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Abstract: Laterally-moving sprinkler irrigation systems under low pressure experience problems
including small spraying range, low uniformity, surface runoff, and low water utilization rate.
To solve these problems, experiments were carried out on a laterally-moving sprinkler irrigation
system using a Nelson D3000 sprinkler (Nelson Irrigation Co., Walla Walla, WA, USA) under
low pressure, sinusoidal oscillating water flow. The sprinkler intensity and impact kinetic energy
intensity distribution were investigated for sprinklers both static and in motion. The test data were
used to calculate combined sprinkler intensity and impact kinetic energy intensity uniformity for
different nozzle spacings, and were compared with constant water pressure test results. It was found
that sinusoidal oscillating water flow can effectively increase spraying range, as well as reducing
the peak value of the sprinkler intensity and impact kinetic energy intensity. Within an optimal
range of amplitude and nozzle spacing, sinusoidal oscillating water flow significantly improves the
combined sprinkler intensity, impact kinetic energy intensity uniformity, and the spraying quality
of laterally-moving sprinkler irrigation systems under low pressure conditions. When the average
water pressure is 100 kPa, the optimal range of amplitude of sinusoidal oscillating flow applied to the
laterally-moving sprinkler irrigation system is 50-60 kPa. When the amplitude is 50 kPa, the optimal
nozzle spacing is 3.5-4 m; when the amplitude is 60 kPa, the optimal nozzle spacing is 3.5-4.5 m.
The related parameters can provide a reference for the application of sinusoidal oscillating water flow
in laterally-moving sprinkler irrigation systems.

Keywords: sinusoidal oscillating water flow; laterally-moving sprinkler irrigation systems; sprinkler
intensity; impact kinetic energy intensity

1. Introduction

Agricultural production consumes significant water resources, and their conservation and
efficiency have always been the goal of irrigation [1]. Sprinkler irrigation equipment has been widely
used in various countries as it reduces labor and water, provides uniform irrigation, and results in
yield increases [2—4]. Currently, high water pressure is a common problem in sprinkler irrigation
equipment, associated with high energy consumption, input costs, and maintenance costs [5,6].
Moreover, high water pressure sprinkler irrigation equipment cannot meet the needs of some small
farms or remote areas due to inadequate water supply facilities [7]. As energy costs continue to
increase, more attention is being paid to the production and research of low pressure and low energy
consumption sprinkler irrigation equipment. Sprinklers are a key piece of equipment that affect
the irrigation quality of sprinkler systems. One of the ways to reduce the energy consumption of
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a sprinkler system is to reduce the working pressure of the sprinkler, i.e., conducting spraying at a lower
pressure [8]. However, when the working pressure decreases, the sprinkler will have a shorter spraying
range, uneven water distribution, and a larger peak value of sprinkler intensity. It becomes difficult to
guarantee the quality of the irrigation spray [9,10]. Nelson, Senninger, and many other manufacturers
of irrigation equipment are committed to the research and development of a variety of low-pressure
sprinklers, including rocker-type, refraction-type, and some other types of sprinkler that are suitable for
low water pressure [11,12]. Adding auxiliary nozzles, jet devices, and water dispersing devices, or using
non-circular nozzles in place of the original nozzle, can also improve the spraying effect of the sprinkler
under low pressure [13-15]. However, the research and development of low-pressure sprinklers is
affected by capital and research cycles, and the improvements that can be made to the spraying effect
by changing the original sprinkler structure are also very limited. Traditionally, only constant water
pressure has been used in irrigation systems. In recent years, some scholars have applied dynamic water
pressure in irrigation systems. When using a dynamic water pressure water supply in an irrigation
system, the speed of the pump is adjusted through frequency conversion technology, so as to provide an
oscillating water flow with periodic dynamic changes of wave pattern, amplitude, and average water
pressure [16]. The low-pressure, sinusoidal oscillating water flow improves the sprinkler intensity
distribution of the fixed sprinkler. When the same uniformity is obtained, the working pressure of
a sprinkler under oscillating water flow is lower than that under constant water flow. Using oscillating
water flow, a sprinkler irrigation system can reduce operation costs, and, as the cost of energy increases,
the economic benefits are more pronounced [17,18]. The application of oscillating water flow in
sprinkler irrigation also shows good prospects in reducing soil erosion caused by runoff and salt and
nutrient leaching, and improving the utilization efficiency of water [19]. In recent years, the emergence
of some new testing techniques has also enriched the knowledge of sprinkler irrigation technology.
The study of sprinkler irrigation is not only limited to testing sprinkler intensity and other macro
parameters, but is also limited by the instrument, and the size, diameter, and other micro parameters of
the droplets tested. Droplet motion parameters are used to calculate the impact kinetic energy intensity
of the droplets [20,21]. Impact kinetic energy intensity is the largest factor causing soil erosion, as well
as an important index affecting irrigation quality and water use efficiency [22].

