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Abstract: The frequency and duration of drive spoon-dispersed water jet directly influence the water
distribution pattern and, further, affect water distribution uniformity. A mathematical model for
calculating the duration was established, and an experiment was carried out to verify the accuracy of
the theory by using high-speed photography (HSP) technique. Another important component of the
investigation was the influence of frequency and duration on the water distribution pattern and water
distribution uniformity. The results showed that the frequency of drive spoon-dispersed water jet
increased and the duration time decreased with increased working pressure and decreased distance
between counterweight-installed position and rotation axis. The calculated values of the theory were
greater than the measured values. Differences between the measured and predicted values decreased
with increased working pressure, and the average difference decreased to 2.98% when the working
pressure increased to 0.40 MPa. The application rates within 1-13 m improved and increased about
50% by decreasing the distance from 135 mm to 80 mm. The maximum application rates decreased
from 10.3t09.2mmh1,95t088 mmh1,and 84 to 7.9 mm h~! with a working pressure of 0.30,
0.35, and 0.40 MPa, respectively. The Christiansen’s uniformity coefficient (CU) values decreased by
increasing the distance between the counterweight and the rotation axis. The maximum CU values
were obtained at the spacing coefficient of 1.2, 1.2, and 1.1 for 0.30, 0.35, and 0.40 MPa, respectively.
By decreasing the distance from 135 mm to 80 mm, the maximum CU values increased from 58.96%
to 75.1%, 68.85% to 80.1%, and 72.46% to 82.17% for 0.30, 0.35, and 0.40 MPa, respectively.

Keywords: sprinkler irrigation; drive spoon; water jet; theoretical calculation; water distribution
uniformity

1. Introduction

As water resources become more and more scarce, sprinkler irrigation and micro-
irrigation are being promoted worldwide to save water in agriculture [1-4]. As one of
the more efficient water-saving irrigation technologies, sprinkler irrigation can save water
and labor, increase crop productivity, and improve crop quality [5,6]. Water-use efficiency
significantly increased through sprinkler irrigation [7]. The quality of irrigation, as mani-
fested by the maximum water application rate and the water distribution uniformity [8,9],
is largely determined by the hydraulic performance of the sprinkler equipment. Large-
volume sprinklers are the most widely used rotating sprinklers in agriculture due to their
ability to cover large areas; thus, fewer sprinklers and fewer pipes are needed per unit
area [10-13]. During the normal operation of large-volume irrigation sprinklers, the drive
spoon can generate horizontal and vertical impact forces from the water jet [14]. On the
one hand, the horizontal force causes the sprinkler to rotate, and the vertical impact force
causes the drive arm to pivot downward. On the other hand, the water can be dispersed
more uniformly when the water jet impacts the drive spoon.
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A great deal of research has been conducted on the effects of operating pressure,
nozzle diameter, layout form, and weather conditions on hydraulic performance and water
distribution uniformity for small- or medium-sized sprinklers [15-18]. Burt et al. [19]
indicated that the most influential factors of heterogeneity in water distribution are op-
erating pressure variation at the hydrant, the sprinkler design, and the sprinkler layout.
Zhu et al. [20] conducted a series of experiments to study the effect of sprinkler head geomet-
rical parameters on hydraulic performance for a fluidic sprinkler. Sheikhesmaeili et al. [12]
characterized the spray losses and water distribution of the sprinkler irrigation system
with a semi-portable big-size sprinkler on semi-arid areas. Ge et al. [21] analyzed a variety
of methods to obtain sprinkler radial water distribution and proposed the most feasible
method for a large-volume sprinkler used in mobile sprinkler machines. Ge et al. [22]
conducted a comparative analysis of water distribution and kinetic energy distribution
for two commonly used high-volume sprinklers. Other scholars investigated possibilities
for improving sprinkler hydraulic performance by using various mechanical devices to
break up the water jet. Kincaid [23] described a method of modifying the water distribution
pattern by attached a deflector to the drive arm to intermittently diffuse the water jet for
an impact-drive sprinkler. Tarjuelo et al. [24] reported that the shape of the radial water
distribution curve was mainly determined by the sprinkler model, the internal design, the
spray angle, and the jet breakup mechanism. Silva [25] investigated the influences of differ-
ent deflector plates on irrigation uniformity, surface runoff, and crop yield. Li et al. [26]
used an intermittent water dispersion device to disperse the water jet and investigated
the influence of shape, location parameters, and the number of the dispersion teeth on
hydraulic performance. A few scholars focused their studies on the large-volume irrigation
sprinkler. Li et al. [27] analyzed the force situation and constraint conditions for the drive
arm during the movement process according to the geometric structure and movement
characteristics of a large-volume sprinkler, and then conducted a finite element analysis on
the drive arm. Tang et al. [14] developed a simple theory to account for the forces caused by
the impact of the water jet on the drive spoon, and constructed a three-dimensional model
numerical simulation using computational fluid dynamics. Issaka et al. [28] investigated
the hydraulic performance characteristics of an impact sprinkler as affected by the fixed
water dispersion device and indicated that it can improve the hydraulic performance of the
impact sprinkler under low pressure conditions.

