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Abstract: In order to provide practical parameters for sprinkler irrigation system design on slope land, the effects of terrain 
slope on water distribution, sprinkler throw radius and water application uniformity were analyzed for the Rainbird LF1200 
sprinkler.  The results show that, the water distribution curve is roughly “heart-shape” on slope land, and the water has the 
trend of focusing on the upslope with the increase of the slope.  Throw radius decreases for the upslope and increases for the 
downslope as the slope increases.  For the convenience of sprinkler irrigation system design on slope land, a formula for 
computing throw radius on slope land was put forward by the theoretical derivation, and it was verified by the experimental 
data.  The impact of sprinkler pressure and spacing on CU for slope land is more significant than that for flat ground.  Under 
the experimental condition, no significant change is found regarding the influence of terrain slope on water application 
uniformity at the confidence level of 95%.  Taking irrigation quality and economy into account, the Rainbird LF1200 sprinkler 
should be operated at the manufactures’ recommended pressure, rather than low pressure, with sprinkler spacing from 8 m×8 m 
to 10 m×10 m below the slope of 0.15 in practice. 
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1  Introduction  

Water application uniformity is a performance goal and central 
design for sprinkler irrigation system[1-3], although absolute 
uniformity of applied water is never obtained in irrigation practice.  
The uniformity of applied water depends on sprinkler head and 
nozzle (size, type, angle, and pressure), distribution system 
hydraulics (sprinkler spacing, lateral spacing, riser height, and 
hydraulic losses in pipes and fittings), weather conditions 
(magnitude and direction of wind speed), field topography, 
management practices, and so on[4-7].  Poor water application 
uniformity results uneven soil moisture replenishment, which has 
a significantly negative impact on crop growth.   

There are many studies of water distribution patterns and 
application uniformity for sprinkler irrigation, including 
experimental investigations and numerical simulation works[8-10].  
The assessment of water application uniformity in solid set 
sprinkler systems was conducted by Siosemarde[11].  He found that 
water application uniformity increased as sprinkler spacing 
decreased.  The acceptable values of water application uniformity 
were obtained from low sprinkler spacing, and pressure variations 
had a negative impact on uniformity.  To obtain water distribution 
with medium-sized sprinklers, some single radial leg tests were 
carried out with/without wind, respectively, and the influence of 
speed and direction of wind, operating pressure, and sprinkler 
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spacing on water distribution were studied by Tarjuelo[12,13].  The 
results showed that the speed of wind has obvious negative 
influence on water application uniformity.  Larger sprinkler 
spacing results lower water application uniformity.  Louie et al. 
found that field precipitation variations are mainly due to 
management factors[14].  Mateos and Zhang et al. assessed 
sprinkler irrigation water application uniformity in the 
whole-field[6,15].   

Also, many simulation works were conducted on sprinkler 
irrigation uniformity in the past several decades.  Fukui et al. put 
forward basic equations and procedures for ballistic simulation of 
sprinkler irrigation[16].  Li et al. proposed a method for simulating 
droplet motion using modified mathematical models of droplet 
dynamics and evaporation, and also developed the corresponding 
software.  Based on the given radial leg water distribution data of 
a single sprinkler, the software can predict water distribution of a 
single sprinkler or a solid-set sprinkler irrigation system under 
various sprinkler spacing and different environmental 
parameters[17].  Faria et al. and Siyanda et al. simulated the impact 
of wind on water distribution patterns[18, 19].  Mantovani et al. and 
Li et al. analyzed the influence of sprinkler irrigation uniformity on 
crop yield[20,21].   

Previous research is very useful for improving sprinkler 
irrigation quality.  However, these studies mainly focused on flat 
ground.  For sloping farmland, the ability of soil water retention is 
poor and the traditional surface irrigation method is inappropriate 
due to variable topography, so crops are highly susceptible to suffer 
from drought.  Sloping farmland covers about 1/4 of the total 
cultivated area in China, and sprinkler irrigation is increasingly 
being used for sloping farmland because of its good adaptability to 
complex terrain.  However, there is a lack of sprinkler irrigation 
research on sloping farmland.  Water distribution for sprinkler 
irrigation on sloping farmland is very different from that on flat 
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ground because of terrain slope, resulting in poor application 
uniformity.  In order to provide practical parameters for sprinkler 
irrigation system design on slope land, the Rainbird LF1200 
sprinkler, which is commonly used in agricultural irrigation, was 
selected to study the effect of terrain slope on water distribution, 
sprinkler throw radius and combinational water application 
uniformity.   

