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A B S T R A C T   

A novel aerator for enhancing the oxygen transfer rate and efficiency, named multistage vortex aerator (MVA), 
was developed. It uses vortex flow in repeated stages to increase the gas-liquid interfacial area and to decrease 
the thickness of the stagnant layer at the interface between the two phases. The basic characteristics of oxygen 
transfer using this aerator were investigated using the American Society of Civil Engineers standard procedure. 
The MVA could rapidly transfer oxygen to water to a concentration higher than 40 mg/L in 60 min owing to the 
effect of high purity oxygen, additional pressure induced by water and gas, and vortex flow dynamics. A gas 
transfer model was developed for describing the non-steady state operation of the aerator. This model is based on 
the mass and molar balances of oxygen in gas and water. It could successfully simulate the DO change inside the 
aerator. This study can help better understand the oxygen transfer mechanism and evaluate the performance of 
the new aerator at the various temperatures, pressures, and gas compositions found in diverse environmental 
systems.   

1. Introduction 

An appropriate supply of oxygen is essential not only for humans, but 
also for aquatic environments. The decrease in oxygen concentration is a 
problem in both natural water and sewer systems. A low oxygen con
centration in sewers results in anaerobic conditions, in which volatile 
fatty acids and hydrogen sulfide are produced, resulting in unpleasant 
odors (Huisman et al., 2004). High concentrations of hydrogen sulfide 
can even result in the death of sewer workers. Hence, cascades and 
chutes may be installed in sewer lines to increase the oxygen supply 
(Wójtowicz and Szlachta, 2016). Yuan et al. reported that 65% of the 
hydrogen sulfide generated in sewer pipes can be reduced by injecting 
15–20 mg/L of oxygen into the pipes, and they suggested controlling the 
concentration of hydrogen sulfide in sewer lines through an optimized 
injection of oxygen (Ganigué and Yuan, 2014; Gutierrez et al., 2008; 
Jiang et al., 2015; Pikaar et al., 2014). The corrosion of concrete sewer 
pipes by sulfide has been reported to cost billions of dollars annually, 
and treating drinking water with 5.0–15.0 mg/L of sulfate-based co
agulants resulted in a 30%–50% increase in the costs required to miti
gate sewer corrosion. Furthermore, they concluded that more than 50% 
of the sulfate present in sewage originated from the aluminum sulfate 

coagulant used in the water treatment plant (Pikaar et al., 2014). 
Oxygen injection is a popular technique for managing the water 

quality in rivers. The dissolved oxygen (DO) concentration of the Chi
cago waterway, one of the major tourist destinations in the United 
States, is maintained by using an aeration system (Alp and Melching, 
2011). Campolo et al. investigated local oxygenation as an effective 
method to manage the water quality of the Arno river in Italy (Campolo 
et al., 2002). Several studies on managing reservoir water quality 
through aeration by destroying stratification and mixing the entire 
water body have been performed (Kim et al., 2006; Yum et al., 2008). 

The removal of ammoniacal nitrogen (NH4–N) from sewage is crit
ical if water quality is to be preserved. Nitrification is typically used to 
remove ammonia from sewage. To ensure complete nitrification, a high 
level of dissolved oxygen (DO) (>2 mg/L) is recommended (How et al., 
2018). Besides dissolved oxygen is key to avoiding odor and is critical 
for water quality improvement (Yoon et al., 2021; Boyd, 2015). There
fore, oxygen transfer is crucial in sewage treatment, and the air diffusing 
process in full-scale plants has been reported to account for 45%–70% of 
the total energy consumption (Rosso et al., 2008). Oxygen transfer 
methods include diffusing gas through a gas-liquid interface, releasing 
gas into a liquid through a semi-permeable membrane, and dissolving 
gas into a liquid using a novel device. The diffuser type, orifice size, 
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bubble size, submerged depth of the device, flow rates of air or oxygen, 
and device fouling are important factors (Demoyer et al., 2003; Garri
do-Baserba et al., 2017; Gillot et al., 2005; Rosso et al., 2008; Rosso and 
Stenstrom, 2005; Zhou et al., 2013; Zhuang et al., 2016). Microporous 
diffusers release compressed air through small orifices, membrane 
pores, or other porous objects to create tiny bubbles. Fine bubble aera
tion has become the most widely used technique in sewage treatment 
because of its high energy efficiency (Fayolle et al., 2007; Rosso and 
Stenstrom, 2005). The oxygen transfer efficiency of these diffusers is 
proportional to the immersion depth, number of devices used, and sur
face area. In addition, the air flow rate affects the fluid dynamics of the 
bubbles. The higher the flow rate, the larger is the bubble, the smaller is 
the specific surface area, and the higher is the rising velocity of the 
bubble; these factors reduce the contact time between the gas and the 
liquid (Rosso and Stenstrom, 2005). Moreover, the oxygen transfer ef
ficiency of a microbubble diffuser decreases with time, and the pressure 
required for backwashing gradually increases. This is due to the clogging 
of the pores of the diffuser or changes in the properties of the orifices of 
the polymeric membrane, which result in lower process efficiencies and 
higher power costs (Rosso and Stenstrom, 2006). Therefore, periodic 
cleaning of the devices used is required. In a recently published work 
Kim et al., (2021) reported that in waste-water treatment plants 
(WWTPs), conventional diffused aeration systems namely fine-bubble 
diffusers exhibit poor oxygen transfer, particularly when operating at 
high sludge concentrations. 

