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Abstract

:

Crops are highly susceptible to drought in sloping land. Due to its good adaptability to complex terrain, sprinkler irrigation is one of the commonly used methods for sloping land. To improve water application uniformity for sprinkler irrigation on sloping land, an experiment was conducted on an artificial slope to determine the effects of pulsating versus constant pressure on sprinkler flow rate, radius of throw, water distribution pattern, and water application uniformity. Compared with sprinkler flow rate and water distribution uniformity at constant pressure, sprinkler flow rate was not reduced, but water distribution uniformity for a single sprinkler was improved due to the decreased uphill throw, downhill throw and the ratio of downhill throw to uphill throw at pulsating pressure. The Christiansen Uniformity Coefficient (CU) value of water distribution for a single sprinkler at pulsating pressure was about 10% higher than that of constant pressure. When water distribution of single sprinkler overlapped with rectangular arrangement, CU values for pulsating pressure were on average 4.06% higher than those for constant pressure with different sprinkler spacings. Thus, pulsating pressure is recommended for use in sprinkler irrigation on sloping land to improve water application uniformity.






Keywords:


sprinkler irrigation on sloping land; pulsating pressure; constant pressure; water distribution; water application uniformity; radius of throw












1. Introduction


At present, slope farmland totals about 33.33 million ha, covering 1/4 of the total cultivated area in China, and it is prevalent in many other areas of the world [1]. Slope farmland becomes more and more important for food production for two reasons: (1) the rapid global population growth; and (2) with the development of the global economy, much flat land for agriculture has been occupied by houses, factories, roads, etc. However, crops are highly susceptible to drought in sloping farmland, because the ability of soil water retention is poor and the traditional surface irrigation method is inappropriate for sloping farmland due to terrain slope [2].



Drip irrigation and sprinkler irrigation are commonly used methods for sloping land because of their good adaptability to complex terrain. At present, many studies focus on drip irrigation in a field with variable surface topography [3,4]. However, there is lack of studies regarding sprinkler irrigation on sloping land. Water distribution pattern for a single sprinkler on slope is different from that on flat ground. Water distribution curves are approximated to be a group of concentric circles, whose center is the sprinkler on flat ground, and water application rates at the same distance from the sprinkler are almost the same. However, the water distribution curve is similar to a “heart” on slope, and water application rate for uphill is greater than that for downhill at the same distance from the sprinkler, resulting in poor water application uniformity [5,6]. The effect of bed slope on uniformity of water and soil moisture distribution in solid-set sprinkler systems was investigated by Montazar and Moridnejad [7]. They revealed that the uniformity coefficient of soil moisture is more sensitive to the uniformity coefficient of water application than to bed slope, and the fields with milder bed slopes are more suitable for improving uniformity of soil moisture distribution. Cisneros Espinosa et al. [8] conducted field experiments to determine the maximum application rates that cause zero runoff for slopes above 16% for low-cost sprinkler systems. It was found that for all soils the maximum allowable application rate decreases as the field slope increases. In addition, Keller and Bliesner [9] expanded their table with maximum application rates with indicative application rates for field slopes larger than 16%. Since it is difficult to obtain water distribution pattern, a model for simulating water distribution pattern of a single sprinkler on sloping land was established by Chen et al. [10], based on the theory of dynamics, equations of airborne water droplets and principle of water balance.



The above research is very useful for system design and technology development of sprinkler irrigation on sloping land. However, these studies mainly focus on water distribution characteristic and soil water infiltration. There is a lack of effective approach for improving water application uniformity of sprinkler irrigation on sloping farmland. Uniform water distribution is critical for effective slope irrigation. In past decades, the adjustment of sprinkler head installation was usually used to increase water distribution uniformity. Li [11] analyzed the effect of angle into the slope for sprinkler head installation on the rotating uniformity and radius of throw, and pointed out that suitable riser angles were 10° and 25° for surface slopes of 15–20° and 25–40°, respectively. Influence of slope and sprinkler head installed angle on water distribution uniformity was studied by Soares [12]. The result shows that the best water application uniformity can be obtained when the sprinkler head is installed perpendicular to the slope. Furthermore, part-circle sprinklers are often used to match the desired area of coverage on slope, but it can increase the cost of sprinkler system due to decreased lateral spacing. The above two methods are useful for improving uniformity, but limited.



