
 

 

 Trans. Nonferrous Met. Soc. China 35(2025) 3120−3133 

 
Effects of operating parameters on size and distribution of 

bubbles in coarse-particle flotation column 
 

Ying-sheng JIN1, Wei SUN1, Jian PENG1, Zheng-chang SHEN2, 
Hai-sheng HAN1, Lei SUN1, Yao XIAO1, Yuan-jia LUO1, Yi CHEN1 

 
1. School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China; 

2. State Key Laboratory of Mineral Processing Science and Technology, BGRIMM Technology Group, 
Beijing 100070, China 

 
Received 25 December 2023; accepted 6 August 2024 

                                                                                                  
 

Abstract: The size and distribution patterns of bubbles within a laboratory-scale coarse-particle flotation column were 
examined using a high-speed camera-based dynamic measurement system. The effects of operational parameters such 
as superficial water velocity, air-flow rate, and frother dosage on bubble-size and distribution characteristics were 
investigated. This study aims to provide theoretical support for enabling fluidized-bed flotation within coarse-particle 
flotation columns. The results show that negative pressure for air inspiratory and bubble formation is generated by 
passing a high-speed jet through a throat, and the greatest number of bubbles are observed under natural inspiratory 
state at an air−liquid ratio of 1꞉3−1꞉2.5. Increasing the air-flow rate transforms the bubble diameter distribution from a 
peaked distribution to a more uniform distribution. Furthermore, the frother narrows the range of bubble-size 
distribution. A positive correlation exists between the bubble Sauter diameter and air-flow rate, with the bubble Sauter 
diameter bearing a negative correlation with the superficial water velocity and frother concentration. 
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1 Introduction 
 

Flotation is a versatile and economical 
concentration method for large-scale mineral 
processing [1]. This process represents the mass 
transfer phenomenon involving collision, adhesion, 
and separation between bubbles and mineral 
particles [2−6]. During flotation, mineral particles 
undergo thorough contact and attachment with 
bubbles to form mineral-bubble aggregates for 
effective mineral flotation [7]. Bubbles serve as 
carriers for hydrophobic minerals to froth phase, 
and bubble characteristics play a critical role in the 
collision and adhesion of bubbles with particles 
[8,9]. In flotation, the bubble size directly affects 

gas holdup, which affects mineralization efficiency, 
ultimately influencing the grade of the concentrate 
and its recovery [10]. Consequently, bubbles are a 
pivotal factor that influences mineral separation. 

With declining ore grades and rising ore 
complexity, the milling cost for valuable metal 
recovery is increasing [11]. Coarse-particle flotation 
is important for alleviating the crushing and 
grinding burden, conserving energy, and reducing 
consumption [12]. The major challenge in 
achieving effective coarse-particle flotation is the 
high probability of particle detachment from the 
bubble surface [13−16]. The concept of fluidized- 
bed separation was introduced into the study of 
flotation columns to overcome the limitations    
of flotation columns for coarse-particle separation 

                       
Corresponding author: Jian PENG, Tel: +86-18975869963, +86-13808439573, E-mail: pjiancsu@163.com 
https://doi.org/10.1016/S1003-6326(25)66870-1 
1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 



Ying-sheng JIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3120−3133 3121  
[17,18]. Fluidized-bed separation combines 
composite force fields with the flotation phase, 
thereby considerably reducing the probability of 
particle detachment from bubbles and effectively 
increasing the upper limit of the flotation particle 
size [19−21]. Prominent examples of flotation 
columns include the NovaCell and HydroFloat cell 
developed by ERIEZ [1,8,22]. According to 
AWATEY et al [23,24], the HydroFloat cell can 
increase the maximum flotation particle size of 
coarse-grained sphalerite to 1.18 mm, considerably 
exceeding the separation limit of conventional 
flotation cells. JAMESON and EMER [25] reported 
that the use of NovaCell for coarse-particle mineral 
separation can increase the maximum flotation 
particle size of galena and chalcopyrite to 1.4 mm. 
Considering the key technical problems in coarse- 
particle flotation, we developed a coarse-particle 
flotation column that integrates turbulent 
mineralization, steady flow transition, and static 
sorting zones to provide an optimal flow field 
environment for flotation. The application of 
fluidization technology considerably reduces the 
resistance to the flotation of coarse particles, and 
the introduction of microbubble generation 
technology to the flotation and separation process 
helps generate a bubble cluster that is suitable for 
the flotation of coarse particles. 

