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Abstract. A series of micro-physical laboratory studies on single bubble

hydrodynamics under clean conditions were conducted to measure bubble

transfer velocity, kBub (r) for 800<r<2700 μm, where r is the equivalent

spherical bubble radius. Experiments were conducted in a 15 by 12 by 160-cm

tall tank and a new parameterization was developed based on study data and

compared to other research. Results show that the proportion of the CO2

transferred was higher for smaller bubbles (r<800 μm) from shallower depth;

while for larger bubble sizes, greater depth (time) was necessary for high gas

transfer efficiency, highlighting the importance of the bubble age on bubble mass

transfer. kBub increased approximately linearly with r until slightly greater than

the onset of oscillations, decreasing for larger r. Higher kBub values were found

than most literature values for bubbles in the studied size range and a new

parameterization was developed.
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1. Introduction

Bubble-mediated mass transfer for submerged bubbles is of great chemical

industrial interest (Clift et al. 1978); for example many chemical reactor processes

are bubble-mediated (Boden et al. 2008), as well as other applications. Another

important bubble-mediated engineering applications is related to aeration in water

treatment plants. Here, efficient aeration systems dissolve the oxygen that is

necessary for the biological organisms during the nitrification process of sewage

water treatment (Groves et al. 1992). Aeration also is important to aquaculture

(Chen et al. 1992). Better parameterizations of the bubble transfer velocity, kBub,

(cms−1) with respect to bubble size could improve aeration efficiency, reduce

energy consumption, and improve performance (Bischof et al. 1991).

Bubble-mediated mass transfer also is of great geophysical interest to

processes such as natural marine seepage (Patro and Leifer 2002) and air-sea gas
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transfer (Farmer et al. 1993; Woolf, 1993), where the gas transfer rate is important

to understanding the fate of trace and non-trace gases. Finally, it is of interest to

the intersection of geophysics and engineering, geo-engineering in processes such

as CO2 sequestration (Saito et al. 2000).

Numerical modeling plays an important role in quantifying bubble-mediated

process rates (Woolf et al. 2007; Leifer et al. 2006) and requires understanding

bubble properties as expressed through parameterizations. However,

parameterizations of the two most important bubble properties, bubble rise

velocity, VB, and kBub, are largely based on laboratory studies in distilled water at

20°C. Even though ambient conditions are typically contaminated by surfactants

and at different temperatures, only a few laboratory studies have characterized

bubble behavior for non-laboratory conditions (Abe et al. 2008). However, where

these studies are for contaminated water, they use industrial surfactants, whose

behavior likely is different from natural surfactants. This highlights how numerical

bubble model prediction relies on a number of unvalidated assumptions.

Many studies have been published on bubble mass transfer (Leonard and

Houghton 1963; Garbarini and Tien 1969; Calderbank and Lochiel 1964; Madhavi

et al. (1996); Takemura and Matsumoto 2000). However, these investigations

show wide scatter and poor agreement with theoretical analysis (Patro 2000).

Moreover, applicability to real world conditions, i.e., natural surfactants, which are

ubiquitous (Zutic et al. 1981), requires improved bubble parameterizations (Leifer

and Patro 2002).

2. Experimental Setup and Procedure

The kBub experiment was conducted in a 15 X 12 X 160-cm tall tank. Carbon

dioxide, CO2, bubbles were produced from capillary tubes connected to a

microvalve that regulated flow from a CO2 pressure tank and regulator (Figure 1).

Capillary tubes were mounted through a 4-cm diameter rubber stopper and

released bubbles in the tank center, 5 cm above the tank floor. Bubbles from 800 to

2700-μm equivalent spherical radius, r, were generated by controlling the two

valves. The regulator reduced pressure to 2 bar, with the microvalve further

dropping pressure to produce single bubbles at 2 to 8 s time intervals, depending

on bubble size. The bubble emission rate depended upon bubble size; ~8 s for the

largest bubbles to allow turbulence and wake flows to dissipate, and ~2 s for small,

non-oscillating bubbles.

