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Abstract: Bubble breakup plays an important role in gas-liquid flows, but detailed 

studies are still scarce. In this work, the breakup behavior of a single bubble in a stirred 

tank was experimentally studied with a high-speed camera, focusing on the effect of 

gas density, liquid properties, agitation speed and mother bubble size. The bubble 

breakup time, breakup probability, breakup rate and daughter bubble size distribution 

were determined. The internal flow phenomenon inside a deformed bubble was studied 

in detail, which accounted for the effect of gas density or operating pressure. The results 

showed that with increasing gas density, agitation speed, mother bubble size and 

decreasing surface tension, the bubble breakup rate and probability of equal-size 

distribution significantly increased. With increasing liquid viscosity, the bubble 

breakup rate decreased especially in the high viscosity range. An M-shaped daughter 

bubble size distribution was observed, which was consistent with our previous bubble 

breakup model. 

Keywords: Bubble breakup; Stirred tank; Gas density; Liquid properties; Internal flow 



 

3 

1. Introduction 

The dispersion of bubbles in a continuous liquid flow exists in many industrial 

processes, such as chemical, petroleum, pharmaceutical and food industries. The bubble 

size distribution, which is a result of the balance between breakup and coalescence,1,2 

is a key parameter for the gas-liquid interfacial area and the momentum, mass and heat 

transfer rates.3-6 The population balance model (PBM), which was firstly proposed by 

Hulburt and Katz7, can be used to predict the bubble size distribution. The PBM 

equation for the gas-liquid bubbly flow is expressed by:8,9 
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where the subscripts describe (Ⅰ) time variation, (Ⅱ) convection, (Ⅲ) source resulted 

from coalescence, (Ⅳ) sink resulted from coalescence, (Ⅴ) source resulted from 

breakup, and (Ⅵ) sink resulted from breakup. To solve Eq. (1), the breakup rate b(v), 

coalescence rate c(v) are necessary. Over three decades, many bubble breakup models 

have been developed, as reviewed by Liao and Lucas10 and Solsvik et al.11 However, 

reliable experimental data of bubble breakup are very scarce, therefore it is difficult to 

evaluate the accuracy of the bubble breakup models. 

Four mechanisms of bubble breakup were reported in the literature: turbulent 

fluctuation and collision, viscous shear stress, shearing-off process, and interfacial 

instability.10,11 In a fully developed turbulent flow, the dominant mechanism was the 

breakup due to collision by turbulent eddies. Therefore, most experiments on bubble 
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breakup in the literature were realized by creating turbulence and then breaking up the 

bubbles. According to the ways of producing turbulence, previous experiments on 

bubble breakup can be categorized as follows: 

(1) Increasing the liquid velocity in a pipe12-14 or a narrow gap of a homogenizer15-

17 and producing high-speed jet flow18-23 to enhance turbulence. Although the 

turbulence was nearly homogeneous, the liquid flow rate was very large and the 

intensity of produced turbulence was relatively low. In addition, the apparatus was 

complex and the operating liquid was difficult to replace. Due to the high liquid velocity, 

the images of bubble deformation were very ambiguous and difficult to analyze. 

(2) Creating mechanical agitation in a stirred vessel24-31 to produce turbulence. The 

experimental operation was easy in a small stirred tank without liquid circulation. 

However, the flow was mostly inhomogeneous, therefore the situation changed from 

bubble primary deformation to final breakup. The bubbles broke up more frequently 

near the stirrer blade than in other zones. Furthermore, bubbles sometimes broke up due 

to cut by the blade. 

(3) Creating turbulent pipe flow32 or conical channel flow33 by using a paddle in a 

liquid circulating reactor with baffles under the paddle to enhance turbulence. 

Compared to the liquid flow in a stirred tank, the turbulent pipe or conical channel flow 

was more homogeneous, but a liquid circulation was needed and the experimental 

apparatus was quite complex. In addition, the turbulent intensity was still low in this 

apparatus. 

