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Abstract

:

Using low-pressure sprinklers in agricultural irrigation has become an alternative way of reducing water and energy stress. To determine the applicability of the low-pressure rotating sprinkler, an experiment was conducted to evaluate the effects of working pressure and nozzle size on sprinkler rotation speed, application rate, droplet size, droplet velocity, droplet trajectory angle, and kinetic energy distribution. The results showed that the mean droplet diameter increased exponentially along with the increase in distance from the sprinkler, and a logarithmic relation was derived between droplet diameter and droplet velocity. Due to the low breakup degree of the jet under the lowest working pressure of 100 kPa, the peak values of specific power and application rate were high, which reached 0.09 W m−2 and 11.35 mm h−1, and were 3.1–5.4 times and 2.5–3.1 times those of other working conditions. Meanwhile, the peak specific power of the biggest nozzle (diameter = 5.2 mm) was 2.4–2.8 times that of smaller nozzles. With an increase in working pressure, the sprinkler time per rotation decreased and the distributions of kinetic energy and water became more uniform. Thus, it is not recommended to equip the sprinkler with a large nozzle under low working pressure.
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1. Introduction


Water shortage and the energy crisis continue to be worldwide challenges, especially in the arid regions that cover 42% of the planet’s surface [1]. According to UNESCO [2], agricultural irrigation uses 69% of the water utilized by humans. To reduce water consumption in agriculture, water-saving irrigation technologies, including drip irrigation and sprinkler irrigation, have been actively developed and promoted [3]. However, irrigation technology consumes a large amount of energy in practice [4]. Taking these challenges into consideration, many studies have focused on improving the water and energy efficiencies of irrigation systems [5,6,7].



Sprinkler irrigation is one of the most commonly used agricultural irrigation methods, with 21% of irrigated land in China and 55% of the total irrigated land in the United States being equipped with sprinkler systems [8,9]. Traditional sprinkler irrigation systems were usually designed to operate at a minimum of 300 kPa of pressure at the nozzles of the sprinklers [10]. Compared with the working pressure of the emitter used in drip irrigations (20–100 kPa), the operating pressure of the sprinkler was extremely high [11]. With the aim of reducing energy consumption and improving water use in sprinkler irrigation systems, Jiménez-Bello et al. [12] developed a methodology to minimize energy consumption by grouping intakes of pressurized irrigation networks into sectors. Meanwhile, reductions in the energy requirements of center pivot and lateral-move irrigation machines have successfully been achieved by replacing the traditional impact sprinklers with spray sprinklers [10]. Martínez et al. [13] noted that reducing the operating pressure of the sprinkler and using low-pressure sprinklers can significantly decrease the operating cost. However, most of the studies on low-pressure sprinklers have been confined to fixed spray plate sprinklers (FSPSs) and rotating spray plate sprinklers (RSPSs) [14,15,16]. Studies conducted with solid-set rotating sprinklers, especially those working under low-pressure (lower than 300 kPa), are uncommon [8], even though solid-set rotating sprinklers have a wide application in agriculture, and are appropriate for sloping farmland and irregular fields [17].



As one of the core components of sprinkler irrigation systems, the sprinklers’ spray characteristics may directly affect irrigation performance and system cost. The characteristics of the droplets discharged by a water jet of an agricultural sprinkler have a major influence on evaporation and drift losses, impacting the infiltration capacity of the soil and distorting the water distribution pattern applied by the sprinkler [14,18]. The droplet characteristics primarily include the size, velocity, and kinetic energy, which depend on (1) the type of sprinkler, (2) the nozzle size, and (3) the working pressure [19]. The test technique for droplet characterization has developed from the use of flour pellets, oil immersion, and photographic methods to laser precipitation monitoring and the use of a two-dimensional video disdrometer [14,19]. Meanwhile, ballistic models and the upper limit lognormal distribution model have been used to predict the distribution of droplet sizes [20]. Based on the information about droplet sizes and velocities, the relationships between the droplet size and the working pressure, nozzle size, and distance to the sprinkler were established for different types of sprinklers by the aforementioned researchers. The kinetic energy of sprinkler water, which was determined by droplet characterization, was found to be the key parameter in determining the effects of sprinkler irrigation on soil properties [21]. When the kinetic energy of droplets impacted the soil surface and soil particles were detached, then the overland flow transporting the soil particles was the main process causing soil erosion [22,23]. Moreover, crust formation attributed to droplet impact was a problem for the emergence of the seedlings of crops such as sugar beets [24]. The previous studies played an important role in the development of sprinklers and the design of sprinkler irrigation systems. However, most of the studies focused on standard-pressure sprinklers [19,20] and spray plate sprinklers [14,15,21], but rarely for low-pressure rotating sprinklers used in solid-set irrigation systems. Due to the low degree of jet flow breakup under low working pressures, runoff was the largest potential water loss for low-pressure sprinkler irrigation systems [25].