Water supply technology with pulsating pressure has been applied in irrigation in recent years. A study of labyrinth emitter clogging was conducted to determine the effects of pulsating versus constant pressure on average emitter flow rate, the Christiansen uniformity coefficient and the location of clogged emitters by Zhang et al. [13], who recommended pulsating pressure for use in drip irrigation to prevent emitter clogging. Ge et al. [14] measured the water application rate and kinetic energy distribution in radial direction for Nelson D3000 nozzle at pulsating pressure and constant pressure. The results show that the water application rate and kinetic energy distribution of Nelson D3000 nozzle could be effectively improved by pulsating pressure.



In this study, an experiment on water distribution pattern at pulsating pressure and constant pressure was conducted on the artificial slope, and the effects of pulsating pressure and constant pressure on sprinkler flow rate, radius of throw, water distribution for single sprinkler and water application uniformity were analyzed. Based on this, a new approach to improve water application uniformity for sprinkler irrigation on sloping land was proposed.




2. Materials and Methods


2.1. Experimental Setup


The experiment was conducted at Irrigation Hydraulics Laboratory, Northwest A&F University, Yangling, China. The experimental apparatus consisted of the automatic pressure control system, sprinkler, height adjustable bracket and the steel tank, catch-can, sprinkler screen, pressure transducer, magnetic flow rate meter, other necessary test equipment, etc., as shown in Figure 1.



The pulsating pressure was produced by an automatic pressure control system that consisted of a programmable logic controller (PLC), variable-frequency drive (VFD), and a centrifugal pump with an electric motor. 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 pulsating pressure (such as trigonometric function, sinusoidal function, trapezoidal function, etc.), the maximum pressure, the minimum pressure and the period of a function for pulsating pressure can be set in the program. Moreover, the electric motor speed of the centrifugal pump was controlled by the VFD to produce the expected pulsating pressure.



The Rainbird LF1200 sprinkler, which is very commonly used in agricultural irrigation, was selected for the study. The nozzle is 2.76 mm, elevation angle is 12°, and the recommended operating pressure range is from 210 kPa to 410 kPa for the sprinkler.



The experimental slope surface was artificially constructed by 60 height adjustable brackets and 48 steel channels with the length of 3.0 m and width of 0.15 m. There were totally 12 rows of brackets, and the length of each row was 12 m with 5 brackets in a row and 3 m bracket spacing. The horizontal distance between two rows was 1 m. The height of brackets in each row was calculated according to the experimental slope, and the actual height was adjusted according to the calculation. Four steel channels were put on each of the 5 brackets in each row to make an experimental slope surface with a length of 12 m and width of about 11 m.



Catch-cans were white plastic containers with the opening diameter of 10.6 cm and height of 14.0 cm, and they were placed in the steel tanks and arranged by grid. The grid size on the ground projection was 1 m × 1 m. There were 12 lines and 11 catch-cans on each line, and there were totally 121 catch-cans.



A sprinkler screen was constructed to prevent water from splashing on the electronic instruments. The pressure transducer was a Xi’an Xinmin model CYB, with a range from 0 to 500 kPa at ±0.1% accuracy. The pressure transducer wrapped in plastic bag was installed at the inlet of the sprinkler. The magnetic flow meter was a 25-mm Beijing Top Meter. The pressure transducer and the flow meter were connected to a data logger. The pressure and flow rate were recorded at 5-s intervals by the data logger during each 1-h sprinkler test, and then the average pressure and flow rate were calculated for each test.



For convenience of the test, the sprinkler was installed vertically at the bottom and top of the slope, respectively. The riser height was 30 cm according to the manufacturer recommendation. For the given operating pressure, the sprinkler was installed at the top of the slope firstly, and water distribution on the downhill was recorded. After the 1-h test, the sprinkler was installed at the bottom of the slope, and water distribution on the uphill was recorded under exactly the same experimental conditions. The combination of water distribution on the downhill and uphill was the water distribution on the whole slope surface.