(4) Adding internals or obstacles to promote turbulence.34,35 However, such kinds 
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of internals or obstacles had a significant effect on the experimental results, and the 

design of internals and obstacles was rather complicated. 

Although extensive experimental studies were reported on bubble breakup, most 

of them were qualitative and focused on the breakup phenomena and mechanism. Very 

limited experimental data were reported on the bubble breakup time, breakup 

probability, daughter size distribution, and especially the breakup rate. Moreover, the 

quantitative influences of the operating conditions and the gas or liquid properties on 

bubble breakup were not clearly studied. However, such experimental data were highly 

required for validation of the bubble breakup model. 

The present work aimed to study the bubble breakup in a stirred tank that was 

specially designed to produce homogeneous turbulence with a high intensity. The effect 

of gas density or pressure, liquid properties, agitation speed and mother bubble size on 

the bubble breakup behaviors, such as the breakup time, daughter size distribution, and 

breakup rate were systemtically investigated. Then, the measured bubble breakup rates 

and daughter size distributions were used to validate our previous bubble breakup 

model36. In addition, the phenomenon of internal flow35 during bubble deformation and 

breakup process was clearly observed in our experiment, which was closely related to 

the effect of gas density or pressure on bubble breakup. 

2. Experimental 

2.1. Experimental setup 

The schematic diagram of the experimental setup is shown in Fig. 1. The bubble 

breakup experiments were carried out in a cylindrical glass tank with four evenly 
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distributed plate baffles (15  3  220 mm). The tank was 220 mm in height, 200 mm 

in inner diameter, and 5 mm in wall thickness. The impeller structure was shown in Fig. 

2. It had a diameter of 12 mm and contained four equispaced plate blades of 200 mm 

high, 25 mm wide and 2 mm thick. The distance between the impeller and tank bottom 

was 2 mm. One round plate of 31 mm in diameter was put on top of the impeller to 

prevent air from being sucked into the tank. The rotating speed of the impeller was 

varied from 480 to 640 rpm. A high-speed camera (Photron UX 50, 2000 fps, 1024  

1280 pixel/cm2) was used to record the whole bubble deformation process from entering 

the observation area until bubble breakup occurred or the bubble exited the region of 

interest. The bubbles were generated with the gas from gas cylinders (He, N2, and SF6) 

using a stainless steel tube of different diameters (dt = 1, 3, 4 and 6 mm). A toroidal hat 

(13 mm I.D.) equipped at the end of the tube was used by Hasan30 to assure that the 

bubbles would not be disturbed before releasing into the liquid, and this method was 

used in our experiments. The detailed size and arrangement of the experimental 

apparatus are shown in Fig. 2. Different gas and liquid were used, and their properties 

are listed in Table 1. 

 

Figure 1. Experimental setup. 1-computer, 2-high-speed camera, 3-glass tank, 4-stirring 

impeller, 5-bubble generator, 6-cold light, 7-round plate, 8-baffles, 9- gas cylinder. 
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Figure 2. Front (left) and top (right) view of the tank. 

Table 1. Properties of used gas and liquid. 

 Gas/Liquid , kg/m3 l, mPas l, mN/m 

Gas He 0.16   

 N2 1.18   

 SF6 6.16   

Liquid Water 1000 1.0 72.5 

 95 wt% Ethanol 780 1.0 22.3 

 54.9 wt% glycerol 1124 7.9 63.6 

 76.6 wt% glycerol 1184 39.6 62.1 

In each experiment, a single bubble was released at the bottom of the tank. The 

high speed camera with a minimum time interval of 0.5 ms was used to record the whole 

bubble deformation and breakup process, from which the bubble breakup time tb, 

bubble breakup probability P(db), and daughter bubble size distributions β(fv) were 

measured. When estimating the bubble breakup probability, ~200 bubble breakup 

events were analyzed. The bubble breakup rate b(db) was calculated as follows:19,37 

b b

b

1 number of breakups of bubbles 1
( ) = ( )

breakup time total number of bubbles
b d P d

t
       (2) 
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2.2. Estimation of local turbulent dissipation rates 

Five agitation speeds (n), including 480, 520, 560, 600 and 640 rpm, were used in 

the experiments to study the effect of turbulent dissipation rates on the bubble breakup. 