The development of computer technology allowed scholars to study sprinkler water
jets microscopically using more advanced methods. Using the particle image velocime-
try (PIV) method, Pascal et al. (2006) revealed that the water jet was a mixture due to
the degassing of the air dissolved in the supply water for an irrigation gun sprinkler.
Jiang et al. [29] studied the effects of flow velocity and nozzle geometric parameters on jet
breakup length based on the HSP technique. Jiang et al. [30] obtained the change in maxi-
mum jet velocities and the breakup length ranges of jet flows by using the PIV technique
and the volume of fluid-level set (VOF-level set) method. However, these studies did not
establish the relationship between water jet and hydraulic performance. Hence, the results
were hard to apply practically to the manufacture of sprinklers.

As energy costs increase, it is necessary to find methods to operate sprinkler systems
at reduced working pressure and maintain high water distribution uniformity [31-33]. The
frequency and duration of drive spoon—dispersed water jets have a direct influence on
the water distribution pattern and further affect the water distribution uniformity when
large-volume sprinklers are used in a square or triangular combination. Therefore, the
specific objectives of this study were to predict the duration using a simple theory and
to verify the theoretical calculation using experimental data. Moreover, the influence of
the frequency and duration on water distribution pattern and uniformity was another
important investigation content.
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2. Materials and Methods
2.1. High-Speed Photograph Test

A Big Gun® sprinkler from the Nelson Irrigation Co., Walla Walla, WA, USA was
selected for this study. The structure of the Big Gun® sprinkler and its working principle
have been described in detail [14,34]. The sprinkler has a special function by which the
frequency and duration of the water jet can be changed by adjusting the distance between
the counterweight-installed position and the rotation axis. As shown in Figure 1, there are
three installed positions for fixing the counterweight. The distance between each installed
position and rotation axis is 80, 110, and 135 mm, respectively. In consideration of the
normal working pressure ranges of the Big Gun® sprinkler, 0.30, 0.35, and 0.40 MPa were
selected for this study.

Installed position

Rotation axis

Drive spoon

¢ b a

Figure 1. Schematic diagram of the drive arm.

The test measurements of frequency and duration time were conducted using the test
analysis system at the sprinkler irrigation laboratory of Jiangsu University. A centrifugal
pump supplied water to the test system from a constant level reservoir. The working
pressure was measured at the base of the sprinkler head using a pressure gauge with an
accuracy tolerance of 0.4%. The high-speed camera of Motion pro Y4lm-8 (Integrated Device
Technology, Inc. San Jose, CA, USA) was used. The maximum resolution is 1024 x 1024.
The maximum shooting speed at full resolution is 4000 frames per second, and it can
shoot continuously for about 45 s at full resolution. Figure 2 shows a general view of the
experimental setup.

- el spmﬂd_’

y

Figure 2. General view of the experimental setup.
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In order to clearly shoot the whole movement process of the drive spoon in the water
jet, light-absorptive black velvet was adopted as the background and clear water was
adopted for the test. A high-pressure xenon lamp was adopted as the light source for the
indoor shooting to ensure a favourable light source. The spray tube was required to be
kept still to shoot the whole movement state of the drive arm during the test process. The
high-speed camera was placed 2.5 m away from the sprinkler, and the axis of the lens was
kept vertical to the axial surface of the spray tube. In general consideration of the influence
of various factors on the motion process of the drive arm, the shooting frequency was
determined as 2000 f s~!. The shooting time was determined as 4 s to shoot the whole
motion cycle of the drive arm.

We first determined the number of pictures, which included one whole cycle after
the shooting; then the period of one cycle could be acquired by multiplying the number
of pictures by the shooting frequency. Hence, the frequency of the drive spoon—dispersed
water jet was the reciprocal of the period. Similarly, the duration time can be obtained by
calculating the number of pictures that the drive spoon moved in the water jet during one
cycle. For each test, three picture groups that each included a complete cycle were selected
for measurement, and the average values of the three measurements were taken as the final
test results.