Due to their susceptibility to diffuser fouling and ageing, the aeration 
efficiency of the fine pore diffusers decreases over time and also incurs 
high maintenance costs (Gillot et al., 2005; Rosso and Stenstrom, 2006; 
USEPA, U.S.E.P.A., 1989; Wagner and Popel, 1998). As a result, the 
amount of energy required to supply the same amount of oxygen to the 
biological process increases over time, eventually reducing its efficiency 
by 50% (Garrido-Baserba et al., 2017; Rosso and Stenstrom, 2006). 
Moreover, the microporous aeration exhibits a lower oxygen utilization 
rate at a relatively shallow water depth. 

Other aeration devices include submerged turbines or jet diffusers, 
which use mechanical energy to shear large bubbles into fine bubbles to 
increase the gas-liquid interface area. Furthermore, the oxygen transfer 
in sewer pipes has been evaluated using a vortex flow regulator, which 
was used to quickly remove water for urban flood control (Wójtowicz 
and Szlachta, 2016). 

In this study, we developed a novel system that uses an in-line mixer 
to maximize the oxygen transfer in various environmental processes. 

The developed aeration system rapidly transfers oxygen at higher effi
ciency and could be a promising alternative to conventional micro
bubble aeration. According to the two-film theory proposed by Lewis 
and Whitman in 1924, gas absorption depends on the thickness of a 
stagnant layer at the interface between a gas and a liquid, and any factor 
that can reduce the thickness of this layer increases the absorption rate 
(Lewis and Whitman, 1924). It is well documented the action of strong 
turbulence reduces the film thickness (Dai et al., 2020). As a result, the 
resistance to free surface mass transfer was reduced, which aided oxygen 
transfer. That is, such a process expedites the mass transfer rate at the 
free surface. Therefore vortex aeration which induces strong turbulence 
can be a promising alternative to microporous aeration for efficient 
oxygen transfer in water systems. 

The primary mechanism of our system is a multistage vortex flow in a 
cylindrical structure. Once water is pumped with oxygen through 
separated inlets into the dissolver, the two phases collide in the cylin
drical structure in the first stage and are mixed by a vortex flow that 
promotes oxygen transfer. Next, they proceed to the second stage, and 
this mechanism is repeated until the eleventh and final stage, with an 
increasing number of collisions occurring between the two phases as 
they progress through the stages. The vortex flow increases the inter
facial area and decreases the thickness of the stagnant layer at the 
interface between water and oxygen, which results in an increased ox
ygen absorption rate. In this study, the basic oxygen transfer charac
teristics obtained using this new device were investigated, and a non- 
steady model was developed to simulate its performance. 

2. Materials and methods 

2.1. Multistage vortex aerator (MVA) 

The oxygen dissolving device developed here is shown in Fig. 1. It 
has a liquid inlet and a gas inlet on the side of the cylindrical structure. 
Oxygen injected through the gas inlet collides with water and enters the 
cylinder. The inside of the cylinder comprises eleven stages connected 
by elbow pipes. Each elbow pipe was installed by rotating its inlet to an 
angle of 360/11◦ from the central axis. The gas and the liquid mixture, i. 
e., oxygen and water, occur using the vortex flow induced by the inner 
structure. By traversing all the stages of the device, water collides with 
oxygen, and when it exits the aerator, it has a high concentration of 
oxygen. The novel device developed in this study is called a multistage 
vortex aerator (MVA). In this device, diffusion, dispersion, and 

Abbreviation 

MVA multistage vortex aerator 
ASCE American Society of Civil Engineers 
KLa overall oxygen transfer coefficient at the test temperature 

(1/min) 
KLa(20) overall oxygen transfer coefficient at 20 ◦C (1/min) 
KLaMVA oxygen transfer coefficient for MVA (1/min) 
Csat oxygen saturation concentration in water (mg/L) 
SOTR standard oxygen transfer rate (g/min) 
SOTE standard oxygen transfer efficiency (%) 
DO dissolved oxygen (mg/L) 
V volume of reactor (m3) 
QO2 volumetric oxygen supply rate (L/min) 
FO2 fraction of oxygen in gas (0.21 in air; 0.90 in oxygen gas) 
Vi volume of stage “i" 
Cw,i mass concentration of oxygen in water in stage “i” 
T time 
Qw volumetric flow of water 
R Universal gas constant 

Cs,i mass saturation concentration of oxygen in water in stage 
“i” 

