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Highlights 

 X-ray radiography combined with high-speed video imaging was used to visualize the bubble 

breakup in bubble chains rising in opaque liquid metals. The processes of bubble breakup were 

found to proceed in a qualitatively similar way as for the case of water or highly viscous fluids. 

The observations indicate that the turbulent flow in the immediate vicinity of the bubbles has an 

important influence on whether breakup occurs or not. 
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Abstract 

The process of bubble breakup in a liquid metal was studied by X-ray radiography and high-speed 

video imaging. Argon gas bubbles were injected through a single orifice at the bottom of a rectangular 

vessel filled with the eutectic GaInSn alloy. Moderate gas flow rates were applied at isothermal conditions 

resulting in the formation of bubble chains. The bubble breakup events observed in the chosen 

experimental geometry were mainly initiated by bubble collisions or by the effect of local shear flow. We 

present experimental results accompanied by statistical analysis of the bubble breakup frequency, number 

of daughter bubbles and their size distribution, bubble velocities before and after the breakup process for a 

broad range of Argon gas flow rates. 

 

Key words: Liquid metal; Two-phase flow; Bubble chain; Bubble breakup; X-ray radiography. 

 

Introduction 

Liquid metal two-phase flows are frequently used for technological processes in metallurgy and metal 

casting. For example, Argon gas is injected during the secondary-metallurgical treatment of liquid steel to 

improve the melt cleanliness by the flotation process. During flotation the Argon gas bubbles separate 

undesired inclusions from the melt by the following mechanisms: (i) evocation of particle agglomeration 

by the shear flow in the bubble wake, (ii) capturing the particles at the gas-liquid interface, and (iii) 

transporting them towards the slag layer at the free surface. This separation process is highly dependent on 

both the properties of the inclusions and the bubble size distribution which defines the interfacial area 

within the melt. The interfacial area itself determines the interfacial mass, momentum and energy 

exchange and is strongly modified by bubble coalescence and breakup. For example, bubble-bubble and 

bubble-flow interactions which lead to breakup increase the number of bubbles, decrease the mean bubble 

size and, therefore, increase the gas-liquid interfacial area. Fundamental analysis indicated that the use of 

smaller bubbles is the most effective approach to increase the probability of collision with particles inside 

the melt and to reduce the probability of their detachment from bubbles (Tao, 2005). As a consequence, 

bubble breakup is supposed to enhance the efficiency of flotation processes. Therefore, different measures 
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such as impellers are used in industrial applications for inducing bubble breakup (Martín et al., 2008; 

Takahashi et al., 1992). 

Previous works focus mainly on viscous, inertial or complex turbulent breakup of single bubbles in 

transparent liquids (Chen et al., 2005; Lee et al., 1987a; Lehr et al., 2002; Luo and Svendsen, 1996; 

Martínez-Bazán et al., 1999a, 1999b; Qian et al., 2006; Wang et al., 2003). Such phenomena are governed 

by complex underlying physics which gets even more complicated when bubble-bubble interaction is 

involved. Nevertheless, even a complete understanding of single bubble breakup is not yet available. 

The rise of a multitude of bubbles in form of a chain or a plume inside a low-viscosity liquid pool 

produces a turbulent flow in the fluid. As a result bubble breakup can be initiated by several reasons: 

turbulent fluctuations, interaction and collision with turbulent eddies or other bubbles, viscous shear 

stress, shearing-off processes and due to interfacial perturbations caused by the Rayleigh-Taylor (Clift et 

al., 1978; Fan and Tsuchiya, 1990) and the Kelvin-Helmholtz (Kitscha and Kocamustafaogullari, 1989) 

instability. In general, the bubbles initially undergo a deformation caused by pressure fluctuations along 

the bubble surface or by collisions with turbulent eddies (Liao and Lucas, 2009a). When the balance 

between dynamic pressure around the bubble and its surface tension is violated the bubble starts to deform 

and stretch leading to indentation, necking and pinching. The breakup in this case is often governed by the 

turbulent kinetic energy of the bubble (Chatzi and Lee, 1987; Chatzi et al., 1989; Coulaloglou and 

Tavlarides, 1977) or by the turbulent kinetic energy of the hitting eddy (Lee et al., 1987a, 1987b; Luo and 

Svendsen, 1996; Martínez-Bazán et al., 1999a, 1999b; Prince and Blanch, 1990; Tsouris and Tavlarides, 

1994). Alopaeus et al. (2002) and Narsimhan et al. (1984) considered the influence of velocity fluctuations 

occurring around the bubble. Lehr et al. (2002) compared the inertial force of the hitting eddy and the 

interfacial force of the smallest daughter fragment. Some studies combine several of these criteria (Wang 

et al., 2003; Zhao and Ge, 2007). In case of a breakage due to viscous shear forces, the bubble undergoes 

deformation due to the velocity gradient across the interface of the bubble. The breakage then appears 

when the surface tension is no longer able to maintain the bubble shape (Kocamustafaogullari and Ishii, 