2.2. Experimental Method


The sprinkler was tested with two different pressure models including the constant pressure and the pulsating pressure, using the same slope. The slope was 15%, which is expressed as a ratio: rise to run (increase in elevation over a horizontal distance). The constant pressure was determined as 300 kPa. The model of pulsating pressure was set as a sine wave function, and the average value of pulsating pressure was also set at 300 kPa, which was the same as the value of constant pressure. To ensure the sprinkler operated within the recommended pressure range, the maximum value of pulsating pressure was 400 kPa, and the minimum value of pulsating pressure was 200 kPa, and the period for pulsating pressure was 0.51 T0, 0.80 T0, 0.97 T0, 1.03 T0, 1.20 T0 and 1.49 T0 (“T0” means the time for sprinkler running per circle at the constant pressure of 300 kPa, and the value of “T0” here Was 17.5 s.), respectively. Hence, there were totally seven experimental trials. To obtain reliable experimental data, three replications for each trial were conducted. Each trial included two 1-h tests, that is, water distribution measured for uphill and downhill. According to International Standard (ISO15886) [15], radius of throw is the distance measured from the centerline of a continuously-operating sprinkler to the most remote point at which the sprinkler deposits water at the minimum effective water application rate (application rate equaling to or exceeding 0.26 mm/h for sprinklers with flow rates exceeding 75 L/h).The constant pressure and pulsating pressure (taking the period of 1.20 T0 as an example) measured by the pressure transducer in the experiment are shown in Figure 2.



Before water distribution measurements, relationships between pressure and flow rate were obtained for two different pressure models. To obtain these relations, the sprinkler was tested at five different constant pressures (200, 250, 300, 350 and 400 kPa) and five different pulsating pressures (average values of pulsating pressures were set at 200, 250, 300, 350 and 400 kPa, respectively; amplitudes of pulsating pressures were all 100 kPa; and periods for pulsating pressures were all 1.03 T0), and corresponding flow rates were measured. Each test duration was 1 h, during which pressure and flow rate measurements were automatically recorded every 5 s, and the average was taken.



The Christiansen Uniformity Coefficient (CU) is the most usually used indicator to assess sprinkler irrigation water application uniformity in agriculture [16,17,18]. CU can be calculated by Equation (1):


CU=100[1−∑i=1n|Vi−V¯|∑i=1nVi]



(1)




where Vi is the measured volume from an individual catch-can; and V¯ is the average measured volume of all catch-cans. In addition, volumes can be replaced by depths in Equation (1).



Catch3D is a mathematical model that can be used to analyze the measured performance data for sprinklers in agriculture, emphasizing water application uniformity calculation [19]. It was used for some calculations of the results presented herein.





3. Results and Discussion


3.1. Sprinkler Flow Rate


Flow rate is an important index for assessing the performance of sprinkler [20,21]. The relationship between average pressure and flow rate at the constant pressure and the pulsating pressure is shown in Figure 3. As shown in Figure 3, the pressure–discharge relation curve for the constant pressure almost coincided with that of the manufacturer’s published data, confirming that the measured flow rates are representative of a given sprinkler’s performance. In addition, the pressure–discharge relation curve for the pulsating pressure was close to that for the constant pressure. The relative difference of flow rate between the pulsating pressure and the constant pressure was within 1% at the same average pressure, indicating there was no reduction in water supply capacity for sprinkler irrigation using the pulsating pressure. Although the pulsating pressure changed as a sine wave function periodically with time, the average of pulsating pressure was the same as the constant pressure.




