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Abstract: (1) Background: In sprinkler irrigation systems, the water distribution and droplet kinetic
energy are affected by the shape of the nozzle. In this paper, the effects of working pressure and
aspect ratio (L/D) of circular and non-circular nozzles (diamond and ellipse) on water distribution
and droplet kinetic energy intensity were investigated; (2) Methods: The hydraulic performance of a
PY15 impact sprinkler with circular and non-circular nozzles was assessed under different working
pressures, and the droplet diameter, velocity, and kinetic energy intensity were measured by a 2D
video disdrometer. Moreover, the coefficient of variation (CV) and form factor (B) were introduced
to represent the water distribution and droplet characteristics; (3) Results: The results revealed
that, under the same working pressure, the CV of the diamond nozzle was the smallest compared
with that of the circular and elliptical nozzles, reflecting a more uniform water distribution. The
uniformity of water distribution was the best when the L/D of the elliptical nozzle was the smallest.
In general, the larger the outlet diameter, the larger the wetted radius and water application rate. In
addition, the smaller the L/D, the smaller the peak water distribution value and the radial increase
of the kinetic energy intensity of a single nozzle. The maximum droplet kinetic energy per unit
volume of the elliptical nozzle was the smallest compared with that of the circular and diamond
nozzles. The circular nozzle at 200 kPa and the diamond and elliptical nozzles at 100 kPa obtained
the highest uniformity coefficients of combined kinetic energy intensity distribution, which were
55.93% (circular), 67.59% (diamond), and 57.78% (elliptical) when the combination spacings were
10R, 1.1 Rand 1.2 R, and 1.0 R, respectively. Finally, the fitting function of unit volume droplet
kinetic energy, distance from the nozzle, L/D, and working pressure of non-circular nozzles was
established, and a fitting coefficient of 0.92 was obtained, indicating that the fitting equation was
accurate; (4) Conclusions: At low working pressures, the elliptic and diamond nozzles showed better
water distributions than the circular nozzle. The distal average droplet diameters of the sprinkler
with non-circular nozzles were found to be smaller than those produced by the circular nozzle.

Keywords: impact sprinkler; non-circular nozzle; water distribution; aspect ratio; 2D video disdrom-
eter; droplet kinetic energy distribution

1. Introduction

Sprinkler irrigation is an effective irrigation method used for reducing water use
in agriculture. Sprinkler irrigation systems are generally composed of a water source,
a water pump and power equipment, a water delivery pipeline system, and sprinklers.
The sprinklers are key pieces of equipment for the implementation of sprinkler irrigation.
Their performance not only directly affects the spraying quality, but is also related to the
economy of the entire sprinkler irrigation system. Among them, sprinklers with non-
circular nozzles can achieve a low-pressure uniform spray, and have the advantage of
improving the atomization quality. Therefore, non-circular nozzles have been widely used
in agricultural sprinkler irrigation fields [1,2].
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Sprinkler hydraulic performance mainly depends on the wetted radius, flow rate,
water application rate, uniformity, and droplet diameter [3-6]. Among them, the water
application rate and uniformity of the radial water application profile of a sprinkler are
important indicators for assessing the uniformity of irrigation property and water distri-
bution, as well as important parameters for evaluating the advantages and disadvantages
of sprinkler irrigation systems [7-9]. Bubenzer and Jones [10] reported that the damage
degree of water droplets sprayed onto silty soil is a power function relationship between
the kinetic energy of water droplets and the sprinkler water application rate. Mohammed
and Kohl [11] investigated the distribution trend of the kinetic energy per unit volume of
a full-jet nozzle under multiple pressure levels, and revealed that the kinetic energy per
unit volume of water droplets along the radial direction increases with decreasing pressure.
Christiansen [12] proposed an equation for calculating the uniformity coefficient. El-Wahed
et al. [13] surveyed the effects of sprinkler spacing, sprinkler height, and working pressure
of a central pivot irrigation system on parameters such as the uniformity coefficient, low
value distribution uniformity, and variation coefficient, and determined the best operation
condition scheme to reduce the operation costs.

In addition, the droplet diameter, droplet velocity, and droplet kinetic energy of sprin-
Kler irrigation are also important indicators for evaluating the hydraulic performance of a
sprinkler, and have an important impact on sprinkler irrigation system quality [14-16]. Xu
et al. [17] investigated droplet diameter distribution and developed a normal distribution
model, square-root-normal distribution model, logarithmic normal distribution model, and
upper limit logarithmic normal distribution model of droplet diameter. Gong et al. [18]
used a 2D video disdrometer (2DVD) to study the distribution range of a NelsonD3000
nozzle under different pressure levels, the changing trend of drop diameter, as well as
the relationship between drop velocity, angle, and drop diameter. Their results demon-
strated that the water droplet diameter and range conformed to the exponential function
relationship, and the velocity of water droplets increased logarithmically with the increase
of water droplet diameter. Lorenzini [19] investigated the trends of droplet velocity and
evaporation under different working pressure levels during sprinkler irrigation. Their
results indicated that the air temperature has a significant effect on droplet evaporation,
while the air friction should not be mistakenly ignored when calculating droplet evapora-
tion. Ouazaa et al. [20] analyzed the velocity and kinetic energy of droplets using a ballistic
model. The results revealed that, under the working pressures of 138 kPa and 69 kPa, the
kinetic energy dissipation decreased with increasing nozzle diameter. Yan et al. [4] also
analyzed droplet velocity and kinetic energy by using a ballistic model, and reported that
the runoff rate, bulk density of soil surface crust, and sediment yield were generally directly
proportional to the droplet kinetic energy flux density (DE f) values, while the initiation of
runoff, infiltration rate, and infiltration depth prior to runoff were inversely proportional
to DE f. Zhu et al. [21] researched single droplet kinetic energy, droplet kinetic energy per
unit volume, kinetic energy intensity distribution trend, and the kinetic energy intensity
uniformity coefficient under different combination spacings of a full-jet nozzle. The results
showed that the relationship between the kinetic energy distribution of a single water
droplet and the water droplet diameter in the full-jet nozzle fit well with the developed
model and exhibited a power function relationship. Li and Ma [22] investigated the droplet
kinetic energy distribution at different measurement points of square and circular nozzles
using the flour method and the droplet equation of motion, and analyzed the relationship
between nozzle shape and droplet kinetic energy. Moreover, a regression equation able to
estimate the total kinetic energy of water droplets from medium-pressure nozzles based on
the median diameter was obtained.