1995; Renardy et al., 2002; Renardy and Cristini, 2001a, 2001b). The shear-off process is observed for 

large bubbles moving in highly viscous flows (e.g. slug bubbles). In case when the relative velocity is high 

enough the balance between the viscous shear force and the surface tension at skirt of the slug bubble is 

disturbed and the bubble skirt becomes unstable and sheds from the bubble accompanied by the generation 

of a large number of small bubbles at the rim (Liao and Lucas, 2009a). For low viscosity liquids (for 

example for air-water system) this effect is caused by the gas velocity profile inside the bubble cap which 

moves at the terminal velocity. There is a distinct velocity gradient across the gas-liquid interface which is 

responsible for the penetration of the gas into the liquid boundary layer where it forms small bubbles (Fu 

and Ishii, 2003; Liao et al., 2015; Liao and Lucas, 2009b; Suhas S. Jain, 2017). It is hardly to be expected 

that such an effect also occurs in liquid metals, since their surface tension is significantly higher than in 

aqueous systems. 

The appearance of bubble breakage in most cases can be quantified by their deformation degree or by 

the Weber number (Liao et al., 2015; Liao and Lucas, 2009b): 

   
    

 
,           (1) 

where ρ is the liquid density, u is the liquid velocity, d is the bubble diameter and σ is the surface tension. 

Risso and Fabre ( 1998) showed that for air bubbles in tap water a minimum We number of about 5 is 

necessary for breakup when turbulence is the only reason for deformation. Also, the breakup probability is 

strongly correlated with the deformation experienced by the bubble: no breakup is observed for   <1.5, 

75% for 1.5<  <2, 100% for   >2. The maximum deformation is calculated as  
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 ,            (2) 

where AB is the bubble projection area and dB is the bubble diameter calculated from the same projection 

area AB assuming that the bubble is spherical. The number of daughter bubbles depends on the specific 

shape of the bubble during the deformation process and varies in a wide range, while the daughter size 

distribution is controlled by the daughter number (Ravelet et al., 2011; Risso and Fabre, 1998; Solsvik and 

Jakobsen, 2015a, 2015b; Vejražka et al., 2017). Hesketh et al. (1991) have observed that bubbles are more 

likely to breakup into unequally sized fragments. Andersson and Andersson (2006) explained the 

formation of unequally sized daughters by an internal flow redistribution mechanism. 

It is important to note that, despite qualitative similarities in the underlying bubble interaction 

phenomena (Keplinger et al., 2018), the behavior of bubbles in water and in GaInSn is likely to vary 

significantly with respect to shape deformation due to significant differences in density and surface 

tension. As a consequence, the deformation of bubbles right up to breakage in a liquid metal can 

significantly distinguish from the observations in water. Therefore, direct investigations of bubble breakup 

in liquid metals become crucial. 

Measurements of gas bubbles in liquid metals are generally more difficult to achieve than in water 

experiments because the opacity of the metals does not allow the use of powerful optical methods. So far, 

there are only very few experimental studies on the dynamics of bubble motion in liquid metals. Local 

conductivity probes (Eckert et al., 2000a, 2000b; Iguchi et al., 1997; Manera et al., 2009; Oryall and 

Brimacombe, 1976; Xie et al., 1992; Xie and Oeters, 1994), ultrasound techniques (Richter et al., 2018; 

Timmel et al., 2010; Wang et al., 2017; Zhang et al., 2005) or inductive methods (Gundrum et al., 2016; 

Lyu and Karcher, 2016) can be used to detect gas bubbles in liquid metals. However, all these methods are 

subject to certain restrictions. For example, conductivity probes are intrusive and provide only local 

information. Ultrasonic methods encounter problems when the number of bubbles in the measuring 

volume increases with increasing gas content. Multiple echoes at the bubble interfaces can create signal 

artifacts causing serious difficulties in data processing. Inductive methods provide a contactless method 

for bubble detection in liquid metal flows, but, the reconstruction of the bubble shape is still challenging 

and the interpretation of the signals becomes exceedingly difficult in case of interaction of multiple 

bubbles. X-ray radiography based on the absorption contrast between the liquid and gas phase has proven 

to be an efficient method for multiphase flows (Heindel, 2011; Kastengren and Powell, 2014; 

Mudde, 2010; Mudde et al., 2008) and especially for bubble detection in liquid metals (Davis et al., 

1978; Fröhlich et al., 2013; Iguchi et al., 1995; Keplinger et al., 2018; Richter et al., 2018; Shevchenko et 

al., 2013; Timmel et al., 2015; Vogt et al., 2015; Wang et al., 1999). The main limitation for this technique 

is the thickness of the fluid volume that can be investigated due to high X-ray absorption coefficients for 

liquid metals. The accuracy of the X-ray radiography technique for determining bubble parameters is 

discussed in detail in (Keplinger et al., 2017). Another irradiation method is the neutron radiography 

(Baake et al., 2017; Mishima et al., 1999; Saito et al., 2005; Sarma et al., 2015) which allows the 

investigation of thicker measuring volumes but at the expense of image contrast.  