2.2. Hydraulic Performance Test

A schematic of the experimental setup is shown in Figure 3. A centrifugal pump
supplied water to the testing system from a constant level reservoir. Pressure was measured
at the base of the sprinkler head using a pressure gauge with an accuracy tolerance of 0.4%.
The catch cans used in the study for testing radial water application were cylindrical in
shape with a height of 0.6 m and an inside diameter of 0.2 m. Catch cans, which were used to
collect water, were spaced at 1.0 m intervals from the sprinkler in one single collector lines.
The sprinkler was run for 20 min before performing the experiments in order to standardize
the environmental conditions. The following standards were adopted in the design of
the experimental set-up: ASAE S5.330.1 [35], ASAE S5.398.1 [36], and ISO 7749-2 [37]. The
water collected in each can was measured using a graduated cylinder. The application rate
was calculated on the basis of the diameter of the catch cans and the duration of each test.
The radial application rate distributions for the sprinkler were obtained in the laboratory.
Three repetitions were made for each test, and the average values were taken as the final
test results.

Water jet stream

Pressure gague

Sprinkler Catch cans
AAOAOAAAAAAAAOAANAAAAAAAAA

" Valve

AAAAAAAAAN AAAAAAAAAAR ]

M Flowmeter

~ | Water tank

Figure 3. Schematic diagram of the experimental system in the laboratory.

3. Movement Theory of the Drive Arm
3.1. Analysis of the Drive Arm Movement Process

Figure 4 presents the movement process of the drive arm when the Big Gun® sprinkler
was operating normally. The non-free movement means that the drive spoon moved in the
water jet and as shown in Figure 4a—c. During this stage, the drive spoon was impacted
by the water jet. Contrarily, the water jet was dispersed by the drive spoon and the time
of non-free movement was the duration. When the drive spoon escaped completely from
the water jet, the drive arm was subjected only to the influences of gravity, the frictional
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Water jet

resistance on the rotation shaft, and the air resistance. This stage was named as the free
movement process and is shown in Figure 4d.

Drive arm

Drive spoon

(c) (d)

Figure 4. Movement process of the drive arm: (a) drive spoon began to cut into water jet; (b) drive
spoon in water jet; (c) drive spoon starting out of water jet, (d) drive spoon completely out of water jet.

3.2. Formula for Calculating Duration

Figure 5 presents a structural diagram of the drive spoon. The curved blades generate
a force that makes the arm swing downward when the water flows through the blades,
which is the impact force in the vertical direction that the drive spoon obtains from the
water jet. This force can be calculated from [13];

Fy =2p-(d — n-b)-hy-sinay 1

where F, is the force in a vertical direction (N), p is the working pressure (MPa), d is the
nozzle diameter (mm), h, is the width of the curved blades (mm), b is the blade thickness
(mm), n is the number of the blades submersed by the water jet, and &, is the outlet angle
of the water jet on the curved blades (°).
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Figure 5. Structural diagram of the drive spoon: (a) top view of drive spoon; (b) view from direction

A. « is the angle between the straight blades and the centreline of water jet (°); a; is the angle of
straight blades into the water jet (°); a; is the outlet angle of the water jet on the curved blades (°);
hy is the width of the straight blade (mm); 1, is the width of the curved blade (mm); b is the blade
thickness (mm).

The following assumptions were made for deducing the theoretical equations of the
frequency: (1) frictional resistance on the rotation shaft was ignored; and (2) resistance to
the drive arm caused by the air was not considered. Hence, the torque was calculated from:

M, =2px-(d — n-b)-hy-sinay (2)

where My is the torque (N-m) and x is the distance between the force point and the rotation
axis (m). According to the momentum theorem, the time of non-free movement can be
calculated from:

=12 @)

where t is the time of non-free movement (s), w is the angular velocity of the drive arm
(rad s71), and ] is the moment of inertia of the drive arm about the rotation axis (kg-m?).
According to the law of momentum conservation,

" /2A/]1V9 @

where 0 is the rotation angle of the drive arm in the water jet (°). Substitute Equations (2)
and (4) into Equation (3):

) jo
= \/px(d — nb)hy sinay ©)

Figure 6 presents a simplified model for calculating the moment of inertia. On the
premise that the mass of the drive arm was uniformly distributed, the moment of inertia
can be calculated from:

1, L 2 L 2
]—EmL +m<2x) +M<s+2x> (6)
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where L is the length of the drive arm (m); s is the distance between C and D (m); m is the
mass of the drive arm (kg); M is the mass of the counterweight (kg). Because the distance
between B and D was the distance between the counterweight-installed position and the
rotation axis, Equation (4) can be simplified to:

1 L 2 )
]:EmL +m 5 X + Mr @)

where 7 is the distance between the counterweight-installed position and the rotation
axis (m).

