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Abstract: Drip irrigation has become an application trend of water-saving irrigation technology due
to its excellent water-use efficiency. However, the energy dissipation form of the commonly used
labyrinth channel is relatively simple, and the corresponding energy dissipation mechanism research
is inadequate. This article proposes a new kind of channel structure of drip irrigation emitters based
on the structure of scalariform perforation plates in plant xylem vessels. We establish a total of
16 sets of orthogonal structure schemes. Using numerical simulation and physical experiments, the
hydraulic performance and energy dissipation mechanism of the perforated drip irrigation emitters
(PDIE) are studied. The results show that the flow index of PDIE is 0.4665–0.5266. The hydraulic
performance of PDIE in the high-pressure zone is the best, and the flow index is 0.4665–0.5046.
As the pressure increases, the velocity of the flow of the upper perforation increases rapidly, the
flow ratio decreases, the flow index decreases, and the hydraulic performance improves. To further
verify the energy dissipation mechanism, a lower flow ratio and a better hydraulic performance
were obtained through appropriately expanding the upper part of the upper perforation inlet to the
channel boundary. The research sheds new insights for optimizing the hydraulic performance of
PDIE. Results reported here provide a theoretical basis for the structural design of drip irrigation
emitters and the energy dissipation mechanism research.

Keywords: perforated drip irrigation emitters; flow rate; flow ratio; hydraulic performance; energy
dissipation mechanism; numerical methods

1. Introduction

Drip irrigation emitter is an important part of a micro-irrigation system. It trans-
forms continuous jet into uniform and stable dripping flow, stabilizing flow and reducing
pressure [1]. The sensitivity of the drip irrigation emitter’s discharge rate to change with
working pressure is called hydraulic performance [2]. The structure and energy dissipation
of the emitters are closely related to the hydraulic performance [3]. Therefore, it is of great
significance to explore the structure design and energy dissipation mechanism of drip
irrigation emitters to improve the micro-irrigation system’s performance.

At present, the numerical simulation based on computational fluid dynamics (CFD),
experimental test, and theoretical analysis based on fluid mechanics are the main research
methods for the hydraulic performance and energy dissipation mechanism of drip irriga-
tion emitters. The experimental test is mainly used to study the hydraulic performance and
anti-clogging performance of drip irrigation emitters [4,5]. Further, numerical simulation
is the primary method to analyze the flow field in the flow passage to explore energy
dissipation and blockage [6].
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The labyrinth channel is a typical channel structure at present. Many scholars have
conducted in-depth research on labyrinth channel drip irrigation emitters by the CFD
software package. Based on the CFD software package, Wei et al. [7] calculated the
relationship between the pressure and the internal velocity distribution of the emitters
for three different drip irrigation emitters. The results showed that the simulation values
were in good agreement with the test results. Zhang et al. [8] calculated the relationship
between the drip irrigation emitters’ flow rate and working pressure through the CFD
software package and obtained the flow field distribution in the arc labyrinth channels.
The results of the simulation are consistent with the test results of the enlarged physical
model. Li et al. [9] compared the CFD calculation results with the test results by the two-
dimensional digital particle-tracking velocimetry visualization system of the full flow
field. The authors suggested that the CFD software package can optimize the structure
of drip irrigation emitters. Liu et al. [6] measured the drip irrigation emitters’ flow field
under different pressures through digital particle image velocimetry. The authors further
indicated that the flow channel’s vortex could improve the emitter’s self-cleaning ability
and anti-blocking ability. Guo et al. [10] analyzed the two-ways mixed-flow emitters from
the macroscopic flow rate and microscopic velocity. They believe that when the flow ratio
of the forward and reverse flow of the two-ways mixed-flow emitter is closer to 1, the
hydraulic performance of two-ways mixed-flow emitters is better. Yu et al. [11] found a
good angle range of labyrinth channel of drip irrigation emitters and appropriate numerical
analysis methods by analyzing the distribution of sand particles in the labyrinth channel
at different corners and with computational fluid dynamics discrete element method.
Wu et al. [12] used CFD to study the flow in the channel of labyrinth drip irrigation emitters,
in which the anti-clogging performance of these emitters was carried out by way of
analyzing the velocity distribution characteristics in different cross-sections of the same
structure unit.

