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Abstract: The core component of a properly functioning drip irrigation system is the drip irrigation
emitter. Irrigation water containing impurities and sand particles can easily lead to clogging of the
drip irrigation emitter, reducing the efficiency of the drip irrigation system. In this paper, orthogonal
tests were used to optimize the flow channel structure, combined with the computational fluid
dynamics–discrete element method (CFD-DEM) to analyze the flow index and sand particle motion
characteristics. Clear water tests and short-cycle anticlogging tests were used to validate the results of
the numerical simulation, and the relationship between the hydraulic performance and anti-clogging
performance was revealed via linear regression. The results showed that the structural parameters
of drip irrigation emitters were important factors affecting the flow index and sand movement
characteristics. The order from largest to smallest was the turning angle, amount of interdental
reference, flow channel depth, flow channel width, and width of the top base. The sand passage
rate and the percentage decrease in velocity can be used as important indicators of anti-clogging
performance, and there was a negative correlation between the two indicators. The flow channel
with a 65◦ turning angle had the lowest flow index, and the sand passage rate can reach up to 91.48%;
the reason was that the main flow region velocity was higher, the vortex region and the sand energy
loss were small, which was not easy to clog. The equation for the relationship between flow index
and sand passage rate was a negative correlation for drip irrigation emitters between a 65◦ and 75◦

turning angle. The drip irrigation emitter with a 65◦ turning angle had better hydraulic performance
and anti-clogging performance.

Keywords: drip irrigation emitter; structure parameters; flow index; sand passage rate; percentage
decrease in velocity

1. Introduction

The drip irrigation emitter, as the core component of a drip irrigation system, utilizes
the internal structure of the flow channel to fully dissipate the pressurized water flow and
drip it into the field with a uniform and stable unpressurized water flow [1]. The fine and
complex dimensions of the internal flow channel of a labyrinth-type drip irrigation emitter
(only about 1 mm) lead to frequent clogging inside the flow channel [2]. It was shown that
the types and structural parameters of the flow channel have the most influence on the
hydraulic performance and anti-clogging performance of the drip irrigation emitter [3–6].
The optimization of the flow channel structure is the most effective method to improve the
performance of drip irrigation emitters [7].

Yatish Kumar Baghel et al. [8] simulated four flow channel types of drip emitters
using computational fluid dynamics (CFD) and obtained the conclusion that triangular
flow channels had the lowest dissipation of energy, and the flow rates were lower than the
other three. Li et al. [9] combined four structural parameters: turning angle, tooth spacing,
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tooth height, and flow channel depth in orthogonal tests, and found that tooth spacing
had a significant effect on the flow index and the clogging resistance. Zhang et al. [10]
designed thirteen flow channel structures and found that the flow index was positively
correlated with the flow channel width and depth and negatively correlated with the flow
channel length. Wu et al. [11] analyzed the flow characteristics of a drip irrigation emitter
using the standard k-εmodel and the large eddy simulation method (LES) to explain the
energy dissipation mechanism; it is possible to analyze the probability of the occurrence of
a blockage in the flow channel via the characteristics of velocity distributions of different
cross sections. Zhou et al. [12] conducted clogging resistance tests using different types of
drip irrigation emitters and found that the clogging resistance of drip irrigation emitters
depended on the type of structure and size. Zhang et al. [13] proposed a new method
using the sand passage rate as the evaluation index for the limitations of the anti-clogging
performance evaluation of drip irrigation emitters, and selected four structural parameters
for simulation analysis, which provided numerical choices for the structural design of drip
irrigation emitter. Yu et al. [14] used the computational fluid dynamics–discrete element
method (CFD-DEM) to simulate the flow field in labyrinth-type emitters with turning
angles of 90◦, 60◦, 45◦, and 30◦. It was suggested that the anti-clogging performance was
significantly improved by using drip emitters with turning angles between 90◦ and 60◦.

At present, most of the research was conducted to increase the flow coefficient of
drip irrigation emitters or to reduce its flow index by changing the structural parameters.
There are fewer studies on the movement of sand particles inside the flow channel and
the relationship between hydraulic performance and anti-clogging performance [15,16]. In
this paper, the commonly used labyrinth-type emitter was selected for optimization and
numerical simulation was used in the CFD-DEM coupling method, which illustrated the
influence of structural parameters on the sand particle motion characteristics via the clear
water test and the short-cycle anti-clogging test; the percentage of the sand velocity decrease
was selected as a kind of index for evaluating the anti-clogging performance to reveal the
connection between the hydraulic performance and the anti-clogging performance. It
provides the theoretical basis for improving the performance of labyrinth-type emitter and
selecting the best structural parameters.

