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Abstract: As a key component of a drip irrigation system, the performance of the drip irrigation
emitters is mainly determined by the flow channel structures and structural parameters. In this study,
a novel type of circular water-retaining labyrinth channel (CWRLC) structure emitter was proposed,
inspired by the effect of roundabouts that make vehicles slow down and turn. Using the single-factor
experiment method, the influence of the hydraulic performance of CWRLC emitters was researched
under different circular radii. The internal flow characteristics and energy dissipation mechanism
were analyzed by a computational fluid dynamics (CFD) simulation. It can be seen from the analysis
that the energy dissipation abilities of the flow channel depend on the proportion of low-speed vortex
areas. The larger the proportion of low-speed vortex areas, the smaller the flow index of the CWRLC
emitter. Quadrate water-retaining labyrinth channel (QWRLC) and stellate water-retaining labyrinth
channel (SWRLC) structures were obtained by structural improvements for increasing the proportion
of low-speed vortex areas. The simulation results showed that the flow indexes of two improved
structural emitters were significantly decreased. CWRLC, QWRLC, SWRLC, and widely used tooth
labyrinth channel (TLC) emitters were manufactured by using technologies of electrical discharge
machining (EDM) and injection molding (IM). The physical test results showed that the SWRLC
emitter achieved the best hydraulic performance compared with the other three emitters. Therefore,
the SWRLC emitter has a broad prospect of application in water-saving irrigation.

Keywords: irrigation emitter; hydraulic performance; energy dissipation mechanism; structural
design; computational fluid dynamics

1. Introduction

Drip irrigation is an advanced and effective water-saving irrigation technology in
modern agriculture [1]. It is widely used in the irrigation of economic crops such as melons,
fruits, vegetables, and cotton. A drip irrigation emitter is the core component of the whole
drip irrigation system [2]. Energy dissipation is realized by several flow channel structural
units inside the emitter [3,4]. The flow channel structure units enable water flow under
different pressures as uniform and stable small flows [5,6].

The hydraulic performance is one of the important indicators to evaluate the perfor-
mance of drip irrigation emitters, which are generally expressed by the flow index [7]. The
flow index reflects the sensitivity of the drip irrigation emitter flow to the inlet pressure [8].
The flow index of the drip irrigation emitter is a parameter that must be considered in the
design and optimization of the flow channel structure [9]. The labyrinth channel emitter is
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currently the most widely used drip irrigation emitter for the superior hydraulic perfor-
mance of the labyrinth channel structure [10]. The structure of the labyrinth channel has
been deeply researched by many scholars using the Computational Fluid Dynamics (CFD)
simulation and Digital Particle Image Velocimetry (DPIV) experiment methods [11-13].
Liu et al. [14] used DPIV to measure the flow field in the flow channel section, the structural
unit, and the local area near the sawtooth and found that there were flow stagnation areas
and vortex areas in the structure of the labyrinth path section. Feng et al. [15] found that
the near-wall velocity was lower than in the center of the flow path in a laminar labyrinth
emitter and that the velocity along the depth of the flow path was relatively uneven when
using CFD simulation and DPIV experiment methods. Al-Muhammad et al. [16] presented
the mean velocity distribution and turbulence quantities within the cylindrical labyrinth
channel drip irrigation emitter flow using the microparticle image velocimetry (micro-PIV)
technique and found that the flow regime was turbulent and non-isotropic. Liu et al. [17]
proposed a full-scale transparent model combining DPIV and planar laser-induced fluores-
cence (PLIF) technology to observe the motion characteristics of particles with different
diameters in the flow channel of an embedded flat plate emitter. Yu et al. [18] explored
the influence of the dentation angle of a sawtooth labyrinth channel drip emitter on the
hydraulic performance by CFD simulation. Wang et al. [19] studied the reasons for struc-
tural changes in the hydraulic performance of the rectangular labyrinth emitter through
the analysis of the vortex intensity using the CFD simulation method. The results showed
that the relative error of the simulated results and experimental data was 1.02-2.11%. The
internal flow characteristics of the labyrinth channel of a drip emitter have also been studied
by some scholars through mathematical models. Falcucci et al. [20] proposed a numerical
technique based on the Lattice Boltzmann Method (LBM) to model the water flow char-
acteristics of a rectangular labyrinth channel drip emitter. The results for the simulation
values were in good agreement with the experimental data. Wu et al. [21] applied the
standard k — e model and the Large Eddy Simulation (LES) model to analyze the internal
flow characteristics in a cylindrical labyrinth channel drip irrigation emitter and found that
the LES model was more effective in describing the flow characteristics of the fluid in the
passage and optimizing the path structure. Based on the comprehensive consideration of
the calculation accuracy and computational efficiency, Feng et al. [22] indicated that the
RNG k — e model was the most suitable for a flow field simulation of the flat labyrinth drip
irrigation emitter.

