Fig. 6a–j 
may represent the hydrodynamic conditions within the 
column, such as discrete bubbly, cap-discrete bubbly, and 
slug flow patterns as depicted by the high-speed camera 
observation. Comparison of ϕg measurement using capaci-
tance technique and visual inspections by using high-speed 

Fig. 5   Bubble flow visualizations using a high-speed camera of two-phase (a, b, c) and three-phase (d, e, f) systems with the dosage of 20 ppm 
frother at superficial gas velocities of 2 cm/s (a, d), 3 cm/s (b, e) and 4 cm/s (c, f)
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camera confirms the discrete bubbly flow at the superficial 
gas velocity of 2.0 and 2.5 cm/s both in two- and three-phase 
systems (Fig. 6a, b, f and g). The slug flow pattern in the 
column of two-phase can be observed using the high-speed 
camera at the higher superficial gas velocity of 4 cm/s, indi-
cated by a large bubble close to the diameter of the column. 
On the contrary, it is difficult to observe the slug flow pattern 

in 3 phase system using high-speed camera due to its tur-
bidity. In general, it is challenging to observe the transition 
flow pattern or cap discrete bubbly flow visually using a 
high-speed camera since most of them appear on the center 
of the column covered by the bridge of dispersed bubbles.

Actually, by observing the ϕg signal patterns of two- and 
three-phase systems (Fig. 6), the bubble flow patterns can 

Fig. 6   Gas holdup in the two-phase (a–e) and three-phase (f–j) column flotation processes obtained by the capacitance signals measurement, 
2 cm/s (a, f), 2.5 cm/s (b, g), 3 cm/s (c, h), 3.5 cm/s (d, i), and 4 cm/s (e, j). (Color figure online)
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be distinguished between discrete bubbly and slug flow. 
Even, it is difficult to determine the transition flow pattern 
or cap-discrete flow. Besides, the effect of higher frother 
addition to the increase of ϕg signals can be observed in 
the two-phase system at low superficial gas velocity. The 
difference between their surface tensions causes the differ-
ence between the peak frequencies of ϕg signals for 10- and 
20-ppm frother dosages. It is because the surface tension 
relates to the bubbles generated inside the column. Surface 
tension governs bubble size and its distribution. Lower sur-
face tension will produce smaller bubbles. The effect of 
surface tension on the characteristics of the bubbles can be 
explained by the Weber number (Pistorius 2013). The Weber 
number explains the relation between the inertia to the sur-
face tension forces, in which the higher the Weber number, 
the larger the bubble size. And also, the higher Weber num-
ber tends to produce non-spherical bubble. Inertia force is 
affected by the bubble rise velocity, while the surface tension 
force is affected by the frother addition. In this case, the dif-
ference of Weber number is caused by the change of frother 
dosage, which changes the column’s bubble characteristics. 
Therefore, it will impact the measurement of ϕg signals. The 
20-ppm frother dosage has a lower surface tension, result-
ing in a smaller cap-bubble within the column. Otherwise, 
it is difficult to be observed the effect of frother addition to 
the ϕg signals in 3 phase system. With this condition for the 
two-phase system, the cap-discrete bubbly flow pattern can 
be predicted to appear at Jg of 3 cm/s. When Jg is increased 
beyond 3 cm/s, the slug flow pattern is obtained, which is 

caused by the higher intensity of bubble–bubble collisions 
than in the cap-discrete bubbly flow pattern.

Considering the limitation of ϕg signals observations in 
the two- and three-phase system, further ϕg signals analy-
sis is undertaken by calculating the deviation of ϕg. The 
deviation of ϕg is calculated by using the standard devia-
tion equation of ϕg signals on two- and three-phase systems. 
Compared with variance values, standard deviation values 
have more conformity with visual observation using a high-
speed camera.

Figure 7 shows an analysis of flow pattern transition using 
the standard deviation of ϕg signal on two- and three-phase 
systems and bubble flow pattern indication using ϕg signals. 
In Fig. 7a, the deviation of ϕg at superficial gas velocity 
is plotted. There are two areas of plot, i.e., horizontal and 
slope fields. The deviation of the gas holdup of both two- 
and three-phase systems in superficial gas velocity less or 
equal to 2.5 cm/s are similar. In the slope area, the three-
phase system has a higher deviation of ϕg. The effect of 
frother concentration addition on the deviation of gas hold 
up seems not to occur in the two- and three-phase systems. 
By using the intersection of the regression line in the hori-
zontal and slope area, the transition zone of flow patterns 
can be determined. In the two- and three-phase systems, 
the transition of bubble flow may occur in the range of 
2.5–3.3 cm/s and 2.5–3.0 cm/s, respectively. The difference 
in the flow transition between two- and three-phase systems 
is caused by the solid particles which intensify the collision 
between bubbles and bubble-particle. ϕg below 0.1 indicates 

Fig. 7   Flow transition analysis on 2- and 3-phase system using the deviation of gas-holdup (a), bubble flow pattern indication by gas holdup sig-
nal characteristics in three-phase system (b). (Color figure online)
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for discrete-bubbly flow pattern, ϕg with the peaks ranging 
from 0.1 to 0.15 indicates cap-discrete-bubbly flow pattern, 
and ϕg with the peaks above 1.5 indicates slug flow pattern 
(see Fig. 7b).

