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ABSTRACT

In order to address the issue of low oxygen stress caused by crops in traditional facility agriculture, this paper
designed and optimized a venturi aeration device to enhance the oxygen content in the rhizosphere of crops
in facility orchards. With the assistance of Comsol software, visual analysis of the flow field was conducted
using Computational Fluid Dynamics (CFD) technology, exploring the impact of throat deviation and air inlet
positioning on the suction efficiency of the aerator. The results indicated that the eccentric venturi configuration
significantly improved suction efficiency. Moreover, positioning the air inlet on the contracted side of the
eccentric venturi throat increased suction efficiency by 12.7%. Analysis of flow field characteristics of various
venturi aerator configurations identified key factors influencing suction capacity, including throat flow velocity,
vortex morphology in the diffuser section, and distribution of turbulent energy within the aerator. To validate
the accuracy of the numerical simulations, an oxygen absorption performance testing apparatus was
constructed and simulation results were compared with experimental data. The analysis revealed an error
range between the two results of 1.67% to 7.74%, confirming the reliability of the simulations. This study has
provided a theoretical foundation and technical methodology for the structural design and optimization of
venturi aerators.
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INTRODUCTION

In recent years, with the growth of global population and the acceleration of urbanization, facility
agriculture, as an efficient agricultural production mode, has attracted more and more attention and promotion
(Ding et al., 2023; Li et al., 2021). However, due to the long time required for drip irrigation, hypoxia stress
often occurs in the rhizosphere of crops, which greatly limits the improvement of crop yield and quality (Zahra
et al., 2021; Zhu et al., 2020). Root hypoxia not only limits the absorption of water and nutrients by plants
(Salvatierra et al., 2020), but also hinders the metabolic process of crops, thereby inhibiting their growth and
development (Ledn et al., 2021; Kapoor et al., 2022).

Venturi aerator is widely used in facility agriculture as an aerator. Through the design of specific
structural parameters, it can effectively increase the oxygen concentration in the root area and promote the
healthy growth of crops. The oxygenation effect of the oxygenation device directly affects the oxygen content
of the water body during irrigation and the effect on soil aeration. Therefore, it is particularly important to
optimize the design of the oxygenation device.
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In the early 21st century, the United States developed an innovative irrigation method called AUDI
technology, which improves the gas environment of roots by directly transporting oxygen to plant roots, thereby
increasing crop yield (Xie et al., 2019). The large-scale farmland irrigation system based on computer control
developed by Eldar-Shany Automatic Control Technology is considered to be one of the cutting-edge control
systems in the field of intelligent agriculture (He et al., 2021). Li Yunkai et al. from China Agricultural University
added ultra-micron bubble generators to the water and fertilizer integration device to increase the oxygen
content of the water body (Li et al., 2015). Liu Jun et al. from Jiangsu Academy of Agricultural Sciences
optimized and designed a new type of U-shaped structure substrate tank to increase the oxygen content of
irrigation water (Liu et al., 2014). Fan Xingke et al. developed an eccentric venturi aerator, and found that its
performance exceeded the traditional coaxial design (Fan et al., 2014). In addition, Wang Haitao et al.
compared the flow field distribution of the same axis and the eccentric venturi through the finite element
analysis method, and revealed that the eccentric venturi has less head loss due to the smaller conflict of multi-
directional velocity in the throat, which makes it more efficient (Wang et al., 2018).

At present, a variety of venturi aerator irrigation devices have been developed at home and abroad, but
there are significant differences in the effect and application of these devices. In addition, the research on the
specific influence mechanism of different structural parameters on the aeration performance of venturi aerator
is relatively insufficient. Based on this, according to the agronomic requirements of aerated irrigation in facility
agriculture, this paper deeply discusses the specific influence of the key structural parameters of venturi
aerator on its oxygen absorption performance in the integrated water and fertilizer system of facility agriculture,
and optimizes the design of venturi aerator, which is of great significance for improving agricultural production
efficiency and promoting crop growth.