In order to improve the hydraulic performance of the labyrinth channel emitter,
some scholars have proposed several models for optimizing the flow channel structure.
Feng et al. [22] proposed five different boundary optimization methods for improving
the hydraulic performance of a sawtooth labyrinth channel drip emitter. Zhang et al. [23]
proposed the pressure loss coefficient as an index of the hydraulic performance and devel-
oped a mathematical model that rapidly predicted the hydraulic performance for emitters
with different geometries. Saccone et al. [24] analyzed the internal flow field of seven
different sawtooth labyrinth channel drip emitters using the CFD method and calculated
the relationship between the outlet flow rate and inlet working pressure to improve its
hydraulic performance. In recent years, some researchers have put forward several new
types of labyrinth channels. Zhangzhong et al. [25] constructed 13 M-type fractal flow paths
with different geometrical parameters based on fractal theory and analyzed the influence
of different geometrical parameters on the variation of the internal flow field and hydraulic
performance characteristics using the CFD and PIV methods. Guo et al. [26] designed
three kinds of two-way mixed flow drip irrigation emitter prototypes and established
the evaluation method of the macroscopic flow rate index and microscopic flow velocity
index. Xu et al. [27] proposed a pit drip irrigation emitter based on the pit structure in the
water transport tracheids of bionic plants and designed the four optimized labyrinth flow
channels. Xing et al. [28] also proposed a perforated drip irrigation emitter based on the
structure of scalariform perforation plates in plant xylem vessels and established a numeri-
cal simulation method suitable for it. These provide new ideas for the structural design
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and performance optimization of drip irrigation emitters. However, most studies focused
on the relationship between the structure parameters of the sawtooth or a similar sawtooth
labyrinth channel and the hydraulic performance. Although several new types of labyrinth
channel structure models are designed and constructed, the reason for the mechanism and
conversion of the water flow energy loss in the flow field are not consistently reported in
the references.

In the design of the flow channel structure of the irrigation emitter, the increase in
energy consumption and the generation of multiple local head losses can be achieved by
increasing the diversity of the flow channel section structure types of the emitter. In this
study, inspired by the effect of a roundabout that made vehicles slow down and turn, a
new type of circular water-retaining labyrinth channel (CWRLC) structure was designed.
The flow index variation and internal flow characteristics were analyzed using the CFD
software package in CWRLC emitters with different radii of a circular water-retaining
structure. The mechanism of energy loss and main factor affecting the energy dissipation
of the CWRLC structure were revealed. The quadrate water-retaining labyrinth channel
(QWRLC) structure and stellate water-retaining labyrinth channel (SWRLC) structure
were obtained by structural improvement based on the energy dissipation mechanism.
Finally, comparative analyses of numerical simulation and hydraulic performance tests
were conducted. The relevant results of this study can be used as a reference for the
structural design and application of drip irrigation emitters.

2. Materials and Methods
2.1. Structure Design and Physical Model

In this study, a novel flat drip irrigation emitter was made up of water inlets, water
outlet, filter grids, and an energy dissipating flow channel structure. Inspired by the
effect of a roundabout that makes vehicles slow down and turn, a new type of circular
water-retaining labyrinth channel (CWRLC) structure was designed. The CWRLC unit was
composed of a circular water-retaining structure and two symmetrical isosceles trapezoid
structures without a baseline. The characteristics and parameters of the CWRLC unit were
shown in Figure 1, where r represents the radius of the circular water-retaining structure,
s represents the length of the trapezoid baseline, & represents the trapezoid height, and 0
represents the angle between the hypotenuses of the adjacent trapezoids.

Center line

Figure 1. Schematic diagram of the CWRLC unit structure.

In order to reduce the research factors, the single-factor experimental way was adopted
in this study. According to the literature [3,22], the values of the critical structural param-
eters of the CWRLC flow channel were as follows: s was 2.50 mm, & was 0.80 mm, 6 as
54°, and r was 0.90-1.15 mm, with values of 0.05 mm at intervals. Similar values (2.50 mm,
0.80 mm, and 54°) are the parameters of most tooth labyrinth channel (TLC) emitters in
the market. The 3D model of the CWRLC emitter was designed and constructed using
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SolidWorks2018 software (Dassault Systemes, Waltham, MA, USA), as shown in Figure 2.
The depth of the CWRLC flow channel was 1.50 mm, the number of the CWRLC units was
15, the height of the water inlets and filter grids was 1.20 mm, the width of the water outlet
was 8.90 mm, and the thickness of the outer edge of the CWRLC emitter was 1.05 mm. The
main structural parameters and settings for the CWRLC emitter flow channel are listed
in Table 1.