The shape of conventional sprinkler nozzles is circular. The newly introduced non-
circular nozzles have the advantages of improved water distribution and spraying unifor-
mity, as well as better hydraulic performance under low pressure compared with circular
nozzles [23,24]. Wei et al. [25] conducted experiments on the hydraulic performance of
non-circular and circular nozzles, produced contour maps of water distribution for a single
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sprinkler, and obtained the corresponding range values based on water distribution. Chen
et al. [2] investigated the effect of the shape coefficient of four different-shaped non-circular
nozzles, i.e., diamond, semicircle + triangle, semicircle + rectangle, and star, on droplet
diameter, and concluded that the droplet diameter in the end decreases with the increasing
shape coefficient. Li et al. [26] experimentally analyzed and discussed the effects of non-
circular nozzle shape and pressure on the shape change of a low-pressure jet, as well as the
effects of nozzle outlet shape, working pressure, and inlet angle on the shape change of the
jet. Zhou et al. [27] designed a variety of non-circular nozzles with the same area, experi-
mentally investigated the uniformity of radial water application profile of the sprinkler, and
found that the combined uniformity coefficient of the non-circular nozzles was significantly
higher than that of circular nozzles. Jiang et al. [28] used high-speed photography to study
the fracture and flow characteristics of non-circular nozzles, and revealed that, under the
same working pressure, the triangular jet had the shortest fracture length and jet diffusion
angle. Due to the different jet patterns produced by non-circular nozzles, their hydraulic
performance is improved under low pressure. While the wetted radius of non-circular
nozzles is reduced compared with that of circular nozzles, uniformity of the radial water
application profile of the sprinkler is higher and the water droplet distribution is more
uniform under low working pressure.

According to the above literature review, it can be understood that, due to their
special geometric structure, non-circular nozzles have various jet shapes, which can reduce
working pressure and improve their hydraulic performance. A quantitative study on
the droplet distribution characteristics of non-circular nozzles under different working
pressure levels will provide theoretical support for the application of non-circular nozzles.
Nevertheless, there are only a few existing studies concerning the radio water distribution
and water droplet kinetic energy distribution characteristics of non-circular nozzles with
different aspect ratios (L/D: long axis/minor axis). Furthermore, no study has focused on
the direct effect relationship between L/D, radio water distribution, and water drop kinetic
energy. Consequently, in this paper, taking the non-circular nozzle as the research object,
three types of nozzles with different shapes are designed, and the radial water distribution
and kinetic energy intensity of non-circular nozzles with different aspect ratios under
different working conditions are calculated. A 2DVD is used to test the water diameter
and velocity of the non-circular nozzles. The distribution trend of the water drop kinetic
energy is calculated, and the relationship between L/D, water distribution, and water
drop kinetic energy is explored. In addition, the influence rule of water distribution and
water drop distribution characteristics on nozzle hydraulic performance is determined,
and a theoretical basis for further improving the spraying performance and studying the
hydraulic characteristics of the nozzle outflow field is provided.

2. Materials and Methods
2.1. Non-Circular Nozzle Design

As shown in Figure 1, a common circular nozzle structure was taken as reference. d0 is
its outlet diameter, which was set as 4 mm, 5 mm, and 6 mm. Since the outlet section shape
and outlet diameter of non-circular nozzles have an impact on the hydraulic performance of
the sprinkler, the non-circular nozzles with elliptical and diamond shapes were designed to
have the same flow rate. The non-circular nozzles with different aspect ratios are displayed
in Figure 2, and the detailed structural parameters are given in Table 1.
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Figure 1. Schematic diagram (cross-section) of a circular nozzle structure with dimensions (mm).
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Figure 2. Schematic diagram (right view) of the investigated non-circular nozzles with dimensions (mm).

Table 1. Geometric parameters of the circular and non-circular nozzles (mm).

. Aspect
Inlet Cone Shape Number (?utlet Long Axis ertor R;)tio
Angle Diameter Axis
(L/D)
45° Circle C1 4 / / /
C2 5 / / /
C3 6 / / /
Diamond D1 4 6 3.9 1.54
D2 5 7 5.3 1.32
D3 6 8 7.2 111
Ellipse E1 5 6 42 1.43
E2 5 7 3.5 2
E3 5 8 3.1 2.58

In this paper, a PY15 impact sprinkler produced by Jinlong Spray Irrigation Co., China,
was used for the experiments. The PY15 nozzle is a rotary impact nozzle with an inlet
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diameter of 15 mm, working pressure of 200~400 kpa, nozzle diameter of 4~6 mm, and a
jet elevation angle of 23°. Each nozzle was manufactured by a wire-cut electric discharge
machining (EDM) process and was made of aluminum (Figure 3). Considering the error
problem, flow error tests were performed after processing. It was found that the flow error
of the nozzles with the same inlet cone angle and outlet diameter was less than 4% under
the same pressure level (Table 2). Thus, it was considered that all nozzles followed the
same flow principle.

Figure 3. Photograph of the sprinkler and nozzles used in experiments.

Table 2. Flow error analysis of equivalent-flow nozzles (the units of flow: m3/h).