The above results preliminarily show that sinusoidal oscillating water flow improves the sprinkler
intensity distribution of fixed sprinklers, and the results do not involve the research on impact kinetic
energy intensity. However, no studies have reported the use of sinusoidal oscillating water flow in
a laterally-moving sprinkler irrigation system, or the combination distribution and uniformity of
sprinkler intensity and impact kinetic energy intensity. In this paper, the Nelson D3000 sprinkler,
a type commonly used in laterally-moving sprinkler irrigation systems, was taken as the research
object to study the combined distribution of sprinkler intensity and impact kinetic energy intensity
under different amplitudes of sinusoidal oscillating water flow and different sprinkler spacings.
Taking uniformity as the standard, a reasonable selection of amplitudes and spacings of sprinklers
for sinusoidal oscillating water flow applied to a laterally-moving sprinkler irrigation system is
put forward.

2. Materials and Methods

2.1. Testing Apparatus

The experiment was conducted at the Irrigation Hydraulics Laboratory, Northwest A&F University,
Yangling, China. The main component of the dynamic water pressure sprinkler irrigation system that
was tested included a 2D video disdrometer (Joanneum Research Corp, Graz, Austria), water tank,
pump, variable frequency drive (Tianshui Corp, Jiangsu, China), computer, mobile cart, Nelson D3000
sprinkler was equipped with a 7.2 mm diameter nozzle and a deflector plate with 36 grooves
(Figure 1), pressure transducer (range 0-0.6 MPa, accuracy 0.1%) made by Tianshui Corp, Jiangsu,
China, electromagnetic flowmeter (range 0.29-28.95 m>/h) produced by Xi’an Xinmin Electronics
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Corp, Shanxi, China, and automatic recording catch can (HOBO RG3-M type, accuracy +0.1%,
resolution 0.02 mm) produced by Onset computer Corp, America. The pulsating pressure water
was produced by an automatic pressure control system that consisted of a centrifugal pump with
an electric motor, a variable frequency drive (VFD), and a programmable logic controller (PLC)
produced by Xi’an Xinmin Electronics Corp, Shanxi, China. First, the program for implementing the
desired pulsating pressure was uploaded to the PLC to control the VFD, which modified the pump
motor speed. The model of the pulsating pressure (such as trigonometric, sinusoidal, or trapezoidal),
maximum pressure, minimum pressure, and period of function for pulsating pressure can be set in
the program. Second, the electric motor speed of the centrifugal pump was controlled by the VFD to
produce the expected pulsating pressure. The schematic diagram of the dynamic water pressure test
platform is shown in Figure 2. The sprinkler was mounted on the trolley at a height of 1.60 m.

Figure 1. Nelson D3000 sprinkler.
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Figure 2. Dynamic water pressure test platform.