2  Materials and methods 

2.1  Experimental setup  
The experiment was conducted at Irrigation Hydraulics 

Laboratory, Northwest A&F University, China.  The experimental 
apparatus consisted of sprinkler, height adjustable bracket and steel 
channel, catch-can, pressure transducer, pump, stainless steel water 
tank, PVC pipes, valves and other necessary test equipments, as 
shown in Figure 1. 

The Rainbird LF1200 sprinkler (Figure 2), which is very 
commonly used in agricultural irrigation, was selected for the study.  
The nozzle is 2.18 mm, the jet angle is 17°, 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 
the two rows was 1 m.  The height of the brackets in each row has 
been calculated according to the experimental slope, and the actual 
height was adjusted according to the calculation.  Every 4 steel 
channels were put on 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 channels and arranged by grid.  The grid size 
on the ground projection was 1 m×1 m.  There were 12 rows and 
11 catch-cans on each row, for a total of 121 catch-cans. 

The sprinkler was installed vertically at the bottom and top of 
the left of the slope surface, respectively.  Riser height was 30 cm 
according to the manufacturer recommendation.  At the given 
operating pressure, the sprinkler was firstly installed at the top of 
the slope, and water distribution for the downslope was recorded.  
After a one-hour test, the sprinkler was installed at the bottom of 
the slope, and water distribution for the upslope was recorded at 
exactly the same operating pressure.  The combination of water 
distribution for the downslope and upslope was water distribution 
for the single sprinkler on the slope.   

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 
the ±0.1% accuracy.  The pressure transducer wrapped in plastic 
bag was installed at the inlet of the sprinkler and connected to a 
data logger.  The pressure was recorded at 5-sec intervals by the 
data logger during each one-hour sprinkler test, and the average 
pressure was calculated for each test. 

A two-dimensional video distrometer produced by Joanneum 
Research (Austria) was placed at the end of the sprinkler throw 
radius to measure the droplet landing angle when the sprinkler was 
tested on flat ground.  The droplet landing angle was used for 
calculating the sprinkler range on various slopes herein.  The 
horizontal velocity and vertical velocity of a single drop were 
computed directly by the two-dimensional video distrometer.  

Therefore the landing angle can be obtained through inverse 
tangent of the ratio of vertical velocity and horizontal velocity.   

 
1.Rain gauge  2. Stainless steel groove  3. Height adjustable bracket        
4. Pressure sensor  5. Retaining plastic  6. Sprinkler 

Figure 1  Experimental setup for the sprinkler water distribution 
on the artificial slope land 

 

 
Figure 2  Sprinkler used in the experiment 

 

2.2  Experimental design  
Experimental factors were sprinkler operating pressure and 

slope.  Sprinkler operating pressure has 5 levels, which are    
100 kPa, 150 kPa, 200 kPa, 300 kPa and 400 kPa, respectively.  
Slope has 4 levels: 0, 0.05, 0.10 and 0.15, respectively.  There 
were totally 20 trials, and each trial included two one-hour tests: 
water distribution measured for upslope and downslope 
respectively. 

The pump was used to provide the sprinkler the desired 
operating pressure.  By setting a manual valve before starting data 
collection, the desired operating pressure was produced for each 
test.  The long tape was used to measure sprinkler range, and the 
graduated cylinders were used to measure water volume from each 
catch-can after each test.  Catch-cans must be emptied and dried 
before being returned to the appropriate location in the steel 
channels for the next test.   

The Christiansen Uniformity Coefficient (CU) is the most 
commonly used indicator which assesses sprinkler irrigation water 
application uniformity in agriculture.  CU can be calculated by 
Equation (1): 
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where, Vj 
is the measured volume from an individual catch-can; 

and V  is the average measured volume of all catch-cans.  Also, 
volumes can be replaced by depths in Equation (1). 