In the present work we study the occurrence of bubble breakup in a bubble chain rising in a liquid 

metal. Experiments were carried out in GaInSn, a ternary alloy that is liquid at room temperature and 

whose material properties are very similar to those of liquid steel (Plevachuk et al., 2014). The dynamics 

of the bubble rising behavior was visualized by means of X-ray radiography using high-speed video 

imaging. We present statistical analysis of the bubble breakup frequency, number of daughter bubbles and 

their size distribution, bubble velocities before and after the breakup process for a broad range of Argon 

gas flow rates.  
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Experimental setup 

Bubble visualization experiments were carried out at the X-ray laboratory at HZDR. The scheme of the 

experimental setup is shown in Figure 1. A continuous divergent polychromatic X-ray beam was produced 

by an industrial X-ray tube (GE ISOVOLT 450KV/25-55 from GE Sensing & Inspecting Technologies 

GmbH) operating at a voltage of 320 kV and a current of 14 mA. The X-ray beam penetrates the liquid 

metal along the narrow extension of the container as shown in Figure 1. The non-absorbed part of the 

beam that can be estimated by the Beer-Lambert law: 

 I=I0e
-µD

,     (3) 

where I0 is the primary beam intensity, µ is the X-ray attenuation coefficient and D is the thickness of the 

liquid metal, impinges on a scintillation screen (SecureX HB from Applied Scintillation Technologies) 

that is attached to the outer wall of the container. The X-ray intensity is then converted into visible light in 

the scintillator that is further deflected by a mirror onto a sCMOS sensor plane of the high-speed video 

camera (pco.edge 5.5 from PCO) through a lens system (custom-made design by Thalheim-Spezial-

Optik). The camera field of view (FOV) was ~60130 mm
2
. In the selected experiments the images were 

captured at a frame rate of 100 frames per second. An exposure time of 3 milliseconds results in a good 

signal-to-noise ratio without causing significant bubble blurring of the bubble images due to their high 

rising velocities.  

The vessel made of acrylic glass with a rectangular cross-section of 12144 mm
2
 was filled with 

eutectic composition of the ternary GaInSn alloy (Plevachuk et al., 2014) up to 144 mm height resulting in 

a total aspect ratio of 1. The inert Argon gas was injected through a single long bevel stainless steel orifice 

with an inner diameter of 0.75 mm (from Sterican®) positioned in the middle of the cross-section just 

above the bottom of the vessel. Such a nozzle shape was chosen over flat orifice in order to achieve an 

effective damping of the bubble zig-zagging between the walls in the direction of the X-ray beam. The gas 

flow rate was regulated in the range from 10 to 1200 cm
3
/min by a gas flow control system (from MKS 

Instruments). The experiments were conducted at room temperature and normal atmospheric pressure. 

Here, we would like to point out that the choice of such a fluid vessel is governed by the high X-ray 

attenuation coefficient of the liquid metal which restricts the dimension of the fluid vessel along the X-ray 

beam. The distance of 12 mm between the side walls is in the same order of magnitude as the size of the 

bubbles in our experiments. Therefore, the influence of the side walls on bubble characteristics (trajectory, 

shape and velocity) is probably not negligible especially at high gas flow rates. In general, constraining 

walls can cause an elongation of bubbles in the vertical direction, suppress secondary motion and alter the 

wake structure by reducing the wake volume and the rate of fluid circulation within the wake (Clift et al., 

1978). Krishna et al. (1999) found that the side wall effect can reduce the rise velocity in water by a factor 

of about 0.5 at maximum. Furthermore, the authors report that the bubble rise velocity becomes 

independent of the bubble diameter dB for dB/D > 0.6. However, Keplinger et al. (2018) have demonstrated 

that coalescence of two 9 mm size bubbles in GaInSn show a measurable increase of the rise velocity after 

the bubbles have merged. 