The local mean turbulent dissipation rates were determined from computational fluid 

dynamics (CFD) simulations with the Reynolds-averaged Navier-Stokes (RANS) two-

fluid model and k-ε turbulence model, which had been used by many researchers for 

modeling stirred vessels.31,38-42 In this work, the accuracy and reliability of the RANS 

k-ε model were validated by simulating the same stirred tank reported by Wu and 

Patterson43 and comparing with their experimnetal data. A good agreement was 

obtained between the simulated mean tangential velocity, radial velocity and axial 

velocity profiles and experimental results at various radial positions, as shown in the 

Supporting Information (Figs. S1-S3). Fig. 3 shows the simulation domain and the 

structured Tet/Hybrid-grids drawn by Gambit. The stationary region (Fig. 3b) consisted 

of 1.2 million nodes, and the rotating region (Fig. 3c) had 0.9 million nodes. The 

maximum grid size for stationary and rotating region was 1.5 mm and 0.75 mm, 

respectively, and the minimum grid size in the interface between the two regions was 

0.15 mm. The results of mesh independence test using three different grids, namely the 

coarse mesh (0.8 + 0.6), the chosen medium mesh (1.2 + 0.9), and the fine mesh (1.5 + 

1.2), showed that the error of predicted mean turbulent dissipation rates was within 6%. 
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Figure 3. CFD simulation domains and meshes: (a) geometry for simulation, (b) grid details 

of the 1/4 stationary region, and (c) grid details of the 1/4 rotating region. 

2.3. Measuring methods 

2.3.1. Bubble breakup probability 

The bubble breakup probability P(db) was determined as the percentage of broken 

bubbles among the total bubbles. In each experimental process, no other bubbles existed 

in the stirred tank when observing the bubble deformation of one bubble. The case in 

which the bubble broke up before leaving the observation area was considered as a 

bubble breakup event. The data of more than 200 bubbles were collected for statistics 

to determine the bubble breakup probability. 

2.3.2. Bubble breakup time 

Due to the complexity of the bubble breakup behavior, the bubble breakup time 

has been determined very differently in the literature. Vejražka et al.18 recorded the 

bubble breakup time starting from when the bubble entered the observing zone, ending 

when the bubble broke up or exited the zone. With this approach, the bubble breakup 
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time was overestimated because the bubble might not deform when arriving at the zone. 

Solsvik and Jakobsen44 considered the bubble breakup time as the period between the 

beginning of bubble deformation and the final breakup. However, it was difficult to 

identify when the bubble began to deform. In this work, the situation when the surface 

of the bubble was markedly dented was determined as the starting moment. Fig. 4 shows 

a typical bubble breakup process, where the bubble breakup time from initial 

deformation to final breakup was ~18 ms. The mean bubble breakup time under a 

specific condition was determined based on more than 100 bubbles. 

 

Figure 4. Breakup of a gas bubble into two fragments (water-N2, n = 480 rpm, dt = 4 mm). 

2.3.3. Daughter bubble size distribution 

For calculating the daughter bubble size distribution, the size of mother bubble 

was needed. For each condition, more than 100 images of the mother bubbles were 

obtained by the Photron Fastcam Viewer (PFV) image processing software. Fig. 5 

shows the process of measuring the size of mother bubble. These mother bubbles, which 

were assumed to be ellipsoid, were identified through MATLAB grayscale recognition. 

The length of the long axis (2a) and short axis (2b) were determined, then the equivalent 
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diameter (de) was calculated as 

                        
1/3

2

e (2 ) 2d a b                           (3) 

The daughter bubble size distribution was described by the bubble breakup ratio fv 

as follows: 

                              
3

v 3 3( )

i

i j

d
f

d d



                        (4) 

where di and dj were the diameter of two daughter bubbles. 