θi hydraulic retention time in stage “i”, θi = Vi/Qw 
Vt volume of tank 
Cw,t mass concentration of oxygen in water in tank 
Qg,i gas flow rate leaving stage “i” 
Cg,I mass concentration of oxygen in gas 
Mt,i molar concentration of gas at stage i, (mole/L), Mt,i = Pi/ 

RT 
Mt,0 total molar concentration in gas entering system, Mt,0 =

P0/RT 
yo2,i mole fraction of oxygen in gas in stage i 
yo2,0 mole fraction of oxygen in gas entering the aerator 
Mo2,i molar concentration of oxygen in gas, Mo2,i = Cg,i/Wo2 
Pi gas pressure in stage i (bar) 
P0 gas pressure applied to system (bar) 
Wo2 molar mass of oxygen (32,000 mg/mol) 
H Henry’s law constant 
RFEP relative fitting error parameter 
SSR sum of squared residuals  
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advection occur. Diffusion is a molecular Brownian motion that occurs 
in both laminar and turbulent flows; thus, it is the transport mechanism 
that carries oxygen through the stagnant layer in water at the gas-liquid 
interface. Transport through this layer typically controls the overall 
oxygen transfer rate and is proportional to the difference between the 
oxygen saturation concentration and the actual concentration of oxygen 
in the water. The saturation concentration is the concentration of oxy
gen that would exist in water if it were in equilibrium with the oxygen 
concentration in the gas. According to Henry’s law, the saturation 
concentration of a gas dissolved in water is a function of the type of gas, 
the partial pressure of the gas in contact with water, and the total 
pressure applied. MVA can be used with high purity oxygen, ensuring 
that its higher partial pressure will increase the saturation concentra
tion. Furthermore, additional pressure inside the cylinder will also in
crease the saturation concentration and, thereby, increase the oxygen 
transfer rate. Advection through the MVA induces turbulence, which 
increases the rate of oxygen transfer by reducing the thickness of the 
stagnant layer and increasing the gas-water interfacial area by reducing 
the bubble size. 

The MVA can be considered as a plug flow reactor with dispersion, 
which occurs in three dimensions; additionally, it can be modeled as a 
set of completely mixed reactors in series. The multistage vortex aerator 
was manufactured by Deojon Korea Co., in Korea. Its diameter, length, 
and inner elbow diameter are 350, 2,300, and 100 mm, respectively. An 
oxygen generator (Oxus Co., Ltd, Korea) was used to produce a gas with 
a concentration of oxygen over 90%. For the comparison with the MVA, 
experiments were conducted with a ceramic-type air diffuser (Φ132 ×
19H, Daeyang, Korea) and a bubble generator (HU07338-5017, KETI, 
Korea). 

2.2. Basic oxygen transfer model 

Theoretically, the kinetics of gas transfer is affected by the concen
tration gradient of dissolved oxygen in the stagnant layer in water 
adjacent to the gas-liquid interfaces through which diffusion occurs. The 
two-film theory is widely used to describe gas-liquid mass transport, and 
it is based on the physical model of double layers at the gas-liquid 
interface. It assumes that two stationary films exist at the interface be
tween a gas and a liquid, and that the gas diffuses through the gas film in 
proportion to the existing concentration gradient across the film. 
Diffusion will not occur in the gas film if the gas is absolutely pure, since 
the concentration is constant throughout the gas film. Diffusion through 
the liquid film is controlled by the difference between the concentration 
values at the edges of the film. Since the liquid density is much greater 
than that of the gas, the resistance to diffusion is greater in the liquid 
(Lewis and Whitman, 1924); therefore, the transport through the liquid 
film usually controls the overall rate of oxygen transfer. 

Hence, the oxygen absorption rate by water depends primarily on the 

oxygen concentration gradient across the liquid film at the gas-liquid 
interface. The concentration gradient is the difference between the ox
ygen concentration in the liquid film at the gas-liquid interface and the 
oxygen concentration in the liquid at the interface with the bulk liquid, 
divided by the thickness of the film. Since there is little resistance to 
oxygen transfer in the gas film, the concentration in the gas film at the 
gas-liquid interface will be nearly the same as that in the bulk gas. The 
model assumes that there is equilibrium between the gas and the liquid 
at the gas-liquid interface; therefore, the liquid film concentration there 
is equal to the saturated oxygen concentration Csat, i.e., the concentra
tion in water if it were in equilibrium with the concentration in the gas. 
These assumptions provide a basis for describing the rate of oxygen 
transfer that can be used in a mass balance of DO in a well-mixed volume 
of water (V) without inflow, outflow, or reactions producing or 
removing oxygen. This balance can be expressed as follows: 

dC
dt

=KL
A
V
(Csat − C) (1)  

where KL is the overall mass transfer coefficient in the liquid phase, and 
A is the area through which oxygen is diffused. The term A/V is known 
as the specific interfacial area (a), which is difficult to measure. For 
practical purposes, the parameters KL and A are typically combined to 
form KLa(T), which represents the overall oxygen transfer coefficient at 
the test temperature. 

