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RESUMEN 

En el valle del Ebro, área en la que se desarrolla esta tesis, el riego por aspersión ha sido el más 
extendido en los procesos de modernización. Esta tesis está orientada a la mejora y ampliación 
del campo de aplicación de los modelos de riego por aspersión en cobertura total y en máquinas 
autopropulsadas tipo pivote desarrollados por el grupo RAMA. 
En primer lugar, se adaptó el modelo balístico presentado por Playán et al. (2006) y modificado 
por Burguete et al. (2007) para simular el funcionamiento de riego por aspersión de los 
aspersores sectoriales (círculo parcial, PC) y los aspersores con placa deflectora (DP), que se 
corresponden con las soluciones de campo más utilizadas para el riego de los bordes de las 
parcelas. Se diseñaron dos tipos de experimentos de campo, los primeros se llevaron a cabo con 
un aspersor aislado en condiciones de viento en calma con el objetivo de estimar los parámetros 
de distribución del tamaño de las gotas. La segunda serie de ensayos se realizó en una parcela 
de riego por aspersión equipada con una cobertura fija bajo condiciones de viento, con el 
objetivo de calibrar y validar los parámetros del modelo balístico que caracterizan la 
deformación del patrón de reparto de agua en presencia de viento. El diseño experimental de 
esta segunda serie de ensayos, permitió comparar las dos soluciones del riego de los bordes en 
las mismas condiciones técnicas y meteorológicas. Las comparaciones entre los diferentes 
diseños (DP o PC) se establecieron en términos de calidad de riego y rendimiento del cultivo 
para una parcela comercial. Los resultados indican que las diferencias entre ambas soluciones 
fueron insignificantes en el rendimiento de maíz (<1%), aunque las láminas de agua aplicada 
fueron ligeramente diferentes (≈7%). La forma de la parcela, y en concreto, la superficie de 
borde respecto a la total, tiene un gran peso en el análisis de la solución más adecuada. Así, en 
el caso de una parcela larga y estrecha con una superficie de borde de un 30% respecto a la 
total, el aspersor con DP resultó ser el más adecuado para equipar las zonas de borde. En el 
análisis se incluyen los costes de inversión, de explotación y los ingresos por cosecha, en este 
caso, de un cultivo de maíz. 
 

La extensión de los esfuerzos recientes en la simulación balística de los aspersores de impacto a 
los emisores de máquinas de riego automotrices ha sido uno de los objetivos de esta tesis. La 
modelización del reparto de agua de estos emisores precisa, antes de poder aplicar la teoría 
balística, la determinación de la velocidad con la que salen las gotas/chorro del emisor tras su 
choque con el plato deflector. Las pérdidas de carga producidas por el impacto del chorro con la 
placa deflectora para boquillas de plato fijo (FSPS) y de plato rotatorio (RSPS) se 
caracterizaron experimentalmente.  Para ello, se utilizó la técnica fotográfica de baja velocidad 
que permite determinar, el diámetro, la velocidad y el ángulo de la trayectoria de las gotas 
(Salvador et al., 2009) que salen de un emisor o de un plato deflector. Esta caracterización se 
realizó para ambos modelos de boquillas, bajo dos presiones de trabajo y un rango amplio de 
tamaños de boquilla (desde 2 mm a 9 mm). Tras conocer la velocidad de salida de las gotas se 
aplicó el modelo balístico a los ensayos de campo para calibrar y validar los parámetros del 
modelo (D50, n, K1 y K2).  Los resultados de medida de la velocidad de las gotas muestran que las 
pérdidas de carga que ocasionan los platos deflectores se reducen al aumentar el tamaño de la 
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boquilla hasta  alcanzar un valor mínimo, a partir del cual aunque aumente el tamaño de 
boquilla, las pérdidas se mantienen constantes. El modelo calibrado y validado reproduce de 
forma satisfactoria los patrones de reparto de agua tanto en condiciones de viento en calma (r = 
0,98 y r = 0,99 para FSPS y RSPS, respectivamente), como en condiciones de viento medio-alto 
(r = 0,76 y r = 0,96 para FSPS y RSPS, respectivamente). Para simular el reparto de agua de los 
emisores en condiciones de viento no ensayadas en campo, pero dentro del rango de evaluación, 
se establecieron relaciones entre los parámetros de corrección de la resistencia aerodinámica 
(K1

’ y K2
’) y la velocidad del viento. Estas relaciones se validaron con ensayos de campo, dando 

lugar a resultados satisfactorios. 
 

Otro de los retos de la simulación del riego con máquinas automotrices de aspersión ha sido la 
incorporación del movimiento intermitente y discontinuo de las torres. Hasta el momento, en la 
literatura sólo se había analizado este efecto en el reparto del agua de una máquina pivote de 
forma experimental, sin que los ensayos permitiesen llegar a resultados concluyentes. En el caso 
de la simulación, Omary y Sumner (2001) incorporaron a la simulación del riego de un pivote 
central el movimiento intermitente pero no discontinuo de las torres, es decir, suponiendo que las 
torres marchan y paran a la vez de forma alineada. En esta tesis se caracterizó 
experimentalmente el movimiento intermitente y discontinuo de las torres de un pivote comercial 
instalando un GPS de alta precisión en cada una de las torres. Con los resultados de un total de 
59 riegos se caracterizaron las velocidades de las torres y los ángulos de conmutación que 
accionan la marcha y el paro de cada una de ellas. El estudio determinó que tanto las 
velocidades de las torres como los ángulos de conmutación presentan una distribución normal 
con un coeficiente de variación pequeño. Se propuso un modelo de movimiento en el que cada 
torre se mueve con la velocidad media medida y los ángulos de marcha y paro adoptan también 
el valor medio medido que varía aleatoriamente en el rango de más o menos una desviación 
estándar.  El modelo de simulación del movimiento de las torres se acopló al modelo de reparto 
de agua de los emisores. El pivote central se equipó con emisores de plato fijo (FSPS) y se 
evaluaron cinco eventos de riego utilizando pluviómetros. Se validó el modelo acoplado del 
movimiento de las torres y de distribución de agua de los emisores con los datos de las 
evaluaciones de riego. Además, se utilizó la herramienta de simulación para evaluar el efecto de 
la calidad de la alineación de las torres, la velocidad de desplazamiento del pivote central y las 
condiciones de viento en la calidad de riego. Se realizaron comparaciones en términos de 
uniformidad de riego radial, circular y total. Los resultados indican que la dinámica de las 
torres del pivote evaluado, que presenta un desfase en el ángulo de conmutación de 0.5º tiene un 
efecto despreciable en la uniformidad de riego. El efecto en la uniformidad del riego comienza a 
ser relevante cuando el ángulo de desfase es igual o mayor a 5º. En las condiciones de este 
trabajo, la velocidad del viento presenta un claro efecto sobre la uniformidad. A medida que 
aumenta la velocidad del viento la uniformidad disminuye hasta un valor a partir del cual la 
uniformidad mejora. Se requiere seguir con el trabajo de investigación para ampliar el campo de 
aplicación del modelo a otro tipo de emisores de riego y para otros diseños de máquinas de 
riego.  
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En el último capítulo de la tesis se ha realizado un avance en el desarrollo de la herramienta de 
simulación de riego con máquinas pivote. La principal novedad es que se ha incorporado la 
posibilidad de simular la variabilidad meteorológica que se produce a lo largo del riego. El 
tiempo que tarda en completarse el riego con una máquina pivote, si bien depende de varios 
factores (características y tamaño de la máquina y velocidad de giro programada), es de varias 
horas (entre 12 y 24 horas son valores muy comunes). Esta duración hace que las condiciones 
meteorológicas del riego en las diferentes zonas del pivote sean diferentes. Se analizó en riegos 
largos y con variabilidad meteorológica el efecto de considerar una meteorología promedio, o el 
de considerar la variabilidad real, en el patrón de distribución de agua. Además, se abordó un 
análisis global, de toda la campaña de riego, del efecto que tanto la alineación de las torres 
como la variabilidad meteorológica tienen en la distribución del agua de riego y el efecto que 
esta variabilidad tiene en la producción de un cultivo de maíz. Para ello se analizó la campaña 
de riegos aplicada a un cultivo de maíz el año 2013 en el pivote comercial descrito en el capítulo 
anterior. En esta ocasión el pivote se equipó con boquillas de tipo rotatorio (RSPS). Se instaló 
una estación meteorológica automática que registró cada segundo a lo largo de la campaña de 
riegos los meteoros, temperatura, humedad relativa, pluviometría y velocidad y dirección del 
viento. Se evaluaron un total de 10 riegos con radios pluviométricos para validar el modelo de 
distribución de agua de los emisores RSPS. Se realizó la cosecha del maíz con cosechadora 
comercial equipada con GPS. Se utilizaron los registros de posicionamiento de las torres 
(capítulo anterior) de cada uno de los riegos aplicados al maíz para reproducir el movimiento 
real de las torres. Asimismo, se simuló la dinámica de las torres de cada uno de los riegos con el 
modelo de movimiento propuesto en el capítulo anterior. Se simuló la distribución de agua de 
toda la campaña de riegos con: 1) la dinámica de las torres medida, 2) la dinámica de las torres 
simulada; 3) la dinámica de las torres suponiendo que se mueven de forma alineada; 4) la 
meteorología medida cada segundo y 5) la meteorología promedio de cada riego. Además, se 
simuló la producción del maíz acoplando el modelo de distribución de agua del pivote (simulada 
bajo los supuestos anteriores) con el modelo de cultivos presentado en Dechmi et al. (2004). La 
producción simulada de los diferentes casos se comparó con la producción medida en campo. 
Los resultados indican que en la distribución de agua de toda la campaña de riegos considerar 
que las torres se mueven de forma alineada, o con su movimiento real o con el movimiento 
simulado no presentan diferencias significativas. Esto es así porque los mecanismos de 
alineación están bien regulados y el ángulo de desfase permitido en la máquina estudiada es muy 
pequeño. En cuanto a la meteorología, los resultados indican que la consideración de unas 
condiciones medias en la simulación de un riego frente a la simulación de la variabilidad 
meteorológica real sí que tiene efecto en la distribución de agua, tanto para riegos individuales 
que presentan variabilidad como cuando el análisis se hace de forma estacional. La variabilidad 
en el reparto de agua debido a la variabilidad del viento intra-riegos se aprecia al comparar las 
simulaciones en las que se considera el viento variable o el viento constante a lo largo del riego. 
Estas diferencias observadas en los patrones gráficos de distribución de agua no se recogen cuando 
se analizan coeficientes de dispersión como el CUC o la desviación estándar. El patrón de reparto 
de agua se traslada al patrón de distribución de la producción cuando se utiliza aquél para 
simular éste. Considerar la variabilidad del viento intra-riegos en la simulación del reparto de 
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agua mejora la simulación del reparto de agua y de la producción del cultivo. La variabilidad de 
la producción medida está correlacionada con la cantidad de agua recibida y también con la 
producción simulada. A pesar de ello, hay zonas que no guardan relación debido al resto de 
factores no considerados que también afectan al rendimiento, como son las características del 
suelo, la fertilización, el ataque de plagas, los problemas de nascencia, etc. 
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ABSTRACT 

In the Ebro valley, area in which this thesis was developed, sprinkler irrigation has been the most 
widespread in the modernization process. This thesis has focused mainly on improving and 
expanding the solid-set sprinkler irrigation and self-propelled irrigation machines (center-pivot 
system) models developed by RAMA’s group. 
 

In the first chapter, the ballistic model presented by Playán et al. (2006) and modified by 
Burguete et al. (2007) has been adapted to simulate the irrigation performance of partial circle 
sprinkler (PC) and deflection plate sprinkler (DP) corresponding to the most common used 
solutions for field-boundaries irrigation. Two types of experiments were designed. The firsts were 
carried out with an isolated sprinkler under no windy conditions to estimate drop size 
distribution parameters. The second were performed in a solid-set sprinkler layout under windy 
conditions to calibrate and validate the ballistic model parameters characterizing the 
deformation of the water distribution pattern. The second experimental design allows the 
comparison of both solutions under equal technical and meteorological conditions. Comparisons 
between designs (DP or PC) were established for a commercial field area in terms of irrigation 
performance and crop yield. Differences in corn yield were negligible (<1%) although the 
seasonal irrigation depths were slightly different (<7%). The shape of the field, and particularly 
the border area of the total surface, has an important effect on the analysis of the appropriate 
solution. For an elongated and narrow shape field with border areas of 30% of the total surface, 
DP solution seems to be the most adequate field boundaries solutions. The investments and 
operating costs with corn crop revenues were included in this analysis.  
 

Extending the recent efforts in ballistic simulation of impact sprinklers to self-propelled machines 
spray sprinklers has been one of the objectives of this thesis. Modelling water distribution 
patterns of this type of spray sprinklers requires, before applying the ballistic theory, the 
determination of the jet/drop velocity after its impact with the deflecting plate. The kinetic energy 
losses produced by the jet impact with the spray plate were experimentally characterized for 
fixed (FSPS) and rotating (RSPS) spray plate sprinklers. For that, the photographic method of 
low speed (Salvador et al., 2009) was used to determine the diameters, velocities and trajectory 
angles of drops exiting the nozzle or the deflecting plate. This characterization was performed for 
both nozzles types, under two working pressures and for a wide range of nozzle diameters (from 
2 mm to 9 mm). Once the exit drop velocity was determined, the ballistic model was applied to 
the field experiments in order to calibrate and validate the model parameters (D50, n, K1 and K2). 
The results of measured drops velocity show that kinetic energy losses decrease with nozzle 
diameter increments and eventually reach a stable minimum value. The results from the model 
compared well with field observations. The calibrated and validated model has reproduced 
accurately the water distribution pattern in calm (r=0.98 and r=0.99 for FSPS and RSPS, 
respectively) and medium-high windy conditions (r=0.76 and r=0.96 for FSPS and RSPS, 
respectively). A new relationship was established between the corrector parameters (K1

’ and K2
’) 

and the wind speed in order to simulate untested water distribution pattern in windy conditions 
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within the range of evaluations. These relationships were validated with field test, leading to 
satisfactory results. 
 

The incorporation of the intermittent and discontinuous tower movement represented another 
challenge for the self-propelled machines sprinklers simulations. This effect on the center-pivot 
water distribution pattern was only experimentally analysed, without reaching a conclusive 
results. For simulations, Omary and Sumner (2001) have incorporated the tower intermittent 
movement assuming a not discontinuous tower movement (i.e. towers move and stop 
simultaneously and completely aligned). In this thesis, the intermittent and discontinuous tower 
movements of a commercial center pivot, installing high GPS receivers in each tower, was 
experimentally characterized. The tower travel speed and switching angles (that actuate the on 
and off of each tower) were characterized with a total of 59 irrigation events. The study showed 
that both tower travel speed and switching angles followed a normal distribution pattern with a 
small coefficient of variation. A simulation model of tower movement was proposed, based on 
average measured travel speed and average measured on and off switching angles randomly 
varying in the standard deviation range. The tower movement model was coupled to the spray 
sprinkler water distribution model. The experimental center-pivot was equipped with fixed spray 
plate sprinklers (FSPS). Five experimental center-pivot irrigation events were evaluated using 
catch-cans. The simulation model coupling center-pivot tower dynamics with the FSPS water 
distribution pattern was validated with the evaluated irrigation data. Furthermore, the 
simulation tool was used to assess the effect of tower alignment quality, center-pivot travel speed 
and wind conditions on irrigation performance. Comparisons were performed in terms of radial, 
circular and total irrigation uniformity. Results indicate that the observed tower dynamics, 
presenting a tower alignment quality of 0.5º, has a negligible effect on irrigation uniformity. The 
irrigation uniformity effect starts to be relevant when the switching angle lag was equal to or 
larger than 5º. In this work conditions, wind speed showed a clear effect on uniformity. As wind 
speed increased, uniformity first decreased and then increased. Further research is required to 
generalize these results to other center-pivot sizes and designs (sprinkler packages).  
 

In the last chapter, advances in the center-pivot irrigation model tools were performed. The main 
novelty was the incorporation of the possibility to simulate the time varying meteorological 
conditions that occurs during an irrigation event. Although it depends on several factors 
(machine characteristics and size, programmed tower travel speed), the center-pivot system 
needs several hours (from 12 to 24 hours are a common values) to complete an irrigation event. 
During this period, the meteorological conditions are very different. Long irrigation events with 
different meteorological conditions and its effect on water distribution pattern, considering 
average or variable meteorological conditions, were analysed. In addition, the effect of 
meteorological conditions variability and tower alignment in water distribution depth and crop 
yield was analysed for the whole irrigation season. For that, the 2013 irrigation season applied 
to corn crop in the commercial pivot (described in the previous chapter) was evaluated. In this 
season, the experimental center-pivot was equipped with rotating spray plate sprinkler (RSPS). 
An automatic meteorological station located adjacent to the center-pivot plot monitored 
meteorological conditions with a frequency of 1 s. A total of ten irrigation events were evaluated 
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using catch-cans and used to validate the RSPS water distribution model. The mechanical 
movement of the evaluated center-pivot was characterized using GPS monitoring. Corn harvest 
was performed with a commercial harvester equipped with GPS. The tower dynamic of the 
irrigation events was simulated with the mechanical movement model developed in Chapter IV. 
The water distribution pattern of the whole irrigation season was simulated with 1) the measured 
dynamic, 2) simulated dynamic, 3) simulated aligned tower dynamic 4) time varying 
meteorological conditions every 1 second and 5) average meteorological conditions of each 
irrigation event. Crop yield was simulated (under the above assumptions) by coupling the center-
pivot model with Ador-crop model (Dechmi et al., 2004). Comparisons between measured and 
simulated crop yield of the different cases were performed. Results indicated that no significant 
differences in total uniformity coefficient between experimental dynamic, simulated dynamic and 
complete aligned tower dynamic for the whole irrigation season. This could be explained by the 
perfect tower mechanical movement incorporating a very small switching on/off angle. However, 
the results showed significant effects in water distribution pattern between simulations 
considering average wind conditions and time varying wind conditions. Differences were clear 
for both, individual irrigation events and the whole irrigation season. The water distribution 
variability due to the intra-irrigation wind variability is clearer when comparing simulations 
with variable on time wind conditions and with homogeneous wind conditions along the 
irrigation event. Uniformity coefficients as the Christiansen Uniformity coefficient or the 
standard deviation did not catch the observed variability of the water distribution pattern. 
Simulated yield distribution pattern resulted very close to the correspondent water distribution 
pattern. Center-pivot simulation model including current tower dynamics and variable on time 
wind conditions improves the simulation results compared with a model simulating aligned tower 
movement and homogeneous wind conditions. The variability of the measured yield was in 
agreement with applied irrigation depth and the simulated corn yield. However, there are some 
unrelated areas between simulated irrigation depth and measured corn yield which could be due 
to other factors, not considered in this study, such as the soil characteristic, application of 
fertilizers, pest attack, emergence problems, etc. 
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I.1. INTRODUCCIÓN 

Cerca del 10% de las áreas de riego en todo el mundo son por aspersión, siendo este porcentaje 

más elevado en países desarrollados debido a los procesos de modernización de los sistemas de 

riego. Las innovaciones que se introducen con las modernizaciones mejoran la eficiencia del 

riego ya que favorecen la adaptación de la aspersión al tipo de suelo, a la topografía, al cultivo y a 

la meteorología. España cuenta con alrededor de 3.605.121 ha de regadío, lo que representa un 

tercio de la superficie total del regadío en la EU-28. A nivel nacional esta superficie representa el 

13,6% de la superficie agrícola total (este valor es ligeramente superior al valor medio registrado 

en el último quinquenio que se sitúa en el 13,5%) (MAGRAMA, 2014). El sector primario 

representa el 2,7 % de la economía del país (VAB total) y el 4,2% del empleo total. Esto es 

superior a la media europea en términos económicos (1,7 % en EU- 28) y menor en empleo (5,2 

% en la EU- 28).  

 

 

Figura I. 1. Cambios en la superficie regada de cada uno de los sistemas de riego, superficie, 
aspersión y localizado entre los años 1999 y 2013. A escala nacional y en Aragón. 

 

Además, en los últimos 15 años se ha producido un cambio muy importante en la superficie 

dedicada a cada sistema de riego (Figura I.1). El sistema que más ha aumentado en los últimos 

años es el riego localizado, implantado en 740.164 ha nuevas desde el año 1999. El sistema 

automotriz, se ha implantado en 44.820 nuevas ha de cultivo a lo largo de estos últimos 15 años, 

fluctúa más con los años, debido fundamentalmente a ser un sistema más propio de cultivos 

herbáceos. El riego automotriz se incrementó un 2,04% en 2014 respecto a 2013 y un 12,97% 
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respecto al del año 1999. En general los sistemas más tecnificados han aumentado en los últimos 

años en detrimento del riego por gravedad. Según el MAGRAMA (2014), las Comunidades 

Autónomas con más superficie regada son Andalucía (29,3%), Castilla La Mancha (13,9%), 

Castilla y León (11,8%) y Aragón (10,9%). El riego por aspersión de cobertura total se concentra 

sobre todo en estas mismas Comunidades, Castilla y León (23,4%), Castilla La Mancha (20,2%), 

Aragón (19,2%) y Andalucía (13,7%). La suma de la superficie de riego por aspersión en ellas 

representa más del 76% de la superficie regada por aspersión en toda España. En el resto de 

Comunidades Autónomas este sistema no supera en ninguna el 6% de la superficie total. 

La superficie regada mediante riego automotriz (pivotes y máquinas de avance frontal) se 

distribuye fundamentalmente entre las Comunidades Autónomas de Castilla y León (41,5%) y 

Castilla la Mancha (30%). Salvo en Aragón, donde aparece otro 11,3%, en el resto de 

Comunidades Autónomas no supone más del 6% de la superficie regada en el mejor de los casos. 

Esta distribución refleja la diversidad de la agricultura española, que abarca desde las regiones 

del norte donde la abundante pluviometría hace innecesario en muchos casos el riego, hasta las 

diferencias existentes entre los sistemas de riego típicos de las agriculturas mediterránea y 

continental. 

Los sistemas de aspersión de cobertura total pueden adaptarse a la mayoría de las condiciones 

climáticas, pero las condiciones de viento fuerte disminuyen la uniformidad de distribución y 

aumentan las pérdidas por evaporación y arrastre, especialmente cuando se combina con altas 

temperaturas y baja humedad (Seginer y col., 1991; Seginer y col., 1991b; Faci y Bercero 1991). 

Si el efecto de la intensidad y la dirección del viento no están suficientemente considerados en el 

diseño, el sistema puede estar por debajo del óptimo. Así, según Zapata y col. (2007) cuando una 

zona se clasifica como ventosa, el viento debe ser tenido en cuenta en el diseño del sistema de 

riego. En las últimas décadas, se han sucedido muchas mejoras en la tecnología del riego por 

aspersión (Tarjuelo, 1995; Zapata y col., 2009). Los cambios han permitido mejorar la calidad del 

riego, disminuir las pérdidas de agua y aumentar el rendimiento de los cultivos. En el ámbito del 

riego por cobertura total, los sistemas actuales en el valle del Ebro se basan en el uso de redes 

colectivas que garantizan a los regantes individuales un conjunto de condiciones de acceso al 

agua en los hidrantes. Entre estas condiciones se encuentran unos mínimos de presión y caudal 

(Zapata y col., 2009). 

Numerosos trabajos han analizado la calidad del riego en los sistemas de aspersión de cobertura 

total (Tarjuelo y col., 1994; Playan y col., 2005; Dechmi y col., 2003a; Dechmi y col., 2003b). 

Sin embargo, en ninguno se hace referencia al efecto que los aspersores de borde tienen en la 
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calidad final del riego de la parcela completa. En el caso de pequeñas parcelas y aspersores con 

diámetros de humedecimiento grandes, puede haber importantes pérdidas en los bordes. Para 

tener un buen humedecimiento de toda la parcela, es inevitable regar una franja alrededor de la 

parcela con aspersores que no tienen el solapamiento de los aspersores centrales y que regarán de 

forma diferente. Estos problemas pueden solucionarse analizando las diferentes soluciones al 

riego de los bordes y seleccionando la más adecuada a cada situación. 

La utilización de las máquinas automotrices como sistema de riego se ha expandido gracias a 

varios factores como el menor coste de inversión por hectárea regada, los menores 

requerimientos energéticos y de mano de obra, la posibilidad de la inyección de agroquímicos, el 

alto grado de automatización y su adaptación a distintas condiciones de suelo, clima y cultivo 

(Allen y col., 2000; Evans and King, 2012). Gracias a esa adaptabilidad, el uso del pívot evita la 

necesidad de realización de zanjas y movimientos de tierra, lo que ayuda a conservar las 

propiedades físicas del suelo y favorece la mecanización (Tarjuelo, 1995; Faci y col. 2006). 

Los primeros pivotes tenían motores hidráulicos pero pronto comenzaron a sustituirse por 

motores eléctricos que presentan ventajas operacionales. La principal diferencia entre ambos 

sistemas está en el motor de accionamiento de los pivotes. Por un lado, el pivote 

eléctrico funciona con electricidad y se enciende cuando es necesario mover las torres. Es decir, 

detiene sus motores cientos de veces cada día para que las torres más avanzadas esperen a ser 

alcanzadas por las otras torres y ponerse de nuevo en funcionamiento. Por otro lado, el pivote 

hidráulico se pone en funcionamiento con la misma agua de riego, es decir, no es necesario 

activarlo y desactivarlo. El sistema hidráulico está siempre alineado ya que todas las ruedas se 

mueven de forma simultánea. El movimiento del pivote eléctrico se traduce en una mayor 

durabilidad de los engranajes (mayor vida útil) y una operación eficiente, económica y simple. 

Los accionamientos eléctricos, ofrecen la posibilidad de variar la velocidad de avance desde el 0 

al 100%, por el contrario, los equipos hidráulicos, sólo pueden regular la marcha a partir del 30%, 

lo que desestima su uso en equipos con poca lámina o caudales bajos ya que resulta imposible 

aplicar láminas importantes (Taxco, 2013). 

El desarrollo de nuevos emisores ha desplazado el uso de los aspersores de impacto en las 

máquinas de riego automotrices. Estos emisores reducen los requerimientos de presión, sin 

afectar a la calidad del riego (Kincaid y col., 2000; DeBoer y col., 2000). Entre los emisores más 

utilizados en máquinas automotrices están los emisores de plato fijo (FSPS) y los emisores de 

plato rotatorio (RSPS). Comparando los FSPS con los RSPS, los primeros son más baratos y 
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robustos ya que no tienen piezas móviles, mientras que los segundos presentan mejores 

uniformidades de reparto de agua (Playán y col., 2004). 

La uniformidad del riego por aspersión en parcela en condiciones de viento en calma puede ser 

evaluada a través del solapamiento de las distribuciones individuales del agua de riego de los 

aspersores en un marco de aspersión bien definido (Tarjuelo y col., 1999a). Teóricamente la 

distribución del agua derivada de la curva radial tiene una forma circular. Sin embargo, en 

condiciones de campo, las distribuciones radiales se deforman debido a los componentes del 

viento: velocidad y dirección. Existen factores que afectan a la eficiencia del riego por aspersión 

tanto en sistemas de cobertura total como en máquinas automotrices. Algunos de estos factores 

son de origen técnico, como el diámetro de la boquilla, el diámetro de gota, la altura del aspersor 

y la presión de trabajo (Tarjuelo, 1995), y otros ambientales como la velocidad del viento y la 

demanda evaporativa de la atmósfera (Playán y col., 2005).  

Con el fin de evitar la laboriosidad de los ensayos de campo que permitan conocer la distribución 

del agua por un sistema de riego bajo condiciones reales de funcionamiento y, sobre todo, para 

disponer de una herramienta fundamental para el diseño de nuevos regadíos o para la mejora de 

los existentes, surgen los modelos de simulación de riego, cuyo mayor avance se ha producido en 

la última década. Así se dispone en estos momentos de modelos de simulación de riego por 

superficie como SIRMOD (Walker, 1993), B2D (Playán y col., 1994), SRFR (Strelkoff, 1990),  

FURDEV Y BORDEV (Zerihum y Feyen, 1996) o SURCOS (Burguete y col., 2014) que 

constituyen una herramienta fundamental para el diseño y la evaluación de los principales 

sistemas de riego por superficie. 

En la misma línea, (Fukui y col., 1980; von Bernuth y Gilley, 1984; Vories y col.,1987; von 

Bernuth, 1988; Seginer y col., 1991b, Han y col., 1994, Tarjuelo y col., 1994) se viene trabajando 

en el desarrollo de modelos de simulación de riego por aspersión estacionario, en este aspecto 

cabe destacar el modelo SIRIAS (Montero, 1999; Carrión y col., 2001), Catch 3D (Allen, 1998), 

y ADOR-Aspersión (Dechmi y col., 2004; Playán y col., 2006). También se ha avanzado en la 

simulación del riego con pivot (Heermann, 1990; Bremond y Molle, 1995) y con cañones 

(Richards y Weatherhead, 1993; Augier, 1996). 

Varios modelos matemáticos permiten la determinación de la uniformidad del riego en parcela 

teniendo en cuenta la modificación de la distribución de agua de los aspersores debido a 

parámetros de diseño y/o de funcionamiento. Uno de los modelos matemáticos más utilizados 

para evaluar la distribución del agua en riego por aspersión se basa en la teoría balística 

(Okamura, 1968; Okamura y Nakanishi, 1969; Fukui y col., 1980, Montero y col., 2001, Playán y 
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col., 2006) que constituye el enfoque más común en la modelación del riego por aspersión. La 

teoría balística considera el efecto del viento como su principal agente de distorsión y, por tanto, 

un factor determinante en la uniformidad del riego (Fukui y col., 1980; Vories y col., 1987; 

Carrión y col., 2001; Playán y col., 2006). Hasta el momento no ha sido posible establecer una 

generalización de los modelos balísticos debido a que la calibración del modelo requiere, en cada 

caso, de implantar las condiciones específicas con las cuales opera el sistema.  

Los sistemas de regadío modernos deben posibilitar un uso uniforme y eficiente del agua, un alto 

grado de automatización, y la aplicación del agua y los nutrientes sobre un amplio rango de 

suelos, cultivos y condiciones topográficas. Para conseguir estos objetivos los programas de 

simulación son una herramienta imprescindible. Desde hace varias décadas se han ido 

desarrollando y mejorando modelos de simulación enfocados en su gran parte a los sistemas de 

riego estacionarios (Carrión y col., 2001; Montero y col., 2001 y Playán y col., 2006). Sin 

embargo, en el campo de la simulación de los sistemas de riego móviles tales como máquinas 

laterales y pivotes, el desarrollo de los modelos de simulación está mucho menos avanzado 

(James, 1982; Omary y Sumner, 2001 y Delirhasannia y col., 2010). La simulación del riego con 

pivotes se viene investigando con mayor o menor intensidad desde los años 1960. El modelo más 

simple solapaba patrones individuales estacionarios de riego de los emisores, lo que da lugar a 

distribuciones de agua de riego. En estos casos el patrón de reparto de agua sólo depende de la 

distancia al centro pivote. Por otro lado, los modelos simplifican la dinámica de los pivotes ya 

que simulan el movimiento de las torres completamente alineadas. Otro aspecto importante que 

no se ha abordado en la literatura es el efecto que la variabilidad meteorológica que se produce a 

lo largo de un riego tiene en la distribución de agua. Lo más común es simular el riego con unas 

condiciones meteorológicas homogéneas que se corresponden con la media de las variables en el 

tiempo de riego. Sin embargo, en zonas ventosas como el Valle del Ebro en las que la variación 

de la intensidad del viento entre el día y la noche es importante (Martinez-Cob y col., 2010), esta 

simplificación puede enmascarar una importante fuente de variabilidad. En este trabajo se aborda 

el efecto que tiene sobre la distribución de agua y sobre la producción de un cultivo, tanto la 

dinámica real de las torres como la variabilidad meteorológica durante el riego en las máquinas 

de riego tipo pivote. Este análisis se abordará de forma individual para cada riego y de forma 

acumulada para todos los riegos de una campaña de cultivo. Este trabajo presenta una 

componente experimental que apoya el desarrollo de los modelos de riego por aspersión. 

Las publicaciones más recientes en riego con máquinas autopropulsadas abordan la agricultura de 

precisión mediante el desarrollo de tecnologías que permitan la aplicación específica y variable 
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del agua y de los nutrientes, en función del suelo y del desarrollo del cultivo (Evans y col., 2013; 

King y col., 2009). Esta tesis aborda aspectos como la dinámica de las torres o la variabilidad 

meteorológica intra-riego que inducen variabilidad no controlada en la distribución del agua y 

que deben de considerarse en el enfoque de la agricultura de precisión.  
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I.2. OBJETIVOS DE LA TESIS 

I.2.1 Justificación de la realización de la presente tesis Doctoral 

En el valle del Ebro, área en la que se desarrolla esta tesis, el riego por aspersión ha sido el más 

extendido en los procesos de modernización (Figura I.1). El riego por aspersión se está instalando 

en la actualidad en muchos proyectos públicos y privados de modernización de regadíos. Por ello, 

la presente propuesta está orientada al desarrollo de ciencia y tecnología para mejorar la 

sostenibilidad de los sistemas de riego en cobertura total y en pivote central. 

El objetivo general de la presente tesis doctoral es mejorar y ampliar el campo de aplicación de 

los modelos de riego por aspersión en cobertura total desarrollados por el grupo RAMA y 

avanzar en el desarrollo de modelos de simulación para riego con sistema de pivote central. 

I.2.2. Objetivos específicos 

1. Ampliar los modelos de simulación de riego por aspersión en cobertura total incluyendo en la 

simulación los aspersores de borde (aspersores sectoriales y aspersores con placa deflectora). 

a) Analizar el efecto del viento y de la presión de trabajo en la distribución de agua de las 

diferentes soluciones al riego de los bordes de las parcelas: la combinación de aspersores 

sectoriales con aspersores de círculo completo, y aspersores de círculo completo 

equipados con placas deflectoras. 

b) Adaptar, calibrar y validar el modelo balístico para reproducir el reparto de agua de los 

aspersores de borde en diferentes condiciones técnicas y meteorológicas. 

c) Simular la uniformidad estacional de riego y la producción de un cultivo de maíz de una 

parcela comercial completa equipada en su zona de borde con aspersores sectoriales o con 

aspersores con placa deflectora. 

2. Simular el reparto de agua de los emisores de plato fijo (FSPS) y de plato rotatorio (RSPS) en 

diferentes condiciones técnicas y meteorológicas. 

a) Caracterizar experimentalmente las pérdidas de carga que se originan en el choque del 

chorro con el palto deflector de los FSPS y RSPS. 

b) Caracterizar experimentalmente el reparto de agua de los FSPS y RSPS en diferentes 

condiciones técnicas y meteorológicas. 

c) Calibrar los parámetros del modelo balístico que permitan reproducir los patrones de 

reparto de agua evaluados experimentalmente. 



  INTRODUCCIÓN GENERAL 

10 

3. Desarrollar un modelo de simulación de riego de pivote que incorpore el movimiento 

intermitente y discontinuo de las torres que se producen en los pivotes con motores eléctricos, 

así como el reparto de agua de los FSPS desarrollado en el objetivo 2.  

a) Caracterizar el movimiento de las torres de un pivote central y desarrollar un modelo de 

movimiento de las torres basado en los datos experimentales. 

b) Acoplar y validar el modelo dinámico de las torres con el modelo balístico de distribución 

de agua de los emisores. 