The operating parameters in fluidized-bed 
flotation columns, such as rising water rate, air 
volume, and frother dosage, have different degrees 
of impact on the bubble size and distribution, 
thereby influencing the flotation performance. 
PANJIPOUR et al [26] explored the correlation 
among bubble-size distribution, gas holdup,  
bubble interfacial area, and flotation kinetics by 
manipulating variables such as the air-flow rate and 
frother dosage. Their results suggest that gaining an 
understanding of the bubble-size distribution is 
necessary for demonstrating flotation kinetics under 
different flotation conditions. XU et al [27] used the 
photographic method and MATLAB software to 
investigate the effects of operating parameters, such 
as circulating pressure, air-filling volume, and 
frother, on bubble size in flotation columns. 
Experimental data and image analyses showed that 
the amount of frother and the degree of inflation 
greatly affected bubble size. In coarse-particle 
flotation, the upward flotation of coarse particles 
depends on the drag force of the rising water flow 

to reduce the probability of detachment of coarse 
particles and to increase the adhesion degree of 
particles to the bubbles [28,29]. At present, there is 
a lack of research on the effect of rising water flow 
on the size and distribution of bubbles. 

Herein, we used a self-developed coarse- 
particle flotation column and incorporated sampling 
tubes within an observation chamber to visualize 
bubbles within the fluidized flotation column. We 
adopted high-speed photogrammetry and other 
techniques to establish a dynamic bubble-size 
measurement system. This allowed us to capture 
image data depicting bubble-size distribution within 
the flotation column. Subsequently, we processed 
the data using Python code to compile extensive 
statistics on bubble size from the image dataset.  
The effects of the operating parameters on the 
bubble-size distribution and dimensions in the 
flotation column were thoroughly analyzed. 
Furthermore, we observed the correlation between 
the bubble Sauter diameter and the operating 
parameters through data fitting. This study on 
bubble size and distribution makes contribution to 
improving coarse-particle separation efficiency and 
offers theoretical support for advancing coarse- 
particle flotation columns. 
 
2 Experimental 
 
2.1 Experimental design and test methods 

Figure 1 presents a schematic of the bubble 
size measurement system. A feed tube was arranged 
in the upper part of the coarse-particle flotation 
column. From bottom to top, the column was 
divided into a bottom flow trough, a swirl 
mineralization area, and a static separation area. A 
water−gas mixed jet tube was arranged on the side 
wall of the swirl mineralization area. The       
jet direction was distributed clockwise or 
counterclockwise, with the axis of the flotation 
column as the center. A damping element was also 
arranged between the swirl mineralization zone and 
the static separation zone to reduce flow turbulence. 
The damping elements were distributed 
equidistantly around the inner wall of the flotation 
column. The water−gas mixing cavitation bubble 
system comprised a water supply part, a gas supply 
part, and a water−gas mixing bubbler. The gas 
required by the coarse-particle flotation column was 
supplied by an air compressor. A pressure gauge 



Ying-sheng JIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3120−3133 3122 

was used to regulate the pressure of the gas. Further, 
a glass rotameter was used to adjust the suction 
volume. Subsequently, the air was fed into the 
bubbler at a certain pressure and flow rate. The 
water tank was filled with 3 L of water, and the 
frother was added according to the test conditions. 
Then, water was fed into the bubbler using a 
peristaltic pump. Due to the jet action in the bubbler, 
the gas was dispersed into fine bubbles and entered 
the coarse-particle flotation column along with 
water as a mixed fluid. The bubble observation 
chamber was filled with the same deionized water 
or with the same concentration of frother solution 
as that in the coarse-particle flotation column.   
The observation chamber was then inverted and 
held over the mouth of the column during the 
experiment. A bubble collection tube was 
positioned atop the flotation column. This tube had 
a sufficiently large inner diameter to prevent 
compression and other unfavorable effects during 
bubble-size measurement. 
 