Besides, some scholars have proposed new types of drip irrigation emitters based on
the labyrinth channel. Li et al. [13] designed a fully turbulent channel by introducing the
fractal curve constructed by fractal theory into the labyrinth channel design. Long et al. [14]
built a rectangular labyrinth channel drip irrigation emitter with double internal teeth with
a better hydraulic performance by adding internal teeth to the rectangular labyrinth channel
drip irrigation emitters. Feng et al. [3] improved the emitters’ anti-clogging performance
and hydraulic performance by removing the low-speed vortex area in the channel according
to the primary channel design method. Tian et al. [15] proposed a bidirectional flow
channel of drip irrigation emitters. They combined orthogonal experiments and numerical
simulations to explore the bidirectional flow channel’s energy dissipation mechanism.

Many new types of drip irrigation emitters, such as Barbed labyrinth channel emit-
ters [16], Divided-flow emitters [17], and Pit drip irrigation emitters [18], put forward
different ideas for the design and optimization of the drip irrigation emitters.

According to the mode of energy dissipation and the structure of the flow channel,
the commonly used drip irrigation emitters are divided into labyrinth emitters and pipe-
type pressure compensating emitters. The labyrinth channel irrigation emitter is simple
in structure and straightforward in energy dissipation [16,19]. The pipe-type pressure
compensating emitter has good hydraulic performance, but its design is intricate, and
there are some problems such as diaphragm aging [20]. Most research focuses on the
relationship between the structural parameters and hydraulic performance of the drip
irrigation emitters’ channel. However, the mechanism of energy dissipation is seldom
studied. Based on the perforated drip irrigation emitters (PDIE) developed by the author
team, this study adopts the CFD software package for numerical simulation, proposes
a numerical simulation method suitable for PDIE, and further analyzes the hydraulic
performance and energy dissipation mechanism of PDIE according to the flow field of
the channel. This work is meaningful for optimizing the hydraulic performance of PDIE,
which can provide a theoretical basis for the structural design of the drip irrigation emitters
and the study of the energy dissipation mechanism.
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2. Materials and Methods
2.1. Control Equation

The flow in the PDIE can be approximated as viscous incompressible fluid motion.
The continuity equation is as follows:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

The momentum equation is as follows:

ρ
∂u
∂t

+ ρdiv(uu) = µdiv(gradu) − ∂p
∂x

+ Fu (2)

ρ
∂v
∂t

+ ρdiv(vu) = µdiv(gradv) − ∂p
∂y

+ Fv (3)

ρ
∂w
∂t

+ ρdiv(wu) = µdiv(gradw) − ∂p
∂z

+ Fw (4)

where u is the flow velocity, m/s; u, v, and w are the velocity components of fluid particles
in the three-dimensional space direction x, y, and z respectively, m/s; ρ is the density of
water, kg/m3; µ is dynamic viscosity, N·s/m2; p is the pressure on the fluid, Pa; Fu, Fv, and
Fw are the force of fluid particles in the three-dimensional direction x, y, and z, N/m3.

The flow index equation is as follows:

q = k
(

H × 10−3
)x

(5)

where q is the channel’s average flow rate, l/h; x is the flow index, and H is the inlet
pressure, MPa.

The relative error equation is as follows:

δ =
m − n

m
× 100% (6)

where δ is the relative error; m is the test value, l/h; and n is the simulated value, l/h.