Qutlet Number 150 kPa 200 kPa 250 kPa 300 kPa 350 kPa 400 kPa
Diameter
5 mm C2 1.067 1.234 1.385 1.516 1.636 1.747
D2 1.036 1.198 1.347 1.476 1.601 1.709
Difference 0.031 0.036 0.038 0.04 0.035 0.038
Error 2.91% 2.92% 2.74% 2.64% 2.14% 2.18%
E1l 1.035 1.207 1.353 1.485 1.604 1.715
Difference 0.032 0.027 0.032 0.031 0.032 0.032
Error 3.00% 2.19% 2.31% 2.04% 1.96% 1.83%
E2 1.075 1.261 1.411 1.554 1.673 1.79
Difference 0.008 0.027 0.026 0.038 0.037 0.043
Error 0.75% 2.19% 1.88% 2.51% 2.26% 2.46%
E3 1.064 1.237 1.386 1.523 1.642 1.755
Difference 0.003 0.003 0.001 0.007 0.006 0.008
Error 0.28% 0.24% 0.07% 0.46% 0.37% 0.46%
4 mm C1 0.693 0.81 0.898 0.981 1.067 1.142
D1 0.675 0.78 0.88 0.975 1.052 1.131
Difference 0.018 0.03 0.018 0.006 0.015 0.011
Error 2.60% 3.70% 2.00% 0.61% 1.41% 0.96%
6 mm C3 1.461 1.694 1.895 2.079 2.247 2.401
D3 1.487 1.726 1.926 2.118 2.288 2.453
Difference 0.026 0.032 0.031 0.039 0.041 0.052
Error 1.78% 1.89% 1.64% 1.88% 1.82% 2.17%
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2.2. Experimental Equipment

A 2DVD system manufactured by Joanneum Research Co., Graz, Styria, Austria, was
employed to measure the size, shape, direction, aggregation state, and falling velocity
of single droplets. The 2DVD system comprised two subsystems. The imaging system
is composed of two background illumination sources, two line-scan cameras, and other
components (Figure 4). The number of pixels of the camera was 512. The test area was
10,000 mm? (100 x 100 mm). The particle diameter measurement range was 0.2-8.0 mm
and the vertical particle velocity range was 0-10.0 m/s. The data analysis and display
system consisted of the View_HYD software (v8.010) designed by Joanneum Research Co.,
Graz, Styria, Austria, which was used to display the data generated by the 2DVD, record
the measured droplet volumes, and calculate the rainfall velocity.

Figure 4. 2DVD system used to measure the characteristics of rainfall drops.

2.3. Test Method

The water flow distribution and droplet kinetic energy distribution experiments were
performed in an indoor no-wind sprinkler irrigation hall with a diameter of 44 m. The
PY15 impact sprinkler installation height was 1.4 m. Full-round spraying took place under
the working pressure levels of 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa. Since there
was no wind in the sprinkler hall, the instruments were placed along a linear path (ray).
The data collected on this ray could be used to represent the data over the entire rotation.
As it can be seen in Figures 5 and 6, rain gauges (opening diameter 85 mm) were placed
in the radial direction of the jet at 1.0 m intervals. In order to ensure that the collected
water would not overflow, the rain gauge was designed as a cylinder with a wedge-shaped
opening edge without any defects. The test started after 10 min to ensure stable operation,
and lasted for 1 h to determine the water application rate at each point. In addition, after
the nozzle operated stably for 10 min, the 2DVD was moved by a distance of 2.0 m, and
the diameter and velocity at each point were measured successively. The test duration at
each point was at least 5 min. This is to ensure that the number of water droplets collected
at each test location is higher than 5000, which is enough to provide appropriate water
droplet statistics. In order to reduce the random and edge effect measurement errors caused
by droplet splashing, the 30 criterion of the normal distribution law of random errors is
adopted to statistically test the particle number corresponding to the velocity value in each
diameter range [29]. According to the relationship between droplet diameter and droplet
falling speed, the diameter range was determined, so as to identify and eliminate the gross
error, and then, the spray water drop strike kinetic energy was calculated.



Agriculture 2022, 12, 2133

7 of 27

sprinkler

1m ‘
???????????%

rain gauge
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2.4. Data Processing
2.4.1. Coefficient of Variation

The coefficient of variation (CV) is the ratio of the standard deviation of the water
depth in each rainfall gauge to the arithmetic mean deviation [30]. The worse the uniformity
of the radial water application profile of the sprinkler, the greater the measured CV. The
relationship of the coefficient of variation CV is given as follows:

SD .
CV = 07 % 100%, 1)
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where CV is the coefficient of variation (%), SD is the standard deviation of the water
depth received by all rain gauges (mm), and MN is the arithmetic mean of the water in all
rain drumes.

2.4.2. Kinetic Energy of Droplets per Unit Volume

The kinetic energy of droplets per unit volume refers to the ratio of the sum of the
kinetic energy of individual droplets at different measuring points to the total volume [31];
the relationship is as follows:

m
]:
Eys = m ’ (2)
1000 Y {em;ed?
j=1 !
n
Y {5 7rep ed e eV
i=1
Esd - . 7 (3)

n
Y. my;
i—1

where d is the droplet diameter (mm), Ey; is the kinetic energy of water droplets per unit
volume (J/L), Esd]- is the kinetic energy of a single water droplet with diameter d (J/L), m;
is the number of particles corresponding to the velocity of water droplets with diameter 4,
and j is the water droplet diameter class.

2.4.3. Kinetic Energy Intensity

The kinetic energy intensity represents the magnitude of the kinetic energy at the
measured point per unit time. It can be determined by the water droplet diameter, droplet
velocity, and water application rate [31], and the relationship is as follows:

" E
K jgl 4 h; 4
= T X ,
1000 '21 grred’? 3600
]:

where K is the spray kinetic energy intensity at the distance j from the nozzle (W/m?), and
hj is the water application rate at different distances from the nozzle (mm/h).

For an overlapping sprinkler irrigation system, the uniformity coefficient of kinetic
energy intensity distribution can be calculated by the Christensen average, which can
reflect the distribution of rainfall energy in a sprinkler irrigation system. Therefore, the
uniform coefficient of kinetic energy intensity distribution can comprehensively evaluate
the advantages and disadvantages of different systems in terms of potential runoff. The
equation is:

N
L (Kx —K)
Clg = | 1-=——— | x100%, (5)
Y K
k=1 k

where CUj is the uniformity coefficient of the kinetic energy intensity (%), N is the total
number of measuring points, and K is the average kinetic energy intensity (W/m?).