After integration (for the initial condition C = C0 at t = 0), Eq. (1) can 
be expressed in the exponential form: 

ln
Csat − C
Csat − C0

= − KLa(T) × t (2) 

Solving for C yields the following: 

C= Csat − (Csat − C0)exp
(
− KLa(T) × t

)
(3) 

The overall oxygen transfer coefficient values can be obtained by 
fitting the measured data to Eq. (2). The measured values can be 
adjusted to standard conditions (101.325 kPa, 20 ◦C) using an 
Arrhenius-type temperature correction in the following form: 

KLa(20) =KLa(T) × θ(20− T) (4) 

A typical value of exponential temperature coefficient θ = 1.0241 
was used. 

The standard oxygen transfer rate (SOTR) is the instantaneous oxy
gen transfer rate that would be observed under standard conditions with 
no DO. It is not expressed per unit of volume and can be calculated as 
follows: 

SOTR=KLa(20) × Csat × V (5)  

where V is the volume of the reactor. 

Fig. 1. Structure of multistage vortex aerator (MVA).  
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The standard oxygen transfer efficiency (SOTE) can be calculated as 
follows: 

SOTE ​ (%)=
Standard oxygen transfer rate

Oxygen supply rate
× 100

=
SOTR

QO2 × 1.331 × FO2

× 100 (6)  

where Qo2 is the volumetric oxygen supply rate (L/min), Fo2 is the 
fraction of oxygen in gas (0.21 in air; 0.90 in oxygen gas), and 1.331 is 
the mass of oxygen per volume at 20 ◦C (g/L). 

The experimental data for the dissolved oxygen concentration as a 
function of time were analyzed using nonlinear least-squares regressions 
to determine the values of KLa and Csat. The values used for the modeled 
oxygen concentration at given values of KLa and Csat that were used in 
the regressions were obtained using the MATLAB function “nlinfit” to 
solve Eq. (1). The values of KLa and Csat obtained were adjusted to 
standard conditions, and the SOTR (mass of oxygen dissolved per unit of 
time at a hypothetical DO concentration of zero) and SOTE were 
calculated. 

2.3 Gas transfer model for the MVA 

2.3.1 Model derivation 
We developed a model that describes the non-steady state operation 

of the MVA. The model is based on the following assumptions: 1) there 
are eleven stages in the aerator; 2) water and gas are thoroughly mixed 
in all stages; 3) the water flow rate, KLa, the influent gas flow rate, and 
the influent gas composition are constant; 4) the perfect gas law applies; 
5) gases other than oxygen do not transfer to water; and 6) oxygen does 
not undergo any reactions that would produce or destroy it.  

1) Non-steady state material balance on oxygen in water in stage “i” 

A non-steady state material balance on oxygen in water in stage “i” 
is:  

Accumulation = In – Out + Formed – Lost                                               

Vi
dCw,i

dt
= QwCw,i− 1 + ViKLaMVA

(
Cs,i − Cw,i

)
− QwCw,i

dCw,i

dt
=

Cw,i− 1 − Cw,i

θi
+ KLaMVA

(
Cs,i − Cw,i

)
(7)  

where Vi is the volume of stage “i,” Cw,i is the mass concentration of 
oxygen in water in stage “i,” t is the time, Qw is the volumetric flow of 
water, KLaMVA is the oxygen transfer coefficient for the MVA, Cs,i is the 
mass saturation concentration of oxygen in water in stage “i,” and θi is 
the hydraulic retention time in stage “i” (Vi/Qw).  

2) Non-steady state balance on oxygen in water in tank  

Accumulation = In – Out + Formed – Lost                                               

Vt
dCw,t

dt
= QwCw,11 − QwCw,t

dCw,t

dt
=

Cw,11 − Cw,t

θt

(8)  

where Vt is the volume of the tank, and Cw,t is the mass concentration of 
oxygen in water in the tank. Note that the input to the tank is the flow 
from the last stage of the aerator (i = 11).  

3) Steady-state material balance on oxygen in both gas and water in 
stage “i” 

We can assume a steady-state for this balance because the changes in 
the total amount of oxygen in water and gas do not change much with 

time after the first minute or so, when water at the initial oxygen con
centration is flushed through the aerator. The model output shows that 
the rate of change in the total amount of oxygen (water and gas) in a 
stage is a small fraction of the total oxygen flow (water and gas) leaving 
and entering that same stage. This indicates that the rate of oxygen in the 
water and the gas entering stage “i” is the same as the rate of oxygen in 
the water and gas flowing out of stage “i.” Therefore, we assume that the 
derivative of the amount of oxygen in the stage considering both air and 
water is zero. 

