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Abstract: The three-phase flow in a aeration tank driven by an inverted umbrella aerator is relatively
complex, including the processes of the hydraulic jump, air entrainment, and sludge particle sedi-
mentation. A three-phase flow test bench for an inverted umbrella aerator is established for studying
its influence on aeration performance. The experiment mainly studies the changed law of aeration
performance under different immersion depths or sludge concentrations and measures the flow rate
and sludge concentrations in the aeration tank in different working conditions. The results are as
follows. (1) The total oxygen transfer coefficient, standard oxygenation capacity, and standard power
efficiency increase with the increase in rotational speed. The total oxygen transfer coefficient and
standard-charge oxygen capacity first increase and then decrease with the decrease in immersion
depth, reaching a maximum at −20 mm immersion depth. The standard dynamic efficiency has a
similar trend and reaches a maximum at −8 mm immersion depth. (2) In the aeration tank, the flow
velocity near the impeller is faster and has greater turbulence. The shallow water is more profoundly
affected by the impeller compared with the deeper water. (3) The shallow-water sludge varies greatly,
and the deep-water sludge is distributed uniformly when the inverted umbrella aerator works stably.

Keywords: inverted umbrella aerator; aeration tank; aeration performance; gas-liquid-solid
three-phase flow

1. Introduction

China is a country with serious water shortages, and its per capita water resources
are only 1/4 that of the world average. With the rapid development of industry and the
social economy, the problem of water pollution has become increasingly prominent. The
treatment of domestic sewage and industrial sewage is necessary for the protection of
the natural environment. An inverted umbrella aerator is part of the core equipment of
sewage treatment. It is commonly used in Carrousel oxidation ditches because it serves the
functions of both aeration and flow-pushing. Its working principle is shown in Figure 1.
Driven by the motor, when the impeller rotates at a high speed, the mud and water mixture
form a jet flow and a negative pressure zone is generated around the jet. Oxygen, water,
and mud are fully mixed in the negative pressure zone, enabling oxygenation.

Oxidation ditches have attracted the attention of many scholars as they form a kind
of annular aeration tank. Stamou [1] and Lesage [2] simulated the hydraulic model in the
oxidation ditch under steady conditions; they provided a reference for the simulation of an
oxidation ditch. Simon [3] simulated four oxidation ditches of different sizes and verified
the flow rate by experimentation. Moullec [4] used the three-dimensional Euler-Eulerian
two-phase flow method to numerically simulate the oxidation ditch. Zhang [5] coupled the
solid-liquid two-phase flow model to simulate the flow field and sludge field in a Carrousel
oxidation ditch.
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Xing and Qiu [6] analyzed the stresses and strains on the blade, improving the standard
dynamic efficiency of the aerator. Xing et al. [7] provided the basis for an optimal design
of the curved blade. Ming [8] found that a straight blade offers a greater improvement
in aeration performance than the inclined blade. Zhou [9] and Wang [10] found that the
oxygenation capacity and power efficiency had a quadratic-function relationship with im-
mersion depth. Xu [11] analyzed the liquid–solid two-phase process in the oxidation ditch
and optimized the oxidation ditch structure. Fan [12] focused on the hydrodynamics of an
oxidation ditch from the point of view of both experiments and simulations. Zhang [13]
used single-factor analysis and orthogonal test methods to find the optimal working condi-
tions of the aerator. Guo [14] mainly used the PBM model to simulate the aeration process,
which has high accuracy for a gas–liquid two-phase flow. Liu [15] obtained the real-time
flow streamline of the inverted umbrella aerator, using a simulated gas–liquid flow.

In summary, the previous studies mainly simulated the flow behavior in the aeration
tank, but they lacked experimental research. Simulation cannot accurately express the
complex flow found in the aeration tank and, even here, there is a serious lack of research
into the gas–liquid–solid three-phase flow mechanism in the aeration tank. The previous
experiments mainly focused on the gas–liquid two-phase flow or studied the shape of
the blade.

