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ABSTRACT: Improving the gas−liquid mass transfer efficiency in microporous aeration technology is the key to strengthening the
restoration effect of black and odorous water bodies. However, the effect of bubble motion characteristics on oxygen mass transfer
has not been systematically studied, which limits the efficient and economical application of microporous aeration remediation
technology in black and odorous water. The influence under different aeration pipe lengths was analyzed for oxygen mass transfer
and bubble movement in microporous aeration technology. The aeration pipe length (0.1−0.5 m) was positively correlated (R =
1.000, R = 0.997) with the number of bubbles and the specific surface area of bubbles and negatively correlated with the time-
average velocity of bubbles and Sauter average diameter (R = −0.999, R = −0.997). Moreover, the increase in pipe length weakened
the disturbance intensity of plume to water body. The results of oxygen mass transfer showed that the oxygen mass transfer
coefficient (KLa) and oxygen utilization rate (EA) increased (KLa from 1.96 to 4.57 h−1, EA from 6.47 to 15.07%) with the increase of
pipe length, which was significantly positively correlated (R = 0.985, R = 0.969) with the number of bubbles and bubble specific
surface area (Sb). This study provided theoretical parameters for the mechanism of oxygen mass transfer during microporous
aeration.

1. INTRODUCTION
Nowadays, the pollution of black and odorous water bodies
needs to be treated urgently. Common technologies include
sediment dredging, chemical flocculation, bio-ecological
restoration, and artificial aeration. Dredging is effective in
controlling endogenous pollution,1−3 but it is liable to cause
pollutant release and secondary pollution with large quantity
and high cost.4 Chemical flocculation5−8 is easy to operate and
quickly obtains results but easily destroys the water ecological
environment. Bio-ecological restoration can effectively control
black and odorous water bodies.9−11 It has a low cost and
stable effect, but it is greatly affected by environmental factors.
As the low concentration of dissolved oxygen (DO) is the key
factor for the formation of black odor in water bodies, artificial
aeration has been widely used. Aeration can increase the
concentration of DO; enhance the turbulence of the water
body; promote interaction between organic matter, aerobic
bacteria, and DO; degrade substances such as nitrogen and

phosphorus;12−15 and is easy to operate without secondary
pollution. Microporous aeration is widely used because of its
fine air bubbles and high-efficiency oxygen mass transfer.16

Compared with the aerators commonly used for microporous
aeration, the linear microporous aeration system has been well
applied by the Tennessee Valley Authority. The bubbles
generated by this system have the characteristics of plume
diffusion, and the efficiency of oxygen mass transfer in deep
water is more than 90%.17,18 However, when linear micro-
porous aeration is applied to repair black and odorous water in
rivers and lakes with a small water depth, the oxygen mass

Received: February 17, 2022
Accepted: October 18, 2022
Published: October 28, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

39624
https://doi.org/10.1021/acsomega.2c00974

ACS Omega 2022, 7, 39624−39635

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wen+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaohui+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiehui+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00974&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00974?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


transfer efficiency is inhibited. The utilization rate of oxygen
decreases with the decrease in water depth;19 when the water
depth is 2−5 m, the utilization rate of oxygen is generally about
15%, which results in a large waste of aeration energy
consumption. Therefore, the low efficiency of oxygen mass
transfer and high energy consumption limit the application of
linear microporous aeration in the treatment of black and
odorous water. Consequently, the oxygen mass transfer
mechanism of linear microporous aeration needs to be studied
to optimize operating conditions and improve oxygen mass
transfer efficiency.
Scholars at home and abroad have conducted extensive

research on the mechanism of oxygen mass transfer. Yin, Hu,
Zhuang, Stenstrom, and Wei20−24 studied the effects of
aeration volume, aeration density, aeration aperture, water
depth, and aeration mode on oxygen mass transfer. Most of
these studies were based on macroparameters and lack analyses
on the micro-mechanism of oxygen mass transfer. Some
scholars also carried out the oxygen mass transfer studies at the
microporous level through experimentation or numerical
simulation. Although Veĺez-Cordero, Liu, McClure, and
Deng25−28 studied the effects of bubble size characteristics
and bubble movement speed on oxygen mass transfer, most of
these studies were not combined with aeration conditions but
only the relationship between bubble movement and oxygen
mass transfer mechanism under theoretical conditions. In
recent years, some scholars have used particle image
velocimetry (PIV) to obtain bubble motion images. They
obtained bubble motion characteristics and explored the
oxygen mass transfer mechanism based on bubble motion
characteristics. Du and Dong29,30 combined PIV technology
with DO monitoring to study the effect of aeration rate on
liquid phase flow characteristics and oxygen mass transfer, but
the corresponding research still lacked systematic analysis.
The bubble group of linear microporous aeration can be