2.2. Experimental Design and Methods

For the dynamic water pressure change mode, a trigonometric function was selected (Figure 3),
and a change period of 60 s was selected. The rated working pressure range of the D3000 sprinkler
is 41-280 kPa. In order to study how dynamic water pressure in a low pressure environment affects
the performance of the D3000 sprinkler, the average water pressure was set to 100 kPa. The dynamic
pressure amplitude, i.e., the absolute difference between the extreme value and average pressure,
denoted by the letter A, was 20 kPa at the start; five amplitudes were then tested: 30, 40, 50,
60, and 70 kPa. Subsequently, the pressure range of the sinusoidal oscillating water flow was between
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30 kPa and 170 kPa, which is also in line with the low pressure sprinkler pressure range [23-25].
During the experiment, the average humidity fell within the range of 39-58%, whereas the average
value of temperature fell within the range of 26-34 °C. Furthermore, the wind speed was less than 1 m/s.
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Figure 3. Sinusoidal oscillating water pressure.

2.2.1. Radial Distribution of Sprinkler Intensity and Impact Kinetic Energy Intensity under Constant
and Dynamic Water Pressure

The water is ejected from the D3000 sprinkler via the flow passages, and the water in each flow
passage is basically the same and is relatively independent [26]. Catch cans were arranged closely
along the jet direction. The cart was stationary. After the working pressure of the nozzle was stabilized,
three independent flow passages were selected for testing. The test layout is shown in Figure 4.
Catch cans (height, 25.7 cm; diameter of opening, 15.2 cm) were arranged at a spacing of 0.25 m across
the radial center of the flow passage. The number of catch cans depended on the spraying range.
Each measurement time was 1 h, and each test was repeated three times. The sprinkler intensity was
the ratio of the amount of water at the measuring point to the spraying time. The sprinkler intensities
of the measurement points in each test are the average value of the sprinkler intensity at the same
position on three flow passages. Each test was repeated three times for an average value.
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Figure 4. The test layout of radial distribution of sprinkler intensity and impact kinetic energy intensity.

The measurement points of the radial distribution of the impact kinetic energy intensity were
arranged in the same way as those of the catch cans. Parameters, such as diameter and velocity of water
droplets at each measurement point, were tested by 2D video disdrometer. Two vertically disposed
CCD cameras inside the instrument made linear scans of droplets passing through the test area and
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recorded individual drop state parameter. Equation (1) was used to calculate the impact kinetic energy
intensity of each measurement point [27-29].
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where S,; is the impact kinetic energy intensity of each measurement point (W/m?); n is the number of
droplets, at least 10,000 droplets; d; is the measured diameter of the ith drop (mm); gy is the mass
density of water (kg m~3); v; is the measured velocity of the ith drop (m s71); and P is the sprinkler
intensity of the jth catch cans (mm h!).

2.2.2. The Distribution of Sprinkler Intensity and Impact Kinetic Energy Intensity of a Single
Moving Sprinkler

After the working pressure of the sprinkler was stable, the cart began moving from one side of
the test area, passed through the test area at a constant speed of 60 m/h, and ran to the other side of
the test area until the rain gauge cylinder in the area had no sprinkler intensity at all. Each test was
repeated three times, and the average value was taken. Considering that the periodic pressure change
of sinusoidal oscillating water flow will lead to the change of sprinkler intensity along the direction of
sprinkler movement, the width of the test area where the catch cans were placed was an integer multiple
of the movement distance of the sprinkler in one cycle (1 m). In addition, as the sprinkler intensity
distribution of the sprinkler had symmetry along the movement route of the sprinkler, the catch cans
were only arranged on one side of the walking route of the sprinkler. Finally, the width of the test area
was determined to be 3 m, and the length of the test area was determined according to the spraying
range. The spacing of the catch cans was 0.5 X 0.5 m?2, as shown in Figure 5.
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Figure 5. The test layout of a single moving sprinkler.
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The direction of sprinkler movement