The front and back walls of the experimental tank were glass while the other

two sides were steel. Light passed through the back wall of the tank for

illumination and the camera was located in front of the tank. Illumination was

provided by a fluorescent light with a diffuser.
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The tank was filled with de-ionized water (Millipore purification system) that

was de-aerated by boiling and then stored overnight in a sealed container (no air

contact) to prevent re-aeration and to allow thermal equilibration. To prevent

contamination and avoid re-aeration, the experimental tank was filled by gravity

feed from a container above the tank. Tank water was used for an experimental

series of 100 to 250 bubbles and then replaced. Water temperatures were 19 to

230C.

A monochrome VHS video camera (Computar cm510ac, Japan) with a tele-

centric, 55 mm lens (Computar, Japan) was mounted on a vertically moveable

camera stand connected to a time code generator and a videocassette recorder. The

video camera lens was 20 cm from the tank’s front wall. The camera was mounted

on a stand consisting of a standing frame, camera box, with a string and pulley at

the top of the frame. The string was hung from a pulley and tied to the camera box.

The pulley has a handle to lift the camera box. Vertical bars acted as rails enabling

the camera to move vertically to follow a rising bubble. Because maintaining focus

on individual bubbles as they rose was difficult, it was decided to observe a

number of bubbles at several different depths for 2 to 3 minutes. At each depth, 30
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Figure 1 Experimental set-up.



to 50 bubbles were recorded and analyzed. A calibration scale provided the size

scale.

Video was digitized and then analyzed using NIH Image (developed at the U.S

National Institutes of Health and available on the Internet at http://rsb.info.nih.

gov/nih-image/). Analysis routines determined the best-fit ellipse from which the x

and y positions, area, major and minor axes were derived for each video frame.

The image processing techniques are described in detail in Leifer and Culling

(2010) and Leifer et al. (2003a). Although larger bubbles are poorly described by

an ellipse in any single image, Leifer et al. (2003b) showed in a calibration

experiment that statistically, they are well represented by an ellipsoid for bubbles

as large as r~4000 μm. Subsequently, data were analyzed to calculate kBub using

scripts written in Matlab (Mathworks, MA). Example images of typical bubble

dissolution are shown in Figures 2 to 4.

3. Results

3.1 Estimation of Rise Velocity

The rise velocity was estimated from the time for a bubble to move between

two successive measurement depths, while the change in bubble radius between

depths allowed determination of its dissolution rate. Analysis of bubble VB

measurements are discussed in Leifer et al. (2000). Estimated uncertainty in VB

was 1-5%.

3.2 Dissolution Rate

Figure 2 shows dissolution for bubbles with initial radii of 1345, 925, and 675

μm (measured after they reached terminal velocity). Bubble sizes were measured

at five different depths. The percent mass loss, ML, was calculated using

ML=1−
rSurface

r Initial *100 (1)

where rSurface is the equivalent spherical bubble radius at the final depth, and

rInitial is the bubble radius at the initial depth.

Note, smaller bubbles lose proportionally more masses than larger bubbles.

For example, a 650-μm bubble lost 50% of its mass in 1.15 s, while the mass loss

for 1327 and 2685 μm bubbles was 24% and 14%, respectively, over the same

depth span.

3.3 kBub Variation with Depth and Time

A stepwise calculation of kBub was performed at different depths based on the

bubble volume change, dV, which was calculated from the bubble volume
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difference between two different depths, d (cm). VB was calculated for the average

radii at d. A (cm2) is the surface area of bubble.

kBub=
1

A

dV

d
*VB (2)

The results show an increase in kBub with r until r~800 μm, which corresponds

to slightly larger than the onset of oscillations. With further increases of r, kBub

decreases (Figure 5). This general trend for kBub for CO2 has been observed

elsewhere, e.g., Leonard and Houghton (1963) and Garbarini and Tien (1969) for
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Figure 2 Bubble dissolution images for (a) 1345 μm, (b) 975

μm, and (c) 656 μm radius bubbles for CO2 bubbles at

different times. Vertical bar is 1 mm.

Figure 3 Bubble dissolution images for a 2000-μm-radius

CO2 bubble at different times. Vertical bar is 1 mm.



distilled water (Figure 5), although their peak occurred for larger r.