The low-pressure rotating sprinkler was designed for use in solid-set sprinkler irrigation systems and can potentially achieve a high quality of water application under a low working pressure if the structure is properly designed. Zhang et al. [8] assessed whole-field sprinkler irrigation application uniformity of low-pressure and standard-pressure rotating sprinklers, but the droplet characteristics and kinetic energy distribution were not investigated. Due to the difficulty in measurement created by the discrete water streams emitted, research on the kinetic energy of sprinklers has been limited. Since the kinetic energy has a major influence on runoff and soil erosion from sprinkler irrigation [21], the effects of nozzle size and working pressure and their interaction on the kinetic energy and droplet characteristics of the sprinkler should be further studied. A comprehensive evaluation of the spray characteristics for the low-pressure rotating sprinkler is especially needed since this can help to avoid centralized distribution of kinetic energy due to low working pressure, while also lowering the system energy consumption by reducing the operating pressure reasonably. However, information on low-pressure rotating sprinklers provided by the manufactures is restricted to basic parameters such as available operating pressure ranges and flow rates [26], which does not offer information related to the kinetic energy and droplet size distribution.



Based on the above-mentioned considerations, the objective of this study was to determine the spray characteristics of a low-pressure rotating sprinkler. The rotation speed, distribution of water application, droplet size, velocity, and kinetic energy of the sprinkler were investigated. It also aimed to discover if these characteristics are affected by different factors, such as the working pressure and nozzle size. These results will be used to provide guidance for the development of low-pressure sprinklers and will also be helpful in improving the use of water for field irrigation by low-pressure sprinkler irrigation systems.




2. Materials and Methods


2.1. Sprinkler


A low-pressure rotating sprinkler (Nelson R33LP; Nelson Irrigation Co., Walla Walla, WA, USA) with three nozzle diameters of 4.4, 4.8, and 5.2 mm was used in the experiments. Figure 1 illustrates the components of the sprinkler. In order to determine the droplet characteristics under low working pressure, the operating pressure used in this study ranged from 100 to 300 kPa in intervals of 50 kPa, and the minimum working pressure was lower than the working pressure recommended by the manufacturer (175–350 kPa).




2.2. Experimental Setup and Procedure


The indoor experiments designed to evaluate the droplet characteristics of the low-pressure rotating sprinkler were performed at the Irrigation Laboratory of the Research Centre of Fluid Machinery Engineering and Technology (Jiangsu University, Zhenjiang City, Jiangsu Province, P.R. China). The design of the experimental setup was in accordance with the ISO 15886-3 and ASAE S398.1 standards [27,28]. Figure 2 includes a photograph and schematic of the experiment. Water was supplied from a constant-level reservoir by a frequency pump (5 m3 h−1, 580 kPa). The discharge flow rate of the sprinkler was measured by an electromagnetic flow meter with an accuracy tolerance of 0.5%. The sprinkler was installed 1.5 m above the ground level, and an Asmik MIK-Y190 model pressure gauge (0–600 kPa, accuracy 0.4%) was placed 0.1 m under the nozzle. A pressure valve was attached to control the water head at the inlet of the sprinkler.



The catch cans for determining the water application data were plastic containers with a 20-cm opening diameter and 54-cm height. The catch cans were placed on a level surface along two radii, which were determined by two lines extending from the sprinkler at a 90° angle. On the radii, the catch cans were spaced at 1-m intervals, with a 0.5-m radial increment used at the end of the wetted radius when necessary (Figure 2b). The end of each line of the catch cans was extended beyond the wetted area of the sprinkler for each combination of operating pressure and nozzle size in this study. The test time for determining the water distribution was 1 h, and the depth of water from each catch can was recorded immediately after each test [29]. The radial water application data were averaged for the water depth for the two radii of catch cans.



