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Abstract 21 

This study is about the evaluation of agricultural impact sprinklers. The 22 

radial curve (Rad), i.e., the water distribution along the wetted radius, was 23 

evaluated for an isolated sprinkler using 25 tests corresponding to several 24 

combinations of pressures (p) and nozzle diameters (D). The Christiansen's 25 

uniformity coefficient (CUC) and the wind drift and evaporation losses (WDEL) 26 

were evaluated for a rectangular solid-set system using 52 tests corresponding 27 

to several combinations of D and p under an ample range of meteorological 28 

conditions. 29 

The Rad constitutes the footprint of a sprinkler and it is the core 30 

information to simulate sprinkler irrigation. The CUC is intimately connected with 31 

the Rad. The characterization of the Rad must be conducted under calm 32 

conditions. This is rather difficult for open-air evaluations. The results illustrate 33 

that very low winds, especially those showing a prevailing wind direction, 34 

significantly distort the Rad. In this sense, the vectorial average of the wind 35 

velocity (V') is recommended as the explanatory variable in the detriment of the 36 

widespread arithmetic average (V). We recommend that the characterization of 37 

the Rad will be conducted in indoor conditions. In open-air conditions, the 38 

characterization must be restricted to conditions that meet V' < 0.6 m s-1.  39 

The results show that the Rad was mostly affected by the sprinkler 40 

model. Consequently, the CUC of the solid-set depended on the sprinkler 41 

model. The differences in the CUC between sprinkler models varied with the 42 

spacing between sprinklers, the wind and the p. For a sprinkler model, the V' 43 

was the main explanatory variable of the CUC, but the p was found significant 44 

as well. The V was the main variable explaining WDEL; the T was found 45 

significant too. 46 

Sprinkler irrigation simulators make the selection of the solid-set system 47 

much easier for farmers, designers and advisors. However, the quality of the 48 

simulations greatly depends on the characterization of the Rad. This work 49 

provides useful recommendations in this sense. 50 
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1 Introduction 53 

Sprinkler irrigation depends on many operating, environmental and 54 

agronomic factors. The uniformity of the water distribution mainly depends on 55 

the sprinkler model, the number and diameter of the nozzles, the sprinklers 56 

spacing and arrangement, the operating pressure, the environmental conditions 57 

(Carrión et al., 2001; Keller and Bliesner, 1990; Playán et al., 2006) and on the 58 

crop irrigated (Sanchez et al., 2010a, 2010b). Among them, those controlled by 59 

design are particularly interesting for the irrigation technology. Playán et al. 60 

(2005) reported that the wind velocity is the meteorological variable more 61 

directly related to the irrigation performance through its effects on the 62 

Christiansen's uniformity coefficient (CUC, Christiansen, 1942) and the wind 63 

drift and evaporation losses (WDEL). 64 

The evaluation of a solid set system ranges from the assessment of the 65 

distribution pattern of an isolated sprinkler in no wind conditions (Tarjuelo et al. 66 

1999a) to the study of the whole field irrigation in real conditions (Mateos 1998). 67 

The operational, atmospheric and agronomical conditions in which sprinkler 68 

irrigation can be performed are vast. To study all the cases by field experiments 69 

is unaffordable. As a consequence, sprinkler simulators have been developed 70 

and used in order to analyze an ample range of conditions with the minimum 71 

experimental effort. Most of these models have been developed under the 72 

ballistic approach which was mainly developed during the eighties (Fukui et al., 73 

1980; von Bernuth and Gilley, 1984; Vories and von Bernuth, 1987). These 74 

models are based on the idea that the superposition of the water distribution by 75 

an isolated sprinkler can be an acceptable approximation for simulating the 76 

distribution of a group of sprinklers at a field scale when adjustments for wind 77 

drift and evaporation losses are correctly made (Carrión et al., 2001). 78 

The procedure for the evaluation of an agricultural impact sprinkler 79 

conducted to the calibration and validation of an irrigation simulator has been 80 

described and followed in numerous studies (Carrión et al., 2001; Dechmi et al., 81 

2004a, 2004b; Playán et al., 2006; Seginer et al., 1991a, 1991b). The radial 82 

curve (Rad) for an isolated sprinkler, i.e., the irrigation depth (ID) as a function 83 

of the distance from the sprinkler, is the basis for the characterization of the 84 



 

drop size population from which the irrigation performance of a solid-set can be 85 

simulated under different conditions. 86 

This study analyzes the effects of several technical, operational and 87 

meteorological factors on sprinkler irrigation. The paper discusses several 88 

topics related with common procedures followed to evaluate sprinklers and to 89 

calibrate and validate empirical models for the simulation of the irrigation 90 

performance. 91 

2 Material and methods 92 

Two experiments oriented to evaluate the irrigation performance with 93 

agricultural impact sprinklers were conducted at the experimental farm of the 94 

Agricultural and Food Research and Technology Centre in Zaragoza, Spain 95 

(41º43’ N, 0º48’ W, 225 m altitude) during the years 2003 and 2004. One 96 

experiment was performed with an isolated sprinkler. The other was performed 97 

with a rectangular 15 m x 15 m (R15 x 15) solid-set arrangement. 98 

The isolated sprinkler experiment was oriented to the evaluation of the 99 

radial curve (Rad). It was performed under bare soil and seeking calm 100 

conditions as specified by the most relevant international standards. The solid-101 

set experiment was oriented to evaluate the irrigation performance through the 102 