MATERIALS AND METHODS
Structural model
Venturi aerator is a common aeration device used to inject air into water to provide oxygen (Yagci et

al., 2020). Its theoretical basis is Bernoulli equation. The general form of Bernoulli equation is as follows:

1
P+zpv2+pgh=c (1)

In the above formula, P is the hydrostatic pressure; p is the fluid density; v is the fluid velocity; g is
the acceleration of gravity; h is the height of the fluid at this point; c is a constant.
Based on the venturi effect in hydrodynamics, a venturi aerator is designed to increase oxygen

content in water (Yao et al., 2022). This device guides the water flow through a narrow channel inside, thereby
generating a low-pressure environment in the local area. In the narrow part of the venturi aerator, this low-
pressure environment causes the surrounding air to be inhaled and mixed with the water flow, thereby
increasing the oxygen content in the water body. The conventional coaxial venturi structure is shown in Fig. 1.

Fig.1 - The conventional coaxial venturi structure diagram

By optimizing the design of the venturi aerator, especially adjusting its internal structure, the flow field
characteristics during operation can be significantly improved, thereby improving the suction efficiency and
overall performance of the aerator. According to the agronomic requirements and existing problems of aerated
irrigation in facility agriculture (Wen et al., 2023), the structure of venturi aerator was optimized, and the
concentric structure was optimized as an eccentric structure, as shown in figure 2.
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Fig. 2 - Structure diagram of eccentric venturi aerator
a. The diameter of inlet straight pipe section; b. The diameter of outlet straight pipe section; a. The angle of contraction section;
B. The angle of diffusion section L; a;. Throat diameter; D. Throat length; A. Inlet diameter
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The basic structure of eccentric venturi aerator includes six main parts: inlet straight pipe section,
contraction section, throat pipe, diffusion section, outlet straight pipe section and suction pipe. The key
parameters include contraction section angle a, diffusion section angle B, throat diameter a1, throat diameter-
length ratio A (1 = D/a, ), throat contraction ratio y (y = a,/a), throat length D and inlet diameter A. The
difference of these parameters will significantly affect the working performance and efficiency of venturi
aerator. Aiming at the offset distance S of the throat relative to the central axis of the overall structure and the
distance L from the inlet to the contraction end of the throat, a series of models with different parameters were
constructed to carry out experimental and numerical simulation analysis. After dividing the distance
parameters, five different S values were set, which were S1 (0 mm), S2 (2.5 mm), S3 (5 mm), S4 (7.5 mm) and
S5 (10 mm). And five different L values, L1 (5 mm), L2 (7.5 mm), L3 (10 mm), L4 (12.5 mm) and L5 (15 mm).
The specific structural parameters of the venturi aerator are shown in Table 1.

Table 1
Structure parameters of the eccentric venturi aerator
Structure name Numerical value
Diameter of inlet straight pipe section (mm) 30
Outlet straight pipe diameter (mm) 30
Angle of contraction segment (°) 25
Diffusion section angle (°) 8
Throat diameter (mm) 10
Throat pipe length (mm) 20

Numerical simulation

When using Computational Fluid Dynamics (CFD) technology to visualize the flow field, a three-
dimensional model is first created by SolidWorks, as shown in Figure 3, and Comsol 6.1 is used for meshing
for subsequent analysis. The model meshing is shown in Figure 4. In order to ensure the calculation accuracy
while reducing the consumption of computing resources, it is necessary to perform mesh independence
verification to determine the optimal mesh size.
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Fig. 3 - 3D model of eccentric venturi aerator Fig. 4 - Model grid division diagram

According to the research of Zhang et al. (Zhang et al., 2021), the simulation accuracy is mainly affected
by the mesh size, and the correlation with the calculation condition is low. Based on this, grid independence
verification was carried out under specific working conditions (inlet flow rate was 1 m/s, outlet and inlet pressure
were both 0 MPa), and the change rate of fertilizer suction flow was used as the test index to explore the
relationship between the number of grids and the change rate of fertilizer suction flow. The results show that
when the difference between the calculation results is less than 0.5 %, the grid density has little effect on the
accuracy of the calculation results. Therefore, the grid configuration can be regarded as a suitable
computational grid (Xing et al., 2021).