A two-dimensional video disdrometer (2DVD) (Joanneum Research Co., Graz, Styria, Austria) was used to measure the droplet size and velocity (Figure 2). As shown in Figure 3, two vertically disposed CCD cameras inside the instrument made linear scans of droplets passing through the test area and recorded the individual droplet size and the vertical and horizontal velocity components [26,30]. The measurement area of the 2DVD was 100 mm × 100 mm (Figure 3b), and its total height was 33 cm. The droplet size measurement principle of the 2DVD is illustrated in Figure 4; as water droplets passed through the test area, the widths of their shadows were scanned and recorded by the cameras, and the shadow widths were used to reconstruct each droplet’s shape in two dimensions. The two-dimensional shape of each droplet as determined by the two cameras was then used to reconstruct the three-dimensional shape of the droplet, and the droplet volume was also estimated. The droplet diameter was calculated using the equal volume of the sphere.



The water droplet velocity was determined by measuring the time required for the droplet to pass the two cameras (Figure 5). The measured velocity of an individual water droplet includes the vertical velocity and the horizontal velocity. The vertical velocity of a water droplet was calculated by Equation (1). The horizontal velocity of a water droplet was composed of the two-horizontal velocities of the droplet passing camera A and camera B, and the droplet horizontal velocity was calculated by Equation (2). The combined velocity of a water droplet was determined by the vertical velocity and the horizontal velocity, which was calculated using Equation (3).
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where vv is the vertical velocity of the droplet in m s−1; vh is the horizontal velocity of the droplet in m s−1; vc is the combined velocity of the droplet in m s−1.



In the radial test of kinetic energy distribution, the testing locations for the 2DVD was set at 1-m increments from the sprinkler along the spraying direction (Figure 2b). The duration of measurements at each radial location was at least 5 min, ensuring that the number of water droplets collected at each testing location was more than 5000.



The sprinkler time per rotation was measured using a stopwatch. The duration of measurements for each combination of nozzle size and working pressure was at least 10 min, and the number of turns of sprinkler rotation and the test time was recorded. The average rotation speed was used as the final experimental data.




2.3. Data Analysis


2.3.1. Droplet Size and Drop Velocity


The size distribution of the droplets discharged by the water jet of a sprinkler is important, as this can explain several processes related to water distribution [14]. In this study, the diameters of the measured water droplets ranged from 0.1 to 8.94 mm. The volume-weighted mean particle size (VMD) of droplets was adopted in this study and was calculated using Equation (4). For a given droplet diameter, the arithmetic mean velocity of droplets was calculated using Equation (5).
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where dV is the droplet VMD in mm; di is the diameter of the i-th droplet in mm; n is the number of droplets; ῡd is the mean velocity of a droplet of d-mm diameter in m s−1; vj is the velocity of the j-th droplet in m s−1; m is the number of droplets of d-mm diameter.




2.3.2. Droplet Angle


The trajectory angle when the droplet impacts the ground is an important index of sprinkler spray characteristics. The shear rate of the droplet creates a shear stress on the soil surface, which causes the detachment of soil particles from the soil surface and the transport of these soil particles, leading to soil erosion [31]. The droplet trajectory angle refers to the angle between the droplet’s landing direction and the horizontal ground. The mean droplet trajectory angle Adi (°) at the i-th radial location was calculated using Equation (6).
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where Ndi is the number of droplets measured at the i-th radial location; vvj is the vertical velocity of the j-th droplet in m s−1; vcj is the combined velocity of the j-th droplet in m s−1.




2.3.3. Kinetic Energy


The kinetic energy (Esd) of a single droplet was calculated using Equation (7):
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where Esd is the kinetic energy of the single droplet in J; ρw is the mass density of water in kg m−3; d is the droplet diameter in m; vd is the velocity of the droplet with a diameter of d m in m s−1.



The kinetic energy per unit sprinkler discharge, KEdi (J L−1), at the i-th radial location for each sprinkler was calculated using Equation (8) [31,32].
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where Ndi is the number of droplets measured at the i-th radial location; dj is the measured diameter of the j-th droplet in m. The resulting value represents the average kinetic energy per liter of droplet volume applied at the i-th radial measurement location.



The specific power (SP in W m−2), at the i-th radial location was computed for each sprinkler using Equation (9) [31,32].


  S  P i  = K  E  d i     ×     A  R i    3600    
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where ARi is the application rate associated with the i-th radial location in mm h−1. Specific power represents the rate at which kinetic energy is transferred to the soil surface.




2.3.4. Performance function


The performance of proposed empirical equations for predicting the various variables were evaluated using the Root Mean Squared Error (RMSE) as presented in Equation (10):
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where n is the measurement time; ymea,i is the VMD through measurement in mm; ycal,i is the VMD through the calculation in mm.