considered as a bubble plume. The movement of bubble plume
was random and the structure was relatively complex,31 which
were also studied by some scholars. Cerqueira et al.32 used PIV
laser-induced fluorescence (PIV/LIF) tracer particles to
characterize the bubble plume. The results show that the
distribution of the turbulence intensity is changed by the axial
average velocity and bubble size distribution. Li et al.33 used
PIV to measure the velocity field in the plume and obtained
the influence of the plume width, centerline velocity, volume
flux, momentum flux, momentum amplification factor, and
entrainment coefficient on plume motion. Cheng and
Meng34,35 discussed the effects of aspect ratio, porosity and
pressure on plume flow field; Cheng et al.36 studied the bubble
plume in a laboratory-scale three-dimensional bubble column.
The influence of different ventilation flow rates, hole spacings,
and transverse flow velocities on the stability of the bubble
plume is discussed.37 Most of these studies discussed flow
characteristics from the perspective of hydraulics and
combined them with gas−liquid oxygen mass transfer to
explore the mechanism of oxygen mass transfer.
When linear microporous aeration was applied, some

scholars have studied the change rule of oxygen mass transfer
efficiency when the pore size of aeration tube changes38,39 and
explored the change mechanism of oxygen mass transfer from
the perspective of bubble movement flow field.39 Nevertheless,
the length of the aeration pipe affected the initial size and
velocity of bubbles when the aeration volume, aperture, and
the volume of repaired water area were certain,40 thus affecting

the shape of bubble plume, gas−liquid mass transfer, and water
restoration effect. On the basis of the above investigation and
analysis, this paper aimed to obtain the moving image of
bubble plume of linear microporous aeration through PIV
technology; obtain the gas-phase flow field characteristics such
as plume morphological characteristics, time-average vector
velocity field, and size characteristics by using PIV post-
processing software; monitor the DO concentration; and
obtain simultaneously the variation law of oxygen mass transfer
efficiency. Combined with the above analysis, this paper
systematically studied the influence of bubble plume flow field
on oxygen mass transfer under different aeration lengths.

2. MATERIALS AND METHODS
2.1. Experimental Materials and Equipment. The

experimental devices are a linear microporous aeration system
and a PIV velocity measurement system, which were used to
complete the gas−liquid oxygen mass transfer experiment and
bubble plume image acquisition.

2.1.1. Linear Microporous Hose Aeration System. The
main body of the experimental equipment is a plexiglass box
(0.6 m long, 0.45 m wide, and 1 m high). The linear
microporous aeration hose is fixed with a stainless-steel pipe
(0.01 m in diameter) on one side of the glass box and a tee
joint, and the aeration pipe is 0.5 m long (the pipes with
lengths of 0.1 and 0.3 m in the experimental conditions are
sealed symmetrically along both ends through plastic bags and
adhesive tape). The main material of the linear microporous
aeration hose is rubber and plastic. A large number of
unidirectional pores are found on the hose surface. During
aeration, the gas breaks through the pressure and overflows.
After aeration is stopped, the pores are closed to prevent the
entry of sediment and pollutants. The inner diameter of the
hose is 0.009 m, and the outer diameter is 0.011 m. The linear
microporous aeration hose is fixed at the bottom of the water
body and 0.05 m above the sediment. The height of the
horizontal plane of the water tank is 0.9 m. The oil-free air
compressor is used to inhale air, which is measured by a gas
rotameter. The aeration flow is regulated and controlled by the
rotameter, and the inlet pressure is kept constant at 100 kPa
through the pressure gauge to avoid fluctuation of the
compressor. In this experiment, the aeration system is used
to perform the oxygen mass transfer experiment of clean water.
A schematic of the device is shown in Figure 1.

