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Abstract 
 
In the present study, we focus on the quantitative evaluation of oxygen 

transfer performance of bubble diffusion process, which is the underlying 

physical model of aeration devices. For this purpose, related physical laws 

such as Henry’s law of solubility, Fick’s law of diffusion along with water 

quality standards are briefly reviewed and a new approach to evaluate the 

oxygen transfer performance of bubblers and aeration devices is proposed. 

We claim that the oxygen transfer efficiency with specific DO concentration 

range of concern, rather than at instantaneous concentration level as specified 

in the ASCE standard, may provide more concrete and meaningful 

information for comparison. A new test apparatus, established for this study, 

features repeated degassing-and-aeration operation without introducing any 

oxidation chemicals or gases for stripping, but by using depressurization 

along with microbubble generation. The test apparatus is composed of a 

closed water tank (stainless steel; 0.65m×0.65m×1.0m) with depressurization 

and degassing feature, underwater bubbler and measurement system for 

temperature, pressure and oxygen level. This system is capable of 

maintaining minimum pressure level of 0.1 atm and the dissolved oxygen 

concentration level down to 2 mg/L. According to the test results for a 

commercially available bubbler at three different air flow rates (10, 20, and 

30 slpm) and at two bubbling depths of 0.4m and 0.8m, the oxygen transfer  
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efficiency of 1.3~2.5% are confirmed and the best performing conditions 

could be successfully identified. 

 

Key words: dissolved oxygen, bubble diffusion, oxygen concentration, 

oxygen transfer efficiency, Solubility. 

 

1    Introduction 
 

Algae blooms refer to a massive rage of algae which are basically plant 

planktons that photosynthesize in underwater conditions, and is considered as 

one of many water treatments issues such as [4, 16, 1] to mention a few. The 

rage of algae in dams and reservoirs around the country, especially during the 

summer season, is repeatedly threatening the habitat environment of these 

water resources by significantly lowering the dissolved oxygen concentration 

level as pointed out by [5, 12]. In order to remedy this problem, it is 

necessary to seek a countermeasure to recover the already lowered dissolved 

oxygen level in an effective way on site. As pointed out by [7], bubblers or 

aeration devices, frequently applied to improve the dissolved oxygen level, 

supply air bubbles underwater, through which they utilize the diffusion 

phenomena of oxygen from inside the air bubble to the outer water body with 

lowered oxygen content [6,  9]. Considering the possible use of DC solar 

powered bubblers as one of the cost-effective substitutes to larger scale 

conventional aeration devices and/or systems, the efficiency of the oxygen 

transfer performance of these devices depending on the installed conditions 

is of major concern.  

Although ASCE standard[2]described the clean water oxygen transfer 

testing and the evaluation procedures of important parameters such as 

SAE(standard aeration efficiency, kgO2/kWh), SOTE(standard oxygen 

transfer efficiency, %), and SOTR(standard oxygen transfer rate, kgO2/h), the 

OTE(oxygen transfer efficiency) to be evaluated at instantaneous 

concentration level according to the standard, seems limited in properly 

representing the overall efficiency of the unit with a specified concentration 

range of concern. That is why some study results in the literature are difficult 

to properly interpret and compare the performance among each other. We 

propose to use the oxygen transfer efficiency with a specified concentration 

range of concern not between 20% and 98% of saturation for curve fitting 

purposes but to represent the concerned range of concentration as specified to 

determine the water quality grade. Another technical concern of oxygen 

transfer testing is the way to displace the DO concentration from its 

saturation level. Instead of using oxidation of chemicals or gas stripping 

using other gases like nitrogen, we introduce the use of depressurization 

combined with the underwater microbubbler, with which repeated testing 

could be systematically conducted. 
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In the present study, the behavior of dissolved oxygen concentration due 

to air bubbling is experimentally studied using a specially designed 

experimental set-up, and the performance of a tested bubble system is 

quantitatively evaluated in terms of the oxygen transfer efficiency based on 

the prescribed oxygen concentration range of 2.0 mg/L~7.5 mg/L, on which 

water grades are officially classified by the authority.  

 

2 Related Physical Laws  
 

2.1 Fick’s Law – The Principle of Mass Diffusion 
 

Fick’s law of diffusion states that the mass transfer rate is proportional to 

the contact area and the concentration gradient, in which the proportionality 

constant is referred to as the diffusion coefficient [Wikipedia’s free 
encyclopedia (2020)[15]].. This law applies when there exists a concentration 

gradient in a system. Fick’s law states that 

 [ ]                                                   (1) 

where  

J =  mass transfer flux due to diffusion, 

D = diffusion coefficient, 

 = concentration gradient. 

For multi-phase systems as bubble-diffusion, a modified version of the 

relation as shown in Eq. (2) is applicable, in which, instead of using the 

concentration gradient, difference in concentration between the phase, that is, 

between the inside the air bubble and the outside liquid water body, are 

replaced with a due proportionality constant as shown in [10]: 

  [ ]                                   (2) 

Where 

  = liquid-side mass transfer coefficient 

  = equilibrium concentration at vapor/water interface 

  = concentration of aqueous phase. 