2.2. Numerical Simulation Model
2.2.1. Structure and Geometric Parameters

The PDIE is designed according to the structure of scalariform perforation plates (SPP)
in plant xylem vessels (Figure 1) [21]. The structure of PDIE is shown in Figure 2, where a
is the width of the perforation, b is the distance to the far side of the two perforations, c is
the length of the channel cavity, and α is the scalariform angle perforation plate. The value
range of critical structural parameters of the channel is as follows: a is 0.25 mm–0.40 mm,
with values of 0.05 mm at intervals; b is 1.20–1.50 mm, with value every 0.10 mm; c is
3.10 mm–3.70 mm, with value every 0.20 mm; α is 45◦–60◦ and is evaluated at intervals of
5◦. There are altogether four parameters and four levels. The channel width is 2.70 mm,
the depth is 0.80 mm, the scalariform perforation plate width is 0.45 mm, and the number
of the PDIE units is 15.
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Figure 1. Orifice flow characteristics of scalariform perforation plates. Note: “SPP” represents scalariform perforation plates.
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Figure 2. Structure diagram of perforated drip irrigation emitters (PDIE). Note: “a” represents the width of the perforation,
“b” represents the distance to the far side of the two perforations, “c” represents the length of the channel cavity, “α”
represents the angle of the scalariform perforation plate, “Q1”is the flow rate of lower side perforation, and “Q2” is the flow
rate of upper side perforation.

2.2.2. 3D Modeling and Mesh Independence Analysis

3D modeling of PDIE based on SolidWorks 2018 (appropriately lengthens the inlet
section of the channel to make the flow fully develop). The ICEM CFD (ver.19.0) was used to
divide the channel into unstructured grids. In order to ensure high computational efficiency
and reduce the influence of mesh on the calculation results, the maximum mesh size of 0.20,
0.19, 0.18, 0.17, 0.15, 0.14, 0.13, 0.12, 0.11, 0.10, 0.09, 0.08, 0.07, and 0.05 mm, respectively,
was selected to calculate the flow rate of the PDIE under the pressure of 0.10 MPa with
Fluent 19.0. Considering the calculation accuracy and efficiency comprehensively, when
the difference of the calculation results is less than 0.5%, it is considered that the number
of grids does not influence the calculation results [18]. Therefore, the maximum grid size
was set as 0.07 mm in ICEM CFD. The total number of perforated drip irrigation emitter
channel grids is about 3.1 million, as shown in Figure 3.
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2.2.3. Fluent Setup

The flow field of the perforated drip irrigation emitter channel is turbulent except for
near the wall. This study uses the standard k-ε model to calculate the flow field inside
the channel. The inlet was set as the pressure inlet, and the set values were 0.05, 0.075,
0.10, 0.125, 0.15, 0.175, 0.20, 0.225, 0.25, 0.275, and 0.30 MPa, respectively. The outlet is
set as the pressure outlet, and the set value is 0 MPa. No-slip boundary and enhanced
wall function are adopted for all walls. An uncoupled implicit algorithm is used in the
numerical simulation of the PDIE. Among them, in the Controls-Solution Controls option
setting of Solve, set the pressure term, momentum term, turbulent kinetic energy term,
and specific dissipation rate term as the more accurate second-order upwind formula. To
reduce the iterative calculation error and increase the convergence accuracy, the residual
convergence standard of the Monitors-Residual Monitors item in Solve is adjusted to
1 × 10−4. To improve the stability of the simulation calculation, the pressure and velocity
coupling adopt the SIMPLE solver, and the simulated calculated flow rate value under
different inlet pressures is compared with the experimental value [11].

2.3. PDIE Simulation
2.3.1. Influence Factors of Flow Index

The structure parameters of PDIE are four factors and four levels. The structural
schemes of PDIE are designed according to the orthogonal experimental design table
L16(45) [22]. The structural schemes are shown in Table 1. The other structural parameters
are fixed values [15].

Table 1. Structural schemes of PDIE.

Structural Schemes
Parameters

a (mm) b (mm) c (mm) α (◦)

1 0.25 1.20 3.10 45
2 0.25 1.30 3.30 50
3 0.25 1.40 3.50 55
4 0.25 1.50 3.70 60
5 0.30 1.20 3.30 55
6 0.30 1.3 3.10 60
7 0.30 1.40 3.70 45
8 0.30 1.50 3.50 50
9 0.35 1.20 3.50 60
10 0.35 1.30 3.70 55
11 0.35 1.40 3.10 50
12 0.35 1.50 3.30 45
13 0.40 1.20 3.70 50
14 0.40 1.30 3.50 45
15 0.40 1.40 3.30 60
16 0.40 1.50 3.10 55
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In the performance study of drip irrigation emitters, the flow index reflects the sensi-
tivity of flow rate to pressure change. The smaller the flow index, the better the hydraulic
performance of the drip irrigation emitters [18]. In this work, we used Stata16 to obtain
the flow indexes and correlation coefficients of 16 groups of structural schemes and three
pressure areas (0.05–0.10, 0.10–0.20, and 0.20–0.30 MPa) through multiple regression fitting
of pressure and flow rate.