CUC and the WDEL parameters under different wind conditions. This was 103 

conducted above bare soil too in correspondence with the isolated sprinkler 104 

experiment. The experiments were designed taking into consideration the 105 

recommendations of Merriam and Keller (1978) and the relevant International 106 

Standards (Anonymous, 1990, 1995, 2003). 107 

In the isolated sprinkler experiment, the irrigation depth (ID) emitted by a 108 

sprinkler model Somlo 30C (Zaragoza, Spain), assembled in a riser tube at 2 m 109 

above the ground level (a.g.l), was collected into pluviometers located at 0.25 m 110 

a.g.l. along four radii at distances from the sprinkler ranging from 0.75 to 16.75 111 

m, with an increment of 0.5 m (Figure 1). The radii faced north (N), west (W), 112 

south (S) and east (E), respectively. The evaluated sprinkler was an agricultural 113 

impact sprinkler made of brass and equipped with a drive nozzle including 114 

straightening vane (SV). Three diameters of the main nozzle (D) were tested: 4, 115 

4.4 and 4.8 mm. The sprinkler also included a spreader nozzle, 2.4 mm in 116 



 

diameter (d). An ample range of operating pressures (p) was tested: from 180 to 117 

420 kPa. The combination of D and p resulted in twenty five tests (Table 1), all 118 

they performed for 2 hours under low wind conditions. The wind velocity (V) and 119 

direction (WD) and the temperature (T) and relative humidity (RH) of the air 120 

were monitored by an automatic weather station located in the same plot. The 121 

average records every five minutes were collected with a data-logger model 122 

CR10X (Campbell Scientific Ltd, UK). 123 

A set-up with 24 sprinklers was used in the solid-set experiment (Figure 124 

1). The distance between laterals was 15 m and the distance between 125 

sprinklers along the lateral was 15 m. The sprinklers were arranged according 126 

to a rectangular layout (R15x15). The sprinkler model and the combination of 127 

nozzles were the same as for the isolated sprinkler test. The experimental area 128 

was located between the four central sprinklers. A matrix of 25 pluviometers 129 

was installed at 0.25 m a.g.l. according to a 3x3 m grid that covered the 130 

experimental area among the four central sprinklers. One manometer was 131 

installed at each of the four sprinklers. Three p were evaluated: 240, 320 and 132 

420 kPa. The meteorological factors cannot be controlled but we sought low, 133 

medium and strong winds. Fifty two tests were performed accordingly (Table 2). 134 

All they lasted 3 hours. 135 

For each test of the solid-set experiment, the Christiansen's uniformity 136 

coefficient (Christiansen, 1942) and the wind drift and evaporation losses 137 

(WDEL) were assessed from the ID collected in the pluviometers. The WDEL 138 

was estimated as the percentage of the water emitted by the sprinklers (IDe) but 139 

not collected inside the pluviometers (Dechmi et al., 2003; Playán et al., 2005; 140 

Sanchez et al., 2010a): 141 
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where Q was the water discharge (l s-1), t (s) the operating time and 15x15 the 144 

area (m2) assigned to each sprinkler. 145 

Q was assessed by collecting the water emitted by the sprinkler into a 146 

tared container. The discharge was calculated dividing the weight of the 147 

collected volume by the time of filling. This operation was repeated twice for 148 



 

each combination of D and p (nine combinations in total). The discharge was 149 

estimated using the equation: 150 

 n
D gpACQ )2(       (3) 151 

where CD is the discharge coefficient, A is the area of the nozzles orifices, g is 152 

the gravity acceleration and n is the discharge exponent. 153 

A meteorological station like that used during the isolated-sprinkler test 154 

was located at an adjoining plot during the solid-set experiment (Figure 1). The 155 

experiment was performed under and ample range of meteorological conditions 156 

in an attempt to characterize the CUC and the WDEL resulting from different 157 

combinations of D, p and V. The V ranged from 0.4 to 8 m s-1 (Table 2). The 158 

variation of the CUC and of the WDEL with several meteorological and technical 159 

variables was analyzed using multiple regression analysis. 160 

Traditionally, the average wind velocity during an irrigation event is 161 

calculated as the arithmetic mean considering the records as positive rational 162 

numbers. This will be called the arithmetic average (V). In addition, we 163 

assessed the vectorial average (V') considering each 5 min record a Euclidean 164 

vector endowed with magnitude and direction. Figure 1 shows the Cartesian 165 

coordinate systems used for each experiment. The projections of each 5-min 166 

vector on the X and Y axes (Vx and Vy, respectively) were calculated and 167 

averaged separately. The resultant of the axial components was calculated. Its 168 

magnitude was the vectorial average (V') and the direction of the resultant was 169 

the WD during the irrigation event. 170 

For each isolated sprinkler test, the Rad resulting from each radius were 171 

compared. The tests for which the differences between radii were smallest were 172 