RL
CWRLC Filter grids

Water outlet

Water inlets

Figure 2. Three-dimensional physical model of the CWRLC emitter.

Table 1. Structural parameters and settings for the CWRLC emitter flow channel.

Angle between

Trapezoid . . Radius of Circular Hypotenuses of The Number of
Baseline Length Trapezoid Height Water-Retaining Adjacent Channel Depth Channel Units
h (mm) . d (mm)

s (mm) r (mm) Trapezoids n
0()
2.50 0.80 090;095;1.00 54 150 15

1.05;1.10; 1.15

2.2. Mathematical Model of the CWRLC Emitter

The water flow in the CWRLC emitter was considered a viscous, incompressible fluid.
The heat exchange of the CWRLC emitter could be ignored. Therefore, only two basic
governing equations: the continuity equation and the Navier-Stokes equations need to
be considered.

Continuity equation:

=0 @)
Navier-Stokes equations:

ou ou ou qu, dp Pu Pu  u
p(g-i-ua-f—v@-kw%)—Pfx—a'f'ﬂ(@‘f'ﬁ‘f'ﬁ) @)
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where u, v, and w are the components of the flow velocity in the x, y, and z directions,
respectively; p represents the density of the water; fy, f,, and f; are the components of the
body force per unit in the x, y, and z directions, respectively; i represents the dynamic
viscosity coefficient; and p represents the pressure.
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The k — & two-equation model is the most popular turbulence model. The Realizable
k — e model was applied to the numerical calculations because of the curved wall structure
of the CWRLC emitter and the strong eddy current in the internal flow field.

The Realizable k — ¢ transport equations:

d(ok)  o(pku;) o e ok B
of + axi - aixj[(y—i_ Uk)ax]]+Gk pe (5)
d(pe) | dpem;) _ 0 B, 0e &

where k denotes the turbulent kinetic energy, ¢ denotes the turbulent d1551pation rate, u;
represents the time-averaged velocity, and i represents the turbulent viscosity coefficient.

In transport Equation (5) of k, Gy is the turbulent generation term caused by the
average velocity gradient. Gy can be represented as follows:

0w | Ouj O
Gk-#f(@*'az)aij @)
In transport Equation (6) of e:
S = ,/28;;S;; ®)
1 o, aﬁ/
S’]_E(aixijaix,-) (9)
¢ can be expressed as a function of k and e:
K2
pe=Cur (10)

Ap+ AsU*k/e
where we defined:

53 S=./S;S;  (12)
U* =1/ 51]51] + Ql], Ql] = Q ZSi]'kwk, Ql] = 61] — Zsi]«kwk (13)

where ﬁi]- is the time-averaged rotation rate, and wy is the angular velocity.
The other parameters in the transport equations can be expressed as follows:

1
Ag =40, Ag = V6cos¢, ¢ = gcos_l(\/EW),

k
0 =10, 0 = 1.2, C = 1.9, C; = max(0.43, #) n=5: (14)
The relationship between the flow rate and pressure of the CWRLC emitter can be

described as follows:
Q = K h* (15)

where Q represents the outlet average flow rate, K; represents the flow coefficient, h
represents the inlet pressure, and x represents the flow index. The smaller the flow index,
the better the irrigation uniformity.

2.3. Meshing and Simulation Parameters Setting

The 3D fluid region model of the CWRLC emitter was created using SpaceClaim2020R2
software (ANSYS, Canonsburg, PA, USA). The three parts of the fluid region model of the
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CWRLC emitter were set up for the inlet, outlet, and wall. The meshes were generated by
Fluent Meshing 2020R2 software (ANSYS, Canonsburg, PA, USA). The minimum size, max-
imum size, and growth rate of the surface mesh were set to 0.01, 0.1, and 1.2, respectively.
The curvature normal angle was set to 10°, and the proximity was selected. The volume
grids were filled by Poly-Hexcore. Buffer layers, and the Peel Layers were set to 2 and 1,
respectively. Finally, the total number of CWRLC emitter fluid domain calculation grids
was about 946,000.

