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ABSTRACT

The use of variable speed drives to control irrigation pumping running speed is one of the
strategies to reduce energy consumption of center pivot systems operating on undulating
topography. By varying the frequency of the power supply as the lateral line rotates in the
field, pivot point pressure may be adjusted in order to decrease the excess pressure that is
dissipated by pressure regulators at each outlet. However, in order to reduce energy
consumption of a center pivot system operating with a variable speed drive without
compromising the center pivot water application uniformity, the pumping unit behavior, the
digital elevation model of the irrigated field, and the pressure distribution along the lateral line
must all be fully characterized. A detailed description of pressure distribution along a center
pivot lateral line and adequate knowledge of the minimum pressure point position along the
center pivot lateral are required in order to define strategies to reduce energy consumption in
center pivots operating with a variable pumping running speed. In this sense, this research
aimed to study the spatial distribution of pressure along center pivot lateral line in plots with
variable topography, and to analyze the energy conservation promoted by using variable
speed drives in center pivot pumping units. As described in article 1, pressure distributions
along a center pivot lateral line determined by four different analytical models were compared
to pressure distribution determined by numerical solutions provided by the EPANET
hydraulic simulator. Several different lateral line configurations were considered in this study:
lateral line with one and two pipe diameters, application of different gross irrigation depths
per revolution time, different values of the pipe wall roughness coefficients, different values
of the ground slope, and lateral lines operating with and without an end gun. For all different
center pivot lateral line configurations considered, two different friction head loss equations
were used: the Darcy-Weisbach equation, and the Hazen-Williams equation. Regardless of
friction head loss equation considered, the estimates of head loss distribution obtained with
the four analytical solutions were very similar to those calculated with the EPANET hydraulic
simulator. These results indicate that the detailed description of the flow distribution along the
center pivot lateral line that is required by the numerical method did not improve the accuracy
of the head loss distribution. In addition, the tedious process of editing input files required by
EPANET may be restricted for its use. In this sense, in article 2 the VSPM (Variable Speed
Pivot Model) was developed to perform hydraulic and energy analyses of center pivot systems
using the EPANET hydraulics engine. Besides improving the process of editing EPANET
input files, this tool can determine, using any type of digital elevation model, the elevation of
each tower for each angular position of the center pivot lateral line. It is also capable of
simulating, in an accurate manner, the performance of the center pivot controlled with a VSD.
The possible reduction in energy consumption with the use of a VSD was simulated for a
center pivot system located in Albacete (Spain), in an irrigated area presenting a 15.3 m
maximum topographic elevation difference. This simulation indicated that energy
consumption with a VSD is 12.2% lower than the energy consumption observed with the
commonly used fixed pumping running speed. This reduction in energy consumption
correspond to a reduction of 2,821.47 € on energy consumption expenses.

Keywords: Center pivot irrigation. Pressure distribution. Head loss correction factor.
Hydraulic model. Energy consumption. Variable pumping running speed.



RESUMO

O uso de inversores de frequéncia para controlar a velocidade de operagédo do bombeamento
de irrigacdo € uma das estratégias para reduzir 0 consumo de energia em pivos centrais que
operam em areas com topografia ondulada. Ao variar a frequéncia da fonte de alimentacéo a
medida que a linha lateral gira no campo, a pressdo do ponto de articulacdo pode ser ajustada
para diminuir a pressdo excessiva dissipada pelas valvulas reguladoras de pressdo em cada
saida. No entanto, para reduzir o consumo de energia de um pivd central que opera com um
inversor de frequéncia sem comprometer a uniformidade da aplicagdo da &gua, o
comportamento da unidade de bombeamento, o0 modelo digital de elevacdo da area irrigada e
a distribuicdo de presséo ao longo da linha lateral devem ser totalmente caracterizados. Uma
descricdo detalhada da distribuicdo de pressdo e o conhecimento adequado da posi¢do do
ponto de minima pressdo ao longo da linha lateral sdo necessarios para definir estratégias para
reduzir o consumo de energia em pivos centrais que operam com uma velocidade de operacao
de bombeamento variavel. Nesse sentido, esta pesquisa teve como objetivo estudar a
distribuicdo espacial da pressdo ao longo da linha lateral do pivd central em parcelas com
topografia ondulada e analisar a conservacdo de energia promovida pelo uso de inversor de
frequéncia em sua unidade de bombeamento. Conforme descrito no artigo 1, as distribuicdes
de pressdo ao longo de uma linha lateral do pivo central determinada por quatro diferentes
modelos analiticos foram comparadas a distribuicdo de pressdo determinada por solucfes
numéricas fornecidas pelo EPANET. Diversas configuragdes de linha lateral foram
consideradas neste estudo: linha lateral com um e dois didmetros de tubo, aplicacdo de
diferentes laminas de irrigacdo por tempo de giro, diferentes valores dos coeficientes de
rugosidade da parede do tubo, diferentes valores da inclinacdo do terreno e linhas laterais
operando com e sem canhdo final. Para todas as diferentes configuragdes de linha lateral do
pivé central consideradas, foram comparadas duas equacdes de perda de carga diferentes: a
equacdo de Darcy-Weisbach e a equacdo de Hazen-Williams Os resultados mostraram que,
independentemente da equacdo de perda de carga considerada, as quatro solucGes analiticas
apresentaram estimativas de valores de perda muito semelhantes aos calculados com o
EPANET. Esses resultados indicam que a descricdo detalhada da distribuicdo de vazédo ao
longo da linha lateral do piv6 central exigida pelo método numérico ndo melhorou a precisdo
da distribuicdo de perda de carga. Além disso, 0 tedioso processo de edi¢do dos arquivos de
entrada exigido pelo EPANET pode ser uma restricdo para o seu uso. Nesse sentido, no artigo
2, 0 VSPM (Variable Speed Pivot Model) foi desenvolvido para realizar analises hidrulicas e
de energia de sistemas de irrigacdo do tipo pivd central usando o EPANET. Além de melhorar
0 processo de edicdo dos arquivos de entrada EPANET, esta ferramenta pode determinar,
usando qualquer tipo de modelo digital de elevacdo, a elevacdo de cada torre para cada
posicdo angular da linha lateral do pivO central. Também é capaz de simular, de maneira
precisa, 0 desempenho do pivé central controlado com um inversor de frequéncia. A possivel
reducdo no consumo de energia com o uso de um inversor de frequéncia foi simulada para um
pive central localizado em Albacete (Espanha), em uma é&rea irrigada com uma diferenca
méaxima de elevacdo de 15,3 m. Esta simulacdo indicou que o consumo de energia com um
inversor de frequéncia é 12,2% menor que o0 consumo de energia observado com a operagdo
de bombeamento a velocidade fixa, permitindo uma economia proxima a 2.821,47 €.

Palavras-chave: Pivo central. Distribuicdo de pressdo. Fator de correcdo da perda de carga.
Modelo hidraulico. Consumo de energia. Velocidade variavel de operacdo de bombeamento.
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1 GENERAL INTRODUCTION

A major global concern for the coming years will be the supply of food in quantity and
quality to meet demands of an increasing world population that is foreseen to achieve 9.15
billion inhabitants by the year 2050 (ALEXANDRATOS; BRUINSMA, 2012; PEREIRA,
2017). Thus, increasing food production to meet this demand is a challenge for agricultural
professionals and requires studies on techniques that increase production efficiency.
Increasing efficiency in food production requires improving all production processes,
including improving both water use efficiency and energy use efficiency of irrigation systems.
Irrigated agriculture represents 16% of the world's cultivated area and expects to produce 44%
of world food production by 2050 (ALEXANDRATOS; BRUINSMA, 2012; PEREIRA,
2017; WBCSD, 2014).

Sustainable use of water resources could be accomplished by improving irrigation
systems, thereby reducing the amount of water required to satisfy crop water requirements. In
this regard, technological developments in infrastructures of irrigation systems contribute to
increase water use efficiency. However, according to Tarjuelo et al. (2015), in recent years,
increases on irrigation systems water use efficiency have been associated to a significant
increase on electric energy consumption of irrigation systems. Higher consumer demand,
coupled with a lack of investment in the generation, transmission and distribution sectors have
been slowing the increase on electric energy supply. In a scenario of slowing increase on
electric energy supply and growing demand, electric energy cost has been increasing, forcing
consumers to seek various forms of energy savings, including improving electric efficiency
use.

Sprinkler irrigation systems represent around 11% (35 million hectares) of the total
irrigated areas in the world. Within this method, the most outstanding systems are set systems,
traveling guns, center pivots, and linear-moving laterals (KELLER; BLIESNER, 1990). With
eight million hectares of irrigated area, the center pivot system represents 23% of the area
irrigated by sprinkler systems (AQUASTAT, 2014).

Center pivot irrigation systems apply water through several water outlets installed
along a moving lateral line that rotates around a fixed point, installed at the center of a
circular irrigated area (FRIZZONE et al., 2018; KELLER; BLIESNER, 1990). When

compared with other irrigation systems, center pivots are flexible, easily to operable, and
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present reduced labor and maintenance costs. Center pivot irrigation systems can achieve
higher levels of irrigation efficiency and can be operated on terrains with variable topography
(FOLEGATTI; PESSOA; PAZ, 1998). However, the cost of the equipment and its high
energy demand are some of main limitations of center pivot irrigation systems.

Gilley and Watts (1977) suggested several changes in center pivot systems in order to
reduce energy consumption: switching from high and medium pressure sprinklers to low
pressure ones, changing nozzle size and spacing, or changing irrigation intervals and
improving maintenance in order to increase pumping station efficiency. Valiantzas and
Dercas (2004) developed a method to select the length of segments with different diameters
from the lateral line, therefore minimizing the sum of lateral line total cost and consumed
energy. Moreno et al. (2008) developed a new methodology to obtain pump characteristic
curves, thereby minimizing the costs of the pumping station. In a later study, Moreno et al.
(2012) stated that the energy consumption of a center pivot, which irrigates an area of 75 ha,
can be minimized by adopting measures like increasing the lateral line’s diameter, reducing
the equipment’s operating time, and increasing the flow per unit of area. While assessing the
behavior of different energy efficiency indicators for a center pivot operating in an undulating
topography terrain, Barbosa et al. (2018) concluded that, in order to keep adequate levels of
energy used efficiency levels, center pivot machines must be continuously monitored.