The images were analyzed using Matlab scripts for extracting diverse parameters as bubble sizes, their 

trajectories and rising velocities before and after breakup. The image processing was done as follows: as a 

first step a shading correction is performed by dividing the image by the mean reference image measured 

at zero gas flow rate. Separation of individual bubbles and bubble clusters from the background is 

achieved by using a threshold value which was slightly above 1 (i.e. ~1.07). All pixels whose brightness is 

above the threshold value were assigned to the bubble area. The corresponding threshold value is derived 

from a calibration measurement using 5 and 10 mm diameter glass balls surrounded by GaInSn at a zero 
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gas flow rate and accounts X-ray scattering by the bubble surface. As a next step the images were 

analyzed applying the Matlab function ‗regionprops‘ which allows to extract parameters like perimeter, 

area, center of mass, etc. The bubble area is converted from pixel to metric values using the scaling of the 

image. With the assumption of spherical bubble shapes the mean bubble diameter was calculated 

according to  

    √    ,           (4) 

were    is the bubble projection area in the X-ray images. The rising velocity was calculated from the 

bubble trajectories according to: 

  
 

  
,            (5) 

where   √(     )
  (     )

  is the distance the bubble travelled between two subsequent bubble 

positions during the time step Δt= 0.01s and x and y being the horizontal and vertical bubble position 

respectively (see Figure 2a for details). Interfaces of the bubbles which are moving in a close vicinity to 

each other and even overlap were defined manually. A detailed description of the image processing can be 

found in (Keplinger et al., 2017). 

 
Figure 1. Experimental setup. 

 

 

Results and discussion 

A variety of experiments were performed for different gas flow rates up to 1200 cm
3
/min. Single 

bubbles detach from the injection nozzle forming a bubble chain for Ar gas flow rates below 800 cm
3
/min, 

while the bubbles are ejected as clusters at higher gas flow rates. The total experimental time and bubble 

release frequency from the injection nozzle can be found in Table 1. The bubble size increases with 

increasing Ar volume flow rate; while the bubble ejection frequency remains almost constant within the 

measurement uncertainty. Due to flow instabilities and the resulting formation of vortices the bubble chain 

becomes curved in form of an S-shape which is typical for a narrow configuration of the container and for 

the chosen aspect ratio of the fluid. In contrast to coalescence (Keplinger et al., 2018), bubble breakup 

appears first at a gas flow rate of 400 cm
3
/min with ~0.017 breakup events per second and grows 

continuously to ~0.55 breakup events per second for gas flow rates up to 700 cm
3
/min (see Table 1). The 

onset of bubble breakup can be related to increasing surface deformations experienced by the bubbles with 

increasing bubble size. Bubble breakup in this study leads predominantly to the formation of two daughter 

bubbles. For 800 cm
3
/min the number of bubble breakup events slightly decreases to about 0.5 breakup 

events per second. However, it must be mentioned here that due to bubble clustering the number of 

sCMOS video-camera

optics
scintillation screen

X-ray

sourcevessel with GaInSn

mirror

collimators
slit

X-ray

beam

a
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breakup events cannot be accurately counted at higher gas flow rates. Moreover, it should be noticed that 

the spatial resolution of the experimental method can only detect bubbles with diameters greater than 1 

mm. This limitation could in turn lead to an underestimation of the bubble breakup frequency. However, 

in this regard, the large surface tension of the liquid metals is advantageous in terms of avoiding a breakup 

in many tiny daughter bubbles.  
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Gas flow rate (cm
3
/min) 400 500 600 700 800 

Total experimental time (s) 114,68 115,28 95,68 109,93 110,64 

Bubble ejection frequency (bubbles/s) 34±4 31.5±3.5 32.5±3.5 35±3 34.5±5.5 

Bubble diameter calculated from 

bubble ejection frequency and gas 

flow rate (mm) 

6.9-7.5 7.7-8.3 8.1-8.7 8.4-8.9 8.8-9.8 

Total number of bubble breakup 

events per second 
0.017 0.25 0.44 0.55 0.5 

Number of bubble breakup events per 

second initiated by bubble-bubble 

interaction 

0.017 0.25 0.31 0.47 0.45 

Number of bubble breakup events per 

second initiated by stretching 
- - 0.13 0.08 0.05 

Table 1. Total experimental time, bubble ejection frequency, bubble diameter and number of bubble 

breakup events per second for the middle area of 55120mm
2
 above the bottom of the container. 

Figure 2 shows the time-averaged brightness obtained from about 10000 consecutive single X-ray 

images for 400 cm
3
/min (a), 500 cm

3
/min (b), 600 cm

3
/min (c), 700 cm

3
/min (d) and 800 cm

3
/min (e). It 

becomes obvious that due to the bevel shape of the orifice the bubble chain has a preferential path and the 

bubble chain is deflected to the right. A much broader bubble distribution can be observed for 700 

cm
3
/min and 800 cm

3
/min (see Figures 2d and 2e) which is a result of bubble chain oscillations in the 

observation plane (see also Liu et al., 2018). The rising gas bubbles induce a turbulent flow inside the 

container. The highest turbulence level is generated along the bubble path, near the free surface and near 

the side walls of the vessel (Krull et al., 2017; Liu et al., 2018). Since the turbulent flow is not 

homogeneous it is important to discuss the positions at which the breakup events occur. The crosses in 

Figures 2 a-e indicate the bubble breakup positions. It can be seen that the bubble breakup events are most 

likely to appear in the upper part of the container while no breakage is observed in the near-nozzle region. 