Figure 1. Schematic of microporous hose aeration system. 1�drain
valve, 2�air compressor, 3�pressure gauge, 4�gs flowmeter, 5�
DO instrument, 6�gas supply pipe, 7�probe, 8�microporous hose
aeration.
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2.1.2. PIV Velocimetry System. The PIV velocity measure-
ment system used in the experiment comes from Dantec
Dynamics A/S in Denmark and is divided into hardware and
software. The hardware mainly includes a lighting system,
control circuit, and computer system. The software mainly
includes image preprocessing (MATLAB), extraction of
velocity vector field (TWCPLOT software), and acquisition
of bubble size (SHADOW module).41 The laser model of this
PIV instrument is LDY300. The resolution of the high-speed
camera, which is produced by LaVision, is 1024 × 1024 pixels.
The shooting area is 0.45 × 0.45 m2 (the water depth on the
side of the glass box is 0.40−0.85 m, and the width is 0.45 m).
After the area is recorded by the camera, the image is sent to
the post-processing system in real time. To ensure the clarity of
the image, the light intensity and uniformity of the laser light
source were optimized before shooting, and the optimal laser
frequency was determined to be 5 S−1. At the beginning of the
experiment, the air compressor was opened and the pressure
gauge was adjusted according to the reading of the rotor gauge.
When the aeration flow was stable, the image was stored at an
interval of 0.2 s. Twenty-five images were recorded in each
experiment for 5 s. During this time, the bubble can rise by at
least 0.45 m. The experimental device of the PIV monitoring
system is shown in Figure 2.

2.2. Experimental Methods. 2.2.1. Oxygen Mass Trans-
fer Characteristic Experiment.
(1) The experimental steps of oxygen mass transfer during

clear water aeration are as follows:
(a) Tap water is added into the plexiglass box until

the height of the water surface is 0.9 m. Four DO
probes are placed 0.2 m below the water surface to
monitor the DO concentration and temperature
under different working conditions.

(b) )The nitrogen filling method is used to cause
oxygen deficiency in the water body, and aeration
is performed when the DO concentration drops
below 0.5× 10−3 kg/m3 and remains stable. DO
and temperature are monitored continuously until
DO is saturated. At this point, aeration is stopped
and the data are saved.

(2) Calculation principle and method of characteristic
parameters of oxygen mass transfer are as follows:

The oxygen mass transfer experiment is mainly based on the
classical double-membrane theory proposed by Lewis and
Whitman.42

1 The total oxygen mass transfer coefficient (KLa) is
usually used to characterize the process of gas−liquid
mass transfer in water. For theoretical considerations,
the Lewis and Whitman’s dual-membrane theory was
used to describe a log-deficit dependence in eq 1.

= ×C C C K a tln( ) lnts s L (1)

where Cs (10−3 kg/m3) is the DO saturation
concentration, and Ct (10−3 kg/m3) is the DO
concentration in the tank at time t (in min).

Water temperature has a great influence on DO concen-
tration. To eliminate the influence of temperature, eq 2 is used
to correct the oxygen mass transfer coefficient at different
temperatures, which is uniformly converted into the oxygen
mass transfer coefficient at 20 °C.

° = ×k K 1.024 T
La(20 C) La

(20 )
(2)

where °kLa(20 C)�total oxygen mass transfer coefficient at water
temperature of 20 °C, h−1; T�actual water temperature, °C.

= ° × ×K V C COC ( )La(20 C) S 0 (3)

where °KLa(20 C)�total oxygen mass transfer coefficient at a
water temperature of 20 °C, h−1; V�aeration water volume,
m3; CS�saturated DO concentration, 10−3 kg/m3. C0�initial
DO concentration, 10−3 kg/m3.

= × ×E N QOC 100%/A (4)

where OC�oxygenation capacity (10−3 kg/h); N�oxygen
content in 1 m3 atmosphere under standard conditions (kg/
m3), usually 0.28; Q�aeration rate, m3/h.
(2) Oxygenation capacity (OC [kg/h]) refers to the total

concentration of DO transferred to the liquid during
gas−liquid mass transfer, which can be calculated by eq
3.

(3) Oxygen utilization [EA (%)] refers to the percentage of
DO used during the gas−liquid mass transfer process in
aeration DO concentration. It is calculated by using eq
4.

2.2.2. Image Processing and Flow Field Parameter
Acquisition Methods. 2.2.2.1. Image Preprocessing. The
original image is processed before analysis to improve the
image definition. The spatial gray transformation technology is
realized by using MATLAB, which does not change the image
pixel position but affects only the gray value of each pixel
(Figure 3). The IMHIST function is used to generate the gray
histogram of each original image pixel, and the histogram is in
the range of 0−255 before adjustment (Figure 3b). However,
most pixels are only in the narrow range of 8−28. Most of the
corresponding images are dark. In addition, bubbles are almost
invisible (Figure 3a). After the contrast is enlarged, the
distribution is more uniform (Figure 3d). Finally, bubbles are
clearly visible (Figure 3c).
The second correction is based on threshold segmentation

technology. The edge is defined as the area with the strongest

Figure 2. Schematic of the PIV system. 1�high-speed camera, 2�
shooting area, 3�shading cloth, 4�chip light source optical element,
5�light arm, 6�computer, 7�synchronous controller, 8�laser
controller, 9�pulsed laser, 10�microporous hose aeration.
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gray change in the image, and PREWITT is used to improve
the contrast in Figure 4.