 
Fig. 1 Measurement system schematic of bubble size: 
1−Coarse-particle flotation column; 2−Bubble-sampling 
observation room; 3−High-speed camera; 4−Light- 
emitting diode; 5−Frothing generator device; 
6−Flowmeter; 7−Pressure gage; 8−Peristaltic pump; 
9−Air compressor; 10−Tank; 11−Computer; 12−Bubble 
collection tube 
 

Figure 2 shows a schematic of the system for 
bubble sampling and the high-speed camera system. 
The observation room was 100 mm × 50 mm × 
20 mm. The chamber had openings at the top and 
bottom. The bottom part of the chamber was 
connected to the sampling tube through a rubber 
plug, and the top part was connected to the water 
reservoir through a rubber hose. In this system, the 

sampling tube had an inner diameter of 10 mm  
and an outer diameter of 14 mm. The camera 
system comprised a white light emitting diode as 
the light source and a Nikon F-Mount YA-860 
high-speed camera. The system was designed to 
study the motion behavior of the bubble population, 
measure the bubble-size distribution inside the 
flotation column, and investigate the diffusion 
pattern of the bubbles inside the coarser particle 
flotation column. 
 

 
Fig. 2 Schematic of bubble sampling and high-speed 
camera system: 1−Object of observation room; 2−High- 
speed camera; 3, 4−Rubber sealing plug; 5−Scale plate; 
6−Parallel light source 
 
2.2 Measurement of bubble size 

Deionized water was used and the tests were 
conducted at room temperature (23 °C). To 
facilitate the comparison of the effect of test 
conditions on the bubble size, 3000 bubble pictures 
were processed equally for each test condition. 

First, the column was filled with water and the 
peristaltic pump was started. Then, the bubble 
observation chamber was filled with the same liquid 
phase as that inside the column. The sampling tube 
was inserted at the measurement position and held 
there for 2 min. The bubble generator valve was 
opened or the compressed air machine was started, 
and the air flow was adjusted using a glass rotor 
flow meter and control valve. Simultaneously, the 
illumination source (parallel light) was turned on 
and the camera took 3000 pictures continuously at a 
frequency of 200 fps. Subsequently, the pictures 
were converted to MPG format using the 
MotionBLITZ Director2 software of the high-speed 
camera. The bubble images obtained from the 
experimental photography were then processed 
using Python interface code in the open-source 
computer vision software library OpenCV. 

Figure 3 depicts the transformation of the 
image using the Python third-party matrix 
computation library NumPy. We first used the  



Ying-sheng JIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3120−3133 3123 

 

 
Fig. 3 Measurement and analysis of bubble size distribution 
 
cv2.cvtColor function to transform the image from 
the RGB space to the grayscale space and then used 
the cv2.threshold function to binarize the grayscale 
image to distinguish foreground bubble contours 
and irrelevant backgrounds. Subsequently, we used 
the cv2.findContours function to defect all contours 
in the binarized image. Finally, we used the 
cv2.contourArea function and cv2.arcLength to 
calculate the pixel area and pixel perimeter of the 
bubble, respectively, as well as to obtain the actual 
bubble size based on the proportionality between 
the image and the actual bubbles. 
 