For the flow field calculations of the CWRLC emitter flow channel, the Realizable
k — e model and standard wall function were selected. The boundary conditions of the inlet
were set to the pressure inlet, which was set as 20 KPa, 40 KPa, 60 KPa, 80 KPa, 100 KPa,
120 KPa, 140 KPa, 160 KPa, and 200 KPa, respectively. The boundary condition of the outlet
was set to the pressure outlet that was set as 0. No slip boundary condition and stationary
wall motion were adopted for the wall of the CWRLC emitter flow channel. The SIMPLE
algorithm was used to couple the pressure and velocity. The governing equations were
discretized by the finite volume method. The momentum term, turbulent kinetic energy,
and turbulent dissipation rate were solved using the second-order upwind method. The
relaxation factors were set by default, and the convergent accuracy was 10~°.

2.4. Experimental Test

To validate the precision of the numerical simulations with respect to the hydraulic
properties of the novel water-retaining labyrinth channel emitters, the technologies of
electrical discharge machining (EDM) and injection molding (IM) were used in the man-
ufacture of emitters. The manufacturing processes of the emitters were divided into two
parts: mold manufacturing and injection molding production. EDM technology was used
in the manufacture of emitter molds. The processes of EDM are shown in Figure 3. The
discharge channels were generated by the breakdown of the working solution between the
tool electrode and the work piece electrode using pulse voltage in the course of processing.
The tiny corrosion pits on the work piece surface were formed by the instantaneous high
temperature that was generated by the discharge channels. The molds of the emitters were
processed by the servo system that automatically fed and adjusted the relative position
of the tool electrode and the work piece electrode to ensure a normal pulse discharge.
After the molds of the emitters were processed, injection molding technology was used to
produce the emitter products.

L

Figure 3. Processing of molds of the novel emitters using EDM.
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The drip irrigation emitters flow experimental platform was used as the hydraulic
properties of the novel water-retaining labyrinth channel emitters, as shown in Figure 4.
This experimental platform consists of a pressure-regulating valve, a pressure gauge, a test
area for the irrigation emitters, several measuring cups, an electronic weighing scale, and
the data acquisition unit. Twenty-five novel water-retaining labyrinth channel emitters
were randomly selected to be connected to the emitters test area for experimenting. In the
experiment, tap water was utilized for the experimental water, and its temperature was
about 18 °C. During the experiment, the outlet flow of the emitters was measured every
three minutes under different pressures (20-200 KPa). The inlet pressures of the emitters
were monitored by a pressure gauge. The experimental results took the average of the two
measured flow results as the final value.

Figure 4. Drip irrigation emitters flow test platform.

3. Results
3.1. Influence of Hydraulic Performance

Flow rates of the simulation values of the CWRLC emitter with different parameters
r under 20-200 KPa pressure are shown in Table 2. Under the same parameters r, the
average outlet flow rate of the CWRLC emitter increased, but the growth rate decreased
with the rise of the working pressure. For example, when the inlet pressure increased
from 20 KPa to 40 KPa, the average outlet flow rate of CWRLC; - (90 mm increased from
2.654 L/h to 3.850 L/h and the increment of 1.196 L/h with a growth rate of 45.08%;
whereas, when the inlet pressure increased from 180 KPa to 200 KPa, the average outlet
flow rate of CWRLC; = 999 mm increased from 8.586 L/h to 9.082 L/h and only the increment
of 0.496 L/h with a growth rate of 5.78%,the reason that the viscous resistance and impact
force of water along the CWRLC emitter wall increased with the rise of the working
pressure and the flow velocity, resulting in a large loss of flow energy and decrease in
growth rate. For the same inlet pressure, the average outlet flow rate of the CWRLC
emitter decreased with the increase in the parameters r. For each 0.05-mm increase in the
parameters r, the average outlet flow rate decreased by about 0.35 L/h. This caused the
flow in the cross-sectional area to be reduced with the increase in the parameters r, leading
to a decrease in the average outlet flow rate.