2. Materials and Methods
2.1. Physical Model

Figure 1 shows the schematic diagram of the labyrinth-type emitter structure. In this
paper, five main parameters were selected: turning angle α, flow channel width W, flow
channel depth D, width of top base L, and the amount of interdental reference J. The upper
bottom height H was 1.4 mm, the inlet width was 1 mm, and the upper and lower flow
channels were 1 mm apart.

The orthogonal tests were designed by 5 factors and 4 levels L16(45), and a total of 16
types of drip irrigation emitters with different flow channel structures were obtained. The
parameters of the flow channel structure are shown in Table 1.

Table 1. Structure parameter values.

Level
Turning
Angle
α/(◦)

Flow
Channel
Width

W/(mm)

Flow
Channel

Depth
D/(mm)

Width of
Top Base
L/(mm)

Amount of
Interdental
Reference

J/(mm)

1 80 0.7 0.6 0.2 −0.2
2 75 0.8 0.8 0.3 −0.3
3 65 0.9 1.0 0.4 −0.4
4 55 1.0 1.2 0.5 −0.5
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Figure 1. Schematic diagram of flow channel structure.

2.2. Mesh Classification and Numerical Simulation Methods

In this paper, the CFD-DEM was used to analyze the flow characteristics in the flow
channel of the drip irrigation emitter. The Ansys-Fluent was employed during this study.
The mesh unit size of the fluid domain was 0.005 to 0.007 mm, and the number of mesh
units was (6.0~6.7) × 105. The hexahedron was mainly used in the mesh division, the
tetrahedron was used as a supplement, the average mesh mass was 0.8158, the maximum
aspect ratio was 2.6, the maximum deviation was 0.28, and the minimum orthogonal mass
was 0.91. In the labyrinth-shaped channel with an area of approximately 1.0 mm2, the flow
of water will promote the transition to turbulence [17]. The simulation of the continuous
phase adopted the standard k-ε turbulence model. The standard wall function method
was used to process the flow channel wall. The smooth and non-displacement boundary
conditions were adopted for the flow channel wall [18]. The maximum value of y+ on the
wall of the mesh was 64. According to the wall function method, the maximum value of
y+ is required to be between 30 and 300. It was reasonable to adopt the flow in labyrinth
drip irrigation emitters. The control volume method was used to discretize the control
equations, the SIMPLE algorithm was used to solve the pressure-velocity coupling, and the
convergence accuracy of solving the discretized equations on the fluid domain was 10−4.
The fluid domain was considered a viscous incompressible model, the effect of surface
tension was neglected, and the gravity factor was taken into account [19]. When the flow
index was calculated, the working pressures were 50, 75, 100, 125, 150, 175, 200, 225, and
250 kPa, respectively, the exit condition of the drip irrigation emitter was at atmospheric
pressure, the profile update interval was 2, the number of iterations was 100, and the
reporting interval was 0.02. When the sand passage rate was calculated, the working
pressure was 50 kPa, the exit condition of the drip irrigation emitter was atmospheric
pressure, the profile update interval was 10, the number of iterations was 5000, and the
reporting interval was 0.002 [20]. The models were computed in double precision. When
the number of iterations reached the last one and all the calculations of the fluid fields
converged, the simulation data were exported.

The maximum particle volume fraction of sand was 1%, which meant that the mixture
of water and sand was a dilute phase flow. The parameter settings for sand grains and
water flow were summarized in Tables 2 and 3 [21–23]. A discrete approach was used to
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simulate the sand particle motion and collisions between sand particles and flow channel
walls. The effects of viscous drag and gravity were considered in the simulation analysis,
and the effects of pressure gradient forces, virtual mass forces, and Saffman forces were not
taken into account (small order of magnitude [24]). The CFD-DEM coupling is the process
of composite calculation of mass, momentum, and energy transfer. The sand-bearing fluid
traction force is obtained by solving the continuous phase with CFD, and the flow field
information is converted into the fluid traction force. The latest position, velocity, and force
information of the sand particles are obtained by DEM, and then the flow field state is
further updated to calculate the most representative stress state. The detailed flow chart of
this article is shown in Figure 2.
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Table 2. Model parameters of sand particles and water flow.