To analyze the effects of the flow ratio between the upper side perforation and the
lower side perforation of the scalariform perforation plates on the flow index, the flow rate
of lower side perforation is defined as Q1, the flow rate of upper side perforation is Q2, and
Q1/Q2 represents the ratio of the flow rates on both sides. Q1 and Q2 are calculated by the
Surface Integrals function of fluent based on the cross-section parallel to the scalariform
perforation plates. Figure 2 shows the flow direction of Q1 and Q2.

2.3.2. Velocity Distribution

The structural scheme 11 with the flow index in the low-pressure area as an example is
taken. The simulation results of Fluent 19.0 at the inlet pressures of 0.10 MPa and 0.20 MPa
were imported into Tecplot 360 EX 2016. By Tecplot 360 EX 2016, velocity distribution
diagram of the middle longitudinal section of the second and third units of the perforated
drip irrigation emitters under the working pressure of 0.10 MPa and 0.20 MPa for the
structural scheme 11 were obtained.

2.4. Experimental Verification

To verify the reliability of numerical simulations, a numerical control machine tool
with a machining accuracy of 0.01 mm and a repeat positioning accuracy of 0.005 mm was
used to produce PDIE samples in equal proportions to transparent and colorless acrylic
material. A high-power microscope was used to check the size. Process 5 groups of test
samples (Figure 4b). Each set of samples includes five pieces. The test inlet pressures were
0.05, 0.075, 0.10, 0.125, 0.15, 0.175, 0.20, 0.225, and 0.25 MPa (Figure 4a). Each sample is
tested three times, and each test time is five minutes. The flow rate of PDIE under different
pressures was tested by the measuring cylinder volume method, and an electronic balance
with an accuracy of 0.001 g was used to check. Take the average of the test result and the
simulation value for mutual comparison.
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3. Results
3.1. Effects of Pressure on the Flow Index

The flow index of 16 structural schemes of PDIE are different in 0.05–0.10, 0.10–0.20,
and 0.20–0.30 MPa. The simulation results of flow indexes are shown in Table 2. The flow
indexes of 16 groups of structural schemes are 0.4665–0.5266. Under the same structural
scheme, the flow rate of the PDIE increases with the increase of inlet pressure. The flow
index of PDIE decreases as the pressure increases. The pressure of PDIE increased by five
times, resulting in an average decrease of 5.39% in the flow index of the high-pressure zone
relative to the flow index of the low-pressure zone and an average decrease of 2.83% in the
flow index of the medium-pressure zone than the flow index of the low-pressure zone. The
flow rate is less sensitive to working pressure. PDIE has an excellent hydraulic performance.
The relative error between the simulated value and the experimental value is 1.381–2.439%,
indicating that the simulation calculation results are reliable. The relative error between
the simulated value and the measured value is calculated for each structural scheme and
each pressure. The relative error of structural scheme 1 is 2.439% under 0.30 MPa, which
is the largest among the 16 structural schemes. The relative error of structural scheme 13
is 1.381% under 0.05 MPa, which is the smallest of the 16 structural schemes. Correlation
coefficients of the pressure-flow curves of the simulation values of the 16 structural schemes
are all higher than 0.998. Taking the structural scheme 13 and the structural scheme 1 as
examples to draw the pressure-flow relationship curve, as shown in Figure 5.

Table 2. Flow indexes of simulation values of PDIE in different pressure ranges.