Relationship of gas holdup and superficial gas 
velocity

Figure 8 (a) and (b) shows the relationship between ϕg and 
Jg representing the effects of frother dosage (100 ppm and 
200 ppm) in two-phase and three-phase system respectively. 
The bubble flow characteristics were plotted in the Fig. 8 (a) 
and (b), which was obtained from the projection of capaci-
tance signals deviation into superficial gas velocity illus-
trated in Fig. 7a. Three areas are representing the bubble 
flow characteristics: discrete bubbly, cap-discrete bubbly, 
and slug flow. In the two-phase system, the gas holdup of 
cap-discrete bubbly (transition of discrete-bubbly and slug 
flow) occurs at the range of 0.07–0.09 (10 ppm frother) and 
0.09–0.11 (20 ppm frother). In the three-phase system, the 
gas holdup of cap-discrete bubbly occurs in the range of 
0.04–0.07 (10 ppm frother) and 0.07–0.08 (20 ppm frother). 
From this result, the range of the gas holdup of cap-discrete 
bubbly, which is the transition of discrete-bubbly and slug 
flow, in the three-phase system are lower than those of the 
two-phase system.

Detailed data distribution and descriptive statistics of 
Fig. 8a and b can be seen in Figure S1 and Table S1 in Elec-
tronic Supplementary Materials. Based on statistical analysis 
using three-ways ANOVA (Table S3, Electronic Supplemen-
tary Materials), the population of means of phase, frother 
addition, and superficial gas velocity in Fig. 8a and b are 
significantly different in the significance level of 0.05. It 

means that the variables significantly affect the gas holdup, 
even the standard deviation bars are overlapping (Fig. S1 and 
Fig. S2). Further statistical analysis using regression analysis 
(Table S5, column 2 and 3, Electronic Supplementary Mate-
rials) shows that the gas holdup increase with increasing 
superficial gas velocity. Also, higher frother concentration 
in a certain superficial gas velocity gives higher gas holdup. 
However, the frother’s impact on the increase of the gas 
holdup is higher when the superficial gas velocity is higher 
than the lower superficial gas velocity. This condition can be 
seen from the interaction between gas velocity and frother 
(in Table S5, columns 2 and 3), which is positive (0.000709 
for 2 phase and 0.00104 for 3 phase) and statistically sig-
nificant at 1% interval.

Higher frother addition, surface tension becomes lower 
at the interface, reducing the power requirement for creating 
bubbles (Gomez et al. 1991). Therefore, the bubble size is 
smaller, resulting in a larger total bubble surface area than 
the highest surface tension at the interface, which gives 
higher gas holdup. However, detailed observation in the 
transition area, cap-discrete bubble flow shows a pulsat-
ing gas holdup in the superficial gas velocity of 2 – 3 cm/s, 
especially for 0 and 10 ppm for 2 phase. The slope (Δϕg / 
ΔJg) is negative in the range of superficial gas velocity of 
2.5–3 cm/s for 0 ppm and 3–3.5 cm/s for 10 ppm frother 
addition. This phenomenon is not observed in the previ-
ous study using electrical resistance probe method (Gomez 
et al. 1991; Vadlakonda et al. 2017). Since the slope (Δϕg 
/ ΔJg) also indicates the rise velocity of the bubble swarm 
(Finch et  al. 2007), pulsating gas holdup in the certain 
range of superficial gas velocity reflects pulsating rise 
velocity of bubble swarm. Lower rise bubble swarm veloc-
ity gives higher gas hold up, whereas higher rise bubble 

Fig. 8   Effect of superficial gas velocity on gas holdup with a varia-
tion of frother concentration in flotation column and bubble flow 
transition characteristics for 2-phase (a) and 3 phase (b), at 10 wt% 

solid concentration. Standard errors of means bars are included in the 
graphs. Some bars are not shown in the graph due to their small val-
ues
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swarm velocity reduces gas holdup. This phenomenon is not 
observed for the higher frother addition (20 ppm) or lower 
surface tension in the 3 phase system.