2.3 Bubble Sauter diameter 

The Sauter diameter was used to describe the 
average size of the bubble cluster. The diameter is 
calculated as  

3

32 2= i i

i i

n d
d

n d
∑
∑

                            (1) 

 
where d32 represents the Sauter diameter of the 

bubble population, di represents the diameter of the 
ith bubble, and ni represents the number of bubbles 
with diameter di. Using the Sauter diameter, the 
average diameter of the bubble population can be 
obtained under specific experimental conditions. 
 
2.4 Surface tension measurement 

The surface tension of solutions with varying 
concentrations of the frothing agent, i.e., methyl 
isobutyl carbinol (MIBC), was experimentally 
measured. The MIBC used in the experiments had 
chemical purity, with a relative molecular mass of 
102.17. It was supplied by Aladdin Corporation. 
Several MIBC solutions with a concentration 
gradient were prepared, and the surface tension was 
then tested on a comprehensive surface tension 
tester (BZY-2, Shanghai Hengping Instrument Co., 
Ltd., China). The testing was performed at room 
temperature. Three tests were conducted for each 
set of tests, and the average was taken as the final 
result. 



Ying-sheng JIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3120−3133 3124 

 
3 Results and discussion 
 
3.1 Superficial water velocity 
3.1.1 Effects on bubble size 

As shown in Figs. 4 and 5, the bubble 
diameters are mainly concentrated in the range of 
2−4.5 mm under different test conditions, and the 
bubble contents outside this range are relatively low, 
which almost shows a normal distribution. At the 
superficial gas velocity (Qg) of 0.05 m3/h, with an 
increase in superficial water velocity, the bubble 
diameter distribution and number of bubbles 
demonstrate certain regularity. In Fig. 5(a), the 
superficial water velocity (Q1) is 0.09 m3/h, the 
ratio of the filling volume and superficial water 
velocity (hereinafter, the gas−liquid ratio) is 1꞉1.8, 
and the number of bubbles with intermediate sizes 
of 2−4.5 mm is relatively close to the number of 
bubbles with intermediate grain size in 3000 
pictures, and the average is ~2300 in the middle. 
With increasing water velocity, when the gas−liquid 
ratio increased from 1꞉1.8 to 1:2.4, the frequency of 

bubbles with the intermediate size of 2−4.5 mm 
tended to increase while that of large bubbles in the 
range of 4.5−8 mm tended to decrease. When the 
gas–liquid ratio was 1꞉3 (Fig. 5(c)), the number   
of bubbles increased overall; in particular, the 
frequency of bubbles having an intermediate size 
continued to show an increasing trend and the 
number of bubbles with size ~3 mm reached 4500. 
However, the overall number of bubbles did not 
continue to increase when the amount of rising 
water increased to a certain degree (Fig. 5(d)). 
When the gas–liquid ratio was 1꞉4.2, the number of 
bubbles within the range of 3.5−4 mm decreased 
while that of bubbles within the range of 2−2.5 mm 
increased; the peak of the number of bubbles 
shifted in the direction of the small bubbles. 

The reason for this peak shift can be explained 
as follows. Within the bubble generator and the 
coarse-particle flotation column, bubbles undergo 
coalescence and breakup. Under constant 
superficial gas velocity, when the rising water rate 
is low, the energy acquired per unit of gas is 
minimal. Therefore, larger bubbles are prevalent 

 

 
Fig. 4 Original images of bubble size at different superficial water velocities (Qg=0.05 m3/h): (a) Ql=0.09 m3/h; (b) Ql= 
0.12 m3/h; (c) Ql=0.15 m3/h; (d) Ql=0.21 m3/h) 
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Fig. 5 Bubble size and distribution at different superficial water velocities (Qg=0.05 m3/h): (a) Ql=0.09 m3/h; (b) Ql= 
0.12 m3/h; (c) Ql=0.15 m3/h; (d) Ql=0.21 m3/h 
 
because the coalescence rate is greater than the 
breakup rate. As the superficial water velocity 
increases, the energy acquired per unit of gas also 
increases. At this point, the bubble breakup rate 
exceeds the coalescence rate, increasing the number 
of bubbles. When this increase reaches a certain 
threshold, the peak of the number of bubbles shifts 
toward smaller bubbles. 
3.1.2 Trend in bubble distribution changes 