D

Figure 6. Simplified model for calculating the moment of inertia: A is the front of the drive arm; B is

the rotation axis; C is the mass center of the drive arm; D is the counterweight-installed position; x
is the distance between A and B (mm); L is the length of the drive arm (mm); and s is the distance
between C and D (mm).

4. Results and Discussion
4.1. Comparison between Measured and Predicted Values from Theory

The parameters of the sprinkler used for calculating the duration time are shown in
Table 1. Substituting the parameters of Table 2 into Equation (5), the duration time was
calculated. Table 2 presents the measured frequency, a comparison between calculated
values and measured values for the duration under different working pressures, and the
distance between the counterweight-installed positions.

Table 1. Parameters for calculating duration using the theory.

d (mm) b(mm) |y (mm) a (°) n x (m) 0(°) m(kg) M(kg) L (@m)
25.5 1 10 45 5 0.325 2 0.7 0.74 0.49

Table 2. Measured frequency, comparison between calculated values and measured values for the
duration under different working pressures, and distance between counterweight-installed positions.

Working P Distance between Duration Time
orking tressure Counterweight- Installed Frequency (Hz) M
easured . o
(MPa) Position and Rotation Axis (mm) Calculated (s) ) Difference (%)
80 1.210 0.0573 0.0530 8.11
0.30 110 1.165 0.0623 0.0572 8.92
135 1.098 0.0673 0.0628 7.17
80 1.293 0.0531 0.0503 5.57
0.35 110 1.243 0.0577 0.0550 491
135 1.191 0.0623 0.0588 5.95
80 1.320 0.0496 0.0482 2.90
0.40 110 1.268 0.0540 0.0527 2.47

135 1.237 0.0583 0.0563 3.55
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As can be seen from Table 2, the frequency of the drive spoon—dispersed water jet
increased with increased working pressure and decreased distance. However, the duration
decreased with increased working pressure and decreased distance. Under the same
working pressure, the frequency changed slightly with changes in distance. When the
distance decreased from 135 mm to 80 mm, the growth rates of frequency with working
pressures of 0.30, 0.35, and 0.40 MPa were 10.20%, 8.56%, and 6.71%, respectively. Similarly,
when the distance increased from 80 mm to 135 mm, the growth rates of the duration
time with the working pressures of 0.30, 0.35, and 0.40 MPa were 18.27%, 17.10%, and
17.01%, respectively. The calculated values of the theory were greater than those of the
measured values. It was assumed in the derivation process that the frictional resistance
on the rotation shaft and the resistance to the drive arm caused by the air were not taken
into consideration, and this can lead to a higher predicted value. The maximum difference
between calculated and measured values for the duration was 8.92%. Differences between
the measured and predicted values decreased with increased working pressure, and the
average difference decreased to 2.97% when the working pressure increased to 0.40 MPa.
This was in agreement with the results found by Tang et al. [14], who established a formula
to predict the impact force of the drive spoon obtained from a water jet and found that the
formula had the best accuracy at high working pressures.

4.2. Influence on Hydraulic Performance
4.2.1. Comparison of Water Distribution Patterns

As mentioned above, the most convenient method to change the frequency and
duration of the drive spoon dispersed-water jet is by adjusting the counterweight-installed
position. Figure 7 presents a comparison of water distribution patterns between different
counterweight-installed positions with the working pressures of 0.30, 0.35, and 0.40 MPa.
As can be seen from this figure, the application rates near the sprinkler were supplemented
more sufficiently when the counterweight was 80 mm for different working pressures. The
water distribution at the near range (1-15 m) became increasingly uniform as the distance
between counterweight and rotation axis decreased. On the one hand, this confirmed
that the water jet break-up mechanism was an important device for changing the water
distribution pattern [16,26]. On the other hand, the results indicated that frequency had
a greater influence on the water distribution pattern than did duration. The application
rates within 1-13 m improved and increased about 30% as the distance decreased from
135 mm to 80 mm; this was consistent with the above analysis. The frequency of the drive
spoon-dispersed water jet was reduced when the counterweight was far away from the
rotation axis, which reduced the volume of the dispersed water in short ranges. At the same
time, the maximum application rates decreased from 10.3t09.2mmh~1,9.5t0 8.8 mmh~!,
and 8.4 to 7.9 mm h~! with working pressures of 0.30, 0.35, and 0.40 MPa, respectively.
This was effective for reducing the risk of disruption of crops and surface runoff [38].