In dealing with the bubble diffusion, it is necessary to consider the 

bubble size and its distribution along with the shape. Assuming uniform-

sized spherical bubbles are generated through a bubbler, the relation among 

the bubble size in terms of its radius, surface area and the number of bubbles 

when a constant volume of air is supplied, can be established as shown in 

Table 1, which tells that the surface area is inversely proportional to its 

diameter. Assuming a constant air mass flow rate of  supplied to generate 

bubbles of uniform radius , the number of generated bubbles and the 

resulting bubble surface area  are obtained as follows: 
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                                                  (3) 

and  

 

                                                    (4) 

noting that  and . 

   
Table 1:  Relations between the radius and the surface area of spherical bubbles 

given a constant volume 

Radius(mm) 
No. of 

bubbles Volume( ) 
Surface 

area( ) 

Surface 

area ratio 

10 1/1,000 4.189 1.2566 1/10 

1 1 4.189 12.566 1 

0.1 1,000 4.189 125.66 10 

0.01 1,000,000 4.189 1,256.6 100 

The residence time of the air bubble in water depends on its diameter and 

the depth of origin. Under the assumption that the diameter of the spherical 

bubble remains almost constant during the rising, it could be expected that as 

the bubble origin becomes deeper and deeper, the residence time would 

increase close to linearly, which eventually results in higher mass transfer. 

Figure 1 illustrates the bubble rise model and the free-body-diagram of 

underwater bubble. 

 
                        (a)                                                          (b) 

Fig. 1: Bubble rise model (a) and the free-body-diagram of underwater bubble (b) 

 

2.2 Solubility and Henry’s Law  
 

Solubility is the property of solute to dissolve in a solvent. It is defined 

as the maximum amount (gram or mole) of solute (oxygen) in a given 

volume of solvent (water) at a given temperature under an equilibrium 

condition as shown in the Wikipedia’s free encyclopedia (2020)[14]. In case 

of the air-water system, Henry’s law for the oxygen (solute) with respect to 

water can be stated that the solubility of the oxygen is proportional to the 

partial pressure of oxygen in the air with a proportionality constant [10].  
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According to Henry’s law, the equilibrium concentration (  is 

calculated as:  

                                                    (5) 

where 

  = Henry’s constant, and 

  = partial pressure of species , atm. 

Henry’s law provides information on the possible limit of oxygen 

concentration in water when the partial pressure of oxygen in the air is 

known or given from the measurement. 

 

2.3 Relation between the Partial Pressure and the Mole Fraction 
 

For an ideal gas mixture under a phase-equilibrium state, the mole 

fraction of species i in an ideal gas mixture under phase equilibrium is related 

to its pressure ratio of partial pressure of species i with respect to the mixture 

pressure,   [3]. In the case of air mixture, the mole fraction of oxygen can be 

expressed as: 

                                                 (6) 

where  and  represent the number of moles and the (partial) pressure, 

respectively and the subscript m represents the mixture state. 

 

2.4 Dissolved Oxygen (DO) Contents According to Water Quality 
Standards  
 

Fick’s law states that the mass diffusion rate relies on the concentration 

gradient. Considering that the oxygen concentration of air remains almost 

constant, it could be inferred that the mass diffusion rate should be dependent 

on the DO level in water. In order to come up with fair evaluation of oxygen 

transfer performance it is necessary to define a range of DO concentration of 

concern. According to Uby’s review on the clean water oxygen transfer 

testing (2019), the fitting models to DO data series is set up based on the DO 

level between 20% and 98% of saturation for absorption testing as advised 

by ASCE[13]. In the present study, however, we attempted to select a proper 

DO range based on the water quality standard of the Korean government 

(Table 2). As shown in Table 2, the DO concentrations of 2, 5, and 7.5 mg/L 

are referred in the water quality standard of Korea. Among these referred 

values, we chose the concentration range between 2.0 and 7.5 mg/L for the 

evaluation of the oxygen transfer performance for fair comparison. 
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Table 2: Dissolved oxygen (DO) contents according to Water Quality Standards 

(partially quoted from the environmental standard of water quality), Ministry of 

Environment, Korea [11] 

Grade DO(mg/L) 

Very good(Ia) ≥7.5 

Good(Ib) ≥5.0 

Somewhat good(II) ≥5.0 

Normal(III) ≥2.0 

Somewhat bad(IV) ≥2.0 

Bad(V) ≥2.0 

Very bad(VI) <2.0 

 

3 Methods and Experiments 
 

An experimental apparatus to monitor the dissolved oxygen level during 

the bubbling process is newly devised, for which the degassing of dissolved 

gas including oxygen down to the desired level needs to be attained priori. In 

the present study, the degassing could be obtained through the air vent 

combined with underwater microbubble generation [7]. Figure 2 illustrates 

the schematic diagram of the experimental setup for the present study, which 

is composed of a closed water tank (stainless steel; 0.65m 0.65m 1.0m) 

with depressurization and degassing features, underwater bubbler and 

measurement system for temperature, pressure and oxygen level. This system 

is capable of maintaining minimum pressure level of 0.1 atm and the 

dissolved oxygen concentration level down to 2 mg/L. 