Research Subjects Parameters Symbol Unit Numerical Value

sand particles Density of sand particles ρ kg/m3 2500
Diameter di µm 100

Poisson’s ratio V – 0.4
Shear modulus E N/m2 7.143 × 106

Young’s modulus E N/m2 2 × 107

Recovery coefficient c – 0.5
Rolling friction coefficient µs – 0.3
Sliding frictioncoefficient µr – 0.01

Initial velocity of the sand – m/s 0.2 (80◦, 75◦),
0.3 (65◦, 55◦)

Water Density ρ kg/m3 998.20
Viscosity m kg/m/s 0.001

Inlet pressure – Pa 50,000
outlet pressure – Pa 0
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Table 3. Relevant equations and descriptions of the forces on the sand grain population.

Designation Formula Instruction

Water phase continuity equation ∂
∂t

(
∂cρc

)
+ ∂

∂χj

(
∂cρc ν̃cj

)
= 0

αc −Volume fraction of water phase
ρc −Mass density of water phase

ν̃cj − Turbulent viscosity coefficient
of water phase

Phase continuity equation of
sand particles

∂αd
∂t + ∂

∂χj
(αdν̃di) = 0

αd −Volume fraction of
sand particle phase

ν̃di −Viscosity coefficient of
sand particle phase

Normal force between
sand particles Fn = 4

3 E∗R∗
1
2 k

3
2

E∗ − Equivalent modulus of elasticity
R∗ − Equivalent sand grain radius

k−Overlap volume
ν1 − Poisson′s ratio of sand grain 1
ν2 − Poisson′s ratio of sand grain 2

E1 −Modulus of elasticity of sand grain 1
E2 −Modulus of elasticity of sand grain 2

Normal nylon resistance
between sand grains

Fd
n = −2

√
5
6 β
√

Snm∗νrel

m∗ = m1m2
m1+m2

m∗ − Equivalent mass
β− Resistance factor
Sn −Normal stiffness
νrel − Relative velocity

m1 −Mass of sand grain 1
m2 −Mass of sand grain 2

Tangential force between
sand particles

Ft = −Stδ

St = 8G∗
√

R∗k

G∗ = 2−ν2
1

G1
+

2−ν2
2

G2

δ− Tangential overlap
St − Tangential stiffness

G∗ − Equivalent shear modulus
G1 − Shear modulus of sand grain 1
G2 − Shear modulus of sand grain 2

Tangential nylon resistance
between sand grains Fd

t = −2
√

5
6 β
√

Stm∗νrel
t

νrel
t − Tangential relative velocity

Sliding friction Ti = −µrFnRiωi

µr − Roling friction factor
Ri −Distance from the center of

mass to the point of contact
ωi −Unit angular velocity vector of

the object at the contact point

2.3. Hydraulic Performance and Anti-Clogging Performance

The relationship between flow rate and pressure will directly affect the hydraulic
performance of the drip irrigation emitter [25], and the relationship between flow rate and
pressure is expressed by Equation (1)

q = kdhx (1)

where q is the flow rate of the drip irrigation emitter, L/h; h is work pressure, kPa; kd is
the flow coefficient; and x is the flow index, ranging in 0 ≤ x ≤ 1. The better the hydraulic
performance of the drip irrigation emitter, the smaller the flow index [26]. In this paper,
the sand passage rate and the percentage decrease in velocity were used to express the
anti-clogging performance of the drip irrigation emitter. The higher the passage rate, the
better the anti-clogging performance.

A =
Nt

Nz

(
1− Tmin

T

) × 100% (2)

V∗ =
Vi −Vo

Vi
× 100% (3)
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Among them, A was the sand passage rate; Nt was the total number of sand particles
passing through the flow channel in the specified time; Nz was the total number of sand
particles that appeared in the flow channel within a specified time; Tmin was the minimum
time required for sand particles to pass through the flow channel; T was the total length
of the calculation; V* was the percentage decrease in velocity; Vi was the initial velocity
of sand particles entering the flow channel, m/s; and V0 was the average velocity of sand
particles through the flow channel, m/s.

