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Abstract: Water quality deterioration is a major problem faced by reservoirs globally, owing to the
inflow of pollution from industrial and municipal activities. Water-lifting aeration is an in situ
water quality improvement technology that mixes and oxygenates deep water bodies in reservoirs to
improve pollution control efficiency and water quality. While previous studies have mainly focused
on the mixing process in the reservoir outside the water-lifting aerator (WLA), knowledge of the
internal flow remains limited. In this study, a two-phase flow within a WLA system was numerically
studied using the volume of fluid (VOF) method to comprehensively analyze the internal two-phase
flow characteristics and the influence on the water-lifting and oxygenation performance of the system.
The statistical analysis results showed that increasing the aeration chamber volume enhanced the
bottom oxygenation performance by 27% because of the prolonged time of the deflector plate outlet
outflow. Additionally, increasing the air release rate enhanced the water-lifting performance by 47%,
which was induced by the shortened air piston release period. This study demonstrates the internal
flow mechanism of the WLA and provides technical support for parameter optimization design,
which has significant scientific research and engineering application value.

Keywords: reservoir; water-lifting performance; oxygenation performance; numerical simulation

1. Introduction

Reservoirs are widely used as primary water sources for cities in many countries [1].
Owing to the nutrient-enriched inflow from industrial waste and municipal sewage [2],
eutrophication has become one of the main causes of water quality degradation in reser-
voirs in recent years [3], posing severe challenges to water treatment and threatening the
drinking water safety of urban residents [4]. Various remediation methods, including
biological, chemical, and physical remediation, have been developed to effectively ad-
dress this problem [5]. Highly efficient in situ remediation technology for source water
quality treatment has become an important method to ensure water supply safety. Vari-
ous mixing and oxygenation systems have been deployed in drinking water reservoirs to
mitigate water quality problems. Standard mixing and oxygenation systems, including
side-stream oxygenation systems [6], bubble plumes [7,8], and other technologies [9,10],
have successfully improved water quality in lakes and reservoirs.

The water-lifting aerator (WLA) [11] is an in situ water quality improvement tech-
nology developed by our group [12] in China, which functions by artificially mixing and
oxygenating deep water bodies in reservoirs [13]. The layout of the WLA system is shown
in Figure 1. The WLA system is composed of an air compressor room, air conveying pipe,
and a WLA [14]. The WLA is the core component of the WLA system, consisting of an
ascending tube; watertight compartment; air, aeration, and return chambers; air diffuser;
deflector plate; air inlet pipe; steel chain; and anchor pier. The WLA is suspended vertically
in the reservoir by the buoyancy of the watertight component and is fixed to the concrete

Water 2023, 15, 991. https://doi.org/10.3390/w15050991 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15050991
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w15050991
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15050991?type=check_update&version=1


Water 2023, 15, 991 2 of 18

anchor pier sunk at the bottom of the reservoir by steel chains. When the WLA system is
started, compressed air bubbles released by the air diffuser rise and gradually gather in
the air chamber, oxygenating the water in the aeration chamber. The oxygenated water in
the aeration chamber then flows back to the deep water through the deflector plate. When
the air chamber is full of air, the air piston is released, and the deep water is lifted to the
surface layer of the reservoir. To control algal overgrowth and eutrophication, algae are
transported from the shallow to the deep water zone by mixing, where the temperature
and dissolved oxygen concentrations are lower. To increase the dissolved oxygen content
and decrease the release of pollutants in the sediment, oxygenated water is transported
to the bottom water by mixing. The WLA system has the functions of water-lifting [15]
and deep water aeration, which improve pollution control efficiency and water quality in
reservoirs. The WLA system has been used in many drinking water supply reservoirs, such
as the Xi’an Jin Pen, Yan’an Hong Zhuang, and Shan Dong Zhoucun Reservoirs, showing
the system’s ability to limit eutrophication and improve water quality.
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Figure 1. Water-lifting aerator (WLA) system layout.

In recent years, the water-lifting performance of the WLA system has been analyzed
through experimental and numerical simulations. Cong et al. [16] derived simplified
momentum differential equations of the air piston in the acceleration and deceleration
sections of the ascending tube using theoretical analysis and verified them using a scaled
experiment test. Zhu [17] performed a 2D numerical simulation of a WLA flow field
using a single-phase flow model. Additionally, the influence of different water tempera-
ture stratification and depth on the mixing of the reservoir was discussed by Wang [18].
Sun et al. [19,20] optimized the outflow structure of a WLA by analyzing the flow outside
the aerator, core algae inhibition zones, and algae mixing. Zhang et al. [21] optimized the
installation height of the WLAs by simulating the velocity variation of the ascending tube
using the VOF method. These studies on WLA water-lifting performance have mainly
focused on the mixing process in the reservoir outside the WLA. However, the internal
flow details, including the process of the air piston formation and release inside the WLA,
remain limited.