Center pivot pumping stations are usually designed according to the “worst case
scenario”, to ensure enough water and pressure at every location in the field. The pumping
unit is designed to meet the most critical situation, i.e. when the moving lateral line achieves
the highest elevation point in the irrigated area, requiring the greatest pumping pressure
(KING; WALL, 2000). However, due to topographic differences, pressure requirements may
change as the lateral line rotates over the irrigated area. This means that the pumping station is
oversized during most part of the lateral line rotation, wasting energy as excess pressure is
dissipated on the pressure regulators at each outlet. One of the solutions to decrease energy
waste, and consequently reducing energy consumption of irrigation systems pumping stations
and/or irrigated perimeters, is the use of variable speed drives to adequate the energy supply
to the actual energy system demand (FERNANDEZ GARCIA et al., 2017).

Several researches have been conducted studies to verify the performance of variable
speed drives in pumping stations, either for irrigated perimeters or for center pivot irrigation
systems (AIT KADI et al., 1998; ALANDI et al., 2005; BRAR et al., 2017b, 2019b;
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FERNANDEZ GARCIA et al., 2017; HANSON; WEIGAND; ORLOFF, 1996; KING;
WALL, 2000; LAMADDALENA; KHILA, 2012; MORENO et al., 2012). According to
Hanson et al. (1996), the greatest potential for energy savings with variable speed drives
occurs in a scenario of high electric energy rates, large horsepower reduction and long
operating hours at the reduced horsepower demand. In a site where a deep-well turbine pump
supplied water for several center pivots, Hanson et al. (1996) concluded that, when the pump
is used to irrigate only one center pivot machine, a variable frequency drive would reduce the
horsepower demand by 32%. Lamaddalena and Khila (2012) showed that 27% to 35% of
energy savings can be achieved using variable speed drive in two Italian irrigation districts
operating with three parallel horizontal axis pumps. In a study involving 100 standard center
pivots systems installed in Nebraska (USA), Brar et al. (2017) reported that the largest
potential for energy reduction (9.6%) was observed in a region with the largest elevation
difference (13.6 m) between the pivot point and the highest point traversed by a pivot tower.

King and Wall (2000) stated that the optimum efficiency in terms of energy and water
use can be achieved when the pumping station is able to maintain the required minimum
pressure regardless of the operating conditions. Scaloppi and Allen (1993) stated that the
point of minimum pressure is constantly moving along the lateral line because it is influenced
by the topography of the irrigated area; they also presented theoretical bases for the
calculation of this movement. However, a pumping unit working with the minimum pressure
required by an irrigation system is not a guarantee of a power consumption at its minimum
level, because variations in the pump operational point may cause reduction on pump
efficiency, and, at lower line power frequencies, both electric motor efficiency and VFD
efficiency may also suffer significant reductions (FERNANDEZ GARCIA; MORENO;
RODRIGUEZ DIAZ, 2014; MORENO et al., 2010). Therefore, reliable energy saving
estimates must also consider factors that may affect variable frequency drives efficiency
instead of assuming a high and constant value of VVFD efficiency, (FERNANDEZ GARCIA;
MORENO; RODRIGUEZ DIAZ, 2014).

Brar et al. (2017, 2019) described the advantages, in terms of energy consumption
reduction, that could be obtained when the value of total dynamic head provided by the
pumping unit is automatically adjusted in order to attend changes on topographic elevations at
different angular positions assumed by the lateral line during its rotation over the irrigated

area. However, as reinforced by Brar et al. (2017), in order to reduce energy consumption of a
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center pivot system operating with a variable speed pumping unit without compromising its
water application uniformity, the pumping unit behavior, the digital elevation model of the
irrigated field, and the pressure distribution along the lateral line must all be fully
characterized.

The adequate description of friction head loss distribution along a center pivot lateral
line has several practical applications, including VFD economic viability studies. The
description of friction head loss distribution along a center pivot lateral has been receiving the
attention of many researchers. Since the pioneer paper of Chu and Moe (1972) up to the
publication of Tabuada (2014) proposal’s for computation of head loss distribution along
center pivot lateral lines operating with and without an end gun sprinkler, several other
analytical models were proposed (ALAZBA, 2005; ALAZBA et al., 2012; ANWAR, 1999,
2000; BERNUTH, 1983; REDDY; APOLAYO, 1988; SADEGHI; PETERS, 2013;
TABUADA, 2011; VALIANTZAS; DERCAS, 2005). The performance of such analytical
models has been assessed based on the order of magnitude of deviations of analytical
estimates regarding the numeric solution of the same problem (SCALOPPI; ALLEN, 1993a;
VALIANTZAS; DERCAS, 2005). However, studies assessing the relative performance of
different analytical are lacking. Furthermore, the calculation process used on numerical
solutions is not always adequately described, thus making harder the comparison among
different analytical models described in the literature.

The EPANET hydraulic simulator (ROSSMAN, 2000) is a tool that has been used by
several researchers to simulate water distribution systems (COBO et al., 2011; CORCOLES;
TARJUELO; MORENO, 2016; FERNANDEZ GARCIA et al., 2017; GARCIA-GONZALEZ
et al., 2015; JIMENEZ-BELLO et al., 2011; PEREZ-SANCHEZ et al., 2016). Thus the
EPANET hydraulic simulator (ROSSMAN, 2000) could be used as as standard tool for
determining friction head loss distribution along a center pivot lateral lines.

Two articles were developed to compose the present thesis that has as general
objective the study of the spatial distribution of pressure head along center pivot lateral lines
operating on irrigated plots with variable topography as a tool for assessing energy reduction
consumption that may be achieved with the use of a variable speed drives to adequate the
energy suppled by the pumping unit to the actual energy system demand.

The first article, entitled “Pressure Distribution on Center Pivot Lateral Lines:

Analytical Models Compared to EPANET 2.0”, was submitted to the Journal of Irrigation
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and Drainage Engineering. This article covers the comparison of pressure distribution values
along center pivot lateral lines, operating with and without an end gun, that were obtained by
five different process including four analytical models, that were proposed by Anwar (2000),
Scaloppi and Allen (1993b), Tabuada (2011) and Valiantzas and Dercas (2005), and one
numerical solution, obtained through the EPANET hydraulic simulator. The main result of
this study was the validation of EPANET as a center pivot lateral line analysis tool. However,
the tedious process of editing EPANET input files may restrict the use of this software as
center pivot hydraulic analysis tool.

The second article, entitled “Feasibility of the Use of Variable Speed Drives in Center
Pivot Systems Installed in Plots with Variable Topography”, was published in the scientific
journal Water, covers the development of a model (VSPM - Variable Speed Pivot Model).
This model was developed to facilitate the process of editing EPANET input files and,
furthermore, to perform the simulation of the hydraulic behavior of a center pivot system
operating whit variable pumping running speed. This second article aimed to determine the
feasibility of including variable speed drives in pumping stations for center pivot irrigation
systems operating in variable topography plots. Considering this objective, the hydraulic
simulation model of the pivot was integrated into a simulation model of the pumping station
so that, with data related to topography, flow rate, and pressure, the power supply could be
adjusted to the actual requirement of the system. In addition, it is useful to determine the
potential of reduction from the perspective of the energy, economics, and sustainability of the

installation of the variable speed drives in these irrigation systems.
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2 GENERAL DISCUSSION

2.1 Concludind remarks

This research was developed to evaluate pressure distributions in different center pivot
lateral line configurations through hydraulic simulations performed with the EPANET
software. Pressure distribution simulations were later used in analyzing, based on reduction in
energy consumption achieved, the feasibility of including a variable speed driver (VSD) in the
center pivot pumping unit.

Different center pivot lateral lines configurations were hydraulically simulated with
the EPANET engine. Pressure distributions obtained with EPANET were compared to
pressure distributions computed with four different analytical models. Pressure distributions
obtained by the different analytical processes were very similar to the ones obtained with the
EPANET software, indicating that EPANET can be used as a hydraulic analysis tool for
center pivot irrigation systems. A hydraulic model was also developed by aggregating
topographic and energetic characteristics of a center pivot system located in Albacete (Spain).
This model allowed us to verify the feasibility of including a variable speed driver (VSD) in
the pumping station and the possible reduction in energy consumption of this equipment for a

maize crop irrigation season.

2.2 General conclusions

Pressure distributions along center pivot lateral lines computed by using four different
analytical models were very similar to the ones computed by using the EPANET hydraulic
simulator. Thus, the use of EPANET as a center pivot lateral line hydraulic simulation tool
was validated, however the tedious editing process of EPANET input files is a limiting factor
for its use as a tool to support irrigation professionals.

For the data set of pressure distributions computed with the Darcy-Weisbach head loss
equation, that considers a flow rate exponent a with an integer value equal to 2.00, the use of
the more complex analytical solution (TABUADA, 2011) did not improve the relative
deviation in relation to pressure values computed with the EPANET software. For the a= 2.00

data set, all analytical solutions becoming equal to the solution proposed by Anwar (2000).
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However, for the data set of pressure distributions computed using the Hazen-Williams head
loss equation, that considers a flow rate exponent a with a non-integer value equal to 1.852,
the analytical solution proposed by Tabuada (2011) presented a maximum relative deviation
of head loss values in relation to the numerical solution computed with EPANET software of
the order of 0.027%, followed by model proposed by Valiantzas and Dercas (2005) (0.106%),
Scaloppi and Allen (1993) (0.933%) and Anwar (2000) (4.878%).

The VSPM -Variable Speed Pivot Model tool developed in this study was able to
provide accurate estimates of energy consumption reduction that may be achieved by
introducing variable frequency drives in center pivot irrigation systems that operate on an
undulating terrain. For an irrigated area located in Albacete, Spain, presenting a maximum
topographic elevation difference of 15.3 m, this tool was able to estimate an annual average
energy savings close to 14,107.35 kWh, when using a variable instead pumping running speed
of a constant pumping running speed. This reduction in energy consumption correspond to a

reduction of 2,821.47 € on energy consumption expenses.



20

REFERENCES

AIT KADI, M. et al. Study on the possibility of energy saving in an irrigation system
equipped with pumping station [Morocco]. Irrigazione e Drenaggio, v. 45, p. 25-30, 1998.

ALANDI, P. P. et al. Pumping Selection and Regulation for Water-Distribution Networks.
Journal of Irrigation and Drainage Engineering, v. 131, n. 3, p. 273-281, 2005.