 

Figure 5. Schematic diagram of image processing process. 

3. Results and discussion 

3.1. Turbulent energy dissipation rate 

Three-dimensional transient simulations were carried out with the RANS k-ε 

model on Fluent 18.0 to determine the local mean turbulent energy dissipation rate in 

the observing area. The time interval was set at 0.001 s, and the total simulation time 

was 10 s. Fig. 6 shows the simulation results of turbulent dissipation rate under five 

agitation speeds. It can be found that the flow in the observation zone enclosed by the 

rectangle was nearly homogeneous, where the mean turbulent dissipation rate was 

determined as 0.67, 0.84, 1.02, 1.28 and 1.59 m2/s3 at the agitation speed of 480, 520, 

560, 600 and 640 rpm, respectively. 
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Figure 6. The simulated turbulent dissipation rates under different agitation speeds. 

3.2. Bubble breakup rate 

The bubble breakup time tb and breakup probability P(db) at different conditions 

are listed in Tables 2 and 3. The specific bubble breakup rate was calculated from tb and 

P(db) by Eq. (2). The effect of the mother bubble size on the bubble breakup was studied 

by using tubes of four different diameters to generate different sizes of mother bubbles. 

In the water-N2 system, the mean diameter of the mother bubbles (db) generated by 

these four tubes was 2.4, 3.4, 4.2 and 7.9 mm. Meanwhile, to explore the effect of 

pressure or gas density on the bubble breakup, three kinds of gas, namely He, N2 and 

SF6, were used. Different liquids were chosen to study the effect of liquid properties. 

Table 2. Effect of agitation speed on bubble breakup time tb and breakup probability P(db) in 

N2-water system. 

Agitation 

speed n 

(rpm) 

Tube diameter dt (mm) 

1.0 3.0 4.0 6.0 

P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

480 10.5  18.4  26.5  20.4  47.0  24.9  61.9  26.1  

520 15.0  15.0  28.0  17.9  48.0  19.3  66.5  20.8  

560 18.0  14.1  32.5  16.0  50.0  16.4  67.5  16.7  

600 23.0  13.1  37.0  14.3  53.0  14.5  70.0  14.7  

640 30.5  11.2  43.5  13.5  62.0  13.8  82.0  12.9  
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Table 3. Effect of gas and liquid properties on bubble breakup time tb and breakup probability 

P(db) at an agitation speed of 480 rpm. 

 

 

Liquids 

 Tube diameter dt (mm) 

 1 3 4 6 

Gas P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

P(db) 

(%) 

tb  

(ms) 

Ethanol N2 30.0 12.6 57.0 14.0 72.5 15.0 92.0 15.4 

Water N2 10.5 18.4 26.5 20.4 47.0 24.9 61.9 26.1 

Water He 8.0 20.0 24.0 22.2 37.0 31.1  51.6  26.5  

Water SF6 13.0 14.0 15.6 19.2 62.5 20.3  78.5  23.4  

54.9% glycerol N2 6.0  19.0  32.0  21.3  44.0  23.8  57.0  26.5  

76.6% glycerol N2 0.5  18.5 15.0  20.6  19.0  21.9  25.0  26.4  

76.6% glycerol SF6 0.5  16.0  16.0  20.0  18.0  20.7  26.0  21.7  

 

3.2.1. Effect of turbulent energy dissipation rate 

The effect of the agitation speed on the bubble breakup probability and breakup 

time with different mother bubble sizes are shown in Fig. 7. It can be seen that the 

bubble breakup probability increased and the breakup time decreased with increasing 

agitation speed. When the agitation speed increased from 480 to 640 rpm, the mean 

turbulent energy dissipation rate increased from 0.67 to 1.59 m2/s3. The turbulent eddies 

with a higher turbulent energy dissipation rate contained more energy to collide with 

the mother bubbles and caused breakup, leading to higher breakup probability under 

high agitation speed. According to our previous breakup model36,45, with increasing 

turbulent dissipation rate, the turbulent eddy velocity increased and therefore the time 

for shrinking of bubble neck decreased. 