2.2.3. Combined Sprinkler Intensity and Impact Kinetic Energy Intensity Distribution under Different
Nozzle Spacings

After obtaining the sprinkler intensity distribution data for one side of a single sprinkler,
and because the distribution of the sprinkler intensity on both sides of the nozzle is symmetrical,
the distribution of sprinkler intensity of a single nozzle can be obtained by mirror processing of the
distribution of sprinkler intensity on one side of the nozzle. The 25 m laterally-moving sprinkler
irrigation systems were arranged according to the spacing of sprinklers at 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5,
6, and 6.5 m. The number of sprinklers under the corresponding spacing was 17,13, 11,9, 8,7, 6, 6,
5, and 4, respectively. Figure 6 shows the schematic diagram of the sprinkler layout and sprinkler
intensity superposition process when the sprinkler spacing is 5 m. The letters a—f in the figure represent
the six sprinklers arranged equidistance from left to right on the plane. The sprinkler intensity data
of a single sprinkler were processed in a grid. The area of each grid was 0.5 x 0.5 m. The sprinkler
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intensity of a measured point in each grid was used to represent the sprinkler intensity of each grid.
As shown in Figure 6, when calculating the sprinkler intensity of grid h1, h2, and h3 in the third
column on the right of sprinkler f, the sprinkler intensity needs to be superimposed on grids h1, h2,
and h3, including the sprinkler intensity of f1, {2, and f3 of sprinkler f, and el, 2, and e3 of sprinkler e.
According to this process, the sprinkler intensity of each grid in the spraying area was superimposed
and calculated, and the sprinkler intensity distribution of the whole machine combination was finally
obtained [30]. The calculation method of the combined impact kinetic energy intensity is the same as
that of the combined sprinkler intensity.

hi hl=el+fl
f h2 h2=e2+f2

3 h3=e3+3

Figure 6. Calculation diagram of the distribution of combined sprinkler intensity. Sprinklers are spaced
5 m apart.

3. Results

3.1. Radial Distribution of Sprinkler Intensity and Impact Kinetic Energy Intensity under Constant and
Dynamic Water Pressure

Figure 7 shows the radial distribution of water and impact kinetic energy intensity under oscillating
pressure with different amplitudes. The figure clearly shows that the spraying range under constant
water pressure is short. The water distribution that presents the thin-high triangular shape is uneven
and concentrated, and the peak value of the sprinkler intensity is large. Compared to the situation of
constant water pressure, sinusoidal oscillating water flow can effectively increase the spraying range
and reduce the peak value of sprinkler intensity. Because of the constant water pressure, the nozzle
jet fragmentation is not sufficient, and the main jet distribution covers a very small limited area.
However, the pressure at the outlet of the nozzle under oscillating water pressure is periodic, and the
spraying range also changes periodically, so that the mainstream of the jet uniformly sweeps over
a wide area between the sprinkler intensity maximum and the sprinkler intensity minimum range.
Table 1 shows that when the amplitude increased from 0 kPa to 70 kPa, the spraying range increased
from 7 cm to 9.75 cm, an increase of 39% (39% = w %X 100%). When the amplitude increased
from 0 kPa to 60 kPa, the coefficient of variation (CV) of sprinkler intensity decreased from 122% to
43%, a decrease of 79%. When the amplitude increased from 60 kPa to 70 kPa, the CV of sprinkler
intensity increased from 43% to 48%, an increase of 5%. When the amplitude increased from 0 kPa to
60 kPa, the peak value of sprinkler intensity decreased from 219 mm/h to 52 mm/h, a decrease of 76%.
When the amplitude increased from 60 kPa to 70 kPa, the peak value of sprinkler intensity increased
from 52 mm/h to 57 mm/h, an increase of 10%. It can be seen that the improvement effect of spraying is
limited by the increase of amplitude. In a certain amplitude range (0-60 kPa), the increase of amplitude
can improve the spraying effect.
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Figure 7. The radial distribution of sprinkler intensity (a) and impact kinetic energy intensity (b) under
constant and dynamic water pressure. The average water pressure is 100 kPa.