In this region the bubble distance is dominated by the bubble injection frequency and the bubbles move as 

isolated objects with rarely appearing bubble collisions (B. Krull et al., 2017). In comparison to the upper 

part of the container the near-nozzle region can be characterized by a rather narrow distribution of fluid 

velocities and a low turbulence level (see for instance simulations by Krull et al. (2017) and  Liu et al. ( 

2018)). Additionally, the broader bubble distributions for high gas flow rates lead to a larger scatter of the 

bubble breakup positions (see Figure 2 d and e). 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

9 
 

 
Figure 2. Time-averaged brightness obtained from about 10000 consecutive single X-ray images (the 

related measurement times can be found in Table 1) with marked bubble breakup positions for 400 

cm
3
/min (a), 500 cm

3
/min (b), 600 cm

3
/min (c), 700 cm

3
/min (d) and 800 cm

3
/min (e). The observation 

window is 55130mm
2
. 

Most bubble breakup events observed in our experimental geometry occur as a result of the interaction 

of the bubble with its pursuing bubble (see Table 1). Such interactions are typical for the bubble pairing 

regime which is characterized by the fact that the initially equidistant bubble chain starts to disintegrate 

when leaving the near-nozzle region and two consecutive bubbles form a pair (Badam et al., 2008; Fan 

and Tsuchiya, 1990; Kyriakides et al., 1997). Bubble interaction leading to breakage is either governed by 

bubble collision or by flow modifications (e.g. by bubble-eddy collisions or turbulent shear) induced by 

the small distance and the relative velocity of the bubbles. In addition, the influence of the global flow 

inside the vessel cannot be completely omitted. A typical example for such a breakage is shown in Figure 

3a. During the first frames the trailing bubble is accelerated in the wake of the leading one (see also 

Video1.avi of the supplementary material). As a result the trailing bubble quickly approaches the leading 

one and the bubbles collide (frame 1, t = 4.41 s). The leading bubble flattens and the bubbles start to rise 

as a cluster being separated by a thin liquid film for several frames (frames 1-4, t = 4.41-4.44 s). During 

the collision the leading bubble expands in the plane of view and finally breaks into two smaller bubbles 

(frame 5, t = 4.45 s). After the breakage the bubble fragment rise independently (frames 5-7).  

Other breakups are governed by bubble stretching only (see Table 1). In this case the breaking bubble 

can be considered as an isolated one since the distance to the neighboring bubbles remains large enough to 

exclude bubble collisions and interactions. Such a condition inside a bubble chain is only guaranteed when 

the bubbles do not strongly interact with the wakes of preceding bubbles. An example of such a breakage 

is demonstrated in Figure 3b (see also Video2.avi of the supplementary material). The bubble size in this 

case is 10±0.2 mm. In addition, Figure 3c shows the corresponding evolution of the bubble surface during 

the rise. The background of Figure 3c represents the time-averaged brightness of X-ray images over a 

period of 4 s prior to breakup. It becomes obvious that in this case the bubble undergoes strong 

deformations which are caused by the highly turbulent shear flow generated by the rising bubbles in the 

path region. In this example, the bubble is distinctly stretched due to the considerable local velocity 

gradient: the right part of the bubble reaches into the low velocity region outside the main bubble path 

a) b) c) d) e) 

x 

y 
z 
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while the left part of the bubble is near the center of the main bubble path, where the highest velocities 

occur (Figure 3b frames 1-3 and Figure 3c). As a consequence, shear viscous forces tear the bubble apart 

causing its breakage (Figure 3b frames 4). In this case, the shear stress acting on the bubble can be 

calculated as 

    
  

  
,            (6) 

where   = 2.09 mPa·s is the dynamic viscosity of GaInSn at room temperature (see Plevachuk et al., 

(2014) for details),    is the velocity difference and    is the distance between the left and the right side 

of the bubble. When  =0 both bubble sides move at the same rising velocity; if   becomes positive the left 

side of the bubble moves faster than the right one and vice versa. A simple estimation of the maximum 

shear stress that the bubble experiences in this case reveals a value of ~0.1 mPa 0.07 s before the breakup 

occurs (see Figure 4a where time step ―0‖ indicates the moment of breakage) and corresponds to the 

transition between the two bubble snapshots A and B indicated in Figure 3c. The bubble snapshots A and 

B are characterized by an almost spherical shape with a negligible bubble deformation (  ) of ~1.01 and 

1.035, respectively (Figure 4b). Also, 0.03 s before this transition the right part of the bubble starts to 

decelerate from 0.7 m/s down to 0.33 m/s, meanwhile the left part of the bubble starts to accelerate from 

0.42 m/s up to 0.7 m/s (Figure 4c). This in turn indicates the moment when the right part of the bubble 

becomes affected by the slower moving liquid outside the bubble path. After reaching the maximum 

velocity difference of 0.6 m/s at the transition between the time steps A and B, the movement of both sides 

of the bubble slows down considerably. At the same time, although the difference of 0.2 m/s in the 

velocities is maintained, the degree of bubble deformation increases greatly ultimately leading to breakup 

(Figure 3b, frame 4). Right before the breakage occurs, the shear stress value is   ~ 0.02 mPa (Figure 4a). 