used to characterize the Rad. For each test, we calculated: the average 173 

deviation of the volume collected along the four radii (AD, %); the ratio of the 174 

volume of water collected along the leeward radius to the volume collected 175 

along the windward radius; the fraction of the water drifted from the leeward 176 

radius to the windward radius. 177 

The average Rad was calculated for each test from the four Rad 178 

corresponding to each radius. Then, the CUC of the ID was calculated from the 179 

average Rad as follows: the ID into each position of the grid of pluviometers 180 

was assessed by interpolation through the average Rad as a function of the 181 



 

distance from each position to each sprinkler. This reckoning was made for a 182 

R15x15 solid-set. The values of the CUC evaluated under low winds during the 183 

solid-set experiment and the CUC calculated from the Rad were compared. 184 

Four sprinkler models were compared: the Somlo 30C in question, the 185 

VYR 70 (VYRSA, Burgos, Spain) and the RC 130 (Riegos Costa, Lleida, Spain) 186 

evaluated by Playán et al. (2006), and the VYR 35 evaluated by Zapata et al. 187 

(2009). All they are widely used in the Ebro Valley (Spain). The comparison was 188 

made both for calm and windy conditions. With respect to calm conditions, we 189 

compared the average Rad and the CUC calculated from the average Rad for 190 

two solid-sets (R15x15 and R18x15). With respect to windy conditions, we 191 

compared the CUC for the same combination of D, p and V evaluated during 192 

the solid-set experiment. The latter was assessed with the Ador-sprinkler 193 

simulator for the VYR 70, the RC 130 and the VYR 35. 194 

The results from the isolated and solid-set experiments will be used to 195 

calibrate and validate Ador-sprinkler with regard to the sprinkler Somlo 30C. 196 

3 Results and discussion 197 

3.1  Isolated sprinkler experiment 198 

The discharge of the evaluated sprinkler increased with the D and the p. 199 

With regard to the discharge equation (Eq. 3), several studies applied to 200 

agricultural sprinklers interpreted that the CD is essentially independent of the p 201 

for a given nozzle and that the n is constant and equal to 0.5 (Li, 1996; Li and 202 

Kawano, 1998; Tarjuelo et al., 1999a). We assumed n equal to 0.5 as well. The 203 

discharge coefficient CD was assessed by nonlinear regression analysis of the 204 

evaluated values of Q fitted to a power curve. For D equal to 4, 4.4 and 4.8 mm, 205 

the CD resulted, respectively, 0.952, 0.958 and 0.942. The Eq. 3 and the CD 206 

values allowed calculating Q for every p. 207 

Twenty five tests were performed during the isolated-sprinkler 208 

experiment to assess the Rad for different combinations of D and p (Table 1). 209 

The Rad must be evaluated under calm conditions. This becomes almost 210 

impossible in open-air given that the wind always blows, even imperceptibly. 211 

The Rad is calculated as the average between the four radii assuming that the 212 

curves must be alike under calm conditions. In contrast, the Rad noticeably 213 



 

differed between radii for many tests, both in the shape and in the total volume 214 

of water collected. Special attention was paid to the differences at the longest 215 

distances from the sprinkler; they imply greater differences in the volume 216 

collected along each radius because the area watered by the sprinkler 217 

increases with the distance. 218 

Figure 2 shows the results for several tests. For the tests I/4/230.a and 219 

I/4/230.b, the Rad resulting from each radius were acceptably alike and the 220 

tests resulted in similar average Rad; the average deviation of the volume 221 

collected at each radius (AD) was 8% for both tests. For the test I/4.4/400, each 222 

radius resulted in similar Rad as well (the AD was 8% too). However, for the 223 

test I/4.4/420, the Rad from each radius greatly differed and the AD increased 224 

to 31%. The former was accepted (suitable) and the latter was rejected. 225 

The wind conditions during the tests explained the results. Prevailing 226 

winds, even very low in velocity, drifted an important volume of water. Figure 2 227 

shows that the water collected along the leeward radius exceeded that collected 228 

along the other radii. The experiment was limited in this sense because we only 229 

used four radii and the wind blew from all the directions.  230 

The distortion of the irrigation pattern by the wind is both connected with 231 

the magnitude and the prevalence of the wind (Figure 2). Both features are 232 

expressed together by the vectorial average (V'). In this sense, we recommend 233 

V’ as the explanatory variable in detriment of the widespread use of the 234 

arithmetic average (V). The differences between V' and V are greater when the 235 

winds are changeable in direction. The reason is that the resultant decreases, 236 

thus V’, when the wind blows in opposite directions, while this has no influence 237 

in the reckoning of V. Changeable directions are more frequent for low winds 238 

because strong winds use to blow from a prevailing direction (Tables 1 and 2, 239 

Figure 3). 240 

The water drift was linearly proportional to V'. Let us that we estimate the 241 

water drift as the ratio of the volume collected along the leeward radius to the 242 

water collected along the windward radius. Then, the drift increased 3.675% for 243 

every increase of 0.1 m s-1 in V' (Figure 4). This relationship was true for every 244 

D and p. This ratio may differ with the riser height of the sprinkler. 245 

1  0.3675V'ratio      (4) 246 



 