3. Results and Analysis
3.1. Water Discrete Degree Analysis

In order to study the difference in hydraulic performance between the non-circular
nozzle and circular nozzle under low pressure and the performance of the non-circular noz-
zle under medium pressure, the test pressure of the circular nozzle was set to 100~200 kpa
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and that of the non-circular nozzle was set to 100~300 kpa. Table 3 shows the CV for nozzles
with different shapes under different working pressure levels. According to Table 3, under
the same working pressure, the CV of the circular nozzle was the largest, while that of the
diamond nozzle was the smallest. It indicated that the water distribution of the diamond
nozzle was the most uniform, while that of the round nozzle was the least uniform. The CV
of the C2 nozzle decreased with pressure; the CV of the D2 and E1 nozzles increased at first
and then decreased, reaching a maximum at 150 kPa, decreasing at 250 kPa, and increasing
at 300 kPa. Within the pressure range of 100-200 kPa, the CV's of both the D2 and E1 nozzles
were far smaller than that of the C2 nozzle, indicating that the water distribution of the
non-circular nozzles at low pressure was more uniform than that of the circular nozzles.

Table 3. Coefficient of variation for nozzles with different shapes under different working pressure
levels.

Nozzle Shape (Outlet Diameter 5 mm, Working Pressure (kPa)

Inlet Cone Angle 45°) 100 150 200 250 300
Circle C2 1.11 0.79 0.59 / /

Diamond D2 0.30 0.37 0.36 0.34 0.35

Ellipse E1 0.40 0.47 0.44 0.26 0.37

Table 4 displays the CV for diamond nozzles with different L/Ds. According to Table 4,
the CV of the D2 nozzle (L/D = 1.32) was the lowest, indicating that the water distribution
under this L/D was the most uniform. The CV of the D1 and D3 nozzles exhibited a
decreasing trend. Their maximum value appeared at 100 kPa, far exceeding that of the D2
nozzle, and the water distribution was uneven. Therefore, the diamond nozzle should be
designed with an L/D of 1.32. Table 5 presents the CV for elliptical nozzles with different
L/Ds. According to Table 5, the CV followed the E2 > E3 > E1 sequence, and the E1 nozzle
with the smallest L/D had the best water distribution uniformity.

Table 4. Coefficient of variation for diamond nozzles with different L/Ds.

Working Pressure (kPa)

Nozzle Number 100 150 200 250 300
D1 (L/D = 1.54) 0.82 0.54 0.46 0.37 0.36
D2 (L/D =1.32) 0.30 0.37 0.36 0.34 0.35
D3 (L/D =1.11) 0.68 0.49 0.43 / /
Table 5. Coefficient of variation for elliptical nozzles with different L/Ds.
1 b Working Pressure (kPa)
Nozzle Number 100 150 200 250 300
El (L/D = 1.43) 0.40 0.47 0.44 0.26 0.37
E2 (L/D = 2.00) 0.76 0.50 0.58 0.48 0.43
E3 (L/D = 2.58) 0.55 0.47 0.48 0.43 0.42

According to Tables 3-5, the maximum CV appeared at the low pressures of 100 kPa
and 150 kPa, indicating that, at low pressure, the water distribution is more uneven.
When the pressure reached 300 kPa, the CV’s of all nozzles had little differences. Under low
pressure, the water distribution of the non-circular nozzles (i.e., diamond and elliptical) was
more uniform than that of the circular nozzle. In order to further verify the uniformity of
the low-pressure water distribution of the non-circular nozzles, the radial water distribution
of a single nozzle under different working pressures was investigated.
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3.2. Radial Water Application Profiles

Figure 7 shows the radial water distribution curves of three nozzles (C2, D2, and E1)
with an outlet diameter of 5 mm. It can be observed that the water distribution of the
different nozzles was concentrated at the middle and distal end of the wetted radius, and
the water application rate dropped rapidly to 0 after the peak application rate was reached.
Moreover, with the increase of working pressure, the wetted radius increased, the peak
application rate value decreased, and the distance from the nozzle corresponding to the
peak application rate value increased. In general, the lower the working pressure, the more
uneven the water distribution. Under the same working pressure, the wetted radius of the
elliptical nozzle was the shortest, while that of the circular nozzle was the longest. The
peak application rate was obtained in the following order: diamond < elliptical < circular.
According to Figure 7 and Table 3 above, under the same working pressure, the water
distribution of the diamond nozzle was the most uniform, while that of the circular nozzle
was the least uniform.
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Figure 7. Radial water distribution of different nozzles under different working pressures. (C2 refers
to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio
of 1.32; E2 refers to the elliptic nozzle with an aspect ratio of 2).

Figure 8 shows the radial water distribution of diamond nozzles D1, D2, and D3 with
different outlet diameters and L/Ds in the order of D1 > D2 > D3 under different working
pressure levels. It can be observed that the wetted radius increased with decreasing L/D.
Furthermore, the water application rate at the measuring point 2 m away from the sprinkler
increased gradually with decreasing L/D. The amount of water was mainly concentrated at
8~12 m. The radial distribution of the water application rate exhibited an overall trend of
increasing first and then decreasing. After the peak value was reached, it quickly decayed to
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0. The higher the working pressure, the stronger the phenomenon that the water application
rate decreased with increasing L/D.
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Figure 8. Radial water distribution of diamond nozzles with different outlet diameters under different
working pressure levels. (D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32,

and 1.11, respectively).

Figure 9 shows the radial water distribution of equal flow elliptical nozzles (E1, E2,
and E3) with different aspect ratios under different pressure levels. Combined with Table 5,
it can be found that the E1 nozzle with the smallest L/D had the most uniform water
distribution, while the E3 nozzle with the largest L/D and a slit-like shape had the largest
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peak water application rate and the smallest wetted radius. In general, the smaller the

aspect ratio, the closer its shape to

a circle, the smaller the peak application rate value, and

the more uniform the water distribution. The sprinkler water application rate of the E3
nozzle with the largest L/D was much higher than that of the other two nozzles before
reaching the peak application rate, and it declined faster, soon after reaching the peak
application rate. The wetted radius decreased with increasing L/D and decreasing working
pressure. At 150~300 kPa, the distances from the initial position of the E1, E2, and E3
nozzles when they reached the peak application rate were 9 m, 10 m, and 8 m, respectively.
This is because when the L/D was too large, the nozzle shape tended to be a “slit” and the

wetted radius decreased.
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Figure 9. Radial water distribution of elliptical nozzles with different aspect ratios under different
working pressure levels. (E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and

2.58, respectively).
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3.3. Water Distribution Uniformity Coefficient for Combined Sprinkler Irrigation

After having determined the water distribution of the different single sprinkler heads,
the main reasons affecting the uniformity of combined sprinklers are the combination mode
of sprinkler heads and the combination spacing. The MATLAB software was employed to
simulate and calculate the combination uniformity (CU) coefficients of each non-circular
nozzle under different spacing in a rectangular combination arrangement at low pressure
(100~200 kPa), and verify the effect of non-circular nozzles on CU. To avoid missing areas
of water application, the combination spacing was selected as 1.0R, 1.1 R, 1.2 R, and 1.3 R,
where R is the effective spraying radius of the wetted radius of the sprinkler. The CU
coefficients of the different nozzles under different working pressures and combination
spacing are listed in Table 6.