4. Desarrollar un modelo de riego de pivote que incorpore la variabilidad meteorológica intra-

riego además de la dinámica de las torres en la simulación de la distribución de agua y en la 

producción de un cultivo de maíz. 

a) Caracterizar técnicamente y meteorológicamente la campaña de riego aplicada a un 

cultivo de maíz realizada por el pivote comercial estudiado en el capítulo anterior.   

b) Simular la campaña de riegos aplicada al maíz considerando los siguientes supuestos: 

a. Que las torres del pivote se mueven siguiendo los movimientos medidos con el 

GPS de alta precisión. 

b. Que las torres del pivote se mueven tal y como las simula el modelo de simulación 

de movimiento de las torres desarrollado en el capítulo anterior. 

c. Que la velocidad y dirección del viento de cada uno de los riegos es la medida por 

la estación meteorológica instalada en la parcela de estudio. 

d. Que la velocidad y dirección del viento de cada uno de los riegos es constante y de 

valor igual a la media de los valores registrados a lo largo de cada riego. 

e. Que las torres del pivote se mueven de forma completamente alineada en cada uno 

de los riegos siguiendo la velocidad registrada. 

c) Con los diferentes patrones de reparto de agua simulados anteriormente, se simulará el 

rendimiento del cultivo y se comparará con el rendimiento medido. 

d) Se determinará el efecto que tiene la variabilidad intra-riegos de la velocidad y dirección 

del viento en la distribución del reparto de agua de toda la campaña de riegos y de la 

producción del maíz. 

e) Se determinará el efecto del movimiento real de las torres del pivote en la distribución del 

reparto de agua de toda la campaña de riegos y en la producción del cultivo. 

f) Se propondrá un modelo de simulación del riego de máquinas pivote central que 

considere como factores de variabilidad, el diseño de la carta de boquillas, la 

meteorología real y la dinámica de las torres. 
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EVALUATING AND MODELING SOLID-SET SPRINKLERS IRRIGATION OF THE 
FIELD BOUNDARIES 

RESUMEN 

 

Numerosos trabajos han analizado la calidad del riego en los sistemas de aspersión de cobertura 

total. Sin embargo, en ninguno se hace referencia al efecto que los aspersores de borde tienen en 

la calidad final del riego de la parcela complete. Los objetivos de este trabajo son 1) 

caracterizar las dos soluciones para regar los bordes de las parcelas (los aspersores equipados 

con placa deflectora (DP) y los aspersores sectoriales (PC)) 2) calibrar y validar el modelo 

balístico para simular adecuadamente estas soluciones y 3) analizar la mejor solución para 

integrarla en el riego de una parcela completa. Se diseñaron dos tipos de ensayos. Se 

caracterizaron las curvas radiales de un aspersor individual en condiciones de viento en calma 

para estimar los parámetros de la distribución de las gotas. Por otro lado, se realizaron una 

serie de ensayos de campo en una parcela de riego por aspersión equipada con una cobertura 

fija para calibrar y validar el modelo balístico. El diseño experimental permite evaluar al mismo 

tiempo y por lo tanto en las mismas condiciones técnicas (presión) y meteorológicas (viento, etc) 

las dos soluciones empleadas para regar los bordes de las parcelas. Se establecieron 

comparaciones entre los diseños (DP o PC) en términos de calidad de riego y rendimiento del 

cultivo para una parcela completa. Las diferencias en el rendimiento de maíz fueron 

insignificantes (<1%), aunque las láminas de agua aplicada fueron ligeramente diferentes 

(<7%). Analizando los costes de inversión, costes de explotación y los ingresos del cultivo de 

maíz, el aspersor con DP, como solución de riego, parece ser el más adecuado para un campo de 

forma alargada y estrecha. 
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ABSTRACT 

Numerous studies have analyzed the solid-set sprinkler irrigation system performance. However, 

the effect of the field boundaries irrigation has not been considered in the whole-field 

performance. The objectives of this study are 1) to characterize two different solutions to irrigate 

the field boundaries (full circle sprinkler equipped with a deflecting plate, DP, and partial circle 

sprinklers, PC); 2) to calibrate and validate a ballistic model to adequately simulate these 

solutions and 3) to analyse the two different designs (DP or PC) from a whole-field perspective. 

Two types of experiments were designed. The firsts were carried out with an isolated sprinkler 

under no windy conditions to estimate drop size distribution parameters. The second were 

performed in a solid-set sprinkler layout under windy conditions to calibrate and validate the 

ballistic model. The experimental design allows the comparison of both solutions under equal 

technical and meteorological conditions. Comparisons between designs (DP or PC) were 

established for a whole field area in terms of irrigation performance and crop yield. Differences 

in corn yield were negligible (<1%) although the seasonal irrigation depths were slightly 

different (<7%). Analyzing investment cost, exploitation cost and corn crop income, DP solution 

seems to be for an elongated and narrow shape field the most adequate.   

Key words: Sprinkler irrigation, ballistic model, water distribution, field boundaries, sprinkler 

deflecting plates. 
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ABBREVIATION 

CUC: Christiansen’s uniformity coefficient  

DP: Total rotation sprinklers equipped with a deflection plate  

DPdw: Deflection plate with downwind direction 

DPuw: Deflection plate with upwind direction 

D50: Mean drop diameter 

EDP: East Deflection Plate orientation 

EPC: East Partial Circle  

FC: Full circle sprinklers 

IDc: Collected irrigation depth  

IDe: Gross irrigation water depth emitted by the sprinklers  

K1 and K2: Empirical parameters 

n: Dimensionless exponent. 

PC: Partial (circle) rotation sprinklers  

PCdw: Partial Circle with downwind direction 

PCuw: Partial Circle with upwind direction 

PC(2Noz): PC sprinklers with double nozzle 

PC(1Noz): PC sprinklers with single nozzle   

r: Coefficient of correlation  

RMSE: Root Mean Square Error  

V: Drop velocity in the air  

WD: Wind direction   

WDP: West Deflection Plate orientation  

WPC: West Partial Circle  
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II.1. INTRODUCTION 

Solid-set sprinkler systems are commonly used to irrigate crops worldwide. In the literature, 

numerous researchers have analyzed the solid-set sprinkler system quality (Tarjuelo et al., 1994; 

Dechmi et al. 2003a; Dechmi et al., 2003b; Playán et al., 2005; Stambouli et al., 2013; Zhang et 

al., 2013). A specific trait of solid-sets is that irrigation performance heavily depends on 

meteorological conditions. Wind speed has been shown to reduce irrigation uniformity. In 

combination with variables such as air temperature, relative humidity, and solar radiation, wind 

speed also determines wind drift and evaporation losses. In the central Ebro Basin (Spain), Faci 

and Bercero (1991) recommended users to stop solid-set irrigation for winds exceeding 2 m s-1. 

Avoiding periods of unfavorable meteorological conditions is a clear target for solid-set irrigation 

controllers. The performance of sprinkler irrigation depends also on design and operational 

factors. The most important design factors are the sprinkler type, the use of one or two nozzles, 

the nozzle diameters, the sprinkler spacing and the design pressure and its variability (Zhang et 

al., 2013). Stambouli et al. (2013) evaluated the performance of new impact sprinklers fitted with 

plastic nozzles and reported that the difference on sprinkler irrigation uniformity between plastic 

or metal nozzles equipping a sprinkler was moderate. Other works have analyzed the whole-field 

irrigation performance accounting with operational factors (Mateo et al., 1998) or with pressure 

variability (Zhang et al., 2013) but the field-boundaries irrigation peculiarity has not been 

included.  

The irrigation of the field boundaries has not been addressed in the literature and its effect on the 

whole field-scale irrigation quality has not been considered. In fact, small field-scale and large 

sprinkler jet, load to significant losses at the boundaries. These problems can be solved by 

analyzing different field boundaries sprinklers solutions and selecting the most appropriate to 

each situation. Typical solutions for field boundaries can be grouped as: 1) partial (circle) rotation 

sprinklers PC (commonly located at the field boundaries) or 2) total rotation sprinklers equipped 

with a deflection plate DP (located several meters away from the field boundaries). The first (PC) 

has been the most common solution used to irrigate field boundaries in sprinkler irrigated areas 

all over the word. The second (DP) has been widely installed in the new irrigation modernization 

projects in Spain. Each solution presents different uniformity and cost challenges. The PC 

sprinklers are typically used at the field boundaries, with normal operation (turn of 180º) affects 

the half of the area irrigated by a full circle sprinklers (FC). The inconvenient of the PC 
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sprinklers is that its irrigated area was also overlapped by FC sprinklers and the irrigation dose 

resulted in general larger than the dose from overlapped FC sprinklers. It is very common that 

irrigated area from overlapped FC and irrigated area from overlapped PC plus FC take part of the 

same irrigated block, compromising the irrigation uniformity and the irrigation dose. In plots 

limiting with roads, public authorities are currently regulating the minimum distance to the first 

sprinkler to values ranging from 2 to 8 m from the road side. In these cases, partial circle 

sprinklers were not the best solution, and DP sprinklers become an interesting alternative. 

Deflectors with different shapes are currently used to short one side of the sprinkler jet. 

Computer simulation has proven to be a powerful tool for sprinkler irrigation design and 

management, due to the large number of involved processes and variables. Sprinkler irrigation 

system distributes water as discrete drops traveling through the air. Drop characterization is 

required to estimate the drops falling at a certain distance from the sprinkler. Drop diameter and 

velocity, as well as their trajectory until reaching the soil surface depend of several factors: type 

of sprinkler and nozzle, operational hydraulic parameters and environmental conditions where the 

irrigation sprinkler system is or will be implemented. Ballistic theory constitutes the most 

common modeling approach to sprinkler irrigation; nevertheless, till now it has not been possible 

produce a ballistic model ready for all possible cases. Models must be calibrated for each group 

of specific conditions, nozzle diameter, operating pressure and wind speed, among others (Playán 

et al., 2006). 

The ballistic theory has been successfully applied to simulate the landing distance of different 

drop diameters resulting from a given sprinkler model, nozzle elevation and operating pressure in 

the absence of wind (Montero et al., 2001; Playán et al., 2006). The ballistic theory considers the 

wind effect as the main factor of the drops trajectory distortions (Fukui et al., 1980; Playán et al., 

2006). Accordingly, a sprinkler is simulated as a device emitting drops of different diameters. It 

is assumed that drops travel independently from the nozzle until reaching the soil surface. The 

action of gravity (acting in the vertical direction) and the resistance force (opposite to the drop 

trajectory) complete the analysis of forces acting on the water drop (Vories et al., 1987; Carrión 

et al., 2001; Dechmi et al., 2004). According to Fukui et al. (1980) the resistance force of the 

drop movement can be expressed as: 

                    [1] 



 CHAPTER II 

23 

where V is the drop velocity in the air, a  the air density, D the drop diameter and C is a drag 

coefficient. 

The ballistic approach requires a preliminary determination of drop size distribution for a given 

sprinkler and a set of operating conditions. Playán et al. (2006) used the following empirical 

model proposed by Li et al. (1994) and Kincaid et al. (1996) to fit the drop diameter distribution 

curve: 

1
, 	

	100                  [2] 

where Pv is the percent of total sprinkler discharge in drops smaller than D, D50 the mean drop 

diameter, and n is a dimensionless exponent. The estimation of the parameters of this equation 

permits to characterize the drop diameter distribution resulting from a given sprinkler, nozzle 

diameter and operating pressure.  

In order to reproduce the deformation of the circular water application pattern produced by the 

wind, Seginer et al. (1991) and Tarjuelo et al. (1994) reported on the need to correct the drag 

coefficient following this expression: 

	 1                 [3] 

where is the angle formed by vectors V and U (the drop velocity with respect to the ground),  

the angle formed by vectors V and W (the wind vector which is parallel to the ground surface), 

and K1 and K2 are the empirical parameters determined for each wind velocity conditions. 

Montero et al (2001); Dechmi et al. (2004) and Playán et al. (2006) reported that K1 and K2 

narrows and displaces, respectively, the water distribution pattern respect to the wind direction. 

Dechmi et al. (2004) and Playán et al. (2006) used wind-dependent values of both parameters for 

their particular experimental sprinkler set-up. 

Burguete et al. (2007) concluded that the ballistic model, assuming independent movement of the 

drops formed at the nozzle, constitute an excessive simplification of the reality. These authors 

reported that group displacement of the drops (jet) results on a reduction of the aerodynamic drag 

force and in an increased probability of drop collision (resulting in new drop diameters). The 

authors did not considered aerodynamic resistance in the first 0.5 meter of the trajectory. Within 

this distance, the jet is compact and is not broken down into drops. Those considerations have 

improved the ballistic model prediction capability.  
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The general objective of this paper is to adapt the ballistic model presented by Playán et al. 

(2006) and modified by Burguete et al. (2007) to simulate the irrigation performance of partial 

circle sprinkler (PC) and deflection plate sprinkler (DP) and to analyze the differences of both 

solutions for field-boundaries irrigation. This will be addressed by two specific objectives: 

1. On-field experimental characterization of PC and DP performance.   

a. To characterize the irrigation pattern of isolated PC and DP sprinklers under no windy 

conditions. 

b. To characterize the irrigated area of PC and DP as field-boundaries irrigation 

solutions in a solid-set arrangement.  

2. Adaptation, calibration and validation of the ballistic model to adequately simulate the 

irrigation performance of the two field-boundaries sprinkler solutions. 

3. Application of the developed model. 

a. To analyze the deflection plate design adequacy. 

b. To simulate the irrigation season of a commercial plot equipped with PC or with DP 

as boundaries solution. Comparison between simulated irrigation results for the 

evaluated solutions will be established. 
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II.2. MATERIAL AND METHODS 

II.2.1. Field experiment 

Two type of experiments designed to evaluate the irrigation performance of agricultural impact 

sprinklers used for field-boundaries irrigation were conducted at the experimental farm of the 

Agricultural and Food Research and Technology Centre in Zaragoza, Spain (41◦43’N, 0◦48’W, 

225 m altitude) during the years 2011 and 2012. One experiment type was performed using an 

isolated sprinkler (Picture II.1 and Picture II.2). The other experiment type was performed using a 

rectangular solid-set arrangement (Picture II.3).  

Figure II. 1a shows the characteristics of the impact sprinklers evaluated in this study: the full 

circle sprinklers (FC), the partial circle sprinklers (PC) and the full circle sprinkler equipped with 

a deflection plate (DP). The evaluated FC sprinkler was the RC-130 model (Riegos Costa, Lleida, 

Spain) equipped with two nozzles (4.4 mm+2.4 mm), while the evaluated PC sprinkler was the 

RC-135 (Riegos Costa, Lleida, Spain). The PC sprinklers were evaluated under two 

configurations, with double nozzle, 3.6 mm + 2.4 mm, PC(2Noz), and with single nozzle 3.6 mm, 

PC(1Noz). These configurations are widely used in the Ebro Valley (Spain) and in other sprinkler 

irrigated areas. The deflection plate that was installed to the RC-130 FC model is a commercial 

prototype (Figure II. 1b) that has been designed and installed by a company of irrigation 

engineering with a large tradition in the middle Ebro Valley, Spain. The surface of this deflecting 

plate is completely plane and was installed horizontal to the soil, the principal design 

characteristics were presented in Figure II. 1b.  

The isolated sprinkler experiments were designed to characterize the water distribution pattern of 

the individual sprinklers and to calibrate the ballistic model parameters in no windy conditions. 

The experiments were performed on bare soil and under no windy conditions as specified by the 

most relevant international standards (ANSI/ASAE 2003; ISO 1990; ISO 1995).  

Although isolated experiments were performed under no windy conditions, the experimental plot 

was surrounded by windbreaks trees to minimize the effect of the outdoor wind. The sprinkler 

was assembled in a riser tube at 2 m above the ground level (a.g.l). The irrigation depth (IDe) 

emitted by the sprinkler  was collected into pluviometers located along radii at distances from the 

sprinkler ranging from 0.5 to 16.5 m, in increments of 0.5 m. 
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Figure II. 1. Evaluated Field border sprinklers with its field arrangement (a) and the shape of 
the deflecting plate (b). 

Each pluviometer was 0.40 m high and was conical in shape with a circular opening of 0.16 m 

located at 0. 5 m a.g.l.. The pluviometers were marked for direct readout with 1 mm intervals of 

precipitation. Four radii faced north (N), west (W), south (S) and east (E) were used for FC 
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sprinkler evaluation (Fig. II.1a). Three radii, corresponding to W, S and E, were used for PC 

sprinkler evaluation (Fig. II.1a). Since the jet impacts the paddle holding the deflection plate, one 

radius of pluviometers faced to the plate was not significant to characterize the radial curve. A 

special catch can arrangement was required to capture this water application pattern. Catch cans 

were distributed along 3 radii under the deflecting plate faced North, 30 degree East and 30 

degree West (Fig. II.1a). All the isolated sprinkler experiments were performed for two hours 

under very low wind conditions. Each sprinkler was tested at three operating pressures: 200, 300 

and 400 kPa.  

The solid-set experiments were designed to evaluate the irrigation performance using the 

Christiansen’s uniformity coefficient (CUC) and to calibrate and validate the ballistic model. The 

experiments were also conducted on bare soil, according to the recommendations of Merriam and 

Keller (1978) and the relevant International Standards (ANSI/ASAE 2003; ISO 1990, ISO 1995). 

In this research the boundaries area of a plot will be considered as a function of the sprinkler 

selected to irrigate the plot boundaries. For plots equipped with PC sprinklers in the boundaries, 

the area considered corresponds to the PC irrigated area that was overlapped with the FC irrigated 

area (Fig. II.1a, field arrangement). For plots equipped with DP sprinklers, the boundaries area 

corresponds to that between the DP line installation and the physical boundary of the plot that 

was irrigated only by DP sprinklers laterally overlapped (Fig. II.1a, field arrangement).    

Figure II.2 shows the experimental plot design. The experimental design permitted to evaluate 

simultaneously, so under equal technical (pressure) and meteorological (wind) conditions, two 

different plot-boundaries irrigation solutions (PC and DP) and two jet orientations (West and 

East) of the plot-boundaries solutions. Experiments were performed under three nozzle pressures 

(200, 300 and 400 kPa), and two levels of wind speed (lower than 2 m s-1 and between 2 and 4 m 

s-1). Due to the relative proximity of the evaluated areas of the different solutions, experiments 

were only performed for wind speeds lower or equal than 4 m s-1 to guarantee the quality of the 

experimental data.  

Two zones irrigated by PC sprinklers were selected for evaluation representing two confronted 

orientation of the PC sprinkler jet (Fig. II.2a), East Partial Circle (EPC), and West Partial Circle 

(WPC). A matrix of 25 pluviometers was installed at 0. 50 m a.g.l.  in the PC and FC evaluated 

areas (Fig. II.2b). 
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Figure II. 2. Solid-set experimental plot design. Evaluation area and catch-can configurations 
for FC, PC and DP sprinklers were detailed. For PC and DP sprinklers two orientations were 
considered for evaluation, west (WPC and WDP) and east (EPC and EDP).  

Again, two irrigated zones equipped with DP were selected for evaluation representing two 

confronted deflection plate orientations (East Deflection Plate orientation, EDP, and West 

Deflection Plate orientation, WDP, in Fig. II.2a). A dense matrix of 30 pluviometers was 

installed in DP evaluated areas (Fig. II.2c). 

A total of 30 field evaluations of solid-set sprinkler irrigation were conducted. Each solid set 

experiment provides water distribution data for WDP, EDP, WPC, EPD and FC. For each test, 

the CUC was assessed from the irrigation depth collected (IDc) in the pluviometers. Comparisons 

between different solutions were analyzed based on CUC differences for different wind 

conditions using multiple regression analysis. 

The wind velocity (WS, m s-1) and direction (WD), the temperature (T) and relative humidity 

(RH) of the air were monitored by an automatic weather station located in the same plot. The 

average records were collected every 5 min using a data logger model CR10X (Campbell 

Scientific Ltd, UK). The operating pressure Pa (kPa) was monitored at the sprinkler nozzle every 

2 minutes by pressure transducers model Dickson PR150 (DicksonWareTM Addison, Illinois, 

USA). Working pressure was used to compute the gross irrigation water depth emitted by the 

sprinklers IDe (mm) at each irrigation event by the orifice equation (Norman et al., 1990).  
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II.2.2. Model description, calibration and validation 

The ballistic model was used in this study to simulate water distribution patterns of the field 

boundaries sprinkler solutions under different technical and meteorological conditions. To 

reproduce the functioning of DP sprinklers, the model has been modified to incorporate the effect 

of the jet impact with the deflection plate on energy dissipation, drop size distribution and drop 

trajectories modifications.  

The 3D scanner methodology described in Playán et al. (2010) was used to characterize the 

morphology of the sprinkler jet after the impact and the location of the drops in their trajectory 

after the plate impact. The 3D scanner was stationed at a distance from the sprinkler of 25 m 

(Picture II.4). In the 3D scanner experiments the sprinkler vertical axis was fixed to avoid 

rotation, since the sprinkler revolution time (about 30 s) would interfere with the scanning time, 

which is in the order of minutes (Playán et al., 2010). Although rotation was not permitted, the 

sprinkler arm oscillated in its normal motion. The ballistic model modified by Burguete et al. 

(2007) assumed that drops are formed at approximately 0.5 m distance from the sprinkler nozzle. 

Along this distance, the jet or the drops movement follows the same parabolic trajectory while 

the resistance force acting on the water drop is considered negligible. Accordingly, the drops 

velocity can be expressed as: 

;     ;                [4] 

where V is the drop velocity, V0 is the initial drop velocity and t the time elapsed by the jet travel 

from the nozzle to the point of break down (where drops are formed) . Therefore, the three 

directional components of the drop positions are: 

;    ;           [5] 

where x, y, z are the coordinates referring to the ground (with origin at the sprinkler nozzle). 

In the case of sprinklers equipped with deflection plate, the time elapsed by the jet to impact the 

plate depends on the height between the nozzle and the plate (H): 

                    [6] 

A new parameter characterizing the distance between the nozzle and the impact point with the 

deflecting plate was introduced in the model, L’: 
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                    [7] 

The 3D scanner methodology provides data of the drop trajectory deviation caused by the jet 

impact that was graphically presented in Figure II.3. Since drop velocities at the three spatial 

directions could not be obtained with the 3D scanner method a simplification has been made, 

assuming that the energy losses of the impact only modify the vertical component of the velocity, 

Vz. The majority of drops follow approximately a horizontal movement after the impact. 

Assuming that the vertical drop velocity is negligible, the component of the drop velocity after 

the jet impact can be expressed as: 

0;      ;                 [8] 

It is assumed that drops travel independently until reaching the soil surface after the 

decomposition of the jet due to the resistance forces, or after the impact with the deflecting plate. 

At this point, ballistic theory is used to determine the trajectory of each drop diameter subjected 

to an initial velocity vector and a wind vector.  

 

Figure II. 3. Morphology of the sprinkler jet after the impact with the deflecting plate and 
location of the drops in their trajectory after the plate impact obtained with the 3D scanner. 

The calibration process of the ballistic model reported by Playán et al. (2006) has been used in 

this research. The methodology has two steps. The first step consisted on fitting the drop 

diameter distribution curve parameters, D50 and n, to reproduce the radial water distribution 

pattern in the absence of wind. Isolated field experiment data were used to calibrate these 

parameters. To obtain the best combination of D50 and n model parameters, two indexes are used 
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for the comparison between measured and simulated water application: the Root Mean Square 

Error (RMSE, Eq. [9]) and the coefficient of correlation (r, Eq. [10]): 

∑

	
                      [9]

 

∑
                     [10]

 

where N is the number of catch cans;  IDm and IDs are the catch can values of measured and 

simulated irrigation depth;  and   are the average measured and simulated irrigation depths; 

and Sm and Ss are the standard deviation of measured and simulated ID. 

An automatic calibration process was developed and incorporated to the ballistic model of Playán 

et al. (2006) in this research. The Monte-Carlo computational algorithm (Fishman, 1995) was 

used for the optimization. This method is a brutal force algorithm that calculates the values of the 

calibration parameters with pseudo-random numbers obtained from established ranges. Although 

the method has a slow convergence, is very robust and it does not remain in local minimum 

values (Burguete and Latorre 2014). The coefficient   (Eq. [11]) was used as the objective 

function for the optimization algorithm. The optimum value of  is the best combination of low 

values of RMSE with high values of r. 

=                         [11] 

The second step of the calibration process consists on fitting the values of parameters K1 and K2. 

Experimental solid-set water distribution patterns under different wind conditions were used for 

this second step. The dominant wind speed and wind direction (Sanchez et al., 2011b) were 

determined for each irrigation event in order to incorporate it into the model. The comparison 

between measured and simulated water distribution patterns was established in terms of the two 

above-mentioned indexes (RMSE and r) and the ratio between them. As a confirmation of the 

calibration results, the absolute difference between observed and simulated CUC (CUC, %) was 

obtained. The same automatic calibration process reported before was also used to calibrate the 

values of K1 and K2 parameters.  

For PC sprinkler calibration and validation processes, the values of the model parameters for FC 

sprinklers that overlapped with PC were fixed previously.  

The model validation consisted on simulating the irrigation events which were not used for 

calibration purposes. The experimental conditions were introduced in the model, and 
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experimental and simulated values of CUC were compared. The validation experiment permits to 

evaluate the capacity of the model to reproduce irrigation events in technical and meteorological 

conditions different from the ones used for calibration but in the same range. From the 30 solid-

set experiments, 24 were used for model calibration of K1 and K2, and 6 were used for model 

validation.  

II.2.3 Model applications 

The developed model for DP sprinklers was used to analyze the adequacy of different geometries 

and locations respect to the sprinkler of the deflection plate. A theoretical analysis of the 

deflection plate design was performed. 

The differences in irrigation performance of the two plot-boundaries irrigation solutions were 

analyzed for a commercial plot. The irrigation system of the plot was designed under three 

conditions: 1) using PC(1Noz) as plot-boundaries irrigation solution; 2) using PC(2Noz) as plot 

boundaries sprinklers; or 3) installing DP as plot-boundaries irrigation solution. The inner plot 

area for the three designs was equipped with the FC sprinkler studied in this research. The plot 

has a total area of 12 hectares arranged in an elongated and narrow shape that gives it a high edge 

surface. The irrigation system in all the three cases was divided in 12 irrigation blocks, all with a 

part of boundaries sprinklers. The irrigation schedule of a corn crop was computed according to 

the crop water requirements provided by the Irrigation Advisory Service of the plot location for 

2008 irrigation season. The irrigation schedule was simulated for all irrigation designs, 

considering similar meteorological conditions for all the irrigated blocks. Comparisons were 

established in terms of volume of irrigation applied and on irrigation uniformity. The simulated 

irrigation depth for each irrigation system design and for each irrigation event was coupled with 

Ador-Crop (Dechmi et al., 2004) a crop simulation model to simulate corn yield. Ador-Crop was 

calibrated and validated by Dechmi et al.,, (2004) and was used by Zapata et al. (2009) and 

Zapata et al. (2013) to simulate corn yield in the same irrigated area. Comparisons between 

whole-field irrigation designs were also established in terms of corn yield.   
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II.3. RESULTS AND DISCUSSION 

II.3.1. Isolated sprinkler experiment: Calibration of D50 and n. 

For PC and FC sprinklers the radial curve was obtained as the average of the three and four radii, 

respectively. Figure II.4 shows the experimental water distribution pattern (solid line) and the 

simulated water distribution pattern (dashed line) for the four evaluated sprinklers at 200, 300 and 

400 kPa operating pressure. For a given operating pressure, the radial curve of the FC sprinkler 

(Fig. 4a, 4b and 4c) was more similar to the PC(1Noz) sprinkler (Fig. 4d, 4e and 4f) than to the 

PC(2Noz) sprinkler (Fig. II 4g, 4h and 4i), both in shape and in the total volume of water applied. 

Therefore, from the point of view of water applied and under no wind conditions, overlapping the 

FC sprinklers with the PC(1Noz) would be the best alternative to irrigate field boundaries. The 

radial water distribution noticeably differed between PC(1Noz), PC(2Noz) and DP sprinklers. 

The PC(2Noz) distributed more water in the first 7 meters from the sprinkler compared with the 

PC(1Noz). Figures II.4j, 4k and 4l show the shape of the radial curves for the DP sprinkler for the 

deflected radii and for the no deflected radii. For the deflected radii most of the water is applied 

in the first 6 meters, while the water distribution in the no deflected radii was the FC radial water 

distribution. The water distribution in a solid-set spacing depends greatly on the shape of the 

radial water distribution curve of the sprinkler selected. Tarjuelo et al. (1999) reported that the 

shape of the radial water distribution curve is mainly determined by the sprinkler model and its 

internal design, the discharge angle and by the jet break-up mechanism of the sprinkler. 

Stambouli et al. (2013) evaluated the performance of new impact sprinkler (fitted with plastic 

nozzle) and reported in the need that the information of the standard radial water distribution of 

sprinklers should be included in sprinkler technical information since this information is 

important for an optimum sprinkler system design. 

The model of drop diameter distribution used in this work was the exponential type proposed by 

Li et al. (1994) (Eq. [1]). In order to reproduce the water application pattern of the isolated 

sprinklers, the model used 320000 drops corresponding to 1600 horizontal sprinkler angles and 

200 drop diameters, evenly distributed between 0.0002 m and 0.007 m.  
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Figure II. 4. Measured (solid lines) and simulated (dashed lines) radial water application 
pattern for the experimental FC, PC (1Noz), PC (2Noz) and DP sprinklers operating at 200, 300 
and 400 kPa. 

For the FC and PC sprinkler experiments, a range of D50 and n pairs of values were explored (D50 

from 0.0010 to 0.0020 m, with an increment of 0.0001 m; n from 1.5 to 3.0, with an increment of 

0.15). The range was selected following Playán et al. (2006). For DP sprinkler experiments, a 

wide range of D50 and n pairs of values were explored (D50 from 0.0005 to 0.0050 m, with an 

increment of 0.0001 m; n from 1 to 5.0, with an increment of 0.01), to analyze the effect of jet 

deflection on drop size distribution. The calibration process of the drop size distribution 

parameters was performed using the automatic calibration tool.  

The results of the calibrated parameters are presented in Table II. 1. In general, the correlation 

coefficient between measured and simulated water distribution was very high (average of r = 
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0.94), with the lowest value corresponding to the DP sprinkler (r = 0.81). Differences between 

measured and simulated radial water application patterns were very low, with RMSEs ranging 

from 0.28 to 2.13 mm h-1, with an average value of 1.00 mm h-1. Again, the largest RMSE 

correspond to the DP sprinkler. The statistical parameters showed the good capacity of the model 

to simulate and reproduce the water distribution pattern of the evaluated isolated sprinklers as 

showed the comparison between measured and simulated radial curves (Fig. II 4).  

Table II 1. Results of the calibration parameters D50 and n for the drop size distribution model.  

Sprinkler 
Nozzle 

diameter 
(mm) 

Nozzle 
Pressure 

(kPa) 
D50     (mm) n 

RMSE   
(mm h-1) 

r 

FC 
4.4+2.4 200 1.7 2.25 0.28 0.99 
4.4+2.4 300 1.4 2.25 0.49 0.98 
4.4+2.4 400 1.3 2.25 0.48 0.98 

PC(1Noz) 
3.6 200 1.6 2 0.57 0.96 
3.6 300 1.5 2.3 0.28 0.99 
3.6 400 1.52 2.2 0.41 0.98 

PC(2Noz) 
3.6+2.4 200 1.4 2 0.65 0.98 
3.6+2.4 300 1.3 2.1 1.54 0.96 
3.6+2.4 400 1.2 2.2 1.44 0.96 

DP 

4.4+2.4 200 1 1.66 1.78 0.84 

4.4+2.4 300 1 2.38 2.01 0.81 

4.4+2.4 400 1 2.56 2.13 0.82 

 

The FC sprinkler analyzed in this research was also analyzed by Playán et al. (2006). Values of 

the D50 and n parameters resulted slightly different and the statistics of the new parameters 

improve the simulation results. The differences could be mainly attributed to model definition 

since in this research the improvements presented in Burguete et al. (2007) has been incorporated 

to Playán et al. (2006) model. On the other hand the automatic optimization model permits easily 

amplify the range of values for the parameters and could also contribute to the improved results. 

Figure II.5 presents simulated 3-D water distribution patterns for FC, PC(1Noz), PC(2Noz) and 

DP sprinklers operating at 300 kPa. The effect of the deflection plate on the water distribution is 

well represented showing the high volume of water applied in a reduced area, not exceeding 6 

meters from the sprinkler for this particular plate design and location. 
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Figure II. 5. 3-dimensional simulation of water distribution pattern for isolated FC (a); PC 
(1Noz) (b); PC (2Noz) (c) and DP sprinklers (d) operating at 300 kPa. 

II.3.2. Solid-set sprinkler experiment: Calibration of k1 and k2 parameters. 

In field experiments, the distance irrigated with DP sprinklers does not exceed 6 meters from the 

sprinkler, in the direction of the deflected jet. In DP cases the calculations of uniformity have 

been performed considering a maximum throw distance of 6 meters in the deflected direction. 

The emitted irrigation depth (IDe) in the boundaries zone irrigated by DP sprinklers is 50% 

higher than that applied by the FC sprinklers; the reduction of the considered irrigated area for 

DP greatly increased the IDe. The IDe and IDc at the FC irrigated area were considered as the 

reference for comparison. The IDe of the PC sprinklers is 1.7% and 24.5% higher than that of the 

FC sprinklers, for PC(1Noz) and PC(2Noz), respectively  

A significant variation of collected irrigation depth, IDc, was measured between the central area 

(FC zone) and the boundaries areas, and the differences were function of wind speed and wind 

direction. Average IDc at FC (4.7 mm h-1) zone was higher than the IDc PC(1Noz) averaging 19% 

for the downwind direction (PCdw) and 8% for the upwind direction (PCuw), although IDe for 

PC(1Noz) was slightly higher. In the case of PC(2Noz), IDc was quite similar to IDc at the FC 

zone for downwind direction and slightly larger (6%) for upwind direction. 
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The magnitude of differences of IDc between the FC zone and the DP zones was greatly affected 

by the relative direction of wind to the sprinkler jet trajectory. For wind direction upward DP 

orientation (DPuw), the IDc of DP resulted in average 3.5% lower than the IDc of FC. For wind 

direction downward DP (DPdw) orientation, the IDc of DP resulted in average 39% higher than 

the IDc of FC.  

The wind speed in the field experiments varied between 0.5 and 3.36 m s-1. The performance 

parameter CUC of the solid set evaluations showed an ample range of variation. In calm 

conditions (wind speed < 1 m s-1) and for the FC sprinkler experiments, the CUC ranged from 

84% to 93%, while in windy conditions (wind speed > 1 m s-1) the CUC ranged from 62% to 

94%. The wind speed has been reported by several authors (Tarjuelo et al., 1999; Playán et al., 

2005; Sánchez et al., 2011a; Stambouli et al., 2012) as the most environmental factor affecting 

sprinkler irrigation performance. The effect of the direction of the wind respect to the jet 

orientation is larger in the irrigation performance of DP sprinklers than in PC sprinkler (Figure 

II.6). Differences on CUC between FC and DP are relevant (>20%) under low wind conditions, 

increases with wind speed and upwind direction (FC-DPuw) and decreases with wind speed and 

downwind direction (FC-DPdw), for wind speeds larger than 1 m s-1. Similar behavior and values 

of the differences were observed for the comparison between PC(1Noz) and DP (Figure II.6b). 

Differences on CUC between FC and PC(1Noz), showed in Figure II.6c, were almost 0 under 

low wind conditions and slightly increases with wind speed and downwind direction (FC-

PCdw(1Noz)) and slightly decreases with wind speed and upwind direction (FC-PCuw(1Noz)). 

The comparison of CUC between FC and PC(2Noz) showed similar trend than the previous one, 

PC(1Noz), but the values of the differences are slightly larger. The experimental results indicate 

that for field-boundaries sprinklers K1 and K2 parameters should be obtained as a function of 

wind direction related with the jet orientation. Two cases were considered, upwind direction 

(DPuw and PCuw) and downwind direction (DPdw, PCdw). 
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Figure II. 6. Evolution of the CUC differences (%) as a function of wind speed between FC and 
DP areas (a); between PC (1Noz) and DP areas (b); between FC and PC (1Noz) areas (c); and 
between FC and PC (2Noz) areas (d) for the two evaluated orientations. 