3  Results and discussion  

3.1  Sprinkler throw radius on various slopes 
3.1.1  Effect of slope on throw radius  

Throw radius is an important hydraulic parameter for sprinkler.   
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It plays a key role in the determination of sprinkler spacing and 
lateral spacing.  Throw radius on various slopes for upslope and 
downslope is shown in Table 1.  Data in Table 1 showed a general 
pattern that increases of slope leads to decreases of throw radius for 
upslope, and increases of throw radius for downslope increases the 
difference between throw radius for downslope and upslope.  Due 
to the effect of topography, the landing time of water jet trajectory 
for sprinkler irrigation on slope land is different from that on flat 
ground.  When water sprays to the upslope direction, the landing 
of water jet trajectory is earlier than that for flat ground because of 
slope surface blocking.  Greater slope results earlier landing and 
shorter throw radius.  When water sprays to the downslope 
direction, the result described above is reversed.  

Under the same condition of slope, the sprinkler throw radius 
at low pressure is shorter than that at manufacturers’ recommended 
pressure range, and the difference between throw radius for 
downslope and upslope at low pressure is larger than that at the 
recommended pressure.  The large difference between throw 
radius for downslope and upslope is unfavorable for water 
distribution overlap, as it results in poor application uniformity.  

 

Table 1  Sprinkler throw radius on various slopes 

Pressure 
/kPa Slope 

Throw 
radius for 
upslope/m 

Throw radius 
for downslope 

/m 

Difference between 
throw radius for 

downslope 
and upslope/m 

Recommended 
pressure 

range 

300 

0.00 10.40 10.40 0.00 

0.05 10.00 10.71 0.71 

0.10 9.60 11.00 1.40 

0.15 8.60 11.20 2.60 

400 

0.00 10.50 10.50 0.00 

0.05 10.10 10.81 0.71 

0.10 9.70 11.10 1.40 

0.15 8.80 11.30 2.50 

Low 
pressure 

range 

100 

0.00 7.00 7.00 0.00 

0.05 6.65 7.51 0.86 

0.10 6.43 8.42 1.99 

0.15 6.10 8.60 2.50 

150 

0.00 8.40 8.40 0.00 

0.05 8.05 9.21 1.16 

0.10 7.74 9.50 1.76 

0.15 6.88 9.61 2.73 

200 

0.00 9.20 9.20 0.00 

0.05 8.91 10.11 1.20 

0.10 8.64 10.40 1.76 

0.15 7.38 10.60 3.22 
 

3.1.2  Calculation of throw radius on various slopes 
The design of sprinkler spacing and lateral spacing is based 

primarily on throw radius.  For convenience of sprinkler system 
design, the formula for calculating throw radius on various slopes 
was derived.  The schematic diagram of sprinkler water jet 
trajectory on various slopes was given in Figure 3.  With other 
parameters (operating pressure, riser height, etc) being equal, water 
jet trajectory is exactly the same on various slopes.  The portion of 
water jet trajectory closed to the surface of flat ground could be 
approximated to a straight line when the slope is small.  That is, 
line AE or EC in Figure 3 is approximated to a straight line.  
Formulas for calculating throw radius for upslope and downslope 
can be derived by solving the right triangle in Figure 3. 

    0= cos [1 tan cot( )]upslopeR R β β θ β− +          (2) 

    0= cos [1+tan cot( )]downslopeR R β β θ β−          (3) 

where, Rupslope and Rdownslope 
are throw radius for upslope and 

downslope (m), respectively; R0 is throw radius on flat ground (m); 
β is projected angle (the angle between the projection of water jet 
trajectory on slope and that on level surface (°); θ is droplet landing 
angle on flat ground (°).  

 
Figure 3  Schematic diagram of sprinkler water jet trajectory on 

various slopes 
 

β is related with terrain slope and the angle for sprinkler 
rotating on slope.  It can be calculated by Equation (4): 

          
180 arctan( sin )β i α
π

= ±
      

      (4) 

where, i is terrain slope; and α is sprinkler rotating angle (°).  Here, 
the plus and minus signs are for the β term and specify 0≤α≤180° 
and 180°<α<360° conditions, respectively.   