Structural Schemes
Flow Index

0.05–0.10 MPa 0.10–0.20 MPa 0.20–0.30 MPa

1 0.5266 0.5147 0.5046
2 0.5213 0.5112 0.4959
3 0.4947 0.4833 0.4699
4 0.5130 0.5073 0.4975
5 0.5063 0.4953 0.4791
6 0.5041 0.4953 0.4812
7 0.5211 0.5049 0.4882
8 0.5158 0.4986 0.4862
9 0.4954 0.4866 0.4733
10 0.5006 0.4822 0.4691
11 0.5047 0.4856 0.4712
12 0.5126 0.4941 0.4771
13 0.4996 0.4732 0.4665
14 0.5024 0.4851 0.4679
15 0.4919 0.4798 0.4707
16 0.4941 0.4778 0.4688

3.2. Effects of Flow Ratio on Flow Index

By calculating the flow rates of the upper side perforations and the lower side per-
forations in 16 structural schemes, the flow rate of the lower side flow and the flow rate
of upper side flow within 0.05–0.30 MPa were obtained, as shown in Table 3. The smaller
Q1/Q2 is, the greater the ratio of Q2 to the total flow rate, the smaller the flow index of
the PDIE, and the better the hydraulic performance. Conversely, the greater the ratio
of Q1 to the total flow rate, the more outstanding the flow index is and the worse the
hydraulic performance is. The flow ratio decreases as the pressure increases. The flow ratio
of the high-pressure zones decreased by 1.46% compared with the average flow ratio in
the low-pressure zone, and the flow index decreased by an average of 5.39%. The flow
ratio in the medium-pressure zone decreased by 0.82% compared with the flow ratio in the
low-pressure zone, and the flow index decreased by 2.33% on average.



Water 2021, 13, 171 8 of 14

Water 2021, 13, x  8  of  15 
 

 

Table 2. Flow indexes of simulation values of PDIE in different pressure ranges. 

Structural Schemes 
Flow Index 

0.05–0.10 MPa  0.10–0.20 MPa  0.20–0.30 MPa 

1  0.5266  0.5147  0.5046 

2  0.5213  0.5112  0.4959 

3  0.4947  0.4833  0.4699 

4  0.5130  0.5073  0.4975 

5  0.5063  0.4953  0.4791 

6  0.5041  0.4953  0.4812 

7  0.5211  0.5049  0.4882 

8  0.5158  0.4986  0.4862 

9  0.4954  0.4866  0.4733 

10  0.5006  0.4822  0.4691 

11  0.5047  0.4856  0.4712 

12  0.5126  0.4941  0.4771 

13  0.4996  0.4732  0.4665 

14  0.5024  0.4851  0.4679 

15  0.4919  0.4798  0.4707 

16  0.4941  0.4778  0.4688 

3.2. Effects of Flow Ratio on Flow Index 

By calculating the flow rates of the upper side perforations and the lower side perfo‐

rations in 16 structural schemes, the flow rate of the lower side flow and the flow rate of 

upper side flow within 0.05–0.30 MPa were obtained, as shown in Table 3. The smaller 

Q1/Q2 is, the greater the ratio of Q2 to the total flow rate, the smaller the flow index of the 

PDIE, and the better the hydraulic performance. Conversely, the greater the ratio of Q1 to 

the total flow rate, the more outstanding the flow index is and the worse the hydraulic 

performance is. The flow ratio decreases as the pressure increases. The flow ratio of the 

high‐pressure zones decreased by 1.46% compared with the average flow ratio in the low‐

pressure zone, and the flow index decreased by an average of 5.39%. The flow ratio in the 

medium‐pressure zone decreased by 0.82% compared with the flow ratio in the low‐pres‐

sure zone, and the flow index decreased by 2.33% on average. 

   
(a) Structural scheme 13.  (b) Structural scheme 1 

Figure 5. Pressure‐flow rate curves of structural schemes 13 and 1. Note: Figure (a) showed the pressure‐flow rate curves 

of the structural scheme 13, and Figure (b) showed the pressure‐flow rate curves of the structural schemes 1. The points 

indicate the flow rate of simulation values or test results. 

   

Figure 5. Pressure-flow rate curves of structural schemes 13 and 1. Note: Figure (a) showed the pressure-flow rate curves
of the structural scheme 13, and Figure (b) showed the pressure-flow rate curves of the structural schemes 1. The points
indicate the flow rate of simulation values or test results.