ALAZBA, A. A. Calculating F factor for center-pivots using simplified formula and modified
Christiansen equation. Journal of King Saud University - Science, v. 17, n. 2, p. 85-99,
2005.

ALAZBA, A. A. et al. Field Assessment of Friction Head Loss and Friction Correction Factor
Equations. Journal of Irrigation and Drainage Engineering, v. 138, n. 2, p. 166-176, 2012.

ALEXANDRATOS, N.; BRUINSMA, J. World agriculture towards 2030/2050: the 2012
revision. ESA Working paper No. 12-03. Rome, FAO., v. 12-03, n. Query date: 2017-11-
06, p. 153, 2012.

ANWAR, A. A. Friction correction factors for center-pivots. Journal of Irrigation and
Drainage Engineering, v. 125, n. 5, p. 280-286, 1999.

ANWAR, A. A. Correction Factors for Center Pivots with End Guns. Journal of Irrigation
and Drainage Engineering, v. 126, n. 2, p. 113-118, 2000.

AQUASTAT. FAO’s global water information system. FAO, p. 2014, 2014.

BARBOSA, B. D. S. et al. Energy Efficiency of a Center Pivot Irrigation System.
Engenharia Agricola, v. 38, n. 2, p. 284-292, 2018.

BERNUTH, R. D. VON. Nozzling Considerations for Center Pivots with End Guns.
Transactions of the ASAE, p. 419-422, 1983.

BRAR, D. et al. Energy Conservation Using Variable-Frequency Drives for Center-Pivot
Irrigation: Standard Systems. Transactions of the ASABE, v. 60, n. 1, p. 95-106, 2017a.

BRAR, D. et al. Energy conservation using variable-frequency drives for center-pivot



21

irrigation: Standard systems. Transactions of the ASABE, v. 60, n. 1, p. 95-106, 2017b.

BRAR, D. et al. Energy Conservation using Variable Frequency Drivas for Center-Pivot
Irrigation Systems Equipped with Corner Watering Attachments. v. 62, n. 5, p. 1395-1408,
2019a.

BRAR, D. et al. Energy Conservation using Variable Frequency Drives for Center Pivot
Irrigations Systemas Equipped with Corner Watering Attachments. Transactions of the
ASABE, v. 62, n. 5, p. 1395-1408, 2019b.

CHU, S. T.; MOE, D. L. Hydraulics of a Center Pivot System. Transactions of the ASAE, p.
894-896, 1972.

COBO, M. T. C. et al. Low energy consumption seasonal calendar for sectoring operation in
pressurized irrigation networks. Irrigation Science, v. 29, n. 2, p. 157-169, 2011.

CORCOLES, J. I.; TARJUELO, J. M.; MORENO, M. A. Methodology to improve pumping
station management of on-demand irrigation networks. Biosystems Engineering, v. 144, p.
94-104, 2016.

FERNANDEZ GARCIA, . et al. Optimal Design of Pressurized Irrigation Networks to
Minimize the Operational Cost under Different Management Scenarios. Water Resources
Management, v. 31, n. 6, p. 1995-2010, 2017.

FERNANDEZ GARCIA, I.; MORENO, M. A.; RODRIGUEZ DIAZ, J. A. Optimum
pumping station management for irrigation networks sectoring: Case of Bembezar Ml
(Spain). Agricultural Water Management, v. 144, p. 150-158, 2014.

FOLEGATTI, M. V.; PESSOA, P. C. S.; PAZ, V. P. S. Avaliacdo do desempenho de um Pivd
Central de Grande Porte e Baixa Pressdo. Scientia Agricola, v. 55, n. 1, p. 119-127, jan.
1998.

FRIZZONE, J. A. et al. Irrigacdo por aspersao: sistema pivo central. 1% ed. Maringa:
Editora UEM, 2018.

GARCIA-GONZALEZ, J. F. et al. Use of software to model the water and energy use of an
irrigation pipe network on a golf course. Agricultural Water Management, v. 151, p. 37-42,
2015.



22

GILLEY, J. R.; WATTS, D. G. Possible Energy Savings in Irrigation. Journal of the
Irrigation and Drainage Division, v. 103, n. 4, p. 445-457, 1977.

HANSON, B. R.; WEIGAND, C.; ORLOFF, S. Variable-frequency drives for electric
irrigation pumping plants save energy. Calif Agric, v. 50, p. 36-39, 1996.

JIMENEZ-BELLO, M. A. et al. Analysis, assessment, and improvement of fertilizer
distribution in pressure irrigation systems. Irrigation Science, v. 29, n. 1, p. 45-53, 2011.

KELLER, J.; BLIESNER, R. D. Sprinkle and Trickle Irrigation. Van Nostrand Reinholh,
New York: [s.n.].

KING, B. A.; WALL, R. W. Distributed Instrumentation for Optimum Control of Variable
Speed Eletric Pumping Plants with Center Pivots. Applied Engineering in Agriculture, v.
16, n. 1, p. 45-50, 2000.

LAMADDALENA, N.; KHILA, S. Energy saving with variable speed pumps in on-demand
irrigation systems. Irrigation Science, v. 30, n. 2, p. 157-166, 2012.

MORENO, M. A. et al. Development of a new methodology to obtain the characteristic pump
curves that minimize the total cost at pumping stations. Biosystems Engineering, v. 102, n. 1,
p. 95-105, 2008.

MORENO, M. A. et al. Energy efficiency of pressurised irrigation networks managed on-
demand and under a rotation schedule. Biosystems Engineering, v. 107, n. 4, p. 349-363,
2010.

MORENO, M. A. et al. Optimal design of center pivot systems with water supplied from
wells. Agricultural Water Management, v. 107, p. 112-121, 2012.

PEREIRA, L. S. Water, Agriculture and Food: Challenges and Issues. Water Resources
Management, v. 31, n. 10, p. 2985-2999, 2017.

PEREZ-SANCHEZ, M. et al. Modeling irrigation networks for the quantification of potential
energy recovering: A case study. Water (Switzerland), v. 8, n. 6, 2016.



23

REDDY, J. M.; APOLAYO, H. Friction Correction Factor For Center-Pivot Irrigation
Systems. Journal of Irrigation and Drainage Engineering, v. 114, n. 1, p. 183-185, 1988.

ROSSMAN, L. A. EPANET 2: User Manual. Cincinnati US Environmental Protection
Agency National Risk Management Research Laboratory, n. September, p. 104, 2000.

SADEGHI, S. H.; PETERS, T. Adjusted friction correction factors for center-pivots with an
end-gun. Irrigation Science, v. 31, n. 3, p. 351-358, 2013.

SCALOPPI, E. J.; ALLEN, R. G. Hydraulics of Irrigation Laterals: Comparative Analysis.
Journal of Irrigation and Drainage Engineering, v. 119, n. 1, p. 91-115, 1993a.

SCALOPPI, E. J.; ALLEN, R. G. Hydraulics of Center Pivot Laterals. Journal of Irrigation
and Drainage Engineering, v. 119, n. 3, p. 554-567, 1993b.

TABUADA, M. A. Friction Head Loss in Center-Pivot Laterals with Single Diameter and
Multidiameter. Journal of Irrigation and Drainage Engineering, v. 140, n. 10, p.
04014033, 2011.

TABUADA, M. A. Friction Head Loss in Center-Pivot Laterals with the Lateral Divided into
Several Reaches. Irrigation & Drainage Systems Engineering, v. 2, n. 1, 2014.

TARJUELDO, J. M. et al. Efficient water and energy use in irrigation modernization : Lessons
from Spanish case studies. Agricultural Water Management, v. 162, p. 67—77, 2015.

VALIANTZAS, J. D.; DERCAS, N. Economic Design of Center-Pivot Sprinkler Laterals.
Journal of Irrigation and Drainage Engineering, v. 130, n. 6, p. 491-498, 2004.

VALIANTZAS, J. D.; DERCAS, N. Hydraulic Analysis of Multidiameter Center-Pivot
Sprinkler Laterals. Journal of Irrigation and Drainage Engineering, v. 131, n. 2, p. 137—
146, 2005.

WBCSD. Water, food and energy nexus challenges. World Business Council for
Sustainable Development, 2014.



2" CHAPTER - ARTICLES

24



25

ARTICLE 1 - PRESSURE DISTRIBUTION ON CENTER PIVOT LATERAL LINES:
ANALYTICAL MODELS COMPARED TO EPANET 2.0

Avrticle elaborated according to standards of the Journal of Irrigation and Drainage
Engineering, ISSN: 0733-9437 (preliminary version)



26

Pressure Distribution on Center Pivot Lateral Lines: Analytical Models Compared to
EPANET 2.0

Victor B. S. Baptistal; Alberto Colombo?; Brenon D. S. Barbosa; Livia A. Alvarenga®,

Adriano V. Diotto®

! Professor, Agricultural Enginner, Engineering Dept., Univ. of Lavras, Campus Universitario 3037,
Lavras, Brazil (corresponding author). E-mail: victor.buonosb@ufla.br

2 Professor, Agricultural Enginner, Engineering Dept., Univ. of Lavras, Campus Universitario 3037,
Lavras, Brazil. E-mail: acolombo@ufla.br

3 Researcher, Agricultural Enginner, Posgraduate Agricultural Enginnering, Univ. of Lavras, Campus
Universitario 3037, Lavras, Brazil. E-mail: b.diennevan@hotmail.com

* Professor, Agricultural Enginner, Engineering Dept., Univ. of Lavras, Campus Universitario 3037,
Lavras, Brazil. E-mail: livia.aalvarenga@ufla.br

> Professor, Agricultural Enginner, Engineering Dept., Univ. of Lavras, Campus Universitario 3037,

Lavras, Brazil. E-mail: adriano.diotto@ufla.br

Abstract

The analysis of friction head loss spatial distribution along center pivot lateral lines represents
an important step when evaluating energy use efficiency of center pivot irrigation systems.
This work compares head loss spatial distribution along center pivot lateral lines computed
with the hydraulic simulator EPANET 2.0 with head loss spatial distribution predicted by four
different analytical models. For the different center pivot lateral line configurations
considered in this study, two different sets of values where compared: the Darcy-Weisbach
equation was used for the first set, while the Hazen-Williams equation was used on the second
set. On both sets, the four analytical solutions assessed in the current work estimated the head
loss values similar to those computed by the hydraulic simulator EPANET 2.0. These results
indicate that the detailed description of flow rate distribution along the center pivot lateral line

required by the numerical method did not improve the accuracy of the head loss distribution.
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On the data set of values based on Hazen-Williams equation, the analytical solution,
associated with the most complex mathematical expression, provided the lowest deviation in
relation to head loss values computed by EPANET 2.0. On the data set of values based on the
Darcy-Weisbach, assuming a fully turbulent flow regime, the four analytical models presented

the same deviation in relation to the values computed by EPANET 2.0.