 

 

b) 

a) 1 7 

1 6 c) 

A 
B 
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Figure 3. Sequence of single frames illustrating: a) bubble breakup initiated by collision of two single 

bubbles, b) single bubble breakup caused by bubble stretching. c) Evolution of the bubble surface during 

rise for the case demonstrated in Figure 3b. Time step between two frames is 0.01 s. Ar gas flow rate in 

both cases is 600 cm
3
/min.  

  
Figure 4. Shear stress (a), bubble deformation (b) and bubble velocities (c) for case shown in Figure 3b. 

Shear stress (d), bubble deformation (e) and bubble velocities (f) for case shown in Figure 5. Shear stress 

(g), bubble deformation (h) and bubble velocities (i) for case shown in Figure 7. Shear stress (j), bubble 

deformation (k) and bubble velocities (l) for case shown in Figure 8. Vertical dashed lines indicate the 

position of the maximum shear stress. Time step ‗0‘ in figures a-f indicates the moment of breakage. 

 

Since X-ray radiography provides only two-dimensional information it is rather hard to accurately 

determine the bubble collision geometry. In addition, the flow structure in the liquid cannot be determined 

either by the X-ray radiography. Therefore, it is difficult to judge whether the breakage is mainly 

governed by bubble collision or by the collision with local turbulence. In view of these uncertainties, it 

was decided to restrict the further quantitative analysis to the case of isolated bubbles whose breakage is a 

result of stretching. The distance to the neighboring bubbles at the moment of breakage is at least several 

mm so that the influence of the neighboring bubbles on the breakup can be neglected.  

Bubble breakup induced by bubble stretching is observed for gas flow rates above 600 cm
3
/min (see 

Table 1). The probability of bubble breakup by stretching decreases at lower gas flow rates because the 

tendency for bubble deformation also decreases with decreasing bubble size. In addition, the high surface 

tension of the liquid metal counteracts any deformation of the bubble interface. The rising bubbles 

generate turbulence inside the container. The turbulence intensity depends strongly both on the bubble 

ejection frequency and the bubble size: the larger the bubble the stronger the local flow fluctuations (see 

for instance Liu et al. (2018)). Additionally, the distribution of large bubbles is significantly more 
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dispersed compared to smaller bubbles.  This also extends the zone of bubble-induced turbulence. In turn, 

one could deduce that larger gas bubbles statistically more often fall into areas of high velocity gradients.  

In addition to the two mechanisms discussed so far, events of the bubble breakup are also observed in 

which coalescence plays an essential role as an intermediate stage. Coalescence occurs frequently in the 

bubble pairing regime at high gas flow rates (Keplinger et al., 2018). Such an example is shown in Figure 

5 (the entire bubble rising process can be viewed in the Video3.avi of the supplementary material). Frame 

28 in Figure 5 shows the corresponding evolution of the bubble surface during the rise. The background 

represents the time-averaged brightness of X-ray images over a period of 4 s prior to breakup. At the 

beginning of the sequence two consecutively ejected bubbles of 8.2±0.2 mm size come closer to each 

other and collide (frames 1-14) resulting in coalescence which is associated with an increase in the bubble 

size (frame 15, also indicated as bubble snapshot C in frame 28). Frame 28 clearly demonstrates that, as in 

the previous case presented in Figure 3, the bubble gets under the influence of strong velocity gradients 

resulting in bubble elongation, surface indentation and necking (frames 19-21) and finally breaks into two 

daughter bubbles (frame 22). The merged bubble deforms from an almost spherical shape (       , 

frame 15) to an elongated one (         frame 21). The highest value of the shear stress (~0.07 mPa) 

was detected between the frames 16 and 17 (see Figure 4d where time step ―0‖ indicates the moment of 

breakage) as a result of a increasing velocity of the left bubble part with a simultaneous slowed down 

movement of the right bubble part leading to a velocity difference of almost 0.5 m/s (Figure 4f). Here too, 

achieving such a maximum is followed by a distinct reduction of both the mean bubble velocity and the 

velocity difference between both bubble sides. Thus, the shear stress almost disappears just before the 

bubble breaks apart. In the present case, the bubble breaks into two fragments of unequal size which move 

independently after breakup: the bigger bubble fragment follows the main bubble rising trajectory, while 

the smaller fragment ascends almost straightly upwards (see frames 24-28).  