Table 1. The testing parameter of radial distribution of sprinkler intensity and impact kinetic energy
intensity under constant and dynamic water pressure.

Amplitudes Spraying The CV of The Peak Value of The CV of Impact The Peak Value of
(kPa) Range (m) Sprinkler Sprinkler Intensity Kinetic Energy Impact Kinetic Energy
8 Intensity (%) (mm/h) Intensity (%) Intensity (W/m?)
Constant 7 122 219 97 1.08
pressure
A=20 8.25 93 154 73 0.76
A =30 8.75 76 125 62 0.67
A =40 9 61 92 52 0.57
A =50 9.25 50 66 45 0.49
A =60 9.25 43 52 38 0.42

A=70 9.75 48 57 44 0.45
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It can also be seen from Figure 7 that oscillating water pressure greatly improves the distribution
of the impact kinetic energy intensity. The impact kinetic energy intensity distribution of oscillating
water pressure is more uniform than constant pressure, and the peak value of the impact kinetic
energy intensity of oscillating water pressure is lower than constant pressure. When the amplitude
increased from 0 kPa to 60 kPa, the CV of the impact kinetic energy intensity decreased from 97% to
38%, a decrease of 59%. When the amplitude increased from 60 kPa to 70 kPa, the CV of the impact
kinetic energy intensity increased from 38% to 44%, an increase of 6%. When the amplitude increased
from 0 kPa to 60 kPa, the peak value of the impact kinetic energy intensity decreased from 1.08 W/m?
to 0.42 W/m?, a decrease of 61%. When the amplitude increased from 60 kPa to 70 kPa, the peak
value of the impact kinetic energy intensity increased from 0.42 W/m? to 0.45 W/m?, an increase
of 7%. The sprinkler intensity and impact kinetic energy intensity are two different test indexes
for the spraying effect of oscillating water flow. The sprinkler intensity can be directly measured.
The impact kinetic energy intensity cannot be directly measured, so it is calculated through water
drop motion parameters. However, the sprinkler intensity and impact kinetic energy intensity affect
each other. The sprinkler intensity in a certain area is composed of countless droplets. The motion
state of the droplets not only affects the impact kinetic energy intensity but also the sprinkler intensity.
Therefore, the areas of high impact kinetic energy intensity are also those of high sprinkler intensity,
and the distribution of sprinkler intensity is the same as the distribution of the high impact kinetic
energy intensity.

3.2. The Distribution of Sprinkler Intensity and Impact Kinetic Energy of a Single Moving Sprinkler

Figure 8 shows the distribution of sprinkler intensity and impact kinetic energy intensity of
a single moving sprinkler. It can be seen from the figure that under constant and dynamic water
pressure, existing areas with high irrigation intensity and impact kinetic energy intensity exist below
the sprinkler and at the end of the spraying range. However, there were areas with low sprinkler
intensity and impact kinetic energy intensity near the sprinkler, and parts of the areas with low
sprinkler intensity and impact kinetic energy intensity, as well as some with no distribution of sprinkler
intensity and impact kinetic energy intensity. The distribution of sprinkler intensity and impact kinetic
energy intensity under constant water pressure did not change much along the direction of sprinkler
movement, while the distribution of sprinkler intensity and impact kinetic energy intensity under
oscillating water flow changed periodically along the direction of sprinkler movement, which was
related to the cyclical change of oscillating water flow. In the range of 0-60 kPa, with the increase
in the amplitude, the areas of high sprinkler intensity and impact kinetic energy intensity under the
sprinkler kept shrinking, and the peak value of sprinkler intensity and impact kinetic energy intensity
kept weakening. At the end of the sprinkler spraying range, the area of high sprinkler intensity
and impact kinetic energy intensity kept shrinking and moving towards the sprinkler, and the peak
value of sprinkler intensity and impact kinetic energy intensity kept weakening. The area of low
sprinkler intensity and impact kinetic energy intensity that was near the sprinkler decreased gradually.
The distribution of sprinkler intensity and impact kinetic energy intensity at 70 kPa did not improve.
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Figure 8. The distribution of sprinkler intensity and impact kinetic energy intensity of a single
moving sprinkler.