Table 6. Combination uniformity coefficients of each nozzle under different pressures and combina-
tion spacing.

Pressure

Shape Number (kPa) 1.0R 11R 1.2R 1.3R 14 R
100 54.55 37.87 25.76 29.37 19.61

Circle C2 150 58.59 58.25 50.11 37.32 26.49
200 65.26 61.75 56.92 46.71 36.15

100 47.34 45.92 27.04 20.42 27.61

D1 150 63.17 59.24 47.61 4523 46.36

200 67.43 64.32 56.31 51.70 53.51

100 68.47 60.32 65.95 54.83 47.44

Diamond D2 150 69.56 70.84 63.44 55.59 54.77
200 71.89 72.28 66.68 63.15 62.21

100 66.64 52.13 46.88 46.12 33.98

D3 150 66.19 62.70 60.19 48.71 41.50

200 69.26 68.37 62.37 59.29 59.84

100 67.92 60.02 61.47 43.52 38.02

El 150 66.62 64.65 63.00 53.30 45.88

200 68.43 65.36 58.76 53.86 54.38

100 56.98 44.87 49.03 37.15 26.24

Ellipse E2 150 66.05 57.09 62.24 50.34 38.82
200 64.27 59.30 49.05 46.60 45.33

100 62.46 62.12 52.83 38.58 43.59

E3 150 66.04 67.15 60.13 51.79 52.57

200 68.51 68.72 60.87 59.05 56.46

It can be seen in Table 6 that, for the same nozzle, the CU coefficient increased with
increasing working pressure and decreased with increasing combination spacing. Among
the three different-shaped nozzles, the best combination spacing for the C2 nozzle was 1.0
R, and the CU coefficient was the highest (65.26%) when the working pressure was 200 kPa
and the combination spacing was 1.0 R. The highest uniformity coefficient (72.28%) was
presented by the D2 nozzle, under a working pressure of 200 kPa and combination spacing
of 1.1 R. The highest uniformity coefficient (68.72%) of the elliptical nozzle combination
was presented by the E3 nozzle, under a working pressure of 200 kPa and a combination
spacing of 1.1 R. The C2 nozzle could achieve 65% uniformity at 200 kPa and 1.0 R, while the
non-circular nozzles could meet the requirements at 100 kPa, indicating that the combined
sprinkler irrigation with non-circular nozzles is more uniform under low pressure. The
three-dimensional (3D) distribution diagrams when the CU coefficient of each nozzle
combination was the best are presented in Figure 10.
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Figure 10. 3D water distribution under combined sprinkler irrigation. (C2 refers to the circular nozzle
with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio of 1.32; E3 refers to the

elliptic nozzle with an aspect ratio of 2.58).

3.4. Kinetic Energy Intensity Distribution of Single Nozzles

Figure 11 displays the kinetic energy intensity distribution of each nozzle under
different working pressure levels using B-spline curves. According to Figure 11a, the
maximum kinetic energy intensity of the C2 nozzle at 100 kPa, 150 kPa, and 200 kPa was at
a distance of 11 m, 12 m, and 12 m, respectively. According to Figure 11b, the maximum
kinetic energy intensity of the D2 nozzle at 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa
was in all cases found at a distance of 10 m. According to Figure 11c, the maximum kinetic
energy intensity of the E1 nozzle at 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa was at
a distance of 8 m, 10 m, 10 m, 10 m, and 10 m, respectively.
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Figure 11. Kinetic energy intensity of the different single nozzles as a function of the distance

from the nozzle under different working pressure levels. (C2 refers to the circular nozzle with a
diameter of 5 mm; D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32, and
1.11, respectively; E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and 2.58,
respectively).
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Based on Figure 11a—c, it can be seen that, within 0-8 m, the slope of the radial profile
of the diamond nozzle was the largest, and that of the circular nozzle was the smallest.
That is, the further the nozzle shape from a circle, the larger the radial increase of the
kinetic energy intensity. In Figure 11c—e, it can be observed that, with the increase of the
L/D, the peak value of kinetic energy intensity increased, and the distance from the nozzle
position to the peak value position under each pressure was shorter. Within 0—6 m, the E3
nozzle (largest L/D) was closest to a straight line, and the slope of the radial profile was
the largest, while the E1 nozzle (smallest L/D) had the smallest slope of the radial profile.
This indicated that the larger the L/D, the greater the radial increase of the kinetic energy
intensity. According to Figure 11b,f,g, the larger the outlet diameter, the higher the peak
value of the kinetic energy intensity. Under each working pressure, the slopes of the kinetic
energy intensity curves of the nozzles with an outlet diameter of 5 mm were the closest
before and after reaching the peak value.

In the kinetic energy intensity curves of each nozzle plotted by B-splines, it can be
observed that the peak value of the kinetic energy intensity corresponded to a distance from
the nozzle position that increased with increasing working pressure, which ranged between
100 and 200 kPa. The distribution trend of the kinetic energy intensity of each nozzle
along the radial direction under each working pressure was the same. It increased first
and then decreased with increasing distance from the nozzle position, and then decreased
rapidly to O after reaching the peak value of kinetic energy intensity. At 100 kPa and 150
kPa, the kinetic energy near the end of the wetted radius increased sharply, resulting in a
high impact intensity on the soil surface structure, which can cause soil compaction and
surface runoff.