The probability density distribution of bubble 
sizes and their fitting results at an superficial gas 
velocity of 0.05 m3/h and superficial water velocities 
of 0.09, 0.12, 0.15, and 0.21 m3/h are shown in 
Fig. 6, and the corresponding R2 values for the 
fitted lognormal distribution functions, as listed   
in Table 1, are 0.934, 0.982, 0.958, 0.959 and 0.975 
respectively, indicating a good fit. 

Currently, the Sauter diameter is widely used 
globally to characterize the average size of a bubble 
system. Using Eq. (1), calculations were performed 
to determine the Sauter diameter of the bubbles in 
various experimental conditions. Subsequently, 
curves of the Sauter diameter were generated to 
illustrate the effect of changing rising water rates. 

As shown in Fig. 7, the Sauter diameter of the 
bubbles decreases with increasing water rates. 
Furthermore, a notable inflection point was 
observed under natural aspiration conditions. 
 
3.2 Superficial gas velocity 
3.2.1 Effects on bubble size 

As shown in Figs. 8 and 9, under a constant 
rising water rate of 0.15 m3/h but varying 
superficial gas velocities, many bubbles of 
intermediate sizes (2−4.5 mm) are present. 
However, there are distinct differences in the 
histograms depicting the distribution of bubble 
diameters. In Fig. 9(a), for a gas−liquid ratio of 1꞉6, 
there are ~5000 bubbles with an intermediate size 
of 2.5 mm. As the superficial gas velocity increases, 
corresponding to a change in the gas–liquid ratio 
from 1꞉6 to 1꞉3, the frequency of bubbles in the size 
range of 2–3 mm shows a declining trend, whereas 
that of large bubbles (3.5–5 mm) increases. With 
further increase in the superficial gas velocity, 
resulting in a gas−liquid ratio of 1꞉2.5, high-speed 
jets pass through a nozzle to create a negative 
pressure and introduce air to generate bubbles. 
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Fig. 6 Fitting curves of bubble size distribution at different superficial water velocities (Qg=0.05 m3/h): (a) Ql= 
0.09 m3/h; (b) Ql=0.12 m3/h; (c) Ql=0.15 m3/h; (d) Ql=0.21 m3/h 
 
Table 1 Parameters obtained by fitting using lognormal distribution 

Operating parameter  Fitting parameter 
Superficial gas 

velocity/(m3·h−1) 
Superficial water 
velocity/(m3·h−1) 

Frother  
dosage/(mg·L−1) 

 μ/mm σ Expected 
value Variance R2 

0.05 0.09 0  3.581 0.463 3.987 1.951 0.934 
0.05 0.12 0  3.013 0.297 3.149 0.957 0.982 
0.05 0.15 0  3.334 0.335 3.526 1.214 0.958 
0.05 0.18 0  3.287 0.357 3.504 1.293 0.959 
0.05 0.21 0  3.125 0.326 3.295 1.103 0.975 

μ: Average of bubble size; σ: Standard deviation 
 

 
Fig. 7 Distribution of bubble Sauter diameter at different 
superficial water velocities 

According to the working principle of the Venturi 
tube bubble generator, this device operates under 
natural aspiration when no additional air is 
introduced by the air compressor. If the gas–liquid 
ratio exceeds 1꞉2.5, the air compressor is used to 
supplement the gas to the bubble generator. The 
conditions shown in Figs. 9(c) and (d) represent 
cases where additional gas was supplied. Figure 9(b) 
illustrates that under natural aspiration conditions, 
the overall quantity of bubbles reaches a maximum. 
Under a constantly superficial water velocity of 
0.15 m3/h, as the superficial gas velocity increases 
and the gas–liquid ratio exceeds the value of natural 
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Fig. 8 Original images of bubble size at different superficial gas velocities (Ql=0.15 m3/h): (a) Qg=0.025 m3/h; (b) Qg= 
0.06 m3/h; (c) Qg=0.075 m3/h; (d) Qg=0.125 m3/h 
 

