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ABSTRACT 

Mass transfer between bubbles and seawater is an important mechanism when determining how 

much gas reaches the atmosphere from gas sources at the seabed. The mass transfer coefficient is a 

governing parameter for the phenomenon. Experiments on small bubbles in seawater have been 

performed where the bubble size has been monitored. The observed evolution of the bubble size has 

been compared with theoretical predictions of the bubble size. Based on this comparison, it is shown 

that mass transfer correlations for contaminated conditions is more consistent with experiments than 

correlations for clean conditions. It is also learned that simultaneous desorption of gases dissolved in 

the liquid must be accounted for. 

 

NOMENCLATURE 

A  surface area, m2   

C coefficient 

c concentration, kg/m3 

D diffusivity, m2/s 

Eo Eotvos number 

d diameter, m 

g constant of gravity, m2/s 

H Henri's constant, kg/m3Pa 

J flux, kg/m2s 

k mass transfer coefficient, m/s 

�̇�𝑖 mass transfer rate, kg/s 

P pressure, Pa 

Re Reynolds number 

Sc Schmidt number 

μ viscosity, Pa s 

ρ density, kg/m3 

σ surface tension, Nm 

 

Indexes 

b bubble 

D drag 

i species 

l liquid 

t terminal 

 

 

1 INTRODUCTION 

Mass transfer between bubbles and seawater is an important mechanism in subsea blowouts and 

seepage from natural sources at the seabed. Being able to quantify mass transfer enables assessment 

of how much gas is dissolved in the ocean and how much gas reaches the atmosphere. Accumulation 

of methane in the atmosphere contributes to global warming. Although there are uncertainties in the 

significance of the marine contribution to atmospheric methane, studies exist which support the 

importance of natural gas seeps at the seabed [1]. During accidental subsea blowouts from gas wells 

or pipelines, the amount and composition of gas reaching the atmosphere determines the potential 

for fire and explosions [2]. 

Mass transfer between gas bubbles and surrounding liquid depends on solubility and the ability of the 

liquid to transport the gas species away from the bubble surface by convection and diffusion [3]. The 

contribution from convection and diffusion can be assigned to a mass transfer coefficient. The mass 



transfer rate is proportional this coefficient, which thus is essential in determining the fate of rising 

bubbles [3, 4]. It is affected by several parameters including bubble size, diffusivity and level of 

contamination in the liquid. This requires thorough investigations of conditions where these 

correlations are valid before they can be applied. Numerous correlations exist for the mass transfer 

coefficient (e.g. [5-10]).  

In the study presented here, an objective has been to assess if some of the previously published 

correlations are consistent with experimental data on bubbles in seawater. Although many 

experiments on mass transfer from bubbles have been conducted, very few of these have been 

performed with seawater.  Some of the experiments with fresh water are still relevant for the topic.  

Takemura and Yabe [11] conducted experiments on rising CO2 bubbles in degassed water, both clean 

and contaminated. They designed a camera system where the camera moved alongside the rising 

bubbles.  Alves et.al. [12] performed experiments in a downward flowing water column where they 

could maintain a fixed position of air bubbles for observations with various levels of contamination. 

More recently [13] measured bubble size evolution on CO2 bubbles in a vertical pipe with controlled 

levels of surfactants. All of these investigations conclude that mass transfer varies with contamination 

and that mass transfer decreases with increasing contamination. Mass transfer of bubbles in seawater 

was studied by Rehder et.al. [14] by measuring the evolution of bubble size on large bubbles (2-8 mm) 

released at deep waters (>400 m) outside Monterey. In order to match these experimental results 

Leifer and Patro [3] and McGinnis et.al. [4] needed to apply correlations for mass transfer coefficients 

for clean or partly contaminated conditions. Correlations for fully contaminated conditions were 

inconsistent with the experiment. Concentration of surfactants were not measured. 

The study presented here focusses on smaller bubbles (<1 mm) in shallow seawaters (< 80 m). 

Experiments were conducted in a counter-current system,  similar to the experiments  of  Alves et.al. 

[12], fed by a continuous supply of seawater. Temporal evolution of bubble size was monitored over 

durations of up to 20 minutes. The theory for mass transfer on bubbles is then compared with the 

experimental results and various correlations for the mass transfer coefficients results are assessed. 

Theory, experimental setup and results from the study are described with the goal of acquiring more 

information regarding the mass transfer between bubbles and seawater. 

2 THEORY 

A challenge in modelling gas-liquid mass transfer for bubbles is to choose a proper mass transfer 

coefficient. The mass transfer coefficient quantifies how fast species are moving across an interphase. 