Tables II.2, II.3 and II.4 present the technical (pressure) and meteorological (average and 

predominant wind speed and direction) conditions of the solid-set field experiments for the FC, 

PC(1Noz and 2Noz) and DP sprinklers, respectively. For PC (Table II. 3) and DP (Table II. 4) 

results were organized as downward wind direction and upward wind direction. The tables also 

show the experimental CUC (CUCe), the difference between measured and simulated CUC 

(CUC), the calibration and validation parameters of wind pattern distortion (K1 and K2) and the 

statistics of the calibration and validation process (RMSE and r).  

For each FC or PC field experiment, a total of 121 simulations were performed following Playán 

et al. (2006) calibration process. The new calibrator (described before) select the optimum K1 and 

K2 values using the Monte-Carlo method with K1 values ranging from 0.0 to 2.7 (with an 

increment of 0.3) and K2 values ranging from 0.0 to 1.0 (with an increment of 0.1). For DP 

arrangement experiments a total of 300 simulations were performed, with the value of K1 and K2 

ranging from 0.0 to 5.0 for each experiment. 
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Table II. 2. Field experimental conditions for the FC sprinklers evaluations. Results of the field 
experiments, model parameters and statistics between measured and simulated water distribution 
patterns were presented. 

Pressure 
(kPa) 

WS     
(m s-1) 

Predom. 
WS (m s-1) 

Dir.  Use 
FC 

CUCe 
(%) 

CUC 
(%)

K1 K2 RMSE r 

200 

0.64 0.39 SE c 84 4 0.0 0.0 1.04 0.16 
0.65 0.52 NNW c 87 0 0.0 0.0 1.06 0.27 
1.09 1.02 N c 88 2 0.0 0.1 0.87 0.43 
1.19 1.16 NNW v 84 2 0.3 0.2 0.87 0.43 
1.57 1.43 ESE v 82 2 0.8 0.3 0.74 0.65 
1.62 1.51 SE c 86 3 0.9 0.3 0.74 0.65 
2.51 2.06 WNW c 78 2 1.8 0.4 1.22 0.57 
2.60 2.4 WNW c 79 3 1.8 0.4 1.31 0.52 
3.27 3.25 W c 62 1 1.2 0.6 1.43 0.65 
3.36 3.31 W c 72 2 1.2 0.6 1.03 0.75 

300 

0.52 0.35 SE c 88 2 0.0 0.0 0.70 0.60 

0.61 0.35 S c 92 2 0.0 0.0 0.70 0.40 

1.00 0.8 ENE c 94 5 0.0 0.1 0.82 0.16 

1.25 1.22 SSE v 92 4 0.0 0.1 1.02 0.48 

1.54 1.45 SE v 88 2 0.0 0.1 0.90 0.27 

1.70 1.66 N c 88 0 0.0 0.1 0.77 0.68 

2.40 2.27 W c 79 1 1.2 0.3 1.35 0.81 

2.40 2.32 WSW c 78 0 1.2 0.3 1.46 0.61 

2.71 2.67 WSW c 78 0 0.9 0.3 1.48 0.48 

3.09 3.04 WSW c 76 1 0.9 0.3 1.02 0.79 

400 

0.50 0.18 NE c 91 1 0.0 0.0 0.84 0.42 

0.61 0.36 NNE c 93 2 0.0 0.0 0.71 0.25 

1.21 0.96 S c 92 2 0.0 0.1 1.05 0.47 

1.36 1.23 S v 89 0 0.0 0.1 1.11 0.54 

1.59 1.35 WSW v 87 2 0.0 0.1 0.95 0.52 

1.62 1.59 SSE c 88 0 0.0 0.1 1.08 0.68 

3.10 2.3 W c 83 3 1.2 0.4 1.80 0.54 

3.13 3.1 W c 74 1 1.2 0.4 1.56 0.82 

3.18 2.98 WNW c 78 0 1.2 0.3 1.36 0.78 

3.21 3.18 W c 66 5 1.2 0.3 1.44 0.77 
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For FC sprinklers, the optimum K1 and K2 parameters reported RMSE values ranging from 0.70 

mm h-1 to 1.80 mm h-1, with an average of 1.08 mm h-1. The correlation coefficient ranged from 

0.16 to 0.82, with an average of 0.54. The lowest correlation coefficients correspond to high 

uniformities (CUC >83%). Similar results were found by Playán et al. (2006) using the same FC 

sprinkler working at similar conditions. The absolute differences between experimental and 

simulated uniformity (CUC, %) were very low, ranging from 0.0% to 5.0% (Table II. 2), 

showing the adequacy of the model to predict CUC in different technical and meteorological 

conditions. 

For PC(1Noz) sprinklers, the correlation coefficient ranged from 0.20 to 0.86, with an average of 

0.52, while the RMSE ranged from 1.20 to 2.13mm h-1, with an average of 1.48 mm h-1. For 

PC(2Noz) sprinklers, the r coefficient ranged from 0.17 to 0.91, with an average of 0.62, while 

the RMSE ranged from 1.59 to 2.60 mm h-1, with an average of 1.68 mm h-1. Moreover, the 

CUC (%) were also relatively low ranging from 0.0% to 8.0% (Table II. 3). The lowest 

correlation coefficients and largest RMSE correspond to the highest evaluated uniformities (CU > 

78%). In these irrigation events the variability in irrigation depth is moderate and the 

experimental error may account for a large part of the variability. Similar results were reported by 

Playán et al. (2005) for high experimental uniformities. 

Regarding to the DP sprinkler experiments, the r coefficient ranged from 0.37 to 0.96, with an 

average of 0.80, while the RMSE ranged from 1.24 mm h-1 to 4.38 mm h-1, with an average of 

2.19 mm h-1. The  CUC (%) ranged between 0.0% and 25.0%. The highest CUC (25.0%) 

values were obtained in DPuw. The RMSE resulted higher than those obtained for PC or FC 

sprinklers, although the correlation coefficients were the highest. Part of the errors could be 

attributed to the simplification of wind speed orientation related with the deflected jet orientation 

that in this study has been reduced to upward and downward wind direction. Also, the model 

assumes that the energy losses of the jet impact with the plate only modify the vertical 

component of the velocity, Vz, since the other velocity components could also be modified. In a 

further research, measurements of drops velocity after the impact will provide data to estimate 

modifications of all the drop velocity components and trajectories. Table II. 3 presents the K1 and 

K2 calibrated parameter for the PC(1Noz) and PC(2Noz). 
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Table II. 3. Field experiment conditions for the PC(1Noz) and PC(2Noz) solid-set evaluations arranged in downwind (PCdw) and upwind 
(PCuw) orientations. Experimental results, calibrated and validated parameters and statistics between measured and simulated water 
distribution patterns were also presented. 

Press. 
(kPa) 

Predom. 
WS         (m 

s-1) 
Dir. Use 

PCdw (1Noz) PCuw (1Noz) 
CUCe 
(%) 

CUC 
(%)

K1 K2 RMSE r 
CUCe 
(%) 

CUC 
(%)

K1 K2 RMSE r 

200 

0.52 NNW c 78 8 0.0 0.0 1.20 0.31 84 6 0.0 0.0 1.06 0.2 
1.02 N c 81 3 0.0 0.8 1.60 0.22 75 4 0.0 0.7 1.53 0.33 
1.16 NNW v 71 0 0.0 0.8 1.67 0.35 75 2 0.1 0.7 1.61 0.3 
3.25 W c 54 0 0.3 0.5 1.45 0.71 63 6 1.2 0.7 1.21 0.84 
3.31 W c 60 1 0.3 0.5 1.55 0.58 69 1 1.2 0.7 1.03 0.77 

300 

0.35 SE c 85 4 0.0 0.0 1.24 0.32 83 3 0.0 0.0 1.08 0.45 
1.45 SE c 80 2 0.0 0.6 1.61 0.31 84 1 0.3 0.4 1.25 0.45 
1.66 N v 79 1 0.1 0.5 1.81 0.51 79 1 0.5 0.4 1.37 0.59 
2.67 WSW c 65 2 0.6 0.2 2.13 0.31 75 0 1.5 0.5 1.40 0.77 
3.04 WSW c 62 1 0.6 0.2 1.18 0.86 74 1 1.5 0.5 1.00 0.86 

400 

0.36 NNE c 86 3 0.0 0.0 1.40 0.48 89 3 0.0 0.0 1.27 0.41 
1.35 WSW c 79 1 1.2 0.0 1.76 0.41 83 7 0.6 0.4 1.29 0.57 
1.59 SSE v 80 0 1.5 0.2 1.52 0.68 85 1 0.8 0.4 1.65 0.35 
2.30 W c 68 7 2.4 0.8 2.00 0.55 75 6 1.2 0.5 2.09 0.77 
2.98 WNW c 65 5 2.4 0.8 1.48 0.69 76 1 1.2 0.5 1.90 0.73 

        PCdw (2Noz) PCuw (2Noz) 

200 

0.39 SE c 82 4 0.0 0.0 1.59 0.37 79 5 0.0 0.0 1.31 0.38 
1.43 ESE c 78 0 0.0 0.7 1.60 0.17 72 1 0.6 0.3 1.57 0.67 
1.51 SE v 81 5 0.1 0.7 1.25 0.47 76 5 0.5 0.4 1.45 0.72 
2.06 WNW c 78 2 0.9 0.8 1.50 0.17 74 1 0.0 0.7 1.60 0.71 
2.40 WNW c 74 4 0.9 0.8 1.10 0.66 70 2 0.0 0.7 1.90 0.60 

300 

0.35 S c 86 6 0.0 0.0 1.51 0.64 83 5 0.0 0.0 1.51 0.65 
0.80 ENE c 85 1 0.0 0.4 1.40 0.62 84 0 0.0 0.3 0.96 0.63 
1.22 SSE v 85 2 0.2 0.4 1.56 0.2 78 4 0.4 0.4 1.27 0.57 
2.27 W c 63 1 0.9 0.3 1.70 0.85 71 1 2.1 0.6 1.60 0.91 
2.32 WSW c 63 1 0.9 0.3 1.82 0.76 70 1 2.1 0.6 1.60 0.86 

400 

0.18 NE c 85 5 0.0 0.0 2.06 0.55 80 2 0.0 0.0 2.09 0.61 
0.96 S c 80 1 2.4 0.2 1.90 0.72 74 1 0.0 0.4 2.19 0.68 
1.23 S v 81 8 2.3 0.2 2.13 0.52 70 1 0.1 0.4 2.11 0.78 
3.10 W c 50 1 0.9 0.3 1.80 0.85 71 1 0.9 0.5 1.40 0.86 
3.18 W c 39 7 0.9 0.3 2.60 0.84 67 6 0.9 0.5 2.43 0.68 
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As reported before, the analysis has been performed for two relative orientations, downwind and 

upwind, and for the three working pressures. In general (except for punctual cases), K1 and K2 

parameters increase with wind speed, the effect of working pressure on them were not clear and 

neither the effect of PC configuration, 1Noz and 2Noz. Attempting to these results, values of K1 

and K2 parameters for the validation cases were obtained by linear interpolation from the two 

nearest neighbors.    

Table II. 4 presents the K1 and K2 calibrated and validated parameter for the DP sprinkler. Again, 

the analysis has been performed for two relative orientations, downwind and upwind, and for the 

three working pressures. Values of K1 parameter for the downwind orientation for low winds 

resulted larger than expected and similar for the three evaluated pressures. The measured CUC of 

DPdw under no windy conditions resulted lower than the CUC of DPdw under moderate wind 

conditions (Table II. 4), these results explain the large values of K1 for DPdw under low wind 

conditions. This behavior was not the case for DPuw which CUC decreases as wind speed 

increases, as do K1 parameters for this sprinkler configuration and orientation. The rest of 

parameters showed a general increase with wind speed. The effect of the working pressure on 

parameter values was not clear. In general, the values of the K1 parameter for DP resulted larger 

than those for PC and FC. As for PC, values of K1 and K2 for the validation cases of DP were 

obtained by linear interpolation from the two nearest neighbors. 

In general, K2 was much less relevant than K1, as reported by Montero et al. (2001). Tarjuelo et 

al. (1994) identified a different relationship between the magnitude of the correction parameters 

and the wind speed. Montero et al. (2001), in their calibration of the SIRIAS model, found no 

relationship between wind speed and the magnitude of the correction parameters. 

Figure II. 7a presents the comparison of CUC experimental versus CUC calibrated (CUCe and 

CUCc, respectively) for the FC, PC and DP sprinklers (different symbols were used for each 

sprinkler type). Regression lines were established forcing to 0 the origin coordinate and the 

correlation coefficients were R2 = 0.92, R2 = 0.88 and R2 =0.98 for FC, PC and DP sprinklers, 

respectively. The regression slope was not significantly different from 1 at the 95% probability 

level. The CUC was accurately predicted with a standard error of 2.21%, 3.73% and 3.62% for 

FC, PC and DP sprinklers, respectively. The model shows a good predictive capacity to simulate 

the water distribution in calm and moderate wind conditions and for the two sprinklers types used 

as solution for field-boundaries irrigation. 
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Table II. 4. Field experiment conditions for the DP solid-set evaluations arranged in downwind (DPdw) and upwind (DPuw) orientation. 
Experimental conditions, calibrated and validated parameters and statistics between measured and simulated water distribution patterns 
were presented. 

Pressure (kPa) Predom. WS  (ms-1) Dir. Use
DPdw DPuw 

CUCe (%) CUC (%) K1 K2 RMSE r CUCe (%) CUC (%) K1 K2 RMSE r 

200 

0.39 SE c 62 2 4.9 0.04 1.94 0.83 59 1 0.0 0.00 1.59 0.86
0.52 NNW c 53 2 4.9 0.04 1.67 0.85 63 2 0.0 0.00 2.14 0.75
1.02 N c 52 0 3.1 0.23 1.67 0.88 62 6 0.3 1.37 2.34 0.59
1.16 NNW v 59 2 2.5 0.44 2.01 0.8 48 12 1.6 0.12 3.15 0.71
1.43 ESE v 60 5 0.7 0.71 2.38 0.65 33 9 2.8 0.21 1.34 0.91
1.51 SE c 60 3 0.5 0.75 3.73 0.42 42 2 2.9 0.22 1.89 0.82
2.06 WNW c 70 3 3.8 0.69 1.92 0.60 17 5 1.9 0.33 1.35 0.91
2.40 WNW c 70 3 3.8 0.69 2.45 0.59 16 5 1.9 0.33 1.85 0.85
3.25 W c 66 3 0.3 0.65 1.77 0.81 0 0 0.3 0.68 1.33 0.93
3.31 W c 66 3 0.3 0.65 2.37 0.66 0 0 0.3 0.68 1.29 0.96

300 

0.35 SE c 53 3 4.6 0.01 2.39 0.87 64 4 0.0 0.00 1.52 0.90
0.35 S c 54 0 4.6 0.01 2.17 0.91 61 2 0.0 0.00 1.62 0.88
0.80 ENE c 51 7 1.7 0.02 2.37 0.85 56 5 1.7 0.02 2.85 0.75
1.22 SSE v 54 4 1.5 0.07 4.38 0.37 48 5 1.9 0.04 1.62 0.92
1.45 SE v 49 9 1.2 0.13 2.84 0.69 65 6 2.1 0.05 1.55 0.92
1.66 N c 45 3 2.1 0.12 1.83 0.92 64 5 0.7 1.32 2.72 0.61
2.27 W c 68 0 0.3 0.31 2.53 0.75 1 8 2.7 0.11 1.36 0.95
2.32 WSW c 65 3 0.3 0.31 3.40 0.63 7 6 2.7 0.11 1.46 0.94
2.67 WSW c 66 7 4.0 1.82 1.57 0.88 3 7 2.8 0.01 1.85 0.89
3.04 WSW c 62 8 4.0 1.82 2.02 0.84 0 3 2.8 0.01 1.34 0.94

400 

0.18 NE c 62 3 3.7 0.05 1.39 0.96 67 2 0.0 0.00 1.92 0.82
0.36 NNE c 56 2 3.7 0.05 1.61 0.94 61 2 0.0 0.00 1.68 0.87
0.96 S c 56 5 0.3 0.04 4.03 0.69 58 0 2.4 0.11 2.17 0.85
1.23 S v 58 8 3.3 0.30 3.59 0.57 55 5 0.4 0.13 2.54 0.81
1.35 WSW v 62 5 3.1 0.38 2.86 0.65 36 25 0.5 0.17 2.74 0.86
1.59 SSE c 57 7 3.1 0.39 4.03 0.62 55 1 0.5 0.18 2.53 0.83
2.30 W c 65 2 0.2 0.38 2.57 0.77 24 1 2.4 0.24 2.10 0.90
2.98 WNW c 64 9 0.0 0.30 2.36 0.76 0 0 0.9 0.23 1.82 0.93
3.10 W c 66 1 0.2 0.38 2.77 0.77 0 0 0.9 0.23 1.24 0.96
3.18 W c 63 4 0.0 0.30 3.05 0.81 0 0 0.9 0.23 1.24 0.96
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II.3.3. Model validation 

The model was validated with data from the series of experiments in calm and windy conditions 

not used for the calibration process. Figure II. 7b shows a scatter plot of experimental versus 

simulated CUC for the validation experiments (CUCv) of FC, PC and DP sprinklers (different 

symbols were used for each sprinkler type).  

 

Figure II. 7. Experimental vs. calibration coefficients of uniformity (CUCe and CUCc, 
respectively) (a) and experimental vs. validation coefficients of uniformity (CUCe and CUCv, 
respectively) (b) for FC, PC and DP sprinklers. The dashed line represents the 1:1 relationship. 

The regression analysis for the validation experiments proved a significant relationship with a 

correlation coefficient of R2 = 0.91, R2 = 0.82 and R2 = 0.64 for FC, PC and DP sprinkler 

validation experiments. The regression slope and the intercept were not significantly different 

from 1 and 0, respectively, at the 95% probability level for FC and PC sprinklers but was 

different for DP sprinkler. The standard errors of CUC estimation were 1.65%, 3.55% and 5.07% 

for FC, PC and DP experiments. Comparison between experimental (left side figures) and model 

simulations (right side figures) water distribution patterns was presented in Figure II. 8 for 

PC(1Noz) and DP sprinklers for downward and upward wind orientations. The figures showed 

that the model not only provides a good estimation of CUC parameter but also the water 

distribution pattern was also adequately simulated.    
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Figure II. 8. Contour maps of the water distribution pattern (ID, mm h-1) for the experimental 
(left) and simulated (right) PC(1noz) and DP sprinklers at a working pressure of 300 kPa under 
moderate wind speed. Upwind and downwind jet orientations were presented. Arrows indicate 
the prevailing wind direction during each event. Wind speed (WS) and Christiansen uniformity 
coefficient measured (CUCe) and simulated (CUCs) are indicated in the figures. 

Irrigation with PC sprinklers provides higher uniformities than with DP sprinklers under low 

wind speed conditions. For moderate wind speed conditions the results were highly dependent on 

wind direction orientation respect to the jet. In these irrigation events the variability in irrigation 

depth is moderate and the experimental error may account for a large part of the variability. 

Correlation coefficients resulted higher for DP than for PC, although RMSE resulted larger for 
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DP than for PC. The model simulation accuracy was high for the evaluated sprinklers, specially 

working under moderate wind speed. Differences in model accuracy owing to different sprinklers 

were not significant. Operating pressure, nozzle diameter, and sprinkler arrangement respect to 

the dominant winds did not appear to influence model accuracy either. The model can therefore 

be further developed to provide a useful tool for solid-set sprinkler design and management. 

Although the model was developed and validated for a given sprinklers model (RC130 and RC 

135), it could be readily used for other type of sprinklers since we could characterize the radial 

distribution pattern. The most innovative aspect of the proposed model is that water application 

and water uniformity can be determined for a whole field irrigated simultaneously with full circle 

solid-set sprinklers and boundaries sprinklers (FC with PC sprinklers, or FC with DP sprinklers). 

The model showed a good predictive capacity to simulate drop water movement affected by the 

deflecting plate effect and high windy conditions. The model has the capacity to simulate the 

water distribution pattern for DP sprinklers equipped with different deflecting plate shapes and 

under different weather conditions. 

II.3.4 Model applications 

II.3.4.1 Analyzing deflection plate design adequacy 

Figure II. 9a presents a side view of the jet impact with the deflecting plate, where D is the 

horizontal distance between the plate and the sprinkler, H the height between the nozzle and the 

plate and L’ the distance between the nozzle and the impact point with the deflecting plate. 

Figure II. 9b presents a seeing from above of the sprinkler with the deflecting plate, where LFC is 

the maximum jet distance of the FC sprinkler, LDP is the maximum jet distance deflected by the 

plate, W is the width of the plate, LP is the length of the plate and θ the maximum angle affected 

by the plate. Figure II. 9c represents a diagram with 3 different plate designs (very bad, bad and 

good design) as a function of its geometry, the distance to the sprinkler and the impact jet point.  
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Figure II. 9. (a) Presents a seen from a side of the jet impact with the deflecting plate. (b) 
Presents a seen from above of the sprinkler with the deflecting plate. (c) Represents three 
different plate designs (bad, good and very bad) as a function of its geometry, the distance to the 
sprinkler and the impact points of the jet with the plate. 

For a good plate design, LDP must be equal to the distance between the sprinkler and the field 

boundaries, and at the same time must be equal to a FC sprinkler jet, which is geometrically LFC* 

cos θ.  

cos                       [12] 

Furthermore, through the geometry of the jet impact with the deflecting plate: 

sin            [13] 

Using the trigonometric relation, the optimal width of the plate can be determined as a function of 

others lengths: 

1   2 1      [14] 

Therefore, the optimal width of the plate is exclusively a function of LDP, LFC y L’. 

Moreover, for a properly plate design without overestimating the used material, the following 

condition must be respected: 
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                  [15] 

II.3.4.2 Comparison between PC and DP as plot-boundaries irrigation solutions. 

The irrigation system of the commercial plot presented in Figure II. 10 was designed using as 

plot-boundaries irrigation solutions: 1) PC(1Noz), 2) PC(2Noz) or 3) DP. For designs 1 and 2, the 

total number of sprinklers was 432, being 122 PC sprinklers (Figure 10). When the plot-

boundaries irrigation solution was DP the total number of sprinklers was reduced to 390 (9.7% 

lower), being 113 DP. The investment cost of design 3 is the lowest since the number of 

sprinklers is reduced by 9.7%, and consequently the entire associated infrastructures, as pipes, 

were also reduced. In this work the cost of DP was equal to PC sprinkler cost. 

The irrigated area affected by PC sprinkler for designs 1 and 2, PC(1Noz) and PC(2Noz), 

respectively, was 32.8% of the total area. In design 3, DP irrigated area accounted for only 10.2% 

of the total area.  

Table II. 5 presents the simulation results for the three evaluated designs. The first part of the 

table shows the simulated results for the area irrigated under each specific sprinkler type and 

orientation. The second part of the table presents the simulation results for the whole-field area 

under the three different designs.  

As reported before, and due to the characteristic plot shape (Fig. II 10) all the irrigation blocks 

had FC sprinklers and plot-boundaries sprinklers that irrigates at the same time. The total 

irrigation time scheduled was 123 hours, arranged in 28 irrigation events, averaging 4.4 hours per 

irrigation event. The inner irrigated area equipped with FC sprinklers applied a seasonal irrigation 

depth of 641 mm (6410 m3 ha-1), similar to that applied by PC(1Noz), 652 mm. At the DP area, 

the applied seasonal irrigation depth is the highest, 975.4 mm, since the half of the sprinkler 

discharge was spread in a reduced area of 18 m x 6 m.  Although the irrigation uniformity of the 

DP area was the lowest its high irrigation dose smooth the effect on corn yield.    
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Figure II. 10. Commercial plot designed with PC as sprinkler plot-border solutions (designs 1 
and 2). 

The simulation results presented in Table II. 5 indicated that the differences in corn yield were 

negligible (<1%) although the seasonal applied irrigation depths were slightly different between 

plot-boundaries irrigation solutions (<7%). The lowest seasonal applied irrigation depth (644 

mm) for the total plot area corresponds to design 1, with PC(1Noz) as plot-boundaries irrigation 

solution. The largest seasonal depth (693 mm) corresponds to design 2 with PC(2Noz) as 

boundaries solution. The intermediate value corresponds to the plot-boundaries design with DP 
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sprinklers (675 mm). Form an economic point of view, investment cost, exploitation cost 

(seasonal irrigation depth and its associated energy) and corn crop income, DP solution seems to 

be for this particular plot shape the most adequate solution. The analysis has been performed for 

the 2008 irrigation season that could be classified as an average meteorological season in the 

area. For plot shapes with lower edge surfaces the difference in investment cost could not be 

relevant and in this case, the best solution could be design 1 (PC(1Noz)) because of its lowest 

exploitation cost.   

Table II. 5. Simulated irrigation dose (ID, mm), Irrigated collected (IDc, mm), average CUC 
(%), seasonal CUC (%) and corn yield (%) for the sprinkler irrigated areas for each sprinkler 
type and orientation and for the total plot area equipped with PC(1Noz), or PC(2Noz) or DP 
sprinklers as plot-border irrigation solutions. 

  
Sprinkler 

type 
ID (mm) IDc (mm)

CUCave. 
(%) 

CUCseas. 
(%) 

Yield 
(%) 

S
p

ri
n

k
le

r 
ir

ri
ga

te
d

 a
re

a FC 641.0 588.4 85.5 90.0 95.0

PCdw(1Noz) 651.9 551.7 76.8 92.5 96.8

PCuw(1Noz) 651.9 591.1 83.1 90.4 93.5

PCdw(2Noz) 799.5 687.9 77.4 90.2 99.6

PCuw(2Noz) 799.5 690.1 71.5 82.1 95.6

DPuw 975.4 699.9 61.9 68.2 99.7

DPdw 975.4 840.5 54.5 71.8 97.0

T
ot

al
 

P
lo

t 
ar

ea
 

PC (1Noz) 652.0 582.9 83.7 90.5 95.0
PC(2Noz) 700.4 621.4 81.9 88.7 95.9

DP 684.7 617.3 83.5 88.9 95.3
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II.4. CONCLUSIONS 

1- The sprinkler jet orientations respects to the wind have a clear effect on the irrigation 

uniformity of field-boundaries sprinklers under windy conditions, especially in deflecting 

plate sprinklers. In areas with frequent and predominant wind directions, DP sprinklers 

(as a field-boundaries solution) could be installed in the field boundaries where the 

deflected jet trajectory was going upwind. In any other boundaries, the DP solutions will 

lead to mediocre results.  

2- The experimental comparison showed that in windy conditions, PC field-boundaries 

sprinkler (single or double nozzles) performs better than DP field-boundaries sprinkler  

3- New considerations and process have been introduced in the ballistic model to simulate 

field-boundaries sprinklers such as, the effect of the movement of drops in groups on the 

aerodynamic drag forces, the deflecting plate effect on the drops movement and the use of 

the Monte-Carlo method to generate different drop diameters. The model shows potential 

to become a valuable tool to manage sold-set sprinklers irrigation under different 

technical and meteorological conditions.  

4- The calibrated model has reproduced accurately the water distribution pattern (r = 0.94, 

RMSE = 1 mm h-1) for different sprinklers types: FC, PC and DP sprinklers. The resulting 

ballistic model has proven to have a satisfactory predictive capacity of CUC. The 

calibration and validation standard errors for CUC were 3.46% and 4.35%, respectively. 

5- An adequate plate design should considered that the distance between DP sprinkler and 

field boundaries is a function of the sprinkler jet range, the distance between the sprinkler 

and the plate, and the plate dimensions (width and length). 

6- Comparisons between field-boundaries design solutions were established for the whole 

field area in terms of irrigation performance and crop yield. Differences in corn yield 

were negligible (<1%) although the seasonal applied irrigation depths were slightly (<7%) 

different between field-boundaries irrigation solutions. Analyzing investment cost, 

exploitation cost (water applied and associated energy) and corn crop income, DP 

solution seems to be for this particular plot shape the most adequate solution.   
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SIMULATING WATER DISTRIBUTION PATTERNS FOR FIXED AND ROTATING 

SPRAY PLATE SPRINKLER USING THE BALLISTIC THEORY 

RESUMEN 

La modelización de los nuevos emisores precisa incorporar a la teoría balística el efecto del 

choque del chorro con el plato deflector. Se caracterizaron experimentalmente las pérdidas 

carga producida por el impacto del chorro con la placa deflectora para diferentes tamaños de 

boquillas y dos presiones de trabajo para los emisores de plato fijo (FSPS) y de plato rotatorio 

(RSPS). Se caracterizaron el patrón de distribución de agua del FSPS y del RSPS para diferentes 

tamaños de boquillas, trabajando a dos presiones y bajo diferentes condiciones de viento. Se 

calibró el modelo balístico para simular las distribuciones del agua en diferentes condiciones 

técnicas y meteorológicas. Se utilizaron los ensayos de campo y el modelo balístico para obtener 

los parámetros del modelo (D50, n, K1 y K2). Los resultados muestran que las pérdidas de carga 

que ocasionan este tipo de platos deflectores se reducen con el incremento del tamaño del emisor 

y alcanzan un valor mínimo estable. Los resultados del modelo están en sintonía con los valores 

experimentales. El modelo calibrado reproduce de forma satisfactoria los patrones  de reparto 

de agua en condiciones de viento en calma (r = 0,98 y r = 0,99 para FSPS y RSPS, 

respectivamente) como en condiciones de viento alto (r = 0,76 y r = 0,96 para FSPS y RSPS, 

respectivamente). Se encontró una nueva relación entre los parámetros de corrección de la 

resistencia aerodinámica (K1
’ y K2

’) y la velocidad del viento. Como consecuencia, se podrá 

realizar la simulación del reparto de agua en condiciones meteorológicas no probadas. 
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ABSTRACT 

Ballistic simulation of the spray sprinkler for self-propelled irrigation machines requires the 

incorporation of the effect of the jet impact with the deflecting plate. The kinetic energy losses 

produced by the jet impact with the spray plate were experimentally characterized for different 

nozzle sizes and two working pressures for fixed (FSPS) and rotating (RSPS) spray plate 

sprinklers. A technique of low speed photography was used to determine drop velocity at the 

point where the jet is broken into droplets. The water distribution pattern of FSPS and RSPS for 

different nozzle sizes, working at two pressures and under different wind conditions were 

characterized in field experiments. The ballistic model was calibrated to simulate water 

distribution in different technical and meteorological conditions. Field experiments and the 

ballistic model were used to obtain the model parameters (D50, n, K1 and K2). The results show 

that kinetic energy losses decrease with nozzle diameter increments and eventually reach a stable 

minimum value. The results from the model compared well with field observations. The 

calibrated model has reproduced accurately the water distribution pattern in calm (r=0.98 and 

r=0.99 for FSPS and RSPS, respectively) and high windy conditions (r=0.76 and r=0.96 for 

FSPS and RSPS, respectively). A new relationship was found between the corrector parameters 

(K1
’ and K2

’) and the wind speed. As a consequence, model simulation will be possible for 

untested meteorological conditions. 

Additional key words: sprinkler irrigation; ballistic model; center-pivot; kinetic energy losses. 
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ABBREVIATION 

C: (aerodynamic drag coefficient) 

D: (drop diameter, mm)  

D50: (mean drop diameter, mm)  

FSPS: (fixed spray plate sprinkler) 

IDm: (catch can values of measured irrigation depth, mm) 

 : (average measured irrigation depths, mm) 

 IDs: (catch can values of simulated irrigation depth, mm) 

  : (average simulated irrigation depths, mm) 

 K1, K2: (empirical parameters) 

 K1
’, K2

’: (new empirical parameters) 

n: (dimensionless exponent); P (operating pressure, kPa) 

Pm: (minimum probability for drops smaller than D50) 

R: (coefficient of correlation) 

RMSE: (root mean square error) 

RSPS: (rotating spray plate sprinkler) 

Sm: (standard deviation of measured ID) 

Ss: (standard deviation of simulated ID) 

U: (absolute drop velocity, m s-1) 

V: (relative drop velocity in the air, m s-1) 

W: (wind speed, m s-1) 

Wd: (dominant wind speed, m s-1) 

: (angle formed by the vectors V and W) 

(angle formed by vectors V and U) 

γ: (probability for drops smaller than D) 

: (objective function) 

Ф: (nozzle diameter) 
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III.1. INTRODUCTION 

Impact sprinklers have been replaced by the developments of spray sprinklers commonly used in 

pivot and linear move irrigation machines. These spray sprinklers use low pressure without 

affecting to the irrigation quality (Kincaid et al., 2000 and DeBoer et al., 2000)). The two main 

designs of low-pressure spray sprinklers are the fixed spray plate sprinkler (FSPS) and the 

rotating spray plate sprinklers (RSPS). Plates vary from being totally smooth to having coarse 

grooves and can have concave or convex shapes. Thus, throw and drop diameters can be 

regulated according to irrigation needs (Sourell et al., 2003). Comparing FSPS to RSPS, the first 

are cheaper and robust, while the second present more uniform water distribution pattern (Faci et 

al., 2001; Playán et al., 2004). In general, the FSPS has characteristics of large droplets, medium 

application coverage, minimal wind distortion and low energy requirement. It is important to note 

that the FSPS with lower price makes it more attractive and competitive than the RSPS. 

Current center-pivot models are based on the overlapping of experimental sprinkler application 

pattern (Omary & Sumner, 2001; Delirhasannia et al., 2010). Based on semi-empirical 

considerations and using a combination of beta functions (free from any ballistic consideration), 

Le Gat & Molle (2000) and Molle & Le Gat (2000) developed a model to simulate the 

application pattern of a single spray sprinkler, and to describe its performance in both windy and 

no-wind conditions.  

Ballistic simulation (Fukui et al., 1980) has been successfully applied to impact sprinklers 

(Montero et al., 2001; Playán et al., 2006). Ballistic sprinkler simulation models require 

information on drop diameter distribution to estimate the landing point and terminal velocity of 

drops resulting from a certain irrigation event. Procedures have been developed to estimate drop 

diameter distribution from the sprinkler application pattern using inverse simulation techniques 

(Montero et al., 2001; Playán et al., 2006). The percentage of the irrigation water collected at 

each landing distance can be used to estimate the percentage of the irrigation water emitted in 

drops of a given diameter. Kincaid et al. (1996) used this model to fit the drop diameter (D) 

distribution curve for different type of emitters according to the following equation: 

.
.

                   [1] 
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where γ is the probability for drops smaller than D, D50 the mean drop diameter, and n is a 

dimensionless exponent. The parameters of the drop diameter distribution curve (D50 and n) and 

the aerodynamic drag coefficient parameters (K1 and K2) were described in Eq. [3], Chapter II.  

However, ballistic simulation of the new emitter for self-propelled sprinkler irrigation machines 

requires the incorporation of the effect of the jet impact with the deflecting plate (Sánchez-

Burillo et al., 2013). The case of the spray sprinklers commonly used in pivot or linear move 

irrigation machines differs from impact sprinklers. In this case, the jet produced at the nozzle 

immediately undergoes an inelastic shock as it frontally hits a plate. Although most spray 

sprinkler models include certain curvature in the plate and grooves designed to create a number 

of small jets, the energy lost at the plate is sufficiently large to create uncertainty about the initial 

velocity of the drops. As a consequence, ballistic models have rarely been applied to the two 

main designs of spray plate sprinklers.  