3. Results and Analysis


3.1. Sprinkler Rotation


The sprinkler rotation speed is one of the variables that influence the sprinkler spray characteristics. Table 1 gives the sprinkler time per rotation of the three nozzles under five different working pressures. It can be seen that the sprinkler rotation time decreased with increasing working pressure. Nonlinear regression analysis was conducted to examine the effects of the working pressure and nozzle size on the sprinkler rotation speed. The results demonstrate that working pressures have a significant influence on the rotation speed of the low-pressure rotating sprinkler (p < 0.01), while the sprinkler rotation speed was not affected by the nozzle size (p = 0.77). This result is not in accordance with the rotation of the RSPS reported by Liu et al., who found that the rotation time of the RSPS decreases with increasing nozzle size [33]. As the functioning principles of the R33LP and RSPS are different, the R33LP sprinkler has a more complex structure than that of the RSPS, the damping parts of the R33LP may also have a greater influence on the sprinkler rotation time.




3.2. Radial Water Application Rate


The radial water application rate of the sprinkler with the three nozzle sizes under different working pressures is represented in Figure 6. The radial application rate of the sprinkler presented a unimodal distribution under the lowest working pressure of 100 kPa. The peak values of application rate at the lowest working pressure of 100 kPa were 8.51, 7.28, and 11.35 mm h−1 for nozzle sizes of 4.4, 4.8, and 5.2 mm, respectively. That was because when the working pressure was low, the breakup degree of the jet flow released from the sprinkler was low, leading to an insufficient diffusion of water along the radial direction, which easily formed a high peak value of the application rate. As the working pressure increased, the peak value of the application rate decreased, and the radial water distribution of the sprinkler became more uniform. At a given working pressure, the application rate of the sprinkler increased with an increase in the nozzle size (Figure 6). Taking the working pressure of 250 kPa as an example, the average application rates of the sprinkler were 1.97, 2.17, and 2.64 mm h−1 at the nozzle diameters of 4.4, 4.8, and 5.2 mm, respectively. In addition, it can be seen from Figure 6 that the wetted radius of the sprinkler increased with the increases in working pressure and nozzle size.



As shown in Figure 6, the error bars for the application rate for all nozzle sizes were largest under the lowest working pressure of 100 kPa, which illustrates a non-uniform water distribution in a circular direction. This can be explained because under the lowest pressure of 100 kPa, the impact force from the nozzle to the plate was not sufficiently large to overcome its resistance, and an unstable rotation was observed, which made the rotation speed randomly decrease; hence, the error bars became large. Therefore, the difference in peak error values for the three nozzles can be attributed to the different rotation speeds of the nozzles. At the lowest working pressure of 100 kPa, the peak error values for the application rate were 3.49, 1.08, and 2.17, and the sprinkler times per rotation were 184.86, 113.25, and 162.86 s (Table 1) for the nozzle sizes of 4.4, 4.8, and 5.2 mm, respectively. With an increase in working pressure, the impact force increased, the rotation speed of the sprinkler increased, and the error bars became small. Consequently, the rotation speed of the sprinkler influenced spray uniformity. If the rotation speed is unstable, the water distribution of the sprinkler is non-uniform in the circular direction.




3.3. Droplet Size


The VMDs of the sprinkler under different operating pressures are shown in Figure 7. The droplet diameter increased exponentially with distance from the sprinkler, in accordance with the previous studies [14,19,34]. However, the sprinklers of interest in these studies were impact sprinklers and FSPSs. As seen in Figure 7, the droplet VMD values at the same distance from the sprinkler decreased with increasing working pressures, which verified the conclusion of Montero et al. [35] that the working pressure is the main factor affecting the droplet-size distribution of the sprinkler.



As seen in Figure 7, with an increase in the distance from the sprinkler, the droplet VMD values reached the maximum at the perimeter of the radius of throw. Under working pressures of 100, 150, 200, 250, and 300 kPa, the maximum VMD values for the nozzle size of 4.4 mm were 3.29, 4.12, 3.94, 2.94, and 2.79 mm, those for the nozzle size of 4.8 mm were 4.18, 4.41, 5.31, 3.42, and 4.22 mm, and those for the nozzle size of 5.2 mm were 5.96, 4.54, 2.99, 3.39, and 3.29 mm, respectively. It can be seen that the maximum VMD values increased initially and then decreased or decreased with the increase in working pressure. For most sprays, the formation process of water droplets was that (1) the water ejected from the nozzle and formed a jet, and then (2) through oscillation and air drag, the jet was finally broken into small water droplets. The droplet diameters were related to the thickness of the jet. Generally, the thicker the jet was, the larger the droplets were [36]. When the working pressure increased, the flow rate of the sprinkler increased, and the thickness of the jet also increased, resulting in an increase in the droplets’ size. However, above a critical point, due to the effects of air drag and liquid surface tension, the coarse droplets broke up into fine droplets [14]. Therefore, when the working pressure increased to a critical point, the maximum VMD values of the sprinkler decreased. An independent sample t-test was used to test the significance in droplet VMD under different working pressures, nozzle sizes, and distances from the sprinkler.