In order to further optimize the calculation accuracy of the model and reduce the calculation cost, a
combination of hexahedral and tetrahedral grids is used for meshing. Tetrahedral meshes are used in the
throat area to accurately capture the complex flow phenomena of gas-liquid mixing, while hexahedral meshes
are used in other areas of the model to improve the computational efficiency and the accuracy of flow field
analysis. The curve of the relationship between the maximum grid size and the change of air flow velocity
obtained by simulation calculation is shown in figure 5. After comprehensive consideration, it is finally
determined that the model shows the best analysis effect under the condition that the maximum grid size is
0.0016 m.
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Fig. 5 - Curve of the relationship between the maximum grid size and the variation of air flow velocity

RESULTS
Analysis of the influence of different configurations of venturi aerator

In the study of structural optimization of venturi aerator, two key structural parameters S (the offset
distance of the throat relative to the central axis of the overall structure) and L (the distance from the inlet to
the contraction end of the throat) need to be considered comprehensively. The S5 venturi aerator designed in
this paper is a prototype design proposed by Kong Lingyang et al. (Kong et al.,, 2013). The design is
characterized by a downward bias of the throat and a smooth wall away from the suction side. Based on this
prototype, the L parameters are optimized by adjusting the values to obtain the best structural configuration.
Accordingly, the venturi aerator design can be summarized into nine different combinations, namely S1L1,
S2L1, S3L1, S4L1, S5L1, S5L2, S5L3, S5L4 and S5L5. The design explores whether different combination
configurations will affect the suction efficiency of the venturi tube, and further explores its influence principle.
This paper will discuss the specific effects of these combined configurations on the performance of venturi
aerators through in-depth analysis.

The fluid dynamics simulation analysis of nine different configurations of venturi aerators was carried
out to observe their air suction performance under uniform flow rate conditions (1 m/s). CFD is used to simulate
the flow characteristics of each configuration, and the corresponding air suction flow rate is combined. The
results are presented in figure 6 in the form of point-line diagram. It can be seen from the figure that the
simulated maximum air suction flow rate reaches 5.73 m/s, and the structure with this value is S5L1.
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Fig. 6 - The influence of throat position on air flow velocity

It can be seen from Fig. 6 that under the condition of fixed inlet relative position (L), with the increase
of throat deflection (S), the air velocity increases obviously and reaches the peak at S5. In the case of selected
S5 skewness, it is observed that the air flow rate gradually decreases with the increase of the relative position
(L) of the inlet, and the rate of flow rate decrease gradually slows down. After examining nine different
combinations of relative position and skewness of inlets, it is found that the structure of S5L1 combination
produces the highest air flow velocity, which is 20.2 % higher than that of S1L1 combination. This result shows
that the configuration of the venturi aerator has a significant effect on the air velocity.
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In describing the performance parameters of venturi aerator, the gas-liquid ratio (the ratio of the liquid
volume flow rate of the venturi aerator to the volume flow rate of the inhaled air) is usually used to measure
the aerator 's suction capacity. The formula is:

Qv
=0 2
In the above formula, ¢ is the gas-liquid ratio; Qv is the volume flow rate of air; Qw is the liquid volume

flow rate.

As shown in Figure 7, the relationship between the gas-liquid ratio and the venturi configuration follows
the same trend as the previous analysis data. With the increase of the skewness S, the gas-liquid ratio
gradually increases, and reaches the maximum value of 0.408 at S5. On the contrary, with the increase of the
relative position L of the inlet, the gas-liquid ratio shows a gradual downward trend, and the gas-liquid ratio is
the highest at L1. When comparing 9 different configurations of venturi aerators, it was found that the venturi
aerator with S5L1 structure had the highest gas-liquid ratio, which was 12.7 % higher than that of S5L5.