The shape, ridges and curvature of the deflecting plate determine the number of secondary jets, 

the vertical initial angle and the drop initial velocity (DeBoer et al., 1992). The pressure head at 

the nozzle, the nozzle diameter and the sprinkler design and manufacturing determine droplet 

kinetic energy (King & Bjorneberg, 2010). This energy is directly related to drop diameter and 

velocity (Kincaid, 1996). In kinetic energy analyses of sprinkler irrigation, the drop trajectory and 

velocity is commonly simulated using an estimation of initial velocity and ballistic simulation 

models (Kincaid, 1996). Several researchers have characterized the drop kinetic energy in 

irrigation machines (King et al., 2010; King & Bjorneberg, 2012), which are mainly focused on 

the hydraulic characteristic impact of the soil. Sánchez-Burillo et al. (2013) have characterized 

the drop initial velocity for fixed spray plate sprinkler in order to simulate the effect of the jet 

impact and incorporate it to the ballistic theory. 

In this research the water distribution pattern of FSPSs and RSPSs working at different technical 

(working pressures and nozzle sizes) and meteorological conditions (wind speeds) were 

simulated based on droplet kinetic energy analysis. In this work, the calibration of the ballistic 

theory to FSPS and RSPS will be undertaken. Extending the recent efforts in ballistic simulation 

of impact sprinklers (Carrión et al., 2001; Montero et al., 2001; Playán et al., 2006) to center-

pivot spray sprinklers will provide a valuable tool for center-pivot irrigation simulation. This 

general objective will be performed by the following specific objectives: (1) characterize the 

kinetic energy losses at the plate of FSPS and RSPS equipped with different nozzle sizes and 

working at two different pressures; a technique of low speed photography will be used to 

determine drop velocity at a certain point just after the plate; (2) characterize experimentally the 
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FSPS and RSPS water distribution pattern; and (3) calibrate the ballistic model to simulate water 

distribution patterns of FSPS and RSPS equipped with different nozzle sizes and working at 

different technical and meteorological conditions. Field experiments and the ballistic model will 

be used to obtain the model parameters (D50, n, K1 and K2).  
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III.2. MATERIAL AND METHODS 

The FSPS and RSPS are usually a Sprayhead sprinklers that can have different types of 

interchangeable deflector plates and different interchangeable nozzles (series TN) and thus 

produce different drop size, throw distance and wind fighting capabilities. The FSPS (Fig. III. 1b) 

and the RSPS (Fig. III. 1c) used in this paper were the D3000 Sprayhead with 36-grooved blue 

plate (#9493),  and the R3000 Sprayhead with 6 streams red plate (#8839), respectively, 

manufactured by Nelson Irrigation Corporation and corresponded to the series 3TN. 

 

Figure III. 1. Layout of the collector rows and the spray sprinkler experiment: (a) the set-up of 
the spray sprinkler over the center of the collector array; (b) the fixed (FSPS) and (c) the 
rotating (RSPS) spray plate sprinkler models evaluated; and (d) the layout of the collector array. 

III.2.1. Characterization of velocity and angle of the drops at the exit of the deflecting plate 

Ten nozzle diameters at 138 kPa and five nozzle diameters at 69 kPa of the FSPS, and ten nozzle 

diameters at 138 kPa and nine nozzle diameters at 172 kPa of the RSPS were selected for 

experimental characterization of velocities and angles at the exit of the deflecting plate. The 

selected nozzle diameters (ranging from 2.0 mm to 8.7 mm) and working pressures represent the 

operational possibilities of a commercial pivot equipped with FSPS or RSPS. The photographical 

method proposed by Salvador et al. (2009) was used. This technique is based on low speed 

photography (1/100 s) of the sprinkler droplets as they travel from the sprinkler to the soil 

surface. The method requires intense illumination, which may be easily obtained in the local 
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conditions by outdoor operation near solar midday. In these circumstances the drops are 

photographed as cylinders whose diameter corresponds to the drop diameter and whose length is 

equivalent to the drop displacement during 1/100 s (Picture III.1). This technique permits the 

determination of cross-sectional diameter, tangential velocity and vertical angle of individual 

drops located at different distances from the emitter (Salvador et al., 2009). Drop photographs 

were taken at an average horizontal distance of 0.75 m from the sprinkler. Sánchez-Burillo et al. 

(2013) reported that sprayhead sprinkler jets visually break into individual drops at a distance of 

0.7-0.8 m from the sprinkler. Measured drop velocities result from subtracting (from the main jet 

energy) the head losses due to impact on the deflecting plate and the jet energy losses between 

the deflecting plate and the measurement point. Simulation techniques based on the inverse 

solution of drop trajectory (Sánchez-Burillo et al., 2013) were applied to estimate droplet head 

losses between the deflecting plate and the measurement point. A minimum of 40 drops per 

nozzle size were selected for measurements. The selection of the drops was performed based on 

image quality since the drop should be adequately focused (located near the vertical plane 

containing the reference ruler). Drops not reaching 0.3 mm in diameter were discarded since it 

was impossible to assess if they were focused. The average and standard deviation of the 40 

drops initial velocities were obtained for each nozzle diameter. A relationship between nozzle 

diameter and drop velocity was established to infer drop velocity for unmeasured FSPS and 

RSPS nozzle diameters. 

The aim of this part of study is to estimate the velocity of the drops after the impact of the jet on 

the sprinkler deflecting plate. Main differences between the velocities measured at the nozzle and 

the estimated drop velocities after the impact were attributed to the energy losses at the plate.  

III.2.2 Experimental characterization of FSPS and RSPS water distribution pattern under 

different technical and meteorological conditions 

In this part of study, six different nozzle diameters were selected (2.4 mm, 3.8 mm, 5.1 mm, 6.7 

mm, 7.9 mm and 8.7 mm). Nozzles tests were carried out at two working pressures of 103 kPa 

and 138 kPa for FSPS (habitual operating pressures), and of 138 kPa and 172 kPa for RSPS, 

maintained by pressure regulator installed just upstream the spray sprinkler. Furthermore, for 

each combination of nozzle size and working pressure field tests were carried out at 3 different 

wind velocity levels, calm (W≤1 ms-1), medium (1 ms-1<W≤3 ms-1) and high (W>3 ms-1). The 

evaluation of the water distribution pattern for each nozzle diameter, operating pressure and wind 

velocity was performed individually. An isolated sprinkler nozzle was mounted on a metal frame 
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in the center of a collector array (Fig. III. 1a). Sprinkler nozzle was located 2.0 m above the soil 

surface using a semi-rigid plastic drop pipe. Faci et al. (2001) reported on the difficulty to 

characterize FSPS water distribution patterns by catch-can experiments. Most of the applied 

water for the FSPS is in a circular crown with a width of about 1 m. Water application within the 

crown was not uniform. Alternate radii with very different depths of water applied could be 

observed, corresponding to the grooves of the deflector plates. The volume of water applied 

outside the crown was negligible (Faci et al., 2001). A special catch can arrangement was 

required to capture this peculiar water application pattern. Catch cans were distributed along four 

principal radii at a distance from the sprinkler ranging from 0.5 m to 10 m, with an increment of 

0.5 m (Picture III.2 and III.3). The chosen catch can spacing, 0.5 m, was lower than the crown 

width, representing a compromise between accuracy and manageability. A finer square network 

would require a very large number of catch cans, rendering the experiment very time demanding. 

Each radius had two reinforcement collector lines at the crown area (Fig. III. 1d). The same catch 

can design has been used to characterize the RSPS water distribution pattern. Catch cans were 

conical in its lower part (200 mm height) and cylindrical in its upper part (100 mm height); the 

diameter of the upper part was 160 mm. The catch cans were marked in millimeters for direct 

readout up to 45 mm. An automated weather station located in the experimental field recorded air 

temperature, relative humidity, and wind speed and wind direction at 1 second intervals (Picture 

III.3). The operating pressure was monitored every 2 minutes by a pressure transducer (Dickson, 

PR150) installed just downstream the regulator and upstream the FSPS (Fig. III. 1a). The 

experimental tests were performed in bare soil and the duration of each test depended on nozzle 

diameter (from 40 min to 120 min).  

III.2.3. Model calibration  

The ballistic model was used in this study to simulate the landing distance of different drop 

diameters resulting from the sprayhead sprinkler for a different nozzle diameter, nozzle elevation 

and operating pressure. Ballistic theory considers the wind effect as the main factor of the drops 

trajectory distortions (Fukui et al., 1980; Playán et al., 2006). Accordingly, a sprinkler is 

simulated as a device emitting drops of different diameters. It is assumed that drops are formed at 

the sprinkler nozzle, and travel independently until reaching the soil surface (or the crop canopy, 

or the experimental catch-can). 

The movement of each drop was solved in the model using a second order Runge-Kutta 

numerical integration technique (Supplementary Table III.8). The main result of each drop 
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trajectory solution is constituted by the x and y coordinates of the drop when the z coordinate is 

equal to zero (soil surface). In order to reproduce the water application pattern of the isolated 

FSPS, the model used 320000 drops corresponding to 1600 horizontal sprinkler angles and 200 

drop diameters, evenly distributed between 0.0002 m and 0.007 m. The model also used as input 

data: the drop velocity and the vertical angle of individual drops located after the jet impact 

(characterized by the above mentioned photographic method), the drop diameter distribution (D50 

and n) and the drag coefficient parameters (K1 and K2). The model of drop diameter distribution 

used in this work was the exponential type proposed by Li et al. (1994) (Eq. [1]). The parameters 

of the drop diameter distribution model were obtained from the field catch can experiments for 

six nozzle diameters. Relationships between nozzle diameter and parameters D50 and n were 

established using regression analyses. The objective was to explore possibility of interpolating 

parameters to simulate unmeasured nozzle diameters in the experimental range.  

Two statistical indexes were used to compare measured and simulated water application patterns: 

the Root Mean Square Error (RMSE) and the coefficient of correlation (r). The coefficient  (the 

ratio RMSE/(1+r)) were used as the objective function for the optimization algorithm. The 

optimum value of  is the best combination of low values of RMSE with high values of r. 

The calibration of the parameters K1 and K2 was performed once D50 and n model parameters 

were calibrated. A second phase of model calibration is required at this point, since adequate 

values for K1 and K2 must be identified. The calibration and validation of K1 and K2 were 

performed in two steps. Field experiments carried out in windy conditions were used. The wind 

speed (W) and wind direction were determined for each irrigation events in order to incorporate it 

to the model. The first step optimize K1 and K2 values by comparison between measured and 

simulated irrigation depths, the above-mentioned indexes (RMSE, r and ) were used for 

optimization purposes. A second step of the calibration process was performed to obtain K1 and 

K2 as a function of wind speed and nozzle size. 

For the calibration processes, the Monte-Carlo simulation methods (Fishman, 1995) were used. 

This method is a brutal force algorithm that calculates the values of the calibration parameters 

with pseudo-random numbers. Although the method has a slow convergence, is very robust and it 

does not remain in local minimum values. 
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III.3. RESULTS AND DISCUSSION 

III.3.1. Kinetic energy losses in the FSPS and RSPS 

The inverse solution applied to estimate jet kinetic energy losses for the drop trajectory from the 

plate exit point to the drop velocity measurement point (average 0.7 m) showed average values of 

1%. This value was deemed negligible in comparison with the values of the photographic 

method, and was not considered in this study.  

Measured drops velocities for the evaluated nozzle diameters and operating pressures for the 

FSPS and RSPS are presented in Fig. III. 2a and Fig. III. 3a and 3b. Measured drop velocities 

after the deflecting plate result much smaller than the velocity estimated at the nozzle for the two 

evaluated sprayhead sprinklers. This difference is due to the jet impact with the deflecting plate 

that causes a kinetic energy loss.  

The photographic method showed that the RSPS presents two exit jets with different vertical 

angle; an up-jet with an exit vertical angle of 16 degrees and a down-jet with an exit vertical 

angle of 7 degrees. However, for the FSPS the jet was homogeneous with a vertical angle  equal 

to 10 degrees. For the evaluated sprayhead sprinklers, the vertical angle of individual drops 

located after the jet impact was independent of the nozzle diameter and the operating pressure. 

A regression model was developed to estimate drop velocity for non-measured nozzle diameters. 

For the FSPS, and for the largest evaluated pressure (138 kPa) the model was divided in two 

parts; with the first (applying to nozzle diameter ≤ 5.1 mm) following a polynomial model (Fig. 

III. 2a) and the second part (applying to nozzle diameter > 5.1 mm) showing a constant velocity 

value (12.6 m s-1). Moreover, for the smallest evaluated pressure (69 kPa) the FSPS model was 

similar and was also divided in two parts. The first (applying to nozzle diameter ≤ 6.8 mm) 

follows a polynomial model, and the second (applying to nozzle diameter > 6.8 mm) shows a 

constant velocity value (9.5 m s-1). For the RSPS at 138 kPa operating pressure, the model was 

also divided in two parts: for nozzle diameter ≤ 3.8 mm, the model follows a polynomial model 

and for nozzle diameter > 3.8 mm the model remains constant (10.5 m s-1 and 10 m s-1 for down-

jet and up-jet, respectively) (Fig. III. 3a). The RSPS model at 172 kPa was similar and showed a 

polynomial part for nozzle diameters ≤ 5.35 mm, and a constant part for nozzle > 5.35 mm (11.5 

m s-1 and 10.1 m s-1, for down-jet and up-jet, respectively) (Fig. III. 3b). 

The velocity of the primary jet just outside the nozzle was independent of the nozzle diameter, 

since nozzles were equipped with a pressure regulator. The impact with the deflecting plate 
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produced large kinetic energy losses (and two different jet exit vertical angles for the RSPS) 

whose magnitude depends on nozzle diameter to a maximum diameter value. As the nozzle 

diameter and jet size increase, impact kinetic energy losses decrease and eventually reach a stable 

minimum value (Fig. III. 2b and Fig. III. 3c and 3d). The shape of the jet impact area on the 

grooved plate changes with the jet thickness, explaining the experimental differences on kinetic 

energy losses.  

For the FSPS, at the two evaluated pressures and for the nozzle diameters < 5.1 mm, the kinetic 

energy losses are similar and reached about 80% of total for the smallest nozzle size (2 mm). For 

the largest measured nozzles, larger than 5.1 mm at 138 kPa and larger than 6.8 mm at 69 kPa, 

the kinetic energy losses remained constant around 45% and 34.7% of total, respectively (Fig. III. 

2b). 

For the RSPS, at 138 kPa working pressure, and for nozzle diameters < 3.8 mm, the kinetic 

energy losses are similar and reached about 85% of total for the smallest nozzle size (2 mm), to 

remain constant at 58% and 64% for largest nozzle diameters, for the down-jet and the up-jet, 

respectively (Fig. III. 3c). While at 172 kPa working pressure, and for nozzle diameters < 5.35 

mm, the kinetic energy losses are similar and reached about 86% of total for the smallest nozzle 

size (2 mm), to remain constant at 60% and 70% for largest nozzle diameters, for the down-jet 

and the up-jet, respectively (Fig. III. 3d). 

The kinetic energy losses as a function of nozzle diameters have been incorporated in the ballistic 

model to simulate the FSPS and RSPS water distribution pattern. A regression model was 

developed to estimate kinetic energy losses for non-measured nozzle diameters. For the FSPS, a 

lineal interpolation (between the values of 138 kPa and 69 kPa) were performed for every nozzle 

diameter, to estimate kinetic energy losses for non-measured operating pressure of 103 kPa. 
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Figure III. 2. Measured drop velocity (a) and estimated kinetic energy losses (b) as a function of 
nozzle diameter and at two operating pressures for the evaluated FSPS. Vertical bars represent ± 
the standard deviation of the average for the 40 measured drops. 

Kincaid (1996) proposed a prediction model for the energy loss in FSPS and RSPS based in the 

ratio between nozzle and plate diameters. Kincaid’s model does not take into account elements 

that can strongly affect the energy loss, such as plate shape or deflection angle. Sánchez-Burillo 

et al. (2013) characterized the initial drop velocity in FSPS (equipped with one, two and three 

plates) only at one operating pressure and for three different nozzle diameters. They found that 

the losses in kinetic energy amounted to 33-55%. The model proposed for FSPS and RSPS 

energy losses in this research has been generalized for the most common working conditions.  
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Figure III. 3. Measured drop velocity at 138 kPa (a) and at 172 kPa working pressure (b) and 
estimated kinetic energy losses at 138 kPa (c) and at 172 kPa working pressure (d) as a function 
of nozzle diameter. Vertical bars represent ± the standard deviation of the average for the 40 
measured drops. 

III.3.2. Calibration of the ballistic model 

Experimentally measured radial water application patterns for FSPS and RSPS are presented in 

Fig. III. 4 and Fig. III. 5, respectively, for the six nozzle diameters and the two operating 

pressures. The water distribution pattern was different for each nozzle diameter and operating 

pressure.  

For the FSPS, a progressive increasing of the maximum application rate occurs with nozzle 

diameter, mainly to 5.2 mm and 6.7 mm nozzle size. Moreover, the maximum application rate 

displaced from the emitter with the nozzle diameter and operating pressure increments. The water 

application patterns of the three largest nozzles and for the two evaluated pressures of FSPS 

(Figs. 4b and 4d) were not symmetrical, with the left tail being longer and higher than the right 

tail. This behavior could not be explained by the drop size distribution function used in the 

ballistic model (Eq. [1]). A modification of the drop size distribution model was introduced to 
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ensure a more realistic simulation. For drop diameters equal to or larger than the mean drop 

diameter (D50), the probability function was computed using Eq. [1], while for drop diameter 

lower than D50, the probability was computed using Eq. [2]. 

′
	 ; 	 ,

,																																				 	                 [2] 

where Pm is a new parameter and represents the minimum probability for drops smaller than D50. 

For the RSPS, the shape of the radial water distribution curve is triangular, with differences 

between the three smallest nozzle diameters (Fig. 5a and 5c) and the largest nozzle diameters 

(Fig. 5b and 5d)  at both operating pressures The largest nozzle diameters (≥ 6.7 mm) distribute 

more water at 2.5 to 6 m distance from the sprinkler . No modification of the drop size 

distribution model was introduced to simulate the RSPS. 

For the FSPS, the model was run for 396 combinations of D50, n and Pm, with D50 values from 1 

to 3 mm, n values from 1 to 10, and Pm values from 0 to 1. For the RSPS, the model was run for 

300 combinations of D50 and n, with D50 values from 1 to 5 mm and n values from 1 to 10. The 

main results of the calibration parameters, D50 n and Pm, for the different nozzle diameters and 

working pressures are presented in Table III. 1.  

For FSPS, the correlation coefficients (r) between measured and simulated water distribution was 

very high, with values larger than 0.97 for the entire range of measured nozzle diameters and 

operating pressures. Differences were very low, with RMSEs ranging from 0.62 mm h-1 for the 

smallest nozzle diameter (2.4 mm) to 2.76 mm h-1 for the largest nozzle diameter (8.7 mm), and 

from 0.66 mm h-1 for the smallest nozzle diameter (2.4 m) to 2.52 mm h-1 for the largest nozzle 

diameter (8.7 mm), for103 kPa and 138 kPa operating pressures, respectively.  

For RSPS, the correlation coefficient between measured and simulated water distribution was 

also very high with an average of r = 0.98 and r = 0.99, at 138 kPa and 172 kPa working 

pressures, respectively. Differences were very low, with RMSEs ranging from 0.49 to 3.27 mm h-

1 (with an average value of 1.28 mm h-1), and RMSEs ranging from 0.65 to 2.14 mm h-1 (with an 

average value of 1.37 mm h-1) for 138 kPa and 172 kPa working pressures, respectively. The 

largest differences (RMSE) for both evaluated sprayhead sprinklers could be attributed to 

experimental field conditions where the wind velocity is never zero.  
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Figure III. 4. Measured (solid lines) and simulated (dashed lines) radial water application pattern for the experimental FSPS operating at 103 kPa (a 
and b); and at 138 kPa (c and d). 
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Figure III. 5. Measured (solid lines) and simulated (dashed lines) radial water application pattern for the experimental RSPS operating at 138 kPa (a 
and b); and at 172 kPa (c and d). 
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Table III. 1. Selection of model parameters D50 and n for each nozzle diameter and working 
pressure.  

Sprinkler Pressure 
Nozzle 

diameter (mm) 
Discharge 

(m3 h-1) 
D50 

(mm) 
n  
(-) 

Pm 
(-) 

RMSE1    
(mm.h-1) 

r2 

F
S

P
S

 

103 kPa 

2.4 0.23 1.10 4.50 0.0 0.62 0.97

3.8 0.58 1.30 5.70 0.0 0.94 0.98

5.2 1.10 2.00 7.30 0.0 0.99 0.99

6.7 1.82 2.30 7.50 0.0 1.08 0.99

7.9 2.53 2.40 6.50 0.3 2.75 0.97

8.7 3.07 2.50 6.00 0.4 2.76 0.97

138 kPa 

2.4 0.27 1.20 4.60 0.0 0.66 0.98

3.8 0.68 1.60 6.40 0.0 0.87 0.98

5.2 1.27 2.00 8.00 0.0 1.17 0.98

6.7 2.11 2.40 8.00 0.2 1.21 0.99

7.9 2.93 2.50 7.40 0.4 2.17 0.98

8.7 3.55 2.50 7.00 0.5 2.52 0.98

R
S

P
S

 

138 kPa 

2.4 0.23 1.22 1.84 - 0.55 0.99

3.8 0.58 1.42 1.53 - 0.49 0.99

5.2 1.10 1.60 1.63 - 0.75 0.99

6.7 1.82 1.78 1.68 - 1.13 0.98

7.9 2.53 1.82 1.80 - 1.47 0.98

8.7 3.07 1.95 2.13 - 3.27 0.96

172 kPa 

2.4 0.27 1.00 2.09 - 0.65 0.98

3.8 0.68 1.24 1.90 - 1.06 0.99

5.2 1.27 1.30 1.73 - 1.04 0.99

6.7 2.11 1.46 1.69 - 1.54 0.99

7.9 2.93 1.48 2.05 - 1.78 0.99

8.7 3.55 1.53 2.20 - 2.14 0.99

 
1RMSE is the root mean square error  
2r is the coefficient of correlation. 

The water distribution patterns of the six nozzle diameters characterized in this study were 

simulated with the calibrated parameters proposed in Table III.1. Fig. 4 and Fig. 5 present the 

measured and simulated water application patterns. A very good agreement between simulated 

and measured water distribution patterns for the three smallest nozzle diameters were observed 

for both working pressures and both evaluated sprinklers. A small difference could be observed 

for the largest nozzle size (Fig. 4b and 4d, Fig. 5b and 5d). Differences could be attributed to 
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experimental distribution patterns that were not performed under complete zero wind conditions.. 

However, the calibrated model reproduced adequately the water distribution pattern for the 

different nozzle sizes and operating pressures in the absence of the wind. 

For FSPS, calibrated values of Pm for the experimentally characterized nozzle diameter at two 

working pressures (symbols) are shown in Fig. 6c. A regression model was developed to 

interpolate the value of Pm for non-measured nozzle diameters. The model was divided in two 

parts, the first part that is a constant equal to cero (Pm=0) operates for nozzle diameters smaller 

than or equal to 5.1 mm for the 103 kPa working pressure, and 6.6 mm for 138 kPa working 

pressure. The second part, represented by a lineal model (Fig. 6c), operates for nozzle diameters 

larger than 5.1 mm and 6.6 mm, for 103 kPa and 138 kPa working pressures, respectively. 

Calibrated parameters D50 and n are shown in Figs. 6a and 6b Figs. 6d and 6e, for the evaluated 

FSPS and RSPS respectively. Regression models were developed to interpolate the parameters 

for unmeasured nozzle diameters within the measurement range.  

For FSPS, the parameter D50 increases with nozzle diameter from 1.1 mm (2.4 mm nozzle 

diameter) to 2.5 mm (8.7 mm nozzle diameter) for 103 kPa, and from 1.2 mm (2.4 mm nozzle 

diameter) to 2.5 mm (7.9 mm and 8.7 mm nozzles diameters) for 138 kPa operating pressure. The 

differences in mean drop diameter between the two evaluated working pressures were small. The 

value of n increases with nozzle diameter till a nozzle diameter of 6.7 mm, and decreases for 

larger nozzle diameters (Fig. III.6b). The values of D50 and n are slightly affected by the 

operating pressure for the evaluated range, being the results of 103 kPa slightly lower than those 

of 138 kPa. The calibrated values for the n parameter resulted very large indicating an important 

uniformity of drop sizes, which is reasonable since most of the applied water for the FSPS landed 

in a circular crown with a width of about 1 m (Faci et al., 2001). 

For RSPS, as the nozzle diameter increases, the parameter D50 increases, being the results of 138 

kPa higher than those of 172 kPa. This could be explained by the fact that smallest drop 

diameters are formed with largest working pressures (Montero et al., 2003). Those results are 

different from those for the FSPS study, where the effect of nozzle size is more important than 

the working pressure on the drops size distribution. The value of n (Fig. III.6e) decreases with 

nozzle diameters until a nozzle diameter of 6.7 mm, and increases for largest nozzle diameters.  

The values of n for RSPS were similar to those reported by Playán et al. (2006) working with 

impact sprinklers.The values of D50 resulted very similar between sprinkler types, FSPS and 

RSPS, and were comparable to D50 values  reported by Kincaid et al. (1996) using different 

methodologies for the same types of sprinklers. 
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Figure III. 6. Ballistic model parameters for the experimental FSPS (left side) operating at 138 
kPa (continuous line) and 103 kPa (dashed line): (a) parameter D50; (b) parameter n and (c) 
parameter Pm, and for the RSPS (right side) operating at 172 kPa (continuous line) and 138 kPa 
(dashed line): (d) parameter D50; (e) parameter n, as a function of nozzle diameter. 

The results of the calibration process for the correction parameters of the aerodynamic drag 

coefficient, K1 and K2 (Eq. [3], Chapter II), for the evaluated FSPS and RSPS are presented in 

Table III. 2 and Table III. 3, respectively. Meteorological conditions of the evaluated irrigation 

events (wind speed and direction), statistics values obtained from the optimization process and K1 

and K2 values are reported in the tables.  

For FSPS simulations (Table III.2), the correlation coefficients between measured and simulated 

water distribution patterns ranged from 0.56 to 0.91, for the 103 kPa operating pressure and from 

0.50 to 0.94 for the 138 kPa, with an average value for both pressures of 0.76. The highest values 
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of the correlation coefficients were obtained for the simulation of water distribution patterns 

under windy conditions. The RMSE ranged from 1.13 to 11.21 mm h-1, with an average of 5.15 

mm h-1, for 103 kPa and from 1.03 to 12.47 mm h-1, with an average of 5.42 mm h-1, for 138 kPa. 

The highest RMSE values (around 10 mm h-1) were obtained for the largest nozzle diameters (7.9 

mm and 8.7 mm) for both working pressures.  

For RSPS simulations, the correlation coefficients ranged from 0.90 to 0.99, for the 138 kPa 

operating pressure and from 0.85 to 0.99 for the 172 kPa, with an average value for both 

pressures of 0.96. The RMSE ranged from 0.44 to 4.43 mm h–1, with an average of 1.61 mm h–1, 

for 138 kPa and from 0.30 to 6.07 mm h–1, with an average of 2.17 mm h–1, for 172 kPa. 

The statistical comparison parameters for both sprinklers showed the capacity of the calibrated 

ballistic model to simulate and reproduce the water distribution pattern in medium and high 

windy conditions, especially for RSPS. 

Figs. 7a and 7b and Figs. 8a and 8b present the relationships between wind speed and the 

correction parameters of the aerodynamic drag coefficient (K1 and K2) for the FSPS and RSPS, 

respectively. For both sprayhead sprinklers, no correlations were found between wind speed and 

the magnitude of the two correction parameters at the two different operating pressures. For the 

FSPS, K1 values ranged from 0.0 to 3.6, while K2 ranged from 0.0 to 1.0, for the evaluated wind 

conditions. In high windy conditions (>3.8 m s-1), the exponent K2 values are equal to zero, 

otherwise the wind effect is higher on the correction parameter K1 than K2. For the RSPS, K1 

values ranged from 0.0 to 1.96, while K2 ranged from 0.0 to 0.94, for the evaluated wind 

conditions. 
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Table III. 2. Optimum values of K1 and K2 for the evaluated FSPS and for the different nozzle 
diameters, wind conditions and operating pressures (103 kPa and 138 kPa). The values of the 
statistical parameters are also presented. 

Nozzle size (mm) 
Wd  

(ms-1) 
Wind Direction 

103 kPa  138 kPa 

RMSE 
 (mm h-1)

r K1 K2  
RMSE  

(mm h-1) 
r K1 K2 

2.
4 

0.8 SSE          1.22 0.75 0.1 0.0

1.82 NW 1.43 0.66 0.0 1.0

2.16 S 1.59 0.66 0.0 0.2

6.34 NW 1.62 0.62 0.6 0.0

7.87 NW 1.13 0.83 0.3 0.0          

3.
8 

0.87 N 2.48 0.75 0.0 0.1
1.19 NW 1.44 0.89 1.2 0.2
2.11 N 1.03 0.90 1.2 0.0
4.37 NW 2.13 0.87 0.4 0.0
6.06 WNW 1.65 0.91 0.2 0.0
6.97 WNW 1.67 0.93 0.6 0.0

5.
2 

2.05 SSW          2.83 0.91 0.6 0.0

2.96 S 2.88 0.89 0.1 0.0

4.11 W 3.66 0.73 2.1 0.0

5.3 WNW 2.41 0.91 1.2 0.0

5.49 WNW          4.56 0.72 1.2 0.0

6.
7 

1.51 W 5.48 0.70 0.0 0.0
1.59 NW 6.03 0.63 0.9 0.3
2.6 NW 4.86 0.73 3.2 0.0
5.6 WNW 6.04 0.82 1.2 0.0
8.06 WNW 4.41 0.94 0.9 0.0

7.
9 

0.82 E          9.04 0.65 1.8 0.1

1.26 S 10.45 0.57 1.4 0.1

1.62 SW 7.75 0.76 3.6 0.1

3.53 WNW 7.92 0.73 2.4 0.7

7.57 NW 8.36 0.78 2.1 0.0

7.66 WNW          5.63 0.91 1.2 0.0

8.
7 

0.75 WSW 11.67 0.57 0.8 0.0

0.91 SW 10.01 0.56 0.1 0.0

2.71 SSW 12.47 0.50 0.5 0.2

5.82 NW 10.06 0.82 2.7 0.0

6.76 NW 11.21 0.76 2.1 0.0          
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Table III. 3. Optimum values of K1 and K2 for the evaluated RSPS and for the different nozzle 
diameters, wind conditions and operating pressures (138 kPa and 172 kPa). The values of the 
statistical parameters are also presented. 

Nozzle 
size 

(mm) 

Wd  
Wind 

Direction 

138 kPa   172 kPa 

(ms-1) RMSE 
r K1 K2  

RMSE  
r K1 K2 

    (mm h-1) (mm h-1) 

2.
4 

0.16 W 0.55 0.99 0.00 0.00 

0.85 NNE 0.65 0.98 0.00 0.00 

1.29 SSW 0.44 0.96 1.10 0.62 

2.45 WNW 0.51 0.97 0.43 0.71 

5.76 WNW 0.45 0.90 1.95 0.50 
8.60 WNW           0.31 0.86 0.70 0.90 

3.
8 

0.15 W 0.49 0.99 0.00 0.00 

0.35 SW 1.06 0.99 0.00 0.00 

0.76 SSW 1.23 0.96 1.96 0.52 

4.04 WNW 0.49 0.99 0.31 0.58 

6.45 WNW 0.66 0.95 1.72 0.84 

8.66 WNW 0.62 0.95 0.47 0.90 

5.
2 

0.03 NE 0.75 0.99 0.00 0.00           

0.58 S 1.04 0.99 0.00 0.00 

1.46 N 1.42 0.94 1.78 0.78 

4.31 WNW 1.62 0.98 0.30 0.26 

5.35 WNW 2.37 0.93 0.42 0.32 

7.08 WNW 1.14 0.95 1.25 0.73           

6.
7 

0.77 NNE 1.54 0.99 0.00 0.00 

0.89 NE 1.13 0.98 0.00 0.00 

1.54 NNW 1.21 0.98 1.59 0.62 

3.91 WNW 3.05 0.96 0.77 0.71 

7.27 WNW 2.23 0.93 1.94 0.62 

8.50 WNW 2.01 0.94 1.04 0.94 

7.
9 

0.67 NNE 1.47 0.98 0.00 0.00           

0.88 NNE 1.78 0.99 0.00 0.00 

2.37 NW 2.37 0.96 0.98 0.71 

2.99 WNW 3.88 0.96 0.31 0.12 

6.00 NW 5.06 0.93 0.30 0.26 

6.76 WNW 3.05 0.95 1.73 0.57           

8.
7 

0.50 NNE 3.27 0.96 0.00 0.00 

0.53 NNE 2.14 0.99 0.00 0.00 

1.98 NW 2.71 0.97 1.84 0.52 

3.30 W 6.07 0.93 0.30 0.26 

6.71 WNW 4.43 0.95 1.89 0.63 
8.21 WNW           4.85 0.96 0.52 0.45 
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Figure III. 7. The FSPS coefficients K1 and K2 (a and b) and the FSPS coefficients K1
’ and K2

’ (c 
and d) vs. dominant wind speed, Wd, for two working pressures (103 kPa and 138 kPa). 

 

Figure III. 8. The RSPS coefficients K1 and K2 (a and b) and the RSPS coefficients K1
’ and K2

’ (c 

and d) vs. dominant wind speed, Wd, for two working pressures (138 kPa and 172 kPa). 
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Although the results may seem contradictory, it has to be noted that the experience in K1 and K2 

estimation is based on impact sprinklers, in which the jet is very compact. However, our visual 

experience with FSPS was that the small jets disintegrated completely out the plate under strong 

wind conditions. Since K1 and K2 parameters reflect jet dynamics, it is not illogical that under 

strong wind conditions the pure ballistic model (with zero K1 and K2) well reproduces drops 

trajectories of FSPS. However, the parameters under strong wind conditions for RSPS showed 

similar behavior to the parameters for the impact sprinklers, increases with wind speed. 

The previous process provides values of K1 and K2 parameters for evaluated wind conditions. A 

further research effort was needed to extend the extrapolation of the parameters to other non-

evaluated windy conditions. Several probability distribution functions were evaluated to fit the 

variability of K1 and K2 parameter as a function of wind speed and nozzle diameter. The Rayleigh 

distribution function (Siddiqui, 1961) was finally selected due to its flexibility and because 

resulted in the best-fitting to the data. The Rayleigh model selected for the evaluated FSPS, Eq. 

[3], follows the variability observed in Figs. 7a and 7b and introduces as independent variables 

the nozzle diameter and the wind velocity. The Rayleigh model selected for the evaluated RSPS, 

Eq. [4], follows the variability observed in Figs. 8a and 8b and also introduces as independent 

variables the nozzle diameter and the wind velocity. 

1 ф ф               [3] 

1 ф 1         [4] 

where Ki
’ is the new correction parameter (K1 

‘or K2
’); ф is the nozzle diameter; a, b, c and d are 

empirical parameters; and W is the wind speed. 

Table III. 4. Summarized results for the FSPS calibration parameters for the exponential models 
of K1

’ and K2
’. 

103 kPa 138 kPa 

K1
’ K2

’ K1
’ K2

’ 

a 0.0580 0.0520 0.0490 0.0600 

b 0.0004 0.0011 0.0036 0.0029 

c 252.0000 281.8000 241.7000 295.3000 

d 265.4000 140.4000 201.7000 164.5000 
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Table III. 5. Summarized results for the RSPS calibration parameters for the exponential models 
of K1

’ and K2
’. 