Keywords: Center pivot irrigation; Pressure distribution; Head loss correction factor; End gun

sprinkler.

Introduction
The adequate knowledge on the spatial distribution of head loss along the length of

center pivot lateral lines has increased practical applications for development of strategies to
reduce the energy consumption in these irrigation systems. Based on the spatial distribution
pattern of head loss along center pivot lateral lines, Valiantzas and Dercas (2004) developed a
method to select the length of segments with different diameters from the lateral line,
therefore minimizing the sum of the line total cost and consumed energy. Brar et al. (2017,
2019) described the advantages, in terms of energy consumption reduction, that could be
attained when the value of total dynamic head provided by the pumping unit is automatically
adjusted to attend topographic variation of different angular positions assumed by the lateral
lines during its rotation on the irrigated area. Such adjustment avoids that the maximum value
of total dynamic head (that meet the greatest condition of topographic difference along the
entire rotation of lateral line) is applied at lower topographic differences. However, as
reinforced by Brar et al. (2017), in order to reduce energy consumption of a center pivot

system operating with a variable speed pumping unit without compromising its water
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application uniformity, the pumping unit operation, the digital elevation model of the irrigated
field, and the pressure distribution along the lateral line must all be fully characterized.

Due to several practical applications that require a detailed description of the head loss
distribution along the length of a center pivot lateral, this topic has received the attention of
several researches. Since the publication of the pioneer work of Chu and Moe (1972) until the
most recent proposal of Tabuada (2014), several alternatives were published on the analytical
calculation of friction head loss distribution along center pivot lateral lines. The performance
of such analytical models has been assessed based on the order of magnitude of deviations of
estimates regarding the numeric solution of the same problem (Scaloppi and Allen 1993a;
Valiantzas and Dercas 2005). However, studies comparing the relative performance of
different analytical with the results of the same numerical solution models are lacking.
Furthermore, the calculation process used on numerical solutions is not always adequately
described, thus making harder the comparison among different analytical models described in
the literature.

The present work aimed to compare the performance of four different analytical
models that have been used to calculate the spatial distribution of the head loss along center
pivot lateral line. The performance of Scaloppi and Allen (1993a), Anwar (2000), Valiantzas
and Dercas (2005) and Tabuada (2011) models were compared in this study. These models
were developed from the same basic hypothesis of continuous discharge of water along an
irrigation lateral line of radial displacement, however they result in mathematical expressions
with different levels of complexity. The Anwar (2000) model is associated to the simplest
mathematical expression among the four evaluated models, while the solution proposed by
Tabuada (2011) requires the evaluation of the hypergeometric function for different values

assumed by its arguments.
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In the present work, the numerical solutions used in assessing the performance of
different analytical models were obtained by hydraulic simulations carried out with the
software EPANET 2.0 (Rossman 2000). The use of such software ensures the quality of the
numerical solutions, since the quality of hydraulic simulations of EPANET 2.0 has been
extensively validated by several studies (Corcoles et al. 2016; Fernandez Garcia et al. 2017;
Garcia-Gonzalez et al. 2015; Moreno et al. 2008). Moreover, since EPANET 2.0 has an open
source and is freely distributed, the detailed description of EPANET’s input files that were
developed for this study will allow other researchers the opportunity to reproduce the same

numerical results presented along this paper.
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Material and Methods

Validation of EPANET 2.0 numerical solutions
Considering that all numerical solutions were carried on with the hydraulic simulator

EPANET 2.0 (Rossman 2000), the first step of the present work involved the assessment of
the procedure used for creating EPANET 2.0 input files. The assessment process was based
on thel9 values of total head loss along center pivot lateral lines that are shown in Table 1.
These values were reported by Valiantzas and Dercas (2005). A standard numerical method
(stepwise method) was used to determine these head loss values. All 19 lateral lines
configurations shown in Table 1 are 402 m long (Lt) and present 134 outlets at uniform 3 m
spacing. The first eighteen of such configurations considered a center pivot lateral operating
without an end gun sprinkler. These first eighteen configurations were obtained by combining
three different inner pipe diameter options, three different values of pipe wall absolute
roughness (¢ = 0.03 mm, ¢ = 0.10 mm and ¢ = 0.40 mm) and two different gross irrigation
depth values (dg = 5 mm and dg = 12 mm) applied in a 24 h center pivot lateral line
revolution time. As indicated in Table 1, the following three pipe diameter options were
considered: (i) a 402 m long lateral line with a 0.168 m pipe diameter; (ii) a 402 m long lateral
line with a 0.127 m pipe diameter, and (iii) a 402 m long lateral composed by a 201m long
upstream section with the largest piper diameter (0.168 m) and a 201m long downstream
section with the smaller pipe diameter (0.127 m). For the nineteenth configuration presented
in Table 1, an end gun sprinkler with a 22.716 m® h™ discharge was considered in the 402 m
long lateral, presenting a 252 m long upstream segment with a 0.168 m pipe diameter and a
150 m long downstream segment with a 0.127 m pipe diameter. For this nineteenth

configuration, the pipe wall absolute roughness value was set as ¢ = 0.15 mm and the outlets
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flow rate values were computed based on a 8 mm gross irrigation depth applied within a 24 h

center pivot rotation time.

Table 1. Configurations of the center pivot lateral line, numerical estimates of head
loss (th:LT ) of Valiantzas and Dercas (2005) and EPANET 2.0, with the respective deviations

in relation to EPANET 2.0.

Lateral characteristics®

(Ly = 402 m) € ar Numerical solutions (« = 2.0)

N° Ly Du Dp de hfe, * hf oo Error”
m mm mm mm/24h mm m m %

1 402 168 - 5 0.03 0.00 1.968 1.970 -0.102
2 201 168 127 5 0.03 0.00 3.250 3.253 -0.092
3 402 127 - 5 0.03 0.00 7.876 7.882 -0.076
4 402 168 - 12 0.03 0.00 10.214 10.220  -0.059
5 201 168 127 12 0.03 0.00 16.953 16.962  -0.053
6 402 127 - 12 0.03 0.00 41.811 41828 -0.041
7 402 168 - 5 0.10 0.00 2.239 2.240 -0.045
8 201 168 127 5 0.10 0.00 3.738 3.739 -0.027
9 402 127 - 5 0.10 0.00 9.295 9.298 -0.032
10 402 168 - 12 0.10 0.00 12.160 12.164  -0.033
11 201 168 127 12 0.10 0.00 20.394 20.399  -0.025
12 402 127 - 12 0.10 0.00 51.403 51.412  -0.018
13 402 168 - 5 0.40 0.00 2.926 2.927 -0.034
14 201 168 127 5 0.40 0.00 4.949 4.950 -0.020
15 402 127 - 5 0.40 0.00 12.607 12.609  -0.016
16 402 168 - 12 0.40 0.00 16.478 16.479  -0.006
17 201 168 127 12 0.40 0.00 27.936 27.939  -0.011
18 402 127 - 12 0.40 0.00 71.580 71.585  -0.007
19 252 168 127 8 0.15 0.118 11.420 11.424 -0.035

& pivots 1 to 18: numerical solutions as extracted from Table 1 of Valiantzas and Dercas (2005); pivot 19 of the

application example of Valiantzas and Dercas (2005); ° relative to EPANET 2.0.

EPANET 2.0 Input files
As illustrated in Fig. 1, the 402 m long lateral line with 134 outlets at uniform 3 m

spacing was represented in the EPANET 2.0 input files as a branched hydraulic network

containing 135 Junctions and 134 Links (pipes).
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Lr-Lu i

IL1 VIL2 VIL134
JPP VIE1 VIE2 VIE134

Reservoir JPP n Pipe VIL1 n Junction VIE1 u Pipe V1L134 n Junction V1E134 n
[ Property Value [F‘lopeﬂy Yalue ” Property Value ” Property Value || Property Value I
“Reservoir D JPP .~ "PipeID 1L i A WunctionD  VIET i A "PipeID VILI34 1A unctionD WIET34 LA
XCoordnate 82400 | *StatNode JPP | XCoodnale 63800 | ‘StatNode VIE133  |XCoordnate 2410000
Y-Coordinate  £400.00 “EndNode  W1E1 Y-Coordinate  5400.00 *EndNode  V1E134 Y-Coordinate  5400.00
Description Description Description Description Description
Tag Tag Tag Tag Tag
“Total Head 150 “Length 3 *Elevation a4 *Length 3 *Elevation 94
Head Pattemn v *Diameter 168 Base Demand  (.013253594 ., “Diameter 127 Base Demand 0787852533 ,

“Roughness 0,03 “Roughness | 0.03
Loss Coeff. 0 Loss Coeff. |0
Initial Status  Open o Initial Status  Open

Fig. 1. Main properties of junctions and pipes of the representation in EPANET 2.0 of a
center pivot lateral line with 134 outlets equally spaced at each 3.0 m (Ly = 402 m;

Ly=201 m; Dy=168 mm; £=0.03 mm; Dp =127 mm, dg =5 mm; T, = 24 h).

In order to accelerate the editing process of properties of the 269 elements of this
network, the EPANET 2.0 input files were edited in Excel spreadsheets that were saved as
text files with extension INP (Rossman 2000). In the EPANET 2.0 hydraulic network
representation of the center pivot literal line, a reservoir-type junction (Reservoir JPP, Fig. 1),
with a total head value set as 150 m, was to represent the center pivot lateral line inlet at the
top of the pivot point pipe. On EPANET 2.0 graphic display, the position of the point

representing the center pivot lateral inlet was determined by the coordinates X =-824 and Y =
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6 400. Such coordinates correspond to a point randomly chosen in the upper left corner of the
EPANET 2.0 graphic display. The junctions representing the lateral line outlets were
identified by a name resultant from the acronym “V1E” jointed with the lateral line outlet
order number “i” (1 < i < 134). The value of the graphic coordinate Y of these junctions
remained equal to those used at the inlet of the center pivot lateral line (Y= 6400). The value
of the graphic coordinate X of successive water outlets was determined based on a constant
increase of 186 units from the value of coordinate X of the junction JPP: X =-824 +i (186). A
constant value equal to 94 m was attributed to the geometric elevation (Elevation, Fig. 1) of
all junctions representing water outlets. The flow rate value of each outlet (m*h™) was set in
the parameter base demand .Outlet flow rate values were computed according to the

procedure used by Valiantzas and Dercas (2005), as described by Egs. (1) to (3):

2 ) dg .