The mass transfer coefficient typically depends on how fast the species diffuse or are convected to and 

from the interphase. Typically for a gas bubble in a liquid, the limiting transport rate is located on the 

liquid side of the interphase. Therefore, species diffusion in the liquid and convective transport to and 

from the boundary layer on the liquid side will determine the mass transfer coefficient. The relevant 

convective velocity scale for transport to and from the liquid interface is the so called slip velocity 

between the bubble and the bulk liquid. Mass transfer also depends on whether surfactants and other 

contaminants are present at the interphase. Thus, correlations for the mass transfer coefficient exist 

for both clean and contaminated systems. A clean system is typically distilled water. Since seawater is 

naturally occuring and not treated in any way, it intuitively feels like it is a contaminated system. Note 

that an intermediate condition known as partly contaminated is normally also introduced (see below). 

The theory below describes mass transfer of a species to or from a gas bubble with a surrounding liquid 

in clean and contaminated systems. 

The concentration of dissolved gaseous species in the ocean are normally very small and thus the 

principles of Fickian diffusion is assumed. Since diffusion and mass transfer is much faster in gas than 



in liquids, we can assume that all mass transfer resistance exist on the liquid side of the gas-liquid 

interphase. Mass transfer of species i from a bubble to the surrounding liquid is then given by [15] 
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Here 𝑑𝑏 is the bubble diameter (representing surface area), 𝑘𝑖
𝑙 is the mass transfer coefficient for 

species i in the surrounding liquid,   𝑐𝑖
𝑠𝑜𝑙  is the solubility of species i in the surrounding liquid and 𝑐𝑖

𝑙 is 

the concentration of species i in the surrounding liquid. The solubility 𝑐𝑖
𝑠𝑜𝑙  depends on partial pressure, 

temperature and salinity. For an ideal gas mixture we can apply Henry's law and use [3] 
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where 𝑃𝑖 is the partial pressure of species i, 𝐻𝑖  is Henry's constant1 for solubility of species i. Use of 

this should be limited to moderate pressures. In the comparison between experiments and theory 

below Eq.2 is applied, but for deep sea conditions Eq.1 should be applied. 

 

 

The mass transfer coefficient is a governing parameter when estimating the mass transfer rate. The 

coefficient strongly depends on whether contaminants are present or not. This is seen in Figure 1. 

Based on penetration theory, Higbie [8] derived a correlation for  mobile interphases (clean 

conditions). This is considered as a theoretical upper limit on the mass transfer coefficient. 

Contaminated water usually has surface active components known as surfactants. In seawater this is 

mainly polysaccharides [16]. Surfactants will immobilize the interphase. Frössling derived an 

expression for rigid interphases (contaminated conditions) from laminar boundary layer theory that 

acts as a lower limit. Several other correlations also exist, either based on more advanced theory or 

experimental observations, e.g. [5, 9]. If contaminants are present in relatively small concentrations 

such that fast rising bubbles (typically large bubbles) are able to shed the surrounding layer of 

contaminants, the term partly contaminated is used. In partly contaminated conditions, small bubbles 

will behave as contaminated and large bubbles as clean. The transition can be explained by a stagnant 

cap model [17] which was supported by the experiments of Takemura and Yabe [11] and Alves et.al. 

[12]. Based on these findings, correlations for partly contaminated systems have been derived, e.g. [6]. 

Normally only distilled water qualifies as clean conditions. Thus partly contaminated or contaminated 

is expected to be the condition experienced by the bubbles in seawater. Even if we narrow the 

condition down to one of these two, there are still several proposed correlations for the mass transfer 

coefficient. The above mentioned correlations are listed in Table 1. These correlations depend on slip 

velocity of bubbles 𝑢𝑏, bubble diameter 𝑑𝑏, diffusivity of species D, Reynolds number 

 

 

 

𝑅𝑒 =  
𝜌𝑙𝑑𝑏𝑢𝑙

𝜇𝑙

 
3 

 

                                                           
1 Note that numerous definitions of Henry's constants exist since both pressure and concentration can be 

specified in various units. 



and Schmidt number 
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Table 1: Correlations for mass transfer coefficients (m/s).  
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Figure 1: Correlations for mass transfer coefficient for clean, partly contaminated and contaminated bubbles. 