3.5. Droplet Diameter Distribution
3.5.1. Radial Distribution of Droplet Diameter under Different Pressures

The commonly used methods for calculating the droplet diameter at home and abroad
include the number-weighted method, the water-weighted average method, and the me-
dian diameter method [31,32]. In this study, the water-weighted average method was
used to calculate the average droplet diameter at each measuring point. The Exp2PMod1
exponential fitting model was used, and its equation is as follows:

d =ae”, (6)

where a and b are fitting coefficients, d is the droplet diameter, and / is the distance from
the nozzle position.

After fitting the measured data, it was found that the fitting correlation coefficient
R2 of each nozzle shape under each working pressure was between [0.92, 0.99], which
was larger than 0.9, indicating that the fitting accuracy of this exponential function was
high. The results for each nozzle are presented in Figure 12. As it can be observed in
Figure 12, in all cases, the higher the pressure, the smaller the slope of the exponential
function curve and the smaller the average droplet diameter at the same measuring point.
This indicated that the increasing trend of the droplet diameter along the distance from the
nozzle decreased with increasing pressure and the jet break-up was more severe. Among
them, the slope of the radial profile of the C2 nozzle decreased the most. As shown in
Table 5, among these three nozzles under the same pressure, the slope of the radial profile
of the diamond nozzle was the largest and that of the circular nozzle was the smallest. It
indicated that the droplet diameter of the diamond nozzle increased the most along the
distance from the nozzle position.
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Figure 12. Relationship between average droplet diameter and distance from the nozzle. (C2 refers
to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio
of 1.32; E1 refers to the elliptic nozzle with an aspect ratio of 1.43).

In addition, when the droplet diameter was 3 mm, the distance from the C2 nozzle
at 100 kPa, 150 kPa, and 200 kPa was 7.9 m, 11 m, and 12.4 m, respectively; the distance
from the D2 nozzle at 100 kPa, 150 kPa, 200 kPPa, and 250 kPa was 7.6 m, 10 m, 11.7 m,
and 12.5 m, respectively; and the distance from the E1 nozzle at 100 kPa, 150 kPa, 200 kPa,
and 250 kPa was 8.5 m, 9.5 m, 10.7 m, and 12.3 m, respectively. At 300 kPa, the droplet
diameters of the diamond and elliptical nozzles were less than 3 mm. In general, droplets
with a smaller diameter tend to drift and have evaporation losses, while larger-diameter
droplets can cause greater damage to the soil surface, which is not conducive to water and
soil conservation and crop growth. Thus, the droplet diameter range suitable for spraying
is within 1~3 mm [15]. Consequently, the E1 nozzle had the optimal wetted radius except
for the 100 kPa case, where the C2 nozzle had the optimal wetted radius. When the distance
was larger than 8 m, the pressure had a significant effect on droplet diameter.

3.5.2. Radial Distribution of Droplet Diameter under Different Aspect Ratios

Figure 13 depicts the relationship between mean droplet diameter and distance from
the nozzle for different L/Ds at different working pressure levels. For the nozzles with
the same L/D, the slope of the exponential curve of the droplet diameter decreased with
increasing pressure, i.e., the radial increase trend of the droplet diameter decreases with
increasing pressure. Under the same pressure, shape, inlet cone angle, outlet diameter, and



Agriculture 2022, 12, 2133

18 of 27

different aspect ratios, the droplet diameter at each measuring point was almost the same
within 6 m from the nozzle position. The relationship between average droplet diameter
distance from the nozzle generally followed the following order of E3 > E2 > E1, i.e., the
larger the L/D, the larger the average droplet diameter. The E3 nozzle (largest L/D) had the
shortest wetted radius and the largest overall droplet diameter. The E1 nozzle (smallest
L/D) had the smallest droplet diameter along the radial direction and a relatively large
wetted radius. Therefore, nozzles with a small L/D should be selected in sprinkler spraying.
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Figure 13. Relationship between mean droplet diameter and distance from the nozzle for different

aspect ratios at different working pressure levels. (E1, E2, and E3 refer to the elliptic nozzles with

aspect ratios of 1.43, 2, and 2.58, respectively).
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3.6. Droplet Velocity Distribution
3.6.1. Droplet Velocity Distribution of Nozzles with Different Shapes

The velocity of spraying droplets is an important factor to determine the kinetic energy
of striking droplets. 2DVD was used to measure the velocity of droplets with different
diameters sprayed from different nozzles.

There is a logarithmic function that can express the relationship between droplet
diameter and droplet velocity. The relationship is as follows [18]:

v=a — bln(d + c)a, (7)

where a, b, and c are fitting coefficients, v is the droplet velocity, and d is the droplet
diameter.

Figure 14 shows the results where the fitting correlation coefficient R2 was between
[0.93, 0.97]. As it can be observed, for the nozzles with the same inlet cone angle and outlet
diameter, the velocity curve slope of the circular nozzle was the largest and that of the
elliptical nozzle was the smallest, i.e., with the increase of the droplet diameter, the increase
rate of the velocity of the elliptical nozzle droplets was the smallest. The droplet velocity
increased with increasing droplet diameter, and the increasing trend gradually decreased,
indicating that droplet diameter is an important factor affecting droplet velocity. In general,
the fitted curves of the three nozzles with equal flow rate were almost identical. It shows
that, when the flow rate, inlet cone angle, and outlet diameter are the same, the nozzle
outlet shape has little effect on the relationship between average droplet diameter and
droplet velocity.

14
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N

Figure 14. Relationship between average droplet diameter and velocity sprayed from nozzles with
different shapes. (C2 refers to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond
nozzle with an aspect ratio of 1.32; E1 refers to the elliptic nozzle with an aspect ratio of 1.43).