2.2.2.2. Principle and Method of Gas Phase Velocity Field
Extraction. The principle of the PIV system acquisition speed
is shown in Figure 5. The position of bubbles in the research
area is photographed with a high-speed camera. In the dual-
frame mode, two frame images of Frame1 and Frame2 are
generated. The particle displacement is obtained by using the
cross-correlation algorithm, and the instantaneous speed of
bubbles is obtained by using the scale derived during

calibration. Then, the time-average velocity vector field of
bubble motion is obtained (eq 5).
The calculation of bubble velocity is based on the

comparison of two adjacent frames in two frame modes.
After the instantaneous pulse time (as shown in Figure 5), two
photos in the mode of two frames are formed, and it also
formed displacement difference (ΔX, ΔY) in the two photos.
The ratio of the displacement difference (ΔX, ΔY) to the
instantaneous pulse time can be regarded as the instantaneous
velocity of the bubble. Then, the velocity distribution of the

Figure 3. Gray correction of PIV image. Image (a,c) and gray distribution histogram (b,d) before (a,b) and after (c,d) gray correction.

Figure 4. Correction of PIV image edge extraction using PREWITT
operator. Images before (left) and after (right) threshold
segmentation.

Figure 5. Speed acquisition principle diagram of PIV system.
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flow field at each time point is obtained from the instantaneous
velocity of multiple bubbles at each time point.
The average velocity is obtained by dividing the observed

value of bubble displacement in two adjacent frames by the
time interval. The signals of two consecutive frames (two time
points) must match the same bubble, which can be realized by
the cross-correlation algorithm of the adaptive correlation
module. The principle is shown in Figure 6. The description
for this experiment is as follows: The shooting area of the
camera is 0.45 × 0.45 m2. With the large area of the captured
image, each image is segmented into a 64 × 64 grid of query
windows to ensure accuracy (one window covers about 0.07 ×
0.07 mm2). Cross-correlation method refers to determining a
query window in the first frame image in the dual-frame mode,
then finding the window with the closest gray level in the
second frame image to match, and performing cross-
correlation analysis to speed up.

2.2.2.3. Obtaining Flow Field Parameters.43 Velocity field
acquisition: The displacement of the bubble particles can be
obtained by the above cross-correlation algorithm. Thus, the
particle velocity can be calculated by eq 5.

= ×

= ×

u x y S k t

v x y S k t

( , ) /

( , ) /

X

y

l
m
ooo
n
ooo (5)

where Sx, Sy�displacement of particles in the x-direction and
y-direction (10−3 m); k�scale, the actual length of the pixel
per unit scale; dt�time interval between two time points;
u(x,y)�speed in the x-direction (m/s); v(x,y)�speed in the
y-direction (m/s); we can extract u(x,y) and v(x,y) through the
velocity module of the post-processing software TECPLOT.
Streamline extraction principle: The flow line of bubble

movement can reflect the shape, direction, and flow velocity of
bubble movement, thus facilitating an analysis of the degree of
gas−liquid interaction. In this paper, the streamline module in
the PIV system is used to obtain the streamline. The
relationship between bubble velocity and stream function is
characterized by eqs 6 and 7.

= =u
y

v
y

,
(6)

The stream function can be obtained by integrating the
velocity function

= + +vd udx y0 (7)

where ψ0 is the value of stream function at the starting point of
integration.
Bubble size feature parameter acquisition: During the rising

process, most bubbles have an elliptical shape44 (Figure 7).
The equivalent diameter (dbi) of bubbles is obtained through

the corresponding formula, which is equivalent to the diameter
of spherical bubbles with the same volume size as the ellipse.
In this paper, the shadow module in the post-processing

software TECPLOT of the PIV system is used to obtain the
characteristic parameters of the bubble size. As a result of the
image preprocessing, the bubbles in the image are clearly
visible, thus allowing the number and size of bubbles in the
study area to be statistically analyzed.45 As shown in Figure 7,
most of the bubbles in the study area have an elliptical shape,
and the upward moving axis is short. We can extract Xmin[10−3

m], Xmax[10−3 m], Ymin[10−3 m], and Ymax[10−3 m] of each
bubble when using the shadow module to extract the bubble
size, and then, we can get the diameter (hi) of the short axis
and its long axis (li) (hi = Ymax[10−3 m] − Ymin [10−3m],li =
Xmax[10−3m] − Xmin [10−3m]). Based on this, we can obtain
other bubble size parameters; for example, the equivalent
diameter (dbi) is calculated by eq 8. The bubbles can be
regarded to have a spherical shape under the condition of the
equivalent diameter.44