Figure 7 shows that with increasing mother bubble diameter, the bubble breakup 

probability significantly increased, which was in agreement with the experimental 

results in the literature.12,25,44 The reason was that a larger bubble was less resistant to 
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the disruptive forces exerted by turbulent eddies. In addition, the probability of collision 

by turbulent eddies for a bubble increased with the bubble size. However, with 

increasing mother bubble size, the breakup time tb first slightly increased and then 

remained nearly unchanged. Solsvik et al.44 analyzed their measured bubble breakup 

time data and found that there was no general trend between the breakup time and the 

mother bubble size and stirring speed due to the lack of numerous experimental data. 

According to our previous model36,45, with increasing mother bubble size, the time for 

shrinking of bubble neck and the bubble breakup time tb would increase due to an 

increased length of bubble neck. 
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Figure 7. Effect of turbulent dissipation rates on (a) bubble breakup probability and (b) 

breakup time in a water-N2 system. 

Figure 8 shows the influence of the turbulent energy dissipation rate and mother 

bubble size on the bubble breakup rate. The error bars, determined by the standard 

deviation of the mean bubble diameter (σd) and mean bubble breakup rate (σb), were 

used to reflect the experimental uncertainty. The results showed that the breakup rate 

increased with increasing mother bubble size, which was consistent with the trends 

reported in other experimental results12,18,19 and bubble breakup models1,45-48. The 
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bubble breakup rates predicted by our improved model36 were in a satisfactory 

agreement with the experimental data. The deviation was likely attributed to the 

assumption of spherical bubbles used in the model, which was not fulfilled for large 

bubbles. Therefore, the energy constraint was underestimated due to the undervaluation 

of bubble surface area, leading to overpredicted breakup rates of large bubbles in our 

model36. For better prediction of the bubble breakup rate, the bubble shape variations49 

should be considered in detail. 
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Figure 8. Effect of turbulent dissipation rate on the bubble breakup rate in a water-N2 system. 

3.2.2. Effect of liquid properties 

Extensive experiments12,50-54 showed that liquid viscosity l and surface tension l 

played a significant role in the bubble breakup. Xing et al.50 carried out dynamical gas 

disengagement experiments in a bubble column and found that the effect of increasing 

l could be divided into two regimes: low viscosity (≤ 8 mPa·s) and high viscosity (> 8 

mPa·s). In the low viscosity range, the bubble coalescence was enhanced while the 

bubble breakup was little affected, and the gas holdup was kept almost unchanged with 

increasing l. In the high viscosity range, however, the bubble breakup was remarkably 
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inhibited and the gas holdup decreased significantly. In this work, 54.9% (wt) and 76.6% 

(wt) glycerol aqueous solutions were used to study the effect of high l on the bubble 

breakup. 

Fig. 9 shows the bubble breakup probability and breakup time under different 

liquid viscosities. The results showed that with increasing l the bubble breakup 

probability slightly decreased in the low viscosity range but significantly decreased in 

the high viscosity range. However, the bubble breakup time was only slightly affected, 

indicating that the number of effective turbulent eddies with enough collision energy 

decreased with increasing liquid viscosity. 
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Figure 9. Effect of l on (a) bubble breakup probability and (b) breakup time. (N2-water 

system, n = 480 rpm) 

As shown in Fig. 10, when l ≤ 8 mPa·s, the measured bubble breakup rates and 

those predicted by our model36 were almost independent of l ; when l > 8 mPa·s, the 

measured and predicted breakup rates significantly decreased with increasing l. 