Through the detailed analysis of the changes of structural parameters S and L, it can be concluded that
the increase of skewness S has a significant positive effect on the air intake efficiency of the venturi aerator,
while the increase of the relative position L of the inlet has a negative effect on the air intake efficiency.
Therefore, under the structural configuration of S5L1, the overall suction efficiency of the venturi aerator is
optimal.
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Fig. 7 - Effect of throat position on gas-liquid ratio

Analysis of the influence of inlet velocity of S5L1 venturi aerator on suction volume

Fig.8 shows the relationship between the water flow velocity and the suction gas flow velocity in the
S5L1 venturi aerator and its corresponding fitting curve. It can be seen from the diagram that with the increase
of water flow velocity, the gas flow velocity also increases accordingly. This phenomenon is consistent with
the prediction of Bernoulli 's principle, that is, the increase of fluid velocity will reduce its own pressure, and
then increase the pressure difference at the inlet, and finally increase the gas velocity at the inlet.
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Fig. 8 - Influence of water velocity on air velocity
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With the increase of water flow velocity, the gas suction volume at the inlet shows an increasing trend.
However, an increase in the velocity of the water flow can also lead to an increase in the flow rate of the water.
These two factors work together on the suction efficiency of the aerator. According to the data analysis shown
in Fig.9, it can be seen that the gas-liquid ratio gradually increases with the increase of water flow velocity. In
the area where the water flow velocity is lower than 0.8 m/s, the growth rate of gas-liquid ratio is low and
fluctuates to some extent. When the water flow velocity is in the range of 0.8 m/s to 1 m/s, the growth of the
gas-liquid ratio is significantly accelerated, and after exceeding 1.4 m/s, the growth rate slows down and
gradually stabilizes. Within the specified range of flow rates in the simulation calculations, it is evident that
increasing the inlet flow rate results in a corresponding increase in the inlet suction flow rate. Moreover, a
notable linear correlation exists between the water flow rate and the gas flow rate at the inlet.
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Fig. 9 - Influence of water velocity on gas-liquid ratio

Experimental verification
The test sample was printed by a 3D printer with an accuracy of 0.5 mm, and the printing material was

high toughness resin. Figure 10 is the solid model of S5L1 venturi aerator. The fluid is injected into the aerator
through the left inlet. When it passes through the contraction area, the flow rate increases and the pressure
decreases. When it flows through the throat section, a negative pressure is generated, and the external gas
can be sucked into the aerator through the inlet. Subsequently, the gas-liquid two-phase mixture is discharged
from the outlet to achieve the purpose of gas-liquid mixing.

Fig. 10 - Physical drawing of S5L1 venturi aerator

To ensure precise measurement of the flow characteristics of the S5L1 venturi aerator, a turbine
flowmeter was employed for data collection in this study, offering a measurement range of 9 to 100 L/min.
When assessing air flow velocity, the gas flow parameters were acquired using a glass rotor flowmeter. Based
on simulation outcomes, a glass rotor flowmeter with a range of 6 to 45 L/min was selected to encompass the
required measurement scope for the experiment.

In order to verify the accuracy of the numerical simulation results, a suction performance test system
was designed and built, as shown in Figure 11. The test platform uses a submersible pump to provide a
pressure water source. The submersible pump is equipped with a flow regulation function. In the test, the water
flow through the venturi aerator is controlled by adjusting the operating state of the submersible pump. The
turbine flowmeter is connected in series behind the submersible pump to read the water flow through the
aerator in real time. The inlet end of the venturi tube is externally connected with the glass rotor flowmeter.
The inlet end of the flowmeter leads to the external environment, and the outlet end is connected with the inlet
port of the aerator.
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Fig. 11 - Inspiratory performance test device
1. Submersible pump; 2. Permanent water; 3. Turbine flowmeter; 4. Glass rotor flow meter;
5. Venturi aerator type S5L1; 6. Dissolved oxygen measuring instrument