 
Fig. 9 Bubble size and distribution at different superficial gas velocities (Ql=0.15 m3/h): (a) Qg=0.025 m3/h; (b) Qg= 
0.06 m3/h; (c) Qg=0.075 m3/h; (d) Qg=0.125 m3/h 
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aspiration, the bubble diameter distribution shifts 
from a sharp peak to a flatter peak, accompanied by 
a decrease in the number of bubbles. In Fig. 9(d), 
the number of bubbles in the intermediate size 
range of 2−4.5 mm decreases to ~2300. 

Under the conditions of a constantly superficial 
water velocity, when the superficial gas velocity is 
relatively low and the gas–liquid ratio is less than 
that under natural aspiration, the energy obtained by 
a unit of gas for lifting water is higher. In this 
scenario, the bubble breakage rate exceeds the 
coalescence rate, resulting in an increase in the 
number of bubbles. Meanwhile, when the 
superficial gas velocity surpasses the gas−liquid 
ratio under natural aspiration, the turbulence 
intensity around the bubble changes [30,31]. And a 
substantial amount of gas experiences intense 
collisions within the bubble generator and the 
coarse-particle flotation column. When the kinetic 
energy from these collisions exceeds the hydration 
film between the bubbles, the bubbles coalesce. At 
this point, the coalescence rate surpasses the 
breakage rate, increasing the number of large 
bubbles. However, the number of bubbles decreases. 

3.2.2 Trend in bubble distribution changes 
Figure 10 shows the probability density 

distribution of bubble sizes and their fitting curves 
corresponding to a superficial water velocity of 
0.15 m3/h and superficial gas velocities of 0.025, 
0.05, 0.075, 0.10 and 0.125 m3/h; the corresponding 
fitting R2 values for the logarithmic normal 
distribution functions are 0.990, 0.958, 0.908, 0.902 
and 0.914, respectively (Table 2). These values 
indicate a gradual decrease in the fitting quality as 
the superficial gas velocity increases. As shown in 
Fig. 11, the Sauter diameter of the bubbles increases 
at a high superficial gas velocity. Notably, this 
figure shows a distinct inflection point that also 
occurs under conditions of natural aspiration. 

 
3.3 Frother 
3.3.1 Effects on bubble size 

When the superficial water velocity and 
superficial gas velocity are kept constant and the 
dosage of the frother is varied, the histograms of the 
bubble diameter distribution shown in Fig. 12 show 
that the bubble diameter distribution is primarily 
concentrated around intermediate-sized bubbles.  

 

 
Fig. 10 Fitting curves of bubble size distribution at different superficial gas velocities (Ql=0.15 m3/h): (a) Qg= 
0.025 m3/h; (b) Qg=0.06 m3/h; (c) Qg=0.075 m3/h; (d) Qg=0.125 m3/h 
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Table 2 Parameters obtained by fitting using lognormal distribution 

Operating parameter  Fitting parameter 
Superficial gas 

velocity/(m3·h−1) 
Superficial water 
velocity/(m3·h−1) 

Frother dosage/ 
(mg·L−1) 