When sprinkler operating pressure is given, R0 and θ can be 
measured on flat ground.  Then, throw radius can be calculated on 
various slopes at the given pressure using Equations (2) and (3).  
To verify the validity of Equations (2) and (3), the calculated 
values of throw radius were compared with the measured ones on 
various slopes.  As seen in Figure 4, the difference between the 
calculated and measured values was within 8.5%, indicating the 
calculated values were in good agreement with the measured ones.  
However, Equations (2) and (3) are unavailable for steep slopes, 
because they were derived based on the hypothesis that the portion 
of water jet trajectory closed to the surface of flat ground could be 
approximated to a straight line.  It was seen from the results of the 
comparison in Figure 4 that Equations (2) and (3) are available 
when the slope is less than or equals to 0.15.  Generally, 
Equations (2) and (3) are appropriate in most cases in practice, 
because most sprinkler irrigation systems are never installed on 
very steep slopes.    
3.2  Effect of slope on water distribution for single sprinkler 

Water distribution of single sprinkler is the basic information 
for sprinkler irrigation system design.  Figure 5 shows water 
distribution of single sprinkler on various slopes at the operating 
pressure of 300 kPa.  The coordinate point (0, 0) is the location of 
the sprinkler.  It was seen from Figure 5that water distribution on 
slope is different from that on flat ground.  Water distribution 
curves are approximated to be a group of concentric circles, in 
which the center is the sprinkler on flat ground and water 
application rates at the same distance from the sprinkler are almost 
the same.  However, there is a little irregularity for water 
distribution curves on flat ground due to the structure of the 
sprinkler.  The sprinkler has four brackets connecting the inlet and 
cap (Figure 2).  In the process of sprinkler rotating, water flow 
from the nozzle to air is affected by the four brackets, resulting in 
the part of dark blue for water distribution in Figure 5a.  The 
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water distribution curve is similar to a “heart-shape” on slope, and 
the water has the trend of focusing on the upslope with the increase 
of the slope.  At the same distance from the sprinkler, water 
application rate for upslope is greater than that for downslope.  
For example, when the slope is 0.1 and the distance from the 
sprinkler is 4 m, water application rates are 0.91 mm/h and    
0.58 mm/h for upslope and downslope, respectively.  This is the 

result of the shorter throw radius for upslope and longer throw 
radius for downslope caused by terrain slope, while larger terrain 
slope leads to more obvious difference of wetted area between 
upslope and downslope.  Water volume from sprinkler to unslope 
is the same as to downslope, so water application rate for upslope is 
greater than that for downslope at the same distance from the 
sprinkler. 

 
a. i = 0.05 b. i = 0.10 c. i = 0.15 

 

Figure 4  Comparison of measured and simulated values of sprinkler range 
 

 
a. i = 0  b. i = 0.05 

 
c. i = 0.10  d. i = 0.15 

 

Figure 5  Water distribution for single sprinkler on various slopes 
 

3.3  Effect of slope on water application uniformity 
Water application uniformity is an important indicator for 

sprinkler irrigation system design.  Because throw radius for the 
Rainbird LF1200 sprinkler operating at the recommended pressure 
range is about 10 m on flat ground, sprinkler spacing of 6 m×6 m,  

8 m×8 m, 10 m×10 m and 12 m×12 m were selected for calculating 
CU on various slopes.  The values of CU for various slopes are 
shown in Table 2.  At the same pressure and sprinkler spacing, 
CU increases firstly and then decreases as the slope increases, and 
the value of CU reaches its maximum when the slope is 0.05  
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(Table 2).  
When sprinklers run in the recommended pressure range, CU 

is high and most CU values are above 80% (the minimum CU used 
by many designers) except for CU values with the sprinkler spacing 
of 10 m×10 m and 12 m×12 m at the pressure of 300 kPa, and CU 
values with the sprinkler spacing of 12 m×12 m at the pressure of 
400 kPa.  However, CU is generally low when sprinklers run at 
low pressure.  Whatever sprinkler spacing and slope are, most 
values of CU are in the range of 40% to 70%, which are far below 
80%.  Only when sprinkler spacing is 6 m×6 m and the slope is 
less than 0.10, the value of CU can reach 80% when the low 
pressures are 150 kPa and 200 kPa.  When sprinklers run at low 
pressure, the operation cost of sprinkler irrigation system are 
reduced.  However, to meet the requirements of irrigation 
uniformity, sprinkler spacing should be decreased, resulting in 
increased initial investment of sprinkler irrigation system.  
Therefore, considering irrigation quality and economy, the 
Rainbird LF1200 sprinkler should run within the recommended 
pressure rather than low pressure.  The recommended sprinkler 
spacing is from 8 m×8 m to 10 m×10 m. 