A steady-state material balance on oxygen in both air and water in 
stage “i” is:  

0 = In – Out +0–0                                                                                

0 =
(
Qg,i− 1Cg,i− 1 + QwCw,i− 1

)
−
(
Qg,iCg,i + QwCw,i

)

(
Qg,iCg,i + QwCw,i

)
=

(
Qg,i− 1Cg,i− 1 + QwCw,i− 1

) (9)  

where Qg,i is the gas flow rate leaving stage “i,” and Cg,i is the mass 
concentration of oxygen in the gas.  

4) Molar flow balance on oxygen in gas and water in stage “i” 

The molar flow in the gas is the sum of the molar flow of oxygen and 
the molar flow of all other gases. The molar flow of all the other gases 
remains constant throughout the stages because the other gases are not 
transferred to water. Since 78% of air is nitrogen, the 90% purity oxygen 
gas produced from air is assumed to be composed of 90% oxygen and 
about 10% nitrogen gas. The unitless Henry’s constants for oxygen and 
nitrogen are 30.75 and 60.16, respectively, meaning that nitrogen is 
more difficult to be transferred to water. Therefore, the molar flow of 
other gases (represented by nitrogen) in any stage is assumed to be equal 
to the molar flow of other gases entering the aerator.  

Total molar flow of gas = molar flow of oxygen + molar flow of other gases  

Qg,iMt,i =Qg,iMt,iyO2,i + Qg,0Mt,0
(
1 − yO2,0

)

where Mt,i is the total molar concentration of gas at stage i, (mol/L), Mt,i 
= Pi/RT, Mt,0 is the total molar concentration in the gas entering the 
system (Mt,0 = P0/RT), yO2,i is the mole fraction of oxygen in the gas in 
stage i, and yO2,0 is the mole fraction of oxygen in the gas entering the 
aerator. 

Qg,i =Qg,iyO2,i + Qg,0
(
1 − yO2,0

)Mt,0

Mt,i  

Qg,i =Qg,iyO2,i + Qg,0
(
1 − yO2,0

)P0

Pi  

yO2,i =
MO2,i

Mt,i  

where MO2,i is the molar concentration of oxygen in gas (MO2,i = Cg,i/ 
WO2), Pi is the gas pressure in stage i (kPa), P0 is the gas pressure applied 
to the system (kPa), and WO2 is the molar mass of oxygen (32,000 mg/ 
mol). 

Substituting for MO2,i and Mt,i:  

yO2,i = (Cg,i/WO2)/(Pi/RT)                                                                        

yO2,i = (Cg,i/Pi)(RT/WO2)                                                                        

Similarly,  

yO2,0 = (Cg,0/P0)(RT/WO2)                                                                      

Substituting, 

Qg,i =Qg,i

(
Cg,i

Pi

)(
RT
Wo2

)

+ Qg,0

[

1 −
(

Cg,0

P0

)(
RT
Wo2

)](
P0

P1

)
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Rearranging, 

Cg,i =
PiWo2

RT
−

Qg,0

Qg,i

(
P0Wo2

RT
− Cg,0

)

(10)    

5) Apply Henry’s Law for oxygen solubility: 

Cs,i =HyO2,i Pi 

The values of H can be calculated from tabular values of Cs,i for air 
(yO2,i = 0.21) at the temperature and pressure of the aerator. 

Substituting for yO2,i in terms of Cg,i: 

Cs,i = H

⎡

⎢
⎢
⎣

(Cg,i

Wo2

)

( Pi

RT

)

⎤

⎥
⎥
⎦Pi

Cs,i = HCg,i

[
RT
Wo2

]

(11) 

Furthermore, the numerical solution method of the ODEs for the 
aerator Eq. (7) and the tank Eq. (8), is discussed in the Appendix. 

2.4. Experiments 

Herein, we investigated whether a general diffuser or the newly 
developed aerator was more effective for the oxygen transfer purpose. 
First, 1000 L of anoxic water samples were prepared by injecting ni
trogen gas into tap water in a cylindrical water tank with dimensions of 
1.2 × 1.03 m (H × D). In the experiments, 90% pure oxygen, which was 
generated using an oxygen generator, was supplied at flow rates of 1, 2, 
and 3 L/min. The experimental conditions are shown in Table 1. After 
degassing the sample, oxygen was delivered using the MVA or the 
diffuser, and the DO concentration was measured using a DO meter (Oxy 
guard, Denmark). Water was circulated at a flow rate of 200 L/min, as 
shown in Fig. 2. Experiments were conducted at approximately 
19.9–26.4 ◦C, and the pressures measured at the inlet and outlet of the 
MVA were 150 and 100 kPa, respectively. 

3. Results and discussion 

3.1. Oxygen transfer experiments 

To evaluate the change in DO using a MVA and a conventional 
diffuser, experiments were conducted according to the conditions shown 
in Table 1. In the text below, “oxygen” means 90% purity oxygen. 