4.2.2. Comparison of Combined Uniformity Coefficients

MATLAB (The MathWorks, Inc. Natick, MA, USA) was used as the computational
program to calculate the combined CU according to the radial application rate of water
distribution [9]. Square layout is more convenient to pipeline design and irrigation system
management and is widely applied in practical engineering [39]. Hence, square layout
form was adopted to analyze the effect of frequency on CU values. The spacing coefficient
was defined as a parameter to describe the overlapping distance of two sprinklers, and the
spacing coefficient was equal to the times of the radius of the throw.
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Figure 7. Water distribution patterns with different counterweight-installed positions: (a) working
pressure of 0.30 MPa; (b) working pressure of 0.35 MPa; (c) working pressure of 0.40 MPa.

Figure 8 presents the relationships between the CU values and spacing coefficients
for various counterweight-installed positions with the working pressures of 0.3, 0.35, and
0.40 MPa. Water distribution uniformity generally increased with increased working
pressure [11,12,40]. For all the spacing coefficients, higher CU values were obtained at
higher working pressures and lower CU values were obtained at lower working pressures.
The CU values decreased as the distance between the counterweight and the rotation
axis increased, which indicated that it was a useful method to improve water distribution
uniformity by increasing the frequency of the drive spoon—dispersed water jet. As can be
seen from Figure 8a, the maximum CU value was obtained with a spacing coefficient of
1.2 under a working pressure of 0.30 MPa, and it increased from 58.96% to 75.1% as the
distance decreased from 135 mm to 80 mm. As can be seen from Figure 8b, the maximum
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CU value was obtained with a spacing coefficient of 1.2 under a working pressure of
0.35 MPa, and it increased from 68.85% to 80.1% as the distance decreased from 135 mm to
80 mm. As can be seen from Figure 8c, the maximum CU value was obtained with a spacing
coefficient of 1.2 under a working pressure of 0.40 MPa, and it increased from 72.46% to
82.17% as the distance decreased from 135 mm to 80 mm. A comparative analysis of the
increasing ranges of CU value with different spacing coefficients for 0.30 and 0.40 MPa
showed that increasing the frequency under low working pressure was more effective
than under high working pressure. In general, reducing the working pressure can result
in decreasing the water distribution uniformity [25,26]. Hence, the results provided an
effective method to maintain satisfying water distribution uniformity while decreasing
energy consumption by reducing working pressure. El-Wahed et al. [41] investigated
the impact of sprinkler irrigation uniformity on crop yield and water use efficiency, and
indicated that high uniformity was consistent with high yield and high water-use efficiency.
M. El-Marsafawy et al. [42] estimated maximum crop water productivity trends under
conditions in the Northern Nile Delta over three decades, and indicated that the better the
distribution of water in the field, the higher the crop yield. Therefore, the results of this
study are beneficial to improve crop yield and water-use efficiency in practical applications.
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Figure 8. Relationships between CU values and spacing coefficients with different counterweight-
installed positions. (a) working pressure of 0.30 MPa, (b) working pressure of 0.35 MPa, (c) working
pressure of 0.40 MPa.
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5. Conclusions

The frequency increased and the duration time decreased as working pressure in-
creased and distance between the counterweight-installed position and the rotation axis
decreased. The calculated values of the theory were greater than the measured values. The
maximum difference between the calculated and measured values for the duration time
was 8.92%. Differences between the measured and predicted values decreased with in-
creased working pressure, and the average difference decreased to 2.98% when the working
pressure increased to 0.40 MPa.

Frequency had a greater influence on the water distribution pattern than did duration.
The water distribution at the near range became more and more uniform with decreased
distance between the counterweight and the rotation axis. The application rates within
1-13 m improved and increased about 50% as the distance decreased from 135 mm to 80 mm.
The maximum application rates decreased from 10.3 to 9.2 mmh~!,9.5to 8.8 mm h~!, and
8.4 to 7.9 mm h~! with working pressures of 0.30, 0.35, and 0.40 MPa, respectively. The
user can adjust the position of the counterweight reasonably according to the allowable
application rate by different crops.

The CU values decreased as the distance between the counterweight and the rotation
axis increased. The maximum CU values were obtained at spacing coefficients of 1.2,
1.2, and 1.1 for working pressures of 0.30, 0.35, and 0.40 MPa, respectively. As distance
decreased from 135 mm to 80 mm, the maximum CU values increased from 58.96% to 75.1%,
68.85% to 80.1%, and 72.46% to 82.17% for working pressures of 0.30, 0.35, and 0.40 MPa,
respectively. Increasing the frequency under low working pressure was more effective than
under high working pressure. Improving irrigation water distribution uniformity will be
beneficial to improve crop yield and water use efficiency in practical applications.
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