Furthermore, the fine bubble diffuser plays a vital role in the WLA oxygenation per-
formance. Many studies have been conducted on fine bubble diffuser oxygenation [22],
which has become an essential method for domestic sewage treatment [23] and river man-
agement owing to its strong oxygenation performance and low energy consumption [24].
Researchers have also investigated the effects of bubble size distribution [25], aeration den-
sity [26], ventilation [27], pulse oxygenation [28], and micro-porous diffuser shape [29] on
the oxygenation performance of fine bubble diffusers through experiments and numerical
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calculations. These studies mainly focused on fine bubble diffusers used in sewage treat-
ment and river management, while numerical research on the oxygenation performance
of WLA systems has seldom been conducted. To study the water-lifting and oxygenation
performances of the WLA system, the internal flow must be thoroughly analyzed. As it
is challenging to conduct in situ measurements when the WLA system is in operation,
theoretical analysis and single-phase flow numerical simulation cannot reveal the flow
details inside the WLA. Accurate flow analysis is crucial for studying the complex flow
in air piston formation and release. Hence, these problems must be addressed using the
volume of fluid (VOF) numerical simulation method. The VOF model [30] is a widely
used method in two-phase flow research [31]. Numerous studies based on the VOF have
focused on microbubbles [32], small bubbles [33], and medium-sized bubbles [34,35], but
few have investigated large-scale bubbles. Furthermore, information regarding the details
of the air piston formation process in the WLA is lacking. Therefore, we used the VOF
method to simulate air piston formation and release. In this study, the flow characteristics
of the fluid inside the WLA and the influences of air release rate and air chamber volume
on the water-lifting and oxygenation performances of the WLA were analyzed, which
demonstrated the internal flow mechanism of the WLA and provided optimized methods
for the WLA system.

2. Numerical Simulation Methods
2.1. VOF Method

The VOF method used in this study is effective in capturing and tracking air–water
interfaces [36] in the flow field, which is a critical characteristic of air piston formation
and flow release in the WLA. In the VOF method, different phases share a standard set
of control equations, and interface tracking is achieved by solving the volume fraction
function ϕ. Each phase i has a partial volume Vi, which is a fraction of the cell element
volume (Vi ⊆ V), defined by its local volume fraction φi ∈ [0, 1] [37]:

φi =
Vi
V

, (1)

with
2

∑
i=1

φi = 1, (2)

There were two phases in this study, with the subscripts g and l representing the
gas (air) and liquid (water) phases, respectively. The volume fraction traces the interface
between the gas and liquid by calculating the volume fractions φg and φl in each grid.
When φl = 1, the calculation area is full of the liquid phase; when φl = 0, the calculation
area is full of the gas phase; when 0 < φl < 1, the computational region is the two-phase
interface, and any grid in it satisfies φg + φl = 1.

The volume fraction equation is calculated as follows:

∂φi
∂t

+∇(φiu) = 0, (3)

where ρ and µ denote the volume-weighted average density and kinetic viscosity, respec-
tively. The mixture density ρ and viscosity µ are assumed to vary linearly with the volume
fraction φi of each phase as follows:

ρ = φlρl + (1− φl)ρg, (4)

µ = φlµl + (1− φl)µg. (5)

The continuity and momentum equations are expressed as follows:

∂ρ

∂t
+∇ · (ρu) = 0, (6)
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∂(ρu)
∂t

+∇ · (ρuu) = −∇p +∇ ·
[
µ(∇u +∇uT)

]
+ ρg + Fvof, (7)

where u represents the velocity vector of the flow; t represents time; p represents pressure;
g represents gravitational acceleration; and Fvof represents the surface force per unit of
interfacial area calculated at the fluid interface in the control volume. The continuous
surface force model [38] defines surface tension as a volumetric force acting on the fluid
within the grid cells of the phase interface region and is expressed as follows:

Fvof = σkk
ρ∇φk

1
2 (ρg + ρl)

, (8)

kk = ∇ · n
|n| , (9)

n = ∇φk, (10)

where σ is the fluid surface tension coefficient; kk is the curvature of the interface; φk is the
volume fraction defined at the center of the grid; and n is the normal interfacial vector.