It was reported that decreasing surface tension would significantly increase the 

bubble breakup rate.45,53 Fig. 11 shows the comparison of the bubble breakup rates in 

the water-N2 and ethanol-N2 systems at an agitation speed of 480 rpm. Both the 
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experimental and predicted results showed larger bubble breakup rates at lower surface 

tension. One reason for this trend was that the breakup constraints lu
2/2  l/db, e() 

 db
2l(1/f1/3-1) were easier to satisfy at a lower surface tension. Another reason was 

referred to the internal flow mechanism. According to our previous bubble breakup 

model36, the internal-flow velocity of the gas flowing from the smaller to larger part of 

a deformed decreased with decreasing surface tension, which in turn increased the 

bubble breakup rate. 
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Figure 10. The bubble breakup rates under different liquid viscosities. 

(N2-water system, n = 480 rpm) 
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Figure 11. The bubble breakup rates under water and ethanol system. 

(N2-water and N2-ethanol systems, n = 480 rpm) 
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3.2.3. Effect of pressure or gas density 

Wilkinson et al.12 studied the effect of gas density on the bubble breakup by 

observing the bubble deformation and breakup in a venturi-shaped pipe, and found that 

the pressure had a significant effect on the bubble breakup. Fig. 12 shows that 

increasing gas density increased the bubble breakup rate under the water system, which 

was consistent with the results reported by Wilkinson et al.12. 
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Figure 12. Bubble breakup rates under different pressures or gas densities at n = 480 rpm. 

The effect of pressure on the bubble breakup rate at different l is shown in Fig. 

13. At low l (water), the bubble breakup rate significantly increased with increasing 

pressure. In contrast, the effect of pressure on the bubble breakup rate was suppressed 

at high l (39.6 mPas, 76.6% glycerol). The measured bubble breakup rates and those 

predicted by our breakup model36 are also compared in Fig. 13, showing consistency in 

the general trend. 
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Figure 13. Effect of gas density on bubble breakup rate at different liquid viscosities at n = 

480 rpm. 

3.2.4. Comparison of bubble breakup rates with the literature 

The experimental and predicted dimensionless breakup rates from the literature 

were collected to compare with our experimental data, as shown in Fig. 14. The 

dimensionless quantities were defined as: 

b b /d d L   and b b( )* ( )b d b d T                 (5) 

where L and T were respectively the length and time scales defined as: 

3/5

2/5

1

l

L


 
 



 
                        (6) 

2/5

3/5

1

l

T


 
 



 
                        (7) 

From Fig. 14, it could be found that the bubble breakup rates predicted by our 

improved model36 were well consistent with both our experimental data and those 

reported in the literatural13,19. However, the breakup model by Luo and Svendsen47and 

our previous model45 undervalued the bubble breakup rates in the large bubble size 

range (db
* > 1), and the model by Zhao and Ge46 under-predicted the breakup rates in 

the small bubble size region (db
*  1). Although the bubble breakup rates predicted by 
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Razzaghi et al.48 and Wang et al.1 were also well consistent with the experimental data, 

the effect of pressure on the bubble breakup rates could not be predicted by their models. 

For experimental data, our measured bubble breakup rates were larger than that by 

Wilkinson et al.13 in the small bubble size region (db
*  2), and smaller than that by 

Martínez-Bazán et al.19 in the large bubble size region (db
* > 2). 
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Figure 14. Comparison of experimental data with the predicted and mearsured bubble breakup 

rates from literature (symbos : experimental, lines : predicted). 

3.3. Daughter bubble size distribution 

Besides the bubble breakup rate, the daughter bubble size distribution was also 

needed for solving the PBM equation. In this section, the effect of pressure or gas 

density, mother bubble size, turbulent dissipation rate and liquid properties on the 

daughter size distributions were systematically investigated. These experimental data 

were also important for further validating the bubble breakup model. 

Different daughter bubble size distributions have been predicted in the literature, 

including U-shape47, -shape21,55-57, and M-shape1,46,58,59 daughter size distributions. 