3.3. The Peak Value of Combined Sprinkler Intensity and Impact Kinetic Energy Intensity

It can be seen from Figure 9 that when the water pressure was the same, the peak value of the
sprinkler intensity and impact kinetic energy intensity decreased with increased sprinkler spacing.
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When the distance between sprinklers was the same, the peak value of sprinkler intensity and impact
kinetic energy intensity decreased with the increase of amplitude in the range of 0-60 kPa. With the
increase of amplitude in the range of 60-70 kPa, the peak value of sprinkler intensity and impact kinetic
energy intensity increased accordingly, which is similar to the radial distribution pattern of sprinkler
intensity and impact kinetic energy intensity in the range of 60-70 kPa.
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300 A=20kPa
—— A=30kPa

—— A=40kPa

A=50kPa

—+— A=060kPa

A=70kPa

Ll " ] T
1.5 2.0 2.5 3.0 3.5 40 45 5.0 55 6.0 6.5

Maximum sprinkler intensity (mmh ™)

Sprinkler spacing (m)

(@) The peak value of combined sprinkler intensity

1.8+
—— (onstant pressure

1.5 A=20kPa
- A=30kPa
S A=40kPa
A=50kPa
= A=60kPa
0.6- A=70kPa

L) L) 1 I L) L) L) 1 1 1
1.5 2.0 2.5 3.0 3.5 4.0 45 50 55 6.0 6.5
Sprinkler spacing (m)

Maximum impact kinetic energy intensity
w-l
=3
Ta
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intensity
Figure 9. The peak value of combined sprinkler intensity (a) and impact kinetic energy intensity (b).
3.4. The Uniformity of Combined Sprinkler Intensity and Impact Kinetic Energy Intensity

The Christiansen uniformity coefficient (Cu) is a commonly used indicator in sprinkler irrigation
water application uniformity assessment [31]. After obtaining the combined distribution data of
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sprinkler intensity and impact kinetic energy intensity, the Cu of sprinkler intensity and impact kinetic
energy intensity is calculated using Equations (2) and (3).

Z?:]lhi - hl

Cu:(l— n

) X 100% @)
where Cu is the Christiansen uniformity coefficient of sprinkler intensity; n is the total number of catch
cans; h; is the measured sprinkler intensity from an individual catch can (mm h71); and his the average
measured sprinkler intensity of all catch cans (mm h™').

Z?:l |Si - Sl

Cugp = (1 - S

) x 100% ®)
where Cusp is the Christiansen uniformity coefficient of the impact kinetic energy intensity; n is the total
number of measure points; S; is the calculated impact kinetic energy intensity from an individual test
point (W/m?); and S is the average calculated impact kinetic energy intensity of all test points (W/m?).