2.2. Computational Model and Boundary Condition

In this study, a simplified calculation model was established based on the WLA system
in the Zhoucun Reservoir, as shown in Figure 2. Both the internal and external flows of the
aerator were simulated using a 2D axisymmetric swirl model [39].
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The investigated reservoir was simplified into a cylindrical computational domain
with a radius of 50 m and a height of 25 m. The height of the WLA was 10 m, the distance
between the lower end of the ascending tube and the domain bottom was 2 m, the radius
of the ascending tube was 0.4 m, and the ascending tube was submerged to a depth of 5 m
below the free surface. To simulate the flow details of the air piston inside the WLA, the
quadrilateral structured grid was locally refined inside the WLA, and the total number of
grids was 4.4 × 104. Figure 2a,b show the local grids and global flow field grid, respectively.
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The air diffuser was defined as the inlet boundary condition, the upper boundary of the
computational domain as the outlet boundary condition, the left side of the domain as the
symmetry boundary condition, and the other solid walls as the no-slip wall condition.

The gas and liquid phase regions at the initial time were specified by flow field
initialization, as shown in Figure 2c, with the 8 m gas region above the free surface and the
17 m water region below the free surface. The distribution of the gas and liquid phases is
represented by the gas–liquid volume fraction, where the red and blue areas represent the
gas and liquid phases, respectively.

The standard k − ε turbulence model [40] was used to simulate the turbulent flow.
The convective terms of the momentum and turbulent equations were discretized using
a second-order upwind scheme. A pressure-based implicit solver was applied to solve
unsteady equations. The pressure discretization scheme used was PRESTO!, which is well
suited for the steep pressure gradients involved in rotating flows and provides improved
pressure interpolation in situations where large body forces or strong pressure variations
are present, as in swirling flows. The velocity field was calculated using the pressure–
velocity coupling method in the PISO format. The volume–fraction equation was solved in
an explicit time format.

As shown in Table 1, seven working conditions, including five different air release
rates and three different air chamber volumes, were simulated to study the influence of air
release rate and air chamber volume on the WLA performance.

Table 1. Working conditions.

Working Condition Computational Model Air Chamber
Volume (m3)

Air Release
Rate (m/s)

Working Condition 1 Chamber_2 0.797 0.1
Working Condition 2 Chamber_2 0.797 0.3
Working Condition 3 Chamber_2 0.797 0.5
Working Condition 4 Chamber_2 0.797 0.7
Working Condition 5 Chamber_2 0.797 1.0

Working Condition 6 Chamber_1 0.455 0.3
Working Condition 2 Chamber_2 0.797 0.3
Working Condition 7 Chamber_3 1.067 0.3

An air chamber full of air is shown by the gas–liquid volume fraction in Figure 3. In
this figure, the air volume is equal to the maximum air chamber volume, which is defined as
the air chamber volume. The width and height are the two critical sizes of the air chamber.
The three computational models are Chamber_1, Chamber_2, and Chamber_3, and the air
chamber volume changes with width and volume (in this case, the values are 0.455, 0.797, and
1.067 m3, respectively). To ensure comparability, the computing meshes of the three models
used the same topology structure and mesh point distribution, as shown in Figure 4.
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2.3. WLA Performance Indices

In this study, the air release rate v0 was used to characterize the air release rate of the
air diffuser. The product of the air release rate v0 and the outlet area of the air diffuser A0
is the gas supply per unit time Q0, which is expressed as follows:

Q0 = v0 A0. (11)

The area-averaged velocity of the ascending tube outlet vav1 was obtained by averaging
the rate at each point of the ascending tube outlet. The product of vav1 and the ascending
tube outlet cross-sectional area A1 is the water-lifting volume per unit time, which is
defined as Q1 and expressed as follows:

Q1 =
∫

A1

udA = vav1 A1. (12)

The ascending tube outlet velocity has an apparent periodicity, and both vav1 and
Q1 change with time. To measure the time-averaged water-lifting performance, the time-
averaged water-lifting volume Q1, which is an essential index of the WLA water-lifting
performance, is defined as follows:

Q1 =

∫ T
0 Q1dt

T
=

∫ T
0 vav1 A1dt

T
= vav1 A1. (13)

In the subsequent analysis, the time-averaged velocity of the ascending tube outlet
vav1 was used to characterize the WLA water-lifting performance. The larger the vav1, the
stronger the water-lifting performance. vav1 is expressed as follows:

vav1 =
Q1

A1
. (14)

The area-averaged velocity of the deflector plate outlet vav2 was obtained by averaging
the rate at each point of the deflector plate outlet. The product of vav2 and the deflector
plate outlet area A2 is the volume of oxygenated water transferred to the deep water
body through the deflector plate per unit of time, which is defined as Q2 and expressed
as follows:

Q2 =
∫

A2

udA = vav2 A2. (15)