  
138 kPa 172 kPa 

K1
’ K2

’ K1
’ K2

’ 

a 0.0600 0.0590 0.0540 0.0490

b 0.0024 0.0045 0.0009 0.0049

c 287.6000 295.3000 266.4000 298.9000

 

Table III. 4 and Table III. 5 present the values of the empirical parameters a, b, c and d of the 

Rayleigh function resulted from the FSPS and RSPS calibration process, respectively. Table III. 6 

and Table III. 7 summarize the results of the new optimized parameters (K1
’ and K2

’) and their 

statistical comparison indexes for the evaluated FSPS and RSPS, respectively.  

For FSPS, the correlation coefficient ranged from 0.16 to 0.91, with an average value of 0.61. 

The RMSE ranged from 1.17 to 15.65 mm h-1, with an average value of 6.25 mm h-1. According 

to the statistical indexes, the new values of the parameters (Ki
’) performed better than the 

traditional (Ki) only for the small nozzle diameter (2.4 mm), had similar results for medium 

nozzle sizes (to 5.2 mm) and performed worst for the largest nozzle diameters and overall under 

strong wind conditions. In general, the efficiency of the model decreased by using the K1
’ and K2

’ 

exponential models instead of the traditional K1 and K2 models to simulate the wind speed effect 

on the water distribution patterns.  

For RSPS the correlation coefficient ranged from 0.82 to 0.99, with an average value 0.93 for 

both working pressures. The RMSE ranged from 0.49 mm h-1 to 6.59 mm h-1, with an average 

value of 2.44 mm h-1. The new Ki
’ models presented a good performance in simulating the water 

distribution pattern in windy conditions. The values of the statistical comparison indexes reveal 

small difference between Ki and Ki
´ models for RSPS. 
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Table III. 6. FSPS calibrated values of K1
’ and K2

’, for the different nozzle diameters, wind 
conditions and operating pressures (103 kPa and 138 kPa). The table also presents the values of 
the statistical index obtained in the calibration process.  

Nozzle 
size 

(mm) 

Wd 

 (m s-1) 
Wind 

Direction 

103 kPa  138 kPa 

RMSE 
(mm h-1) 

r K1
’ K2

’  
RMSE 

(mm h-1) 
r K1

’ K2
’ 

2.
4 

0.8 SSE 1.17 0.77 0.02 0.02 
1.82 NW 1.17 0.77 0.05 0.05 
2.16 S 1.78 0.59 0.04 0.06 
6.34 NW 1.50 0.67 0.09 0.14 
7.87 NW 1.20 0.84 0.19 0.16 

3.
8 

0.87 N 2.91 0.67 0.03 0.03          
1.19 NW 1.72 0.85 0.03 0.05 

2.11 N 1.22 0.84 0.06 0.08 

4.37 NW 2.12 0.88 0.15 0.14 

6.06 WNW 1.83 0.91 0.21 0.19 

6.97 WNW          2.00 0.85 0.15 0.21 

5.
2 

2.05 SSW 3.18 0.89 0.07 0.09 
2.96 S 4.51 0.71 0.13 0.12 
4.11 W 4.21 0.58 0.17 0.16 
5.3 WNW 3.70 0.76 0.22 0.20 

5.49 WNW 4.46 0.52 0.16 0.22 

6.
7 

1.51 W 6.90 0.56 0.07 0.07          
1.59 NW 7.05 0.53 0.06 0.08 

2.6 NW 5.93 0.45 0.10 0.13 

5.6 WNW 8.45 0.51 0.26 0.23 

8.06 WNW          5.04 0.81 0.23 0.31 

7.
9 

0.82 E          9.58 0.59 0.03 0.04 

1.26 S 10.45 0.56 0.06 0.06 

1.62 SW 13.06 0.16 0.07 0.09 

3.53 WNW 12.13 0.23 0.18 0.16 

7.57 NW 10.66 0.46 0.37 0.32 

7.66 WNW          7.71 0.69 0.24 0.33 

8.
7 

0.75 WSW 12.23 0.52 0.03 0.04 

0.91 SW 9.86 0.55 0.05 0.04 

2.71 SSW 12.83 0.45 0.11 0.14 

5.82 NW 13.87 0.22 0.21 0.28 

6.76 NW 15.65 0.18 0.34 0.30          
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Table III. 7. RSPS calibrated values of K1
’ and K2

’, for the different nozzle diameters, wind 
conditions and operating pressures (138 kPa and 172 kPa). The table also presents the values of 
the statistical index obtained in the calibration process.  

Nozzle 
size (mm) 

Wd  
Wind 

Direction 

138 kPa   172 kPa 

(ms-1) RMSE 
r K'1 K'2  

RMSE  
r K'1 K'2 

    (mm h-1) (mm h-1) 

2.
4 

0.16 W 0.55 0.99 0.005 0.005 

0.85 NNE 0.65 0.98 0.022 0.021 

1.29 SSW 0.68 0.90 0.038 0.038 
2.45 WNW 0.74 0.91 0.062 0.061 
5.76 WNW 0.73 0.89 0.170 0.168 

8.60 WNW           0.54 0.82 0.218 0.207 

3.
8 

0.15 W 0.49 0.99 0.006 0.006 

0.35 SW 1.05 0.99 0.012 0.012 

0.76 SSW 1.66 0.92 0.030 0.030 
4.04 WNW 0.89 0.97 0.138 0.132 

6.45 WNW 1.20 0.89 0.253 0.249 

8.66 WNW 1.24 0.89 0.295 0.276 

5.
2 

0.03 NE 0.75 0.99 0.001 0.001           

0.58 S 1.04 0.99 0.023 0.022 

1.46 N 2.01 0.86 0.068 0.067 

4.31 WNW 1.59 0.97 0.174 0.163 

5.35 WNW 2.32 0.92 0.216 0.201 

7.08 WNW 1.54 0.94 0.324 0.317           

6.
7 

0.77 NNE 1.54 0.99 0.035 0.033 

0.89 NE 1.13 0.98 0.046 0.045 
1.54 NNW 2.31 0.93 0.079 0.078 
3.91 WNW 3.76 0.91 0.175 0.163 

7.27 WNW 3.34 0.90 0.366 0.358 

8.50 WNW 3.76 0.89 0.379 0.345 

7.
9 

0.67 NNE 3.99 0.85 0.036 0.036           

0.88 NNE 1.78 0.99 0.042 0.039 

2.37 NW 3.95 0.90 0.127 0.125 
2.99 WNW 3.70 0.96 0.141 0.131 

6.00 NW 5.20 0.93 0.283 0.258 

6.76 WNW 4.33 0.91 0.358 0.349           

8.
7 

0.50 NNE 3.05 0.94 0.028 0.027 
0.53 NNE 2.13 0.99 0.026 0.024 

1.98 NW 6.03 0.87 0.109 0.107 
3.30 W 6.34 0.91 0.160 0.147 
6.71 WNW 6.59 0.89 0.364 0.355 

8.21 WNW           5.07 0.95 0.397 0.357 
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Figs. 7c and 7d present the relationships between wind speed and the new optimized FSPS 

parameters of the aerodynamic drag coefficient, K1
’ and K2

’, respectively. K1
’ values ranged from 

0.02 to 0.37, while K2
’ ranged from 0.02 to 0.33 for the range of evaluated wind conditions. The 

K1
’ values for the lowest evaluated pressure (103 kPa) were higher than those for the highest 

evaluated pressure (138 kPa) (slopes in Fig. 7c), while small differences in K2
’ values were 

observed for the two evaluated pressures (slopes in Fig. 7d). For both operating pressures, the 

wind speed had more influence to narrow the water distribution pattern in the direction 

perpendicular to the wind, than to displace the wetted area in the wind direction.  

Figs. 8c and 8d present the relationships between wind speed and the new optimized RSPS 

parameters of the aerodynamic drag coefficient, K1’ and K2’, respectively. K1’ values ranged from 

0.001 to 0.397, while K2’ ranged from 0.001 to 0.358 for the range of evaluated wind conditions. 

The similarity in the shape of the Figs 8c and 8d can be explained by the little differences 

between K1’ and K2’ values, revealing that the wind speed had the same effect to displace than to 

narrow the water distribution pattern for RSPS. No difference on the effect of the aerodynamic 

parameters between the two operating pressure were obtained for the new parameters. 

Fig. 9 and Fig. 10 present simulated water distribution patterns for two nozzle diameters (2.4 mm 

and 8.7 mm) under two wind conditions (calm wind conditions and windy conditions) and under 

two working pressures (103 kPa and 138 kPa for FSPS, 138 kPa and 172 kPa for RSPS) for the 

FSPS and RSPS, respectively. The model simulates the nozzle size, the pressure and the wind 

speed effect on water distribution pattern. 
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Figure III. 9. FSPS simulated water distribution patterns for two nozzle diameters (2.4 mm and 
8.7 mm), two wind speed (calm and strong wind) and two operating pressures (103 kPa and 138 
kPa). 
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Figure III. 10. RSPS simulated water distribution patterns for two nozzle diameters (2.4 mm and 
8.7 mm), two wind speed (calm and strong wind) and two operating pressures (138 kPa and 172 
kPa). 



 CHAPTER III 

93 

III.4. CONCLUSIONS 

This research presents the methodology to simulate FSPS and RSPS water distribution pattern 

using droplet kinetic energy analysis. The velocity of the drops after the jet impact with the 

deflecting plate was successfully determined for a combination of nozzle sizes, operational 

pressures and sprinkler models by the photographical method (Salvador et al., 2009). The 

measured drop velocity increases with nozzle size indicating that jet impact head losses decreases 

as nozzle diameter increases. This relationship may be useful for designing new emitters for 

center- pivot irrigation systems.  

Ballistic models perform reasonably well given an initial drop velocity and size of drop. The 

ballistic model parameters were calibrated with field experiment under different technical and 

meteorological (windy levels) conditions. Experimental results revealed that the FSPS produces a 

circular crown water distribution pattern while the RSPS produces a triangular water distribution 

pattern, which were different for each nozzle diameter and operating pressure.  

Good relationships were found between drop diameter distribution curve parameters, D50 and n, 

and nozzle diameters for both evaluated sprinklers at different working pressures. For FSPS 

simulations, D50 values increases with nozzle diameters and n parameter presents a high values 

always larger than 4. These large values represent a very homogeneous drop size distribution that 

explains the doughnut-shaped distribution pattern of the FSPS. For RSPS simulations, D50 values 

also increases with nozzle diameters and n parameter presents small values, similar to those for 

impact sprinkler. 

The calibrated model has reproduced accurately the water distribution pattern in calm (r=0.98 and 

r=0.99 for FSPS and RSPS, respectively) and high windy conditions (r=0.76 and r=0.96 for FSPS 

and RSPS, respectively). The relationship between the corrector parameters of the aerodynamic 

drag coefficient (K1 and K2) and the wind speed was not clear for both evaluated sprayhead 

sprinklers. Possible reasons of uncertainties in K1 and K2 estimations could be that the Monte-

Carlo calibration method resulted not adequate. 

Further research efforts were presented to extend the corrector parameters (K1 and K2) for non-

evaluated meteorological conditions. An exponential model with wind speed and nozzle diameter 

as independent variables was proposed to estimate the corrector parameters of the aerodynamic 

drag coefficient (K1
’ and K2

’) for FSPS and RSPS, respectively. Those models permit to simulate 

FSPS and RSPS water distribution patterns under untested meteorological conditions. This 
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research will be completed adding to the model the center-pivot dynamic, the intra-irrigation 

meteorological variability to simulate the whole centre-pivot irrigation.  
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III.8. Supplementary Table   

Ballistic model description 

 

According to Fukui et al. (1980) the three directional components of the movement 

of each drop can be expressed as: 

3
4

 

3
4

 

3
4

 

where x, y, z are the coordinates referring to the ground (with origin at the sprinkler 
nozzle), t the time, a the air density, w the water density, A the acceleration of the 
drop in the air, D the drop diameter, and C is a drag coefficient. 
 

The classical Runge-Kutta method of second order: 

	 ,  

2
3
	 ∆  

2
3
	 ∆  

	 ,  
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4
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4
	 3 ∆  

with  the initial position and ∆  the time step size. 

∆  

where ; and =0.2. 
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EFFECT OF THE START-STOP CYCLE OF CENTER-PIVOT TOWERS ON 

IRRIGATION PERFORMANCE: EXPERIMENTS AND SIMULATIONS  

RESUMEN 

 
La simulación del riego con pivotes se viene investigando con mayor o menor intensidad desde 

los años 1960. En general, los modelos de simulación de pivotes usan ecuaciones empíricas 

relacionando la presión y el patrón de reparto de agua. El modelo más simple solapaba patrones 

individuales estacionarios de riego de los emisores, lo que da lugar a distribuciones de agua de 

riego. En estos modelos se utilizan una velocidad angular constante de la torre y se simulan que 

las torres del pivote se mueven completamente alineadas. En este trabajo, se caracterizó 

experimentalmente y se simuló el movimiento intermitente y discontinuo de las torres. Se 

desarrolló un modelo completo mediante el uso del modelo balístico de los emisores del center 

pivote considerando el diámetro de la boquilla, la presión del trabajo y la velocidad del viento. 

Se realizó un análisis cinético detallado de las cuatro torres de un pivote central. Se controló 

cada torre usando un GPS de alta precisión, grabando las posiciones de las torres con alta 

frecuencia. El -pivote central fue equipado con emisores de plato fijo (FSPS). Se evaluaron cinco 

eventos de riego con pivote central utilizando pluviómetros. El análisis de los datos de ubicación 

de las torres permite llegar a la conclusión de que dos variables clave (velocidad lineal y ángulo 

de conmutación) mostraron patrones normales de distribución. Se validó el modelo de pivote 

central con los datos de la pluviometría recogida. Por último, se utilizó la herramienta de 

simulación para evaluar el efecto de la calidad variable de alineación de las torres, la velocidad 

de desplazamiento del pivote central y las condiciones de viento en la calidad de riego. Se 

realizaron comparaciones en términos de uniformidad de riego radial, circular y total. Los 

resultados indican que la dinámica de la torre observada no tuvo ningún efecto medible en la 

uniformidad de riego. La calidad de alineación  de las torres comienza a ser relevante cuando el 

ángulo de desfase es igual o mayor a 5º. En las condiciones de este análisis, la velocidad del 

viento presenta un claro efecto sobre la uniformidad. A medida que aumenta la velocidad del 

viento, la uniformidad disminuye y luego aumenta. Se requiere más investigación para 

generalizar estos resultados a otros tamaños de pivote central y diseños (paquetes de emisores). 



 CHAPTER IV 

104 

ABSTRACT 

The simulation of center-pivot performance has been the subject of research efforts since the 

1960s. Center-pivot models frequently use empirical equations relating pressure and sprinkler 

radial application pattern. Individual, stationary water application patterns are overlapped and 

the resulting water application is mapped in the field. Such models use constant tower angular 

velocity, neglecting the effect of tower alignment. In this work the discontinuous tower movement 

has been experimentally characterized and modelled, and a complete model has been developed 

by using a ballistic model of the center-pivot sprinklers considering nozzle diameter, operating 

pressure and wind speed. A detailed kinetic analysis of a four-tower commercial center-pivot was 

performed. Each tower was monitored using a high precision GPS, recording tower positions at 

high frequency. The experimental center-pivot was equipped with fixed spray plate sprinklers 

(FSPS). Five experimental center-pivot irrigation events were evaluated using catch-cans. The 

analysis of tower location data permitted to conclude that two key variables (linear speed and 

switching angle) showed normal distribution patterns. The center-pivot model was validated with 

catch-can data. Finally, the simulation tool was used to assess the effect of variable tower 

alignment quality, center-pivot travel speed and wind conditions on irrigation performance. 

Comparisons were performed in terms of radial, circular and total irrigation uniformity. Results 

indicate that the observed tower dynamics had no measurable effect on irrigation uniformity. 

Tower alignment quality started to be relevant when the switching angle lag was equal to or 

larger than 5º. In the conditions of this analysis, wind speed showed a clear effect on uniformity. 

As wind speed increased, uniformity first decreased and then increased. Further research is 

required to generalize these results to other center-pivot sizes and designs (sprinkler packages).  

Keywords: Center-pivot, towers alignment, Towers dynamics, Center-pivot irrigation 

performance, Sprinkler application patterns, Fixed spray plate sprinklers. 
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ABBREVIATIONS 

A 1º :  Center-pivot dynamics with a difference between on and of switching angles of 1º 

A 2º :  Center-pivot dynamics with a difference between on and of switching angles of 2º 

A 5º :  Center-pivot dynamics with a difference between on and of switching angles of 5º 

A 10º : Center-pivot dynamics with a difference between on and of switching angles of 10º 

A 15º : Center-pivot dynamics with a difference between on and of switching angles of 15º 

Complete: Center-pivot dynamics complete aligned 

AT: Acceleration time (s) 

C: Circular 

CD: Center-pivot movement with the current experimental dynamics 

CUC: Christiansen Uniformity Coefficient (%) 

CUHH: Herman and Hein Uniformity Coefficient (%) 

d: Average collected water depth (mm) 

di : Water depth collected in the ith collector (mm) 

DT : Deceleration time (s) 

dw : Weighted average of collected water depths (mm) 

FSPS: Fixed Spray Plate Sprinkler 

GPS: Global Position System 

ID: Irrigation depth (mm) 

LSD: Fisher's least significant difference test 

M: Number of collector 

PTS: Percent Timer Setting (%) 

R: Radial 

Si : Distance from the center-pivot point to the ith collector (m) 

T1: Inner tower of the experimental center-pivot 

T2: Second center-pivot tower from the pivot point 

T3: Third center-pivot tower from the pivot point 

T4: Outermost tower of the experimental centre-pivot 
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1. INTRODUCTION 

Self-propelled sprinkler irrigation machines have experienced worldwide success because of their 

advantages relative to other irrigation systems. Such advantages typically include: 1) high 

potential for uniform and efficient water application; 2) high degree of automation; and 3) ability 

to apply water and nutrients over a wide range of soil, crop and topographic conditions (Evans 

and King, 2012). For instance, self-propelled sprinkler irrigation machines irrigate 47% of the 

USA irrigated land, 20% of the Brazilian irrigated land and 8% of the Spanish irrigated land.  

Center-pivots can be driven by hydraulic or electric systems. Hydraulic systems maintain all the 

towers in continuous motion, maintaining a perfect alignment. Electric motion systems are the 

most common, owing to their simplicity and low operating cost. In these systems the outermost 

tower is the master unit, driving the rest of towers in response to angular displacement of the pipe 

section adjacent thereto. The intermittent movement of each inner tower is dictated by the 

alignment between two adjacent spans. The movement of the outermost tower is governed by a 

percentage timer setting (PTS), which controls the ratio between the irrigation system move time 

and the cycle time. The PTS value also determines the irrigation depth resulting from a complete 

rotation, by controlling the machine angular speed. The operator selects the PTS (or center-pivot 

travel speed) in the central power control panel. At 100% PTS, the end tower moves 

continuously. At 50% PTS, the end tower moves during half of the cycle time. Consequently, at 

50% PTS the applied irrigation depth doubles that of 100% PTS. The most common cycle time of 

the end tower (considering different center-pivot manufacturers) is 60 s. 

Center-pivot irrigation uniformity is commonly evaluated by installing a radial transect of catch 

cans extending outwards from the pivot point. This uniformity measurement characterizes the 

functional performance of the sprinkler package design and operation. Uniformity determined 

along the machine travel path is assumed to be high because a continuous movement of the 

machine integrates sprinkler pattern irregularities (Heermann and Kohl, 1980). However, tower 

alignment can be poor. Additionally, at some towers large time lapses may occur between moves 

(Hanson and Wallender, 1986). Since uniformity along the travel path theoretically depends on 

the particular start/stop sequence, its characterization will theoretically improve the simulation of 

the water distribution pattern. Hanson and Wallender (1986) presented an experimental study to 

analyse the effect of start/stop sequence on irrigation uniformity. They concluded that non-

uniformity along the travel path of a ten-tower center-pivot appears in part related to the start/stop 
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sequences of the towers. However, a firm association was difficult to establish. Yan et al. (2010) 

presented another experimental study analysing the effects of two center-pivot travel speeds and 

two cycle times on irrigation performance, concluding that cycle time has a slight effect on radial 

uniformity but no effect on circular uniformity. 

The simulation of center-pivot water distribution patterns resulting from different sprinkler types 

has traditionally been conducted by mathematically overlapping experimentally measured 

isolated sprinkler patterns (Clark et al., 2003). Le Gat and Molle (2000) proposed a model using a 

mixture of beta probability distributions in which parameters were first estimated using water 

application data measured in no-wind conditions. Data measured in wind conditions were then 

used to assess wind effects on the water application patterns. Recently, Sayyadi et al. (2012) 

proposed a new approach based on Artificial Neuronal Networks (ANN) to simulate the effects 

of wind on the distribution pattern of single sprinklers. The study presented the characterization 

of a unique nozzle type and size, working at 140 kPa under different wind conditions. The 

experimental effort necessary to train and validate the ANN model to simulate a center-pivot 

package, with different nozzle sizes and working pressures, is time and labour consuming.    

An alternative approach to simulate the center-pivot water distribution pattern is based on droplet 

trajectory modelling. The pressure head at the nozzle, the nozzle diameter and the sprinkler 

design determine droplet size and velocity. In kinetic energy analyses of sprinkler irrigation, 

droplet trajectory and velocity are commonly simulated using an estimation of initial velocity and 

ballistic simulation models (Kincaid, 1986). Ouazaa et al. (2013) presented the characterization 

of initial velocity after the jet impact for FSPS equipped with a 36-grooved blue plate in an ample 

range of nozzle sizes and working at two pressures (103 and 138 kPa, equivalent to 15 and 20 

psi). The authors presented the first application of the ballistic theory to the simulation of FSPS 

water distribution pattern. Calibration and validation of the ballistic model parameters were also 

presented for different nozzle sizes, wind conditions and two working pressures. 

The simulation of center-pivot performance has been addressed since the 1960s. Most of the 

developed models simplify irrigation machine dynamics assuming continuous movement and 

circular sprinkler trajectory (Bittinger and Logenbaugh, 1962; Heermann and Hein, 1968; 

Heermann and Stalk, 2004). Omary and Sumner (2001) presented a model that only accounted 

for the intermittent movement of the outermost tower, assuming perfect alignment between all 

towers (hydraulic drive machine). Delirhasannia et al. (2010) modified the model presented by 

Omary and Sumner (2001) to include the effect of wind speed and direction on sprinkler water 

distribution patterns, overlapping the experimental application patterns of isolated sprinklers.  
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The general objective of this paper is to develop a center-pivot simulation model aiming at 

improving irrigation uniformity and at reducing water losses induced by machine dynamics and 

wind speed. Specific objectives include: 

1. To characterize and model the intermittent movement of center-pivot towers; 

2. To couple the tower movement dynamics model with the ballistic simulation of FSPS water 

distribution patterns;  

3. To validate the coupled model with catch-can data; and 

4. To analyse the effect of different tower movement dynamics, wind speeds and center-pivot 

travel speeds on center-pivot irrigation system performance.  
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2. MATERIAL AND METHODS 

Two field experiments were carried out to fulfil the specific objectives of this research. In the 

first experiment, tower dynamics were characterized using a commercial center-pivot. In the 

second experiment, five irrigation events of the commercial center-pivot were evaluated with a 

catch-can radial transect. The working pressure of the sprinkler package was also monitorized by 

installing ten pressure transducers along the center-pivot lateral and another one at the pumping 

station.  

A scheme describing the interaction of the experimental work, the data analysis and the model 

development is presented in Figure IV. 1.  

IV.2.1 Characterization of the center-pivot mechanical movement  

The first field experiment was conducted in a 16 ha commercial plot irrigated with a center-pivot 

in Marracos (Huesca, Spain) during the 2012 irrigation season. The center-pivot, a Valley 

machine (manufactured by Valmont industries, Nebraska, USA), had four towers with 50 m 

spans and an overhang of 25 m. The machine was equipped with Nelson D3000 (Nelson 

Irrigation Corp. Walla Walla, Washington, USA) FSPS with 36-grooved blue plates and 138 kPa 

(20 psi) pressure regulators. The center-pivot sprinkler package had 40 nozzles of 21 different 

diameters ranging from 2.2 mm to 8.7 mm. The distance between nozzles was constant and equal 

to 5.56 m. The first nozzle was installed at 10.27 m from the pivot point and the last one at 

224.54 m from the pivot point. Nozzles were located 2.0 m above the soil surface using a semi-

rigid plastic drop pipe (Picture IV.1).  

The location of the four towers was tracked using high precision GPS receivers (model GS15 

receiver Leyca Geosystems AG, Heerbrugg, Switzerland) installed on top of each tower (Figure 

IV. 1a and Picture IV.2). Post processing of the recorded data was performed to ensure 

positioning errors lower than 0.10 m. At the beginning of the 2012 irrigation season the GPS 

receivers were programmed to log data every 5 s. After five irrigation events, receivers were 

reprogrammed to log data every second. The initial log frequency provided insufficient accuracy 

to characterize tower movement. GPS data were used to characterize the movement / stop cycle 

times in each tower and irrigation event. The time evolution of the tower travel speed during the 

movement phase of each cycle was obtained for each irrigation event. Fisher's Least Significant 

Difference method (LSD) was used to compare tower travel speeds. 
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Figure IV. 1. Scheme describing the research methodology. The set-up of the field experiments is 
presented in the upper section: a) Assessment of center-pivot tower dynamics and b) Center-pivot 
irrigation evaluations by catch can method. Data analysis and results are presented in the 
central section (subfigures c and d). Models modules are presented in the lower section: 
(subfigures e and f).   

 The on and off switching angle was determined for each tower and movement cycle using the 

coordinates of the neighbouring towers. Tower acceleration and deceleration times were also 

determined from experimental data. Acceleration time (AT) was determined for each cycle as the 

time it takes for a tower to reach its average travel speed. Deceleration time (DT) was determined 

as the time it takes for a tower to stop from its average travel speed. Comparisons were 

established for each center-pivot tower between AT and DT using paired-sample t-test analyses. 

Statistical differences between towers were assessed using the LSD test. The high number of 

movement / stop cycles within an irrigation event evidenced inter- and intra-irrigation variability 

in tower travel speed, switching angles, AT and DT.  

Variability in tower travel speed and switching angles was explored in each irrigation event using 

“interval method” frequency analysis. This method consists on counting of the number of 
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occurrences in previously defined intervals. The number of movement / stop cycles per tower and 

irrigation event was computed. Three irrigation events performed at 50%, 40% and 25% PTS 

were selected to calibrate AT and DT via optimization. Five irrigation events performed at 100%, 

75%, 50%, 40% and 31% PTS were selected to validate the center-pivot tower movement 

dynamic model (Figure IV. 1e). This model simulates center-pivots with tower motors similar to 

the experimental ones. The outermost tower movement is driven by the percentage timer setting 

of the correspondent center-pivot cycle time.  

IV.2.2. Individual and stationary water distribution pattern of FSPS 

The parameters of the ballistic model applied to the simulation of FSPS were obtained from 

Ouazza et al. (2013). These authors calibrated and validated model parameters for 36-grooved, 

blue plate Nelson D3000 FSPS for a range of nozzle diameters from 2.4 to 8.7 mm, working at 

pressures in the range of 103 to 138 kPa (15 to 20 psi) and under different wind conditions (from 

0 to 8m s-1). The resulting ballistic model was used to simulate the water application pattern 

corresponding to the different nozzle sizes of the commercial center-pivot package, operating at 

the design pressure and at the meteorological conditions of the evaluated irrigation events.  

IV.2.3. Catch-can evaluation 

Five irrigation events were evaluated with catch-cans arranged in a radial transect line with a 2 m 

spacing (Fig. IV. 1 b). A total of 24 catch-cans were installed per pivot span, except for the first 

span, which was not monitored (Picture IV.1). Only 13 catch-cans were installed at the center-

pivot overhang. Catch cans were conical in its lower part (200 mm height) and cylindrical in its 

upper part (100 mm height); the diameter of the upper part was 160 mm. The catch cans were 

marked in millimetres for direct readout up to 45 mm. They were placed over mowed corn at 

approximately 1.0 m above the ground.   

An automatic meteorological station located adjacent to the center-pivot plot (Fig. IV. 1b) 

monitored wind velocity and direction, air temperature and relative humidity with a frequency of 

1 s. A 3-cup rotor anemometer Series A-100 and a wind direction sensor model 024-L (Campbell 

Scientific Ltd., Shepshed, UK) were used to measure wind speed and direction, respectively 

(Picture IV.3). A model CS-215 probe (Campbell Scientific Ltd., Shepshed, UK) was used to 

measure temperature and relative humidity. Meteorological variables were recorded in a model 

CR1000 data-logger (Campbell Scientific Ltd, Shepshed, UK).   
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To characterize the meteorological conditions of the evaluated irrigation events, GPS data of the 

center-pivot towers were analysed to estimate the passing time period of the center-pivot lateral 

over the radial catch-can transect. The vector average of wind velocity and direction, the average 

temperature and the average relative humidity of the selected irrigation period were considered 

representative of the evaluated irrigation. Eleven pressure transducers-loggers (Dixon, model 

PR150) were installed, one at the pumping station and the others along the center-pivot lateral 

(Figure IV. 1b). Pressure transducers provided measurements with a 5 min time interval. The first 

measurement point at the irrigation lateral was located at the pivot point (maximum elevation). 

The other nine pressure transducers were installed at the drop pipes, between the pressure 

regulator (138 kPa) and the sprinkler nozzle. Two pressure transducers per span were installed: 

one at the first nozzle and the other at the nozzle located in the middle of the span. The last 

transducer was installed at the beginning of the overhang. The average of the two pressure 

transducer measurements of a given span at the passing time of the center-pivot lateral over the 

radial catch can transect was used as representative of the span nozzle pressure. 

IV.2.4. Validation and application of the simulation model coupling tower dynamics and 

sprinkler water distribution patterns 

The water distribution patterns for the different nozzle diameters of the center-pivot sprinkler 

package were simulated following Ouazaa et al. (2013). Simulations were performed under the 

different wind conditions and at the measured working pressure of the evaluated irrigation events. 

Each simulation involved mounting the water distribution patterns under the four spans and the 

overhang, and intermittently moving them with the pivot towers following the current measured 

dynamics (Fig. IV. 1f). Model validation involved comparing simulated and measured (catch can 

evaluation data) irrigation depths and irrigation uniformities. Model application permitted to 

assess the effect of the PTS on the irrigation uniformity for different wind speed conditions and 

under different alignment qualities. Three PTS (30%, 50% and 100%), three wind conditions 

(three of the evaluated irrigation events) and four alignment qualities were simulated. The 

analysed alignment qualities addressed the effect of the towers’ start/stop sequences on irrigation 

performance. Comparisons were established between a center-pivot traveling under complete 

alignment (Complete), a center-pivot incorporating the current tower dynamics (CD), a center-

pivot with a difference between on and off switching angles of 1º (A 1º) and a center-pivot with a 

difference between on and off switching angles of 2º (A 2º). 
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Each simulated irrigation event considered constant wind speed, wind direction, and pressure 

during the irrigation time. Comparisons between simulated cases were established in terms of 

radial, circular and total uniformity. Eight radial transects starting from the East (R-0º), separated 

45º and following a counter clockwise direction were selected to estimate radial uniformity 

(along the lateral). Nine circular paths, corresponding to distances of 20, 40, 70, 90, 120, 140, 

170, 190 and 220 m from the pivot point, were selected to estimate circular uniformity (along the 

machine travel path). Additionally, a total uniformity coefficient corresponding to the entire 

irrigated field was determined. The Heermann and Hein uniformity coefficient (CUHH, %) 

(Equation [2]) was used for irrigation performance characterization of measured and simulated 

radial application data (Heermann and Hein, 1968). 
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where Si is the distance from the pivot point to the ith collector, di is the collected water depth in 

the ith collector, m is the number of collectors, and  is the weighted average of collected water 

amounts (Equation [3]): 
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The Christiansen Uniformity Coefficient (CUC, %) (Equation [4]) was used for the simulated 

circular paths and for the total irrigated area: 
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3. RESULTS AND DISCUSSION 

IV.3.1. Characterizing and modelling center-pivot dynamics 

The experimental center-pivot applied 59 irrigation events, completing 70.4 rounds in 1,472.4 

hours throughout the 2012 irrigation season. A total of 50 of these irrigations had sufficient data 

quality to be used to characterize center-pivot movement. The selected irrigations completed 50.2 

rounds in 1,182.8 hours. These irrigation events used a variety of PTS, with 35% and 50% being 

the most frequent (80% of the irrigation events and 64.5% of the irrigated hours). The average 

cycle time for the outermost tower was 71.6 s, with an inter-irrigation standard deviation of 0.4 s. 

This cycle time slightly differs from the most commonly used by center-pivot manufacturers. 

The farmer uses the water application chart provided by the manufacturer to operate the center-

pivot. This chart specifies that at 100% PTS the revolution time is 9.5 hours and the theoretical 

irrigation depth is 4.1 mm. At different PTS the revolution time and the irrigation depth can be 

obtained by dividing values above by the value of PTS. Figure IV. 2 presents the comparison 

between the measured and manufacturer-provided relationships between PTS and irrigation time. 

A regression analysis between measured and manufacturer-provided irrigation time showed that 

the correlation coefficient was not statistically different from 1. These results indicate that the 

experimental center-pivot movement is as originally manufactured.   

Table IV. 1 summarizes the results for the main tower dynamics variables. Some of these 

variables were used for simulation parameterization purposes. Measured average and inter-

irrigation standard deviation tower travel speed were obtained from 45 analysed irrigation events 

(Table IV. 1). Fisher's Least Significant Difference (LSD) method indicated that T4 speed was 

significantly different from the inner tower (T1, T2 and T3) speeds (95% confidence level). The 

test also indicated that T1, T2 and T3 speeds were statistically similar. The motors of the four 

towers had the same characteristics. Consequently, differences in speed can only be attributed to 

differences in load and/or to differences in tensions form the adjacent towers. The travel speed of 

the three inner towers was 80% of the speed of the outermost tower. The average inter-irrigation 

standard deviation of tower travel speed resulted very low (Table IV. 1).  
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Figure IV. 2. Measured and manufacturer provided relationships between percent timer setting 
(PTS, %) and irrigation time (hours). Simulated and manufacturer provided relationships 
between PTS and applied irrigation depth (ID, mm).  

Comparison between AT and DT for each tower (t-test) showed significant differences except for 

T1. However, the differences in T2, T3 and T4 (average of 0.12 s) were lower than the 

measurement interval (1 s). Comparisons between towers (LSD test) indicated that the ATs of 

T2, T3 and T4 were not statistically different. However, they were found to be statistically 

different from the DT of T2, T3 and T4. Again the magnitude of the differences was lower than 

the measurement interval.     

The intra-irrigation variability of towers’ travel speed was evaluated using a frequency analysis. 

These travel speed analyses were performed only for the movement part of the cycles. Four 

irrigation events performed at different PTS (75%, 50%, 40% and 25%) were selected (Figure IV. 

3). For a given irrigation event the tower travel speed presented a clear distribution pattern, which 

was similar for irrigations performed at different PTS. For each tower, the intra-irrigation 

variability (amplitude of the histogram) was larger than the inter-irrigation variability (difference 

between histograms). Intra-irrigation variability increased from the inner tower (T1) to the 

outermost tower (T4). 
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Table IV. 1. Average values of tower travel speed (with standard deviation in brackets), on 
switch angle, off switch angle, standard deviation of the intra-irrigation switch angles and 
Acceleration / Deceleration Time (AT / DT) for each pivot tower. Measured values and 
simulation input values are presented. 