 

Table 2  Values of water application uniformity on various 
slopes 

Pressure 
/kPa Slope 

Sprinkler spacing 

6 m×6 m 8 m×8 m 10 m×10 m 12 m×12 m

Recommended 
pressure 

range 

300 

0.00 88.3 83.4 78.3 68.7 

0.05 89.0 89.4 81.2 76.2 

0.10 86.6 81.2 75.0 67.8 

0.15 83.1 82.6 79.3 70.9 

400 

0.00 89.1 88.9 81.5 75.9 

0.05 92.4 90.4 84.7 83.8 

0.10 88.0 90.6 80.7 78.1 

0.15 87.0 83.3 82.9 77.7 

Low 
Pressure 

range 

100 

0.00 59.9 52.6 29.2 25.4 

0.05 60.3 54.4 44.3 30.9 

0.10 74.1 56.4 45.3 38.7 

0.15 68.7 49.9 42.7 35.3 

150 

0.00 86.7 67.9 59.4 50.5 

0.05 83.8 72.8 62.7 58.1 

0.10 77.0 60.4 57.9 46.7 

0.15 76.4 55.8 54.6 48.9 

200 

0.00 87.7 69.5 70.1 50.6 

0.05 89.8 78.3 75.1 63.9 

0.10 80.1 71.5 63.4 53.6 

0.15 78.4 72.2 69.3 57.5 
 

Analysis of variance of the effect of each factor on CU on flat 
ground and slope land are shown in Table 3 and Table 4, 
respectively.  As seen in Table 3, under the experimental 
condition, the effect of sprinkler pressure on CU is significant and 
the influence of sprinkler spacing on CU is insignificant at the 
confidence level of 95% for flat ground.  As seen in Table 4, 
under the experimental condition, the effect of sprinkler pressure 
and spacing on CU is significant, and no significant change is 
found regarding the influence of terrain slope on CU at the 
confidence level of 95% for slope land.  This comparison 
indicated that the impact of sprinkler pressure and spacing on CU 
for slope land is more significant than that for flat ground.  At the 
same sprinkler pressure, water distribution for single sprinkler is 
different on various slopes.  Thus, the effect of sprinkler spacing 

on CU becomes more obvious as slope increases.  Because no 
significant change is found as for the influence of terrain slope on 
CU, good uniformity will be achieved within a certain range of the 
slope if sprinkler pressure and spacing are appropriate.  The slope 
below 0.15 is recommended for the Rainbird LF1200 sprinkler in 
practice.  

 

Table 3  Analysis of variance of the effect of each factor on CU 
on flat ground 

Factor Sum of square 
of deviation

Degree of 
freedom 

Mean square 
deviation 

F 
value

P  
value

Pressure 4323.232 4 1080.808 6.214 0.004

Sprinkler spacing 2168.880 3 722.960 2.428 0.103

Error 6932.252 19    
 

Table 4  Analysis of variance of the effect of each factor on CU 
on slope land 

Factor Sum of square 
of deviation

Degree of 
freedom 

Mean square 
deviation 

F  
value

P  
value

Pressure 9308.186 4 2327.046 23.790 0.000

Sprinkler spacing 3829.690 3 1276.563 6.584 0.001

Slope 318.585 2 159.293 0.632 0.535

Error 14687.990 59    

4  Conclusions 

In summary, in this study, water distribution and throw radius 
were measured for the Rainbird LF1200 sprinkler on various slopes.  
The water distribution curve is roughly “heart-shape” on slope, and 
the water has the trend of focusing on the upslope with the increase 
of the slope.  Throw radius decreases for upslope and increases for 
downslope as the slope increases.  A formula for calculating 
throw radius on various slopes was put forward by the theoretical 
derivation, and it was verified by the experimental data.  The 
effect of each factor on water application uniformity was studied by 
analysis of variance, and the suitable parameters were 
recommended for the Rainbird LF1200 sprinkler operating on slope 
in practice.  These results are very useful for the design of 
sprinkler irrigation system on slope land.   

However, this study was carried out under indoor condition, 
thus the effect of wind on water application uniformity was not 
considered.  In addition, the runoff cannot be considered in the 
sprinkler system design, although it is very difficult to avoid runoff 
on the ground surface for sprinkler irrigation on slope land due to 
the terrain slope and gravity effects.  The runoff will be 
distributed secondly on the slope land surface, which has some 
effect on water distribution and water application uniformity.  
Therefore, the wind and runoff effects should be considered in the 
further research.   
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