The water drift can be also estimated in terms of the fraction of the water 247 

drifted from the windward radius to the leeward radius (f, %): 248 

f

f
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and then, f results: 250 

100
0.3675V'2

0.3675V'


f       (5) 251 

The Table 3 shows the increasing of f with V'. These results can be used 252 

to provide recommendations for the evaluation of isolated sprinklers. The 253 

authors recommend that the value of f will not exceed 10%, consequently, that 254 

the values of V' will not exceed 0.6 m s-1. For the tests I/4/230.a, I/4/230.b and 255 

I/4.4/400 (Figure 2), the f resulted 11.1, 11.9 and 10.7% respectively. 256 

The Figure 5 shows the Rad resulting from the tests found suitable 257 

according to different combinations of D and p. For every distance from the 258 

sprinkler, increasing D and increasing p increased the ID along the curve. In 259 

addition, D and p affected the shape of the curve. For D equal to 4.8 mm, the 260 

Rad bulged along the final third. This might be related to the atomization 261 

process. For the largest diameter of the jet, the complete atomization delayed 262 

and the drops achieving the longest distances increased. The curve tended to 263 

triangular when the p increased (from the top to the bottom in the central 264 

column, Figure 5). According to the previous reasoning, when the p increased, 265 

the atomization enhanced and the distribution was more homogenous. 266 

The average Rad resulting from the rejected tests departed in shape and 267 

magnitude from the average Rad resulting from the suitable tests (Figure 5). 268 

The deformation pattern was not clear. The results demonstrate that it is an 269 

error to assess the average Rad from tests performed under unfavorable wind 270 

conditions under the assumption that there is a compensatory effect between 271 

the windward and the leeward radii. 272 

The suitability of the selected tests was illustrated by bringing together 273 

the values of the CUC calculated from the average Rad and the CUC evaluated 274 

under very low wind conditions during the solid-set experiment. Figure 6 shows 275 

that the selection of the suitable test was according to good sense. Proper Rad 276 

can be used to assess the CUC for different arrangements of the sprinklers. We 277 

advise evaluating the Rad in indoor conditions with still air. The evaluations 278 



 

conducted in open-air conditions must pay special attention to the wind, even if 279 

the wind is very low. The recommendations in this paper will help to improve the 280 

results. 281 

The Figure 7 shows the average Rad for different sprinkler models and 282 

combinations of D and p (notice some differences in the p between models). 283 

The angle of insertion of the drive nozzle was 26-27º for all the models. The 284 

angle of insertion of the spreader nozzle was 20-22º for all the models, 285 

excluding the VYR 35 for which it was 26º. All the models included SV.  286 

The Rad noticeably differed between models (Figure 7). Since the 287 

sprinklers presented similar configuration of nozzles, we consider that the 288 

shape of the Rad was mainly due to the inner design of the sprinklers. Three 289 

typical shapes of Rad have been reported: triangular, rectangular and donut. 290 

Respectively, they correspond to: a combination of two nozzles, one nozzle 291 

without SV, the same with SV and lower pressure (Tarjuelo et al., 1999a). The 292 

Rad for the presented models did not match the three typical shapes; they were 293 

rather combinations of them. 294 

The Figure 8 shows the CUC calculated from the average Rad (Figure 7) 295 

according to two sprinklers arrangements: R15x15 and R15x15. The 296 

calculations refer to calm conditions. The CUC ranged between 87% and 92%. 297 

The CUC depended on the shape of the Rad, therefore on the sprinkler model. 298 

The triangular Rad corresponding to the model VYR 35 yielded the greatest 299 

CUC for both arrangements. The VYR 70 and the RC 130 presented similar 300 

Rad: rectangular close to the sprinkler and triangular after. They yielded similar 301 

CUC. The Somlo 30C presented the most irregular Rad and the CUC was 302 

slightly smaller for this model. The arrangement influenced the CUC too.  The 303 

CUC decreased with the spacing for the VYR 70 and the RC 130; the opposite 304 

was true for the Somlo 30C (the arrangement had no relevance for the VYR 305 

35). Consequently, the differences in the CUC between sprinklers decreased for 306 

the R18x15 with respect to the R15x15. 307 

Many manufacturers of agricultural sprinklers only provide information 308 

about the discharge and the range of their models. According to the results, this 309 

information is inadequate because the water distribution closely depends on the 310 

shape of the Rad. 311 



 

So far the analysis has been conducted for calm conditions and very low 312 

winds. Next it is introduced the analysis performed under windy conditions. 313 

3.2  Solid-set experiment 314 

Fifty two tests corresponding to different combinations of D, p and wind 315 

conditions were performed for the solid-set experiment to analyze their effects 316 

on the CUC and on the WDEL (Table 2). 317 

Many studies have shown that the wind is the main environmental factor 318 

affecting sprinkler irrigation (Beskow et al., 2008; Dechmi et al., 2003, 2004b; 319 