4. Discussion

Due to bubble dissolution, bubble radius changes accelerated with depth. The

dissolution rate for smaller bubbles decreased after ~2 s, while larger bubbles

continued dissolving at a constant rate until surfacing. Aside from the reduced
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surface area, a key explanation likely lies with the role of oscillations. Specifically,

bubble smaller than about 700 μm do not oscillate at 20°C (Leifer et al. 2000).

Oscillations are associated with wake instabilities and enhanced mass transfer (e.

g., Hanyu and Saito 2010); thus, when a dissolving bubble ceases oscillating, its

mass loss rate (i. e., kBub) decreases dramatically as the bubble hydrodynamics

enters a different regime. The maximum of kBub was observed at r ~ 800 μm,

slightly larger than the onset of oscillation. Measured rise velocities were 28 to 30

cms−1, slightly less than reported in Leifer et al. (2000) who found peak VB ~33

cm/s, suggesting some contamination in these experiments, which could account

for the shift in peak kBub.

Most published kBub observations are either for small (r<500 μm) (Motarjemi

and Jameson 1978) or very large (r>10000 μm) bubbles (Brignell 1974; Abe et

al. 2008) with only a few studies in the range 500<r<4000 μm (Takemura and

Yabe 1999; Tsuchiya et al. 1997; Maceiras et al. 2008) and none in the range

800<r<2700 μm from this study, where Figure 5 shows a maximum in kBub.

Scatter in kBub at a given radius likely resulted from variable surfactant

contamination, remnant fluid motions from previous bubbles, parallax errors and

other image processing uncertainties, as well as bubble processes related to bubble

age.

The literature indicates uncertainty in the effect of bubble age on the

instantaneous kBub. Deindoerfer and Humphrey (1961) observed a sharp decrease

in kBub as bubble age increased. Hammerton and Garner (1954) found that kBub did

not vary between 1 and 5 s after bubble release. Baird and Davidson (1962) also

found kBub was independent of age except for bubbles larger than 2.5 cm. Possible

explanations of the time variation of kBub could include several factors such as

wake saturation, rapid bubble dissolution, or progressive and variable

contamination, discussed below.

4.1 Time Dependence of kBub

4.1.1 Wake Saturation

For small bubble (i.e. spherical bubble) the wake is very small and laminar and

has minimal influence on gas transfer (Levich 1962). However, when a large

(oscillating) bubble rises in pure liquid, horseshoe vortices are intermittently shed

from the bubble’s downstream hemisphere and are related to the bubble’s zig-zag

motion and shape oscillation. These turbulence structures are associated with

expulsion of gas enriched fluid into the wake from the boundary layer, and thus are

important to mass transfer between the bubble and surrounding liquid based on

laser induced fluorescence or LIF (Hanyu and Saito 2010). The detailed

information provided by such LIF measurements of turbulence structures near the

bubble surface demonstrates that prior proposed effects of wake saturation, e.g.,
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Calderbank and Lochliel (1964), are incorrect, although they could apply to very

large spherical cap bubbles which have strong re-circulation zones (Clift et al.

1978), but which were not studied herein.

4.1.2 Contamination Effect

Bubble hydrodynamics in contaminated liquids change with depth due to

build-up of surfactants and hence a surfactant gradient (the Marangoni effect) at

the bubble interface (Patro et al. 2002). For CO2 bubbles, gas transfer is rapid due

to large gas concentration difference between the bubble and surrounding liquid,

which causes rapid bubble shrinkage. This rapid decrease in surface area causes

the surface contamination to increase more rapidly than from surfactant

accumulation during rise (Maceiras et al. 2008). Hence, dissolving bubbles

become contaminated more quickly than non-dissolving bubbles, decreasing kBub.

The larger the fractional area change, the greater the effect. Study results showed

that enhanced contamination occurred faster for smaller bubbles and as a result

they had lower kBub.

4.1.3 Rapid Bubble Dissolution

Some previous kBub measurements were averaged over a large range of bubble

ages (Leonard and Houghton 1963; Garbarini and Tien 1969). Because bubble size

change was rapid due to dissolution, averaging of kBub could have introduced a bias

into kBub.