2.4. Model Test of Drip Irrigation Emitter

The drip irrigation emitters were engraved using high-precision engraving machines
(engraving accuracy of 0.01 mm), and 3D equal-proportional models were made of plex-
iglass and tested on the test platform. Figure 3 shows the platform for conducting the
clear water test and short-cycle anti-clogging test, which was mainly composed of the
water tank (Yutian County Xiangsheng Plastic Products Co. Ltd., Tangshan, China), water
pump (Changzhou Leifeng Electromechanical Co. Ltd., Changzhou, China), pressure-
reducing valve (Shanghai Gaojin Fluid Technology Co. Ltd., Shanghai, China), pressure
gauge (Shanghai Ruyi Instrument Co. Ltd., Shanghai, China), and several pipes (Shandong
Shengjia Water-saving Irrigation Equipment Co. Ltd., Jinan, China). In the experiment,
the inlet pressure of the clear water test was taken to be the same as the inlet pressure
of the numerical simulation, and the time of each test was 10 min, which was repeated
three times, and the flow rate of the last 5 min was read by a measuring cylinder, with the
average value taken as the measured flow rate.
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In the short-cycle anti-clogging test, the working pressure of the drip irrigation emitter
was 50 kPa. An amount of 15 g/L of muddy water with sand content was manually
prepared to accelerate the clogging. The muddy water was filtered through a 140-mesh
screen so that the maximum particle size did not exceed 109 µm. The test was conducted
every 24 h, and the flow rate of the drip irrigation emitter was read with a measuring
cylinder within 5 min in all the tests. The test was stopped when the flow rate of the emitter
was less than 75% of the clear water test flow rate.
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2.5. Statistical Analysis of Flow Channel

Regression analysis was used to quantify the correlation between flow index and sand
passage rate. The value of the correlation coefficient R2 was the standard for measuring the
quality of model fitting, and a good fitting model should be greater than 0.6 [27].

The multicollinearity test was used to explain the high correlation between the vari-
ables and the variance inflation factor (VIF) method [28] was used to test the multiple
regression model via Equation (4) as follows:

VIFm =
1

1− R2
1∼k/m

(4)

where R2
1∼k/m denotes the coefficient of determination obtained by fitting the regression

equation with the k-th variable as the dependent variable to the remaining m independent
variables, with a maximum value of VIFm ≥ 10, which was severe covariance, and the
accuracy of the model was poor. This process was statistically analyzed using IBM SPSS
Statistics 26.

3. Results
3.1. Optimization of Structure Parameters of Drip Irrigation Emitter

The results of the orthogonal test and variance analysis of drip irrigation emitters are
shown in Tables 4 and 5. In the orthogonal test tables, the sand passage rate can reach more
than 85% when the turning angle was 65◦, such as No. 13, 14, and 16 emitters, while it
showed the lowest passage rate when the turning angle was 75◦, such as No. 7 emitter
whose sand passage rate was only 39.26%. The sand passage rate of the drip irrigation
emitter at the same turning angle varied less and did not show a linear relationship between
the two parameters. The five parameters of the flow channel structure were analyzed via
variance analysis and the turning angle had the most significant effect on the sand passage
rate and flow index, followed by the amount of interdental reference, flow channel depth,
flow channel width, and width of top base, respectively.

Table 4. Drip emitter structure parameters, pass rate, and flow index orthogonal test results.

Test
Serial

Number

Turning
Angle

Flow
Channel
Width

Flow
Channel

Depth

Width
of Top
Base

Amount
of Inter-
dental

Reference

Average
Speed

of Sand
Parti-

cles/(m/s)

Initial
Velocity
of Sand

Parti-
cles/(m/s)

Percentage
Decrease
in Sand
Veloc-
ity/%

Sand
Passage
Rate/%

Flow
Index

1 80 0.9 0.8 0.5 −0.4 0.04474 0.08104 44.79% 68.79% 0.5044
2 75 0.8 1.0 0.5 −0.2 0.04055 0.1094 62.93% 42.84% 0.5369
3 80 0.7 0.6 0.2 −0.2 0.0266 0.0759 51.78% 63.43% 0.5061
4 75 1.0 1.2 0.2 −0.4 0.04661 0.08972 48.05% 47.77% 0.5156
5 55 0.9 1.0 0.2 −0.3 0.06478 0.1501 56.84% 68.92% 0.5011
6 80 0.8 1.2 0.4 −0.3 0.04353 0.09738 55.30% 60.72% 0.5047
7 75 0.7 0.8 0.3 −0.3 0.0299 0.08597 65.22% 39.26% 0.5178
8 65 0.9 1.2 0.3 −0.2 0.073 0.121 39.67% 83.53% 0.5055
9 55 0.7 1.2 0.5 −0.5 0.05442 0.1147 52.55% 71.76% 0.4958