= =S fori=1 1

Gt 1000 T, (1)

N
q =271 go<i<133 )
1000 T,
ﬂSSZ(i-i)d

o=\ %)% fori=134 3
Qe =000 T ®)

where:

gi— flow rate (base demand in EPANET 2.0) of outlet i (1 <i< 134), m*h™;

Ss— uniform outlet spacing, m;

ds — gross irrigation depth applied within the time period required for a complete lateral line
revolution, mm;

T, — time period required for a complete lateral line revolution;

1000 — factor corresponding to 1000 mm m™.
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For the nineteenth configuration presented in Table 1, the flow rate value of the last
emitter (qi34) was assumed equal to end gun sprinkler flow rate (22.716 m® h™), resulting on a
flow rate value equal to 191.95 m® h™ at the center pivot inlet, that correspond to a 0.118 end-
gun ratio value.

In the EPANET 2.0 input files, each one of the 134 pipes required to link the 135
junctions of the hydraulic network was identified by a name corresponding to the acronym
“V1L” added to the order number “i” of the junction downstream each segment (V1L1,
V1L2, ... and V1L134, Fig. 1). In these files, besides the identification of pipes, it was also
necessary to specify: (i) the start node and end node of each pipe; (ii) the length of each pipe,
which was assumed to be constant and equal to the spacing between outlets (Ss = 3.0 m); (iii)
the pipe inner diameter, in mm; and (iv) pipe wall roughness. In the cases of Hazen-Williams
and Darcy-Weisbach equations, the information inserted in the field regarding the pipe wall
roughness corresponded, respectively, to the dimensionless coefficient characteristic of the

pipe material (Cpw coefficient) and to the value of pipe wall absolute roughness, in mm.

Numerical calculation of the head loss distribution
The head loss spatial distribution along center the pivot lateral line was determined

based on values of the total hydraulic head available on each one of the 134 outlets of the
lateral line that were taken from EPANET 2.0 output files. The head loss from the lateral line
inlet up to each one of the 134 outlets was compute in a separated spreadsheet. In this
spreadsheet differences among total head value at the of lateral inlet (junction JPP, Fig. 1),
that was assumed equal to 150 m, and the total head value at each outlet, as specified at

EPANET 2.0 output files, were computed. In this sense, the value of head loss along the
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entire physical length of each center pivot lateral line composition was obtained by the
difference between the of total hydraulic head value at the junction JPP (150 m) and the total

hydraulic head value at the last lateral junction (junction V1E134, Fig. 1).

Analytical calculation of the head loss distribution
Analytical calculation of the head loss distribution along a center pivot lateral line may

be derived assuming that the outflow varies continuously in space along the center-pivot
lateral line. The total flow rate Qx at any point along a lateral line section at distance x from

the lateral inlet, can be calculated as:

Q. =Q 1—[%] for 0<x<Ly (4)

Eq

where

Qo — total flow rate at the inlet of the center pivot lateral with a value that corresponds to the
sum of the discharge rate of all center pivot outlets, including the end gun discharge rate;

Qy — flow rate at point x;

x — distance taken from the lateral line inlet at the pivot point;

Leq — the equivalent hydraulic length of a center pivot lateral line.

The equivalent hydraulic length is computed based on the physical length of the center

pivot lateral line and the ratio of end gun flow rate and the center pivot inlet flow rate (Qo):

I-Eq = L (5)
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Lt — physical length of the center pivot lateral line;

gr —end gun ratio, the ratio of end gun flow rate and the center pivot inlet flow.

Valiantzas and Dercas (2005) have demonstrated that for a single diameter center
pivot lateral line, the pipe friction head loss between the center pivot lateral line inlet hfy (in

the radial distance x (0 < x < L1)) can be estimated as:

a

2
x s
hf, = Sf,, IO 1—[L—j ds foro<x<Lr (6)

Eq

Sf, — head loss per unit length of a pipe with inner diameter Dy conducting the center pivot

Dy

lateral line inlet discharge Qo;

o — flow rate exponent in the head loss equation used to compute Sf, .

Anwar (2000), Valiantzas and Dercas (2005) and Tabuada (2011) developed
correction factors for the spatial head loss distribution along center pivot lateral lines with an
end gun based on the total head loss that would be observed on a similar fictitious pipe with
single diameter Dy, conducting a constant flow Qg over the entire physical length of the

center pivot lateral line (SfDJ Ly):

2
hf, =(Sfo, Ly ){— on 1—(-} ds for0 <x<Lr @)
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Considering that the second term in Eq. (7) is a correction factor for the spatial head

loss distribution along a center pivot lateral line, and after introducing an A index for
identification of friction correction values ( sz) and head loss values ( hff) associated to each

one of the four analytical models considered in this study( A = “S” for Scaloppi and Allen
(1993); A = “A” for Anwar (2000); A = “V” for Valiantzas and Dercas (2005) and A = “T” for

Tabuada (2011)), Eq. (7) may be expressed as:

hf/ =(Sfy, Ly )F/ for0<x<Ly (8)
where:
hfxﬂ — pipe friction head loss between the center pivot lateral line inlet and the radial distance
x estimated with the analytical model identified by the A index;

FX’I— center pivot head loss distribution correction factor for the radial distance x.

For all analytical models assed in this study center pivot head loss distribution

correction factor was computed as:
1 2
x S
sz—j 1—(—] ds for0 <x<Ly 9)

Chu and Moe (1972) pointed out that, when the flow exponent o assumes a non-
integer value (ie. a =1.9), there is no trivial solution for the integral in Eq. (7) and (9). These
authors also developed a “trivial” solution for the integral in Eq. (7) and (9) considering the

particular case in which the flow exponent a is set as equal to 2.0(Chu and Moe 1972).
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Scaloppi and Allen (1993b) presented a trivial solution for a =1.0 for center pivot lateral lines
operating with an end gun, Anwar (2000) developed a head loss distribution correction factor
based on the trivial solution that assumes o = 2.0. For this reason, along this paper, the
analytical solution based on a constant value of o = 2.0 in Eq. (7) and (9) is referred as the
“Anwar (2000) solution”. The correction head loss distribution correction factor based on the

trivial solution that assumes o = 2.0 is given by:

A 2 ’ 1 2 ’
g e (]

Scaloppi and Allen (1993a) proposed the use of truncated expansion of a binomial
approximation to (1-(s/LEq)2)‘x in Eq. (9). After inserting the truncated approximation used by
Scaloppi and Allen (1993a), the head loss distribution correction factor indicated in Eq. (9)

becomes:

R O )

(11)

Valiantzas and Dercas (2005) developed a “more compact” expression that, in the
range of 1.75 < a < 2.0 and 0< gr <1, provides an approximation for the truncated binomial
expansion used by Scaloppi and Allen (1993a) to replace (1-(s/LEq)2 )“. After inserting in Eq.
(9) the approximation to (1—(s/LEq)2 )* proposed by Valiantzas and Dercas (2005), the head

loss distribution correction factor indicated in Eq. (9) becomes:
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v | X @ (X e g s X
F _[ 1 gr)( J+7 a(l gr) [L'T] ] (12)

Scaloppi and Allen (1993b), for the case of a center pivot lateral line operating without
an end gun, and Tabuada (2011), also for the case of a center pivot lateral line operating
without an end gun, pointed out that by changing the integration variable in Eq. (9), from 6
equal to (l-(s/LEq)2 ), the correction factor in Eq. (9) could be computed with the help of the

incomplete beta function:

where:
Bin — incomplete beta function;

0 — integration variable equal to (s/Lgg)>.

By applying the hypergeometric function representation of the incomplete beta

function showed in Eq. (13), Tabuada (2011) proposed the following expression to Eq. (13):

a1 _| X e Ee(1_ X i
F [LTijyper[QS, a,1.5,(1 gr)(LTj] (14)



40

For the analytical model proposed by Tabuada (Eqg. (9)), values of the hypergeometric
function (Fnyper [ ]) were computed with an Excel® spreadsheet. An Excel Visual Basic for
Applications — VBA macro was implemented based on an adaptation of the calculation

process described by Chandrupatla and Osler (2010), as demonstrated in Fig. 2.

Function hgs(a, b, c, 2z)

t=a *b i/ c* z

s =1+ t

n =1

Do
a = a
Tt = T
sl = s
s =8 + t¢
If s <> 0 Then Delta = Abs(s - sl) / s
If s = 0 Then Delta = Abs(s - sl)

Loop While Delta > 0.00001

hgs = s

End Function

+ 1: b = b * 13 € c + 1l: n=n% 1
e *

a/ c*b / n z

Fig. 2. VBA routine for the hypergeometric function (Fnyper [ ]) calculation.

Center pivot correction factors showed on Eg. (10) to (14) may also be applied for
computing the head loss distribution along a center pivot lateral line presenting reaches with
two different pipe diameters. Considering , as indicated in Fig.1, that the dual diameter lateral
line has an upstream reach, with a length equal to Ly and inner pipe diameter Dy, and
downstream reach, with length equal to (Lt - Ly) and inner pipe diameter Dp, all head loss
values, accumulated from the center pivot lateral line inlet (x = 0 m) up to any point located
along the physical length of the lateral line (0 m < x < Ly), may be computed according to two

possibilities, as described by Allen et al (2011):
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for 0<x<Ly

2
1 x s
hfd, = Sfy L, = jo 1-[-} ds (15)

(16)

where:

hfd, — pipe friction head loss for dual-diameter between the center pivot lateral line inlet and
the radial distance x;

Sfy,, —head loss per unit length of a pipe with inner diameter Dp conducting the center pivot

lateral line inlet discharge Qo;

Ly — upstream lateral line length.