During the experimental operation, the flow rate is gradually increased from low to high, and after each
adjustment of the flow rate, the readings of the turbine flowmeter and the glass rotor flowmeter in the stable
state are recorded respectively to obtain accurate flow data. According to the test device, the simulation
reliability verification test was carried out. The test explored the relationship between the inlet flow rate and the
air flow rate by adjusting the inlet flow rate of the venturi aerator. Figure 12 shows the trend and change curve
of the simulated value and the experimental value. The experimental results show that the trend of the
simulation data is basically the same as that of the experimental data, and the error range between the two is
between 1.67 % and 7.74 %, which is within the acceptable error range. In addition, the data comparison
verifies the accuracy and applicability of the computational simulation model, which proves that it can be
effectively used to explain the optimization results.
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Fig. 12 - Comparison of simulation data with experimental data

Analysis of velocity characteristics of throat pipe
Figure 13 is the distribution of flow velocity characteristics of venturi aerators with different

configurations. On the premise of the same working environment, according to the Bernoulli principle, it can
be observed that in the throat area, the increase of the flow rate leads to the decrease of the negative pressure
near the inlet area, which improves the suction efficiency and reduces the energy loss. With the gradual
downward movement of the throat position from S1 to S5, the flow rate of the throat shows an increasing trend,
which reaches the maximum at the S5 position. When the position of the throat is kept unchanged at S5, when
the position of the air inlet gradually moves from L1 to L5, the flow velocity of the throat shows a decreasing
change, which is consistent with the previous experimental results of the inspiratory capacity. Through the
velocity distribution map, it can be further observed that when the liquid flows through the inlet, the velocity
increases obliquely downward. This phenomenon is caused by the external air introduced by the inlet above
the throat. The mixing of the air and the water flow leads to the increase of the volume of the mixed fluid, which
causes the increase of the flow rate. At the same time, because the air enters the throat along the normal
direction of the air inlet, the flow velocity at the throat shows an oblique downward trend due to the influence
of the water flow to the right side.
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Fig. 13 - Distribution of velocity characteristics of venturi aerator

Vortex characteristics analysis
In order to accurately describe the position of the vortex center, this paper processes each vortex

simulation result image. A plane rectangular coordinate system is established on the non-diffusion side of the
outlet pipe, and this side is used as the coordinate origin (O). The X axis of the coordinate system extends
along the inverse direction of the water flow, while the Y axis is vertical upward. In this way, the geometric
characteristics of the vortex can be analyzed more clearly, as shown in Fig.14.

vortex center Y

vortex area

Fig. 14 - Location of vortex region and vortex center

The vortex boundary and the vortex center are processed to express the position of the vortex center
on the coordinate system based on the plane right-angled coordinate system established above and measure
its data loci marked on the X and Y axes of the coordinate system, and the processed vortex annotation map

is shown in Figure 15.
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Fig. 15 - Vortexes of venturi aerators with different configurations

During the increment of the throat position from S1 to S5, the change of the position of the vortex center
is not significant and mainly moves irregularly in a small range. At the same time, the area of the vortex region
shows a gradual reduction trend, in which the area of the vortex decreases by 256.5 mm2 at the S5 position
compared with the S1 position, which is a decrease of 20.9%. For the change of inlet position from L1 to L5,
the vortex center of the eccentric venturi oxygenator shifted in both X and Y axes. In this case, the vortex
center was shifted to the left by 2.8 mm in the X-axis direction and downward by 1.6 mm in the Y-axis direction,
with a combined shift distance of 3.2 mm downward from the left. In addition, there was a significant increase
in the vortex area of 318.0 mmz, which is an increase of 32.9%, as shown in Table 2.