The hydraulic performance is one of the important indexes to evaluate the merits and
demerits of a drip irrigation emitter. It is generally quantified and evaluated by the flow
index, which reflects the sensitivity of the drip irrigation emitter to the working pressure.
The smaller the flow indeXx, the better the hydraulic performance of the CWRLC emitter.
In general, the flow index of the drip emitter with the optimal flow channel is about 0.5.
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The flow index x of the CWRLC emitter with different parameters r was obtained by
Equation (15) using Origin2018 software, as shown in Figure 5. The fitting correlation coef-
ficients (RZ) of CWRLCr =0.90 mm~ CWRLCr =0.95 mm~ CWRLC,- =1.00 mm~ CWRLCr =1.05 mm~
CWRLC; - 1.10 mm, and CWRLGC; _ 1 15 mm Were 0.99999, 0.99999, 0.99999, 0.99998, 0.99992,
and 0.99982, respectively, which all reached a significant level (R2 > 0.8). The flow index
x of the CWRLC emitter increased with the rise of the parameters r, demonstrating that
the average outlet flow rate became more sensitive to the change of the working pressure.
When r = 0.90 mm, the flow index of the CWRLC emitter was 0.5334; when r = 1.15 mm, the
flow index of the CWRLC emitter was 0.5719. The reason that the boundary wall constraint
on the water flow decreased with the rise of the parameters 7, leading to an increase in
sensitivity of the average outlet flow rate to the working pressure. Therefore, it is necessary
to further analyze the internal flow field in the flow channel.

Table 2. Simulation flow rate of the CWRLC emitter with different parameters r under 20-200 KPa.

r (mm)

20 KPa

Flow Rate (L/h)

40 KPa 60 KPa 80 KPa 100 KPa 120KPa 140KPa 160 KPa 180 KPa 200 KPa

0.90
0.95
1.00
1.05
1.10
1.15

2.654
2.335
2.006
1.670
1.319
0.946

3.850
3.393
2.925
2.451
1.962
1.440

4781 5.573 6.277 6.917 7.509 8.063 8.586 9.082
4.216 4915 5.536 6.101 6.623 7.113 7.575 8.014
3.638 4244 4782 5.270 5.722 6.144 6.542 6.921
3.056 3.570 4.026 4.440 4.821 5.178 5.515 5.834
2.461 2.885 3.260 3.600 3.914 4.208 4.484 4.746
1.828 2.158 2451 2.718 2.963 3.193 3.409 3.614

0.58
] 0.5719

0.5495

e

n

n
1

0.5394

=

wn

'Sy
1

Flow index
S
n

0.49 - T T I
r=0.90mm r=0.95mm r=1.00mm r=1.05mm r=1.10mm r=1.15mm

Figure 5. The flow indexes of the CWRLC emitter with different parameters r.

3.2. Analysis of Flow Channel Internal Flow Characteristics

The velocity vector distributions of the fourth flow channel unit at the mid-depth
cross-section of flow channels with six different parameters r under 100 KPa are shown
in Figure 6. Due to the symmetrical structure of the flow channel unit, only one side of
the flow field distribution characteristics was analyzed. The velocity vector distributions
of the six flow channels were similar. According to the relative position of the vector
distribution features, the upper half of the flow field in the channel was divided into two
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areas: upstream area of the circular water-retaining structure (A) and downstream area of
the circular water-retaining structure (B). Depending on the velocity magnitude, area A or B
was further separated into a high-speed mainstream area (C5 or Cg) and low-speed vortex
area (D or Dg). The flow velocity in area C5 was obviously higher than that in area Cg.
The maximum flow velocities of CWRLC; - (.99 mm, CWRLC; - .95 mm, CWRLC; - 1,00 mm,
CWRLC; -1.05mm, CWRLC; -1.10mm, and CWRLC; _115mm Were 447 m/s, 4.32 m/s,
414m/s, 402 m/s, 3.67 m/s, and 3.22 m/s, respectively. The maximum flow velocity
decreased with the increase in the parameters 7.

Velocity [m s*-1] Velocity [m s”-1]

(@) =0.90mm (b) =0.95mm

Velocity [m s*-1] Velocity [m s*1]

(¢) =1.00mm (d) =1.05mm

Velocity [m s*-1] Velocity [msh-1]

(€) =1.10mm (f) ~1.15mm

Figure 6. The mid-depth cross sectional velocity vector distributions of the fourth flow channel unit
for six flow channels under 100 KPa.

In addition, the proportion of the low-speed vortex area (D4 or Dg) also decreased
with the rise of the parameters r from the velocity vector distribution. The water flow in
this area formed a large vortex and eddy between the boundary wall of the flow channel
and mainstream area. The energy of the water flow in the flow channel was fully expended
by the vortex flow. The proportion of the vortex area (Da or Dg) determined the constraint
ability of the boundary wall to the water flow. The larger the proportion of the vortex
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area (Da or Dg), the greater the constraint ability of the boundary wall to the water flow.
Obviously, the proportion of the vortex area (Da or Dg) of CWRLC; -9 90 mm in the flow
channel was largest, and the CWRLC; - 115 mm Was the smallest.