10 80 1.0 1.0 0.3 −0.5 0.04931 0.09827 49.82% 65.31% 0.4941
11 55 1.0 0.8 0.4 −0.2 0.028 0.059 51.84% 75.45% 0.4917
12 55 0.8 0.6 0.3 −0.4 0.04884 0.09548 48.85% 78.04% 0.4924
13 65 1.0 0.6 0.5 −0.3 0.054 0.09334 47.58% 89.35% 0.4799
14 65 0.7 1.0 0.4 −0.4 0.03287 0.05643 41.73% 86.65% 0.4871
15 75 0.9 0.6 0.4 −0.5 0.0564 0.1312 57.02% 44.38% 0.5144
16 65 0.8 0.8 0.2 −0.5 0.03632 0.0541 32.87% 91.48% 0.4817
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Table 5. ANOVA of the effect of structural parameters of drip emitters on sand passage rate and
flow index.

Structure Parameters Sum of Squares of
Partial Variances

Degree of
Freedom F Significance (Sand

Passage Rate)
Significance
(Flow Index)

turning angle 1266.444 4 5.906 0.064 * 0.074 *
Flow channel width 22.984 4 0.76 0.785 0.603
Flow channel depth 25.901 4 0.085 0.772 0.398
Width of top base 0.251 4 0.01 0.977 0.841

Amount of interdental reference 26.496 4 0.087 0.770 0.210

Note: * indicates a significant effect at p < 0.10.

3.2. Verification of Hydraulic Performance and Anti-Clogging Performance

The highest (No. 16) and lowest (No. 7) sand passage rates of the drip irrigation
emitter were selected for the test, and the flow–pressure curves of the drip irrigation emitter
were obtained via regression analysis of the experimental results and numerical simulation
results are shown in Figure 4. The dashed line represented the simulation results. The
solid line represented the actual test results. The flow index (test values) calculated using
Equation (1) for the two sets of test schemes were 0.4902 and 0.5242, indicating that the
hydraulic performance of the drip irrigation emitter was good. The flow rate error of the No.
16 drip irrigation emitter was 2.4%~4.1%, and the flow rate error of the No. 7 drip irrigation
emitter was 2.1%~5.8%, which had good accuracy and feasibility [29]. The flow rate error
of the No. 7 drip irrigation emitter was greater than the No. 16 drip irrigation emitter at
the working pressure of 100 and 125 kPa. The reason was that there were technique errors
in the models produced by high-precision engraving machines; the hydraulic performance
of the No. 7 drip irrigation emitter was lower than the No. 16 drip irrigation emitter and
more sensitive to changes in working pressure. The actual working pressure range used
was less than 100 kPa. The error of flow rate for two types of drip irrigation emitters below
100 kPa was 2.6% and 3.8%, respectively. The selected structural parameters had certain
practical value for the design of drip irrigation emitters.
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The relationship between the number of days tested and the flow rate for drip irrigation
emitters (No. 16 and No. 7) is shown in Figure 5. The flow error of the No. 16 drip irrigation
emitter was approximately between 2.2% and 3.7%, and the flow error of the No. 7 drip
irrigation emitter was 2.9%~4.3%. The flow rate on day 0 was measured from the clear
water test and it was considered the initial flow rate. An initial flow rate of 75% was set as
the threshold (the flow rate of the drip irrigation emitter measured under the clear water
test), and when the measured flow rate falls below 75% on a given day, the drip irrigation
emitter is considered to be clogged, otherwise, it is unclogged. The flow rate of both drip
irrigation emitters decreased as the test time increased, and both drip irrigation emitters
(No. 16 and No. 7) were clogged when using muddy water. In the eighth test, the flow rate
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of the No. 16 drip irrigation emitter was not below the threshold, and it was not considered
to have clogged. The No. 7 drip irrigation emitter was considered to have clogged. The
structural parameters had a significant impact on the anti-clogging performance of the drip
irrigation emitters.
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3.3. Influence of Flow Channel Structure Parameters on Sand Passage Rate and Percentage
Decrease in Velocity