 

 

  



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

13 
 

 
Figure 5. Sequence of single frames illustrating bubble coalescence with subsequent breakup initiated by 

stretching at a gas flow rate of 600 cm
3
/min. Time step between two frames is 0.01 s. Frame 28: evolution 

of the bubble surface. 
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Figure 6 presents the results for trajectories, deformation, bubble size and velocity for all bubble 

breakups caused by stretching at gas flow rates of 600-800 cm
3
/min. This figure also includes the events 

where coalescence occurred. The data of the original bubbles are plotted in black whereas the light green 

and light blue colors indicate the daughter bubbles.  In the case of coalescence, the data of the original 

trailing bubble and the coalesced bubble are marked red and dark blue, respectively. Time step ―0‖ 

corresponds to the moment when the bubble breaks into two daughters. Figure 6a shows that the bubble 

breakup caused by stretching only appears at the upper part of the container (at a height above 93.4 mm).  

Figure 6b demonstrates that the bubbles are veritably deformed (up to 1.16) as soon as they have left the 

nozzle which is a result of rather high Reynolds (   
   

 
 ≈ 7600 for a 10 mm bubble rising in GaInSn at 

a terminal velocity of 0.25 m/s) and small Morton (   
   

   
  210

-13
, where g is the acceleration of 

gravity) numbers. The deformation further increases during the rise of the bubbles till the breakup occurs. 

The onset of breakup seems to require a minimum deformation value of about ~1.38 (see Figure 6b). The 

evolution of the bubble sizes is presented in Figure 6c. It becomes obvious that bubble breakup occurs in 

the majority of cases only at bubble diameters    ≥ 9.8±0.2 mm.  Nevertheless, one bubble breakup event 

was observed for a smaller bubble with a size of   = 7.7±0.2 mm. Figure 6d reveals a maximum of the 

bubble velocity before breakup corresponding to the particular behavior of the shear stress as shown in 

Figure 4 a and d.  The breakup events that we observed resulted in the formation of a maximum of two 

daughter bubbles, while in most cases their size differed significantly. 
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Figure 6. Bubble trajectories (a), bubble deformations (b), bubble diameters (c) and bubble velocities (d) 

before and after breakup. The numbers indicate the minimum values at which the bubble breakup was 

observed. The data of the original bubbles are plotted in black whereas the light green and light blue 

colors indicate the daughter bubbles.  In the case of coalescence, the data of the original trailing bubble 

and the coalesced bubble are marked red and dark blue, respectively. 

 

When moving upwards not all bubbles undergo a strong deformation which leads to the breakup. A 

simple example of such a case is demonstrated in Figure 7. The entire bubble rising process can be viewed 

in the Video4.avi of the supplementary material. Frame 14 in Figure 7 shows the evolution of the bubble 

surface during the rise with D indicating the moment of bubble coalescence. During the first frames (here 

not shown) two smaller bubbles merge into one forming a bubble of 13.1±0.2 mm size. Despite the point 

that the right part of the bubble ends up outside the main bubble path the bubble motion can be 

characterized by rather low deformation values (  ) lying in the range of 1.02-1.11 (see Figure 4h). The 

maximum shear stress felt by the bubble equals to ~0.08 mPa (see Figure 4g) and is reached during 

transition between frames 2 and 3 in Figure 7. This situation is also characterized by a larger velocity of 

the left side of the bubble which is similar to the previous two cases (see Figure 4i). Due to insufficient 

deformation (Figure 4h) the bubble leaves the FOV without breaking. Nevertheless, the breakage might 

still appear at a later rising stage close to the free surface. On the other hand, the point that the bubble is 

not breaking in the FOV might be explained either by rather week turbulence insufficient to cause 

deformation required for breakage or by the interaction with the side walls which is relevant for coalesced 

bubbles of such size.   

 
Figure 7. Bubble motion without breakup for 800 cm

3
/min. Time step between two frames is 0.01 s. 

Frame 14: evolution of the bubble surface during rise. 
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Another example which illustrates a case when a single bubble undergoes strong deformation in the 

upper part of the vessel but does not break is shown in Figure 8. The entire bubble rising process can be 

viewed in the Video5.avi of the supplementary material. Frame 14 in Figure 8 shows the evolution of the 

bubble surface during the rise. The bubble size in this case is 10.8±0.2 mm and the maximum deformation 

the bubble undergoes in frame 9 and is ~1.39 (see also Figure 4k). In comparison to the previous cases the 

main bubble deformations take place within the main bubble path (i.e. no bubble parts move outside the 

main bubble path). The shear stress in this case only shows a deep decline (Figure 4j) at the moment when 

the right part of the bubble starts to move faster than the left one and the bubble contracts (frames 10-13) 

taking a more spherical-like shape with         (frame 12). In general, such a bubble contraction is a 

direct result of the large surface tension for GaInSn which tries to keep the bubble as a unit. It occurs if the 

turbulence impact on the bubble is weak. Nevertheless, influence of the side walls cannot be completely 

neglected. 