 
                             (a)                                                                                 (b) 

Fig. 2: Diagram and the view of the test apparatus for DO measurements 

Degassing is conducted ahead of aeration in order to lower down the DO 

concentration to a desired level, which is monitored by the submerged 

oxygen sensor(Mettler Toledo InPro 6950i). During the degassing process, 

ullage gas is discharged through an air-vent with the aids of an underwater 

microbubble generator.  
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Bubbling tests are conducted for predetermined test conditions, which 

comprises of the air supply rates of 10, 20, and 30 slpm(standard liter per 

minute) at two bubbling depths of 0.4m and 0.8m, respectively. A set of 

cylinder-type commercial bubblers is selected for the present experiments. 

Figure 3 shows a typical DO concentration change during the bubbling 

process with the annotations of water grade levels. The data shows that the 

DO concentration asymptotically approaches the saturated level of the 

standard air composition of 20.9% ( . As mentioned ahead, the 

behavior of the DO concentration with respect to time or equivalently to the 

supplied volume of air is not linear, which suggests the need to specify a 

concentration range to give a meaningful performance comparison. 

 

 
Fig. 3: Typical DO measurement result during the bubbling process with 

corresponding water grades (V_water=338 L, Q_air=10 slpm, H=0.5m, T=25℃) 

 

In order to evaluate the oxygen transfer performance in a quantitative 

manner, we propose to use a new definition of oxygen transfer efficiency 

with specific DO concentration range, that is, oxygen transfer efficiency, 

 is defined as the fraction or percentile of the oxygen 

transferred from the air bubbles to water body with respect to the total 

supplied oxygen with the supplied air through aeration. In the present study, 

the oxygen concentration range is selected to be 2.0~7.5 mg/L, which 

represents the grade change from Level IV to Level Ia. 

 

                       (7) 
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4 Results and Discussions  
 

Figure 4 shows the DO concentration measurement results from the 

present study. In the figure, it could be observed that the starting lower DO 

concentrations increase with time as the aeration process starts, and 

asymptotically approach the saturation value of 8.4 mg/L. It is also to be 

noticed that 2.0 mg/L or less of DO concentration are obtained for all test 

conditions. As one may easily have expected, the time to reach the saturation 

condition varied according to the test conditions, i.e., the air supply rate, Q, 

and the depth of bubbler, H, in the present study. The data shown in Fig. 4 

clearly shows that as the supplied air mass flow rates increase, the faster the 

DO level saturates and, at the same token, as the bubbling depth becomes 

deeper the faster the DO level saturates. Fig. 5 supports the same conclusion, 

but the time represents the required time to reach 7.5 mg/L of DO 

concentration. However, with this kind information only, it is not easy to say 

what the best working condition is and what the efficiencies of the individual 

process are.  

Fig. 6 shows the analysis results for the oxygen transfer efficiency as 

defined in the Eq. (7). In the figure, it could be seen that the oxygen transfer 

efficiency of bubbling for the present test conditions range from 1.3% to 

2.5%. It is also could be noted that both the deeper bubbling depth and the 

more air mass flow rates may reach the saturation conditions early, but in 

terms of efficiency it is not always improving. By introducing the oxygen 

transfer efficiency it was also possible to identify the working condition that 

may provide the highest efficiency. Table 3 summarizes the present test 

conditions and the findings. 

 

 
Fig. 4: Measured DO with respect to time (H=0.4m, 0.8m; Q=10, 20, 30 slpm) 
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Fig. 5: Time (min.) required to improve DO level from 2.0 to 7.5 mg/L (V=169 

Liters) 

 
Fig. 6: Oxygen transfer efficiency in the DO range from 2.0 to 7.5 mg/L 

 
Table 3: Summary of the present test conditions and results 
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5 Conclusions 
 

The present study is motivated by the need of fair comparison of 

bubbling devices’ oxygen transfer performance, considering the possible 

application of solar-powered bubblers and aerators for polluted water bodies 

instead of using larger scale AC-motor-driven aerators. For this purpose, a 

quantitative evaluation method of oxygen transfer performance of aeration 

devices is proposed. A series of testing is successfully conducted using a new 

test apparatus featured by degassing-aeration cycling.By adopting the 

concentration range of concern in oxygen transfer efficiency (OTE) 

evaluation, the ambiguity related to the unit performance based on different 

reference concentration level can be avoided. The concentration range of 

concern used in the present study is referred from the water quality standard 

of Korean government but may be better if it can be internationally 

standardized upon agreements among interest groups and/or countries. 

The degassing process in the present study, featured by the discharge of 

the ullage air along with microbubble generation, worked successfully in the 

present study to cover a pressure range that is required to control the DO 

level down to 2.0 mg/L, the lower limit of interest. The present methodology 

is a part of systematic evaluation effort of bubbler/aeration system 

performance and can be utilized to seek the best operating conditions (for 

example, the bubbling depth) in a system design optimization point of view.  
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