The mass transfer coefficient is quite sensitive to the slip velocity of the bubbles. The slip velocity is the 

relative velocity between the bubble and the background liquid. It is governed by a force balance 

including gravity (buoyancy) and viscous drag. When gravity and drag are in equilibrium, the bubble 

achieves a constant velocity known as the terminal velocity: 
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The terminal velocity has been used as slip velocity in the correlation above when extracting numbers 

for the plots in Figure 1. The drag coefficient CD in Eq.5 is that of Tomiyama et.al. [18] as shown in 

Table 2. Here Eo is the Eotvos number 
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which quantifies the importance of buoyancy relative to surface tension. These correlations and Eq.5 

give drag coefficient and terminal velocity as function of bubble size as illustrated in Figure 2 and Figure 

3. The curves in Figures 1-3 are obtained by iterating the correlations in Table 1 and 2 and Eq.(5). The 

non-monotonous behaviour is caused by the non-monotonous expression for the drag coefficient in 

Table 2. The sharp transition marks a transition from spherical to non-spherical bubbles. 

 

 

Table 2: Drag coefficient for clean, partly contaminated and contaminated conditions.  
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Figure 2: Drag coefficient as function of bubble 

diameter for clean, partly contaminated and 

contaminated conditions 

 
Figure 3: Terminal velocity as function of bubble 

diameter for clean, partly contaminated and 

contaminated conditions 

 

 



3 EXPERIMENTAL WORK 

A series of experiments were performed using a laboratory counter-current system for releasing rising 

gas bubbles into a carefully controlled downward flow of seawater. The objective of the design of the 

laboratory system is to create flow conditions such that a bubble will position itself at fixed location 

for observations by a stationary imaging system. The concept of employing a controlled vertical 

counter-current to stabilize buoyant bubbles, droplets, or particles was first proposed by Maini and 

Bishnoi [19] to investigate hydrate formation on natural gas bubbles, and subsequently employed by 

other researchers (e.g Alves et.al. [12], Nagamine [20];Masutani and Adams [21]). 

The experimental system (Figure 4) is fed by a continuous source of filtered seawater, removing the 

need for a recirculating flow-through system (the out-flowing seawater is disposed of). This means that 

the system is 'pump-free', with the downward current being gravity fed, and controlled by a needle 

valve (flow controller) that changes the constriction of the outlet at the bottom of the system. The 

seawater is fed into the system through a seawater inlet at a depth of 80 meters in Trondheimsfjord, 

and filtered to remove particulate material above 4 microns. 

The experimental approach is initialised by injection of buoyant gas bubbles (CH4, CO2 or N2), which 

are released within a small turbulent jet and rise through an inverted Imhoff cone that creates a 

gradually increasing downward velocity (Figure 4). The Imhoff cone is positioned 2 meters above the 

release source and remnants of the turbulence in the release flow are dissipated before reaching the 

observation zone in the Imhoff cone. There is a group of bubbles released simultaneously, but to due 

to difference in size only one will be captured in the imaging zone. The larger ones will move through 

and smaller ones will position themselves further down in the Imhoff cone due the velocity gradient. 

At a given point, the drag forces on the bubble, due to the downward flow of water around it, balance 

the buoyancy force and the bubble become captured. Adjustments in the water speed are then made 

to relocate the bubble so it is suspended in the constant-area / imaging section where it is observed 

and quantified over time. These adjustments to flow are made to capture gas bubbles. This is achieved 

via adjustment of a needle valve controlling the drainage rate of seawater from the system. A constant 

resupply of seawater to the top of holding tank ensures a constant hydrostatic pressure, and thus, a 

highly controllable and stable downward velocity. An automated particle tracking and imaging system 

that is integral to the facility is used for quantification of changes to bubble size and shape over time. 

By this means, buoyant bubbles rising through the oceanic water column can be simulated 

(disregarding pressure effects). The diameter of the imaging zone is 25 mm. Compared to bubble 

diameters of roughly 0.2-2 mm, this diameter assures that there are no wall effects and no tendency 

to form Taylor bubbles. The top part of the imaging zone is also designed to minimize boundary layer 

effects on the flow and thus reducing turbulence. With the given configuration and the experienced 

terminal velocity of the bubbles the bubble Reynolds number is typically 20-200 and the hydraulic 

Reynolds number typically 1000-4000 ensuring that laminar flow dominates the mass transfer 

according to the criteria of Rzehak [22]. 

The general approach for using the counter-current system for studying the fate of gas bubbles is to 

establish a downward current that is in approximate equilibrium with the terminal rise velocity of the 

bubbles and quantify their behaviour over time (e.g. reduction in volume over time). Each bubble-

capture experiment consists of the following steps: 

1) Bubbles are released into downward-flowing seawater 

2) The current velocity created by the flow control system keeps the bubble stable/focused in one 

position in the imaging section. 