The results indicate that the effects of the working pressure and distance from the sprinkler on droplet VMD were significant (p < 0.01), but the effect of the nozzle size on droplet VMD was not significant (p = 0.147). Considering the factors of the working pressure, distance to the sprinkler, and nozzle size on the influence of droplet VMD distribution, an empirical equation of VMD can be derived Equation (10).


   d V  = 0.267 + 240.32  D  − 0.416    P  − 1.198    e  0.226 x    (   R 2  = 0.897  )   



(11)




where dV is the estimated VMD value in mm; D is the nozzle diameter in mm; P is the working pressure in kPa; x is the distance from the sprinkler in m. The accuracy between the measured and calculated VMD values was evaluated by Equation (10). The value of RMSE is 0.351 and that of R2 is 0.897 indicating a good agreement between observed and estimated VMD values.



The cumulative volume percentages of different droplet sizes at given distances from the sprinkler are presented in Figure 8 for different working conditions. The gradients of the cumulative volume were greater when the droplets were near the sprinkler, and the droplet size was small. However, the cumulative droplet volume distribution of the low-pressure sprinkler is different from conventional sprinklers, such as spray plate sprinklers and complete fluidic sprinklers. With an increase in the distance from the sprinkler, the cumulative droplet volume of fine droplets (d < 1 mm) decreased initially and then increased. For example, under the operating pressure of 200 kPa and distances from the nozzle of 2, 4, 6, 8, 10, and 12 m, the cumulative volume percentages of fine droplets (d ≤ 1 mm) with the nozzle size of 4.4 mm were 100%, 96.16%, 83.86%, 72.27%, 81.69%, and 94.57%, respectively, those of fine droplets with the nozzle size of 4.8 mm were 100%, 97.14%, 85.60%, 82.47%, 85.95%, and 94.66%, respectively, and those with the nozzle size of 5.2 mm were 99.99%, 97.12%, 83.75%, 84.83%, 84.60%, and 98.06%, respectively. These results differ from those of other studies, which found that the cumulative volume percentages of fine droplets decreased with an increase in distance from the sprinkler [14,19]. This may be attributed to the differences in the structure and functioning principle of the sprinkler. The low-pressure sprinkler has a diffuser in front of the plate, which can promote the breakup of the jet and change the droplet size distribution pattern. However, for spray plate sprinklers and complete fluidic sprinklers, jets break up into fine spray due to dominant forces, such as drag and surface tension, that influence droplet size [14]. Additionally, the droplets deposited at each observed distance were not of the same diameter but varied (Figure 8), implying that the process of droplet formation and breakup is continuous along the jet.




3.4. Droplet Velocity


Droplet velocity is one of the important characteristic indexes that influence the droplet kinetic energy. Figure 9 represents the relationship between droplet mean velocity and the droplet diameter of the sprinkler with the nozzle size of 4.8 mm under three different working pressures. It can be seen that the droplet mean velocities increased as droplet diameters increased under different working conditions. An independent sample t-test was used to test the significance in droplet mean velocity under different droplet diameters and distances from the sprinkler. The results indicate that the effect of the droplet size on droplet mean velocity was significant (p < 0.01), but the effect of the distance from the sprinkler on droplet mean velocity was not significant (p = 0.143). In previous studies [14,30], a logarithmic relation was derived between droplet diameter and mean droplet velocity Equation (12).


    v ¯  d  = a ln  ( d )  + b  



(12)




where ῡd is the mean velocity of a droplet of d mm in diameter in m s−1; a and b are coefficients. The coefficients were obtained using regression analysis for each nozzle size and working pressure combination.



The logarithmic relationships between droplet mean velocity and diameter are shown in Table 2. The R2 values are greater than 0.837 in all cases, indicating a good overall fit between droplet velocity and diameter.