=d h l( )bi i i
23 (8)

The calculation formula of the bubble surface area (SA) is
=S d4 ( /2)A bi

2, t h a t o f t h e b ubb l e v o l ume i s
=V d4 ( /2) /3bi

3 , and that of the bubble specific surface
area is =S S V/b A .
In this experiment, the Sauter average diameter of bubbles is

used to represent the average diameter of bubbles, as shown in
eq 9.

=d n d
n dbs

i bi
3

i bi
2

(9)

where ni�number of bubbles with diameter of dbi.

3. RESULTS AND DISCUSSION
3.1. Influence of Aeration Pipe Length on Oxygen

Mass Transfer. This part studies the variation characteristics
of oxygen mass transfer efficiency under different aeration pipe
lengths. The working condition settings are shown in Table 1.

3.1.1. Influence of Dissolved Oxygen Concentration.
Under the same aperture (d = 200 × 10−6 m) and aeration

Figure 6. Schematic of the cross-correlation algorithm.

Figure 7. Elliptical bubble diagram.
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rate (q = 0.2 m3/h), the variation characteristics of DO
concentration in water with time under different aeration pipe
lengths are shown in Figure 8. On the basis of the experimental

steps shown in Section 3.2.1, Figure 1 shows that when the
pipe length increased from 0.1 to 0.5 m, the increase rate of
DO concentration in the water body increased. When the pipe
length increased to 0.5 m, the DO concentration in the water
body first saturated, indicating that a long aeration pipe length
corresponds to high oxygen mass transfer efficiency when other
conditions are the same.

3.1.2. Influence of Oxygen Mass Transfer. The exper-
imental data were analyzed according to the calculation
method of characteristic parameters of oxygen mass transfer
(Section 2.2.1). The results are shown in Figures 9 and 10. The

influence of aeration pipe length on gas−liquid oxygen mass
transfer was analyzed from three characteristic parameters of
oxygen mass transfer: oxygen mass transfer coefficient (KLa),
oxygenation capacity (OC), and oxygen utilization (EA). Table
2 explores Pearson’s correlation between aeration pipe length
and the oxygen mass transfer characteristic parameter.

Figures 9 and 10 show that the characteristic parameters of
oxygen mass transfer (KLa, OC, and EA) exhibited an
increasing trend (KLa increased from 1.96 to 4.57 h−1, OC
increased from 3.88 × 10−3 to 9.04 × 10−3 kg/h, EA increased
from 6.47 to 15.07%), when the length of the aeration pipe
increased from 0.1, 0.3, and 0.5 m. The length of the aeration
pipe was positively correlated with oxygen mass transfer
parameters (R = 0.984) (Table 2) mainly because different
pipe lengths affected the gas holdup, initial bubble size, and
initial movement speed. With the increase in the pipe length,
the number of outlet holes and the number of bubbles
increased, the bubble size decreased,40 the total gas−liquid
contact area increased, and the gas−liquid mass transfer
process was strengthened. As the number and size of bubbles
increased and decreased, respectively, the gas−liquid contact
area per unit volume increased. At the same time, the bubble
specific surface area (Sb) increased; therefore, the oxygen
utilization rate (EA) increased. In addition, a long tube
corresponds to a small outlet pressure of the bubble. This
condition reduced the initial movement speed of the bubble,
increased the residence time of the bubble in the water body,
provided sufficient time for gas−liquid mass transfer, and
strengthened the oxygen mass transfer process efficiency.

Table 1. Experimental Conditions of Oxygen Mass Transfer
under Different Aerator Lengths

no. d (10−6m) Q (m3/h) L (10−2m)

1 200 0.2 10
2 200 0.2 30
3 200 0.2 50

Figure 8. Variation characteristics of DO concentration under
different aerator lengths.

Figure 9. Effect of aeration length on oxygen mass transfer coefficient
(KLa).

Figure 10. Effect of aeration length on oxygen charging capacity
(OC) and oxygen utilization rate (EA).