The flow at the outlet of the deflector plate was also unsteady; both vav2 and Q2 varied
with time. The average volume of oxygenated water returned to the deep water body per
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unit time is an important index for measuring the WLA oxygenation performance in the
deep water body, which is defined as Q2 and expressed as follows:

Q2 =

∫ T
0 Q2dt

T
=

∫ T
0 vav2 A2dt

T
= vav2 A2. (16)

In the following discussion, the time-averaged velocity of the deflector plate outlet,
vav2, was used to characterize the WLA oxygenation performance. When vav2 was larger,
more oxygenated water was delivered to the deep water body per unit time, and the WLA
oxygenation performance was more robust. In contrast, when vav2 was smaller, the WLA
oxygenation performance was weaker. vav2 is expressed as follows:

vav2 =
Q2

A2
. (17)

3. Results and Discussion
3.1. Numerical Method Verification

To verify the reliability of the numerical simulation method in this study, the numerical
simulation method was compared with the Cong Haibing experiment [16]. The simulation
model and boundary conditions were defined the same way as those of the experimental
model. The numerical simulation results for the velocity at the ascending tube outlet agreed
with the experimental results, as shown in Figure 5, with the mean relative error within 8%,
which indicates that the simulation method in this study is reliable.
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Figure 5. Comparison of computational and experimental results of the velocity in the ascending tube.

3.2. Analysis of the Internal Flow of the Water-Lifting Aerator
3.2.1. Analysis of the Air Piston Forming Process

The air piston forming process was analyzed based on Working Condition 1 in Table 1,
in which the air chamber volume was 0.797 m3, and the air release rate was 0.1 m/s.
Figure 6 shows the different flow stages inside the WLA during different air piston periods.
Figure 6a–c show the air bubble collection section, and Figure 6d,e show the generation
and release phases of the air piston.
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When the WLA was powered on, air bubbles were released from the air diffuser, and
they rose through the aeration chamber until most of the air bubbles accumulated in the air
chamber. Before the air–water interface dropped to the top edge of the overflow plate, a
few air bubbles passed through the air outlet slot and slipped into the ascending tube, as
shown in Figure 6a. As the air volume in the air chamber increased, the air–water interface
gradually dropped to the top edge of the overflow plate; thus, the water connection between
the air chamber and ascending tube was cut off, as shown in Figure 6b. The air bubbles
continued to accumulate in the air chamber, and the air–water interface in the air chamber
continued to drop. When the air–water interface dropped below the lower edge of the
seal plate, the air volume inside the air chamber reached its maximum value, as shown in
Figure 6c. After the air–water interface dropped below the lower edge of the seal plate, the
force balance of the air volume broke. The buoyancy force difference drove the air in the
chamber to exit the seal plate and rapidly pass through the air outlet slot to the ascending
tube, as shown in Figure 6d. The air in the air chamber was instantaneously pushed into
the ascending tube by the water pressure difference between the two sides. Thus, the air
piston formed in the ascending tube and drove the water upward until it was released from
the ascending tube outlet into the upper water body, as shown in Figure 6e. Subsequently,
air bubbles began to accumulate again in the air chamber, and the flow field underwent the
above process.

3.2.2. Velocity Analysis of the WLA Outlet

The WLA possessed two outlets: the ascending tube and deflector plate outlets. To
illustrate the water-lifting and bottom water oxygenation effectiveness of the WLA, the
area-averaged velocity at the outlet of the ascending tube and deflector plate were analyzed
for Working Condition 1.

For both the ascending tube outlet and deflector plate outlet velocities, the positive
velocity was regarded as outflow, and the negative velocity was regarded as inflow. To
analyze the flow characteristic of the two outlets, the area-averaged velocity was calculated
from 0 to 1200 s, as shown in Figure 7a,b, where approximately five periods were identified.
In each period, the velocity profiles were basically the same, except the velocity peak was
slightly different owing to numerical error. To minimize the influence of numerical error
and provide better comparability, several velocity quantities were averaged in Section 3.3.

Figure 7c,d show the area-averaged velocities of the two outlets from 0 to 228 s. The
flow field simulation showed that the duration of the first period of the air piston motion
was approximately 228 s. Detailed research was conducted for the first air piston motion
period from 0 to 228 s. The analysis was divided into three phases.
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Phase 1: The first phase of the air piston motion period was the air bubble accumulation
stage in the air chamber from 0 to 217 s. When the WLA system started, the air bubbles rose
to the air chamber continuously, flowed through the air outlet slot, entered the ascending
tube, and finally drove the water up to the ascending tube outlet. The velocity of the
ascending tube outlet fluctuated at a small value of ~0.03 m/s, as shown in the blue
wireframe in Figure 7a, which indicates that the water-lifting performance of the WLA was
weak during this period. Meanwhile, the velocity magnitude of the deflector plate outlet
increased rapidly and fluctuated at ~0.36 m/s. During this phase, the oxygenated water in
the aeration chamber continuously passed through the deflector plate outlet and flowed to
the deep water area. The WLA had a strong oxygenation performance in the deep water
area during this period, as shown in the blue wireframe in Figure 7b.