By inserting in Eq. (15) and (16) the correction factors corresponding to the analytical
model to be assessed ( A = “S” for Scaloppi and Allen (1993a); A = “A” for Anwar (2000); A
= “V” for Valiantzas and Dercas (2005) and A = “T” for Tabuada (2011)) the head loss values

for a dual-diameter center pivot lateral line are computed by:

for0<x<Ly then hfd; =(Sf, L, )F/, 17
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forLy<x<Ly then hfd; =(Sfy Ly ) F/ +(Sfo, L )(F/ = F ), (18)
where:

FLi — center pivot head loss distribution correction factor for the radial distance Ly.

When the rate of head loss per unit length (Sfp) was calculated with the Darcy-
Weisbach equation, the friction factor was determined with the Swamee and Jain equation
(Swamee and Jain 1976), following the same procedure used by both Valiantzas and Dercas
(2005) and EPANET 2.0 (Rossman 2000). In this case, according to the same procedure
adopted by Valiantzas and Dercas (2005) and Tabuada (2011, 2014), the flow rate exponent

value considered was the one corresponding to the fully turbulent regime (a = 2.0):

8f Q.
Sfy =——=2% 19
0 =2 D° (19)
where:
D — center pivot lateral line inner diameter (Dy or Dp);

f — friction coefficient of the Darcy—Weisbach equation;

g — gravitational acceleration, m s™.

When the head loss rate (Sfp) was calculated with the Hazen-Williams equation, the
same values of empirical coefficients described in the EPANET 2.0 manual (Rossman 2000)
were considered: flow rate exponent o = 1.852; pipe diameter exponent of -4.871 and a

1.852  -0.685

conversion constant for metric units of 10.667 s~ m , Which corresponds to 4.727 s-%

ft—0.685
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10.667 o
Sf_ = —[Q—J (20)

where:

Chw — friction coefficient for the Hazen—-Williams equation

Analytical calculation of pressure head distribution
Pressure head spatial distributions along a center pivot lateral were computed for the

different four analytical models considered (A = S, A, V, or T) considering the nineteenth
configuration presented in Table 1, under two different ground slope values (Sp =0 and Sp = -
0.02). For pressure head spatial distributions based on the Darcy-Weisbach head loss an
absolute roughness ¢ = 0.15mm was considered. For pressure head spatial distributions based
on the Hazen-Williams head loss equation roughness coefficient Cyw = 135 was used.

The pressure head value at any outlet located along the center pivot lateral line

physical length (0 m < x <L) was computed according to Eq. (21):

h! =h, —(Sox) —hf* (21)
where
h! — pressure head at radial distance x (0 m < x < Ly) from the pivot point estimated by the

analytical model identified by the A index, m;
ho — pressure head at the pivot point, m;

Sy — constant slope of the ground elevation, m m™ (So > 0 uphill, So < 0 downhill).
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Results and Discussion

Validation of the procedure for data input in EPANET 2.0

Comparison among total head loss values along center pivot lateral lines, obtained by
Valiantzas and Dercas (2005), with the standard numerical calculation process (stepwise
method) and total head loss values along the same center pivot lateral lines estimated with
EPANET 2.0 hydraulic simulator, are presented on Table 1. The small deviations (< 0.102%)
in relation to EPANET 2.0 that are presented in Table 1, confirm the adequacy of the
procedure used in the present study to generate EPANET 2.0 input files representing the 19
different configurations considered by those authors.

The differences between head loss values presented in Table 1, which are in the order
of millimeters of water head, do not have any practical effect. However, these small
differences reinforce the advantage of using EPANET 2.0, allow other researchers to
reproduce exactly the same numerical results as presented in this study, when using the same
process described here for writing EPANET 2.0 input files. Besides this, is important to point
out that the process required for editing EPANET 2.0 input file is very time-consuming. In
this study a spreadsheet was used in order to set base demand values and elevation values for

the 135 junctions representing the center pivot lateral line inlet ant its 134 outlets.

Analytical methods with Darcy-Weisbach equation
When Darcy-Weisbach equation is used, the flow rate exponent depends on the flow
regime considered (Valiantzas 2005): « = 1.0 for the laminar flow; « = 1.75 for smooth

turbulent regime; and « = 2.0 for the completely turbulent regime (Scaloppi and Allen 1993a).
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For the particular case of « = 2.0, which was the particular o value considered in the
present study when considering the Darcy-Weisbach head loss equation, it is easy to
demonstrate, that, when « = 2.0, the analytical solutions of Scaloppi and Allen (1993a) and
Valiantzas and Dercas (2005), described respectively by Eq. (11) and (12), assume the same
mathematical representation of Eq. (10), that was proposed to Anwar (2000). It is not so easy,
by simply examining Egs. (14) and (10), that for the particular case of a = 2.0, F4 values
computed with the hypergeometric function (Fhyper [ ] of Eq. (14)), as recommended by
Tabuada (2011, 2014), are exactly the same as the ones given by Eq. (10). The equivalence
between Egs. (14) and (10), when « = 2.0, was demonstrated by Tabuada (2011), that pointed
out that, due to its complexity, use of Eq. (14) should be limited to non-integer real values of
.

The equivalence, for the particular case of « = 2.0, between Eq. (14) and the other
analytical models (Egs. (10), (11) and (12)) is demonstrated in Table 2, considering the first
six of the nineteen center pivot lateral lines configurations presented in Table 1. In order to
demonstrate that the equivalence observed among the four assessed analytical solutions also
includes center pivot lateral lines with end gun sprinkler (gr > 0), the results of two additional
simulations were included in Table 2 considering, for the second lateral line configuration
described in Table 1, flow rate values of 10 and 20% for the total lateral line flow rate,

resulting on gun ratio values of, respectively gr = 0.1 and gr = 0.2.
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Table 2. Configurations of lateral lines, values of head loss of EPANET 2.0 and analytical
solutions of Anwar and Tabuada, with the respective deviations in relation to

EPANET 2.0 when the Darcy-Weisbach equation is used.

Lateral characteristics EPANET 2.0 Analytical solutions (a = 2.0)
NE & gr hfl hfe,.  Emor® hfl_ Error®
mm m m % m %

1 0.03 0.00 1.970 1.915 -2.792 1915 -2.792
2 0.03 0.00 3.253 3.113 -4.304 3.113 -4.304
2 0.03 0.10 4.387 4.211 -4.012 4211 -4.012
2 0.03 0.20 6.036 5.859 -2.932 5.859 -2.932
3 0.03 0.00 7.882 7.703 -2.271  7.703 -2.271
4 0.03 0.00 10.220 10.023 -1.928 10.023 -1.928
5 0.03 0.00 16.962 16.484 -2.818 16.484 -2.818
6 0.03 0.00 41.828 41.229 -1.432 41.229 -1.432

FPAEPANET 2.0; * Anwar (2000); " Tabuada (2011, 2014); *relative to EPANET 2.0.

The equivalence among the four analytical methods (Egs. (10), (11), (12) and (14))
demonstrated in the present study indicates that when Darcy-Weisbach equation (= 2.0, is
used) the solution of Anwar (2000), as described by Eq. (10), must be used, since the
complexity of the other analytical models does not improve the accuracy of the obtained
results.

Finally, it is also interesting to observe in Table 2 that when Darcy-Weisbach equation
is considered, analytical solutions provided values of total head loss along center pivot lateral

lines always lower than those obtained by the numerical method (hf ™" —hfZ" <0).

Valiantzas and Dercas (2005) had already observed that, when Darcy-Weisbach equation is
used in computing head loss along center pivot lateral lines. The authors justified such
behavior based on the fact that when such equation is used, the analytical method is not
affected by the small increase in the friction factor caused by the reduction of Reynolds
number along the lateral line, which is considered by the numerical method. Tabuada (2011,

2014) justified this same behavior based on the type of flow rate variation along the lateral
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line considered by each method. According to this author, analytical methods based on the
continuous variation of flow rate along the lateral line result in a lower head loss than the
numerical method, which considers a discrete variation of flow rate along the lateral line.
Sadeghi and Peters (2013) also observed that estimates of head loss in center pivot lateral line
regarding analytical methods, which are based on continuous variations of flow rate, are lower
than estimates of head loss obtained by the numerical process. These authors highlight that
such differences tend to increase when the number of outlets in the lateral line is reduced.
Sadeghi and Peters (2013) demonstrated such behavior citing an example in which the
deviation between the analytical solution of Valiantzas and Dercas (2005) in relation to the
numerical method passes from -1% to -4% when outlets considered in the center pivot lateral

line is reduced from 134 to 20.

Analytical methods using Hazen-Williams equation

When Hazen-Williams equation is considered to calculate the head loss, the flow rate
exponent assumes a constant value (Valiantzas 2005) equal to 1.852 («=1.852). In this
condition, as demonstrated in Tables 3 and 4, the estimates of total head loss provided by the

four analytical solutions (Egs. (10), (11), (12) and (14)) are not the same.
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Table 3. Configurations of lateral lines values of head loss in EPANET 2.0 and of analytical

solutions of Scaloppi and Anwar with the respective deviations in relation to

EPANET 2.0 when the Hazen-Williams equation is used.

chaé?:iirr?ltics EPANET 2.0 Analytical solutions (« = 1.852)
N° Chw OF hfol hfe., Eror® hf% _ Error®
m m % m %

1 135 0.0 2.302 2293 -0.391 2240 -2.693
2 135 0.0 3.772 3.737 -0.928 3.588 -4.878
2 135 0.1 5.070 5.045 -0.493 4.827 -4.793
2 135 0.2 7.002 6.983 -0.271 6.680 -4.599
3 135 0.0 8.995 8.960 -0.389 8.752 -2.702
4 135 0.0 11.650 11.604 -0.395 11.335 -2.704
5 135 0.0 19.085 18.907 -0.933 18.156 -4.868
6 135 0.0 45,516 45338 -0.391 44.285 -2.705

® Scaloppi and Allen (1993a); * Anwar (2000); ? relative to EPANET 2.0.

Table 4. Configurations of lateral lines, values of head loss of EPANET 2.0 and analytical

solutions of Valiantzas and Tabuada, with the respective deviations in relation to

EPANET 2.0 when the Hazen-Williams equation is used.

ch a;ii?a:?;ti cs EPANET 2.0 Analytical solutions (a=1.852)
N° Chw gQr hfol hfl. Eror* hfl _ Eror’
m m % m %
1 135 0.0 2.302 2.302 0.000 2.302 0.000
2 135 0.0 3.772 3.776 0.106 3.771 -0.027
2 135 0.1 5.070 5.072 0.039 5.070 0.000
2 135 0.2 7.002 6.997 -0.071 7.002 0.000
3 135 0.0 8.995 8.995 0.000 8.995 0.000
4 135 0.0 11.650 11.650 0.000 11.649 -0.009
5 135 0.0 19.085 19.105 0.105 19.084 -0.005
6 135 0.0 45,516 45517 0.002 45,515 -0.002

V'Valiantzas and Dercas (2005); ' Tabuada (2011, 2014); @ relative to EPANET 2.0.