Figure 10 shows the uniformity of sprinkler intensity and impact kinetic energy intensity with
sprinkler spacing under different amplitudes. The uniformity of sprinkler intensity and impact kinetic
energy intensity was relatively high when the sprinkler spacing is small. With the increase in distance
between sprinklers, the uniformity of sprinkler intensity and impact kinetic energy intensity decreased.
When the distance between sprinklers increased to a certain distance, the uniformity of sprinkler
intensity and impact kinetic energy intensity increased. Finally, the uniformity of sprinkler intensity
and impact kinetic energy intensity decreased with increased nozzle spacing. When the distance
between sprinklers was small, the effect of amplitude on the uniformity of sprinkler intensity and
impact kinetic energy intensity was not noticeable. The uniformity of low amplitude sprinkler intensity
and impact kinetic energy intensity was even higher than that of high amplitude sprinkler intensity
and impact kinetic energy intensity under certain small spacing intervals. Although the spraying
quality of a single sprinkler with high amplitude, described above, was higher than that of a single
sprinkler with low amplitude, the poor spraying quality of a single sprinkler can be improved by the
superposition of sprinkler intensity and impact kinetic energy intensity of multiple sprinklers, due to
the strong interaction between sprinklers when the sprinkler spacing is small. With the increase of the
distance between sprinklers, the interaction between sprinklers weakened. The improved effect of
increasing amplitude on the uniformity of sprinkler intensity and impact kinetic energy intensity was
gradually enhanced. The difference in the uniformity of sprinkler intensity and impact kinetic energy
intensity under different amplitudes became more and more noticeable.
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Figure 10. Sprinkler intensity (a) and impact kinetic energy intensity (b) uniformity with different
spacing combinations.

The uniformity of sprinkler intensity and impact kinetic energy intensity was higher when the
distance between sprinklers was smaller, and sprinkler intensity and impact kinetic energy intensity
were higher. However, when impact kinetic energy intensity was greater than 0.6 W/m?, the water
drops reached the rainstorm level of natural precipitation, and, under such conditions, the water
drops will have a greater impact on the surface soil. High impact kinetic energy intensity easily
creates soil particles. Soil particles plug the pores, reduce the infiltration rate and cause surface crust,
easily causing surface runoff. At the same time, areas with high impact kinetic energy intensity are
often accompanied by high precipitation intensity, which also promotes the generation of surface
runoff and water accumulation in local low-lying areas [32-34]. Therefore, sprinkler spacing should
not be too small. When the distance between sprinklers is too large, the uniformity of sprinkler
intensity and impact kinetic energy intensity is low. The uniformity will affect crop yield [35-40],
and the uneven distribution of water will easily cause surface runoff [41], resulting in uneven soil
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water distribution [42], causing deep soil leakage and soil nutrient leaching [43], and thus resulting in
the waste of irrigation water and energy [44]. Therefore, the distance between sprinklers should not be
too large.

According to the standards of relevant studies, the uniformity is required to be greater than 85% [45],
and the spacing between constant water pressure sprinklers should not exceed 2.5 m to meet the
requirements of sprinkler intensity and impact kinetic energy intensity uniformity. However, the impact
kinetic energy intensity is far higher than 0.6 W/m? (Figure 9), which easily results in runoff. When the
amplitude of sinusoidal oscillating water flow was 50 kPa, the sprinklers with sprinkler intensity
distribution uniformity greater than 85% were reasonably spaced at 3.5-4 m, and the sprinklers with
impact kinetic energy intensity distribution uniformity greater than 85% were reasonably spaced at
3.5-4.5 m. Therefore, the reasonable spacing of sprinklers to meet the uniformity requirement is 3.5-4 m,
and the impact kinetic energy intensity of sprinklers is less than 0.6 W/m? (Figure 9), which makes
it difficult to generate runoff. When the amplitude of sinusoidal oscillating water flow was 60 kPa,
the sprinklers with sprinkler intensity distribution uniformity greater than 85% were reasonably spaced
at 3.5-4.5 m, and the sprinklers with impact kinetic energy intensity distribution uniformity greater
than 85% were reasonably spaced at 3.5-5 m. Therefore, the reasonable spacing of sprinklers to meet
the uniformity requirement is 3.5-4.5 m, and the impact kinetic energy intensity of sprinklers is less
than 0.6 W/m? (Figure 9), which makes it difficult to generate runoff. When the amplitude of sinusoidal
oscillating water flow was 70 kPa, the uniformity of sprinkler intensity and impact kinetic energy
intensity reached 85% when the sprinkler spacing was 3.5-4 m, but the uniformity of 70 kPa was
not as high as the uniformity of 60 kPa; the maximum power of the pump needed to be increased,
and the striking kinetic energy intensity was higher than 0.6 W/m? (Figure 9). Therefore, it is not
recommended to operate sinusoidal oscillating water flow in laterally-moving sprinkler irrigation
systems at 70 kPa amplitude.