The velocity line diagram of the center line of the mid-depth cross-section further
confirmed this phenomenon, as shown in Figure 7. The center line passed through the Dy,
Ca, Da, Ca, Cg, Dp, Cp, and Dg areas successively. We defined the crests as Caj, Cap, and
Cgi, respectively. The troughs were defined as Daj, Da», D1, and Dg;, respectively. In the
CWRLC; = 990 mm internal flow field, the speed of Ca1 (2.76 m/s) was greater than that of
CaB (2.25 m/s) due to the sufficient generation of low-speed vortex areas. However, the
velocity of Ca1 (2.12 m/s) was less than that of Cap (2.65 m/s) in the CWRLC; = 115 mm
internal flow field. This means that the flow channel of CWRLC,_y 99 mm consumed more
water flow energy than CWRLC; - 1 15 mm. It was also sufficient to indicate that the propor-
tion of the low-speed vortex areas played a critical role in the energy consumption capacity
of the flow channel. The larger the proportion of low-speed vortex areas, the more obvious
the energy dissipation. This was a fundamental reason why the flow index increased with
the rise of the parameters r. Therefore, the increase in the proportion of the low-speed
vortex area (D) could reduce the flow index, thereby improving the hydraulic performance
and energy dissipation of the drip irrigation emitter.

3.0

—o— r=0.90mm
—o— r=0,95mm
=1.00mm

—o— r=1.05mm

r=1.15mm

7
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
s(mm)
Figure 7. The velocity line diagram of the center line of the mid-depth cross-section for six
flow channels.

3.3. Structure Optimization of the Flow Channel

On the basis of the analysis of the CFD numerical simulation and flow rate curve fitting
in the CWRLC emitter flow channels of six different parameters r, the different parameters
r had obvious influences on the velocity vector distribution, velocity magnitude, flow
index, and hydraulic performance of the flow channel. The analysis results showed that a
proportion of the low-speed vortex zones played a key role in the energy dissipation of the
flow channel. If the flow channel structure of the drip emitter was optimized, the proportion
of the low-speed vortex zones increased, and the energy expended in the internal flow field
also increased, which could reduce the flow index and improve its hydraulic performance
and energy dissipation. The simulation and analysis results also indicated that the CWRLC



Agronomy 2022,12, 1708

11 0f 16

emitter flow channel structure, when parameter r = 0.9 mm, yielded the minimum flow
index value and best hydraulic performance compared with the others. Therefore, the
following work of the optimization simulation analysis and experimental verification were
carried out based on the CWRLC; - 999 mm flow channel structure.

In order to increase the proportion of the low-speed vortex areas, consume more of
the energy internal flow field, and reduce the sensitivity of the flow rate to the working
pressure, the circular water-retaining structure was optimized. We tried hundreds of
attempts and finally found two optimal ways to achieve that goal using solidworks2018
(Dassault Systemes, Waltham, MA, USA) and Fluent2020R2 software (ANSYS, Canonsburg,
PA, USA). The two specific optimization methods were as follows: the first method was the
diameters AB and CD were used as diagonals to make a cyclic quadrilateral ABCD, and
the optimized flow channel structure was called the quadrate water-retaining labyrinth
channel (QWRLC), as shown in Figure 8a; the second method was that the straight lines
A'C’, C'B’, B'D’, and D’A” were used as the symmetry axis to mirror the dotted arcs A'C’,
C’B’, B'D’, and D’A’, respectively, which obtained solid arc structure A’B’C'D’, and the
optimized flow channel structure was named the stellate water-retaining labyrinth channel
(SWRLC), as shown in Figure 8b.
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Figure 8. Schematic diagrams of two structural improvements.

All the parameters of the two improved structures were the same as those of the
CWRLC structure. The 3D models and fluid domains of the two improved emitters
were established by SolidWorks2018 (Dassault Systemes, Waltham, MA, USA) and Space-
Claim2020R2 software (ANSYS, Canonsburg, PA, USA), respectively. The internal flow
characteristics of the two improved flow fields were analyzed using Fluent2020R2 software
(ANSYS, Canonsburg, PA, USA). The velocity vector distributions of the fourth flow chan-
nel unit at the mid-depth cross-section of the two improved flow channels under 100 KPa
are shown in Figure 9.