Phase 2: The second phase of the air piston motion was the air piston release stage from
217 to 222 s. The air piston formed in the ascending tube accelerated upward, driven by the
buoyancy force, moving water up to the ascending tube outlet. When the air piston moved
to the ascending tube outlet, the speed reached its maximum vav1−max. The water-lifting
performance was strong during this phase, as shown by the red wireframe in Figure 7a.
The water in the aeration and return chambers flowed into the ascending tube quickly,
and the water around the deflector plate outlet was immediately sucked into the WLA.
The velocity direction at the outlet of the deflector plate changed instantly from outflow to
inflow. The velocity of the deflector plate outlet decreased until it reached the minimum
negative velocity vav2−min, which implies that the inflow velocity was at its maximum
value. During this stage, the WLA system lost the ability to deliver oxygenated water to
the bottom water area, as shown in the red wireframe in Figure 7b.
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Phase 3: The third phase of the air piston motion was the flow recovery stage from
222 to 228 s. When the air piston left the ascending tube outlet, the accelerating water-lifting
process was complete. The water inside the ascending tube moved upward owing to the
inertial force; thus, the outflow velocity gradually decreased to the level of the velocity
magnitude before the air piston was released. The water-lifting performance in this phase
was progressively reduced to that of the group before the air piston was released, as shown
in the green wireframe in Figure 7a. The water in the return chamber gradually stopped
flowing into the ascending tube, and the water around the deflector plate outlet gradually
stopped flowing inside. In Phase 3, the performance of WLA in delivering oxygenated
water to the bottom water slowly increased, as shown in the green wireframe in Figure 7b.

The above analysis was performed in one air piston motion period; at the end of the
period, the air bubbles started to accumulate in the air chamber again. The periodic release
of the air piston was accompanied by a regular increase and decrease in the velocity at the
ascending tube and deflector plate outlets, respectively. As the flow inside the water-lifting
aerator satisfied mass conservation, a dynamic equilibrium existed between the velocities
of the ascending tube and deflector plate outlets.

During the entire period, the velocity of the ascending tube outlet was positive;
therefore, the flow direction of the ascending tube outlet was outward. The bottom water
was continuously lifted to the upper water layer by the WLA. From 219 to 227 s, the
velocity of the deflector plate outlet was negative; thus, the flow direction of the deflector
plate outlet was inward. However, the negative velocity was only sustained for 9 s, and
its influence on the overall oxygenation capacity was negligible. In summary, the WLA
exhibited water-lifting potential and oxygenation capacity for reservoir water, which can
greatly improve the water quality in the reservoir.

3.3. Analysis of Factors Affecting Water-Lifting Performance
3.3.1. Effect of Air Release Rate

Driven by periodically released air pistons, the water in the WLA flowed out of the
ascending tube outlet and then reached the upper water bodies, thus achieving the effect of
water-lifting. The computational model Chamber_2 was simulated to analyze the impact of
different air release rates on the water-lifting performance of the WLA. The air release rates
of Working Conditions 2, 3, 4, and 5 were 0.3, 0.5, 0.7, and 1.0 m/s, respectively, as shown
in Table 2. The air piston forming process and the flow pattern in the return chamber under
different working conditions were similar to those in Working Condition 1, with the only
difference being the magnitude of the flow field quantities, such as the period of air piston
motion and the velocity magnitude of the ascending tube outlet.

Table 2. Computational results of the water-lifting performance with different air release rates.

Working
Condition 2

Working
Condition 3

Working
Condition 4

Working
Condition 5

Air release rate, v0 (m/s) 0.3 0.5 0.7 1.0
Average air piston period, Tav (s) 73 45 32 23

Average maximum velocity of
the ascending tube outlet,

vav1−max (m/s)
1.296 1.345 1.373 1.422

Time-averaged velocity of the
ascending tube outlet, vav1 (m/s) 0.209 0.293 0.383 0.510