The results of the flow channel structural parameters of the drip irrigation emitter on
the sand passage rate and the percentage decrease in velocity are shown in Figure 6. The
sand passage rate and percentage decrease in velocity trend line had the greatest degree of
variation in E1, with a range of 39.26~91.48% for sand passage rate and 40.47~58.31% for
percentage decrease in velocity. The degree of variation of the trend line for E2 to E4 was
lesser. The maximum changes in the sand passage rate and the percent decrease in velocity
were 5.75% and 10.38%. The change in the width of top base in E5 had no effective effect
on the sand passage rate and the percentage decrease in velocity. The sand passage rate
could be maximized with the 65◦ turning angle. When the amount of interdental reference
was −0.4 mm, the flow channel depth was 0.8 mm, and the flow channel width was 1 mm,
it is the most suitable parameter to improve the sand passage rate.

The orthogonal test and the short-cycle anti-clogging test indicated that the anti-
clogging performance and sand passage rate of the No. 16 drip irrigation emitter were
higher than the No. 7 drip irrigation emitter. The sand passage rate could effectively
describe the anti-clogging performance. There was a good negative correlation between the
sand passage rate and the percent decrease in velocity under certain structural parameters,
which indicated that the percent decrease in velocity was a potential factor affecting the
sand passage rate. It proved that the turning angle has the greatest influence on the sand
passage rate and the percentage decrease in velocity, which changed the head loss and the
energy dissipation effect of the flow channel.
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3.4. Flow Field Variations and Sand Distribution in the Flow Channel

Figure 7a,b show the flow velocity vector diagrams of the flow channels of drip
irrigation emitters No. 16 and No. 7, respectively, at a working pressure of 50 kPa. The
flow velocity vector diagram divided the flow field into three regions: upper vortex region
A, lower vortex region A*, and main flow region B. The flow velocity in the main flow
region B of the drip irrigation emitter No. 16 was 7.53~10.7 m/s, and the flow velocity in
the vortex regions A and A* was 0.164~3.24 m/s. The flow velocity in the main flow region
B of the drip irrigation emitter No. 7 was 7.33~10.5 m/s, and the flow velocity in the vortex
regions A and A* was 0.0698~2.1 m/s.
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Figure 8a,b showed the distribution of sand particles in the flow channel of No. 16
and No. 7 drip irrigation emitters, respectively. The fastest time for sand particles to pass
through the entire flow channel of the No. 16 and No. 7 drip irrigation emitter was 2.8 s
and 3.98 s, respectively, and the maximum retention time was 6.56 s and 9.56 s, respectively.
There were fewer sand particles in the vortex area of the No. 16 drip irrigation emitter, and
the distribution of sand particles in each unit was more uniform. Most of the sand particles
could flow stably in the main flow area.
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The sand transportation in the flow channel mainly depended on the movement of the
water flow in the main flow region. The sand distribution of the No. 7 flow channel was
more disordered. The change in structural parameters led to larger flow velocity differences
and vortex areas in the main flow region of the No. 7 channel, which promoted the relative
movement of water flow between the main flow region and the non-main flow region. The
low-velocity water flow would lag behind the main flow region and evolve as a vortex.
The flow velocity in the main flow region was low, and the traction force of the water flow
was insufficient to continue the movement of sand particles in the main flow region.