  
Tower 

Tower speed  (m 
s-1) 

AT/DT 
(s) 

On switch 
angle (º) 

Off switch 
angle (º) 

SD 
Switching 
angles (º) 

M
ea

su
re

d
 

T1 0.0302 (0.003) 2.8/2.8 - - - 

T2 0.0302 (0.004) 2.7/2.8 179.7 180.0 0.0655 

T3 0.0303 (0.003) 2.7/3.0 179.5 180.0 0.0655 

T4 0.0377 (0.003) 2.7/2.9 - -  

S
im

u
la

te
d

 
ex

p
er

im
en

ta
l 

d
yn

am
ic

s 

T1 0.0302 2.45 179.6 180.0 0.0655 

T2 0.0302 2.45 179.6 180.0 0.0655 

T3 0.0302 2.45 179.6 180.0 0.0655 

T4 0.0377 2.45 - -   

 

Figure IV. 3 also shows relevant similarities between the inner towers’ (T1, T2 and T3) travel 

speed patterns, and the difference with the outermost tower travel speed pattern (T4). 

Figure IV. 4 presents the frequency analysis of the on and off switching angles controlling the 

movement / stop cycles of towers T1, T2 and T3 for four irrigation events performed at 75 %, 50 

%, 40 % and 25 % PTS. The T1 on and off switching angles computed with the locations of the 

pivot point (T0), T1 and T2 did not show a clear variability pattern. Their behaviour was very 

different from T2 and T3, and the error was attributed to the determination of T0 co-ordinates. 

Since T0 was a fixed point a GPS receiver was not permanently installed at this point. T0 

location was measured once after the season, and the satellite positioning correction was applied 

at that moment. On the other hand, the GPS records from T1, T2, T3 and T4 were continuously 

corrected through satellite positioning. Differences in the measurement and correction times 

resulted in relevant errors affecting T1 angles.  

The distribution pattern for the T2 and T3 switching angles was similar for irrigations performed 

at different PTS. The average measured on switch angles for T2 and T3 were 179.7º and 179.5º, 

respectively. 
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Figure IV. 3. Relative frequency distribution of tower travel speed (only during the movement 
part of the cycles) for four irrigation events performed at different PTS (75%, 50%, 40% and 25 
%). 

An average value of nearly 180.0º was found for the off switch angle corresponding to T2 and T3 

(Table IV. 1). Again, the intra-irrigation variability (the amplitude of the histograms) was larger 

than the inter-irrigation variability (differences between histograms). An intra-irrigation standard 

deviation of 0.0655º was found for all the measured switching angles. 

A simulation model of tower movement was proposed based on the analysis of the experimental 

data. The model simulates a center-pivot with similar individual motors powering the wheels of 

each tower. The outside tower advances following the pre-set PTS. Inner tower dynamics are 

driven by the on and off switching angles, for which a restricted random variability was built, 

reproducing the experimental variability.  

Linear speeds and control angles were obtained for each tower from Table IV. 1 to simulate the 

current center-pivot dynamics. The switching angles were considered equal for all inner towers 

(Table IV. 1). To simulate the intra-irrigation variability of the switching angles, a random value 

between 0 and the observed variability (0.0655º) was added to the average values.  
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Figure IV. 4. Relative frequency distribution of switching angles controlling tower movement 
(left side figures) and tower stop (right side figures) for the three inner towers and for four 
irrigation events performed at different PTS (75%, 50%, 40% and 25 %). 

Instead of using the average values of the experimentally determined AT and DT, the Monte 

Carlo simulation method (Fishman, 1995) was used to optimize their values. The goal was to 

analyse the effect of the AT and DT on the simulation of the center-pivot tower dynamics. The 

objective function for the Monte Carlo method was based on the minimization of two errors: 1) 

the total movement and stop times for each tower; and 2) the distribution frequency of the 

movement and stop times for each of the towers. Three irrigation events performed under 

different PTS (50%, 40% and 25%) were used for optimization purposes. The Monte Carlo 

process provided an optimized value of 2.45 s for both, AT and DT. Table IV. 1 presents the 

input data for the simulation model.  

Model validation used the same cycle time as measured (71.6 s). Five part-circle (180º) irrigation 

events performed at different PTS (100%, 75%, 50%, 40% and 31%) were selected for validation 
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purposes. For these irrigation events a detailed analysis of the experimental data was performed, 

and observations were compared to simulation results. Table IV. 2 presents the comparison for 

total movement time and total stop time for each tower and irrigation event. In general, simulated 

times were slightly larger than measured times. However, differences were always lower than 

4.2% of the measured times.  

Table IV. 2. Measured and simulated total movement and stop time for the four pivot towers and 
for five irrigation events performed at different PTS (31%, 40%, 50%, 75% and 100%). 
Differences between measured and simulated times are presented. 

Timer 
Setting 

Tower 
Measured Simulated easured-Simulated)

Movement 
Time (s) 

Stop Time 
(s) 

Movement 
Time (s) 

Stop Time 
(s) 

Movement 
Time (s) 

Stop Time 
(s) 

10
0%

 T1 5080 11329 5204 11500 -124 -171 
T2 10198 6216 10407 6296 -209 -80 
T3 15260 1127 15607 1096 -347 31 
T4 16423 0 16703 0 -280 0 

75
%

 T1 5124 17214 5202 16989 -78 225 
T2 10277 12056 10404 11787 -127 269 
T3 15451 6868 15613 6578 -162 290 
T4 16794 5514 16704 5487 90 27 

50
%

 T1 5118 27608 5198 27942 -80 -334 
T2 10238 22546 10403 22737 -165 -191 
T3 15482 17286 15606 17534 -124 -248 
T4 16496 16263 16704 16437 -208 -174 

40
%

 T1 5168 35622 5199 35800 -31 -178 
T2 10292 30496 10396 30603 -104 -107 
T3 15451 25342 15595 25404 -144 -62 
T4 16620 24204 16703 24295 -83 -91 

31
%

 

T1 5118 47964 5191 48315 -73 -351 
T2 10230 42853 10389 43116 -159 -263 
T3 15446 37681 15593 37912 -147 -231 
T4 16554 36566 16703 36803 -149 -237 

 

In addition, the model should also adequately simulate the movement and stop cycle times for 

each tower. Figures IV.5 and IV.6 present measured and simulated frequency analyses of the on-

times (left side figures) and off-times (right side figures) for each tower and for the validation 

irrigation events performed at 40% and 75% PTS, respectively. 
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Figure IV. 5. Comparison between measured and simulated absolute frequency of the on-times 
(left figures) and off-times (right figures) for each pivot tower for a part-circle (180º) irrigation 
event performed at 40% PTS. 

The measured variability of the movement and stop cycle times was in general well reproduced 

by the model. It has to be noted that the frequency analysis used a 5 s time step. An important 

difference in the specific duration will not be so important if it is compensated by the 

immediately previous or subsequent cycle time. For example, this is the case for the movement 

cycle time of tower 4 for the irrigation performed at 40% PTS (bottom left Figure IV. 5). 

Measured movement cycle durations ranged between 25-30 s and between 30-35 s, with 

0

50

100

150

200

250

300

350

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time off (s)

F
re

c
u

e
n

c
y

 o
f 

S
to

p
s

 (
#

)

0

50

100

150

200

250

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time off (s)

F
re

c
u

e
n

c
y

 o
f 

S
to

p
s

 (
#

)

0

50

100

150

200

250

300

350

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time on (s)

F
re

c
u

e
n

cy
 o

f 
M

o
ve

s 
(#

)

0

50

100

150

200

250

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time on (s)

F
re

c
u

e
n

c
y

 o
f 

M
o

v
e

s
 (

#
)

0

50

100

150

200

250

300

350

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time off (s)

F
re

c
u

e
n

c
y

 o
f 

S
to

p
s

 (
#

)

0

50

100

150

200

250

300

350

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Time on (s)

F
re

c
u

e
n

c
y

 o
f 

M
o

v
e

s
 (

#
)

T1 T1

T2 T2

T3 T3

0

100

200

300

400

500

600

700

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

Off-times (s)

F
re

c
u

e
n

c
y

 o
f 

S
to

p
s

 (
#

)

0

100

200

300

400

500

600

700

0 15 30 45 60 75 90 10
5

12
0

13
5

15
0

On-times (s)

F
re

c
u

e
n

c
y

 o
f 

M
o

v
e

s
 (

#
)

T4 T4

Measured Simulated

A
b

so
lu

te
F

re
q

u
en

c
y

A
b

so
lu

te
F

re
q

u
en

c
y

A
b

so
lu

te
F

re
q

u
en

c
y

A
b

so
lu

te
F

re
q

u
e

n
c

y



 CHAPTER IV 

122 

respective frequencies of 452 and 110 events. The simulated cycle durations of 25-30 s had a 

frequency of 574 events. Although the difference appears graphically important, its effect on 

machine movement is not relevant. 

 

Figure IV. 6. Comparison between measured and simulated absolute frequency of the on-times 
(left figures) and off-times (right figures) for each pivot tower and for a part-circle (180º) 
irrigation event performed at 75% PTS. 
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IV.3.2. Irrigation evaluation results 

Table IV. 3 summarizes the results of the evaluated irrigation events. Results are presented for 

each evaluated center-pivot span. For the first and second irrigation events all the center-pivot 

length was measured (Fig. IV. 1b). After the second evaluated irrigation event it was necessary to 

uninstall the catch-can radial transect for agronomical operations. It was decided to reinstall 

catch-cans only under the fourth span, and occasionally under the overhang. Consequently, for 

the third irrigation event only the catch cans of the fourth span and the overhang were measured; 

for the fourth and fifth irrigation events only the fourth span was measured.  

Table IV. 3. Characteristics of the evaluated irrigation event, center-pivot travel speed (PTS, %), 
average wind speed, predominant wind direction, catch can location, average pressure at the 
span, average measured irrigation depth (ID, mm), standard deviation of the irrigation depth 
(SD ID, mm) and measured radial uniformities (CUHH, %). 

Irrigation 
event 

PTS 
(%) 

Av. Wind 
Speed  
(m s-1) 

Av. Wind 
Direction (º) 

Catch can    
Location*  

Av. Pressure 
(kPa)** 

Measured 

ID 
(mm) 

SD ID 
(mm) 

CUHH 
(%) 

Event 1 45 3.1 278 Span 2 (24) 142 (3) 7.8 1.6 83.5 
Event 1 45 3.1 278 Span 3 (24) 138 (3) 8.5 2.2 77.4 
Event 1 45 3.1 278 Span 4 (24) 136 (5) 8.5 2.0 80.9 
Event 1 45 3.1 278 Overhang (13) 130 (9) 8.3 2.6 74.4 

Event 2 50 4.7 273 Span 2 (24) 142 (3) 7.0 1.2 87.0 
Event 2 50 4.7 273 Span 3 (24) 139 (4) 7.5 1.0 86.3 
Event 2 50 4.7 273 Span 4 (24) 135 (4) 7.0 1.3 86.8 
Event 2 50 4.7 273 Overhang (13) 130 (6) 6.4 1.6 77.9 
Event 3 50 4.9 275 Span 4 (24) 136 (5) 6.4 1.3 83.3 
Event 3 50 4.9 275 Overhang (13) 130 (5) 7.0 2.0 78.5 
Event 4 50 2.8 271 Span 4 (24) 136 (5) 7.8 1.9 79.0 

Event 5 45 1.1 250 Span 4 (24) 136 (5) 8.5 1.8 82.5 
*Number of catch-cans between brackets 
**Standard deviation between brackets 

The average pressure at the pumping station (all the evaluated irrigation events) was 218 kPa, 

with a standard deviation between irrigations of 4.5 kPa. The average pressure measured at the 

center-pivot point was of 140 kPa, with a standard deviation between irrigations of 5.0 kPa. 

Although all the nozzles were equipped with a pressure regulator of 138 kPa, slight differences in 

working pressure were measured along the center-pivot lateral (Table IV. 3). From the first span 

to the middle of the fourth span, the operating pressure could be considered similar to the 

regulator setting. Pressure at the beginning of the overhang measurement point was lower than 
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the regulator setting in all evaluated irrigation events. A pressure of 138 kPa was used to simulate 

the nozzles located at the first, second, third and fourth span. A pressure of 130kPa was used at 

the nozzles located at the overhang.  

The measured CUHH was affected by wind speed and the sprinkler package (Table IV. 3). 

Comparing the CUHH of the fourth span in different irrigation events, a decrease in uniformity 

was observed from low (1.1 m s-1) to medium (2.8 m s-1) wind speeds. Uniformity increased in 

this span from medium (3.1 m s-1) to high wind speeds (4.7 and 4.9 m s-1). Irrigation events 2 and 

3 were performed under similar average wind conditions, but CUHH at the fourth span resulted 

different. Uniformity can be dictated not only by the average wind conditions, but also by the 

short-term wind variability in intensity and direction. Additionally, Faci et al. (2001) and Ouazaa 

et al. (2013) underlined the difficulty of experimentally characterizing water distribution patterns 

of FSPS using catch-cans.      

IV.3.3. A model coupling tower dynamics and water application patterns: validation and 

application 

The spatial water application to the irrigated area was computed using a static grid whose 

parameters can be user-defined. The static grid is irrigated by moving grids representing the 

water distribution pattern of the sprinklers along the center-pivot lateral. The grids representing 

the sprinklers were computed using ballistic theory as reported in Ouazza et al. (2013). Other 

authors have used experimentally determined water distribution grids (Delirhasannia et al, 2010) 

or statistically defined water distribution patterns (Gat and Molle, 2000). The advantage of the 

method used in this paper is that model parameters can be extrapolated to non-evaluated nozzle 

diameters (within the experimental range), wind speeds (from 0 to 8 m s-1) and working pressures 

(from 15 to 20 psi).  

The effect of grid size on center-pivot irrigation performance was analysed. Five square grid sizes 

(from 0.5 m to 0.03125 m in side) defining the nozzle water distribution pattern of each sprinkler 

were simulated with the ballistic model presented in Ouazaa et al (2013). Relevant differences in 

distribution uniformity were observed between the simulated results with the coarse grid (0.5 m) 

and the fine grid (0.03125 m). Since differences between the two fine grids (0.0625 m and 

0.03125 m) were negligible, the 0.0625 m grid was selected to represent the sprinkler water 

application pattern. 

The five evaluated irrigation events were simulated to validate the model. The simulated nozzle 

patterns (under variable diameter, pressure and wind) were mounted at their corresponding 
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locations. Center-pivot movement was simulated using the experimental parameters (PTS of 45% 

for irrigation events 1 and 5, and PTS of 50% for irrigation events 2, 3 and 4). Irrigation depths 

were simulated at the location of the experimental catch-cans.   

Figure IV. 7a presents the relationship between measured and simulated irrigation depth of the 

evaluated events (as presented in Table IV. 3). The 1:1 line is presented in dashed line. The 

comparison regression line forced to the origin between measured and simulated irrigation depths 

has a slope of 1.0007 and is not statistically different from 1. The ballistic model presented in 

Ouazaa et al. (2013) included the experimental wind drift and evaporation losses (WDEL) 

function presented in Playan et al. (2005). These authors reported experimental WDEL in 

sprinkler irrigation machines of around 10% for daytime irrigation events. Figure IV. 7b presents 

the comparison between measured and simulated CUHH. The regression line forced to the origin 

has a slope of 1.005. This line is not statistically different from the 1:1 line (dashed line in Fig. 

IV. 7b). The coupled simulation model adequately reproduces irrigation depth and irrigation 

performance (CUHH). 

 

Figure IV. 7. Comparison between measured and simulated irrigation depth (mm) and 
Heermann and Hein uniformity coefficient (CUHH, %), left and right figures, respectively; for the 
evaluated irrigation events. Dashed lines in the figures represent the 1:1 line. 

 

Different center-pivot sprinkler package designs (nozzle location and sizing), dynamics (PTS and 

alignments) and meteorological conditions (wind speed and direction) can be simulated with the 

developed model. In this study four scenarios of the experimental center-pivot tower dynamics 

(Complete, CD, A 1o and A 2o) were explored using the experimental sprinkler package. These 

alternative dynamics were simulated for three PTS (100%, 50% and 30%) and three wind speed 



 CHAPTER IV 

126 

conditions (1.1 m s-1, 3.1 m s-1 and 4.7 m s-1). Results were compared in terms of radial (R-), 

circular (C-) and total uniformity. 

 Average radial, circular and total irrigation depths (ID, mm) and uniformities (CUHH and CUC, 

%) for the three PTS, the four alignment scenarios and the three wind speed conditions are 

summarized in Table IV. 4. As expected, simulated average irrigation depth increases with PTS 

(from 4.1 for 100% to 13.5 for 30%). These values are similar to those provided by the 

manufacturer in the experimental center-pivot application chart. A comparison between simulated 

and manufacturer-provided ID is presented in Figure IV. 2. 

The effect of center-pivot travel speed (PTS, %) on CU (radial, circular or total) was in general 

irrelevant, except for the cases of the largest misalignment (A 2o), in which for the slowest PTS 

(30%) radial CUHH increased respect to the fastest PTS (100%) (from 0.8 to 1.8 percent points). 

The effect of PTS was lowest for the circular and total uniformity coefficients. 

In the experimental center-pivot and environmental conditions, the effect of the studied range of 

tower alignment qualities on irrigation uniformity can be classified as light. Radial, circular and 

total uniformity slightly decrease as misalignment increases. This issue will require further 

analysis for different pivot lengths and sprinkler characteristics. 

Wind speed effect on irrigation uniformity shows the same pattern for the radial, circular and 

total uniformity. However, the effect is clearer for circular uniformity than for the rest of 

parameters. From low to average wind speed (from 1.1 to 3.1 m s-1), the average decrease in 

uniformity is 5.3%, 0.5% and 0.4% for circular, radial and total uniformity, respectively. On the 

other hand, from medium to strong wind speeds (from 3.1 to 4.7 m s-1) the average increase in 

uniformity is 7.3%, 3% and 3.1%, for circular, radial and total uniformity, respectively. It has to 

be noted that real center-pivot irrigation event last for several hours, and meteorological 

conditions (such as wind speed and direction) may show relevant changes. This important effect 

has not been analysed in this study. The small effect of alignment quality and PTS on uniformity 

increases with wind speed.  
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Table IV. 4. Simulated radial, circular and total, average irrigation depth (Av. ID, mm) and uniformity coefficient (CU, %) for four analysed 
tower alignment scenarios: Complete aligned, current dynamics, and alternative dynamics allowing angle lags of 1º (A 1º) and 2º (A 2º) and 
for the three wind speeds (1.1 m s-1, 3.3 m s-1and 4.7 m s-1). Results are presented for three PTS (100%, 50% and 30%).  

Wind 
Speed 

Measurement 
Location 

Align. Quality Complete Aligned Current Dynamics A 1o A 2o 

PTS (%) 100 50 30 100 50 30 100 50 30 100 50 30 

1.
1 

m
 s

-1
 

Radial  
Av ID (mm) 4.1 8.0 13.1 4.1 8.1 13.5 4.1 8.1 13.5 4.2 8.1 13.5 

CUHH (%) 81.6 81.6 81.5 81.7 81.6 81.6 81.3 81.4 81.5 80.8 81.6 81.6 

Circular  
Av ID (mm) 3.8 7.4 12.1 3.7 7.4 12.4 3.7 7.4 12.4 3.7 7.4 12.4 

CUC (%) 86.2 86.1 86.1 86.1 86.1 86.1 85.9 86.0 86.0 85.5 85.2 86.1 

TOTAL  
Av ID (mm) 4.1 8.0 13.1 4.0 8.1 13.5 4.1 8.1 13.5 4.0 8.1 13.5 

CUC (%) 82.1 82.1 82.1 82.1 82.1 82.1 82.0 82.0 82.0 81.7 81.7 81.8 

3.
1 

m
 s

-1
 

Radial  
Av ID (mm) 4.1 8.0 13.0 4.1 8.1 13.6 4.1 8.1 13.6 4.2 8.0 13.6 

CUHH (%) 81.2 81.2 81.3 81.0 81.3 81.0 80.6 81.0 81.3 80.0 80.3 81.8 

Circular  
Av ID (mm) 4.0 8.0 13.0 4.0 8.0 13.4 4.0 8.1 13.4 4.0 8.1 13.4 

CUC (%) 80.8 80.8 80.8 80.8 80.7 80.7 80.7 80.8 80.7 80.1 80.3 80.3 

TOTAL  
Av ID (mm) 4.1 8.0 13.1 4.1 8.1 13.5 4.1 8.1 13.5 4.1 8.1 13.5 

CUC (%) 81.7 81.7 81.7 81.7 81.7 81.7 81.6 81.7 81.7 81.3 81.3 81.4 

4.
7 

m
 s

-1
 

Radial  
Av ID (mm) 4.1 8.0 13.1 4.1 8.1 13.5 4.1 8.1 13.6 4.2 8.0 11.6 

CUHH (%) 84.3 84.3 84.2 84.1 84.2 84.1 83.7 84.1 84.3 82.9 83.0 84.8 

Circular  
Av ID (mm) 4.1 8.1 13.2 4.1 8.2 13.6 4.1 8.2 13.6 4.1 8.2 13.6 

CUC (%) 88.1 88.1 88.1 88.1 88.1 88.1 88.0 88.1 88.0 87.0 87.3 87.7 

TOTAL  
Av ID (mm) 4.1 8.0 13.1 4.1 8.1 13.5 4.1 8.1 13.5 4.1 8.1 13.5 

CUC (%) 84.8 84.8 84.8 84.8 84.8 84.8 84.7 84.8 84.8 84.2 84.3 84.5 
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The center-pivot dynamic model permits to explore the maximum misalignment between 

adjacent towers that a defined center-pivot can allow before collapse. Center-pivot tower travel 

speed and reach length determine the maximum allowed misalignment. For the studied 

commercial center-pivot, the maximum misalignment between towers was 15º. Larger values 

could not be managed by the current towers’ speeds and the security system of the center-pivot 

would stop movement. 

A further analysis of tower alignment quality on center-pivot irrigation performance is presented 

in Figure IV. 8. The Figure includes radial, circular and total uniformities and their variability 

(standard deviation of the eight radial transects and nine circular paths) for the center-pivot 

traveling under five alignment scenarios: Complete, CD, A 5º, A 10º and A 15º. Simulations were 

performed for 100% PTS under three wind speed conditions (1.1 m s-1, 3.1 m s-1 and 4.7 m s-1, 

subfigures a, b and c, respectively). For low and strong winds (1.1 and 4.7 m s-1) circular 

uniformities were considerably larger than radial and total uniformities. Differences between 

extreme misalignment qualities on circular uniformity were larger (from 6.7 to 9%) than radial 

(from 2.8 to 4.8%) and total (2.8 to 5.3%) uniformities. Also, the variability in circular 

uniformity was significantly larger than in radial uniformity. The variability in radial uniformity 

increased with misalignment and with wind speed. The variability in circular uniformities 

increased form low to average wind speed and then decreased for strong wind speeds. In general, 

radial uniformity provides a better approximation to total uniformity than circular uniformity. 

Center-pivot evaluation standards (UNE-EN ISO 11545:2002 and ANSI/ASAE S436.1) are only 

based on radial uniformity characterization. For average wind speeds the radial, circular and total 

uniformities were found to be quite similar (Figure IV. 8b).  
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Figure IV. 8. Simulated radial, circular and total uniformities and its variability for five tower 
alignment qualities (complete aligned, current dynamics, a misalignment of 5º, 10º and 15º) and 
three wind speed conditions (1.1 m s-1, 3.3 m s-1 and 4.7 m s-1) for the commercial center-pivot 
traveling at 100% PTS.  
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Generalizing, tower misalignment reduces irrigation performance (radial, circular and total). The 

reduction starts to be relevant for misalignment larger than A 5º. Figure IV. 9 provides a visual 

representation of simulated water distributions resulting from three alignment qualities: Complete 

(Figure IV. 9a), A 5º (Figure IV. 9b) and A 15º (Figure IV. 9c). Simulations were performed 

under 3.1 m s-1 wind speed at 100% PTS. The towers stop and start cycles result in different 

amounts of local water application, the effect is stronger for the largest misalignment analysed 

and for the area irrigated by the inner towers. Differences in radial, circular and total uniformity 

between the Complete and A 5º alignment qualities were 1.1%, 1.2% and 1.2%, respectively. 

Differences in radial, circular and total uniformity between the two extreme alignment qualities 

(Complete and A 15º) were 4.8%, 7.0% and 5.3%, respectively.  

 

Figure IV. 9. Simulated water distribution pattern (mm) of the center-pivot travelling complete 
aligned (Complete, figure a), at a misalignment of 5º (A 5º, figure b) and at its maximum tower 
misalignment (A 15 º, figure c) at 100% PTS and at a wind speed of 3.3 m s-1. 
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4. CONCLUSIONS 

1. The experimental characterization of the mechanical movement of center-pivot towers 

using a high precision GPS receiver provided valuable information to develop a 

comprehensive center-pivot irrigation simulation model. A position sampling interval of 1 s 

was required to guarantee sufficient accuracy in the characterization of tower movement. 

An important intra-irrigation variability of the variables controlling tower start / stop cycles 

was observed. This variability was modelled by introducing random variability in the 

switching angles. The proposed model successfully simulated the mechanical movement of 

the center-pivot towers. 

2. The simulation model coupling center-pivot tower dynamics and the FSPS water 

distribution pattern satisfactorily reproduced the measured center-pivot irrigation depth and 

radial uniformity.  

3. The coupled model was used to analyse the effect of different tower alignment qualities and 

wind speeds on the radial (along lateral), circular (along machine travel path) and total 

water uniformity. Simulation results indicate that in the experimental conditions (four span 

pivot, FSPS, wind speed) the experimentally measured tower alignment quality (around 

0.5º) did not have a relevant effect on uniformity compared to a complete alignment. The 

poorest analysed tower alignment quality (A 15º) had more effect on circular uniformity 

than on radial or total uniformity.  

4. In the experimental conditions and in the simulated range of the control variables, tower 

alignment quality showed a relevant effect on center-pivot irrigation performance for 

misalignment qualities larger than 5º.Pivot travel speed showed a mild effect on center-

pivot irrigation performance. The sprinkler package design of the center-pivot had a strong 

effect on irrigation performance.  

5. Wind speed showed a clear effect on irrigation uniformity. As wind speed increased, 

uniformity first decreased and then increased. The wind speed effect is clearer for circular 

uniformity than for radial or total uniformity.  

6. Further research is needed to assess the effect of alignment, travel speed and wind 

conditions on other center-pivot lengths, sprinklers and operational conditions. The 

simulation of the intra-irrigation variability of wind speed seems to be important to 

understand center-pivot irrigation efficiency. 
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7. The model shows potential to become a valuable tool to manage center-pivot irrigation 

under different technical and meteorological conditions. Further research on sprinklers and 

designs will contribute to validate the practical potential of this coupled model. 
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EFFECT OF INTRA-IRRIGATION METEOROLOGICAL VARIABILITY ON 

CENTER-PIVOT IRRIGATION PERFORMANCE AND CORN YIELD 

RESUMEN 

La distribución del agua del riego de una maquina pivote no es uniforme debido al diseño de la 

carta de boquillas, la dinámica de las torres y la variabilidad de las condiciones meteorológicas. 

El objetivo de este estudio fue incorporar en el modelo de riego de pivote central presentado en el 

capítulo IV, la simulación de los aspersores de plato rotatorio (RSPS) y la simulación de la 

variabilidad meteorológica intra-riego. El objetivo final fue simular la variabilidad espacial y 

temporal de la distribución del agua de riego y el rendimiento del cultivo de un pivote central. 

Para ello, se analizó la campaña de riegos en el año 2013 del pivote central comercial (descrito en 

el capítulo IV) aplicada a un cultivo de maíz. En esta ocasión el pivote se equipó con boquillas de 

tipo rotatorio (RSPS). Se instaló una estación meteorológica automática que registró cada 

segundo a lo largo de la campaña de riegos los datos meteorológicos. Se evaluaron un total de 10 

riegos con radios pluviométricos. Se utilizaron los registros de posicionamiento de las torres de 

cada uno de los riegos aplicados al maíz para reproducir el movimiento real de las torres. Se 

realizó la cosecha del maíz con cosechadora comercial equipada con GPS. Se montó a lo largo 

del pivote central, y según el diseño de la máquina, el modelo calibrado y validado de los RSPS 

(capítulo III), para los diferentes tamaños de boquillas, presiones y condiciones de viento. Se 

movió el pivote central según la dinámica medida y simulada de las torres de todos los riegos 

aplicados al maíz. Se validó el modelo de simulación acoplado con los riegos evaluados. Se 

simuló la distribución de agua de toda la campaña de riegos con: 1) la dinámica de las torres 

medida y con viento homogéneo, 2) la dinámica de las torres simulada y con viento homogéneo, 

3) la dinámica de las torres medida y con viento variable, 4) la dinámica de las torres simulada y 

con viento variable y 5) el movimiento de las torres alineadas y con viento homogéneo. Además, 

se simuló la producción del maíz acoplando el modelo de distribución de agua del pivote bajo los 

cinco casos con el modelo de cultivos presentado en Dechmi y col. (2004). El patrón de 

distribución de agua estacional de los diferentes casos indica que hubo diferencias pequeñas entre 

el movimiento alineado de las torres (caso 5) y el movimiento real del pivote central (casos 1 y 2) 

para los mismos casos meteorológicos. No hubo diferencias significativas en los patrones 

gráficos entre el movimiento medido y simulado de las torres (casos 1 y 2 o casos 3 y 4). Se 
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observaron mayores diferencias en las gráficas entre las simulaciones considerando viento 

homogéneo y las que se consideró viento variable (casos 1 y 3 o casos 2 y 4). Las diferencias en 

el coeficiente de uniformidad total fueron despreciables entre los cinco casos analizados. El 

efecto del patrón de distribución de agua estacional fue importante en la distribución espacial del 

rendimiento del maíz. El patrón de distribución del rendimiento de maíz simulado fue similar al 

patrón de distribución de agua utilizado por la simulación. Se realizaron comparaciones, de los 

patrones gráficos y mediante un análisis de regresión, entre el rendimiento del maíz medido y 

simulado. El patrón de distribución de agua simulada explica 40% de la variabilidad del 

rendimiento medido. El resto de la variabilidad del rendimiento observado se explica por otros 

factores no considerados en la simulación como la variabilidad de los nutrientes y enfermedades. 

Se calculó el coeficiente de uniformidad de Christiansen para el rendimiento medido y simulado. 

El índice de dispersión del rendimiento ha demostrado diferencias entre los casos simulados de la 

distribución de agua; los casos 3 y 4 han mostrado un mejor acuerdo con el rendimiento medido. 

La simulación del pivote central incluyendo la dinámica real de las torres y la variabilidad 

meteorológica intra-riego ha mejorado los resultados de la simulación en comparación con un 

modelo de simulación suponiendo un movimiento alineado de las torres y un viento homogéneo. 

La mejora es más relevante cuando se simula la variabilidad del rendimiento del cultivo. 
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ABSTRACT 

Water application depth from a center-pivot irrigation system is not uniformly distributed across 

a field due to emitter package design, tower dynamic and meteorological variability. The 

objective of this study was to incorporate in the center pivot irrigation model presented in 

Chapter IV, the simulation of rotating spray plate sprinklers (RSPS) and the simulation of intra-

irrigation meteorological variability. The final goal was to simulate the spatial and temporal 

variability of irrigation depth and yield of a center pivot. The 2013 irrigation season of the 

commercial center-pivot described in Chapter IV, cropped with corn was analyzed. In this 

season, the experimental center-pivot was equipped with RSPS. An automatic meteorological 

station was installed adjacent to the center-pivot plot to monitor meteorological data with a 1 s 

frequency. Ten irrigation events were evaluated using radial catch-cans. The mechanical 

movement of the center-pivot towers for each irrigation event was characterized using GPS 

monitoring. The corn was harvested with a commercial combine harvester equipped with GPS 

monitoring and registering the crop yield. The calibrated and validated model of the RSPS for 

different nozzle sizes, pressures and wind conditions obtained in Chapter III was mounted on the 

pivot lateral, following the correspondent sprinkler package. The center-pivot lateral was moved 

following the measured and the simulated towers dynamic of all the irrigations applied to the 

corn crop. The evaluated irrigation events were used to validate the coupled simulation model. 

The center-pivot simulation model were used to simulate the spatial water distribution pattern of 

each irrigation event applied to the corn under different assumptions: 1) measured CP towers 

dynamic combined with homogeneous wind conditions, 2) simulated CP towers dynamic and 

homogeneous wind conditions, 3)  measured CP towers dynamic and variable on time wind 

conditions, 4) simulated CP towers dynamic and variable on time wind conditions and 5) 

simulated CP towers travelling aligned and homogeneous wind conditions. Crop yield was 

simulated by coupling the center-pivot water distribution pattern simulated under the five cases 

with Ador-crop model (Dechmi et al., 2004). The seasonal water distribution pattern of the 

simulated cases presented small differences between considering a complete aligned tower 

movement (case 5) and the cases considering the real center-pivot tower dynamics (cases 1 and 2) 

for the same meteorological cases. Graphical differences between measured and simulated tower 

dynamic movement were negligible (cases 1 and 2 or cases 3 and 4). Largest graphical 

differences were observed between considering homogenous wind conditions or variable on time 

wind conditions (cases 1 and 3 or 2 and 4). Differences on total Christiansen uniformity 
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coefficient between the five cases analyzed were although negligible. The effect of seasonal 

water distribution pattern was clear on corn yield spatial distribution. Simulated corn yield 

distribution pattern was similar to the seasonal water distribution pattern used for the simulation. 

Comparison between measured and simulated corn yield were performed graphically and 

quantitatively by a regression analysis. Simulated water distribution pattern explains 40% of the 

measured yield variability. Other factors not considered in the simulation as variability of 

nutrients and diseases could explain the rest of observed yield variability. Christiansen uniformity 

coefficients were computed for measured and simulated yield. The yield performance index 

showed differences between simulated water distribution pattern cases, showing cases 3 and 4 

better agreement with measured yield. Center-pivot simulation model including current tower 

dynamics and variable on time wind conditions improves the simulation results compared with a 

model simulating aligned tower movement and homogeneous wind conditions. The improvement 

is more relevant when simulating crop yield variability.   
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1. INTRODUCTION 

Center-pivots (CP) are one of the most popular pressurized irrigation systems used worldwide. In 

an attempt to reduce the energy costs associated with their use, the actual trend is to use low-

pressure systems, with spray sprinklers. This new generation sprinklers include rotating spray 

plate sprinklers (RSPS) or fixed spray plate sprinklers (FSPS). Center pivot irrigation is, 

however, energy intensive. The increasing unit cost of energy and possible shortages of energy in 

the future are intensifying efforts to develop acceptable design concepts and management 

strategies for reducing energy use which do not excessively lower the uniformity and/or 

efficiency of application (Moreno et al., 2012). A reduced system operating pressure, for 

example, which results in excessive runoff and poor uniformity, would be an unacceptable way 

of decreasing energy use. The development of simulation tools to analyze the effect of nozzle 

package, working pressure and other variables affecting center-pivot irrigation can help to 

establish the adequate design and management strategies. 