 
μ/mm σ 

Expected 
value 

Variance R2 

0.025 0.15 0  2.709 0.286 2.822 0.824 0.990 

0.05 0.15 0  3.334 0.335 3.526 1.214 0.958 

0.075 0.15 0  3.559 0.475 3.984 2.004 0.908 

0.10 0.15 0  3.641 0.481 4.087 2.086 0.902 

0.125 0.15 0  3.611 0.480 4.053 2.065 0.914 
 

 
Fig. 11 Bubble Sauter diameter at different superficial 
gas velocities 
 
There are relatively few bubbles on both sides of 
the peak, and the distribution approximates a 
normal distribution. When the frother is absent, the 
distribution range of bubble sizes is broad and the 
histogram of bubble distribution exhibits a bimodal 
feature, indicating a high number of bubbles in two 
size ranges, with the primary bubble diameter size 
distribution between 2 and 4.5 mm. As the dosage 
of the frother is increased, the maximum bubble 
diameter and the range of diameter distribution 
substantially decrease. Simultaneously, the peak of 
the bubble distribution histogram strengthens. The 
number of large bubbles decreases, whereas that  
of small bubbles increases, leading to a gradual 
concentration of the bubble distribution. For 
instance, at a frother concentration of 2.5 mg/L, the 
bubble size distribution is concentrated between 0.5 
and 1.5 mm. When the frother concentration is 
further increased to 5.0 mg/L, the bubble size 
distribution is concentrated between 0.3 and 1.0 mm. 
Furthermore, the bubble diameter corresponding to 
the peak of the bubble distribution rate decreases 
with an increase in the concentration of the frother, 

 
Fig. 12 Bubble size distribution at different 
concentrations of frother (natural inspiratory state: Ql= 
0.15 m3/h, and Qg=0.06 m3/h): (a) 0 mg/L; (b) 2.5 mg/L; 
(c) 5 mg/L 
 
further confirming that the bubble size is reduced at 
high concentrations of the frother. As shown in 
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Fig. 12, in the absence of frother, the maximum 
bubble size is 7.5 mm. At frother concentrations of 
2.5 and 5 mg/L, the maximum bubble sizes are 2.2 
and 1.4 mm, respectively. 

This observed pattern can be explained as 
follows: MIBC is an alcohol-based frother. Its 
molecular structure contains hydroxyl groups   
(—OH), which can form strong hydrogen bonds 
with water molecules. When MIBC molecules are 
introduced into water, they inhibit the coalescence 
of bubbles. After the liquid film between the 
bubbles is strengthened, the bubbles must overcome 
a larger surface energy barrier to coalesce, thus 
making the bubbles more stable. It is worth noting 
that the addition of MIBC can reduce the bubble 
size. Because MIBC stands upright at the air–water 
interface, the —OH group faces the water phase 
and the hydrophobic chain faces the air phase [32]. 
The formation of a single layer of MIBC molecules 
at the gas–liquid interface limits the expansion of 
the bubbles, resulting in a more uniform bubble 
size. 

This phenomenon can be explained by 
considering another perspective. DUINEVELD [33] 
introduced the Weber coefficient, We, to quantify 
the conditions for merging bubbles as follows:  

2
1 av

b1 b2

1 1=
2e
ρVW
γ r r

 
× + 
 

                    (2) 
 
where ρl is the density of liquid, rb1 and rb2 
represent the diameters of bubbles 1 and 2, 
respectively, and Vav represents the relative velocity 
of the bubbles. As shown in Fig. 13, the results 
indicate that when We exceeds the threshold value 
(Wcc), bubbles 1 and 2 experience the collision and 
rebound phenomena. However, if this threshold is 
not reached, the bubbles will coalesce. Adsorption 
of the frother on the bubble reduces the surface 
tension of the bubbles. Based on Eq. (2), as surface 
tension decreases, We increases. When We exceeds 
Wcc, the coalescence ability of the bubbles weakens, 
leading to a reduction in the bubble diameter. 
 