3.2. Sprinkler Radius of Throw


3.2.1. Measured Radius of Throw at Pulsating Pressure on Sloping Land


Radius of throw is another important index for assessing the performance of sprinkler [22,23]. The design of sprinkler spacing and lateral spacing was primarily based on radius of throw. Radii of throw are given in Table 1, where the slope is 15% and the constant pressure and the average of pulsating pressure are both 300 kPa. As shown in Table 1, the effects of period for pulsating pressure on uphill throw and downhill throw were both non-significant, because no matter on uphill or downhill, values of throw radius for different periods for pulsating pressure were very similar. Standard deviations of uphill throw and downhill throw were 0.03 m and 0.05 m, respectively. However, the pressure model had obvious influence on radius of throw. Compared with those for constant pressure, uphill and downhill throw for pulsating pressure decreased, and the magnitude of the decrease for downhill throw was larger than that for uphill throw. Uphill and downhill throw for pulsating pressure were about 0.15 m and 0.64 m shorter than those for constant pressure, respectively.



To find the reason radius of throw for pulsating pressure was shorter than that for constant pressure, the uphill throw and downhill throw on the slope of 15% at various constant pressures were measured, as shown in Figure 4. As shown in Figure 4, the uphill throw decreased from 8.75 m to 7.48 m and the magnitude of the decrease was 1.27 m when the pressure decreased from 300 kPa to 200 kPa. The uphill throw increased from 8.75 m to 9.00 m and the magnitude of the increase was only 0.25 m when the pressure increased from 300 kPa to 400 kPa. Thus, the magnitude of the uphill throw increase with increased pressure from 300 kPa to 400 kPa could not compensate the magnitude of the uphill throw decrease with decreased pressure from 300 kPa to 200 kPa. Therefore, the uphill throw for pulsating pressure was shorter than that for constant pressure of 300 kPa. The same conclusion could be reached for the downhill throw.



Additionally, it shown in Table 1, the average difference between uphill throw and downhill throw for pulsating pressure was about 0.50 m smaller than that for constant pressure. Compared with the ratio of downhill throw to uphill throw for constant pressure, the ratio for pulsating pressure decreased and the average magnitude of the decrease was about 0.056, suggesting the ratio of the wetted area on downhill to that on uphill also decreased. Theoretically, the water volume from the sprinkler to downhill was almost the same as that to uphill both for constant and pulsating pressures, not taking into account the uniformity for the sprinkler rotating speed. Thus, compared with constant pressure, the ratio of the average application rate on uphill to that on downhill reduced, which is helpful to improve the single sprinkler irrigation water application uniformity.




3.2.2. Calculated Radius of Throw at Pulsating Pressure on Sloping Land


The model of pulsating pressure used in the experiment was set as a sine wave function, which can be expressed by Equation (2):


Hi=Asin(2πtiT)+Ha



(2)




where ti is the sprinkler running time in second; Hi is the sprinkler instantaneous operating pressure at the time ti in kPa; A is the amplitude of pulsating pressure in kPa; T is the period for pulsating pressure in second; and Ha is the average value of pulsating pressure in kPa.



According to Reference [1], uphill throw and downhill throw of rotating sprinklers at constant pressure can be estimated by Equations(3) and (4), respectively.


Ruphill slope=0.4μ2Hsin2γcosβ(cotγ−0.0248H0.94d)[1−tanβcot(θ+β)]



(3)






Rdownhill slope=0.4μ2Hsin2γcosβ(cotγ−0.0248H0.94d)[1+tanβcot(θ−β)]



(4)




where Ruphill slope is the uphill throw at constant pressure in m; Rdownhill slope is the downhill throw at constant pressure in m; μ is the flow rate coefficient (the ratio of actual flow rate to ideal flow rate from nozzle), and μ = 0.86 − 0.90; H is the sprinkler operating pressure in kPa; γ is the nozzle elevation angle in degrees; β is the projected angle (the angle between the projection of water jet trajectory on slope and that on level surface) in degrees; d is the nozzle diameter in mm; and θ is the droplet landing angle on flat ground in degrees.



It is noted that Equations (3) and (4) are valid for the ground slope less than or equal to 0.20, because these equations were derived based on the hypothesis that the part of the water jet trajectory close to the horizontal plane can be approximated by a straight line when the ground slope is small.