Many experimental results14,18,35 showed a U-shape, which might fail to give the true 
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daughter size distribution because a big interval Δfv was used. To get a more accurate 

daughter bubble size distribution, more than 300 cases of bubble breakup were collected 

in the water-N2 system using a 4 mm tube. The statistical results showed that daughter 

bubble size distribution was M-shaped when a small interval of Δfv = 0.02 was used, as 

shown in Fig. 15. In the previous work, Wang et al.1 have ascribed the results of M-

shaped distribution to the equilibrium between two breakup constraints including the 

pressure constraint and surface energy constraint. 
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Figure 15. Daughter bubble size distribution in a water-N2 system at n = 480 rpm. 

In our experiments, most bubble breakups were binary breakup, and the multiple 

breakup was actually subsequent binary breakup. As shown in Fig. 16, the mother 

bubble finally broke up into four daughter bubbles through three binary breakup 

processes at 21 ms, 30 ms and 36 ms. In this case, the first binary breakup was used to 

calculate the daughter size distribution. 
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Figure 16. Schematic diagram of continuous binary bubble breakup. 

3.3.1. Effect of pressure or gas density 

The effect of pressure or gas density on the daughter bubble size distribution is 

shown in Fig. 17. The probability of equal-size breakup increased with increasing gas 

density, which was consistent with the model predictions36 and could be explained by 

the internal flow mechanism12,32,35. According to our previous model36, the internal-

flow velocity for gas flowing from the smaller to the larger part of a deformed bubble 

decreased with increasing gas density, thus increased the probability of equal-size 

breakup. To validate this mechanism, two bubbles with different gas densities (N2 and 

SF6) were released simultaneously to study their breakup behaviors. One typical 

comparison is shown in Fig. 18. In the same period, the gas in the smaller part of the 

SF6 bubble hardly flowed into the larger part and an equal-size breakup happened. 

However, a long bubble neck was formed and the gas flowed fastly into the larger part 

in the N2 bubble. For statistic, the experiemtns were repeated for 40 times and 90% of 

the results showed that the internal flow was faster in lower gas density. 
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Figure 17. Effect of pressure or gas density on daughter bubble size distributions; water 

system, n = 480 rpm, db = 4 mm, Δfv = 0.1. 

 

Figure 18. Deformation and breakup of the bubbles with different gas densities. 

(N2/SF6 and water system, db = 4 mm) 

3.3.2. Effect of turbulent dissipation rate 

Figure 19 shows the effect of agitation speed on the daughter bubble size 

distribution. The experimental results showed that a higher probability of equal-size 

breakup was obtained at a higher agitation speed due to the increased turbulent eddy 

velocity. According to the internal flow mechanism36, with increasing turbulent 

dissipation rate, the time for the shrinking of bubble neck decreased, which decreased 

the volume of gas flowing from the smaller to larger part. Note that the increase in the 

probability of equal-size breakup under high turbulent dissipation rates was under-

predicted by our model36. 
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Figure 19. Effect of agitation speed on daughter bubble size distributions. 

(N2-water, db = 4 mm, Δfv = 0.1) 

3.3.3. Effect of surface tension 

The effect of l on the daughter size distribution is shown in Fig. 20. Both the 

experimental and predicted results showed that the probability of equal-size breakup 

increased with decreasing l. At a low l, the driving force for the internal flow 

decreased, thus the internal-flow velocity was smaller and the probability of equal-size 

breakup was increased. 
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Figure 20. Effect of l on daughter bubble size distributions. 

(N2-water/ethanol system, n = 480 rpm, db = 4 mm, Δfv = 0.1) 

3.3.4. Effect of mother bubble diameter 

The bubble breakup models of Luo and Svendsen47 and Zhao and Ge46 predicted 
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that the increasing db increased the probability of equal-size breakup, while the models 

of Wang et al.1, Martínez-Bazán et al.19, Lehr et al.2 and Razzaghi et al.48 predicted an 

opposite trend. Herein the effect of db on the daughter size distribution was studied with 