Water application uniformity is an important performance criterion for the design and evaluation 

of center-pivot sprinkler irrigation systems. The water application depth is not uniform across a 

field and during the irrigation season. It depends on the sprinkler package, field topography, 

tower dynamics and meteorological conditions. Catch-can tests have been the method used to 

characterize the water distribution uniformity for center-pivot. Field evaluation of each design 

concept and management strategy on which a center pivot system might operate is a tedious and 

expensive process. Catch-can testing is very time-consuming and data can only be collected 

along a limited number of radial or circular lines. In fact, most tests involve only one set of catch-

cans. If a center pivot system rotates at a constant speed, and the meteorological and technical 

(percentage time setting, PTS (%)) conditions are constant, a spatial water application depth map 

may be constructed based upon data only from one radial line. However, most center pivot 

systems operate on variable field conditions. Variations in meteorological and technical 

conditions can change the water application depth and irrigation uniformity at different lateral 

positions even with flow control nozzles or pressure regulators at each head. In such cases, using 

catch-can tests to determine the spatial distribution of water application depth and application 

uniformity is not practical. An alternative method is to use computer simulation models to 

generate water application depth data. A model that represents the performance of center pivot 

systems operating at different technical and meteorological conditions would greatly facilitate the 

evaluation process. 
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Crop water needs can vary due to within-field differences in soil texture, topography, and biotic 

stresses (O’Shaughnessy et al., 2013). Knowledge of water spatial distribution in a field is 

essential for site-specific crop management, as such distribution maps can be used to adjust the 

input rates and target the critical areas in a field (known as precision farming). Once areas of 

either over-application or under-application are identified from the distribution maps appropriate 

management practices can be taken to correct them. Current research on center pivot irrigation 

focus on precision farming by controlling site-specific variable rate irrigation (VRI) technologies 

(McCarthy et al., 2014; O’Shaughnessy et al., 2013; Evans et al., 2013; Kranz et al., 2012). To 

apply VRI, knowledge of irrigation water distribution patterns and crop water availability 

distribution for the whole center-pivot irrigated area is needed. Factors affecting irrigation water 

distribution patterns as sprinkler package, working pressure, tower dynamics and meteorological 

conditions should be considered in the analysis. Factors affecting soil water availability for crop 

are besides irrigation distribution depths, those related with soil water holding capacity. 

The simulation of center-pivot water distribution patterns resulting from different sprinkler types 

has traditionally been conducted by mathematically overlapping experimentally measured 

isolated sprinkler patterns (Clark et al., 2003). Le Gat and Molle (2000) proposed a model using a 

mixture of beta probability. Recently, Sayyadi et al. (2012) proposed a new approach based on 

Artificial Neuronal Networks (ANN) to simulate the effects of wind on the distribution pattern of 

single sprinklers. In the previous chapter an alternative approach based on droplet trajectory 

modelling was proposed to simulate water distribution patterns for FSPS working in the most 

common range of working pressures (15PSI and 20 PSI). Also, the water distribution model was 

coupled with a simulation model of the pivot towers dynamics, incorporating most of the factor 

affecting irrigation water distribution pattern variability. Intra-irrigation variability of 

meteorological condition during a center-pivot irrigation event could also be important and 

affects the spatial variability of applied irrigation depth. O’Shaughnessy et al. (2013) reported 

that wind speed and direction did not appreciably decrease uniformity of application of a VRI of 

a center-pivot. However, differences in expected application depth within a management zone 

were observed due to wind speed and direction. This could affect site-specific or precision 

irrigation management. In the literature the effect of wind speed has been analysed from a partial 

point of view using radial or partial circle catch-can configurations (Dukes 2006; O’Shaughnessy 

et al., 2013). There are not works in the literature analyzing the effect of intra-irrigation 

variability of wind speed and direction on water distribution of the total center-pivot irrigated 

area. Also, the cumulative effect for the whole irrigation season was not reported in the literature.  
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The principal objective of this study was to develop a simulation model for CP irrigation systems 

including sprinkler package, tower dynamics and real meteorological conditions. The second 

objective was to couple the CP model with a crop model to simulate corn yield. The model 

developed in chapter IV combining the water distribution patterns and the tower dynamic model 

was ample to simulate RSPS under variable meteorological conditions. Field determination of 

irrigation uniformity and corn yield were conducted to validate the model.  
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2. MATERIAL AND METHODS 

The studied center-pivot cropped with corn was located in Marracos (Spain), at the north west of 

Zaragoza (Latitude: 42° 5' 27'' N - Longitude: 0° 46' 35'' W). The center-pivot, a Valley machine 

(manufactured by Valmont industries, Nebraska, USA), had four towers with 50 m spans and an 

overhang of 25 m. The machine was equipped with Nelson R3000 (Nelson Irrigation Corp. Walla 

Walla, Washington, USA) RSPS with 6-streams red plates and 138 kPa (20 psi) pressure 

regulators. The center-pivot sprinkler package had 40 nozzles of 21 different diameters ranging 

from 2.2 mm to 8.7 mm. The distance between nozzles was constant and equal to 5.56 m. The 

first nozzle was installed at 10.27 m from the pivot point and the last one at 224.54 m from the 

pivot point. Nozzles were located 2.0 m above the soil surface using a semi-rigid plastic drop 

pipe. More details of the center-pivot irrigation machine can be found in Chapter IV. 

V.2.1. Soil sampling 

A soil sampling survey was conducted at the beginning of the season to establish the field 

condition. Samples were collected using a soil auger and spade with properly labeled bags and 

their locations were registered with a GPS. Collection of soil samples was carried out based on 

three radial transect lines across the field with approximately 10 m spacing between samples. A 

total of 54 points were selected. At each point soil samples were collected each 30 cm 

(characterizing different soil horizons). Soil properties analysed in this study were soil depth (p, 

m) and total available water (TAW, mm). TAW was defined according to Walker and Skogerboe 

(1987), and computed following Eq. 1. 

10 1        [1] 

where θFC is the gravimetric water content ratio at 0.03 MPa (field capacity); θWP is the 

gravimetric water content ratio at 1.50 MPa (wilting point); ρb is the soil bulk density (Mg m-3); 

ρw is the water density (Mg m-3) and S is the volumetric ratio of stoniness. 

For the 54 locations point, p was determined in situ. The stoniness was obtained in the laboratory 

using a mechanical mill. The soil bulk density was not measured and was considered 1.4 g cm-3. 

Soil water retention curves were characterized on disturbed samples using a pressure chamber 

(Hanks, 1992). Two pressure heads considered characteristic of Wilting Point and Field Capacity 
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(-1.5 MPa and -0.03 MPa, respectively) were used for each sample. Each determination was 

performed with two replicates.  

V.2.2. Catch-can evaluation 

The irrigation depth and the uniformity of application along the CP lateral were measured during 

ten irrigation events using catch-cans arranged in a radial transect line with 2 m spacing. A total 

of 24 catch-cans were installed per pivot span and 14 catch-cans under the overhang. The 

evaluations were performed under different machine speed (PTS). A high precision GPS was 

used to monitor each tower, recording tower positions at 1 s frequency. The location of the four 

towers was tracked using high precision GPS receivers (model GS15 receiver Leyca Geosystems 

AG, Heer-brugg, Switzerland) installed on top of each tower (more details in Chapter IV.2.1). 

An automatic meteorological station located adjacent to the center-pivot plot monitored wind 

velocity and direction, air temperature, relative humidity, precipitation and solar radiation with a 

frequency of 1 s. To characterize the meteorological conditions of the evaluated irrigation events, 

GPS data of the center-pivot towers were analysed to estimate the passing time period of the 

center-pivot lateral over the radial catch-can transect (more details in Chapter IV.2.3).  

The working pressure of the CP lateral was monitorized with two pressure transducers tracking 

data each 15 minutes. The first pressure transducer was installed at the pivot point, and the other 

at the beginning of the CP overhang. Another pressure transducer was installed at the pumping 

station. 

V.2.3. Field harvest 

Harvest of the center-pivot corn was performed with a commercial combine harvester equipped 

with a GPS receiver. The system measures and records the amount of grain harvested and the 

position of each point of the field. An onboard computer installed in the harvester cab recorder 

the data. The combine header was 9 m wide and gathers in twelve corn lines at the same time. 

The provided results of grain yield and location integrates an ample area of 9 meters of width that 

are larger than the area of irrigation variability observed in catch can evaluations or irrigation 

simulations. Yield data provided by the combine computer were refined since there are areas with 

higher catches due to the slower speed of the harvester, turns, machine’s stop, etc. Once data 

were refined, a grid raster was set (whose parameter can be user-defined). Measured yield will be 

compared with simulated irrigation depth and simulated corn yield. 
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V.2.4. Center pivot model formulation  

For modeling purposes, the total area irrigated by the center-pivot system was divided into a 

static grid. A dynamic grid, composed of regular cells and representing the water application 

pattern of the sprinklers, passes over the static grid. The water depth collected in each static cell 

is the sum of the water received from the dynamic grid passing over during a time interval 

(irrigation, the irrigation season, etc). The dynamic grid moves with the towers dynamic, 

experimentally measured or simulated by the CP tower dynamic model (presented in Chapter 

IV). The applied water depth resulted from simulating the RSPS sprinkler package of the center 

pivot mounting on the CP lateral.  

The time step selected for simulating CP tower dynamics was 1 s, which corresponds to the 

availability of GPS tower location data and meteorological data. The spatial step of the square 

static and dynamic grid selected for simulation was evaluated. An optimization process for spatial 

step selection was performed to reduce computing time without affecting simulation adequacy. 

Model validation was performed comparing measured irrigation depths (radial catch can data) 

with simulated irrigation depths at the catch can locations.  

Simulations were performed with measured tower dynamic data, from one side and with 

simulated tower dynamics, from the other side. Comparison of the Hermann and Hein radial 

Uniformity Coefficient (CUHH, %) between measured and simulated (under the two suppositions) 

was also established. 

Figure V.1 showed the flowchart of the simulation processes. Four simulation modules, CP tower 

dynamics, Emitter water distribution, CP irrigation and Crop yield were hieratically coupled to 

provide a corn yield distribution pattern. Simulation results of tower dynamics and emitter water 

distribution patterns were provided to the CP irrigation module to obtain the water distribution 

pattern for the CP irrigated area. The CP irrigation results can be cumulated for different period 

of time (an irrigation event, several irrigation events or the irrigation season). The water 

distribution patter simulated with the CP model was coupled with the Ador-Crop model to obtain 

the simulated corn yield distribution. The spatial grid selected to simulate corn yield was 9 x 9 m, 

because the measured corn yield integrates 9 m width of the harvester header.  
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Figure V. 1. Flowchart of data and simulation models processes. 
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V.2.5. Characterizing all the irrigations applied to the crop. 

The farmer performed the irrigation schedule following crop water requirements provided by the 

regional advisory service (Oficina del Regante, http://aplicaciones.aragon.es/oresa/). The farmer 

programed for each irrigation event the PTS (machine travel speed) and the total irrigation time. 

Data of pivot towers location (obtained with the high precision GPS) at the beginning and at the 

end of the irrigation events were determined to identify effective irrigated area for each event. 

Measured tower dynamic (Meas_Dyn) of each irrigation event with a 1 s frequency were 

obtained from GPS data for simulation purposes. For each irrigation event the intra-irrigation 

variability of working pressure and meteorological conditions were analyzed. With the measured 

tower location data the irrigated area were determined. Using the proposed model, water 

distribution pattern of each irrigation event was simulated for a square spatial net of 3 m x 3 m 

(Fig. V.1). The Christiansen Uniformity Coefficient (CUC, %) (Equation [2]) was determined 

referred to the effective irrigated area (CUCIA) and to the total CP area (CUCTCPA). Irrigation 

dose was also established for the irrigated area (IDIA) and for the total CP area (IDTCPA).  

                                       









 
  



md

dd
CUC

mi

i i

*
1100 1

                                                [2] 

where di is the simulated (or collected) water depth in the ith point, m is the number of points, and 

d  is the average of simulated (or collected) water amounts. The performance indexes related to 

the total CP area of the irrigations that did not perform complete rounds resulted in CUC and 

average irrigation dose values lower than the indexes of the same irrigations referred only to the 

irrigated area.  

V.2.6. Simulation of the whole corn irrigation season and yield. 

The experimentally measured mechanical movement of the CP towers for each applied irrigation 

event was prepared (Meas_Dyn). The mechanical movement of the CP towers for each applied 

irrigation event was simulated with the model described in Chapter IV (Sim_Dyn) under the 

measured PTS and irrigation time. Also, the CP tower dynamics of all irrigation events were 

simulated supposing an intermittent but completely aligned CP tower movement (Sim_Align). 
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The RSPS water distribution pattern for the different nozzle diameters of the center-pivot 

sprinkler package was simulated using the ballistic model developed in Chapter III. The RSPS 

model allows simulating under a constant averaged wind speed and direction (Avg_W) or under 

variable on time wind speed and direction (Var_W). Center pivot irrigation performance indexes, 

IDIA, IDTCPA, CUCIA, CUCTCPA and CUHH (%), were simulated combining measured or simulated 

dynamics and homogeneous or variable on time wind conditions for each irrigation event. 

Seasonal spatial water distribution maps of the different study cases (Meas_Dyn & Avg_W, 

Meas_Dyn & Var_W, Sim_Dyn & Avg_W, Sim_Dyn & Var_W and Sim_Align_Avg_W) were 

built to analyze the effect of the different factors. 

The simulated irrigation depth for each irrigation event along the irrigation season was coupled 

with Ador-Crop (Dechmi et al., 2004) to simulate corn yield. Irrigation data (daily irrigation 

depth), daily meteorological data (rainfall, average air temperature and ET0), crop parameters 

(sowing date and total cumulative degree days), and soil characteristics (soil depth, TAW and 

initial water content) were used as input data in Ador-crop model to simulate corn yield. Crop 

yields were simulated only for Sim_Dyn & Avg_W, Sim_Dyn & Var_W and Sim_Align & 

Avg_W. Comparison between simulated and measured corn yield were performed. 
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3. RESULTS AND DISCUSSION 

V.3.1. Soil characterization 

Soil sampling provides an initial information base for developing water rate applications plans. 

Figure V.2d showed soil sample locations performed in three radial transects. The longitudinal 

distance between sampling points was approximately 10 m. The average soil deep of the soil 

samples was 0.61 m. Differences on soil deep between sampling points were important, 

fluctuating between 0.30 m and 1.20 m (Figure V.2a). Stoniness resulted very variable with an 

average value of 22 % and a standard deviation of 21 %. Radial transect R2 presented the largest 

stoniness (average 31 %), especially at the first 100 m from the pivot point (Figure V.2b). 

Average TAW value was 73.5 mm with a standard deviation of 40 mm. The average value of 

TAW and its variability resulted lower for R2 radial transects that for the other radii (Figure 

V.2c). The larger stoniness could explain the differences on TAW between analyzed transect 

radii. For simulation purposes the average values of soil depth and TAW were used. 

 

Figure V. 2. Measured soil depth, in m (a), stoniness, in percentage (b) and total available 
water, TAW in mm (c) along three radius of the center-pivot plot (d). 
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V.3.2. Results of the irrigation events evaluation 

Table V.1 summarizes the characteristic of the ten evaluated irrigation events. The irrigations 

were named with its correlative irrigation number positions. The evaluated irrigation presented 

different PTS and meteorological wind conditions. At the same PTS (Irr 2* and 3* were 

performed at 50% PTS) the collected average IDs resulted different (7.4 and 6.1 mm, 

respectively) due to important differences in wind conditions. Also CUHH index was affected by 

wind speed and direction. The average wind speed and the dominant wind direction presented in 

Table V.1 corresponded to the time that the CP lateral passed over the catch cans line (Figure 

V.3). This time was obtained with tower location data. There is not a clear pattern of wind speed 

on experimentally determined water uniformity coefficients. The orientation of the radial catch 

can has effect on uniformity results for different wind direction of similar intensity (Irr. 2* and 

Irr. 16*). In general, for the evaluated irrigation events as the wind speed increases from low to 

medium intensity the CUHH increases, but for medium to higher wind speed the CUHH decreases 

(Table V.1).  

Table V. 1. Characteristics of the evaluated irrigation event, center-pivot travel speed (PTS, %), 
average wind speed, predominant wind direction, average pressure at the span, average 
measured irrigation depth (ID, mm), standard deviation of the irrigation depth (SD ID, mm) and 
measured radial uniformities (CUHH, %). 

Evaluated 
Irrigation event 

PTS 
(%) 

Av. Wind 
Speed  (m.s-1)

Wind 
direction (º) 

Av. Pressure  
(kPa) 

ID 
(mm) 

SD ID 
(mm) 

CUHH 
(%) 

Irr 2* 50.0 3.2 WSW - 7.4 1.4 90.8
Irr 3* 50.0 5.1 WNW - 6.1 1.2 86.5
Irr 4* 50.0 2.4 WNW 144 (8) 7.4 1.3 90.8
Irr 6* 50.0 1.7 E 142 (7) 7.5 1.6 88.8

Irr 10* 38.0 4.6 N - 9.2 1.8 90.8
Irr 16* 49.5 3.5 WNW - 6.2 1.4 86.6
Irr 18* 27.0 1.9 W - 14.0 2.2 90.2
Irr 20* 25.0 1.7 N 149 (3) 13.4 2.6 90.8
Irr 22* 73.0 1.0 WSW - 5.3 1.0 87.5
Irr 23* 25.0 2.7 W - 14.0 3.0 86.5
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Figure V. 3. Field evaluation monitoring. Radial catch cans, pressure transducer and GPS 
location. 

V.3.3. Characterizing all the irrigations applied to the crop 

The farmer applied 60 irrigation events in a total of 63.4 rounds in 1456.5 h throughout the 

irrigation season. Table V.2 showed the principal data of the 60 irrigations. CP tower location 

data at the beginning and at the end of the irrigation time showed that for an important number of 

irrigations (approximately 90%), the locations point of the outermost tower at the end and at the 

beginning of the irrigation event were not the same, indicating that these irrigations performed 

incomplete rounds. This fact will not be important if all the irrigations were performed at the 

same machine speed or concatenated to perform complete round at the same PTS, but that was 

not the case. Changes in PTS were periodical and not adequately adjusted to ensure equal 

irrigation dose in the total CP area. The irrigation dose variability induced by the lack of control 

to perform complete rounds was important and could be more important than the rest of 

variability factor analyzed in this research.  

Figure V.4 showed the water distribution applied in two consecutive irrigations performed under 

100% (Irr. 21) and 73% (Irr. 22) PTS, respectively. The double irrigated arc in Figure V.4a was 

not compensated in the next irrigation, since PTS was changed and again the irrigation did not 

perform complete rounds. 
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Figure V. 4. Simulated water distribution pattern of Irr.21 (a) performing a 388º round at 100% 
PTS and Irr. 22 (b) performing a 400º round at 73% PTS. 

The pressure at the pumping station averaged for the irrigation season was 239.5 kPa, with a 

standard deviation between irrigations of 18.5 kPa. The average pressure measured at the center-

pivot point was of 152 kPa, with a standard deviation between irrigations of 5.2 kPa. The average 

pressure measured at the CP overhang was of 144 kPa with a standard deviation between 

irrigations of 15.4 kPa (small topographic differences explain this higher value of standard 

deviation). Since the RSPS nozzles were equipped with a pressure regulator of 138 kPa and the 

average values at the beginning and at the end of the CP lateral were higher to the regulation 

pressure, the working pressure for the simulation of all irrigation events and nozzle sizes was 

considered 138 kPa. 

The average experimental wind speed during the total irrigation season was 2.53 m s-1, with a 

standard deviation of 0.56 m s-1, ranging between 1.2 m s-1 and 7.8 m s-1, and the predominant 

wind direction was from the west. The average wind speed and direction for each irrigation event 

and the coefficient of variance of the averages were also computed (Table V.2). 

A further analysis of the intra-irrigation variability of wind speed and direction showed that 

irrigation performed under high average wind speed presented large intra-irrigation variability of 

the wind speed (lager standard deviation). When the average wind speed is high and the intra-

irrigation variability is also high the effect of this variability on CP water distribution pattern 

could be relevant. To study this effect two irrigation events applied to the corn, Irr. 31 and Irr. 33 

(Table V.2), were selected for a deeper analysis. Figure V.5a and V.5d presented a diagram of 

wind speed and direction variability along a complete round of irrigation 31 and 33, respectively. 

The first 360º of Irr. 31 resulted in an average wind speed of 3.2 m s-1, with a standard deviation 
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of 0.83 m s-1. The water distribution pattern of both irrigation has been simulated under two 

meteorological conditions: first, considering a constant wind speed and direction equal to the 

averaged along the irrigation (Figs. V.5b and V.5e, for Irr 31 and 33, respectively) and second, 

considering variable on time wind speed and direction following the measurements (Figures V.5c 

and V.5f, for Irr 31 and 33, respectively).  

 

 

Figure V. 5. Distribution maps of wind speed and direction (a and d) and simulated water 
distribution maps of the center-pivot traveling at current dynamic with homogeneous averaged 
wind conditions (figures b and e) and variable on time wind conditions (figures c and f). Upper 
and down side represent the Irr. 31 and Irr. 33, respectively. 

Differences between considering a homogeneous (Figs. V.5b and V.5e) or variable (Figs. V.5c 

and V.5f) wind speed and direction are graphically observed but differences in irrigation 

performance index CUCTCPA are almost irrelevant for Irr. 31 (93.3 % and 93.4%) and slightly 

different for Irr. 33 (94.3 % and 93.2 %). Variability on wind conditions between the first and the 

second irrigated semi-circle resulted relevant for both irrigation events. The effect could be 

observed in Figures V.5c and V.5f in which the first irrigated semi-circle (180 º from the start 

point following clock-wise direction) showed larger variability than the second semi-circle, 

following wind speed and direction variability and intensity.  
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Figure V. 6. Simulated radial (a and c) and circular (b and d) water application depth of the 
center-pivot traveling at an averaged constant wind conditions (a and b) and variable on time 
wind conditions (c and d) for Irr. 33. 

Comparison between homogeneous and variable meteorology in irrigation 33 (Fig. V.6) was also 

performed comparing two radial transects; one performed under the highest wind conditions 

(radial transect L1, Fig. V.5f) and the other under the lowest wind conditions (radial transect L2, 

Fig. V5f). Also, three circular paths (at 75 m, 125 m and 175 m from the pivot point) of water 

depth were selected from homogeneous (Fig. V.5c) and variable meteorological conditions (Fig. 

V.5f) for comparison. For homogeneous wind conditions, radial transects L1 and L2 were similar 

(Fig. V.6a), but differences could be observed when variable meteorological conditions were 

simulated (Fig. V.6c). Radial transect irrigated under the highest wind speed (High wind L1), 

showed larger variability than transect irrigated under low wind conditions (Low wind L2). The 

circular paths of the homogeneous wind conditions (Fig. V.6b) showed lower variability than the 

same circular paths under variable wind conditions (Fig. V.6d). The graphically observed 

variability was quantified by the irrigation performance indexes CUHH and CUC, for radial and 

circular paths, respectively. The values of CUHH for the radial transects L1 and L2, resulted of 

95.3 % and 95.8 %, respectively, for the homogeneous wind conditions and of 94.8% and 95.3 

%, respectively, for the variable on time wind conditions. The CUC for the three circular transect 

resulted similar for the homogeneous meteorology, average 97%, small differences between 
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circular transects were observed for the variable meteorology, with and average value of 95.9 %. 

Again, although graphical differences could be observed, the irrigation performance indexes did 

not show relevant differences. 

The effect of variable on time wind speed and direction on water distribution pattern of an 

individual irrigation event has been showed. The cumulative effect of the intra-irrigation 

meteorological variability of the whole crop irrigation season will be analyzed in the next section.   

V.3.4. Simulation of the evaluated irrigation event 

The ten evaluated irrigation events were simulated with the measured tower dynamics combined 

with variable on time wind conditions (Meas_Dyn & Var_W) and with the simulated tower 

dynamics combined with variable on time wind conditions (Sim_Dyn & Var_W). The irrigation 

depth at the radial transect of the catch-can locations were obtained from the previous simulations 

and compared with the measured catch-can data. Measured and simulated water application 

depths (Mesaured ID, mm) and uniformity (CUHH) were compared in Fig. V.7. Fig. V.7a presents 

the relationship between measured and simulated averaged irrigation depth of the ten evaluated 

events (as presented in Table V.1). The 1:1 line is presented in dashed line. The regression lines 

forced to the origin between measured and simulated irrigation depths resulted parallel to the 1:1 

line with a slightly overestimation of the irrigation depths, for both simulated cases. Very small 

differences could be observed between simulated ID (mm) using the measured tower movement 

and using the simulated tower movement. Fig. V.7b presents the comparison between measured 

and simulated CUHH for the ten irrigation events. The regression lines forced to the origin have a 

slope of 1.03 and 1.02 for experimental and simulated towers movement respectively, and are not 

statistically different from 1. The model proved accurate in predicting both CUHH and the average 

applied irrigation depth. The comparison showed that the simulations results were within the 

acceptable range of the observed values. Also, the differences between simulating water 

distribution pattern using measured or simulated tower dynamics were negligible. It can, 

therefore, be concluded that the model of CP tower dynamics can be used to simulate CP water 

application pattern with high precision. 
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Figure V. 7. Comparison between measured and simulated (with experimental and simulated 
mechanical movement) irrigation depth (ID, mm, Figure 7a) and Heermann and Hein Uniformity 
Coefficient (CUHH, %, Figure 7b), for the evaluated irrigation events. Dashed lines in the figures 
represent the 1:1 line. 

V.3.5. Simulating the whole irrigation season 

Measured tower dynamics (Meas_Dyn) and simulated tower dynamics (Sim_Dyn) for each 

irrigation event was combined with measured wind speed and direction with a 1 s frequency 

(Var_W) or with average wind speed and direction (Avg_W) to simulate each irrigation event. 

Also towers dynamics supposing complete aligned tower movement were simulated for each 

irrigation event with a 1 s time step. The 60 irrigation events were simulated under the following 

combinations as reported in Material and Method section: 

a. Measured tower dynamics and averaged wind speed and direction (Meas_Dyn & 

Avg_W). 

b. Measured tower dynamics and variable on time wind speed and direction (Meas_Dyn 

& Var_W). 

c. Simulated tower dynamics and averaged wind speed and direction (Sim_Dyn & 

Avg_W). 

d. Simulated tower dynamics and variable on time wind speed and direction (Sim_Dyn 

& Var_W). 

e. Simulated aligned tower dynamics and averaged wind speed and direction (Sim_Align 

& Avg_W). 

The seasonal water distribution pattern for each of the five cases studied was obtained cumulating 

the irrigation depths of the individual irrigations. The average seasonal irrigation depth for the 
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five cases resulted similar, between 647 and 648 mm.  Fig. V.8 presents the spatial distribution of 

the seasonal irrigation depth for Meas_Dyn & Avg_W (Fig. V.8a), Meas_Dyn & Var_W (Fig. 

V.8b), Sim_Dyn & Avg_W (Fig. V.8c), Sim_Dyn & Var_W (Fig. V.8d) and Sim_Align & 

Avg_W (Fig. V.8e). Graphical differences on spatial distribution of seasonal irrigation depth 

between Meas_Dyn and Sim_Dyn for the same meteorological case (Figs. V.8a and V.8c, or 

Figs. V.8b and V.8d) were negligible. As reported before, CP towers dynamic models performs 

with a high accuracy. On the other hand, the effect of the intermittent and discontinuous 

movement of the CP towers (measured or simulated) has a moderate effect on seasonal water 

distribution pattern as reported the differences between the simulation considering the tower 

movement completely aligned (Fig. V.8e) and the current tower dynamics (Figs. V.8a and V.8c) 

for the same meteorological case. Differences between the meteorological cases analyzed are 

more relevant. Considering the intra-irrigation variability of wind speed and direction (Figs. V.8b 

and V.8d) has an important effect on seasonal water distribution pattern as reported the 

comparison with the cases considering an average wind speed and direction along each irrigation 

event (Figs. V.8a and V.8c), for the same CP tower dynamics case. The seasonals CUCTCPA did 

not showed the graphically observed differences. Meas_Dyn & Avg_W and Sim_Dyn & Avg_W 

as expected has the same CUCTCPA (94.1%) but presented not differences with the cases 

simulated with variable wind conditions, Meas_Dyn & Var_W and Sim_Dyn & Var_W, 

CUCTCPA of 94.2 %. The CUCTCPA of Sim_Align & Avg_W case resulted slightly higher, 94.9%. 
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Figure V. 8. Spatial variability of the seasonal irrigation depth (mm) for five simulated cases: 
Meas_Dyn & Avg_W (Fig. V.8a), Meas_Dyn & Var_W (Figure 8b), Sim_Dyn & Avg_W (Fig. 
V.8c), Sim_Dyn & Var_W (Fig. V.8d) and Sim_Align & Avg_W (Fig. V.8e). 
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Summarizing, the intermittent and discontinuous movement of CP tower and the intra-irrigation 

variability of wind speed and direction has a relevant effect on seasonal water distribution 

pattern, as reported the differences observed in Fig. V.8. A CP irrigation simulation model should 

consider both effects to accurately simulate spatial distribution of irrigation depth. Irrigation 

performance index CUC for the total CP irrigated area did not showed enough precision to 

explain the observed variability and should be used carefully to compare the different cases.   

V.3.6. Crop yield measured and simulated. 

On November 19, the corn was harvested with a commercial combine with spatial yield and 

moisture monitoring and registering. The header of the combine has 9 m width and harvest 12 

corn rows at a time. The combine computer registered approximately one point of grain yield per 

m of advancement. Fig. V.9 presented the travel path of the harvester and the registered yield 

data. The harvest data were processed to represent them in a 9 m x 9 m square grid for 

comparison with simulated yields. The measured yield was expressed at 14% of moisture. Fig. 

V.10a shows the spatial variability of measured corn yield. The border of the CP irrigated area 

has the lowest corn yield. Also, the area surrounded the pivot point has low corn yield. The 

largest corn yield was obtained in the central area of the CP. The travel path of the harvest can be 

observed in the measured yield data, because the 9 m width of the combine header can mask the 

variability of water application pattern.   

 

Figure V. 9. Travel path of the corn harvester and measured yield data. 

The crop yield was simulated coupling the simulated irrigation depth applied along the irrigation 

season at the static grid (3 m x 3 m) with a corn model (Ador-crop). The Ador-crop (Dechmi et 

al, 2004) is based on CropWat (Smith. 1993) and simulates relative yield reduction as a function 

of evapotranspiration reduction. The total CP irrigated area, 15.9 ha was divided in 17671 points 

to simulate corn yield. Daily meteorological data were used by the crop model to simulate crop 
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evapotranspiration and available water from precipitation events. The total amount of rainfall for 

the growing season was 220 mm. General soil data, as initial soil moisture at seeding, soil depth 

and TAW were required for the crop model. The values of these variables were considered equal 

for all the simulated points and with values that represented the measured average. The irrigation 

schedule and depth applied at each grid point were obtained from simulated cases, Sim_Dyn & 

Avg_W, Sim_Dyn & Var_W and Sim_Align & Avg_W. Simulated corn yield distribution for the 

three cases are presented in Figs. V.10 b, V.10c and V.10d, respectively.    

Simulated corn yield showed similar spatial distribution pattern than its correspondent simulated 

irrigation depth (Figs. V.8c and V.10b, Figs. V.8d and V.10c, and Figs. V.8e and V.10d), because 

crop model responds to water availability. Although other factors as variability on fertilizer 

disposal, diseases and soil variability affects yield distribution they were not considered in the 

Ador-crop simulations. The measured corn yield distribution integrates all factors affecting 

variability of crop development, explaining the difference between measured and simulated corn 

yield distribution patterns. Regression analysis between measured and simulated yield showed 

good correlation coefficients for the three simulated cases. The values of the correlations did not 

show appreciable differences between the simulated cases.  

The CUC has been also computed for yield data, measured corn yield showed a CUC of 82%, 

simulated yield considering CP tower aligned movement and homogeneous wind conditions 

showed a CUC of 91%, simulated yield considering current dynamics and averaged wind 

conditions showed a CUC of 89% and the simulated current dynamics and variable wind 

conditions showed a CUC of 87 %.  
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Figure V. 10. Spatial variability of corn yield (kg ha-1) experimentally measured (Fig. V.9a), 
simulated with Sim_Dyn & Avg_W (Fig. V.9b), simulated with Sim_Dyn & Var_W (Fig. V.9c) 
and simulated with Sim_Align & Avg_W (Fig. V.9d). 

A regression analysis was performed between simulated Sim_Dyn & Var_W irrigation depth and 

measured yield. Fig. V.11 presents the correlation coefficient and the adjusted regression line. 

The results indicates that the intermittent and discontinuous movement of CP towers and the 

intra-irrigation variability of wind conditions of the whole irrigation season of a corn crop could 

explain 40% of the corn yield variability. 
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Figure V. 11. Regression analysis between simulated irrigation depth under simulated current 
tower dynamics and considering the intra-irrigation variability of wind speed and direction and 
the measured corn yield in a 9 x 9 grid.  

As reported in previous sections, the farmer management has largely affected the irrigation 

distribution pattern because the connection of incomplete circle irrigations at different CP travel 

speeds have been very common along the analyzed irrigation season. The farmer was advised 

about the problems but the management of the CP irrigation was not easy and an actualization of 

the CP control system was needed to overcome complete circle irrigation. On 2014 the farmer 

installed at the end of the CP overhang a GPS connected to the control system that allows the 

farmer to program irrigation based on location and apply complete circle irrigations.    

To analyze this new situation of major irrigation control the 60 irrigations applied to the corn 

were adjusted to perform complete rounds irrigations and maintaining approximately the same 

average irrigation depth of 648 mm. Each irrigation event was simulated following the same 

irrigation schedule and maintaining the travel machine speed. This analysis tries to isolate the 

effect of towers dynamic movement and intra-irrigation wind conditions variability on seasonal 

water and yield distribution patterns. A total of 63 irrigations performing 63 complete rounds 

were simulated under the following conditions: 

a. Simulated tower dynamics and averaged wind speed and direction (Sim_Dyn & 

Avg_W)CR. 

b. Simulated tower dynamics and measured variable on time wind speed and direction 

(Sim_Dyn & Var_W)CR. 

c. Simulated aligned tower dynamics and variable on time wind speed and direction 

(Sim_Align & Var_W)CR. 

y = 10,538x + 5809,8
R² = 0,4043

0

4000

8000

12000

16000

20000

0 200 400 600 800

M
e
as
u
re
d
 Y
ie
ld
 (
kg
 h
a‐

1
)

Sim_Dyn & Var_W ID (mm)



 CHAPTER V 
 

168 

Fig. V.12 showed the spatial water distribution pattern simulated under case a (Fig. V.12a), case 

b (Fig. V.12b) and under case c (Fig. V.12c). Differences in water distribution patterns were 

observed specially between considering an averaged wind speed (Fig. V.12b) and the others 

considering intra-irrigation variability of irrigation time (Figs. V.12a and V.12c). Differences 

between considering the current tower dynamics (Fig. V.12a) or a complete aligned tower 

movement (Fig. V.12c) were smaller. The values of CUC for the three cases were equal, 95.4%. 

The variability induced by the farmer schedule on seasonal water distribution pattern was 

relevant as showed the comparison between Figs. V.12a and V.8d, Figs. V.12b and V.8c, and 

Figs. V.12c and V.8e. 

 

Figure V. 12. Spatial variability of the seasonal irrigation depth and corn yield simulated under 
(Sim_Dyn & Var_W)CC (Figs. V.12a and V.12d, respectively), (Sim_Dyn & Avg_W)CC (Figs. 
V.12b and V.12e, respectively), and (Sim_Align & Var_W)CC (Figs. V.12c and V.12f, 
respectively). 

The corn yield was simulated with the three simulated water distribution patterns. Figs. V.12d, 

V.12e and V.12f presented the correspondent simulated yield. Simulated corn yield distribution 

pattern resulted very close to the correspondent water distribution pattern. CUC of simulated 

yield resulted similar for the three cases ranging from 91.6% to 91.7%. Again CUC performance 

indexes did not catch the observed variability nor for irrigation water neither for corn yield. 
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Table V. 2. Model simulated irrigation performances of the total 60 irrigation events (IE) resulted from the measured tower dynamics and 
averaged wind speed and direction (Meas_Dyn & Avg_W), measured tower dynamics and variable on time wind speed and direction 
(Meas_Dyn & Var_W), simulated tower dynamics and averaged wind speed and direction (Sim_Dyn & Avg_W), simulated tower dynamics 
and variable on time wind speed and direction (Sim_Dyn & Var_W), simulated aligned tower dynamics and averaged wind speed and 
direction (Sim_Align & Avg_W). Comparisons are established in terms of total irrigation uniformity for effective irrigated area (CUIA), for 
the total CP area (CUTCPA) and average applied irrigation depth for the irrigated area (IDIA) and for the total CP area (IDTCPA). 