Table 2. Correlation Analysis of Aeration Pipe Length and
Oxygen Mass Transfer Characteristic Parameter

L KLa OC EA

L Pearson’s correlation 1 0.984 0.984 0.984
Sig. (double tail) 0.113 0.114 0.113

KLa Pearson’s correlation 1 1.000a 1.000a

Sig. (double tail) 0.001 0.000
OC Pearson’s correlation 1 1.000a

Sig. (double tail) 0.001
EA Pearson’s correlation 1

Sig. (double tail)
aThe correlation was significant at the 0.01 level (double tail).
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Similar trend was observed in the literature,40,46 where an
optimal aeration tube length resulted in the improved oxygen
mass transfer coefficient. It is not completely consistent with
the conclusion of this study, which may be because the three
aeration lengths in this study are distributed on the side of the
optimal aeration pipe length. In addition, the purpose of this
study is not only to explore the influence of aerated tube length
on oxygen mass transfer but more importantly to explore the
influence mechanism of the aerated tube length on oxygen
mass transfer based on bubble movement characteristics, which
would be mentioned in the subsequent analysis.

3.2. Influence of Micropore Pipe Length on Bubble
Flow Field Distribution Characteristics. The experimental
conditions of bubble plume flow field under different aeration
pipe lengths were the same as those in the oxygen mass
transfer experiment, as shown in Table 1.

3.2.1. Influence of Aerator Pipe Length on Bubble Plume
and Streamline Shape. Figure 11 shows the moving image of
a bubble plume processed by gray enhancement and edge
segmentation technology in MATLAB. When the tube length
increased from 0.1 to 0.5 m, the transverse influence range of
bubble plume became smaller. Figure 12 shows the flow line

Figure 11. Bubble motion images under each pipe length after gray enhancement and edge segmentation.

Figure 12. Flow lines of bubble movement under different aeration pipe lengths.

Figure 13. Characteristics of time-average velocity field in the gas phase under different aerator lengths.
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extracted by TECPLOT software. At 0.1 m, the bubbles in the
lower part of the flow field were relatively concentrated, and
the plume had a diffusion trend in the middle and upper parts.
This condition was due to the fact that under the same
aeration volume, the pipe length was small, the aeration
pressure increased, the initial velocity of bubbles increased, the
bottom of the transverse diffusion range of the flow line was
about 0.2 m, and the middle and upper ranges increased. At 0.3
m, the transverse diffusion range of the plume was about 0.2 m,
and no significant difference was found between the transverse
influence range of the bottom and the middle and upper parts
of the plume, which were caused by the increase in the tube
length and the decrease in the bubble outlet pressure. At 0.5 m,
the transverse diffusion range of bubble plume was about 0.18
m, the plume shape was more regular, and the bottom was
basically the same as the middle and upper parts because of the
decrease in the aeration pressure and bubble outlet velocity
when the pipe length increased. In short, when the length of
the aeration pipe increased from 0.1 to 0.5 m, the shape of the
bubble plume gradually became regular and the transverse
influence range of plume decreased.

3.2.2. Influence of Aerator Pipe Length on Gas-Phase
Velocity Field. Figure 13 shows the time-average velocity
nephogram of bubbles under different aeration pipe lengths. At
0.1 m, the time-average velocity of bubbles formed an obvious
velocity gradient from the middle to both sides of the plume.
Most bubble velocities were concentrated at 0.15−0.35 m/s,
some bubbles reached 0.35−0.40 m/s, and the time-average
velocity was about 0.212 m/s. At 0.3 m, the time-average
velocity also formed an obvious velocity gradient from the
middle to both sides of the plume. The velocity of most
bubbles was 0.10−0.30 m/s, while that of a few bubbles was
about 0.30 m/s, and the time-average velocity was about 0.178
m/s. At 0.5 m, basically no velocity gradient occurred from the
middle to both sides of the plume. The bubble velocity was
basically 0.10−0.30 m/s, and the time-average velocity was
about 0.149 m/s.
Figure 14 shows the gas phase time-average vector velocity

field pattern obtained by TECPLOT under different pipe
lengths. At 0.1 m, the flow on both sides was significantly
affected by the plume, with obvious hydraulic circulation,
which increased the intensity of gas−liquid two-phase
turbulence. At 0.3 m, the flow on both sides was also affected
by the bubble plume, forming a more significant hydraulic
circulation, being more obvious on the left side with a larger

influence range of the circulation. At 0.5 m, the flow on the left
side of the plume was affected by the plume, but to a lesser
extent, the flow presented a certain regularity, and the impact
of the plume on the flow was significantly weaker than that at
0.1 and 0.3 m.