4. Discussion

In this paper, low pressure, sinusoidal oscillating water flow was experimentally applied
to laterally-moving sprinkler irrigation systems. The results show that the low pressure,
sinusoidal oscillating water flow can solve the problems of small spraying range, low uniformity,
surface runoff, and low utilization rate of water. All the experiments in this study were carried out
indoors. Similar to other studies regarding indoor sprinkler irrigation experiments, the influence of
environmental factors on sprinkler irrigation was not fully considered in this work. However, the impact
of environmental factors on sprinkler irrigation cannot be ignored. Some studies have shown that
wind speed, humidity, and other environmental factors can affect the distribution of sprinkler
intensity of a single sprinkler, and reduce its uniformity. Among them, the influence of wind on the
sprinkler intensity and sprinkler intensity uniformity of single sprinkler is significant, especially when
the wind speed is large. However, it is not ideal to apply sprinkler irrigation in windy weather.
Furthermore, the influence of wind on the sprinkler intensity uniformity of sprinkler irrigation systems
composed of multiple sprinklers and represented by laterally-moving sprinkler irrigation systems is
not significant. This was due to the superposition of the distribution of sprinkler intensity of multiple
sprinklers, which reduces the influence of wind on the sprinkler intensity uniformity of sprinkler
irrigation systems [30,46-52]. At present, the relevant research is concerned with using constant water
pressure to carry out experiments.

Most research has focused on the influence of wind on the sprinkler intensity and the sprinkler
intensity uniformity of single sprinkler or sprinkler irrigation systems composed of multiple sprinklers.
However, the influence of wind on the sprinkler intensity and the impact kinetic energy intensity of
single sprinkler and sprinkler irrigation systems under low pressure, sinusoidal oscillating water flow
is still unclear. Therefore, related follow-up research is of great significance for the application of low
pressure, sinusoidal oscillating water flow in sprinkling irrigation.
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5. Conclusions

In this study, experiments were carried out on a laterally-moving sprinkler irrigation system
under low pressure, sinusoidal oscillating water flow. Low pressure, sinusoidal oscillating water
flow can significantly improve the distribution of sprinkler intensity and the impact kinetic energy
intensity of a single sprinkler. The spraying range basically increased with the increase of amplitude.
Within a certain amplitude range (0-60 kPa), both the CV of sprinkler intensity and impact kinetic energy
intensity, and the peak values of sprinkler intensity and impact kinetic energy intensity decreased with
the increase of amplitude. With the increase of amplitude, the high sprinkler intensity and impact
kinetic energy intensity areas at the end of the spraying range gradually approached the sprinkler.
The sprinklers spacing affected the uniformity of lateral moving sprinkler irrigation systems composed
of multiple sprinklers. In laterally-moving sprinkler irrigation systems, the uniformity of sprinkler
intensity and impact kinetic energy intensity should be no less than 85%, and the impact kinetic energy
intensity should be no higher than 0.6 W/m?. In order to meet this standard, the amplitude of sinusoidal
oscillating water pressure in laterally-moving sprinkler irrigation systems ranged from 50 kPa to
60 kPa. When the amplitude of sinusoidal oscillating water flow was 50 kPa, the optimal sprinkler
spacing was 3.5-4 m; when the amplitude of sinusoidal oscillating water flow was 60 kPa, the optimal
sprinkler spacing was 3.5-4.5 m. However, the influence of wind on the sprinkler intensity and the
impact kinetic energy intensity of single sprinkler and sprinkler irrigation systems under low pressure,
sinusoidal oscillating water flow was not considered in this study. Follow-up research will be very
important for the application of low pressure, sinusoidal oscillating water flow in sprinkling irrigation.
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