Fig. 3 compares oxygen concentrations using the MVA with that 
using a diffuser. When 1, 2, and 3 L/min of oxygen were supplied to the 
MVA, the oxygen concentration in a tank reached 20.2, 31.8, and 40.3 
mg/L after 60 min of operation. As the oxygen flow rate increased, the 
dissolved oxygen concentration increased. When oxygen was injected at 
the same flow rate to the MVA and to the diffuser, the DO concentration 
at 60 min was 2.3 times higher in the MVA at the oxygen flow rate of 1.0 
L/min, 3.5 times higher at 2.0 L/min, and 2.0 times higher at 3.0 L/min. 
This difference occurred because a vortex flow formed inside the cyl
inder of the MVA over eleven stages, causing the repeated collision of 
oxygen and water. Moreover, increased pressure in the MVA had a great 
influence on oxygen dissolution. The pressure at the inlet of the aerator 

was 150 kPa, which affected the solubility of the gas. According to 
Henry’s law, the saturation concentration of oxygen at 150 kPa is 1.5 
times higher than that at 100 kPa. In a recent work, Kim et al. reported 
the oxygen transfer performance of a supersaturated oxygen aeration 
system (SDOX) (Kim et al., 2020, 2021). Although the dissolved oxygen 
concentration reached up to 350 mg/L, the system was operated at high 
pressure (800 kPa) conditions. Our MVA system offers the advantage of 
high oxygen transfer efficiency with a dissolved oxygen concentration of 
40 mg/L at 150 kPa pressure. In addition, it is noteworthy to mention 
here that a high-pressure requires more energy consumption and ulti
mately contributes to a higher process economy. Therefore, we have 
examined the performance of our MVA at a pressure close to atmo
spheric pressure (101 kPa) so as to minimize the energy demand. 

A nonlinear regression was used to calculate the KLa and Csat values 
that best fit the experimental data, and these values were adjusted to 
20 ◦C. It should be noted that the ASCE (American Society of Civil En
gineers) standard for calculating the oxygen transfer parameters is 
intended to be applied to various surface aerators and subsurface 
oxygenation devices, including diffused air, static tubes, submerged 
turbines, and jet aerators (ASCE, 2006). The vortex aerator can hardly be 
assigned to any of these categories. Furthermore, almost all of the ox
ygen transfer occurs inside the aerator and not in the tank. Thus, the KLa 
and Csat values calculated using the ASCE standard do not represent the 
mechanisms occurring in the MVA. For example, the KLa is equal to the 
rate of oxygen transfer per unit volume of the tank, divided by the 
driving force in the tank (Csat – C). However, no oxygen is transferred 
from the gas to the liquid in the tank; instead, it is all transferred in the 
aerator, as shown in Fig. 2. We thought it might be useful to calculate the 
KLa and Csat values using the standard ASCE procedure for comparison 
with other aeration systems, but the coefficients used for the vortex 
aerator in Table 2 should be regarded as apparent transfer and satura
tion coefficients. An oxygen transfer model that is fundamentally sound 
for the MVA will be presented later. The values of KLa,20, Csat,20, SOTR, 
and SOTE for the two systems are summarized in Table 2 with the 95% 
confidence intervals and are shown in Fig. 4a–c. 

Fig. 4a shows that the vortex aerator increased the oxygen transfer 
coefficient as the oxygen flow rate increased. It was observed that the 
values of KLa,20 were 1.04–2.5 times higher when using the MVA under 
all oxygen flow rates tested. KLa,20 increases with an increased gas- 
liquid interfacial area, and higher gas flow rates typically result in 
higher surface areas. In previous studies, Lee et al. applied a micro
bubble air diffuser to a 12-m-high tower and obtained a KLa value of 
0.391 min− 1 (Lee et al., 2012); furthermore, Choi et al. obtained a value 
of 0.326 min− 1 using a variable control aeration device (Cho et al., 
2017). Their KLa values are about one order of magnitude higher than 
the maximum value obtained using the MVA, but it is noteworthy that a 
12-m-high reactor was used in their study to increase the efficiency of 
oxygen delivery. This means that additional pressure and structure are 
needed to increase this coefficient. 

The effect of the oxygen flow rate on SOTR is shown in Fig. 4b. These 
results show that the values of SOTR were 2.6–3.3 times higher when 
using the vortex aerator under all oxygen flow rates tested. As the flow 
rate of oxygen increased, the SOTR increased. The SOTE represents the 
rate of oxygen transferred to the water relative to the rate of oxygen 
applied to the system in the gas and is expressed as a percentage. Fig. 4c 
shows the effect of gas flow rate on SOTE in both systems. The standard 
oxygen transfer efficiency for the diffuser was between 14.1% and 
18.7%, whereas it was between 45.3% and 59.2% for the MVA. Lee et al. 
reported that the SOTE could increase up to 72% in the 12-m-tall 
aeration tower (Lee et al., 2012). It is known that the SOTE can in
crease with the height or depth of the reactor, and that is why the SOTE 
per unit of depth (%/m) is often reported for diffused aeration systems. 
When diffusers are used for oxygen delivery, the higher the gas flow rate, 
the larger the bubble size and the larger the total bubble volume. The net 
result is typically an increase in the total interfacial area, resulting in an 
increase in KLa. However, the increase is lower than the proportional 

Table 1 
Experimental conditions.  