3) Current velocities are tuned to raise the bubbles into the imaging section for long-term 

monitoring. 

4) The fate of a captured bubble is monitored and documented with the fixed imaging system. 

 

Gases both in the bubbles and dissolved in the surrounding seawater move through the surface of the 

bubble [3]. As such, measurement of the decreasing bubble size over time will not yield a dissolution 

rate for a particular gas, as there is also an influx of other gases into the bubble from the surrounding 

seawater. 

Artificial natural gas (later referred to as methane) was utilized to create one class of gas bubbles. The 

artificial natural gas was composed of the following gasses (presented as a percentage of the whole by 

mass): methane (92.8%), ethane (3.8%), propane (0.4%), carbon dioxide (0.6%), and nitrogen (2.4%).  

For this bubble class it was possible to measure its methane concentration. This was carried out in 

addition to the above four experimental steps. After a particular gas bubble was released from the 

imaging section, it was captured just prior to surfacing and was injected into a gas chromatograph (GC) 

to measure concentrations of methane. The GC used to measure the concentrations of methane had 

a flame ionization detector (FID) and a capillary designed to separate the C1-C5 gases.  

 

 

Figure 4: Schematic drawing of the laboratory counter-current system. 

Due to the cylindrical geometry of the counter-current system, the use of classical particle sizing 

methods such as laser diffraction (e.g. LISST-100 / Malvern Mastersizer) is challenging. As such, bubble 



size is measured using a silhouette-based, telecentric imaging system outlined in Figure 5. The 

distortion created by the curvature of the walls of the counter-current chamber is mostly removed by 

a square, water-filled  outer box that created flat faces through which images are obtained. The 

distortion from refraction through the inner wall is therefore minimized. The imaging system has been 

calibrated against a dual-axis stage micrometer, which provided pixel sizes that were very close to the 

theoretical pixel size for the camera and lens configuration. A conservative minimum resolvable bubble 

diameter  (𝑑𝑏
𝑚𝑖𝑛

) of  80µm is used, based on the following relationship to pixel size: 
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where Ps is pixel size, which is 14.3µm for the camera and lens configuration used in these tests. This 

ensures that the smallest recorded bubble size contains 24 pixels in area. 

 

 

Figure 5: Schematic overview of the configuration of the imaging system and square case used to reduce 

distortion. 

4 RESULTS AND DISCUSSION 

Experiments were performed with 3 gases: N2, CO2 and CH4
2 with seawater piped from 80 meters of 

approximately 10°C and 33 PSU (salinity) with observations taken at a depth of 2 meters. The bubble 

size was recorded by the aforementioned imaging system and terminal velocity was calculated from 

the calibrated flow control unit. Several repeated experiments were done for each gas. Based on 

quality of data acquisition, 5 sets of data for each gas was collected for comparison with the theory 

mentioned above. 

The equations listed in Section 2 enable a model which predicts the terminal velocity of the bubble, 

the mass transfer rate and bubble diameter as function of time. The model requires an initial bubble 

diameter and material properties such as diffusivity, solubility, viscosity and density. Solubility varies 

with pressure, temperature and salinity [23-26]. Diffusivity depends on temperature and salinity, and   

                                                           
2 The CH4 bubbles were actually natural gas with 92.8% CH4. For practical purposes we assume this as pure CH4 

bubbles. Table 3 shows that the properties of the other species are at the same order of magnitude as methane. 



correlates with viscosity [27, 28]. These are listed in Table 3 for the water conditions mentioned above 

and a pressure corresponding to a 2 meter water depth. CO2 is by far the most soluble gas. Ideal gas is 

assumed for density of gas. The properties of seawater varies with temperature and salinity. Alves 

et.al. [12]The properties [29] are listed in Table 4 for the given conditions. 

Table 3: Solubility and diffusivity of chemical species involved in experiment  

 Solubility 
mmol/mol 

Diffusivity 

mm2/s 

CO2 0.9556 0.00128 

CH4 0.0318 0.00074 

N2 0.0108 0.00134 

O2 0.0059 0.00161 

C2H6 0.0466 0.000598 

C3H8 0.0389 0.000476 

 

Table 4: Properties of seawater at 10oC, 2 bar and 33 PSU 

Density 1027 kg/m3 

Viscosity 1.4  mPa s 

Surface tension 0.076 Nm 

 