3.6.2. Droplet Velocity Distribution under Different Aspect Ratios

The relationship between the diameter and velocity of droplets sprayed from elliptical
nozzles with different aspect ratios is shown in Figure 15. The fitting correlation coefficient
R2 was between [0.86, 0.98]. As it can be observed in Figure 15, for elliptical nozzles with
the same inlet cone angle and outlet diameter, and different aspect ratios, the velocity curve
slope followed the following order: E3 > E2 > E1, i.e., the velocity curve slope increased with
increasing L/D. In addition, the magnitude of droplet velocity increased with increasing
droplet diameter. At the same droplet diameter, the droplet velocity of the E2 nozzle
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was always the maximum. When the droplet diameter was less than 2.5 mm, the droplet
velocity of the elliptical nozzle followed the E1 > E3 order. When the droplet diameter
was greater than 2.5 mm, the droplet velocity followed the opposite order (E3 > E1). This
indicated that there was an aspect ratio between the maximum and minimum aspect ratios.
At this aspect ratio, the velocity of droplets with the same diameter was the highest, and
therefore, the kinetic energy of the striking droplets was the highest.
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Figure 15. Relationship between average droplet diameter and velocity sprayed from elliptical
nozzles with different aspect ratios. (E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of
1.43, 2, and 2.58, respectively).

The relationship between the diameter and velocity of droplets sprayed from diamond
nozzles with different aspect ratios is demonstrated in Figure 16. The fitting correlation
coefficient R2 was between [0.93, 0.96]. As it can be seen in Figure 16, for nozzles with the
same shape and inlet cone angle, the velocity curve slope followed the following order:
D3 > D2 > D1, i.e., the velocity curve slope decreased with increasing L/D. In general, the
smaller the L/D, the higher the droplet velocity, which increased with increasing droplet
diameter. When the droplet diameter was less than 5 mm, the D1 > D2 > D3 order was
followed, indicating that, when the droplet diameter is the same, the smaller the L/D, the
lower the droplet velocity.

3.7. Kinetic Enerqy per Unit Volume Radial Profiles

Based on the kinetic energy distribution trend of droplets per unit volume, the kinetic
energy per unit volume at different measuring points was calculated. Figure 17 shows the
radial distribution of kinetic energy per unit volume of droplets sprayed from different
nozzles under different pressure levels. As it can be seen in Figure 17, the higher the
working pressure, the lower the kinetic energy per unit volume of the droplets at the same
position, the smaller the increase of kinetic energy, and the less the damage to crops and
soil surface. At 2 m, the kinetic energy per unit volume of droplets from each nozzle was
not significantly different under all working pressures. According to Figure 17a—c, the
maximum kinetic energy per unit volume of the elliptical nozzle was the lowest among
the nozzles with equal flow and the same inlet cone angle and outlet diameter under each
working pressure. At 100 kPa, the maximum kinetic energy per unit volume of the circular
nozzle was the highest. According to Figure 17c—e, the larger the L/D, the smaller the
wetted radius. The maximum kinetic energy per unit volume of the E1 nozzle (smallest
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L/D) at 100 kPa was the lowest. At 150-300 kPa, the E3 nozzle (largest L/D) had the lowest
kinetic energy per unit volume. In Figure 17b f,g, it can be observed that, the smaller the
outlet diameter, the lower the kinetic energy per unit volume.
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Figure 16. Relationship between droplet velocity and diameter sprayed from diamond nozzles with
different aspect ratios. (D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32,
and 1.11, respectively).

In order to further investigate the radial distribution characteristics of the droplet
kinetic energy per unit volume of the non-circular nozzles, in this paper, regression anal-
ysis on the kinetic energy per unit volume of each nozzle under various pressures was
performed, and a distribution model of the kinetic energy based on the distance from the
nozzle was established [30]. The relationship is given in the following equation:

Exs=al+b, (8)

where a and b are fitting coefficients, Ey; is the droplet kinetic energy per unit volume, and
1 is the distance from the nozzle position.

After fitting the measured data, it was found that the fitting correlation coefficient R2
of the kinetic energy per unit volume for the non-circular nozzles was between [0.89, 0.99],
indicating that the fitting accuracy was high.

The data of the droplet kinetic energy per unit volume of the three elliptical nozzles
with different aspect ratios under different working pressures were uniformly regressed,
and the kinetic energy per unit volume was further analyzed. A mathematical model of the
relationship between droplet kinetic energy per unit volume Ej;, distance from the nozzle
1, aspect ratio B, and working pressure P for non-circular nozzles was established. The
functional relationship is as follows:

Ejs = 2.775P %3181 1+ 0.09268 + 0.932 (R? = 0.924), 9)

The fitting coefficient of the droplet kinetic energy per unit volume for the elliptical
nozzles with different aspect ratios was 0.92, indicating that the fitting accuracy was high.
According to this regression equation, we can obtain the influence of the change of aspect
ratio on the kinetic energy of water droplets under different working pressures.
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Figure 17. Kinetic energy per unit volume as a function of the distance from each nozzle under
different working pressure levels. (C2 refers to the circular nozzle with a diameter of 5 mm; D1, D2,
and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32, and 1.11, respectively; E1, E2,
and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and 2.58, respectively).



Agriculture 2022, 12, 2133

23 of 27

3.8. Uniformity Coefficient of Kinetic Energy Intensity Distribution of Combined Sprinkler

In general, the sprinklers in sprinkler irrigation systems are arranged in square and
triangular shapes. In this study, the working pressure of the sprinkler was 100 kPa, 150 kPa,
and 200 kPa, and a square arrangement was simulated. The uniformity coefficient of the
kinetic energy intensity of combined sprinkler irrigation was simulated and calculated by
using the MATLAB software. The combination spacing was selected as 1.0 R, 1.1 R, 1.2 R,
and 1.3 R, where R is the wetted radius. The calculation results are listed in Table 7.

Table 7. Uniformity coefficient of the kinetic energy intensity distribution for each nozzle under
different combination spacing.