To analyze the influence of different air release rates on the water-lifting performance,
the velocity magnitudes of the ascending tube outlet vav1 from 0 to 250 s under Working
Conditions 2, 3, 4, and 5 are shown in Figure 8. To qualify the WLA performance under
different working conditions, the average air piston motion period and the maximum
and time-averaged velocities of the ascending tube outlet were calculated. Therefore, the
average air piston period Tav, average maximum velocity of the ascending tube outlet
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vav1−max, and time-averaged velocity of the ascending tube outlet vav1 were obtained, as
shown in Table 2.
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As shown in Table 2, Working Conditions 2, 3, 4, and 5 corresponded to air release
rates of 0.3, 0.5, 0.7, and 1.0 m/s, respectively, which were converted by several aeration
rates used in the WLA system operation. From 0 to 250 s, each working condition had
three, five, seven, and ten periods, with average air piston periods of 73, 45, 32, and 23 s,
respectively. The increase in the air release rate increased the amount of air bubbles entering
the deep water per unit time from the air diffuser; thus, the time required to fill the same
air chamber volume was reduced, and the air piston period was shortened.

As the air release rate increased from 0.3 to 1.0 m/s, the average maximum velocity
of the ascending tube outlet increased from 1.296 to 1.422 m/s, as shown in Table 2. The
time-averaged velocity in the ascending tube outlet increased from 0.209 to 0.510 m/s.
Altogether, the increasing air release rate from 0.3 to 1.0 m/s resulted in a faster release of
air bubbles from the air diffuser, more gas momentum being transferred to the water, and a
larger average maximum velocity of the ascending tube outlet, consequently increasing the
water-lifting performance of the WLA.
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In conclusion, under the same model conditions, if the air release rate was higher, the
time-averaged velocity and average maximum velocity of the ascending tube outlet were
also high, and the water-lifting performance of the water-lifting aerator was stronger.

3.3.2. Effect of Air Chamber Volume

To clarify the influence of air chamber volume on the water-lifting performance, three
models, Chamber_1, 2, and 3, with air chamber volumes of 0.455, 0.797, and 1.067 m3,
respectively, were simulated and analyzed at the same air release rate. These computational
models corresponded to Working Conditions 6, 2, and 7, as shown in Table 1. The unsteady
ascending tube outlet velocities for Chamber_1, 2, and 3 are shown in Figure 9. To further
analyze the effect of the air chamber volume on the water-lifting performance, the averaged
data are listed in Table 3.
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Table 3. Computational results of the water-lifting performance with different air chamber volumes.

Working
Condition 6

(Chamber_1)

Working
Condition 2

(Chamber_2)

Working
Condition 7

(Chamber_3)

Air chamber volume, V0 (m3) 0.455 0.797 1.067
Average air piston period, Tav (s) 41 73 97
Average maximum velocity of the

ascending tube outlet, vav1−max (m/s) 1.136 1.296 1.333

Time-averaged velocity of the
ascending tube outlet, vav1 (m/s) 0.262 0.209 0.192

From 0 to 250 s, Chamber_1, 2, and 3 had five, three, and two air piston periods, with
averages of 41, 73, and 97 s, respectively. An air chamber with a larger volume requires
more time for the air to fill it up; thus, a larger air chamber has a larger air piston period
and smaller air piston-releasing frequency.

The air chamber volumes of Chamber_1, 2, and 3 were 0.455, 0.797, and 1.067 m3,
respectively. Chamber_1 had the smallest air chamber volume, and its ascending tube
outlet velocity was characterized by short periods and a low maximum. Chamber_3 had the
largest air chamber volume, and its outlet velocity of the ascending tube was characterized
by long periods and a high maximum.

The average maximum velocities of the ascending tube outlet for Chamber_1, 2, and
3 were 1.136, 1.296, and 1.333 m/s, respectively, as listed in Table 3. The time-averaged
velocities of the ascending tube outlet were 0.262, 0.209, and 0.192 m/s.

Owing to the minor buoyancy produced by the air piston released from Chamber_1,
which had the smallest volume of 0.455 m3, the average maximum velocity of the ascending
tube outlet was relatively small at 1.136 m/s. The average air piston period of Chamber_1
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was the shortest at 41 s, and the duration when the ascending tube outlet velocity was
relatively high was longer; therefore, the time-averaged velocity of the ascending tube
outlet was larger (0.262 m/s). Conversely, Chamber_3, with the largest volume of 1.067 m3,
had the largest average maximum velocity of the ascending tube outlet at 1.333 m/s, the
most extended air piston period of 97 s, and the smallest time-averaged velocity of the
ascending tube outlet at 0.192 m/s.

The increase in the air chamber volume was accompanied by an increase in the average
maximum velocity of the ascending tube outlet and air piston period and a decrease in the
time-averaged velocity of the ascending tube outlet. The average maximum velocity of the
ascending tube outlet is the maximum velocity at which a single air piston accelerates the
water; therefore, it reflects the ability of a single air piston to accelerate the water upwards
in the ascending tube. The time-averaged velocity of the ascending tube outlet is the core
indicator of the WLA water-lifting performance.