The performance of the aerator is affected by rotational speed, the immersion depth
of the impeller, and the sludge concentration. A three-flow test bench for the inverted
umbrella aerator is established in this study for measuring rotational speed, the immersion
depth of the impeller, and the sludge concentration of the aerator. It not only provides
an experimental basis for research into the gas-liquid-solid three-phase mechanism of
the inverted umbrella aerator but also promotes the development of a sewage sludge
treatment theory. The experiment can also show the laws behind the complex flow seen in
the aeration tank.

2. Text Model and Devices

The impeller of the inverted umbrella aerator is composed of three parts: blade, web,
and web gap. The number of impeller blades is 6; the outer diameter of the impeller
da = 150 mm, with a web gap diameter dg = 0.3 ∗ da = 45 mm, and a web gap opening
φ = 0.5dg/da = 15%, The impeller is made using three-dimensional printing.

The aeration tank consists of two parts: an inner plexiglass cylinder and an outer
rectangular plexiglass tank. The internal cylinder diameter dr = 600 mm, and the external
glass tank dimension is 650 mm × 650 mm × 600 mm. The liquid height H = 400 mm,
and the immersion depth is expressed as H1. Schematic diagrams of the aeration tank and
impeller are shown in Figure 2.
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The aeration performance is an important parameter. A schematic diagram of the
aeration performance test device is shown in Figure 3.
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Figure 3. Schematic diagrams of the aeration tank and impeller.

In the internal flow test, the drying method is used to measure the sludge concentration
distribution in the aeration tank. The layout of the internal flow velocity measuring points
is shown in Figure 4.
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(b) concentration measuring points.

The specific parameters of the test instruments are shown in Table 1.
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Table 1. Test instrument parameters.

Type Model Range Precision Productor

Portable Flow Meter SL-50B 0.01–5 m/s 0.001 Sheng Rong
Dissolved Oxygen

Meter JPB-607A 0~20 mg/L ±0.3 mg/L Hai Ci

Torque meter CYT-302 0–20 N·m 0.25 Tian Yu

3. Aeration Performance Test
3.1. Test Steps

The changes to the dissolved oxygen content over time under different rotational
speeds, immersion depths, and sludge concentrations are investigated. The specific test
plan is shown in Table 2.

Table 2. Test scheme.

Liquid Level Hmm 400

Rotating speed n/rpm 200 225 250 275 300

Immersion deth H1mm +16 +8 0 −8 −16 −20 −24 −32 −40

Sludge concentration X/(g/L) 0 1 1.5 2 2.5 3 3.5 4 4.5

The test steps are in accordance with national standards. The specific test steps are as follows:

1. With a calibration instrument, add water to the aeration tank to a liquid height level of
H = 400 mm, then adjust the height of the impeller to the specified immersion depth.

2. When the impeller is functioning, the dissolved oxygen content in the tank is uniform.
One measuring point is set up. The setting position is shown in Figure 5.
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3. Calculate the sludge powder mass required for the different sludge concentrations,
put the sludge into a drying box, and dry it at 105 ◦C for 60 min. Weigh the sludge
using an electronic balance, configure the sludge mixture, and activate the inverted
umbrella aerator to keep the mixture evenly concentrated.

4. Add NaSO4 as a deoxidizer; the required mass is:

W1 = 6.25VCk (1)

where k is the deoxidation safety factor, taken as 1.5. C is the concentration of dissolved
oxygen, in mg/L. V is the volume of water, in m3. CoCl2·6H2O is used as the
experimental catalyst at a concentration of 0.10 mg/L.



Processes 2022, 10, 1278 5 of 12

5. Sprinkle the chemical into the aeration tank and observe the readings from the dis-
solved oxygen-measuring instrument. When the dissolved oxygen concentration in
the liquid has been stabilized for 3 min, begin recording the results.

6. The dissolved oxygen concentration data are recorded every 30 s for 30 min.
7. Repeat steps 3–5 until the recording of the dissolved oxygen concentration is completed.
8. After the dissolved oxygen concentration measurements are complete, data processing

is performed. (a) The dissolved oxygen concentrations are classified by the different
times; arrange them over time and draw a graph. (b) Taking the time point as the
abscissa and the logarithmic oxygen deficit value as the ordinate, draw a scatter
diagram and fit a straight line.