Conditions MVA (90% O2 

supply) 
Diffuser (90% O2 

supply) 

Gas flow rate (L/min) 1 2 3 1 2 3 
Water circulation flow rate (L/ 

min) 
200 L/min  _  

Temperature (◦C) 19.9 22.4 23.9 22.2 25.2 26.4  
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increase in gas flow; therefore, the SOTE value typically decreases with 
the gas flow rate (Demoyer et al., 2003; Gillot et al., 2005; Kim et al., 
2010; Yum et al., 2008; Zhou et al., 2013; Zhuang et al., 2016). 

However, the opposite phenomenon occurred in the vortex aerator. As 
the flow rate increased from 1 to 3 L/min, the SOTE also increased from 
45.3% to 59.2% as depicted in Table 2. This shows that as the supplied 
gas flow increases, the SOTE increases faster than the proportional in
crease in the gas flow rate through repeated vortex flows. The increase in 
SOTE with an increase in flow rate is attributed to the mixing contri
bution due to the repeated collisions and turbulence generated in MVA 
from increasing the flow rate that aids in increasing the mass transfer 
between the air and the water. The resultant increase in SOTE reflects 
the effectiveness of the aeration process. 

The multistage vortex aerator (MVA) can be a promising alternative 
to conventional aeration processes and can be explored in urban stream 
restoration and water quality improvement. In addition, the MVA can be 
applied in the stabilization of landfills, lagoons and sewage networks. 
The MVA supports high concentration oxygen injection into the sites and 
facilitates the quick conversion from an anaerobic to aerobic state, 
thereby preventing odor problems and enhancing water qualities. 

3.2. Nonlinear regression and fitting of the proposed model 

The oxygen transfer coefficient KLa for the MVA was obtained using 
least-squared, nonlinear regression of experimental data using MATLAB 
function “nlinfit”. Fig. 4d shows how the proposed model was fitted to 
the experimental data. In Table 3, the KLaMVA values vary from 0.075 to 
0.41 min− 1, being 4.7 to 8.4 times greater than those calculated using 
the ASCE standard model. However, it is unreasonable to compare those 
values directly because they were obtained using different models. 

In the case of flow rates of 2.0 and 3.0 L/min, the experimental re
sults and the model showed similar trends. In the case of a flow rate of 
1.0 L/min, the model predicted slightly lower KLaMVA values than those 
obtained experimentally before the 60 min time point, and it predicted 
slightly higher values after 60 min. A relative fitting error parameter 
(RFEP) was calculated using the standard deviation of the data points 
relative to the regression line divided by the average value of the data. 
Therefore, it represents the ratio of the average error to the average 
value. The error parameter was helpful in determining the relative 
precision of fit. The RFEP values for probe data were calculated to be less 
than 0.1 (Table 3). Lower values represent better fits (lower errors) of 
the model to the data. 

Fig. 2. Experimental configurations for oxygen transfer experiments.  

Fig. 3. Dissolved oxygen concentration over time using air diffuser and MVA.  

Table 2 
Values of KLa,20, Csat,20, SOTR, and SOTE for all experimental conditions.   

Vortex aerator Diffuser 

O2 O2 O2 O2 O2 O2 

1.0 L/ 
min 

2.0 L/ 
min 

3.0 L/ 
min 

1.0 L/ 
min 

2.0 L/ 
min 

3.0 L/ 
min 

KLa,20 ±

95% C.I.a 

(1/min) 

0.016 
± 4.3% 

0.026 
± 3.3% 

0.045 
± 3.7% 

0.011 
± 4.9% 

0.025 
± 3.7% 

0.018 
± 5.1% 

Csat,20 ±

95% C.I. 
(mg/L) 

33.2 ±
2.3% 

43.4 ±
1.7% 

47.8 ±
1.7% 

19.6 ±
2.9% 

13.7 ±
1.9% 

36.9 ±
3.0% 

SOTR (g/ 
min) 

0.54 1.12 2.13 0.21 0.34 0.67 

SOTE (%) 45.3 46.6 59.2 17.7 14.1 18.7  

a The values with the confidence intervals were calculated using nonlinear 
regression; the values without confidence intervals were estimated using Eqs. (5) 
and (6). All values are adjusted to 20 ◦C. 
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RFEP=

̅̅̅̅̅̅
SSR
n− 2

√

C  

where SSR is the Sum of Squared Residuals; n is the number of data 
points; and C is the average DO concentration. 