Kincaid et al., 1996; Playán et al., 2005; Sanchez et al., 2010a, 2010b; Seginer 320 

et al., 1991a y 1991b; Tarjuelo et al., 1999c; Yu et al., 2009). In accordance 321 

with these studies, the wind velocity decreased the CUC (Figure 9) and 322 

increased the WDEL (Figure 10). 323 

Sprinkler irrigation has been evaluated using combinations of D and p 324 

(Playán et al., 2006; Tarjuelo et al. 1999b, 1999c). Some studies like that by 325 

Kincaid (1982) analyzed the combined effect of p and D on the discharge of the 326 

sprinklers. However, others analyzed the effects of D and p separately rather 327 

than together, as that by Kohl (1974) reporting that the effect of D on the drop 328 

size distribution is smaller than the effect of p. At first sight, the relationship 329 

between CUC and WDEL with the wind velocity was affected by D and p 330 

(Figures 9 and 10). Apparently, these relationships differed depending on p, and 331 

the differences owing to p decreased with the D increasing. The effects of the 332 

variables on CUC and on WDEL were assessed using multiple regression 333 

analysis. The Table 4 shows the steps taken forward towards a satisfactory 334 

explanatory function (from the top to the bottom obviating the intermediate 335 

steps). 336 

In multiple linear regression it is fundamental to detect the existence of 337 

correlation among the prediction variables. The variance inflation factor (vif) was 338 

used to detect the multi-collinearity among variables. If the variables are 339 

orthogonal to each other, vif equals 1. In contrast, vif greatly increases with the 340 

relationship between variables (Bowley, 2004). There are not formal criteria for 341 

deciding the cut-off for the vif, but vif resulted sufficiently similar to 1 for the 342 

resulting explanatory functions to consider that the independent variables were 343 

not correlated (Table 4). 344 



 

V' was better than V in predicting CUC. V was better than V' in predicting 345 

WDEL. This was assessed for each dependent variable by comparing the 346 

values of R2adj. and RMSE corresponding to V' and to V (values not shown). 347 

The result makes sense. The CUC is connected with the wind direction as it is 348 

proved in the first section. In contrast, the wind increases the evaporation 349 

(therefore the WDEL) through the wind intensity and the time of exposure, thus 350 

independently of the wind direction. 351 

The variation of CUC was mainly explained by V', and by p to a lesser 352 

extent (Table 4, Figure 11). From the multiple regression analysis, the 353 

explanatory model for CUC was: 354 

CUC = 83.4 – 1.274 V' + 0.019 p  (RMSE = 1.98; R2 adj. = 0.75) (6) 355 

According to the model, CUC decreased with V' and increased with p. 356 

According to our knowledge, this is the first time that experimental results 357 

improve the explanation of the CUC considering the prevalence of the wind 358 

direction and the operating pressure. 359 

The selection of the predictor variables was more complicated in the 360 

case of the WDEL. When all the variables were included, only V and T were 361 

found significant (Table 4). Both variables have been previously selected 362 

among the predictor variables of the WDEL (Faci et al., 2001; Frost and 363 

Schwalen, 1955; Hermsmeier, 1973; Seginer, 1971; Silva and James, 1988; 364 

Tarjuelo, 1995; Yazar, 1984;). The D has been included as a predictor variable 365 

in former studies (Faci et al., 2001; Frost and Schwalen, 1955; Keller and 366 

Bliesner, 1990; Tarjuelo et al., 2000; Trimmer, 1987). An explanatory function 367 

considering V and D as the predictor variables, both significant, yielded 368 

acceptable results: RMSE = 5.41 and R2 adj. = 0.91 (not included in the Table 369 

4). However, considering V, D and T, D was not significant and the model 370 

improved by considering V and T instead of V and D. The p was not significant 371 

although it has been included in many previous studies (Frost and Schwalen, 372 

1955; Keller and Bliesner, 1990; Montero, 1999; Tarjuelo et al., 2000; Trimmer, 373 

1987; Yazar, 1984). 374 

The most suitable model was that comprising V and T as the predictor 375 

variables (Table 4). The intercept was not significant and it was deleted from the 376 

model (noint statement in SAS): 377 

WDEL = 2.835 V + 0.433 T (RMSE = 4.75; R2 adj. = 0.93) (7) 378 



 

In addition, the influence of the D on the WDEL was considered by 379 

assessing explanatory functions based on V and T for each D. The results show 380 

that R2 adj. increased and RMSE decreased with the D increasing. However, 381 

the rates of change assigned to V and T through the partial regression 382 

coefficients were not in proportion with the variation of D (Table 4). The 383 

empirical model proposed to explain the variation of the WDEL (one function for 384 

each D) was statistically satisfactory (Figure 11).  385 

The accuracy in the prediction was greater for the CUC than for the 386 

WDEL. For the CUC, the values ranged between 75 and 93% and the RMSE 387 

was 1.98% while, for the WDEL the values ranged between 2 and 36% and the 388 

RMSE was 4.75%. This trend is recurrent in the bibliography. 389 

The importance of D and p in the performance of the sprinkler irrigation 390 

(Eqs. 6 and 7) is explained through their effects on the atomization process. 391 