3.2. Discussion
3.2.1. Standard Oxygen Total Transfer Coefficient kLa

According to the double-membrane theory, oxygen needs to pass through the gas film
to the gas–liquid interface, thereby entering the liquid phase through the liquid film via
molecular diffusion. The double-membrane theory is shown in Figure 6.
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The change in dissolved oxygen concentration [16] in water is:

dC
dt

= kLa(Cs − Ct) (2)

where dC
dt is the oxygen transfer rate, in mg/(L · min), kLa is the total oxygen transfer

coefficient, in min−1, Cs is the saturated oxygen concentration under test conditions, in
mg/L and Ct is the dissolved oxygen concentration at time t, in mg/L.

The formula is integrated to obtain the following values:

kLa =
ln(Cs − Ct1)− ln(Cs − Ct2)

t1 − t2
(3)

where Ct1 is the dissolved oxygen concentration at time t1 and Ct2 is the dissolved oxygen
concentration at time t2.

In order to eliminate the influence of temperature and pressure on the oxygen mass
transfer rate, the total oxygen transfer coefficient kLa in the test is converted to the standard
conditions (20 ◦C, 1 atm).

The curve of the dissolved oxygen concentration over time is created according to the
data derived from the test. The influence of the different rotating speeds, the immersion
depth, and the sludge concentration are shown in the following paragraphs.

From Figure 7, we can see that the dissolved oxygen concentration increases with
the increase in rotational speed. Increasing the rotating speed is conducive to improving
the working efficiency, agitating the water, and reducing the mass transfer resistance, and
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the hydraulic jump and entrainment effects are accentuated. Thus, the dissolved oxygen
content increases correspondingly under the conditions of high rotating speed, which
shortens the timespan for the oxygen to reach saturation.
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Figure 7. The dissolved oxygen concentrations at different speeds.

At the same rotation speed, the dissolved oxygen solubility increases over time, but the
dissolution rate gradually slows down. The reasons are as follows: the dissolved oxygen
content gradually increases with the passage of time. According to the double-membrane
theory, the oxygen mass transfer rate is proportional to the oxygen deficit. After a period
of operation, the oxygen concentration gradient, the diffusion rate, and the oxygen mass
transfer rate all decrease.

As shown in Figure 8, with the increase in the immersion depth, the growth rate of the
dissolved oxygen concentration first increases and then decreases. When the immersion
depth is less than 0 mm, the impeller is not in sufficient contact with the sewage, resulting
in a slow increase in dissolved oxygen. When the impeller is −20 mm underwater, the
hydraulic jump is more obvious: the stirring effect on the deep sewage is enhanced and the
water circulation is accelerated; even the growth rate of the dissolved oxygen concentration
increases. When the immersion depth is less than −20 mm, the impeller mainly plays the
role of stirring the mixture, and the dissolved oxygen concentration increases slowly.
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As shown in Figure 9, the dissolved oxygen transfer rate decreases with an increase in
the sludge concentration. The increase in sludge concentration and sludge viscosity affect
the hydraulic jump and the degree of turbulence near the impeller. The height and range
of the hydraulic jump decrease, the resistance to oxygen mass transfer increases, and the
growth rate of the dissolved oxygen concentration decreases when the sludge is thick.
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Taking the time as the abscissa and the logarithmic oxygen deficit as the ordinate, we
fit a straight line and the fitting effect is perfect. The inverse of the slope is the total oxygen
transfer coefficient, kLa. The logarithmic oxygen deficit and the total oxygen transfer
coefficient kLa are highlighted in the following paragraphs.