[m s"-1] Velocity [m s*-1]

Figure 9. Simulation results of the velocity vector distributions in two improved flow channel
structures under 100 KPa.
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From the simulation results of the velocity vector distributions, the proportion of the
low-speed vortex zones for two improved flow channel structures visibly increased com-
pared with the CWRLC structure. The maximum flow velocity of QWRLC (3.94 m/s) and
SWRLC (3.92 m/s) fell by 11.8% and 12.3% compared with CWRLC (4.47 m/s). Moreover,
the proportion of the low-speed vortex zones of the SWRLC structure were larger than that
of the QWRLC structure in the two improved structures. This means that the constraint
abilities of the boundary wall of the two optimized structures to the water flow were
stronger than that of the CWRLC structure, and the SWRLC structure was the strongest
compared with the other structures. Therefore, the energy dissipation of the emitter was
significantly improved through the above optimization methods.

In order to further verify the performance of the improved structures, the most widely
used TLC drip irrigation emitter in the market was designed and analyzed. The parameters
of the TLC emitter were the same as the QWRLC and SWRLC emitters, except for the
parameters 7. The schematic diagram of the TLC structure unit is shown in Figure 10a; the
velocity vector distribution of the fourth flow channel unit at the mid-depth cross-section
of the TLC structure under 100 KPa is shown in Figure 10b. The maximum velocity of TLC
was 4.20 m/s, which was between the two improved flow channels and the CWRLC.

| 5 {

3/ )
\ AW

(a) Schematic diagram of TLC structure unit (b) velocity vector distribution of TLC structure unit

Velocity [m s*-1]

Figure 10. Schematic diagram and velocity vector distribution of the flow channel structures under
100 KPa.

The relationship curves between outlet flow rate and inlet pressure of four emitters
were obtained by Equation (15) fitting, as shown in Figure 11. All four curves were
fitted successfully, and the correlation coefficients (R2) were 0.9999, 0.9999, 0.9999, and
0.9994, respectively. The flow indexes of the four emitters were 0.5334, 0.5041, 0.4796,
and 0.4917, respectively. Among them, the SWRLC emitter had the lowest flow pattern
index. The values of the flow index of the QWRLC and SWRLC emitters were decreased by
5.49% and 10.09%, respectively, compared with that of the CWRLC emitter by analyzing
the internal flow field and optimizing the structure. In particular, the value of the flow
index of the improved emitter SWRLC was 2.46% lower than that of the widely used
emitter, TLC. Therefore, the novel SWRLC emitter had a better hydraulic performance
and irrigation uniformity.

3.4. Experimental Verification of Hydraulic Performance for Drip Emitters

To further examine the reliability of the simulation results with respect to the hydraulic
performance of the above emitters, four emitters (CWRLC, QWRLC, SWRLC, and TLC)
were manufactured by EDM technology and the IM method. The physical models of the
four emitters are shown in Figure 12. The drip irrigation belts with an inner diameter of
16 mm and a wall thickness of 0.3 mm corresponding to the four emitters were produced,
and the distance between emitters on each drip irrigation belt was 40 cm. The hydraulic
performance tests were carried out on the experimental bench.

The test results of the four emitters are listed in Table 3, from which the test flow
rate of the four emitters increased with the increase of the inlet pressure. The statistical
differences between the average flow rate of the four emitters at 20-200 KPa were verified
using Tukey’s test method. The average outlet flow rate of the four emitters had significant
differences at 20-180 KPa. Except for no significant difference in the average flow rate
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of the QWRLC and SWRLC emitters at 200 KPa, the other differences were significant,
as shown in Table 4. The average errors between the actual flow and simulated flow of
the CWRLC, QWRLC, SWRLC, and TLC emitters were 1.46%, 7.52%, 2.84%, and 5.62%,
respectively. The comparison diagram of the flow index of the four emitters between the
test and simulation is shown in Figure 13. The actual flow indexes of the CWRLC, QWRLC,
SWRLC, and TLC emitters were 0.5559, 0.5008, 0.4719, and 0.4851, respectively. The flow
index errors of the CWRLC, QWRLC, SWRLC, and TLC emitters were 4.05%, 0.66%, 1.69%,
and 1.36%, respectively, as shown in Figure 14. In the test results, the SWRLC emitter had
the lowest value of the flow index compared with the other three emitters. The flow index
of the SWRLC emitter was 2.72% lower than that of the widely used TLC emitter under
the same conditions. This showed that the flow channel structure of the novel SWRLC
emitter with the optimized design had a strong constraint ability, which means the SWRLC
emitter had a superior hydraulic performance. Therefore, the novel SWRLC emitter has
broad application prospects in the field of water-saving irrigation.