Recent and current investigations are focussed on the atomization of the water 392 

jet released by the agricultural sprinklers (Bautista-Capetillo et al., 2009; King et 393 

al., 2010; Playán et al., 2010). The presented results prove the suitability of this 394 

line of research and point out that, in connection with this matter, D and p must 395 

be analyzed together. 396 

Beskow et al. (2008) concluded that the application of empirical models 397 

must be limited to working conditions (nozzle size, operational pressure, etc.) 398 

similar to the ones in which they were developed. The empirical models 399 

proposed in this study are most likely limited to the conditions of the experiment. 400 

Discrepancies are expected mostly depending on the solid-set arrangement and 401 

spacing and on the surface conditions, especially when tall crops are irrigated 402 

(Sánchez et al., 2010b). 403 

The Figure 12 shows the variation of the CUC with the wind velocity for 404 

three sprinkler models. The CUC for the Somlo 30C correspond to the tests 405 

during the solid-set experiment. The CUC for the VYR 70 and for the RC 130 406 

was simulated with the Ador-sprinkler model (Dechmi et al. 2004a and 2004b, 407 

Playán et al., 2006). V was used in this comparison because the Ador-sprinkler 408 

simulator has been calibrated and validated according to this variable. 409 

The shape of the curves in the Figure 12 depended on the sprinkler 410 

model (as it has been proved in the previous section) and on the p (in 411 

accordance with the Eq. 6). According to the results, the choice of the most 412 



 

suitable sprinkler with regard to the CUC is connected with p, with the solid-set 413 

arrangement and with the wind conditions under which irrigation will be 414 

conducted. 415 

The presented results prove that the choice of the sprinkler model is very 416 

complicated since it depends on many factors of different nature, many of them 417 

out of the control of the farmer. Empirical models as Ador-sprinkler are 418 

extremely useful tools for decision making as they allow the simulation of the 419 

sprinkler irrigation performance under very different conditions. However, 420 

thorough investigations are needed to acquire the understanding about the 421 

processes involved in the formation and the atomization of the jet and the 422 

evaporation and the drift of the resulting water drops. This is the path towards 423 

physical models valuable for the manufacturers of agricultural sprinklers, for the 424 

farmers and for the whole society that needs and demands an efficient use of 425 

the water. 426 

427 



 

4 Conclusions 428 

The curve of the distribution of the irrigation depth along the wetted 429 

radius (Rad) is crucial to characterize the water distribution of a sprinkler. The 430 

water distribution closely depends on the shape of the Rad. The discharge and 431 

the range of a sprinkler are insufficient by themselves to select a sprinkler 432 

adequately. However, this is the only information provided by the manufacturers 433 

in most cases. The shape of the Rad is mainly affected by the sprinkler design. 434 

The nozzle diameter (D) and the pressure (p) modify the shape too, but to a 435 

lesser extent. 436 

The characterization of the Rad with isolated-sprinkler tests implies 437 

several precautions because the wind, however low it is, significantly distort the 438 

Rad. When the tests can not be performed in indoor conditions, the wind must 439 

be observed meticulously. The authors recommend to make quite sure that the 440 

vectorial average of the wind velocity (V') during the tests does not exceed 0.6 441 

m s-1. Otherwise, the resulting Rad will not be suitable and it will conduct to 442 

erroneous results. The authors firmly proposed the V' in the detriment of the 443 

widespread arithmetic average (V). The V' considers together the wind speed 444 

and the prevalence of the wind direction, being both crucial in sprinkler 445 

irrigation. Only with regard to the wind drift and evaporation losses (WDEL), the 446 

V is preferred to the V' because the wind increases the WDEL irrespective of its 447 

direction. 448 

For every solid-set system, the Christiansen's Uniformity Coefficient 449 

(CUC) can be calculated in calm conditions directly from the Rad. For every 450 

wind condition, the CUC can be calculated using sprinkler simulators, but a 451 

suitable characterization of the Rad is necessary anyhow. The CUC depends 452 

on the Rad, consequently it varies depending on the sprinkler design. The 453 

differences in the CUC between sprinkler designs vary with the wind conditions, 454 

the solid-set arrangement and the p. 455 

As previously reported in many studies, the wind velocity had the 456 

greatest relative contribution both to explain the CUC and the WDEL. Moreover, 457 

this paper presents new contributions. With regard to a model based on the V, 458 

the assessment of the CUC was noticeably improved including the V' (instead of 459 



 

the V) and the p as the explanatory variables. With regard to the WDEL, the 460 

explanatory variables were the V and the temperature (T). The assessment of 461 

the WDEL was improved by assessing a function for each D, but the effect of 462 

the D was not found sound. It must be noticed that these functions are restricted 463 

to a specific sprinkler design and to a solid-set arrangement. 464 

The presented results prove that the choice of the sprinkler model is very 465 

complicated since it depends on many factors of different nature, many of them 466 

out of the control of the farmer. Simulators as Ador-sprinkler are extremely 467 

useful tools for decision making as they allow the simulation of the sprinkler 468 

irrigation performance under very different operational and meteorological 469 

conditions. However, thorough investigations are needed to acquire the 470 

understanding about the processes involved in the formation and the 471 

atomization of the jet and the evaporation and the drift of the resulting water 472 

drops. This is the path towards physical models valuable for the manufacturers, 473 

advisors, farmers, and for the whole society that needs and demands an 474 

efficient use of the water. 475 

References 476 

Anonymous, 1990. Agricultural irrigation equipment. Rotating sprinklers. Part 2. 477 
Uniformity of distribution and test methods. ISO standard 7749/2, Geneve. 478 