4.1.4 Wake contamination of kBub

kBub values reported herein generally are greater than most other studies. Lower

values in other studies could have resulted from experimental contamination or too

fast a bubble release rate. A test study showed that kBub decreased if the bubble

generation rate was too fast. Because smaller bubbles tended to be produced in

“chains,” bubbles often rise in the wake of the preceding bubble. These wakes

become partially saturated with CO2 (e.g., Hanyu and Saito 2010) as the chain

rises, thus, this would produce decreasing kBub with depth. In this study, no

systematic reduction of kBub with depth was observed, corroborating sufficient time

between bubble releases.

4.1.5 Increasing background CO2

In Eqn. 2, the aqueous gas concentration is assumed zero for the experimental

run of 50 bubbles; however, each bubble does inject a small amount of CO2 into

the water. This amount was negligible based on an estimate of the maximum

amount of CO2 that could have been dissolved during an experimental run.

Specifically, for a 2630-μm initial radius CO2 bubble, which shrank to 2530-μm
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radius during a rise of 0.12 m, would elevate aqueous concentrations by 5.6*10−4

mol m−3. In such case, the effect on the calculated kBub would be a negligible (i.e.,

0.0013%). Marceiras et al. (2008) have noticed that even if large number bubble

dispersed CO2 into the water column during their experiment the gas transfer

velocity showed no trend with time.

Bubble size change due to hydrostatic pressure was neglected in kBub

calculation in part because the bubble shrinkage rate was faster compared to

bubble hydrostatic pressure induced growth. If accounted for bubble radius change

due to hydrostatic pressure, values of kBub would have been increased by 1.4*10−4

cm s−1.

5. Proposed Parameterisation

There are few published parameterizations for larger bubbles. Clift et al.

(1978) parameterized kBub for both smaller and larger bubbles. For bubbles with a

well developed boundary layer, Clift et al. (1978, Eqn. 5-37) proposed the

following parameterization for Re>70,

Sh=
2

 π 1−
2.89

Re12 
12

Pe12 (3)

where Sh and Pe are the Sherwood and Peclet numbers, respectively, defined,

Sh=2
kBub

D
r (4)

Pe=2
VB

D
r (5)

with units for D of cm2 s−1, VB of cm s−1, r is cm. By solving Eqns. (3, 4, and

5)

kBubpre=
2

π 1−2.89Re
0.5

DVB

r 
0.5

(6)

To fit the experimental results, a correction factor was defined,

kBub

kBubpre
=pr (7)

where p and q are coefficients. The equation was solved by taking the logarithm of

both sides of equation 7 and performing a least squares linear regression analysis

between the data and values of kBub for 800<r<2700 mm. The fit had a

correlation coefficient of 0.94 and coefficients of,
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p=0.6418 and q=−0.2917 (8)

Combining Eqns. (7) and (8) for the range 800<r<2700 μm,

kBub=
0.824

π 1−2.89Re0.5
DVB

r1.5834 
0.5

(9)

Figure 6, shows the data from the present work, the Clift et al. (1978)

parameterization, and the proposed parameterization (Eqn. 9). Note, the new kBub

parameterization uses the VB parameterization of Leifer et al. (2000), which

includes a temperature dependency. The higher kBub values suggest a greater

importance of larger bubbles (r>800 μm) to bubble-mediated air-sea gas

exchange. Several modeling studies of bubble plume gas exchange (Woolf and

Thorpe 1991; Keeling 1993), neglected gas transfer from large bubbles especially

near the peak of oscillation. However, where bubble-plume (e.g., source) bubble-

size distributions are reported (Leifer 1995; Leifer and De Leeuw 2006),

distributions were weakly radius dependent, with most bubble volume in the larger

bubbles. Modeling of such a bubble plume by Leifer (1995) showed the

contribution of bubbles in the size ranges covered in this study was dominant,

Thus, this research suggests an even greater relative importance of larger bubbles

than suggested in bubble-plume bubble-models that include large bubble

populations typical of bubble plumes, e.g., Leifer (1995), Woolf 1993, Woolf et al.

(2007).
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6. Conclusions

Based on laboratory experiments, the mass transfer from a rising gas bubble to

water was found to depend on bubble size and age. Bubbles with equivalent

spherical radii from 800 to 1200 μm had the greatest kBub, with values larger than

those reported in the literature. A new parameterization was developed based on

these observations.
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