Shape Number Pr(‘;(slf:)re 10R 11R 12R 13R
100 40.07 29.60 18.53 18.53

Circle 2 150 49.85 45.61 2.77 10.37
200 55.93 51.15 30.90 22,51

100 49.32 42,63 11.27 11.27

D1 150 51.78 46.68 19.08 19.08

200 63.52 4524 4548 49.98

100 63.62 67.59 67.59 40.31

Diamond D2 150 56.34 52.41 34.58 34,58
200 65.36 59.13 49.19 54.15

100 52.32 53.37 53.37 18.18

D3 150 57.12 53.72 36.09 28.76

200 59.39 59.51 39.88 39.60

100 55.65 48.67 48.67 29.94

El 150 57.02 49.22 32.61 32.61

200 57.02 51.99 33.90 33.90

100 49.20 38.37 38.37 20.99

Ellipse B2 150 55.02 53.66 28.17 28.17
200 51.84 45.69 21.36 21.36

100 52.81 41.12 41.12 35.87

E3 150 51.82 39.31 39.31 35.47

200 57.78 49.95 49.95 39.98

It can be observed that the uniformity coefficients of the combined kinetic energy
intensity of the nozzles under the three pressure levels were different under different
spacing. The results indicated that the best combination spacing for the C2 nozzle was 1.0 R,
and the best kinetic energy intensity distribution uniformity coefficients at 100 kPa, 150 kPa,
and 200 kPa were 40.07%, 49.85%, and 55.93%, respectively. The best kinetic energy intensity
distribution coefficient among the diamond nozzles was exhibited by the D2 nozzle. When
the outlet diameter was 5 mm, the working pressure was 100 kPa, and the best combination
spacing was 1.1 R and 1.2 R, the optimal kinetic energy intensity distribution uniformity
coefficient was 67.59%. The optimal combination spacing for the elliptical nozzles was 1.0 R.
The optimal uniformity coefficient of the kinetic energy intensity distribution was exhibited
by the E3 nozzle (largest L/D) at the working pressure of 100 kPa (57.78%). In addition, it
was found that the uniformity coefficient of the kinetic energy intensity distribution of the
combined sprinkler increased gradually with increasing pressure. The 3D distributions
of the combined sprinkler irrigation kinetic energy intensity of the nozzles with the best
uniformity coefficient per shape type are exhibited in Figure 18.
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Figure 18. Distribution of kinetic energy intensity under combined sprinkler irrigation for each

nozzle shape with the best uniformity coefficient. (C2 refers to the circular nozzle with a diameter of

5 mm; D2 refers to the diamond nozzle with an aspect ratio of 1.32; E3 refers to the elliptic nozzle

with an aspect ratio of 2.58).

4. Discussion

Most of the research on the distribution characteristics of water droplets in non-circular
nozzles focuses on the influence of the shape and pressure on the jet shape. In this study,
a video raindrop spectrometer is used to supplement the research on the influence of the
shape and pressure of non-circular nozzles on the distribution characteristics of water
droplets, such as diameter, velocity, and kinetic energy. The diameter of water droplets
increases in the radial direction and decreases with the increase of pressure. The larger the
diameter of the outlet is, the greater the speed of water droplets increases with the diameter
of water droplets. When the diameter of water droplets is the same, the larger the diameter
of outlet, the smaller the velocity of water droplets. The impact kinetic energy per unit
volume of droplets at the same position and its growth range decrease with the increase

of pressure.



Agriculture 2022, 12, 2133

25 of 27

In addition, the influence of the aspect ratio of a non-circular nozzle on spraying
hydraulic performance and water droplet distribution characteristics is studied in this paper.
The shape coefficient of the non-circular nozzle increases with the increase of aspect ratio,
and the range decreases with the increase of aspect ratio. Under five working pressures,
the diameter of water droplets in the diamond nozzle increases the most along the radial
direction. The larger the aspect ratio is, the greater the speed of water droplets increases
with the diameter of water droplets. With the increase of droplet diameter, the growth rate
in droplet velocity of the elliptical nozzle is the smallest, while that of circular nozzle is
the largest. The nozzle with the outlet diameter of 5 mm has the smallest average droplet
diameter, and the droplet diameter decreases the most along the longitudinal direction.

5. Conclusions

A prediction model which can accurately reflect the droplet diameter, velocity, and
kinetic energy distribution per unit volume of three types of nozzles was developed, and
a fitting function of the relationship between L/D and kinetic energy per unit volume
for non-circular nozzles was established. The relationship between droplet diameter and
kinetic energy and the distance from the nozzle is an exponential and a linear function,
respectively, and the fitting correlation coefficients were between [0.92, 0.99] and [0.89, 0.99],
respectively. The distribution of droplet velocity and diameter was found to be logarithmic,
and the fitting coefficient was between [0.86 and 0.98]. The relationship between L/D and
kinetic energy was linear, and the fitting coefficient was 0.924. In all cases, the fitting
accuracy was high.

Among the tested nozzles, the sprinkler with the circular nozzle generated the largest
CV, while the elliptical and diamond nozzles generated similar CVs. When operating at
the same working pressure, the diamond nozzle exhibited the smallest peak application
rate value and the largest radially increasing trend in droplet diameter, while the elliptical
nozzle had the lowest maximum droplet kinetic energy per unit volume. The more the
nozzle shape deviated from a circle, the larger the radial increase of the kinetic energy
intensity. For elliptical nozzles with equal flow and area, the smaller the L/D, the smaller
the average droplet diameter and velocity, the lower the peak sprinkler water application
rate, the more uniform the water distribution, the larger the wetted radius, and the smaller
the radial increase of the kinetic energy intensity. The water distribution uniformity was
the best when the L/D was the smallest.

Under a working pressure of 200 kPa and a combination spacing of 1.0 R, the unifor-
mity coefficients of combined sprinkler irrigation and combined kinetic energy intensity
distribution with circular nozzles were the highest, i.e., 65.26% and 55.93%, respectively.
The uniformity coefficient of combined sprinkler irrigation with diamond nozzles was
the highest (72.28%) when the L/D was 1.32, the working pressure was 200 kPa, and the
combination spacing was 1.1 R. The combined kinetic energy intensity distribution of the
diamond nozzle was the most uniform (67.59%) when the outlet diameter was 5 mm, the
working pressure was 100 kPa, and the combination spacing was 1.1 R and 1.2 R. Among
the three elliptical nozzles with the same flow rate and different L/D, the one with the
largest L/D had the highest uniformity coefficient (68.72%) when the working pressure was
200 kPa and the combination spacing was 1.1 R. When the combination spacing was 1.0 R,
the distribution uniformity coefficient of combination kinetic energy intensity was also
the highest (57.78%). In general, the larger the L/D of the nozzle, the lower the maximum
droplet kinetic energy per unit volume.
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