Anonymous, 1995. Agricultural irrigation equipment. Rotating sprinklers. Part 1. Design 479 
and operational requirements. ISO standard 7749/1, Geneve. 480 

Anonymous, 2003. Procedure for sprinkler distribution testing for research purposes. 481 
ANSI/ASAE S330.1 482 

, St. Joseph. 483 

Bautista-Capetillo, C.F., Salvador, R., Burguete, J., Montero, J., Tarjuelo, J.M., Zapata, 484 
N., Gonzalez, J., Playán, E., 2009. Comparing methodologies for the 485 
characterization of water drops emitted by an irrigation sprinkler. Transactions of the 486 
ASABE 52 (5), 1493-1504. 487 

Beskow, S., Colombo, A., Ribeiro, M.S., Ferreira, L.S., Rossi, R., 2008. Simulation of 488 
evaporation and wind drift losses, in the NY-7 sprinkler (4.6 mm x 4.0 mm), in 489 
stationary sprinkler irrigation systems. Engenharia agricola 28 (3), 427-437. 490 

Bowley, S.R., 2004. A Hitchhiker’s guide to statistics in plant biology. Department of 491 
plant agriculture, University of Guelph. Any old subject books. A division of plants et 492 
al. Inc, Guelph. 493 

Carrión, P., Tarjuelo, J. M., Montero, J., 2001. SIRIAS: a simulation model for sprinkler 494 
irrigation I. Description of model. Irrigation Science 20 (2), 73-84. 495 

Christiansen, J.E., 1942. Irrigation by sprinkling. California Ag. Expt. Sta. Bulletin 670. 496 
University of California, Berkeley. 497 



 

Dechmi, F., Playán, E., Cavero, J., Faci, J.M., Martínez-Cob, A., 2003. Wind effects on 498 
solid set sprinkler irrigation depth and yield of maize (Zea mays). Irrigation Science 499 
22, 67–77. 500 

Dechmi, F., Playán, E., Cavero, J., Martinez-Cob, A., Faci J.M., 2004a. Coupled crop 501 
and solid set sprinkler simulation model. I: Model development. Journal of Irrigation 502 
and Drainage Engineering-Asce 130 (6), 499-510. 503 

Dechmi, F., Playán, E., Cavero, J., Martínez-Cob, A., Faci J.M., 2004b. A coupled crop 504 
and solid-set sprinkler simulation model: II. Model application. Journal of Irrigation 505 
and Drainage Engineering-Asce 130 (6), 511-519. 506 

Faci, J.M., Salvador, R., Playán, E., Sourell, H., 2001. A comparison of fixed and 507 
rotating spray plate sprinklers. J. Irrig. Drain. Eng. ASCE 127 (4), 224–233. 508 

Frost, K.R., Schwalen, H.C., 1955. Sprinkler evaporation losses. Agricultural 509 
Engineering 36 (8), 526-528. 510 

Fukui, Y., Nakanishi, K., Okamura, S., 1980. Computer Evaluation of Sprinkler 511 
Irrigation Uniformity. Irrigation Science 2 (1): 23-32. 512 

Hermsmeier, L.F., 1973. Evaporation during sprinkler application in a dessert climate. 513 
ASAE Paper No. 73–216. ASAE, St. Joseph. 514 

Keller, J., Bliesner, R.D., 1990. Sprinkler and trickle irrigation. Van Nostrand Reinhold, 515 
New York. 516 

Kincaid, D.C., 1982. Sprinkler pattern radius. Transactions of the ASAE 25 (6), 1668-517 
1672. 518 

Kincaid, D.C., Solomon, K.H., Oliphant, J.C., 1996. Drop size distributions for irrigation 519 
sprinklers. Transactions of the ASAE 39 (3), 839-845. 520 

King, B.A., Winward, T.W., Bjorneberg, D.L., 2010. Laser precipitation monitor for 521 
measurement of drop size and velocity of moving spray-plate sprinklers. Applied 522 
engineering in agriculture 26 (2), 263-271. 523 

Kohl, R.A., 1974. Drop size distribution from medium-sized agricultural sprinklers. 524 
Transactions of the ASAE 17 (4), 690-693. 525 

Li, J.S., 1996. Sprinkler performance as function of nozzle geometrical parameters. 526 
Journal of irrigation and drainage engineering-ASCE 122 (4), 244-247. 527 

Li, J.S., Kawano, H., 1998. Sprinkler performance as affected by nozzle inner 528 
contraction angle. Irrigation Science 18, 63-66. 529 

Mateos, L., 1998. Assessing whole field uniformity of stationary sprinkler irrigation 530 
systems, Irrigation Science 18 (2), 73-81. 531 

Merriam, J.L., Keller, J., 1978. Farm irrigation system evaluation: a guide for 532 
management. Utah State University, Logan. 533 