3.2.3. Influence of Aerator Pipe Length on Bubble Motion
Parameters. According to the experimental method in Section
2.2.2, the bubble size characteristic parameters such as bubble

number (N), time-average velocity (U = +u v2 2 ), Sauter
average diameter (dbs), surface area (SA), volume (V), and
specific surface area (Sb) (Sb = SA/V) under different aeration
pipe lengths were calculated by eqs 5−9, as shown in Figures
15 and 16. In Table 3, the correlation between aeration pipe
length and bubble size characteristic parameters was discussed
by using Pearson’s correlation analysis.

As shown in Figure 15, the number of bubbles increased
from 3247 at 0.1 m to 3665 at 0.5 m, because when the
aeration volume was constant, a long pipe length corresponded
to the generation of more aeration holes and bubbles. A
positive correlation existed between the tube length and the
number of bubbles, and the correlation was significant at the
level of 0.01 (double tail) (Table 3). The time-average bubble
velocity decreased as the pipe length increased, decreasing
from 0.212 m/s at 0.1 m to 0.149 m/s at 0.5 m. When the

Figure 14. Direction characteristics of mean vector velocity field in the gas phase under different aerator lengths.

Figure 15. Influence of aerator length on the number of bubbles and
average velocity.
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aeration volume and aeration aperture remained unchanged,
the increase in the pipe length increased the bubble outlet and
reduced the bubble outlet pressure and the initial bubble
velocity. A negative correlation existed between tube length

and bubble velocity (R = −0.999). At the level of 0.05 (double
tail), the correlation was significant (Table 3).
Figure 16 shows that the average diameter of bubble Sauter

decreased with the increase in the tube length, from 1.42×
10−3 m at 0.1 m to 1.35× 10−3 m at 0.5 m. The tube length was
short, the air outlet holes were fewer, and more opportunities
were available for interaction between bubbles in the flow field,
thereby increasing the collision and fusion between bubbles as
well as the average diameter of bubbles. However, the figure
shows that the change in the Sauter average diameter caused
by different tube lengths was small. A negative correlation
existed between the tube length and the Sauter average
diameter of bubbles (R = −0.997) (Table 3). The bubble
specific surface area (Sb) increased with the increase in tube
length, from 0.613 at 0.1 m to 0.684 at 0.5 m, which was
caused by the decrease in the bubble’s Sauter average diameter
and the increase in the gas−liquid contact area per unit
volume. A positive correlation existed between the tube length
and bubble specific surface area (Sb) (R = 0.997) at the level of
0.05 (double tail), and the correlation was significant (Table
3).
In Section 3.2, we studied bubble motion characteristics

under different aerator lengths, including bubble motion
morphological characteristics, mean vector velocity at bubble
time, average diameter of bubble, specific surface area of
bubble, and so on. There have been many studies on the
acquisition of bubble motion characteristics by PIV technology
and its post-processing software, but the acquisition of bubble
motion characteristics under different aeration lengths is an
innovation of this study. Here, we obtained the influence rule
of aeration length on each parameter of bubble movement,
which is mainly to explore the influence mechanism of bubble
movement on oxygen mass transfer at different aeration
lengths in combination with the influence rule of aeration
length on oxygen mass transfer, which would be discussed in
the subsequent analysis.
3.3. Influence of Bubble Motion Characteristics on

Oxygen Mass Transfer Efficiency under Different
Aerator Lengths. The influence of aeration pipe length on
oxygen mass transfer and bubble movement flow field was
studied in Sections 2.1 and 2.2 to explore the influence of
bubble movement characteristics on oxygen mass transfer
efficiency when the pipe length changed.
Figures 9 and 10 show that the oxygen mass transfer

efficiency increases as the length of aeration tube increases in
this experiment. In addition, the aeration length increases, the
time-average velocity decreases, the hydraulic cycle becomes
less obvious, and the flow turbulence intensity decreases

Figure 16. Influence of aerator length on Sauter diameter and specific
surface area.

Table 3. Correlation Analysis between Aerator Pipe Length
and Bubble Size Characteristic Parameter

L N U dbs Sb

L Pearson’s
correlation

1 1.000b −0.999a −0.997 0.997a

Sig.
(double tail)

0.004 0.026 0.052 0.047

N Pearson’s
correlation

1 −0.999a −0.996 0.997

Sig.
(double tail)

0.023 0.056 0.050

U Pearson’s
correlation

1 0.992 −0.993

Sig.
(double tail)

0.079 0.073

dbs Pearson’s
correlation

1 −1.000b

Sig.
(double tail)

0.006

Sb Pearson’s
correlation

1

Sig.
(double tail)

aThe correlation was significant at the 0.05 level (double tail). bThe
correlation was significant at the 0.01 level (double tail).