In summary, under the same air release rate conditions, Chamber_1 had a better WLA
water-lifting performance than Chamber_2 and Chamber_3.

3.4. Analysis of Factors Affecting Oxygenation Performance

When the WLA system was started, air bubbles rose from the air diffuser to the air
chamber to oxygenate the water in the aeration chamber. The oxygen-rich water flowed
into the deep water in the reservoir through the outlet of the deflector plate, and the oxygen
content of the bottom water increased. Thus, the WLA system oxygenated the deep water
in the reservoir. To provide an effective WLA system design, the influence of different
air release rates and air chamber volumes on oxygenation performance are discussed in
this section.

3.4.1. Effect of Air Release Rate

The computational model of Chamber_2 was investigated to analyze the effect of
different air release rates on WLA oxygenation performance in deep water in the reservoir.
Figure 10 shows the changes in the deflector plate outlet velocity for air release rates of 0.3,
0.5, 0.7, and 1.0 m/s, under Working Conditions 2, 3, 4, and 5, respectively.

To further analyze the influence of air release rate on oxygenation performance, the
calculation results were processed using a method similar to that shown in Table 1. The air
piston period, minimum velocity of the deflector plate outlet, and velocity of the deflector
plate outlet were averaged to obtain the average air piston period, as well as the average
minimum and time-averaged velocities of the deflector plate outlet, as shown in Table 4.

As the air release rate increased from 0.3 to 1.0 m/s, the average air piston period
decreased from 73 to 23 s, and the average minimum velocity of the deflector plate outlet
increased from −0.666 to −0.272 m/s, as shown in Table 4. This implies that the model
with an air release rate of 1.0 m/s exhibited the largest inflow velocity. Simultaneously,
the time-averaged velocity of the deflector plate outlet increased from 0.477 to 0.615 m/s,
which represents the enhancement of the WLA oxygenation performance.

In summary, compared with the other models with different air release rates, the
model with an air release rate of 1.0 m/s exhibited the highest time-averaged velocity of the
deflector plate outlet and best oxygenation performance pertaining to the deep water body.

3.4.2. Effect of Air Chamber Volume

With different air chamber volumes of 0.455, 0.797, and 1.067 m3, the models of
Chamber_1, 2, and 3 were used to study the influence of the air chamber volume on the
oxygenation performance of the deep water. The deflector plate outlet velocity changes
in the three chambers are shown in Figure 11. To further analyze the effect of the air
chamber volume on the oxygenation performance of deep water, the calculation results
were averaged, as shown in Table 5.
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Figure 10. Velocity in the deflector plate outlet for different air release rates of (a) 0.3, (b) 0.5, (c) 0.7,
and (d) 1.0 m/s. The pink circles indicate the minimum velocities of the deflector plate outlet, and
the red dashed lines indicate time-averaged velocities of deflector plate outlet.

Table 4. Computational results of the oxygenation performance with different air release rates.

Working
Condition 2

Working
Condition 3

Working
Condition 4

Working
Condition 5

Air release rate, v0 (m/s) 0.3 0.5 0.7 1.0
Average air piston period, Tav (s) 73 45 32 23
Average minimum velocity of the

deflector plate outlet,
vav2−min (m/s)

−0.666 −0.650 −0.440 −0.272

Time-averaged velocity of the
deflector plate outlet, vav2 (m/s) 0.477 0.484 0.557 0.615

For Chamber_1, 2 and 3, the corresponding average minimum velocities of the deflec-
tor plate outlet were −0.100, −0.666, and −0.829 m/s, respectively, as shown in Table 5,
indicating that a larger air piston formed by the volume chamber produces more vital
suction force in the deflector plate outlet. Simultaneously, the time-averaged velocities of
the deflector plate outlet increased from 0.337 to 0.535 m/s, which indicates that the WLA
with the biggest air chamber showed the most robust oxygenation performance.

Overall, under the same air release rate conditions, when the air chamber volume was
larger, the average air piston period was longer, the time-averaged velocity of the deflector
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plate outlet was greater, and the oxygenation performance to the deep water of the WLA
was stronger. The oxygenation performance of Chamber _3 was the most robust.
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Figure 11. Distribution of the velocity in the outlet of the deflector plate for different air chamber
volumes of (a) 0.455, (b) 0.797, and (c) 1.067 m3. The pink circles represent the minimum velocities,
and the red dashed lines indicate time-averaged velocities of the deflector plate outlet.

Table 5. Computational results of the oxygenation performance with different volumes of the
air chamber.