As shown in Figure 10, the total oxygen transfer coefficient increases with the increase
in rotation speed; thus, the dissolved oxygen transfer rate increases. The main reasons
are the following. (1) The double-film theory shows that the main resistance to oxygen
transfer from the gas phase to the liquid phase is the liquid film. The liquid film thickness
decreases and the resistance to mass transfer decreases with the increase in rotating speed,
which is convenient for oxygen transfer at the gas–liquid interface. (2) Due to the rotation
of the impeller, negative pressure is generated at the center of the impeller, and the air
is entrained into the sewage. When the rotation speed increases, the negative pressure
increases, the amount of air entrained in the sewage increases, and the number of bubbles
formed in the liquid phase increases, which is conducive to oxygen mass transfer. (3) The
axial lifting effect of the sewage is enhanced and the hydraulic jump effect is strengthened.
The hydraulic jump height and radius are increased when the rotational speed increases. As
the gas-liquid interface area increases, the amount of air folded into the sewage increases,
and the mass transfer of bubbles is enhanced.
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As shown in Figure 11, the total oxygen transfer coefficient first increases and then
decreases. The dissolved oxygen transfer rate first increases and then decreases with
the increase in immersion depth. The dissolved oxygen rate reaches the maximum at
an immersion depth of −20 mm. When the immersion depth is higher than 0 mm, the
impeller’s effect of sewage lifting is weakened, and the hydraulic jump effect is notably
weakened. When the impeller is at the same level as the liquid level or is slightly lower, the
impeller is in full contact with the sewage and the distance between the impeller and the
bottom of the aeration tank is relatively close, which has a great effect on the sewage. The
hydraulic jump height and the radiation radius increase, and more air is stirred into the
sewage to enhance the mass transfer of the bubbles.
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Figure 11. Logarithmic oxygen deficit and total oxygen transfer coefficient at different immersion
depths: (a) logarithmic oxygen deficit; (b) total oxygen transfer coefficient.

When the immersion depth is −20 mm, the distance between the impeller and the
liquid’s surface enables the level of the hydraulic jump to reach the maximum; as the
stirring ability of the sewage is strengthened, the flow rate of the sewage increases. The
sewage is raised to the shallow area quickly, so that the oxygen mass transfer rate is now at
its highest.

As shown in Figure 12, the total oxygen transfer coefficient decreases with the increase
in sludge concentration. The dissolved oxygen transfer rate decreases. The main reasons
are the following. (1) The hydraulic jump height and the hydraulic jump radius both
decrease with the increase in the sludge concentration and the sewage viscosity. As a result,
the amount of air entrained by the water jump is reduced, air bubbles that have formed
in the sewage are reduced, and the mass transfer of air bubbles is suppressed. (2) The
turbulent flow near the impeller decreases, the liquid film resistance increases, the oxygen
mass transfer rate slows down with the increase in sludge concentration, and the sewage
viscosity increases.
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concentrations: (a) logarithmic oxygen deficit; (b) total oxygen transfer coefficient.
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3.2.2. Standard Power Efficiency

The standard power efficiency [16] represents the oxygen content transferred to the
liquid phase when a certain amount of electrical energy is consumed, under standard
conditions. The formula is:

SAE =
CS × KLa × V

P
(4)

where SAE is the standard power efficiency, in mg/(min · W), V is the volume of water, in
L, Cs is the saturated concentration of oxygen, in mg/L, and P is the power consumed by
the motor, in W.

Figure 13a shows the variations in standard power efficiency with rotational speed. It
shows that the standard power efficiency increases with the increase in rotational speed.
As the speed increases, the standard oxygenation capacity increases, and the power con-
sumption of the aerator increases, but the increase is less than the standard oxygenation
capacity, so the standard power efficiency increases with the increase in speed.
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Figure 13. Standard power efficiency: (a) at different speeds; (b) at different immersion depths; (c) at
different sludge concentrations.

The variation of standard power efficiency according to immersion depth is shown in
Figure 13b. It shows that the standard dynamic efficiency first increases and then decreases
with an increase in the immersion depth, and reaches the maximum when the immersion
depth is −8 mm. When the impeller is higher than the liquid level, the contact area between
the impeller and the sewage is limited, so the power consumption is low and the standard
oxygenation capacity is low; therefore, the standard power efficiency is small. When the
impeller is lower than the liquid level, the immersion depth is deeper, the resistance to the
sewage is large, the power consumption is large, and the standard oxygenation capacity is
small, so that the standard power efficiency is smaller. When the impeller is level with the
liquid, the power consumption also increases with an increase in the immersion depth.