The column corresponding to the analytical solution of Anwar (2000) in Table 3

presents the highest absolute values of deviations in relation to EPANET 2.0 regarding the use

of Hazen-Williams equation. Such behavior is justified, since for the case of Hazen-Williams
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equation, the analytical solution of Anwar (2000) results from rounding the flow rate
exponent of o= 1.852 to a= 2.0. Except for the analytical solution of Anwar (2000), the other
solutions at Table 3 and 4 presented lower absolute values in relation to EPANET 2.0 than
those presented on Table 2. Such improvement of performance of analytical solutions of
Scaloppi and Allen (1993a), Valiantzas and Dercas (2005) and Tabuada (2011) in relation to
the numerical method is expected when the Darcy-Weisbach equation is replaced by the
Hazen-Williams one. For the case of the Hazen-Williams equation, both analytical (Scaloppi
and Allen 1993a; Tabuada 2011; Valiantzas and Dercas 2005) and numerical methods assume
the same constant friction coefficient value (Cnxw) along the lateral line length.

When comparing the values presented by Table 3 and 4, it is possible to conclude that
the solution of Tabuada (2011) is superior to the Valiantzas and Dercas (2005), which is
superior to the solution of Scaloppi and Allen (1993a). However, the superior performance of
the solution of Valiantzas and Dercas (2005) in relation to Scaloppi and Allen (1993a) only is
observed when comparing values of accumulated head loss related to the overhang of the
lateral line. This behavior is better demonstrated when the deviations in relation to EPANET

2.0 are computed for different distances from the center pivot, as demonstrated in Fig. 3.
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Fig. 3. Relative deviations of estimates of accumulated head loss along one center pivot
lateral line in relation to EPANET 2.0 (Ly=402 m; Ly=201 m; Dy=0.168 m; Dp =

0.127 m, Cpw = 135; dg/T. =5 mm/24 h; gr = 0.2).

It is possible to observe in Fig.3 that the estimates of accumulated head loss provided
by the solution of Valiantzas and Dercas (2005) present absolute deviations lower than those
provided by the solution of Scaloppi and Allen (1993a) only in the final segment of lateral.
The performance of the solution proposed by Scaloppi and Allen (1993a) worsens as the
distance to the pivot point increases. The solution proposed by Scaloppi and Allen (1993a)
presents performance similar to those obtained by the hard-working solution proposed by

Tabuada (2011) for relative values of distance to the pivot point (x/Lt) lower than 0.5.



Pressure head distribution with analytical methods and EPANET 2.0

Pressure head spatial distributions equation along a center lateral with the nineteenth
configuration presented in Table 1, under two different ground slope values (So =0 and Sp = -

0.02) are presented in Fig. 4. Head loss values were computed based on the Darcy-Weisbach

equation.
14 : : . :
- L,=252m o Ly-L,;=150m o
12+ D,=0.168 m D,=0.127m
1oL Darcy-Weisbach
(a=2.00)
S,=0.00 mm’'
8,,
E
67
Qk
& 4T
> Analytical models
51 EPANET 2.0
0,,
4 ! } : —
B Ly=252m | Ly-Ly=150m
D,=0.168m D,=0.127m
34
Darcy-Weisbach
(a=2.00)
§,=0.02mm’
g 27
iy
-P.: > ‘rﬂ}l\hn‘q&mﬂ:n::mﬂf
_{H 1,,
0,,
-1 f : : { f f : f
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Distance from the center pivot point (m)
Fig. 4. Pressure head profiles along two-diameter center pivot lateral (Darcy-Weisbach

equation)
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As demonstrated before, when the Darcy-Weisbach equation with « = 2.0 is used, all
head loss correction factors (Egs. (10), (11), (12) and (14)) present the same value (Table 2),
consequently, all four analytical models considered in this study presented the same deviation
values in relation to the head loss values obtained with the numerical method used by the
hydraulic simulator EPANET 2.0. Similar deviations among pressure head values predicted
by analytical models and pressure head values predicted method were also reported by
Valiantzas and Dercas (2005), in a study on hydraulic analysis of central pivot lateral lines
with different diameters.

As indicated in Fig. 5, when the pressure head spatial distribution of the same lateral
lines considered in Fig. 4, were computed using the Hazen-Williams equation (« = 1.852), all

four analytical models presented different results.
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Fig. 5. Pressure head profiles along two-diameter center pivot lateral (Hazen-Williams

equation)

This fact was expected, since as indicated in Tables 3 and 4, for the same lateral line

configuration, all four analytical models presented different values of total head loss along the

center pivot lateral line. Due the fact that the Anwar (2000) model assumes a constant value

for exponent () equal to 2.0, the differences among pressure head values predicted by this
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analytical model and the numerical model (EPANET 2.0) was greater than the differences

among the other three analytical models and the numerical model ( EPANET 2.0).

Conclusions
The four analytical solutions assessed in the current work to estimate head loss values

similar to those obtained by the numerical process (EPANET 2.0). Those results indicate that
the very time-consuming process required to describe the flow rate distribution along a center
pivot lateral line that is required by numerical methods does not improve the accuracy of the
results obtained with the simple continuous description of lateral line flow distribution
assumed by the four analytical models assessed in the current work.

When Darcy-Weisbach equation (a = 2.0) is used, the solution of Anwar (2000) is
recommended, since the greatest mathematical complexity of the other three analytical
models does not improve the accuracy of the obtained results. When Hazen-Williams
equation is used with o= 1.852, the lowest deviations in relation to the numerical model
(EPANET 2.0) were observed with the analytical solution proposed by Tabuada (2011). At
radial distances near the lateral line inlet, head loss values predicted by the solution, proposed
by Scaloppi and Allen (1993a), presented smaller deviation in relation to values predicted by
the EPANET than the values predicted by the solution proposed by Valiantzas and Dercas
(2005). However, with increasing values of distance to the lateral line inlet head loss values
predicted by the Valiantzas and Dercas (2005) model presented smaller deviation in relation
to values predicted by the EPANET 2.0 than the values predicted by Scaloppi and Allen

(1993a).
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Notation

The following symbols are used in this paper:

A
Fy

hfd

Bin

Chw

de

center pivot head loss distribution correction factor for the radial distance Ly.

pipe friction head loss for dual-diameter between the center pivot lateral line
inlet and the radial distance x

pipe friction head loss between the center pivot lateral line inlet and the radial
distance x

pipe friction head loss between the center pivot lateral line inlet and the radial

distance x estimated with the analytical model identified by the A index
center pivot head loss distribution correction factor for the radial distance x

pressure head at radial distance x from the pivot point estimated by the
analytical model identified by the 1 index

head loss per unit length of a pipe with inner diameter Dy conducting the center
pivot lateral line inlet discharge Qo

head loss per unit length of a pipe with inner diameter Dp conducting the center
pivot lateral line inlet discharge Qo

incomplete beta function

friction coefficient for the Hazen—-Williams equation

center pivot lateral line inner diameter (Dy or Dp)

gross irrigation depth

friction coefficient of the Darcy—Weisbach equation



Fhyper [ ]
g

gr

ho

Qo

Qi
Qx
So

Sfo

Ss

Tc
V1E134
V1Ei

V1Li

X, Y
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hypergeometric function
gravitational acceleration
end gun ratio
pressure head at the pivot point
number of lateral line water outlets
junction name of lateral line water inlet
equivalent hydraulic length of a center pivot lateral line
physical length of the center pivot lateral line
upstream lateral line length
total flow rate at the inlet of the center pivot lateral with a value that
corresponds to the sum of the discharge rate of all center pivot outlets, including
the end gun discharge rate
flow rate (base demand in EPANET 2.0) with order number i (1 <i<134)
flow rate at point x;
constant slope of the ground elevation
head loss per unit length of a pipe with inner diameter D conducting the center
pivot lateral line inlet discharge Qo
uniform outlet spacing
time period required for a complete lateral line revolution
name of the last lateral line water outlet
lateral line water outlets names
lateral line pipe segment names
distance taken from the lateral line inlet at the pivot point

EPANET 2.0 hydraulic network map graphical coordinates
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flow rate exponent in the head loss equation (a= 1.852 for Hazen-Williams, or

a p—
o= 2.0 for Darcy—Weisbach)
¢ = pipe wall absolute roughness
6@ = integration variable equal to (s/LEq)2

A = index used in identifying the head loss equation (A =S, A, V, or T)
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Abstract: Pumping systems are the largest energy consumers in center pivot irrigation systems. One
action to reduce energy consumption is to adjust the pumping pressure to that which is strictly
needed by using variable speed drives (VSDs). The objective of this study was to determine the
feasibility of including VSDs in pumping systems that feed center pivot systems operating in an area
with variable topography. The VSPM (Variable Speed Pivot Model) was developed to perform
hydraulic and energy analyses of center pivot systems using the EPANET hydraulics engine. This
tool is able to determine the elevation of each tower for each position of the center pivot using any
type of digital elevation model. It is also capable of simulating, in an accurate manner, the
performance of the center pivot controlled with a VSD. The tool was applied to a real case study,
located in Albacete, Spain. The results show a reduction in energy consumption of 12.2%, with
specific energy consumptions of 0.214 and 0.244 kWh m= of distributed water obtained for the
variable speed and fixed speed of the pumping station, respectively. The results also show that for an
irrigation season, to meet the water requirements of the maize crop in the region of the study (627
mm), an average annual savings of 14,107.35 kWh was obtained, which resulted in an economic
savings of 2821.47€.

Keywords: hydraulic model; variable topography; energy consumption; variable speed; center pivot
system

1. Introduction

The quantity and quality of food needed to satisfy all the demands of the population will become
a major concern worldwide in the following years. It is expected that by the year 2050, there will be a
world population of 9.15 billion people [1]. The increase of food production to satisfy demand is a
challenge for agricultural professionals, who require the use of techniques focused on increasing
production efficiency. Increasing use efficiency in food production requires the use of improved
technology in all production processes, as well as improving the efficiency of irrigation systems.
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Irrigated agriculture accounts for 16% of the world's cultivated area and is expected to produce 44% of
world food by 2050 [1-3].