IE 
Irr. 

Traject. 
(º) 

Time 
(h) 

PTS 
(%) 

WS  
(m s-1) 

CV 
WS 
(%) 

Wind 
Dir. 

Meas Dyn & Avg_W Meas Dyn & Var_W 
IDIA 
(mm) 

IDTCPA 
(mm) 

CUIA 
(%) 

CUTCPA 
(%) 

IDIA 
(mm) 

IDTCPA 
(mm) 

CUIA 
(%) 

CUTCPA 
(%) 

1 373.4 19.3 50.0 3.4 38 E 8.7 8.6 89.1 88.0 8.6 8.6 87.9 87.9 

2* 363.1 18.8 50.0 2.1 51 WSW 8.5 8.3 93.0 91.9 8.3 8.3 91.8 91.8 

3* 377.9 19.5 50.0 3.2 58 ESE 8.8 8.7 87.3 87.0 8.7 8.7 86.8 86.8 

4* 342.2 17.7 50.0 1.7 65 WSW 8.2 7.8 90.6 87.0 8.1 7.9 90.2 86.5 

5 23.9 1.2 50.0 1.4 41 WSW 6.3 0.5 54.9 0.0 6.3 0.5 54.8 0.0 

6* 314.1 16.2 50.0 2.2 43 N 8.3 7.2 89.0 72.8 8.2 7.2 87.9 72.4 

7 110.3 5.7 50.0 2.6 46 E 7.8 2.5 80.7 0.0 7.6 2.5 80.7 0.0 

8* 501.1 12.9 100.0 4.5 25 ESE 5.7 5.8 65.0 65.0 5.8 5.8 64.9 64.9 

9 165.7 4.3 100.0 3.0 31 WSW 3.8 1.9 84.0 0.0 3.8 1.9 84.8 0.0 

10* 316.3 21.5 38.0 3.1 54 WSW 10.0 9.6 90.2 73.7 10.1 9.6 88.3 73.1 

11 25.2 1.7 38.0 7.8 8 NNW 7.9 0.8 54.4 0.0 7.9 0.8 55.3 0.0 

12 295.3 19.3 39.5 2.7 55 ESE 10.3 8.6 89.5 63.2 10.1 8.6 89.2 63.1 

13 206.4 13.3 40.0 4.3 31 ESE 9.8 5.9 87.8 15.5 9.9 5.9 86.1 15.4 

14 240.4 16.3 38.0 3.2 45 ESE 10.4 7.3 88.4 35.7 10.3 7.3 87.0 35.7 

15 297.8 25.6 30.0 3.9 52 ESE 12.9 11.4 89.3 68.4 12.9 11.4 87.3 68.2 

16* 347.6 18.1 49.5 3.3 33 WSW 8.2 8.1 90.4 88.2 8.2 8.1 89.7 88.3 

17 52.9 4.9 28.0 1.8 40 W 11.8 2.2 71.0 0.0 11.9 2.2 72.1 0.0 

18* 79.5 7.6 27.0 2.1 43 N 13.7 3.4 79.0 0.0 13.5 3.4 77.4 0.0 

19 131.7 13.6 25.0 1.7 51 N 15.4 6.1 83.5 0.0 15.3 6.1 83.6 0.0 
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20* 161.7 16.7 25.0 1.9 48 N 15.3 7.4 86.2 0.0 15.3 7.4 85.7 0.0 

21 387.6 10.0 100.0 1.3 43 ESE 4.1 4.5 85.1 86.7 4.5 4.5 86.6 86.6 

22* 398.8 14.1 73.0 1.5 64 ESE 6.0 6.3 81.3 82.0 6.3 6.3 83.0 82.0 

23* 602.7 62.3 25.0 3.6 45 WNW 27.0 27.7 72.3 72.9 27.7 27.7 72.7 72.7 

24 156.6 16.2 25.0 1.9 52 ESE 15.9 7.2 87.0 0.0 15.4 7.2 84.9 0.0 

25 367.6 9.5 100.0 2.2 48 WSW 4.6 4.2 91.7 90.5 4.2 4.2 90.3 90.3 

26 154.1 4.0 100.0 2.6 47 N 3.7 1.8 87.6 0.0 4.0 1.8 86.7 0.0 

27 884.7 73.7 31.0 2.9 56 WNW 32.1 32.8 78.4 80.7 32.8 32.8 82.5 80.5 

28 152.9 14.1 28.0 2.0 37 WNW 12.7 6.3 85.6 0.0 12.9 6.3 85.0 0.0 

29 109.4 10.1 28.0 2.9 43 WNW 12.3 4.5 81.7 0.0 12.6 4.5 82.0 0.0 

30 356 15.3 60.0 1.4 48 W 6.6 6.8 94.5 90.3 6.8 6.8 90.1 90.1 

31 740.1 38.2 50.0 3.5 26 WNW 16.9 17.0 91.0 90.0 17.0 17.0 90.0 90.0 

32 291.5 15.1 50.0 1.5 49 W 7.9 6.7 89.4 63.5 7.9 6.7 89.8 63.4 

33 373.5 21.0 46.0 1.7 34 NNE 9.4 9.3 89.1 88.3 9.3 9.3 88.2 88.1 

34 199.3 16.6 31.0 2.0 56 WNW 12.3 7.4 86.3 13.1 12.6 7.4 87.7 13.1 

35 1029.9 85.8 31.0 3.5 45 W 38.3 38.2 88.4 89.9 38.2 38.2 89.8 89.8 

36 800.7 59.1 35.0 2.6 56 ESE 26.4 26.3 83.6 82.1 26.3 26.3 82.0 82.0 

37 808.8 61.5 34.0 2.3 59 W 27.5 27.4 81.2 81.2 27.4 27.4 81.0 81.0 

38 202 14.9 35.0 2.0 63 ESE 11.6 32.0 88.0 11.6 11.5 6.6 86.6 11.7 

39 213.8 15.8 35.0 1.2 48 NNW 11.0 7.0 88.2 18.3 11.5 7.0 88.0 18.2 

40 200.2 13.1 39.5 2.4 38 W 9.8 5.8 87.0 13.9 9.9 5.8 88.1 13.8 

41 649.4 42.5 39.5 1.4 47 W 18.5 18.9 80.3 81.8 18.9 18.9 81.7 81.7 

42 266.7 17.4 39.5 1.7 69 W 10.0 7.8 89.8 48.5 10.0 7.8 89.4 48.5 

43 201.3 13.2 39.5 2.6 44 ESE 9.8 5.9 87.0 14.9 9.8 5.9 86.9 14.9 

44 226.5 14.8 39.5 1.7 42 NNE 9.9 6.6 87.7 27.5 10.0 6.6 88.0 27.4 

45 218.8 14.3 39.5 1.5 44 NNE 10.5 6.4 89.7 23.7 10.0 6.4 89.0 23.5 

46 963.5 63.0 39.5 2.3 61 W 28.3 28.1 81.3 82.9 28.1 28.1 82.9 82.9 

47 583.9 38.2 39.5 2.8 55 ESE 17.0 17.0 69.3 70.3 17.0 17.0 70.2 70.2 

48 204.8 13.4 39.5 2.0 58 SE 9.8 6.0 87.9 16.5 9.9 6.0 87.7 16.3 

49 985.9 64.5 39.5 2.8 59 ESE 28.1 28.7 83.3 86.9 28.7 28.7 86.9 86.9 
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50 218.8 14.1 40.0 1.7 41 E 9.7 6.3 88.3 24.5 9.8 6.3 87.7 24.4 

51 291.4 18.4 41.0 2.0 48 W 9.9 8.2 90.0 58.6 9.9 8.2 89.2 58.5 

52 246.3 16.1 39.5 2.0 72 ESE 9.9 7.2 87.1 38.3 9.8 7.2 88.4 38.2 

53 257.8 16.9 39.5 1.9 73 E 9.8 7.5 88.0 44.0 9.8 7.5 88.9 44.0 

54 985.9 64.5 39.5 2.5 55 W 28.7 28.7 83.0 86.9 28.7 28.7 83.9 86.9 

55 357.9 23.4 39.5 3.0 34 ESE 46.0 10.4 93.4 93.2 10.4 10.4 93.2 93.2 

56 976.5 63.9 39.5 2.3 50 W 28.4 28.4 84.0 85.6 28.4 28.4 83.3 85.3 

57 193.9 12.7 39.5 1.3 73 W 3.0 5.6 87.0 9.3 9.7 5.6 88.1 9.4 

58 400 26.2 39.5 1.7 36 NNE 11.2 11.6 80.1 77.1 11.6 11.6 77.1 77.0 

59 230 12.4 48.0 3.7 22 NW 8.0 5.5 88.3 32.0 8.0 5.5 87.6 32.0 

60 1190.6 61.5 50.0 2.0 59 W 27.4 27.4 84.6 85.0 27.4 27.4 85.0 85.0 

TOTAL 648.2 94.1 648.2 94.2 
 

IE 
Irr. 

Traject. 
(º) 

Time 
(h) 

PTS (%) 
WS  

(m s-1) 

CV 
WS 
(%) 

Wind 
Dir. 

Sim Dyn & Avg_W Sim Dyn & Var_W Sim Align & Avg_W 
IDIA

mm 
IDTCPA 
(mm) 

CUIA 
(%) 

CUTCPA 
(%) 

IDIA 
(mm) 

IDTCPA 
(mm) 

CUIA 
(%) 

CUTCPA 
(%) 

IDIA 
(mm) 

IDTCPA 
(mm) 

CUIA 
(%) 

CUTCPA 
(%) 

1 373.4 19.3 50.0 3.4 38 E 8.6 8.6 88.1 88.1 8.6 8.6 86.9 86.9 8.6 8.6 88.2 88.2 

2* 363.1 18.8 50.0 2.1 51 WSW 8.4 8.4 92.1 92.1 8.4 8.4 91.1 91.1 8.3 8.3 92.3 92.3 

3* 377.9 19.5 50.0 3.2 58 ESE 8.7 8.7 87.2 87.2 8.7 8.7 85.7 85.7 8.7 8.7 87.1 87.1 

4* 342.2 17.7 50.0 1.7 65 WSW 8.0 7.9 90.5 87.3 8.0 7.9 89.9 87.1 8.0 7.8 90.7 87.0 

5 23.9 1.2 50.0 1.4 41 WSW 6.0 0.5 54.6 0.0 6.2 0.5 54.8 0.0 6.2 0.5 55.3 0.0 

6* 314.1 16.2 50.0 2.2 43 N 8.0 7.2 89.9 72.8 8.0 7.2 88.8 72.9 8.1 7.2 88.4 70.0 

7 110.3 5.7 50.0 2.6 46 E 7.5 2.5 80.6 0.0 7.6 2.5 80.3 0.0 7.6 2.5 81.7 0.0 

8* 501.1 12.9 100.0 4.5 25 ESE 5.8 5.8 65.5 65.5 5.8 5.8 65.2 65.2 5.8 5.8 65.0 65.0 

9 165.7 4.3 100.0 3.0 31 WSW 3.9 1.9 84.6 0.0 3.9 1.9 84.2 0.0 3.8 1.9 85.8 0.0 

10* 316.3 21.5 38.0 3.1 54 WSW 10.5 9.6 90.1 74.0 10.5 9.5 88.4 73.9 10.1 9.6 88.8 71.7 

11 25.2 1.7 38.0 7.8 8 NNW 8.0 0.8 54.8 0.0 8.1 0.8 55.1 0.0 7.9 0.8 55.6 0.0 

12 295.3 19.3 39.5 2.7 55 ESE 10.1 8.6 89.7 63.1 10.1 8.6 89.7 62.9 10.0 8.6 89.8 64.6 

13 206.4 13.3 40.0 4.3 31 ESE 9.8 5.9 87.4 16.2 9.8 5.9 86.8 16.3 9.9 5.9 86.9 15.9 

14 240.4 16.3 38.0 3.2 45 ESE 10.5 7.3 88.7 34.0 10.5 7.3 87.1 33.3 10.3 7.3 87.3 36.1 
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15 297.8 25.6 30.0 3.9 52 ESE 13.3 11.4 89.1 64.3 13.3 11.4 87.4 63.9 12.9 11.4 88.0 69.0 

16* 347.6 18.1 49.5 3.3 33 WSW 8.2 8.1 90.8 89.4 8.1 8.1 90.0 88.7 8.2 8.1 89.8 88.5 

17 52.9 4.9 28.0 1.8 40 W 12.5 2.2 71.3 0.0 12.4 2.2 71.2 0.0 11.9 2.2 72.5 0.0 

18* 79.5 7.6 27.0 2.1 43 N 13.7 3.4 78.3 0.0 13.5 3.4 77.4 0.0 13.4 3.4 79.4 0.0 

19 131.7 13.6 25.0 1.7 51 N 15.3 6.1 83.2 0.0 15.4 6.1 83.5 0.0 15.3 6.1 84.3 0.0 

20* 161.7 16.7 25.0 1.9 48 N 15.6 7.4 86.2 0.0 15.5 7.4 85.7 0.0 15.3 7.4 86.2 0.0 

21 387.6 10.0 100.0 1.3 43 ESE 4.5 4.5 85.4 85.4 4.5 4.5 85.4 85.4 4.5 4.4 86.8 86.8 

22* 398.8 14.1 73.0 1.5 64 ESE 6.3 6.3 81.6 81.6 6.3 6.3 82.1 82.0 6.3 6.3 79.1 79.1 

23* 602.7 62.3 25.0 3.6 45 WNW 27.7 27.7 72.5 72.5 27.7 27.7 72.2 72.2 27.6 27.6 73.2 73.2 

24 156.6 16.2 25.0 1.9 52 ESE 15.6 7.2 86.2 0.0 15.6 7.2 85.3 0.0 15.3 7.2 85.5 0.0 

25 367.6 9.5 100.0 2.2 48 WSW 4.2 4.2 91.4 91.4 4.2 4.2 89.7 89.7 4.2 4.2 90.7 90.7 

26 154.1 4.0 100.0 2.6 47 N 3.9 1.8 87.2 0.0 3.9 1.8 86.8 0.0 3.9 1.8 87.1 0.0 

27 884.7 73.7 31.0 2.9 56 WNW 32.8 32.8 78.6 78.6 32.8 32.8 78.6 78.6 32.7 32.7 82.7 82.7 

28 152.9 14.1 28.0 2.0 37 WNW 13.9 6.3 85.5 0.0 13.9 6.3 84.6 0.0 12.9 6.3 85.6 0.0 

29 109.4 10.1 28.0 2.9 43 WNW 13.5 4.5 81.0 0.0 13.6 4.5 81.1 0.0 12.6 4.5 82.8 0.0 

30 356 15.3 60.0 1.4 48 W 6.8 6.8 94.1 94.1 6.8 6.8 92.8 92.8 6.8 6.8 90.2 90.2 

31 740.1 38.2 50.0 3.5 26 WNW 17.0 17.0 90.5 90.5 17.0 17.0 91.8 91.8 17.0 17.0 90.3 90.3 

32 291.5 15.1 50.0 1.5 49 W 8.0 6.7 89.8 61.3 8.0 6.7 89.7 61.0 7.9 6.7 90.5 63.9 

33 373.5 21.0 46.0 1.7 34 NNE 9.3 9.3 90.0 90.0 9.4 9.3 89.4 89.4 9.3 9.3 88.3 88.3 

34 199.3 16.6 31.0 2.0 56 WNW 12.7 7.4 86.8 12.2 12.7 7.4 86.1 12.4 12.6 7.4 87.8 13.3 

35 
1029.

9 85.8 31.0 3.5 45 W 38.1 38.1 88.5 88.5 38.1 38.1 88.8 88.8 38.1 38.1 90.6 90.6 

36 800.7 59.1 35.0 2.6 56 ESE 26.2 26.2 83.7 83.7 26.3 26.3 83.8 83.8 26.3 26.3 82.5 82.5 

37 808.8 61.5 34.0 2.3 59 W 27.4 27.4 81.5 81.5 27.5 27.5 81.4 81.4 27.3 27.3 81.6 81.6 

38 202 14.9 35.0 2.0 63 ESE 11.3 6.7 87.0 13.6 11.3 6.6 86.6 13.5 11.4 6.6 87.5 11.7 

39 213.8 15.8 35.0 1.2 48 NNW 11.3 7.0 88.5 19.7 11.3 7.0 88.5 19.8 11.4 7.0 88.7 18.6 

40 200.2 13.1 39.5 2.4 38 W 10.0 5.8 87.6 12.5 10.0 5.8 87.7 12.6 9.9 5.8 88.9 13.8 

41 649.4 42.5 39.5 1.4 47 W 18.9 18.9 80.6 80.6 18.9 18.9 80.2 80.2 18.9 18.9 82.5 82.5 

42 266.7 17.4 39.5 1.7 69 W 10.1 7.8 89.3 48.2 10.1 7.7 89.6 47.9 10.0 7.7 90.1 50.0 

43 201.3 13.2 39.5 2.6 44 ESE 9.9 5.9 86.1 13.8 10.0 5.9 86.2 13.5 9.8 5.9 87.4 15.0 

44 226.5 14.8 39.5 1.7 42 NNE 10.0 6.6 87.7 27.0 10.1 6.6 88.1 26.1 10.0 6.6 89.0 27.7 
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45 218.8 14.3 39.5 1.5 44 NNE 10.1 6.4 89.3 22.2 10.0 6.4 89.0 22.8 9.9 6.4 89.6 22.0 

46 963.5 63.0 39.5 2.3 61 W 28.1 28.1 81.5 81.5 28.1 28.1 81.7 81.7 28.0 28.0 83.6 83.6 

47 583.9 38.2 39.5 2.8 55 ESE 16.9 16.9 70.0 69.9 16.9 16.9 69.9 69.9 17.0 17.0 70.9 70.9 

48 204.8 13.4 39.5 2.0 58 SE 10.0 6.0 87.3 15.2 10.0 6.0 86.9 14.9 9.9 6.0 87.9 16.6 

49 985.9 64.5 39.5 2.8 59 ESE 28.7 28.7 83.7 83.6 28.7 28.7 83.8 83.8 28.6 28.6 87.5 87.5 

50 218.8 14.1 40.0 1.7 41 E 9.9 6.3 88.7 22.8 9.9 6.3 88.7 22.5 9.7 6.3 88.8 24.8 

51 291.4 18.4 41.0 2.0 48 W 9.7 8.2 89.5 61.3 9.8 8.2 89.2 60.4 9.9 8.2 89.7 59.0 

52 246.3 16.1 39.5 2.0 72 ESE 10.0 7.2 87.7 37.3 10.0 7.2 86.8 37.3 9.7 7.2 88.8 37.6 

53 257.8 16.9 39.5 1.9 73 E 10.1 7.5 88.6 43.5 10.0 7.5 88.8 43.8 9.7 7.5 89.7 44.5 

54 985.9 64.5 39.5 2.5 55 W 28.6 28.6 83.8 83.8 28.6 28.6 83.9 83.9 28.6 28.6 87.7 87.7 

55 357.9 23.4 39.5 3.0 34 ESE 10.4 10.4 93.5 93.5 10.4 10.4 93.2 93.2 10.4 10.4 90.6 93.6 

56 976.5 63.9 39.5 2.3 50 W 28.3 28.3 83.2 83.2 28.3 28.3 83.5 83.5 28.4 28.4 86.3 86.3 

57 193.9 12.7 39.5 1.3 73 W 10.0 5.6 87.9 9.4 9.9 5.6 88.1 9.6 9.7 5.6 88.2 9.7 

58 400 26.2 39.5 1.7 36 NNE 11.7 11.7 80.1 80.1 11.7 11.7 79.9 79.8 11.6 11.6 77.5 77.5 

59 230 12.4 48.0 3.7 22 NW 8.3 5.5 88.4 28.6 8.2 5.5 87.4 28.6 8.0 5.5 87.9 32.5 

60 1190.6 61.5 50.0 2.0 59 W 27.5 27.5 84.0 84.0 27.5 27.5 84.4 84.4 27.3 27.3 85.7 85.7 

TOTAL 648.2 94.1 648.2 94.2 646.9 94.9 
 

*represents the evaluated irrigation events. 
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4. CONCLUSIONS 

The study aimed to improve the center-pivot model developed in Chapter IV to incorporate the 

effect of intra-irrigation variability of wind speed and direction. Also the cumulative effect of the 

individual irrigation applied along a crop irrigation season was also analysed. The conclusions 

drawn from this study indicated that: 

1. No significant differences between measured and simulated tower dynamics movement 

were observed for all the irrigation applied to the corn. The CP tower dynamic model 

accurately simulates the real tower dynamics. 

2. Farmer scheduling, with the observed problems to control CP irrigation, introduce 

important variability on water distribution pattern when considering the whole irrigation 

season. 

3. Uniformity coefficients as the Christiansen Uniformity coefficient or the standard 

deviation did not catch the observed variability of the water distribution pattern and 

should be carefully used to compare water distribution patterns of CP irrigation. 

4. The intra-irrigation variability of wind speed and direction has a clear effect on water and 

corn yield distribution patterns. 

5. The current tower dynamics of the commercial center-pivot analyzed has a moderate to 

low effect on water and yield distribution patterns.  

6. The center-pivot irrigation model proposed in this research accurately accounts for 

intermittent and discontinuous movement of the CP tower and intra-irrigation variability 

of wind speed and direction. The developed tool can be used to analyze the effect of these 

factors for different meteorological conditions and pivot designs. 



 CHAPTER V 
 

175 

REFERENCES 

Clark, G. A., Srinivas K., Rogers D. H., Stratton R., Martin V. L., 2003. Measured and simulated 

uniformity of low drift nozzle sprinklers. Trans. ASAE 46 (2): 321-330. 

Dechmi F, Playan E, Cavero J, Martinez-Cob A, Faci JM (2004) A coupled crop and solid set 

sprinkler simulation model: I. Model development. Journal of Irrigation and Drainage 

Engineering, ASCE 130(6): 499-510. 

Dukes M. D. 2006. Effect of wind speed and pressure on linear move irrigation system 

uniformity. Applied Engineering in Agriculture. ASABE 22(4): 541-548. 

Evans R. G., LaRue K., Stone K.C, King, B. A. 2013. Adoption of site-specific variable rate 

sprinkler irrigation systems. Irrig Sci. 31:871–887. 

Heermann D. E and Hein P. R., 1968. Performance characteristics of self-propelled center-pivot 

sprinkler irrigation system. T ASAE 11(1): 11-15. 

Kranz W L, Evans R. G., R. G., Lamm R. G., O’Shaughnessy S. A., Peters R. T. (2012). A 

review of mechanical move sprinkler irrigation control and automation technologies. Applied 

Engineering in Agriculture ASABE 28(3): 389-397. 

McCarthy Alison C, Hancok Nigel H, raine Steven R, 2014. Simulation of irrigation control 

strategies for cotton using model predictive control within the VARIwise simulation 

framework. Computers and Electronic in Agriculture 101: 135-147. 

Molle B, Le Gat Y, 2000. Model of water application under pivot sprinkler: II. Calibration and 

results. J Irrig Drain Eng 126(6): 348-354. 

Moreno M.A., Medina D., Ortega J.F., Tarjuelo J.M., 2012. Optimal design of center pivot 

systems with water supplied from wells. Agr Water Manage 107, 112– 121. 

Oficina del Regante, http://aplicaciones.aragon.es/oresa/ 

Or, D., Hanks, R.J., 1992. Soil water and crop yield spatial variability induced by irrigation non-

uniformity. Soil. Sci. Soc. Am. J. 56, 226-233. 

O’Shaughnessy SA, Urrego YF, Evett SR, Colaizzi PD and Howell TA, 2013. Assessing 

application uniformity of a variable rate irrigation system in a windy location. Applied 

Engineering in Agriculture. ASABE 29 (4):497-510. 

Sayyadi, H., Sadraddini, A.A., Farsadi Zadeh, D., Montero, J., 2012. Artificial neuralnetworks 

for simulating wind effects on sprinkler distribution patterns. Span JAgric Res 10 (4), 1143–

1154. 



 CHAPTER V 
 

176 

Walker W.R., Skogerboe G.V. (1987): Surface Irrigation: Theory and Practice. Prentice-Hall, 

Englewood Cliffs. 



 CHAPTER V 
 

177 

LIST OF PICTURES 

Picture V.1. The corn crop harvester. 
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CONCLUSIONES GENERALES 

De los distintos temas tratados sobre los modelos de riego por aspersión a lo largo de los 

capítulos de la presente tesis se puede concluir lo siguiente: 

 

En el capítulo II, se han ampliado los modelos de simulación de riego por aspersión en cobertura 

total incluyendo en la simulación los aspersores de borde (aspersores sectoriales y aspersores con 

placa deflectora). Se ha introducido nuevas consideraciones en el modelo balístico para simular el 

reparto de agua en el borde de la parcela, tales como, el efecto de la placa deflectora en el 

movimiento de las gotas y el uso del método de Monte-Carlo para generar gotas de diferentes 

diámetros. Los resultados estadísticos, r = 0.94, RMSE = 1 mm h-1, muestran que el modelo 

balístico reproduce con éxito el patrón de reparto de agua de los aspersores evaluados. Por otro 

lado, el modelo calibrado y validado reproduce el coeficiente de uniformidad (CUC) tanto en 

condiciones de viento en calma como en condiciones de viento fuerte de forma satisfactoria. El 

error estándar del proceso de calibración y validación del CUC fue de 3.46% y 4.35%, 

respectivamente. Del estudio del análisis de las diferentes alternativas del riego de los bordes de 

la parcela se puede concluir que los aspersores sectoriales (PC) son en cuanto a calidad del riego 

la mejor solución de entre las ensayadas en condiciones de viento alto. Sin embargo, cuando se 

aborda el análisis de forma global, toda la campaña de riego y la productividad económica (los 

costes de inversión, costes de explotación y los ingresos del cultivo de maíz), el aspersor DP 

parece ser el más adecuado para equipar los bordes de una parcela estrecha y alargada.  

 

En el capítulo III, se ha presentado una metodología para simular el reparto de agua de los 

emisores de plato fijo y de plato rotatorio (FSPS y RSPS) utilizando el análisis de la energía 

cinética de las gotas. Se ha determinado con éxito las velocidades de salida de las gotas para los 

diferentes tamaños de boquillas y presiones evaluadas por el método fotográfico (Salvador et al., 

2009). Las pérdidas de carga en los FSPS que ocasionan este tipo de platos deflectores se reducen 

con el incremento del tamaño del emisor, pasando del 80% para tamaños de boquilla pequeños (2 

mm) hasta valores del 45% para tamaños de boquillas superiores a 5 mm (a 138 kPa). Las 

pérdidas de carga en los RSPS que ocasionan este tipo de platos deflectores también se reducen 

con el incremento del tamaño del emisor, pasando del 85% para tamaños de boquilla pequeños (2 

mm) hasta valores del 58% para tamaños de boquillas superiores a 3.8 mm (a 138 kPa). Esta 
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relación puede ser útil para el diseño de nuevos emisores para las máquinas de riego por 

aspersión. 

En cuanto al modelo balístico, dicho modelo, una vez calibrado, reproduce los patrones de 

reparto de agua tanto en condiciones de viento en calma (r = 0,98 y r = 0,99 para FSPS y RSPS, 

respectivamente) como en condiciones de viento alto (r = 0,76 y r = 0,96 para FSPS y RSPS, 

respectivamente) de forma satisfactoria. Se ha presentado patrones de los parámetros D50, n, K1 y 

K2 en función del diámetro de la boquilla y la velocidad del viento, permitiendo simular la 

distribución del agua de los emisores FSPS y RSPS para tamaños de boquillas y condiciones 

meteorológicas no evaluados, pero dentro del rango de evaluación. 

 

En el capítulo IV, se ha desarrollado un modelo de simulación de riego de pivote que incorpora el 

movimiento intermitente y discontinuo de las torres que se producen en los pivotes con motores 

eléctricos, así como el reparto de agua de los FSPS. La caracterización experimental del 

movimiento mecánico de las torres del pivote utilizando GPS de alta precisión ha permitido 

proponer un modelo de movimiento, calibrarlo y validarlo. 

El acoplamiento del modelo de movimiento de las torres basado en los datos experimentales con 

el modelo balístico de distribución de agua de los emisores ha permitido reproducir con éxito la 

lámina media aplicada y la uniformidad del riego de un –pivote central. El modelo permite 

analizar el efecto de diferentes condiciones técnicas (presión de trabajo de las boquillas, cartas de 

boquillas y alineamiento de las torres) y meteorológicas (velocidad y dirección del viento). La 

falta de alineación de las torres empieza a ser relevante en la calidad del riego cuando el desfase 

angular es de 5º. Este efecto es más importante en la uniformidad circular que en la radial y en la 

total. Se observa que el viento tiene un efecto importante en la calidad del riego, disminuyendo la 

uniformidad cuando pasamos de viento bajo a medio y aumentando la uniformidad para viento 

fuerte. Por otro lado, el diseño de la carta de boquillas es el factor que más efecto tiene en la 

calidad del riego. 

 

En el último capítulo de la tesis se ampliaron las posibilidades de simulación del modelo de riego 

de pivote propuesto en el capítulo anterior. En este capítulo se incorpora al modelo la posibilidad 

de simular la variabilidad de la velocidad y dirección del viento a lo largo del riego. Esta 

variabilidad que es especialmente relevante en alguno de los riegos, tiene un claro efecto en la 

distribución del agua estacional y en la producción final del cultivo. El efecto acumulado del 

movimiento intermitente y discontinuo de las torres a lo largo de toda la campaña de riegos en el 
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patrón de reparto de agua estacional y en la producción del cultivo es muy pequeño, para el caso 

del pivote analizado. La herramienta desarrollada supone un avance importante en el 

conocimiento y análisis de los riegos aplicados con las máquinas pivote, pues permite analizar 

factores como el diseño de la carta de boquillas (FSPS y RSPS), las condiciones técnicas de 

trabajo (dos presiones de trabajo), la dinámica de las torres (longitud y número de torres, 

velocidad de marcha de las torres, calidad del mecanismo de alineación de las torres), así como la 

meteorología en el patrón de reparto de agua. La posibilidad de hacer un análisis estacional de 

todos los factores es otro importante avance en el campo de la investigación de riego con pivotes 

centrales.  

 

 

 

 

 



 

 



Introduction

Impact sprinklers have been replaced by the deve-
lopments of spray sprinklers commonly used in pivot
and linear move irrigation machines. These spray 
sprinklers use low pressure without affecting to the
irrigation quality (Omary & Sumner, 2001). The two
main designs of low-pressure spray sprinklers are the
f ixed spray plate sprinkler (FSPS) and the rotating

spray plate sprinklers (RSPS). Comparing FSPS to
RSPS, the first are cheaper and robust, while the se-
cond present more uniform water distribution pattern
(Faci et al., 2001; Playán et al., 2004). In general, the
FSPS has characteristics of large droplets, medium 
application coverage, minimal wind distortion and low
energy requirement. It is important to note that the
FSPS with lower price makes it more attractive and
competitive than the RSPS.

Simulating water distribution patterns for fixed spray plate
sprinkler using the ballistic theory
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Abstract

Ballistic simulation of the spray sprinkler for self-propelled irrigation machines requires the incorporation of the
effect of the jet impact with the deflecting plate. The kinetic energy losses produced by the jet impact with the spray
plate were experimentally characterized for different nozzle sizes and two working pressures for fixed spray plate
sprinklers (FSPS). A technique of low speed photography was used to determine drop velocity at the point where the
jet is broken into droplets. The water distribution pattern of FSPS for different nozzle sizes, working at two pressures
and under different wind conditions were characterized in field experiments. The ballistic model was calibrated to
simulate water distribution in different technical and meteorological conditions. Field experiments and the ballistic
model were used to obtain the model parameters (D50, n, K1 and K2). The results show that kinetic energy losses decrease
with nozzle diameter increments; from 80% for the smallest nozzle diameter (2 mm) to 45% for nozzle diameters
larger than 5.1 mm, and from 80% for the smallest nozzle diameter (2 mm) to 34.7% for nozzle diameters larger than
6.8 mm, at 138 kPa and 69 kPa working pressures, respectively. The results from the model compared well with field
observations. The calibrated model has reproduced accurately the water distribution pattern in calm (r = 0.98) and high
windy conditions (r = 0.76). A new relationship was found between the corrector parameters (K1’ and K2’) and the wind
speed. As a consequence, model simulation will be possible for untested meteorological conditions.
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a  b  s  t  r  a  c  t

The  simulation  of  center-pivot  performance  has  been  the  subject  of  research  efforts  since  the  1960s.
Center-pivot  models  frequently  use  empirical  equations  relating  pressure  and  sprinkler  radial  applica-
tion  pattern.  Individual,  stationary  water application  patterns  are  overlapped  and  the resulting  water
application  is mapped  in the  field.  Such  models  use  constant  tower  angular  velocity,  neglecting  the  effect
of tower  alignment.  In  this  work  the  discontinuous  tower  movement  has  been  experimentally  character-
ized  and  modelled,  and  a complete  model  has  been  developed  by using  a ballistic  model  of the  center-pivot
sprinklers  considering  nozzle  diameter,  operating  pressure  and  wind  speed.  A  detailed  kinetic  analysis
of  a  four-tower  commercial  center-pivot  was  performed.  Each  tower  was  monitored  using  a  high  pre-
cision  GPS,  recording  tower  positions  at high  frequency.  The  experimental  center-pivot  was  equipped
with  fixed  spray  plate  sprinklers  (FSPS).  Five  experimental  center-pivot  irrigation  events  were  evaluated
using  catch-cans.  The  analysis  of tower  location  data  permitted  to conclude  that  two  key variables  (linear
speed  and  switching  angle)  showed  normal  distribution  patterns.  The center-pivot  model  was validated
with  catch-can  data. Finally,  the simulation  tool  was  used  to  assess  the  effect  of variable  tower  alignment
quality,  center-pivot  travel  speed  and  wind  conditions  on  irrigation  performance.  Comparisons  were
performed  in  terms  of  radial,  circular  and  total  irrigation  uniformity.  Results  indicate  that  the  observed
tower  dynamics  had  no  measurable  effect  on  irrigation  uniformity.  Tower  alignment  quality  started  to
be  relevant  when  the switching  angle  lag  was  equal  to or larger than  2◦. In the  conditions  of  this  analysis,
wind  speed  showed  a clear effect  on uniformity.  As  wind  speed  increased,  uniformity  first  decreased  and
then  increased.  Further  research  is  required  to generalize  these  results  to other  center-pivot  sizes  and
designs  (sprinkler  packages).

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Self-propelled sprinkler irrigation machines have experienced
worldwide success because of their advantages relative to other
irrigation systems. Such advantages typically include: (1) high
potential for uniform and efficient water application; (2) high
degree of automation; and (3) ability to apply water and nutri-
ents over a wide range of soil, crop and topographic conditions
(Evans and King, 2012). For instance, self-propelled sprinkler
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irrigation machines irrigate 47% of the USA irrigated land, 20% of
the Brazilian irrigated land and 8% of the Spanish irrigated land.

Center-pivots can be driven by hydraulic or electric systems.
Hydraulic systems maintain all the towers in continuous motion,
maintaining a perfect alignment. Electric motion systems are the
most common, owing to their simplicity and low operating cost.
In these systems the outermost tower is the master unit, driving
the rest of towers in response to angular displacement of the pipe
section adjacent thereto. The intermittent movement of each inner
tower is dictated by the alignment between two adjacent spans.
The movement of the outermost tower is governed by a percentage
timer setting (PTS), which controls the ratio between the irrigation
system move time and the cycle time. The PTS value also deter-
mines the irrigation depth resulting from a complete rotation, by
controlling the machine angular speed. The operator selects the PTS
(or center-pivot travel speed) in the central power control panel.
At 100% PTS, the end tower moves continuously. At 50% PTS, the
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