Montero, J., 1999. Análisis de la distribución de agua en sistemas de riego por 534 
aspersión estacionario. Desarrollo del modelo de simulación de riego por aspersión 535 
(SIRIAS). Doctoral thesis, Universidad de Castilla La Mancha, Albacete. 536 

Playán, E., Salvador, R., Faci, J.M., Zapata, N., Martinez-Cob, A., Sanchez, I., 2005. 537 
Day and night wind drift and evaporation losses in sprinkler solid-sets and moving 538 
laterals. Agricultural Water Management 76 (3), 139-159. 539 

Playán, E., Zapata, N., Faci, J.M., Tolosa, D., Lacueva, J.L., Pelegrin, J., Salvador, R., 540 
Sanchez, I., Lafita A., 2006. Assessing sprinkler irrigation uniformity using a ballistic 541 
simulation model. Agricultural Water Management 84 (1-2), 89-100. 542 



 

Playán, E., Zapata, N., Burguete, J., Salvador, R., Serreta, A., 2010. Application of a 543 
topographic 3D scanner to irrigation research. Irrigation science 28 (3), 245-256. 544 

Sanchez, I, Zapata, N, Faci, J.M., 2010a. Combined effect of technical, meteorological 545 
and agronomical factors on solid-set sprinkler irrigation: I. Irrigation performance and 546 
soil water recharge in alfalfa and maize. Agricultural water management 97 (10), 547 
1571-1581. 548 

Sanchez, I, Zapata, N, Faci, J.M., 2010b. Combined effect of technical, meteorological 549 
and agronomical factors on solid-set sprinkler irrigation: II. Modifications of the wind 550 
velocity and of the water interception plane by the crop canopy. Agricultural water 551 
management 97 (10), 1591-1601. 552 

Seginer, I., 1971. Water losses during sprinkling. Transactions of the ASAE 14 (4), 553 
656-664. 554 

Seginer, I., Nir, D., von Bernuth, R.D., 1991a. Simulation of wind-distorted sprinkler 555 
patterns. Journal of Irrigation and Drainage Engineering 117, 285-305. 556 

Seginer, I., Kantz, D., Nir, D., 1991b. The Distortion by Wind of the Distribution 557 
Patterns of Single Sprinklers, Agricultural Water Management 19 (4), 341-359. 558 

Silva, W.L.C., James, L.G., 1988. Modelling evaporation and microclimate changes in 559 
sprinkle irrigation: II. Model assessment and applications. Trans. ASAE 31 (5), 560 
1487–1493. 561 

Tarjuelo, J.M., 1995. El riego por aspersión y su tecnología. Mundiprensa, Madrid. 562 

Tarjuelo, J.M., Montero, J., Valiente, M., Honrubia, F.T., Ortiz, J., 1999a. Irrigation 563 
uniformity with medium size sprinklers part I: Characterization of water distribution in 564 
no-wind conditions. Transactions of the ASAE 42 (3), 665-676. 565 

Tarjuelo, J. M., Montero, J., Carrión, P.A., Honrubia, F.T., Calvo, A., 1999b. Irrigation 566 
uniformity with medium size sprinklers part II: Influence of wind and other factors 567 
onwater distribution. Transactions of the ASAE 42 (3), 677-690. 568 

Tarjuelo, J. M., Montero, J., Honrubia, F.T., Ortiz, J.J., Ortega, J.F., 1999c. Analysis of 569 
uniformity of sprinkler irrigation in a semi-arid area. Agricultural Water Management 570 
(40), 315-331. 571 

Tarjuelo, J.M, Ortega, J.F, Montero, J., De Juan, J.A., 2000. Modelling evaporation and 572 
drift losses in irrigation with medium size impact sprinklers under semi-arid 573 
conditions. Agricultural Water Management 43 (3), 263-284. 574 

Trimmer, W.L., 1987. Sprinkler evaporation loss equation. J. Irrig. Drain. Eng., ASCE 575 
113 (4), 616–620. 576 

Von Bernuth, R.D., Gilley J.R., 1984. Sprinkler droplet size distribution estimation from 577 
single leg test data. Trans. ASAE 27, 1435-1441. 578 

Vories, E.D., von Bernuth, R.D., 1987. Simulating Sprinkler Performance in Wind. 579 
Journal of Irrigation and Drainage Engineering 113 (1), 119-130. 580 

Yazar. A., 1984. Evaporation and drift losses from sprinkler irrigation systems under 581 
various operating conditions. Agricultural Water Management 8, 439-449. 582 

Yu, G.J., Gao, Z.Y., Huang, J.S., 2009. Experimental research on sprinkler irrigation 583 
evaporation and drift losses in arid sandstorm regions. International Symposium of 584 
HAI Basin Integrated Water and Environment Management, 2008. Beijing, China. In: 585 
River basin research and planning approach. Orient Acad Forum, Marrickville, pp. 586 
450-456.  587 



 

Zapata, N., Playán, E., Skhiri, A., Burguete, J., 2009. Simulation of a Collective Solid-588 
Set Sprinkler Irrigation Controller for Optimum Water Productivity. Journal of 589 
irrigation and drainage engineering-ASCE 135 (1), 13 – 24. 590 