Table 3. Flow ratio of PDIE in different pressure ranges.

Structural Schemes
Flow Ratio

0.05–0.10 MPa 0.10–0.20 MPa 0.20–0.30 MPa

1 0.8790 0.8777 0.8773
2 0.8807 0.8785 0.8761
3 0.7375 0.7312 0.7305
4 0.7698 0.7632 0.7592
5 0.7924 0.7841 0.7770
6 0.7804 0.7741 0.7718
7 0.8606 0.8519 0.8433
8 0.8198 0.8154 0.8117
9 0.7404 0.7319 0.7291
10 0.7546 0.7493 0.7454
11 0.7822 0.7721 0.7672
12 0.7866 0.7783 0.7694
13 0.7118 0.7055 0.6981
14 0.7420 0.7326 0.7224
15 0.7148 0.7108 0.7060
16 0.7336 0.7285 0.7214

The flow ratio and hydraulic performance of PDIE were analyzed in depth by taking
scheme 1 and 6 with larger flow indexes and scheme 16 and 13 with smaller flow indexes
among 16 structural schemes as examples. The relationship curve between the flow ratio
and the flow index of the four groups of structural schemes is shown in Figure 6. As the
pressure increases, both Q1 and Q2 increase, and the flow ratio drops slowly. This result
indicates that Q2 is growing faster than Q1. The flow ratio of these structural schemes with
smaller flow indexes is also smaller, and its curve change trend is more pronounced. For
the decrease of each pressure area’s average flow ratio, the reduction of scheme 1 is 0.18%,
scheme 6 is 0.58%, scheme 16 is 0.83%, and scheme 13 is 1.05%.
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3.3. Energy Dissipation Mechanism and Velocity Distribution

The velocity distribution and energy dissipation mechanism between different struc-
tural schemes of PDIE are similar. Taking scheme 11 with middle flow index in low-pressure
area as an example, the flow field and energy dissipation mechanism of PDIE are analyzed
from the perspective of microscopic velocity. Figure 7 is a velocity distribution diagram
of the middle longitudinal section of the second and third units of the PDIE under the
working pressure of 0.10 MPa and 0.20 MPa for the structural scheme 11.

By observing the velocity distribution of the perforated drip irrigation emitters
(Figure 7), the flow changes direction under the shunt action of the scalariform perfo-
ration plate and forms two high-speed streams passing through two perforations. The
velocity of lower side flow drops after impacting the wall of the channel. Then, the lower
side flow is mixed with the upper side flow to form a flow. In this process, the velocity
drops significantly, and the energy dissipation is excellent. The two streams form the
mainstream with high velocity. The mainstream with higher velocity and the vortex area
with lower velocity are mixed continuously, and the energy is further consumed. These
combined effects produce a steady drip flow from the perforated drip irrigation emitters.

The average velocity of streams of two sides at the outlet of perforations was calculated
by the “Report” in Fluent. The cross-sectional areas of the perforations on both sides are
equal. Under the working pressure of 0.10 MPa, the velocity of the upper side flow is
2.99 m/s, the velocity of the lower side flow is 2.83 m/s, and the velocity of the lower
side flow is smaller than that of the upper side flow. Under the working pressure of
0.20 MPa, the velocity of the upper side flow is 3.51 m/s, and the velocity of the lower
side flow is 2.92 m/s. The increase in the velocity in the upper side flow is 1.01 m/s. The
velocity increase in the lower side flow is 0.84 m/s. The rise of 1.01 m/s in the upper
side flow velocity is more significant than the rise of 0.84 m/s in the lower side flow.
Therefore, the flow rate of the upper side flow increased more than that of the lower side
flow. The working pressure of PDIE increases, the flow ratio decreases, and the flow index
also decreases.
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Figure 7. Velocity distribution in different pressure for structural scheme 11. Note: Figure (a) showed the velocity
distribution of structural scheme 11 in 0.10 MPa, and Figure (b) showed the velocity distribution of structural scheme 11 in
0.20 MPa.