3.5. Turbulence Kinetic Energy and Turbulence Dissipation Rate in a Flow Channel

Figure 9 shows the distribution of turbulence kinetic energy of the flow channels of
drip irrigation emitters No. 16 and No. 7, respectively, at a working pressure of 50 kPa. The
turbulence kinetic energy variations in the two flow channels were similar, with higher and
maximum turbulence kinetic energy near the interdental surface, and the turbulence kinetic
energy variations in the main flow region B were all semicircular. The drip irrigation emitter
No. 7 had a larger blue region (vortex region A) than that of drip irrigation emitter No. 16.
The turbulence kinetic energy in the main flow region B of drip irrigation emitter No. 16
was 47.4~126.3 m2/s2, and most of the unit flow channel maintained turbulence kinetic
energy at about 86.9 m2/s2. The turbulence kinetic energy in the main flow zone B of drip
irrigation emitter No. 7 was 44.4~101.4 m2/s2, and most of the unit flow channel maintained
turbulence kinetic energy at about 69.7 m2/s2. The minimum values of turbulence kinetic
energy in the vortex regions A and A* of the flow channels of drip irrigation emitter No. 16
and No. 7 were 0.1701 m2/s2 and 0.1253 m2/s2, respectively.
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Figure 10 shows the distribution of turbulence dissipation rates of the flow channels
of drip irrigation emitters No. 16 and No. 7, respectively, at a working pressure of 50 kPa.
The turbulence dissipation rates in the two flow channels were similar, with higher and
maximum turbulence dissipation rates at the intertooth and left and right wall surfaces,
and were 553.8 m2/s3 and 490.2 m2/s3, respectively. The drip irrigation emitter No. 7 had
a larger red region (high turbulence dissipation rate) than that of drip irrigation emitter
No. 16. The turbulence dissipation rate in the main flow zone B of drip irrigation emitter
No. 16 was 333.6~433.7 m2/s3. The turbulence dissipation rate in the main flow zone B of
drip irrigation emitter No. 7 was 398.3~490.2 m2/s3.
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The turbulence kinetic energy was a measure of the development or decline in tur-
bulence. The energy extracted from the time-averaged flow in this region increases with
the turbulence kinetic energy. The turbulence dissipation rate is the rate of conversion
from turbulence kinetic energy to kinetic energy of molecular thermal motion. There were
two reasons that the sand particles in the No. 7 flow channel were easily clogged. Firstly,
the turbulence dissipation rate in the main flow region was relatively high. The energy
converted into turbulence kinetic energy decreases. This results in the inability of the water
flow in the main flow region to carry sand particles for stable movement. Secondly, the
turbulence kinetic energy in the vortex region is relatively small, the sand particles deviate
and enter the vortex region, and the energy obtained is insufficient to support their entry
into the main flow region.

3.6. Influence of Flow Index on Sand Passage Rate

The hydraulic performances of the drip irrigation emitter with a 65◦ turning angle
and 75◦ turning angle are shown in Figure 11. The flow index of the drip irrigation emitter
with a 65◦ turning angle was all lower than that of the drip irrigation emitter with a 75◦

turning angle. The correlation coefficients were all greater than 0.97, and the eight fitted
curves were well fitted.
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In order to show the relationship between hydraulic performance and anti-clogging
performance, the two kinds of drip irrigation emitters with 65◦ and 75◦ turning angles
were selected for the regression analysis of flow index and sand passage rate. The results
are shown in Table 6, which show that the flow index has a significant effect on the sand
passage rate, and the relationship equation between the flow index and the sand passage
rate was obtained from Table 6, as shown in Equation (5) as follows:

A = 593.418− 1046.029x (5)

where A was the sand passage rate of the drip irrigation emitter; and x was the flow index.
The correlation coefficient of the model R2 = 0.742, which was greater than 0.6, indicated
that the model had good fitting quality, and the flow index was negatively correlated with
the sand passage rate when the turning angle was in the range of 65◦~75◦.

Table 6. Regression analysis of flow index and sand passage rate for turning angles of 65◦ and 75◦.

Structure
Parameters

Non-Standardized
Coefficient

Standardization
Coefficient Significance Variance Expansion

Coefficient

Constant term 593.418 — 0.002 —
Flow index −1046.029 −0.883 0.004 ** 1.000

Note: ** indicates a significant effect at p < 0.01.

4. Discussion

The sand particles in irrigation water will lead to different degrees of clogging, which
will seriously affect the entire drip irrigation system and have a certain impact on water
resource utilization and agricultural development [30]. The flow channel structure param-
eters have a significant effect on sand movement, and appropriate structural parameters
can effectively improve the anti-clogging performance of the drip irrigation emitter [31].
The five structural parameters of labyrinth-type drip irrigation emitters were selected,
and sixteen drip irrigation emitters with different structural parameters were obtained via
orthogonal experiments. The sand passage rate, flow index, and flow field were analyzed.