The diameter of the methane bubbles obtained experimentally and predicted with the model for 

different choices of mass transfer coefficient is seen in Figure 6. The left hand side of Figure 6 

represents a chosen experiment while right part represents five experiments where bubble diameter 

is normalized with respect to bubble diameter as observed initially in each of these experiments. The 

normalization allows for visualization of multiple experiment in one figure. The bubble diameter 

decreases due to net outflux of gas species to the surrounding seawater. The bubbles which started 

out as methane bubbles loses the methane content faster than the observed and predicted evolution 

of the bubble diameter. The mismatch is caused by an influx of nitrogen and oxygen that is present in 

seawater. This is illustrated in Figure 7. We see that the bubble is almost depleted of methane in 3 

minutes (a 0.5 mm bubble) whereas the bubble itself survives for more than 20 minutes. The GC 

measurements of methane concentration was carried out for a limited set of experiments and only 

one bubble was captured before it was depleted of methane. Although limited, the experimental 

results confirm that the bubbles lose methane on the same time scale as seen in Figure 7. Other gas 

components were not recorded, but the most plausible explanation is that the bubble absorbs nitrogen 

and oxygen as predicted by the theory. A single component gas model would not be able to predict 

this. 

  
Figure 6: Bubble diameter as function of time for methane bubbles. Left part represents a chosen experiment 

while right part represents five experiments where bubble diameter is normalized with initial bubble diameter. 



 

 

Figure 7: Mass fraction of bubble species GC readings of methane concentration as function of time for an initial 

methane bubble. 

The results seen in Figure 6 show that correlations for mass transfer coefficient based on the 

assumption of clean conditions are inconsistent with experimental results. Correlations for 

contaminated conditions are quite consistent with the experiments. In particular, the correlation of 

Hughmark gives a good match between theory and observations. The same comparison between 

model and experiments were done for CO2 and N2. The comparison is shown in Figure 8 and Figure 9 

for CO2 and N2 respectively. Due to the high solubility of CO2, the bubbles are depleted of CO2 within 

seconds. This is not resolved by the experiments since some time was required to capture the bubbles 

for observation. However this is confirmed by the experiments of Takemura and Yabe [11]. They 

measured bubble shrinkage of CO2 bubbles in degassed water and observed that CO2 bubbles 

completely dissolved within 5 seconds in contaminated water. For both CO2 and N2 the same trend is 

seen as for CH4 when comparing theory and observations – correlations for clean conditions are 

inconsistent with observations and correlations for contaminated systems are consistent with 

observations. The correlation for mass transfer coefficient of Hughmark reproduces the experimental 

results very well. 

 

  
Figure 8: Bubble diameter as function of time for CO2 bubbles. Left part represents a chosen experiment while 

right part represents five experiments where bubble diameter is normalized with initial bubble diameter. 



 

  
Figure 9: Bubble diameter as function of time for N2 bubbles. Left part represents a chosen experiment while 

right part represents five experiments where bubble diameter is normalized with initial bubble diameter. 

Since seawater is not distilled or treated in any way to remove surfactants, it is expected that that mass 

transfer in seawater behaves as in contaminated systems. This is confirmed by the experiments above, 

but the opposite conclusion is drawn when comparing with the experiments of Rehder et.al. [14]. 

There are two important differences between the experiments presented here and those of Rehder 

et.al. [14]. Rehder et.al. [14] performed experiments on large bubbles in deep water and the 

experiments presented here are on small bubbles in shallow water. A difference between deep and 

shallow water is pressure. Pressure affects gas properties and dissolution, but to our knowledge 

pressure does not affect the part of the mass transfer mechanism governed by the mass transfer 

coefficient. However, the amount of surfactants do influence the mass transfer coefficient [11-13], and 

the  level of surfactants decreases at larger depths and the water thus becomes cleaner [30].  On the 

other hand, larger bubbles have a higher capacity to shed small amounts of surfactants. Whether the 

level of contamination or bubble size is the reason for the difference between these 

experimentsremains uncertain. Experiments on large bubbles in shallow waters and/or small bubbles 

in deep water could clarify this. From the experiments presented here, we can only conclude that for 

small bubbles (less than 1 mm) in shallow seawater (2 meters) mass transfer is according to 

contaminated conditions.  

5 CONCLUSIONS 

Experiments with small bubbles of N2, CO2 and CH4 in seawater have been conducted where bubbles 

were kept stationary in an observation cell. Bubble size was monitored over time and shrinkage was 

quantified. This shrinkage was attributed to mass transfer. Experiments were compared with a 

theoretical model for mass transfer. Consistency between observations and theory could only be 

obtained by accounting for two-way mass transfer and applying a mass transfer coefficient for 

contaminated conditions. Of the correlations tested, the  correlation of Hughmark [9] was the most 

consistent with the experiments.  
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