Helium bubbles of 4.2 mm and 8.6 mm. As shown in Fig. 21, a higher probability of 

equal-size breakup was obtained with the larger db. Without considering the internal 

flow, the larger db would contribute to a higher increase in surface energy e()  

db
2l(1/f1/3-1), leading to lower probability of equal-size breakup. However, with 

considering the internal flow, according to the internal flow mechanism36, the Laplace 

pressure decreased with increasing db, leading to a smaller velocity of internal flow and 

decreased ability to redistribute the mother bubble. As a result, the probability of equal-

size breakup increased with an increase in db. Therefore, the effect of db on daughter 

size distribution predicted by our internal-flow breakup model36 was in a good 

agreement with the experimental trend. Furthermore, the predicted daughter size 

distributions were consistent with the experimental data. 
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Figure 21. The effect of db on daughter bubble size distributions; He-water, n = 480 rpm, 

Δfv = 0.1. 
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4. Conclsuions 

The bubble breakup behaviors in a specially designed stirred tank for producing 

relatively homogeneous turbulent flow were studied by a high-speed camera. An M-

shaped daughter size distribution was observed. The effects of the agitation speed, 

mother bubble size, liquid properties and gas density on the bubble breakup were 

systematically investigated. Higher agitation speed, gas density or pressure, larger 

mother bubble size and lower surface tension increased the breakup rates and 

probability of equal-size breakup. The bubble breakup rates were independent on liquid 

viscosity at l ≤ 8 mPa·s, but significantly decreased with increasing l at l > 8 mPa·s. 

In addition, the internal flow mechanism was clearly observed and illustrated, which 

accounted for the effect of gas density or operating pressure on the bubble breakup. 

With the internal-flow mechanism, our previous breakup model could well predict the 

effect of gas density, turbulent dissipation rate, surface tension and mother bubble size 

on the bubble breakup rate and daughter bubble size distribution. 
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Notation 

b(db), b(v)  bubble breakup rate, s-1 

c(v,v’)  bubble coalescence rate, s-1 

dt the diameter of tube, mm 

db           the diameter of mother bubble, mm 
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e(λ)  turbulent energy of an eddy with size λ, J 

fv bubble breakup ratio, dimensionless 

Δfv interval of breakup ration, dimensionless  

n agitation speed, rpm 

n(v, t)  number density of bubble, m-3 

P(db)  bubble breakup probability, % 

r the radial coordinate, m 

tb bubble breakup time, ms 

t1 time scale for internal flow, s 

uλ  turbulent eddy velocity, ms-1 

Uneck internal gas flow velocity, ms-1 

Uθ Mean tangential velocity, cms-1 

Ur Mean radial velocity, cms-1 

Uz Mean axial velocity, cms-1 

z the axial coordinate, m 

Greek letters 

g  gas density, kgm-3 

l  liquid density, kgm-3 

σl liquid surface tension, mNm-1 

μl liquid viscosity, mPas 

ε turbulent dissipation rate, m2s-3 

β(v,v’), β(fv)  bubble size distribution, dimensionless 
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σd standard deviation of mother bubble, 
2

b1
( )

N

ii
d d

Nd


  , mm 

σb standard deviation of bubble breakup rate, 
2

b1
( )

N

d dii
b b

Nb


  , s-1 

γ breakup probability function, dimensionless 
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Supporting Information 

Validation of the RANS k-ε model 

The accuracy and reliability of the Reynolds-averaged Navier-Stokes (RANS) 

two-fluid model and k-ε turbulence model were validated by simulating the same stirred 

tank reported by Wu and Patterson1 and comparing with their experimnetal data. Figs. 

S1-S3 show the comparison of the simulated mean tangential velocity, radial velocity 

and axial velocity profiles with the experimental results at different radial positions. A 

good agreement was obtained between the simulated and experimental results, which 

validated the accuracy and reliability of the RANS k-ε model for simulating the stirred 

tank. 
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Figure S1. Mean tangential velocity profiles at various radial positions. 
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Figure S2. Mean radial velocity profiles at various radial positions. 
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Figure S3. Mean axial velocity profiles at various radial positions. 
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