Figure 9 illustrates the effect of superficial gas velocity 
with a variation of solid concentration in the 3 phase system 
of 10 ppm and 20 ppm frother addition. Detailed data dis-
tribution and descriptive statistics of Fig. 9 can be seen in 
Fig. S2 and Table S2 in Electronic supplementary Materials. 
By using three-ways ANOVA, the population means of gas 
holdup from variations of superficial gas, solid-weight per-
centage, and frother addition and their combination are sig-
nificantly different at 0.05 significance level. Further analy-
sis using regression show that in average, the higher solid 
weight percentage decreases gas holdup. Simultaneously, 
the effect of frother addition to the gas holdup decreases as 
the superficial gas velocity increases.

As shown in Fig. 9a and b, the increase of solid concen-
tration decreases the gas holdup at the same superficial gas 
velocity. The common difficulty in explaining the effect of 
solid weight percentage to the gas holdup in column flo-
tation is the limited observation of the bubbles’ morphol-
ogy due to its turbidity. However, Banisi, et al. (1995a, b) 
explained this phenomenon by the two mechanisms, i.e. (1) 
change in radial gas holdup distribution and (2) bubble wake 
effects. The first mechanism is that the solid concentration 
within the column will affect the liquid–gas circulation due 
to the column’s solid dispersion. The change of liquid–gas 
circulation will physically impact the bubble terminal rise 
velocity, thus to its radial gas holdup distribution. In which, 
at the presence of the solid, the radial gas holdup becomes 

non-uniform. This evidence has been validated using the 
drift flux model analysis. The second mechanism relates to 
the role of viscosity. In which the presence of solid within 
the column will increase the viscosity of the slurry. In this 
condition, the bubble wake tends to shift from unstable to 
stable when solid particles are added. Therefore, it increases 
the bubble rise velocity and impacts on the decrease of gas 
holdup. It is also observed in Fig. 9 (a), (b) that in lower 
solid concentration(1 wt%), the gas holdup reaches a peak 
at the superficial gas velocity of 3.5 cm/s in 10 ppm and 
20 ppm frother addition. The increasing solid concentration 
fraction from 5 wt% to10 wt% may decrease the gas holdup 
by about 30% (in 10 ppm frother addition) and 17% (in 
20 ppm frother addition). In the 3 phase system, decreasing 
gas holdup with increasing the solid concentration becomes 
lower at higher superficial gas velocity (more than 3.5 cm/s).

In general, the trend shown in Figs. 8 and 9 agrees with 
the previous study (for instance, Mena et al. 2008). However, 
it should be noted that this study used SiO2 as solid particles 
in the laboratory scale of the flotation column process in 
a three-phase system. The observation of the bubble and 
solid particle interaction is limited to bubble flow and its 
interaction with solid particles in the slurry without consid-
ering the effect of solid particle attachment on the bubble 
surface because no collector reagent was added in this study. 
Accordingly, at this stage of the study, the flotation perfor-
mance in terms of concentrate recovery could not be calcu-
lated. Therefore, a further detailed study on the capacitance 
signal method measurement for column flotation monitoring 
by using ore samples is still underway.

Fig. 9   Effect of superficial gas velocity on gas holdup in the three-
phase system of the flotation column with a solid concentration vari-
ation in 10 ppm frother addition (a) and 20 ppm frother addition (b). 

Standard errors of means are included in the graphs. Some are not 
shown in the graph due to their small values
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Conclusions

Bubble flow characteristics in column flotation were char-
acterized by gas holdup measurement using the capaci-
tance technique in a laboratory column flotation cell, 
which was derived by using Maxwell’s model. The results 
showed that the capacitance method successfully charac-
terized the bubble flow in laboratory-scale column flota-
tion, consisting of discrete bubbly, cap-discrete bubbly, 
and slug flow patterns, as confirmed with visual observa-
tion. Their transition flow characteristics were also suc-
cessfully determined quantitatively by standard deviation 
analysis of capacitance signals. The flow transition zone 
or cap-discrete bubbly zone occurred at the superficial gas 
velocity ranging from 2.5 to 3.0 cm/s for 3 phase system 
and 2.5–3.3 for 2 phase system. The transition zone of 
the three-phase system, i.e., cap-discrete bubbly flow, had 
lower superficial gas velocity than that of the two-phase 
system. The addition of higher frother (from 10 to 20 ppm) 
concentration decreases the gas holdup in the superficial 
gas velocity range. The gas holdup also decreases in 
higher solid weight concentration. Higher frother addi-
tion in the 3 phase system of column flotation reduce the 
gas holdup at a certain superficial gas velocity and solid 
weight concentration.
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tary material available at https://​doi.​org/​10.​1007/​s43153-​021-​00104-7.
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