3.4. Structure Optimization Based on Energy Dissipation Mechanism

Above, the relationship between the macroscopic flow rate ratio and the hydraulic
performance of PDIE under different pressures and the relationship between the micro-
scopic flow rate and the hydraulic performance of PDIE have been analyzed. The results
show that the lower the flow ratio, the smaller the flow index, and the better the hydraulic
performance. According to the energy dissipation mechanism, to reduce the flow ratio, the
inlet of the upper side perforation can be enlarged to adjust its flow rate and improve the
hydraulic performance of PDIE.

To further prove the energy dissipation mechanism described above, we take structural
scheme 11 that is one of 16 group structural schemes of PDIE as an example. After many
attempts, the upper side of the inlet of the upper perforation was finally enlarged by
0.50 mm in the direction of the wall of the channel, as shown in Figure 8. The velocity
distribution of the optimized structural scheme 11 under 0.10 MPa working pressure is
shown in Figure 9.
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Figure 8. Optimized scheme based on structural scheme 11. Note: “a” represents the width of the perforation, “b” represents
the distance to the far side of the two perforations, “c” represents the length of the channel cavity, “α” represents the angle
of the scalariform perforation plate.
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Figure 9. Velocity distribution under 0.10 MPa of the optimized scheme.

In the optimized structural scheme, under a pressure of 0.10 MPa, the velocity of the
upper side flow is 2.32 m/s, and the velocity of the lower side flow is 1.91 m/s. The flow
ratio decreased from 0.777 to 0.709, falling by 8.75%. The flow index of the optimized
scheme obtained by simulation calculation is 0.4940 in the low-pressure zone, 0.4825 in
the medium-pressure zone, and 0.4726 in the high-pressure zone. The flow index in the
low-pressure area and medium-pressure area decreased by 2.12% and 0.64%, respectively,
and that in the high-pressure area increased by 0.30%. The hydraulic performance of PDIE
is obviously improved.

4. Discussion

At present, the primary method to improve the performance of drip irrigation emitters
is to optimize the channel structure [3,11]. Based on the design of scalariform perforation
plates in plant xylem vessels [21], this study proposed a kind of perforated drip irrigation
emitter and conducted orthogonal experiments on the four main structural parameters
extracted to explore the hydraulic performance and energy dissipation mechanism of PDIE.

In this work, physical experiments and simulation calculations were carried out on
the flow rate of PDIE. The relative error between the simulated values and the test results
of PDIE is 1.381–2.439%, and the correlation coefficients of pressure-flow rate curves are all
higher than 0.998, indicating that the calculations method of the CFD software package
is reliable. Therefore, this method can be used to study perforated drip irrigation emit-
ters. The simulation calculation shows that the flow index of PDIE is 0.4665–0.5266. Like
Xu et al. [18], we found the most of the test values are less than the simulated values. A
possible explanation is that the wall of the prototype cannot be processed to be smooth,
which causes the flow rate to produce additional energy dissipation inside the performance
of drip irrigation emitter.
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The main reason why the flow index of PDIE in the high-pressure area is better than
that of the middle- and the low-pressure regions is the increase in pressure, which leads
to a rise in the flow rate of the two perforations’ streams. The increasing flow rate causes
hedging between the two streams is intensified, the mixing between the mainstream zone
and the vortex zone is amplified, and the energy consumption increases [10]. In the low-
pressure area of 0.05–0.10 MPa, the minimum flow index of the perforated drip irrigation
emitter is 0.4919, whereas the flow index of the labyrinth channel drip irrigation emitter
under the same working pressure is generally above 0.5 [15]. The hydraulic performance
of PDIE is better than that of the common labyrinth drip irrigation emitter in each pressure
range. Under the same working pressure, PDIE can provide a more stable and uniform flow
rate, which has positive value for improving irrigation efficiency and reducing irrigation
project investment [1].