Substituting Equation (2) into Equation (3), the instantaneous travel distance on uphill slope for water from a rotating sprinkler at the time ti can be evaluated by Equation (5):


R(uphill slope)i=0.4μ2sin2γcosβ[1−tanβcot(θ+β)](Asin2πtiT+Ha)[cotγ−0.0248(Asin2πtiT+Ha)0.94d]



(5)




where R(uphill slope)i is the instantaneous travel distance on uphill slope for water from a rotating sprinkler at the time ti in m.



Similarly, substituting Equation (2) into Equation (4), the instantaneous travel distance on downhill slope for water from a rotating sprinkler at the time ti can be evaluated by Equation (6):


R(downhill slope)i=0.4μ2sin2γcosβ[1+tanβcot(θ-β)](Asin2πtiT+Ha)[cotγ−0.0248(Asin2πtiT+Ha)0.94d]



(6)




where R(downhill slope)i is the instantaneous travel distance on downhill slope for water from a rotating sprinkler at the time ti in m.



Because the sprinkler operates at pulsating pressure, the sprinkler instantaneous working pressure is different when the sprinkler rotates to the same radial leg at different time. Consequently, the instantaneous travel distance for water from the sprinkler is different on the same radial leg at different time. Therefore, the effective radius of throw on the radial leg can be simply considered as an average of these instantaneous travel distances, and it can be evaluated by Equations (7) and (8).



For uphill slope:


R′uphill slope=∑i=1nR(uphill slope)in=∑i=1n0.4μ2sin2γcosβ[1−tanβcot(θ+β)](Asin2πtiT+Ha)[cotγ−0.0248(Asin2πtiT+Ha)0.94d]n



(7)




where R’uphill slope is the uphill throw of rotating sprinklers at pulsating pressure in m; and n is times for the sprinkler rotating to the same radial leg.



For downhill slope:


R′downhill slope=∑i=1nR(downhill slope)in=∑i=1n0.4μ2sin2γcosβ[1+tanβcot(θ-β)](Asin2πtiT+Ha)[cotγ−0.0248(Asin2πtiT+Ha)0.94d]n



(8)




where R’downhill slope is the downhill throw of rotating sprinklers at pulsating pressure in m.



When the sprinkler is selected, μ, γ and d can be known. If the model of pulsating pressure is given, A, T and Ha can be determined. β can be calculated for different sprinkler rotating angles if the slope is given [1]. θ needs to be measured on flat ground from the minimum value to maximum value of pulsating pressure before calculations of R’uphill slope and R’downhill slope. To verify the validity of Equations (7) and (8), values of θ for the Rainbird LF1200 sprinkler were measured at pressures of 200, 250, 300, 350, 400 kPa by two-dimensional video disdrometer firstly. Each measurement was repeated three times, and the average value of θ for each pressure was taken. Then, the relationship between θ and H (see Figure 5) was obtained by mathematical statistics, which can be expressed by Equation (9):


θ=29.75H0.0603  (R2=0.998)



(9)







Substituting Equation (9) into Equations (7) and (8), R’uphill slope and R’downhill slope can be evaluated for the Rainbird LF1200 sprinkler at pulsating pressure on the slope of 15%. Here, the pulsating pressure was set as a sine wave function, and A, Ha and T were100 kPa, 300 kPa and 18 s, respectively. The comparison of calculated and measured throw radius at pulsating pressure on sloping land is shown in Figure 6. As shown in Figure 6, most calculated values were underestimated, and the difference between calculated and measured values was within 9.33%, indicating calculated values were in good agreement with measured ones. There were three reasons for the difference between calculated and measured values. Firstly, the equation for calculating the throw radius at pulsating pressure was derived based on the hypothesis that the throw radius at pulsating pressure could be approximated by an average of water instantaneous travel distances at many constant pressures. Secondly, for convenience in the calculation of throw radius at pulsating pressure on sloping land, it was assumed that the rotation speed of sprinkler was uniform at pulsating pressure, but actually it was not. Third, the relationship between θ and H was determined by the experimental data and methods of mathematical statistics, thus the relation was a little different from the true one. Equations (7) and (8) are helpful to determine the appropriate sprinkler spacing in the design of sprinkler irrigation used pulsating pressure on sloping land.