As seen in Figure 9 and Table 2, at a given droplet diameter, the mean droplet velocity increased with an increase in the working pressure. Taking the nozzle size of 5.2 mm as an example, the mean velocities of a droplet of 1 mm in diameter under operating pressures of 100, 200, and 300 kPa were 3.62, 3.77, and 3.85 m s−1, those of a droplet with a diameter of 2 mm were 5.66, 6.08, and 6.58 m s−1, and those of a droplet with a diameter of 3 mm were 6.89, 7.53, and 7.74 m s−1, respectively. The effect of the working pressure on droplet velocity can be attributed to the flow rate of the sprinkler increasing with the increasing working pressure. The flow rate (Q, m3 s−1) is equal to the velocity of the jet (v, m s−1) multiplied by the cross-sectional area of the nozzle (A, m2; Q = Av). As a given nozzle size, the velocity of the jet increases with the increasing flow rate. Therefore, the velocity of the droplet increased with an increase in the working pressure. The result of the significance test showed that the effect of nozzle size on droplet velocity was not significant (p = 0.319).



Considering the influence of the factors of working pressure and nozzle size on mean droplet velocity, an empirical equation of droplet mean velocity can be derived Equation (13).


    v ¯  d  = 4.287 + 0.259  D  0.636    P  0.252   ln d  (   R 2  = 0.905  )   



(13)




where ῡd is the mean velocity of a droplet of d mm in diameter in m s−1; D is the nozzle diameter in mm; P is the working pressure in kPa.




3.5. Droplet Angle


The mean values of the droplet angle versus the distance from the sprinkler are shown in Figure 10. Contrary to the results for droplet diameter and velocity, the mean trajectory angle of the droplets decreased with an increase in the distance from the sprinkler. Meanwhile, the mean trajectory angle of the droplets at the same distance from the sprinkler increased with increasing operating pressures. It can be attributed to the wetted radius increased with an increase in working pressure. Taking the nozzle size of 4.8 mm as an example, under the working pressures of 100, 200, and 300 kPa, the mean droplet angles at a distance from the sprinkler of 3 m were 84.24°, 84.75°, and 85.82°, those at a distance from the sprinkler of 6 m were 54.76°, 77.82°, and 84.30°, and those at a distance from the sprinkler of 10 m were 55.83°, 58.44°, and 64.73°, respectively. Due to the same elevation angle of the sprinkler plate for the three nozzles, the result of the significance test showed that the effect of nozzle size on the mean droplet angle was not significant (p = 0.734).




3.6. Kinetic Energy


The kinetic energy per unit droplet volume (KEdi) values at different distances from the sprinkler are presented in Figure 11. The KEdi value near the sprinkler was low in all cases and increased with an increase in the distance from the sprinkler. The analysis of variance showed that working pressure had a significant effect on the KEdi (p < 0.01). At the same radial location, the KEdi decreased with increasing working pressure, which was similar to the effect of the working pressure on the droplet size. In addition, under the low working pressures of 100 and 150 kPa, the maximum KEdi value increased with an increase in nozzle size. Under the lowest working pressure of 100 kPa, the maximum KEdi values with nozzle sizes of 4.4, 4.8, and 5.2 mm were 22.24, 27.92, and 33.97 J L−1, and they were 29.69, 30.54, and 32.23 J L−1 under the working pressure of 150 kPa. Considering the influence of the factors of working pressure, nozzle size, and distance from the sprinkler on KEdi, Equation (14) gives an empirical equation for KEdi.


  K  E  d i   = 16.553  D  0.077    P  − 0.394   i − 2.529  (   R 2  = 0.896  )   



(14)




where D is the nozzle diameter in mm; P is the working pressure in kPa; i is the distance from the sprinkler in m.



Specific power represents the rate at which kinetic energy is transferred to the soil surface; it is also referred to as droplet energy flux [37]. The radial SP of the low-pressure sprinkler was calculated based on the droplet diameter, droplet velocity, and water application rate at each sampling point (Figure 12). Under the low pressures of 100 and 150 kPa, along the wetted radius, the computed SP value increased and then decreased, with a peak value at a certain distance. When the working pressure increased from 100 to 300 kPa, the peak value of SP decreased, and the radial SP distribution of the sprinkler became more uniform. Under the working pressures of 100, 150, 200, 250, and 300 kPa, the peak SP values with the nozzle size of 4.4 mm reached 0.023, 0.033, 0.018, 0.012, and 0.013 W m−2, those with the nozzle size of 4.8 mm were 0.038, 0.036, 0.018, 0.015, and 0.017 W m−2, and those with the nozzle size of 5.2 mm were 0.091, 0.029, 0.022, 0.019, and 0.017 W m−2, respectively. The peak value of SP increased with an increase in the nozzle size under the same working pressure. Since the SP value depended on the water application rate, the effects of working pressure and nozzle size on SP were similar to those of pressure and nozzle size on the application rate. The maximum SP value was observed for the sprinkler with the largest nozzle size under the lowest working pressure in all cases, as illustrated in Figure 12.