3.3. Prediction using the proposed model 

Fig. 5 (a), (b), and (c) show how the concentration of DO changes in 
the different stages of the aerator and in the tank over time, as predicted 
by the model. In Fig. 5 (a), the initial DO was 0.3 mg/L in all stages, and 
after 0.5 min, the DO increased to 1.9 mg/L in stage 1 and to 7.1 mg/L in 
stage 11. After 24 min, the first stage DO was 28.4 mg/L, and the last 
stage DO was 31.2 mg/L, and after 70 min, it was higher than 41 mg/L in 
all stages. The aerator seemed to be approaching the equilibrium state. 
In Fig. 5 (a), the Csat values are represented at the top of the graph, being 
51.6 mg/L in the first stage and 35.5 mg/L in the last stage at 70 min. 
Because of a higher pressure in the first stage, the saturation 

Fig. 4. a) Overall mass transfer coefficients as affected by O2 flow rates at 20 ◦C calculated by ASCE standard model and New model for the multistage vortex aerator 
(MVA), b) Standard oxygen transfer rate at different O2 flow rates c) Standard oxygen transfer efficiencies at different O2 flow rates, d) Fitting of experimental data. 
The solid line represents model predictions. 

Table 3 
Oxygen transfer coefficients for MVA.   

O2 O2 O2 

1.0 L/min 2.0 L/min 3.0 L/min 

KLaMVA ± 95% C.I.a (1/min) 0.075 ± 2.3% 0.18 ± 1.6% 0.41 ± 1.9% 
SSRb (mg/L)2 167.2 79.5 41.4 
RFEPc 0.090 0.045 0.030  

a The values with confidence intervals were calculated using nonlinear 
regression. 

b The Sum of Squared Residuals between the measured and calculated values 
of the concentration of oxygen. 

c Relative fitting error parameter. All values are adjusted to 20 ◦C. 
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Fig. 5. Predicted dissolved oxygen (DO) profiles in multistage vortex aerator (MVA) and in Tank. (a) Predicted DO concentrations at each stages in MVA (Qo2 = 3.0 
L/min, Qw = 200 L/min, T = 24 ◦C). (b) Predicted DO concentrations in MVA at different times (QO2 = 3.0 L/min, Qw = 200 L/min, T = 24 ◦C). (c) Predicted DO 
concentrations at each stages in MVA and in Tank. 
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concentration of oxygen is higher, and it decreases with the pressure 
drop at higher stages. Fig. 5 (b), illustrates the change in DO concen
tration with increasing time at different stages of the MVA. A high DO 
concentration in stage 11 relative to stage 1 suggest a increase in oxygen 
absorption rate due to increasing number of collsions between the two 
phases while progressing through different stages. The DO in different 
stages of MVA and in the tank at different time intervals is represented in 
Fig. 5 (c). It was observed that the MVA enhances the oxygen tranfer as it 
is evident from an increment in DO concentration in the tank from 0.3 
mg/L to 41.1 mg/L after a time interval of 70 min. Therefore, the 
findings demonstrates the efficacy of the novel MVA system in dissolved 
oxygen improvement. 

Fig. 6a and (b) show the calculated values of DO using the proposed 
model. Fig. 6a shows that the DO can rise to more than 60 mg/L when 
the pressure is changed from 150 to 300 kPa at 24 ◦C, at an oxygen 
supply of 3.0 L/min, and a water circulation flow rate of 200 L/min. 
Fig. 6b shows that, under the same conditions and under a pressure of 
150 kPa, the DO can increase to more than 70 mg/L when the temper
ature is decreased to 0 ◦C. Therefore, a KLa of 0.41 min− 1, corresponding 
to a QO2 of 3.0 L/min, was used (Table 3). Using this model, we pre
dicted the oxygen dissolving performance of the MVA under various 
conditions, and these results can be used to study the optimal design 
conditions. 

4. Conclusions 

A new type of gas transfer device, called MVA, that induces a vortex 
in a multistage cylindrical structure, mixes gas and liquid, and transfers 
the gas to the liquid via diffusion, dispersion, and advection, was 
developed. Experiments and modeling research investigated its perfor
mance as an alternative to a conventional diffuser. The MVA was able to 
rapidly transfer oxygen to water because of the effect of the high partial 
pressure induced by high purity oxygen, the additional internal pressure 
exerted by water and gas, the decrease in the thickness of the stagnant 
layer caused by a vortex flow, and the increase in the contact area. 

A model describing the oxygen transfer mechanism in the MVA was 
developed and applied to the experimental data. Using mass balance 
equations based on the two-film theory, we could derive a mathematical 
model suitable for the system. Although this model can be applied to 
describe the performance of the device regarding the pressure, tem
perature, and gas composition ratio when dissolving oxygen using MVA, 
it has some limitations. The main limitations of this model are its as
sumptions: (a) the KLa is the same in all stages, (b) the pressure drops 
linearly, and (c) the temperature is constant. As Qg changes, the holdup 
(volume of gas in each stage) also shifts. This means that the surface area 
of the gas to transfer oxygen is altered, changing the actual value of KLa; 
therefore, there is probably some error in assuming that it remains 
constant in all stages. However, we expect that our results can guide 
future experimental research to optimize the product design. 
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