3.3. Water Distribution for a Single Sprinkler


Water distribution patterns for a single sprinkler at constant and pulsating pressures are shown in Figure 7, where the slope is 15%, and both the constant pressure and the average of pulsating pressure are 300 kPa, and the period for pulsating pressure is 21 s (1.20 T0). The coordinate (0, 0) in Figure 7 is the location of the sprinkler. From the aspect of water distribution shape, it is similar to an “apple-shape” for the constant pressure, and it is a little close to circular for the pulsating pressure because downhill throw decreases more obviously compared with that of constant pressure. From the aspect of water application rate, both for pulsating and constant pressures, most water fell within an area around the sprinkler. At the same distance from the sprinkler, water application rate for the pulsating pressure was generally greater than that for constant pressure, especially for downhill and positions close to the edge of wetted area. Overall, water distribution for the pulsating pressure appeared more uniform than that for the constant pressure. CU value of water distribution for a single sprinkler at pulsating pressure was 52.3%, whereas it was 42.1% at the constant pressure, about 10% lower than that of pulsating pressure. The reason was that the downhill throw for pulsating pressure was shorter than that for constant pressure, and the wetted area on downhill for pulsating pressure was smaller than that for constant pressure. According to the section of “sprinkler flow rate” depicted above, we can know that water volume from the sprinkler to downhill for pulsating pressure was almost the same as that for constant pressure, thus the average water application rate on downhill for pulsating pressure was larger than that for constant pressure, resulting in the smaller difference of average water application rate between downhill and uphill for pulsating pressure than that for constant pressure. The average water application rates on uphill and downhill for pulsating pressure were 0.89 and 0.86 mm/h, respectively, whereas they were 0.86 and 0.69 mm/h for constant pressure, respectively. Additionally, both for constant pressure and pulsating pressure, there were dark blue parts in water distributions due to the structure of the sprinkler (Figure 7). The sprinkler had four brackets connecting the inlet and cap. In the process of sprinkler rotating, water flow from the nozzle to air was affected by the four brackets, resulting in dark blue parts for water distribution.



Water distribution for pulsating pressure was more uniform than that for constant pressure, which could also be explained further by the results in Figure 8 showing the distribution frequency of water application rates (the ratio of data number for a certain range of water application rates to total number for water application rates measured by catch-can) from measured catch-can data for a single sprinkler at constant pressure and pulsating pressure. As can be seen, most water application rates were less than 1.5 mm/h for both constant pressure and pulsating pressure, covering about 85%. The average water application rates for constant pressure and pulsating pressure were 0.875 and 0.775 mm/h, respectively. However, the frequency of water application rate between 0.5 mm/h and 1.0 mm/h covered by 47.8% for the pulsating pressure, whereas 36.5% for the constant pressure, and it was 11.3% higher than that for the constant pressure. That is why the water distribution for pulsating pressure looked more uniform than that for constant pressure.




3.4. Water Distribution Overlapped and Water Application Uniformity


Rectangular arrangement is useful for overlapping water distribution and improving water application uniformity for sprinklers running on sloping land, because there is a large difference between uphill throw and downhill throw for a single sprinkler on sloping land. The overlapped water distribution for four sprinklers combination at constant pressure and pulsating pressure are shown in Figure 9, where the slope is 15%, the constant pressure and the average of pulsating pressure are both 300 kPa, the period for pulsating pressure is 21 s, and sprinkler spacing is 8 m × 10 m. Locations of the four sprinklers in Figure 9 are coordinates (0, 0), (0, 8), (10, 0) and (10, 8). As shown in Figure 9, there was a circular area with a radius of about 2 m in the middle and lower part of the overlapped rectangular area, where water application rates for pulsating pressure (3.0–4.2 mm/h) were larger than those for constant pressure (1.8–2.4 mm/h). It was mainly because, for a single sprinkler, water application rates on downhill and at the positions closed to the edge of wetted area for pulsating pressure were generally greater than those for constant pressure. Broadly, the overlapped water distribution at pulsating pressure appeared more uniform than that at constant pressure. CU values of overlapped water distribution for multiple sprinklers at pulsating pressure and constant pressure were 83.8% and 77.1%, respectively.