The better the hydraulic performance of the structural scheme, the lower the flow
index is, the more significant the decrease of Q1/Q2 is with the pressure increase, and the
smaller is the value of Q1/Q2. PDIE has a similar energy dissipation mechanism to the
bidirectional flow channel of drip irrigation emitters [15]. The velocity distribution shows
that the main energy consumption of PDIE is due to the mixing of two streams formed
by the scalariform perforation plate. The increase of PDIE’s working pressure causes
Q1 and Q2 to increase, and the rise in Q2 is more remarkable than Q1. This results in a
decrease in flow ratio and flow index and, thus, the improvement of hydraulic performance.
Therefore, the flow ratio can be optimized by appropriately adjusting the structure of the
upper side perforation of the scalariform perforation plate. Moreover, the collision and
mixing of two streams can be enhanced to improve the perforated drip irrigation emitters’
hydraulic performance.

After optimizing the structure of PDIE based on the above energy dissipation mech-
anism, the flow index in the low-pressure area and medium-pressure area decreased by
2.12% and 0.64%, respectively, and that in the high-pressure area increased by 0.30%. The
optimized scheme results verify the energy dissipation mechanism obtained in this work
and provide a theoretical basis for the further optimization of the hydraulic performance
of PDIE. The possible reason for the small change of the flow index in the high-pressure
area is that the high-pressure area’s velocity is high enough, and the energy dissipation in
the original structural scheme is relatively complete.

Nevertheless, Guo et al. [10] studied the energy dissipation mechanism of two-ways
mixed-flow drip irrigation emitters. His work shows that the flow ratio of positive flow
and negative flow is closer to 1, and the hydraulic performance of two-ways mixed-flow
drip irrigation emitters is better. His research differs significantly from the results of this
study. The reason may be that the two-ways mixed-flow drip irrigation emitters form the
positive and negative flow of water, which directly impact each other. In contrast, the two
flows of PDIE in the same direction mainly occur at the side of the flow.

Finally, to further improve the plugging resistance and hydraulic performance of
perforated emitter, some problems still need to be studied.

1. Integrating with the energy dissipation mechanism, the effects of structural param-
eters on hydraulic performance can be researched to improve the hydraulic perfor-
mance of PDIE [23].

2. Various particle sizes were added in the experiment and combined with particle image
velocimetry to study the effects of different structural parameters on the anti-clog
performance of PDIE [6].

3. Besides, the impact of the lower side flow and the wall of the channel and the mixing
of the main flow area with higher velocity and the vortex area with a lower flow rate
will also consume energy. On the one hand, the vortex area can improve the drip
irrigation emitter’s energy dissipation effect, slow down the attachment of viscous
clogging material on the wall, and promote detachment [3].

In this work, the hydraulic performance of PDIE was analyzed from the perspective
of macroscopic flow ratio and microscopic velocity, starting from the energy dissipation



Water 2021, 13, 171 13 of 14

mechanism. The results show that appropriately increasing the perforation flow rate on
the upper side can enhance the mixing and collision of the two streams and improve the
energy dissipation effect and hydraulic performance of PDIE. To comprehensively study
the potential connection of anti-blocking performance, hydraulic performance, and geo-
metric structure, the structural parameters of PDIE can be further optimized based on the
channel structure of emitters. To improve the anti-blocking performance of perforated drip
irrigation emitters, particle image velocity measurement technology should be combined
to study the influence of working pressure and structural parameters on the drip irrigation
emitters’ anti-clogging performance to improve the anti-blocking performance of PDIE.

5. Conclusions

In this work, the hydraulic performance of PDIE was analyzed from the perspective
of macroscopic flow ratio and microscopic velocity, starting from the energy dissipation
mechanism. The maximum relative error between the simulation flow rate of the perforated
drip irrigation emitters and the test flow rate is 2.439%. The flow rates of the simulation are
reasonable, which can provide a theoretical reference for exploring the energy dissipation
mechanism and hydraulic performance of the perforated drip irrigation emitters. Sixteen
structural schemes designed by orthogonal experiments show that the flow index of perfo-
rated drip irrigation emitters is 0.4665–0.5266. The hydraulic performance of perforated
drip irrigation emitters is excellent. The hydraulic performance of the high-pressure area
is better than that of the medium- pressure and low-pressure areas. The perforated drip
irrigation emitters mainly consume energy through the hedge of the two water streams
formed by the scalariform perforation plate. The hydraulic performance of perforated drip
irrigation emitters can be improved by optimizing the flow ratio.
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