Working
Condition 6

(Chamber_1)

Working
Condition 2

(Chamber_2)

Working
Condition 7

(Chamber_3)

Air chamber volume, V0 (m3) 0.455 0.797 1.067
Average air piston period,

Tav (s) 41 73 97

Average minimum velocity of the
deflector plate outlet, vav2−min (m/s) −0.100 −0.666 −0.829

Time-averaged velocity of the
deflector plate outlet, vav2 (m/s) 0.337 0.477 0.535

3.5. Performance Analysis of Water-Lifting Aerator

To comprehensively analyze the WLA performance and provide detailed design
guidance for researchers and engineers, the previous calculation data were reorganized, as
shown in Figure 12.
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Figure 12a shows a comparison of the water-lifting and oxygenation performances for
Chamber_1, 2, and 3. The time-averaged velocities of the ascending tube and deflector plate
outlets correspond to the water-lifting performance and the performance of transporting
the oxygenated water to the deep water body. In comparison, Chamber_3, with the largest
air chamber volume, exhibited the strongest ability to deliver oxygenated water to the
deep water area and the weakest water-lifting performance. Chamber_1, with the lowest
air chamber volume, exhibited the lowest ability to deliver oxygenated water to the deep
water area and the most robust water-lifting performance. Of the three WLAs, Chamber_2
exhibited moderate performance.

Statistical analysis showed that as the air chamber volume V0 increased, the relative
change rate of the time-averaged velocity of the ascending tube outlet vav1 decreased by
14%. Simultaneously, the relative change rate of the time-averaged velocity of the deflector
plate outlet vav2 increased by 27%. The results show that increasing the aeration chamber
volume enhanced the bottom oxygenation performance of the WLA but also weakened the
water-lifting performance. In practice, the demand of the reservoir for the oxygenation and
water-lifting performances of the water-lifting aerator should be weighed to determine a
reasonable air chamber volume design.

Figure 12b shows a comparison of the water-lifting and oxygenation performances in the
Chamber_2 model with different air release rates. Statistical analysis showed that as the air
release rate v0 increased, the relative change rate of the time-averaged velocity of the ascending
tube outlet vav1 increased by 47%. Additionally, as the air release rate v0 increased, the relative
change rate of the time-averaged velocity of the deflector plate outlet vav2 increased by 17%.
As the air release rate increased, both the water-lifting and oxygenation performances of the
Chamber_2 WLA were improved, but the large air release rate increased the operating cost
of the WLA system. In the real operation of the WLA system, the air release rate should be
determined by combining its operating efficiency and cost.

4. Conclusions

In this study, the VOF model was used to simulate the WLA system in the Zhoucun
Reservoir. The detailed flow field inside the WLA was analyzed, and its water-lifting and
oxygenation performances were quantitatively studied by varying the air release rate and
air chamber volume. The main conclusions can be summarized as follows:

1. The calculation results obtained using the VOF method correlated with the experimen-
tal results. This demonstrates the feasibility of the methodology and the reliability of
the results, indicating that the proposed method can be used to analyze WLA internal
flow details.

2. By analyzing the detailed process of air bubble accumulation and air piston formation
and release inside the WLA, the effects of air piston release on the flow in the ascending
tube and deflector plate were discussed, and the mechanisms of water-lifting and
oxygenation to deep water were revealed.

3. The effects of different air release rates and air chamber volumes on the water-lifting
performance of WLA were analyzed. The results show that an increase in the air
release rate shortened the air piston period, increased the time-averaged velocity of
the ascending tube outlet, and enhanced the water-lifting performance of the WLA.
Additionally, increasing the air chamber volume increased the air piston period,
reduced the time-averaged velocity of the ascending tube outlet, and weakened the
water-lifting performance of the WLA.

4. The effects of different air release rates and air chamber volumes on the oxygenation
performance of a deep water body were analyzed. The results show that increasing
the air release rate shortened the air piston period and increased the time-averaged
velocity of the deflector plate outlet, finally enhancing the oxygenation performance
of the WLA. Increasing the air chamber volume prolonged the air piston period,
increased the time-averaged velocity of the deflector plate outlet, and improved the
oxygenation performance of the bottom water.
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5. The performance of WLAs with different air chamber volumes and air release rates
were compared. The results show that as the air chamber volume increased, the
oxygenation performance increased at a relative rate of 27%, and the water-lifting
performance decreased by 14%. As the air release rate increased, the oxygenation
performance increased at a relative rate of 17%, and the water-lifting performance
increased by 47%.

In future work, further numerical studies will be performed to investigate the effects
of different depths and distances between the air diffuser and the air chamber, which can
provide technical support for more parameter optimization design of WLAs and has more
significant engineering application value.
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