As seen in Figure 12, when the distance from the sprinkler was less than 6 m, the SP was less than 0.012 W m−2; this is due to the low droplet velocity and small droplet size near the sprinkler. The peak values and distances of peak points of SP and application rate from the sprinkler are shown in Table 3. It can be seen that the peak points of application rate and SP for the low-pressure sprinkler were almost overlapping. Although the size and velocity of water droplets reached their maximum values at the outer end, the peak value of SP was not at the outermost end of the wetted radius, and the rapid decrease in sprinkler application rate led to the decrease in SP. Furthermore, although the droplet velocity was lower under the lowest operating pressure of 100 kPa, the high application rate of the sprinkler led to a high SP value. Therefore, the SP peak occurs only when the droplet size, velocity, and application rate are maintained at a high level. The high kinetic energy of spray water results in a soil surface seal, which often reduces the infiltration rate and promotes runoff, resulting in soil erosion and a waste of water resources.





4. Discussion


Operating pressure has been reported to be a significant influence on water distribution [8], while its influence on kinetic energy distribution has been rarely mentioned [26], especially for low-pressure sprinklers. Due to the low breakup degree of the jet flow under low working pressure, the specific power and application rate under 100 kPa were significantly higher than those under other working pressures (Figure 6 and Figure 12). It is easy to lead a lower infiltration rate and increase the formation of surface seal and runoff [34]. Meanwhile, the specific power increased with increasing nozzle size. Therefore, it is not recommended to equip the sprinkler with a large nozzle under low working pressure.



The droplet size and kinetic energy per unit droplet volume increased with the increase in distance from the sprinkler and reached a maximum at the edge of the wetted area [Figure 7 and Figure 11]. In the design of sprinkler, low specific power and uniform kinetic energy distribution can be obtained if the water application rate can be decreased along the radial direction.



When designing an irrigation system, often the application rate is the factor that designers consider above all others in selecting a sprinkler unit because the aim of irrigation is to satisfy the water requirements of the crop and maintain crop yield [10,34]. Since the low-pressure sprinkler is not recommended to equip with a large nozzle, the flow rate and average water application rate of the sprinkler are lower. For crops with higher water requirements, using low-pressure sprinklers means longer irrigation time is needed. The benefits associated with lower working pressure may be negated by the longer working time. Therefore, low-pressure sprinkler irrigation may be more applicable for crops with lower water requirements and for irrigation on sensitive crops and soils. This study could enable designers to properly analyze the water distribution patterns, drift, and evaporation losses and the kinetic energy of droplets produced by the sprinkler, and the results may be helpful in the better use of water by low-pressure sprinklers. The effects of the kinetic energy of low-pressure rotating sprinklers on soil water dynamics should be further investigated.




5. Conclusions


The spray characteristics of a low-pressure rotating sprinkler were evaluated in this study. The droplet characteristics were measured using a 2DVD, and the kinetic energy was calculated based on the experimental data. The results were as follows.



	(a)

	
The relations among mean droplet diameter, working pressure, sprinkler nozzle, and distance from sprinkler were indicated by the droplet diameter model in this paper. The relationships between the droplet velocity and droplet diameter were described by a logarithmic function model. The correlation coefficients of these models reached as high as 0.9 under different working pressures and nozzle sizes.




	(b)

	
An empirical equation was developed to estimate the kinetic energy per unit droplet volume at different distances from the sprinkler as functions of the working pressure and nozzle size. With an increase in working pressure, the peak specific power and application rate decreased while the rotation speed and droplet trajectory angle increased.