Table 4. Pearson’s Correlation Analysis of Bubble Motion Characteristic Parameters and Oxygen Mass Transfer Characteristic
Parameter under Different Aerator Lengths

N U dbs Sb KLa OC EA

N Pearson’s correlation correlation 1 −0.999a −0.996 0.997 0.985 0.985 0.985
Sig. (double tail) 0.023 0.056 0.050 0.109 0.111 0.110

U Pearson’s correlation 1 0.992 −0.993 −0.991 −0.990 −0.991
Sig. (double tail) 0.079 0.073 0.087 0.088 0.087

dbs Pearson’s correlation 1 −1.000b −0.966 −0.966 −0.966
Sig. (double tail) 0.006 0.165 0.167 0.166

Sb Pearson’s correlation 1 0.969 0.968 0.969
Sig. (double tail) 0.159 0.161 0.160

aThe correlation was significant at the 0.05 level (double tail). bThe correlation was significant at the 0.01 level (double tail).
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(Figures 12−14). These changes usually weaken oxygen mass
transfer. In fact, the oxygen mass transfer efficiency increased
in this experiment, as shown in Table 4; that is, the average
bubble time velocity was significantly negatively correlated
with oxygen mass transfer characteristic parameters (KLa, OC,
and EA) (R = −0.991). This condition is due to many factors
that affect oxygen mass transfer. For example, when the bubble
velocity decreases, the residence time of bubbles in water
increases, which enables more bubbles to complete the gas−
liquid mass transfer process and significantly improve oxygen
mass transfer efficiency. Thus, the increase in the bubble
residence time in water may play a more important role in
oxygen mass transfer than the decrease in the bubble average
time velocity in this experiment.
The above findings show that a large tube length

corresponds to a small Sauter average diameter of the bubble,
and a small bubble weakens the water disturbance and the
oxygen mass transfer process. Table 4 shows that the average
bubble diameter (dbs) was significantly negatively correlated
with the characteristic parameters of oxygen mass transfer (R =
−0.966). The influence of the Sauter average bubble diameter
on the characteristic parameters of oxygen mass transfer was
less than that of the number of bubbles. In addition, a small
bubble corresponds to a large gas−liquid contact area per unit
volume, which is conducive to the increase in oxygen
utilization. A significantly positive correlation existed between
bubble specific surface area (Sb) and oxygen utilization (EA) (R
= 0.969) (Table 4).

4. CONCLUSIONS
In a linear microporous aeration system, the characteristics of
the bubble plume flow field under different aeration pipe
lengths and its influence on oxygen mass transfer were
investigated synchronously. Combined with the characteristics
of the bubble plume flow field, the influence mechanism of
oxygen mass transfer was discussed. The following conclusions
are drawn:

(1) When the length of the aeration pipe increased from 0.1,
0.3, and 0.5 m, the oxygen mass transfer coefficient
(KLa), oxygenation capacity (OC), and oxygen
utilization rate (EA) increased (KLa from 1.96 to 4.57
h−1, OC from 3.88 × 10−3 to 9.04× 10−3 kg/h, EA from
6.47 to 15.07%); KLa, OC, and EA were the largest at 0.5
m.

(2) When the length of the aeration pipe increased from 0.1
to 0.5 m, the shape of the bubble plume gradually
became regular and the transverse influence range of
plume decreased. The number of bubbles increased from
3247 to 3665, the time-average velocity decreased from
0.212 to 0.149 m/s, the average bubble Sauter diameter
decreased from 1.42× 10−3 to 1.35× 10−3 m, and the
bubble specific surface area (Sb) increased from 0.613
m−1 at 10 cm to 0.684 m−1. The tube length was
positively correlated with the number of bubbles and the
specific surface area of bubbles and was negatively
correlated with the time-average velocity of bubbles and
Sauter average diameter (R = −0.999, R = −0.997). The
increase in the pipe length weakened the disturbance
intensity of plume to the water body. When the pipe
length was 0.1 and 0.3 m, hydraulic circulation was
obvious. When the pipe length was 0.5 m, the influence
on the flow on both sides was weak.

(3) When the tube length increased, the number of bubbles
was significantly positively correlated with KLa and OC
(R = 0.985). The increase in bubble residence time in
water may play a more important role in oxygen mass
transfer than the decrease in bubble time-average
velocity in this experiment. The average bubble diameter
(dbs) had little effect on oxygen mass transfer. A
significantly positive correlation existed between bubble
specific surface area (Sb) and oxygen utilization rate (EA)
(R = 0.969).
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