Yu et al. [13] found that the drip irrigation emitters with turning angles between
60◦ and 90◦ had better anti-clogging performance. Zhang et al. [32] found the hydraulic
performance of drip irrigation emitter could be improved by appropriately reducing the
turning angle. However, a smaller turning angle also caused sand particles to move into the
vortex zone, resulting in longer flow times, slower velocities, and an increased probability of
clogging in the drip irrigation emitter. In order to confirm a turning angle that could better
balance hydraulic performance and anti-clogging performance. The turning angles of 55◦,
65◦, 75◦ and 80◦ were selected. Via analysis of variance and significance, it was found that
the turning angle had the greatest impact, and the drip irrigation emitter at a 65◦ turning
angle had a lower flow index and higher sand passage rate. The reason why the width of
the top base did not effectively change the sand passage rate is that the flow velocity state
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and energy distribution in the main flow region will not be significantly changed within
0.2~0.5 mm. In this study, it was found that the sand passage rate was not linearly related
to the turning angle, the sand passage rate was almost at one level at a fixed turning angle,
and the sand passage rate varied greatly in different turning angles. The average velocity
drop ratio of sand particles showed a good negative correlation with the sand passage rate,
and this result was consistent with that found by Yu et al. [33]. Therefore, the percentage
decrease in velocity can be a sideways indication of the anti-clogging performance of the
drip irrigation emitter.

It was found that the main flow region of the No. 7 flow channel was unevenly
distributed, the vortex region was larger, but the velocity was lower, and the sand particles
were easy to enter the vortex cyclic movement. The turbulence kinetic energy of the vortex
region had an important effect on the sand grain movement [34]. The main reason was
that the collision between the sand particles and the wall led to energy loss, and the sand
particles’ centrifugal force was relatively reduced, so the vortex region had more sand
particles to gather and precipitate [13]. The turning angle will affect the velocity and
direction of water movement in the flow channel. It will change the degree of turbulence
of the water flow, and form a vortex within the unit structure, which makes the energy
loss more serious, and reduces the overall velocity of the water flow, which leads to a
reduction in the possibility of the sand particles to be carried out of the flow channel, and
thus exacerbated the blockage situation [35]. Therefore, the reduction in the vortex region
can effectively improve the sand passage rate. However, Feng et al. [36] concluded that
the vortex region improved the energy dissipation of the drip irrigation emitter and its
rotational motion helped to wash away the clogging material adhering to the wall.

The changes in structural parameters could affect the flow field state and the turbulence
kinetic energy. It is concluded that the flow index was lower for a 65◦ turning angle, which
was due to the reduced head loss caused by the flow hitting the wall and the reduced
sensitivity of the flow to pressure changes [26]. The turbulence kinetic energy distribution
of the drip irrigation emitter with a 65◦ turning angle was more uniform, the difference
value of energy consumption was lower, the sand particles changed less due to external
force, and the motion state inside the whole flow channel was stable; the drip irrigation
emitter with a 65◦ turning angle had the highest sand passage rate. The sand motion data
obtained in this study were from numerical simulation, and in the future, the particle image
velocimetry can be used to study the sand motion characteristics, which will provide more
accurate data for the sand motion characteristics in the flow channel. In the subsequent
optimization of the flow channel structure, the characteristics of the vortex region, the
water flow, and the sand movement are balanced to obtain the best overall performance of
the drip irrigation emitter.

5. Conclusions

(1) The structural parameters of the labyrinth-type flow channel had an influence on the
sand passage rate, and the order from large to small was as follows: turning angle,
amount of interdental reference, flow channel depth, flow channel width, and width
of the top base. The turning angle had the most significant effect on the sand passage
rate and flow index, the drip irrigation emitter at a 65◦ turning angle had the highest
sand passage rate.

(2) The percentage decrease in velocity had a good negative correlation with the sand
passage rate, and it can be a sideways indication of the anti-clogging performance of
the drip irrigation emitter. The flow velocity, turbulence kinetic energy, and turbu-
lence dissipation rate in the flow field had a significant impact on the movement of
sand particles.

(3) The hydraulic performance had a good linear relationship with the sand passage rate
at the turning angle was 65◦~75◦. The equation for the relationship between flow
index and sand passage rate was a negative correlation for drip irrigation emitter,
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which had better hydraulic performance and anti-clogging performance with a 65◦

turning angle.
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