 
Fig. 13 Collision, coalescence, and separation of bubbles 

3.3.2 Trend in bubble distribution changes 
The bubble size distributions of MIBC at 

different concentrations were compared experimentally. 
The probability density distribution of bubble  
sizes and the fitting results with R2 values of 0.955, 
0.975, and 0.969 are shown in Fig. 14. The data in 
Table 3 indicate that the expectation and variance of 
bubble sizes decrease with the increasing 
concentration of the frother. This result indicates a 
trend of reducing average bubble size and 
increasing bubble uniformity. Figure 15 shows    
a considerable reduction in the Sauter diameter of  
 

 

Fig. 14 Fitting curves of bubble size distributions for 
different dosages of frother: (a) 0 mg/L; (b) 2.5 mg/L;  
(c) 5 mg/L 
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Table 3 Parameters obtained by fitting with lognormal distribution 

Operating parameter  Fitting parameter 
Superficial gas 

velocity/(m3·h−1) 
Superficial water 
velocity/(m3·h−1) 

Frother 
dosage/(mg·L−1) 

 μ/mm σ 
Expected 

value 
Variance R2 

0.06 0.15 0  3.405 0.350 3.620 1.307 0.955 

0.06 0.15 2.5  0.810 0.376 0.870 0.339 0.975 

0.06 0.15 5  0.662 0.187 0.673 0.127 0.969 

 

 
Fig. 15 Sauter diameter of bubbles for different 
concentrations of frother 
 
bubbles after the addition of a small amount of 
frother. This reduction is attributed to the decrease 
in the surface tension of the system because of the 
addition of the frother, which effectively inhibits the 
coalescence among bubbles. Furthermore, as the 
concentration of the frother continues to increase, 
the reduction of the Sauter diameter of the bubbles 
becomes less pronounced because of the increased 
elasticity of the gas−liquid interface in the liquid 
phase with further increase in the frother 
concentration. 
 
4 Conclusions 
 

(1) Air is drawn in and bubbles are generated 
using a high-speed jet through a nozzle to create 
negative pressure. Under natural aspiration, the 
gas−liquid ratio is in the range of 1꞉2.5−1꞉3, and in 
this range, the bubble count reaches its peak. As the 
air injection rate gradually increases, the bubble 
size distribution changes from a peaked shape to a 
flatter profile, with a continuous increase in the 
number of larger bubbles; however, the overall 
bubble count begins to decrease. Furthermore, the 
addition of the frother considerably narrows the 

range of bubble size distribution and reduces the 
average bubble size. 

(2) The lognormal distribution function 
provides a more precise representation of the 
distribution pattern of bubble size in the 
coarse-grained flotation column. The results 
indicate that with an increase in the frother 
concentration, the mean and variance of the bubble 
size distribution decrease. This results in a 
significant reduction in the average bubble size and 
an improvement in the uniformity of the bubble 
distribution. 

(3) The Sauter diameter of bubbles decreases 
with an increase in the superficial water velocity 
and exhibits an increasing trend with an increase in 
the air-flow rate. After adding a certain amount of 
the frother, there is a substantial increase in the 
reduction of the Sauter diameter of bubbles. 
However, with a further increase in the frother 
concentration, the magnitude of the reduction in the 
Sauter diameter of bubbles gradually decreases. 
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操作参数对粗颗粒浮选柱中气泡尺寸及分布的影响 
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摘  要：采用高速摄影仪动态测量系统对实验室规模的粗颗粒浮选柱内气泡尺寸及分布进行试验研究。考察表观

水速、表观气速和起泡剂用量等操作参数对气泡尺寸及分布特性的影响。该研究旨在为粗颗粒浮选柱内流态化浮

选的研究提供理论支持。结果表明，采用高速射流经过喉管可产生负压，吸入空气并形成气泡，自然吸气状态下

气液比为 1꞉3~1꞉2.5 时，气泡数最多。增大充气量可使气泡直径分布从尖峰状变为平缓峰。此外，添加起泡剂可

以缩小气泡大小分布的范围。气泡 Sauter 直径与表观气速呈显著正相关，与表观水速和起泡剂浓度呈负相关。 

关键词：粗颗粒浮选；流态化浮选；气泡尺寸；表观水速 
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