10

9| T
9 - o
— 05334 Ca _ -
0=0.5380% - 00638249501 e
8~ . L~ 8- P
B R=0.9999 L R*=0.9999 e
. -
= = | 4
=71 - L7 s
T - = pe
= f 4 = P
: o e 6 2
& - H 2
I 54 ks L H -
z s o @ Simulation value =54 K4
I l,/ — - — Fitted curve z — - — Fitted curve
=]
- . =
& K4 Q44
N
347
« 34 »
2 T - T - - - T - - T T T T T T T T
200 40 60 80 100 120 140 160 180 20 G B0 100 120 140 160 180 200
- p.
Inlet pressure/KPa Inlet pressure/KPa
(a) CWRLC emitter (B} QWRLC emiuter
10 -
- £ A
0-0.7739K™47% * 0-0.428 14047 < =
9 P - e
2=0.99999 Rl R=0.9994 -
A el .
- L _ s “
=8 - 0 -
= s = A
2 - E -
g7 Rl g, A&
H - ] o
=] * K] A
T 6 // z e
] x #  Simulation value E « 4 Simulation value
e . a I - — Fitted curve © 34 — - = Fitted curve
54 , -~ Tmedeurve |
.,‘
’
4 . X
i 1«
+
3 T T T T T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 20 60 80 100 120 140 160 180 200

Inlet pressure/KPa
(¢) SWRLC emilter

Inlet pressurc/KI'a

(d) TLC emitter

Figure 11. The outlet flow rate and inlet pressure fitted curves of the four emitters.
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Table 3. Test flow rate statistics of the four emitters.

Flow Rate (L/h)

Emitters o xp,  40KPa  60KPa  80KPa 100KPa 120KPa 140KPa 160KPa 180 KPa 200 KPa
CWRLC 2588 3.716 4721 5.491 6.237 6.922 7571 8.180 8.706 9.207
QWRLC  3.150 4428 5.467 6.245 7.037 7.688 8.328 8.906 9.463 9.950
SWRLC  3.449 4.641 5.651 6.483 7.237 7.880 8.499 9.106 9.626 10.09
TLC 2.054 2.826 3.498 3.992 4443 4.860 5.255 5615 5.942 6.230

Table 4. Statistical analysis of the differences of the emitter flow rate using Tukey’s method at 200 KPa.

Emitters (I) Emitters (]) Means (I) Means (]) Differences (I-]) p-Value
CWRLC QWRLC 9.207 9.950 —0.742 0.001
CWRLC SWRLC 9.207 10.09 —0.882 0.001
CWRLC TLC 9.207 6.230 2.978 0.001
QWRLC SWRLC 9.950 10.09 —0.140 0.058
QWRLC TLC 9.950 6.230 3.720 0.001
SWRLC TLC 10.09 6.23 3.860 0.001
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Figure 13. The histogram of the flow index of the four emitters.
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Figure 14. The histogram of the flow index errors of the four emitters.
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4. Conclusions

In this study, a novel type of circular water-retaining labyrinth channel (CWRLC)
structure was proposed, inspired by the effect of a roundabout that makes vehicles slow
down and turn for eliminating excess energy in a flow channel. The hydraulic performance
of the CWRLC emitters under different circular water-retaining radii were studied by the
single-factor test. The results showed that, with the increase in the circular water-retaining
radii of CWRLC, the flow index of the emitter increased, and the outlet flow became more
sensitive to change in the inlet pressure. The water-retaining structure played an important
role in energy dissipation of the CWRLC emitter. The analysis of the flow characteristics
indicated that the energy dissipation of the CWRLC emitter was highly correlated with the
proportion of low-speed vortex areas in the flow field. The larger the proportion of low-
speed vortex areas, the more obvious the energy dissipation. The change in the proportion
of low-speed vortex areas was the main reason that the flow index of the CWRLC emitter
increased with the increase of the radius. The quadrate water-retaining labyrinth channel
(QWRLC) structure and stellate water-retaining labyrinth channel (SWRLC) structure were
obtained by structural improvement based on the energy dissipation mechanism. With
the two improved flow channel structures, the proportion of the low-speed vortex areas in
the flow channel field were increased. The SWRLC emitter had the largest proportion of
low-speed vortex areas in the flow field compared with the CWRLC emitter and QWRLC
emitter. For the improved flow channel structure, the test results showed that the flow
index of the SWRLC emitter was increased by 15.11% compared with that of the CWRLC
emitter, and the hydraulic performance of this emitter was significantly improved. The flow
index of the SWRLC emitter was also lower than that of the widely used tooth labyrinth
channel (TLC) emitter. Therefore, the SWRLC emitter can be recommended as a reference
for the structural design optimization of the superior hydraulic performance of an emitter.
It is expected that the SWRLC emitter has a fairly bright application foreground in the
water-saving irrigation field.
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