Figure 13c depicts the variations in standard power efficiency at different sludge
concentrations. It shows that the standard dynamic efficiency decreases with the increase in
the sludge concentration. The power consumed by the impeller during operation increases
with the increase in the sludge concentration, so the standard power efficiency increases
with the sludge concentration. The maximum standard power efficiency is seen in clean-
water conditions.

4. Internal Flow Test
4.1. Test Steps

The flow rate and sludge concentration are measured at the specified measuring points
under conditions where the rotational speed is 250 rpm, the immersion depth is 0 mm, and
the sludge concentration is 2 g/L. The flow rate text steps are as follows:

First, fix the flowmeter, and begin measurement when the inverted umbrella aerator is
working stably. Record the data every 20 s at each measurement point 10 times, continu-
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ously, and take the arithmetical average. The steps of sludge concentration measurement
are as follows:

1. Fix the probe in the sludge, making it parallel to the direction of the water flow. Start
the measurement after the inverted umbrella aerator is working stably.

2. Use a syringe to sample 200 mL of the sewage at the measuring point.
3. Dry the sample at 105 ◦C for 60 min, then weigh it with an electronic balance, record

the weight, and calculate the sludge concentration at the measuring point.

4.2. Discussion

The specific results of the flow rate tests are shown in the following figures.
As can be seen in Figure 14a, the flow velocity is faster close to the impeller. The

turbulence of the flow near the impeller is greater and the working force on the sewage
is stronger, due to the rotating action of the impeller. The velocity of the shallow water is
closely related to the radial distance, while the velocity of the deep water is hardly affected
by the radial distance. The main reason for this difference [17] is that the shallow water is
close to the impeller, while the turbulence near the impeller region is large, and the bubbles
mainly gather in the shallow water. When a number of bubbles have gathered, a piston tail
flow is formed, which results in energy loss and a flow rate decrease. Conversely, there are
fewer air bubbles in the deep water.
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Once the inverted umbrella aerator is working stably, the flow rate is measured;
the specific results are shown in Figure 14b. The sludge concentration in the shallow
water varies greatly, but in the deep water, the sludge is distributed uniformly, with a
concentration of about 2 g/L. The vertical settlement movement of the sludge is mainly
caused by gravity, the interactions between the sludge particles, and the centrifugal force
of the impeller. The impeller speed is set at 250 rpm and the centrifugal force generated is
great; the movement of the sludge is mainly affected by this centrifugal force. Therefore,
the distribution of sludge in the deep water is uniform. The shallow water is closer to
the impeller. During the rotating action of the impeller, the shallow water has greater
turbulence. Overall, the bubbles mainly gather in the shallow water, and the movement of
the bubbles affects the movement of the sludge particles.

5. Conclusions

In this paper, a three-phase flow test bench for an inverted umbrella aerator is estab-
lished for studying its influence on aeration performance. The effect of various parameters
on the aeration performance is investigated, taking different rotational speeds, immersion
depths, and sludge concentrations. To study the internal flow field, the flow velocity and
sludge distribution are measured. The results of this experiment are as follows. (1) The total
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oxygen transfer coefficient, standard oxygenation capacity, and standard power efficiency
increase with the increase in rotating speed under the conditions of constant immersion
depth and sludge concentration. The total oxygen transfer coefficient and standard oxy-
genation capacity first increase and then decrease with the decline in immersion depth, and
reach a maximum at a −20 mm immersion depth, with a rotating speed of 250 rpm and a
sludge concentration of 2 g/L. The standard dynamic efficiency first increases and then
decreases with an increase in immersion depth and reaches its maximum at an −8 mm
immersion depth. The performance of the inverted umbrella aerator decreases with an
increase in sludge concentration. (2) The flow velocity near the impeller in the aeration tank
is faster, the turbulence is larger, and the function of the sewage is stronger. The velocity of
the shallow water body is greatly affected by the radial distance, and the velocity of the
deep water is barely affected by the radial distance. (3) When the inverted umbrella aerator
is operating stably, the sludge concentration in the shallow water varies greatly, and the
sludge distribution in the deep water is widespread. The vertical settlement movement of
the sludge is mainly caused by gravity, the interaction between sludge particles, and the
centrifugal force of the impeller.
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