Table 2
Vortex characteristics of the aerator at different intake positions

Venturi aerator Vortex center position

) . . . Vortex area (mm?)
configuration X-axis (mm) Y-axis (mm)

S1L1 21.6 18.3 1223.75

S2L1 21.4 18.1 1172.61

S3L1 21.6 18.2 1095.47

S4L1 21.9 18.2 1030.33

S5L1 22.7 18.3 967.2

S5L2 23.2 17.6 1013.8

S5L4 24.4 17.0 11714

S5L5 255 16.7 1285.2
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Under the same working conditions, the vortex area of the venturi aerator under the S5L1 configuration
is the smallest, which leads to the relative increase of the effective area of the mainstream water flow. In
addition, the vortex center of the S5L1 venturi aerator is closest to the throat and the air inlet, resulting in the
vortex area beginning to affect the working environment near the air inlet and hindering the inflow of gas. In
contrast, the vortex area in the S5L5 configuration is small and the vortex center is far away, so the interference
to the working environment near the inlet is small, and the inflow of external air is hardly affected by the vortex.
Compared with the S5L1 configuration, the venturi aerator with the S1L1 configuration has a more significant
skewed flow due to the expansion of its diffusion section along the upper and lower directions. Therefore, it
can be concluded that the mainstream area is mainly concentrated on the far side of the suction pipe, resulting
in a large vortex in the diffusion section, which may affect the working efficiency of the aerator.

Analysis of turbulent kinetic energy distribution characteristics

Figure 16 is the turbulent kinetic energy distribution cloud map of the throat with different skewness
S1-S5 and the inlet pipe at different positions of the throat L1-L5. Turbulent kinetic energy is an intuitive
indicator to measure the degree of turbulence in the flow field. The higher turbulent kinetic energy reflects
that the flow field is more complex, and the interaction, collision and mixing between the layers are more
intense, resulting in an increase in local head loss (Li et al., 2020). In the configuration of S1-54, the venturi
aerator shows obvious turbulent kinetic energy concentration in the throat area. With the increase of
skewness S, the concentration of turbulent kinetic energy gradually decreases until the concentration of
turbulent kinetic energy basically disappears in the S5 state. This trend is due to the fact that different S
values change the contraction structure at both ends of the venturi aerator, which affects the flow
characteristics of the water flow into the throat and causes a significant concentration of turbulent kinetic
energy in the throat area. For the case of L1-L5, the maximum turbulent kinetic energy appears in the middle
region of the diffusion section. The reason is that with the increase of L value, the vortex area inside the
venturi aerator expands accordingly, and the range and offset of the vortex area also increase. This causes
the backflow in the vortex region to collide with the water flow in the mainstream region, making the flow
pattern more chaotic and the turbulence intensity increased accordingly. In addition, when the air is sucked
into the throat through the air inlet, it mixes with the water flow and collides violently in multiple directions,
resulting in the disorder of the water flow in the throat, thereby increasing the turbule nce intensity.
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Fig. 16 - Distribution of turbulent kinetic energy of venturi aerators with different configurations

CONCLUSIONS

In this paper, the effects of the offset distance of the throat center and the relative position of different
inlets at the throat on the suction performance and flow characteristics of the venturi aerator are compared
and analyzed. The specific conclusions are as follows:

(1) Under normal working conditions, there is a good linear relationship between the deviation degree
of the throat of the venturi aerator and the inspiratory efficiency. In addition, the relative position of the air inlet
and the throat of the venturi aerator also shows a linear correlation with the inspiratory efficiency. When the
venturi aerator is configured as S5L1 configuration, its inspiratory efficiency reaches the maximum.

(2) The simulation results of 9 configurations under the same working conditions show that the
performance of S5L1 type is the best. Specifically, this configuration has the highest flow velocity at the throat,
the smallest vortex area in the diffusion section, and the lowest turbulent kinetic energy. These three flow
characteristics work together to make the S5L1 venturi aerator have the highest suction efficiency.

(3) Through the experimental study of the suction performance test bench and the calculation and
analysis of the corresponding simulation model, this study reveals that there is a significant positive linear
correlation between the liquid flow rate and the air flow rate in the venturi aerator. The variation trend of the
simulation value is generally consistent with the actual value of the test, and the error range between the two
is 1.67 % to 7.74 %.
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