	(c)

	
The working pressure of the sprinkler should not be below 150 kPa since the quality of the water application decreased under the lowest working pressure of 100 kPa. It is necessary to select the nozzles adapted to the working pressure of the sprinkler irrigation system.
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Figure 1. Components of the low-pressure rotating sprinkler. 
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Figure 2. View inside the laboratory test facility: (a) photo; and (b) schematic. 
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Figure 3. Two-dimensional video disdrometer (2DVD) (a) and testing area of the 2DVD (b). 
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Figure 4. Principle of droplet size measurement. 
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Figure 5. Principle of droplet velocity measurement. 
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Figure 6. Radial application rate under different working pressures. (a) D = 4.4 mm, (b) D = 4.8 mm, (c) D = 5.2 mm. 
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Figure 7. Droplets volume-weighted mean particle size (VMD) values versus distance from the sprinkler under different pressures. (a) D = 4.4 mm, (b) D = 4.8 mm, (c) D = 5.2 mm. 
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Figure 8. Droplet cumulative volume of the sprinklers with the nozzle size of 4.4 mm under the working pressures of (a) 100 kPa, (b) 200 kPa, (c) 300 kPa, and nozzle sizes of (d) 4.8 mm and (e) 5.2 mm under the working pressure of 200 kPa. 
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Figure 9. Relationships between droplet mean velocity and droplet diameter of the sprinkler with a nozzle size of 4.8 mm under different working pressures. (a) P = 100 kPa, (b) P = 200 kPa, (c) P = 300 kPa. 
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Figure 10. Mean droplet trajectory angle versus distance from the sprinkler for three nozzle sizes under different working pressure. 
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Figure 11. Per unit droplet volume kinetic energy distribution in different distances from the sprinkler. (a) D = 4.4 mm, (b) D = 4.8 mm, (c) D = 5.2 mm. 
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Figure 12. Radial distribution of specific power under different working pressures. (a) D = 4.4 mm, (b) D = 4.8 mm, (c) D = 5.2 mm. 
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Table 1. Sprinkler rotation time under different working pressures.
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Rotation Time (s/Rotation)




	
Nozzle Size (mm)

	
Working Pressure (kPa)




	
100

	
150

	
200

	
250

	
300






	
4.4

	
184.86

	
97.50

	
64.57

	
47.23

	
38.27




	
4.8

	
113.25

	
73.09

	
51.80

	
39.65

	
30.94




	
5.2

	
162.86

	
92.14

	
58.62

	
41.08

	
30.80
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Table 2. Logarithmic relationships between droplet mean velocity and diameter under different working pressures and their R2 values.
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Nozzle Size (mm)

	
Working Pressure (kPa)

	
Relational Expression

	
R2






	
4.4

	
100

	
     v ¯  d  = 2.115 ln d + 4.102   

	
0.934




	
200

	
     v ¯  d  = 2.541 ln d + 4.203   

	
0.950




	
300

	
     v ¯  d  = 3.119 ln d + 4.499   

	
0.837




	
4.8

	
100

	
     v ¯  d  = 2.403 ln d + 4.057   

	
0.969




	
200

	
     v ¯  d  = 2.597 ln d + 4.232   

	
0.963




	
300

	
     v ¯  d  = 2.394 ln d + 4.244   

	
0.965




	
5.2

	
100

	
     v ¯  d  = 2.350 ln d + 4.171   

	
0.920




	
200

	
     v ¯  d  = 3.287 ln d + 4.480   

	
0.902




	
300

	
     v ¯  d  = 2.714 ln d + 4.555   

	
0.928
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Table 3. Distances of peak points and peak values of specific power and application rate from the sprinkler.
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Nozzle Size (mm)

	
Pressure (kPa)

	
ARm_i (m)

	
SPm_i (m)

	
ARm (mm h−1)

	
SPm (W m−2)






	
4.4

	
100

	
9.5

	
9

	
8.507

	
0.023




	
150

	
11

	
11

	
3.975

	
0.033




	
200

	
10.5

	
12

	
2.410

	
0.018




	
250

	
10.5

	
11

	
2.432

	
0.012




	
300

	
7

	
13

	
2.735

	
0.013




	
4.8

	
100

	
9.5

	
9

	
7.280

	
0.038




	
150

	
11

	
11

	
4.190

	
0.036




	
200

	
10.5

	
12

	
2.450

	
0.018




	
250

	
8

	
11

	
3.125

	
0.015




	
300

	
8

	
9

	
3.605

	
0.017




	
5.2

	
100

	
10

	
10

	
11.354

	
0.091




	
150

	
11.5

	
12

	
3.720

	
0.029




	
200

	
8

	
11

	
3.672

	
0.022




	
250

	
8

	
9

	
4.224

	
0.019




	
300

	
9

	
9

	
4.525

	
0.017








Note: ARm_i is the distance of the peak point of the application rate from the sprinkler. SPm_i is the distance of the peak point of specific power from the sprinkler. ARm is the peak value of the application rate. SPm is the peak value of specific power.
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