  
Figure 8. Bubble motion without breakup for 800 cm

3
/min. Time step between two frames is 0.01 s. 

Frame 14: evolution of the bubble surface during rise. 

 

Conclusions  

For the first time, an experimental investigation of bubble breakup in opaque liquid metals has been 

performed by means of high-speed video imaging using X-ray radiography. The analysis of the X-ray 

images allows for determining bubble trajectories, size, shape and velocity. It has to be noticed that the 

analysis is limited to two-dimensional images, although the processes are determined by three-

dimensional effects. The parameter range considered here differs significantly from bubbly flows in water 

and highly viscous fluids which have been extensively studied in previous papers.  

Qualitative evaluation reveals that the majority of the breakup events in a bubble chain are caused by 

interaction with trailing bubbles. In this case the breakage is either provoked by bubble collision or by the 

1 7 

8 13 14 
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local flow modifications due to the close motion of the trailing bubble. The onset of this breakup regime is 

observed at gas flow rates of 400 cm
3
/min when bubble pairing occurs. The number of breakup events 

grows continuously with increasing gas flow rate. A second breakup regime appearing at gas flow rates ≥ 

600 cm
3
/min is governed by bubble stretching only and decreases with increasing gas flow rate. The 

decrease is related to enhanced bubble pairing for high gas flow rates. Quantitative analysis of bubble 

breakup has been restricted to the stretching mechanism because of the limitations of the X-ray technique 

and the fact that such a restriction allows reducing the number of processes that might be responsible for 

breakage. 

The bubble breakup induced by stretching can be attributed to the influence of the liquid turbulence on 

the bubble. The gas-liquid interface is exposed to a significant shear stress due to strong local velocity 

gradients and the highly fluctuating flow. When the bubble moves under the influence of strong velocity 

gradients, parts of the bubble experience different velocities of the ambient liquid. The corresponding 

modification of the pressure field leads to a deformation of the bubble which could result in breakup. It is 

interesting to note that a significant peak of the velocity gradient or the related shear force along the 

bubble is observed before the bubble motion is decelerated and breakup occurs. 

Our experiments show the occurrence of breakup for bubbles with sizes of    ≥ 9.8±0.2 mm at 

Reynolds numbers of Re ≥ 7500. Moreover, it became obvious that a minimum deformation value of 1.38 

is required for breakup. In comparison, studies in air-water systems observed bubble breakup for 

significantly smaller gas bubbles at    ≥ 3 mm and Reynolds numbers of Re ≥ 4000 (Brandner et al., 

2015; Solsvik and Jakobsen, 2015b; Vejražka et al., 2017). Risso and Fabre (1998) reported breakup under 

microgravity conditions for bubbles with    ≥ 12.4 mm. They also obtained a universal We number of 

about 5 and have concluded that the Weber number is responsible for the bubble deformation but the 

turbulence plays a deciding role for breakage since it supplies the amount of energy lacking to obtain the 

breakup of the pre-deformed bubble. The Weber numbers in our experiments (considering an average 

terminal velocity of 0.25 m/s) yield values of We ≥ 6.6.  

In contrast to water where breakups result usually in the formation of multiple daughters (Brandner et 

al., 2015; Risso and Fabre, 1998; Solsvik and Jakobsen, 2015b; Vejražka et al., 2017) bubble breakups in 

GaInSn lead to the formation of only two daughters. After breakage the formation of two unequally sized 

fragments is dominant which is similar to the observations by Hesketh et al. ( 1991) and Andersson and 

Andersson (2006) for air bubbles in water. 

Comparison to a case when the bubble undergoes significant deformation without breakup does not 

reveal significant differences in the parameters which allow for identifying a quantitative criterion for 

breakup. The highest bubble deformation for the case without breakage was 1.39, whereas a minimum 

values of 1.38 (the threshold value for   ) were found for the breakup cases. Therefore, it can be 

concluded that the bubble deformation is seemingly not the only effective parameter for describing 

breakup. The only significant difference was that in case of a breakage the shear stress showed a peak 

right before the bubble started to deform continuously. Nevertheless, even a peak in shear stress is not a 

guaranty for breakup since it is not always coupled with a remarkable bubble deformation. Our 

experiments were conducted in the turbulent regime and due to insignificant differences in parameters for 

breaking and not breaking bubbles we assume that the processes of breakup are mainly governed by the 

structure of the turbulent flow in the vicinity of the bubbles. In other words, it can also be said that the 

mentioned minimum criteria with respect to the bubble size, shear force and bubble deformation can be 

interpreted as thresholds being necessary but not sufficient to achieve bubble breakup. Also due to the 

narrow configuration of the container the influence of the walls on the breakage process cannot be 
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completely neglected. In case of bubbles with    ≥ 12 mm the walls might play a major role in 

compensating the turbulence impact which could confine the extent of the bubble deformation.  
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