CU values for constant pressure and pulsating pressure with various sprinkler spacings are given in Table 2. As shown in Table 2, CU values for the pulsating pressure were on average 4.06% higher than those for the constant pressure under different spacings with sprinklers rectangular arrangement. Thus, a pulsating pressure regime could be applied in sprinkler irrigation on sloping land to improve water application uniformity. Taking irrigation quality and economy into account, a sprinkler spacing of 8–12 m is recommended for the Rainbird LF1200 sprinkler operating at pulsating pressure on slope below 15% in practice.





4. Conclusions


In this study, an experiment on water distribution under pulsating pressure and constant pressure was conducted, and the effects of pulsating pressure and constant pressure on sprinkler flow rate, radius of throw, water distribution pattern, and water application uniformity were analyzed.



The relative difference of flow rate between pulsating pressure and constant pressure was within 1% at the same average pressure, indicating there was no reduction in water supply capacity for sprinkler irrigation using pulsating pressure. Compared with constant pressure, uphill throw, downhill throw, and the ratio of downhill throw to uphill throw for pulsating pressure all decreased. From the aspect of water distribution shape, it was similar to an “apple-shape” for constant pressure, and it was a little closer to circular for pulsating pressure. From the aspect of water application rate, CU value of water distribution for a single sprinkler at pulsating pressure was 52.3%, whereas it was 42.1% at constant pressure, which was about 10% lower than that of pulsating pressure. CU data show that water distribution uniformity was improved by the pulsating pressure.



After the water distribution of single sprinkler overlapped with rectangular arrangement, CU values for pulsating pressure were on average 4.06% higher than that for constant pressure with different sprinkler spacings. Thus, a pulsating pressure regime could be applied to improve water application uniformity in sprinkler irrigation on sloping land. Taking irrigation quality and economy into account, sprinkler spacing of 8–12 m is recommended for the Rainbird LF1200 sprinkler operating at pulsating pressure on slope below 15% in practice.
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Figure 1. Experimental setup for sprinkler water distribution on sloping ground. 
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Figure 2. The measured constant pressure and pulsating pressure versus time. 
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Figure 3. The relationship between flow rate and average pressure under different pressure models. 
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Figure 4. Radius of throw on slope of 15% at the constant pressure. 
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Figure 5. The relationship between droplet landing angle and sprinkler operating pressure. 
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Figure 6. Comparison of measured and calculated values of throw radius at pulsating pressure on sloping ground. Notes: the positive and negative vertical axis represent the uphill and downhill slope direction, respectively. The horizontal and vertical axes are both in meters. 
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Figure 7. Water distribution for the single sprinkler. 
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Figure 8. Distribution frequency of water application rates at different pressure models. 
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Figure 9. Overlapped water distribution for multiple sprinklers. 
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Table 1. Radius of throw at the constant pressure and the pulsating pressure.
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Pressure Model

	
Uphill Throw (m)

	
Downhill Throw (m)

	
Difference between Downhill Throw and Uphill Throw (m)

	
Ratio of Downhill Throw to Uphill Throw






	
Constant Pressure

	
8.75

	
11.54

	
2.79

	
1.32




	
Period for pulsating pressure

	
0.51 T0

	
8.62

	
10.97

	
2.35

	
1.27




	
0.80 T0

	
8.58

	
10.83

	
2.25

	
1.26




	
0.97 T0

	
8.59

	
10.93

	
2.34

	
1.27




	
1.03 T0

	
8.59

	
10.91

	
2.32

	
1.27




	
1.20 T0

	
8.64

	
10.89

	
2.25

	
1.26




	
1.49 T0

	
8.57

	
10.89

	
2.32

	
1.27








Notes: “T0” means the time for sprinkler running per circle at the constant pressure of 300 kPa. The value of “T0” here is 17.5 s.
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