Sustainable use of water resources could be accomplished increasing the efficiency of irrigation
systems, thereby reducing the amount of water and energy to satisfy crop water requirements. In this
regard, technological developments in the infrastructures of irrigation systems contribute to
increasing water use efficiency. However, this efficiency increase is related to a significant increase in
energy consumption in recent years [4].

According to [5], sprinkler irrigation systems represent around 11% (35 million hectares) of the
total irrigated areas in the world. Within this method, the most outstanding systems are conventional
sprinklers, traveling guns, center pivots, and linear-moving laterals. With eight million hectares of
irrigated area, the center pivot system represents 23% of the area irrigated by sprinkler irrigation
systems.

Center pivot irrigation consists of the application of water through a moving lateral line with
several water outlets supported on moving towers, which revolve around a fixed pivot point (center
tower) and irrigate a circular area [6,7]. This equipment is considered a highly efficient system
compared to other irrigation systems. It is flexible and easily operable, which reduces labor and
maintenance costs. It can also be operated on surfaces with variable topography, resulting in
conservation of water, energy, and time [8]. However, the initial cost of the equipment and the
required energy demands at the pumping station are some of its main limitations.

The reduction of the energy consumption of pumping stations that feed irrigation systems has
been studied by several researchers. Pumping stations are the largest consumers of energy in
pressurized irrigation systems, especially in situations where underground water resources are used.

Gilley and Watts (1977) [9] suggested several changes in center pivot systems: switching high and
medium pressure sprinklers to low pressure emitters, changing nozzle size and spacing, or changing
irrigation intervals and maintenance to increase pumping station efficiency. Moreno et al. (2008) [10]
developed a new methodology to obtain the characteristic curves of the pump, thereby minimizing
the costs of the pumping station. In a later study, [11] stated that the energy consumption of the center
pivot, which irrigates an area of 75 ha, can be minimized by adopting measures like increasing the
lateral line’s diameter, reducing the equipment’s operating time, and increasing the flow per unit of
area. Barbosa et al. (2018) [12] concluded that constant center pivot monitoring is essential to
maintaining adequate energy efficiency levels when assessing the behavior of different energy
efficiency indicators for a center pivot operating in variable topography.

In center pivot equipment, the pumping station is designed to meet the most critical situation,
i.e., the position of the lateral line where there is the highest elevation point and the greatest need for
higher pumping pressure [13]. However, this situation is variable along with the lateral line rotation in
the irrigated area due to topographic differences. This means that the pumping station is oversized
during most of the lateral line rotation, and the energy is wasted. Pressure regulating valves are
installed before the emitters, so pressure fluctuations that are due to topographical differences and
oversizing of the pumping station do not influence the flow rate of the emitters [14].

An option to adjust the pumping pressure of this equipment is the use of variable speed drives
(VSDs) to control the speed of these pumps [15,16]. This control provides a substantial reduction in
power in relation to the reduction of flow and pressure in pressurized irrigation systems [13,17].

Several researchers have used variable speed drives to control pumping stations to reduce energy
consumption. Hanson et al. (1996) [18], in a center pivot system with a well pumping unit, concluded
that variable speed pumps save about 32% of the energy. Lamaddalena and Khila (2012) [19] showed
that 27% to 35% of energy savings can be achieved using VSD in two Italian irrigation districts
operating with three parallel horizontal axis pumps. Brar et al. (2017) [20] concluded that a 9.6%
energy reduction is possible for a 13.6 m difference in the irrigated area for a study containing 100
center pivots in Nebraska (USA), with each pivot containing a pumping station. In this study, digital
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elevation models (DEMs) with a spatial resolution of 10 m x 10 m were used to obtain the topographic
characteristics of the irrigated areas.

King and Wall (2000) [13] stated that the optimum efficiency in terms of energy and water use can
be achieved when the pumping station is able to maintain the required minimum pressure regardless
of the operating conditions. Scaloppi and Allen (1993) [21] stated that the point of minimum pressure
is constantly moving along the lateral line because it is influenced by the topography of the irrigated
area. They also presented theoretical bases for the calculation of this movement.

However, working with the minimum pressure does not always guarantee the lowest power
consumption due to variations in the operating point of the pump and variable performance when
working at low frequencies [17,22]. In addition, most of these studies did not take into account the
effect of the VSD efficiency on the final result. Therefore, it is important to consider VSD efficiency in
energy savings accounting and not assume that this efficiency will always be constant and high [17].

In a study on VSD efficiency, [13] reported that a pumping station with a VSD can save 15.8%
and 20.2% of its energy compared to fixed speed pumping (for uniform and variable rate irrigation,
respectively) without considering the inefficiency of the VSD. When the efficiency of the VSD is
accounted for, there are 7.5% and 12.4% energy savings, respectively.

The main novelty of the present study is developing a simulation model of hydraulic behavior by
considering the hydraulic elements of the irrigation system in detail and integrating the energy
characteristics of the pumping station and topographic characteristics through digital elevation
models (DEMs). In this way, energy efficient technologies and management strategies can be
developed to reduce energy use to ensure sustainable irrigation without reductions in the efficiency of
water application.

The objective of the present study was to determine the feasibility of including variable speed
drives in pumping systems that feed center pivot irrigation systems operating in areas with variable
topography. Considering this objective, the VSPM (Variable Speed Pivot Model) tool was developed,
in which the hydraulic simulation model of the pivot was integrated into a simulation model of the
pumping station so that, with data related to topography, flow rate, and pressure, the power supply
could be adjusted to the actual demand of the system. In addition, it is useful to determine the
potential of reduction from the perspective of the energy, economics, and sustainability of the
installation of the VSDs in these irrigation systems.

2. Material and Methods

2.1. Proposed Procedure

The proposed methodology has the following steps, as presented in 1. For the development of
this model and data acquisition, a real center pivot was used. However, this model can be used for
pivots of different sizes and with different numbers of towers.
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Figure 1. Diagram of the proposed procedure.

The characterization of the irrigated area, along with the characteristics of the pumping station
and irrigation system from the manufacturers' technical data, were inserted into the VSPM (Variable
Speed Pivot Model) tool to process and edit the input data. Subsequently, the hydraulic simulation
was calculated using the EPANET hydraulic engine. The hydraulic simulation results were then used
to determine the energy consumption of the irrigation system under study.

2.2. Topography of the Irrigated Area

As shown in Figure 1, the elevation values of the moving towers were obtained through Digital
Elevation Models (DEMs) (with a spatial resolution of 5 m x 5 m), which were freely obtained from the
PNOA (Spanish National Program of aerial photogrammetry). These products are freely available for
any location in Spain. The developed tool is able to use any type of DEM.

The utilized DEMs (.tif formatted images) were loaded into the QGIS® Desktop 3.2.1 software
(QGIS Development Team, Open Source Geospatial Foundation). In this software, the geographical
coordinates (X, Y) of the point referring to the center of the pivot (Xo, Yo) were defined.

To obtain the X and Y coordinates of all moving towers in different angular positions relative to
the center pivot’s lateral line, a computational routine was developed in the MATLAB® 2018b
software. Automatically, with the values of the geographic coordinates and the distance between
towers, the elevation values were determined for 36 angular positions of the lateral line, equally
spaced by 10°, with the North position of the lateral line as the position of angle 0°, as in Figure 2.
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Figure 2. The geographic coordinates during the rotation of the lateral line at the center pivot.

The calculation of the geographical coordinates X, Y of each moving tower (j) was carried out as
follows:

XIJ = XO + Lj 'COS(i) , with 1 <j < Number of towers (1)

le = YO + Lj Sm(l) , with 1 <j < Number of towers (2)

where i is the angular position of the lateral line (0°, 10°, ..., 350°), j is the number of moving
towers, in this case, 1 <j<<9, and L is the distance from the center tower to the index tower j, m.

Thus, for the center pivot under study, the dimensions of the nine moving towers were obtained
in 36 different angular positions of the lateral line, resulting in 324 elevation values.

2.3. Hydraulic Model Description

The simulation of the operation of the center pivot irrigation system, for different angular
positions of the lateral line of the center pivot, was carried out using EPANET software [23]. With this
aim, the VSPM tool was developed. The function of this tool is to edit the input data required by the
EPANET software in addition to energy analysis, as shown in Figure 1.

Center pivot irrigation system simulations, for different lateral line angular positions, was carried
out using EPANET software [23]. With this aim, the VSPM tool was developed. The function of this
tool is to edit the input data required by the EPANET software in addition to energy analysis, as
shown in Figure 1. Figure 3a shows the dimensions of the lateral line span and Figure 3b shows the
EPANET network map of the first span of the center pivot lateral line.



66

(@ - -
Torre, f_:::___-_-_—_——::—_‘_:— = = g—— — —:—_—_:—_3?—111‘_:-:_.,__ Torre,
. ]_“1' il T :'T = e
k_: _________________ I I I PR— N SR (R U [, S ——— ':-j-ﬁ
|\ /1
| / |
N o |
'l\\. - /I
|\ / J
(IR i I =
H | u =
NS =0 1 O 15 SN SN SR SR S - N | B
| | Lie LE Lre | |
| LN |
| ha i
| =
|
Z'Tn-l Z'|.'n
v/ i 7.
I Ly |
(b)
‘ @)
F\.@
)
0—\>@
—0O®
L] 0——»@
1 — Lateral line pipe; 4 — Drop pipe node;
2 — Lateral line node; 5 — Pressure Regulator Valve;
3 — Drop pipe; 6 — Emmiter.

Figure 3. (a) Center pivot lateral line span dimensions, (b) EPANET network map of the first span of
the center pivot lateral line.

The VSPM tool has four steps: (1) characterization of the suction, pumping, and water supply
systems, (2) characterization of the center pivot, (3) emitters and pressure regulating valves (PRV), (4)
generation of the text file in the EPANET format.

The system that includes suction, pumping, and water supply was pre-determined containing the
following hydraulic elements: a fixed level reservoir (water source), a pumping station, and a supply
pipe composed of three different links. The required information for these components are: elevation
of the water level in the reservoir, elevation of the ground where the pumping station is located,
length, pipe diameter and roughness coefficient (depending on the selected head loss equation) of all
links, and the pairs of values (Q-H) constituting the pump characteristic curve, as taken from the
manufacturer's technical data.

In the center pivot characterization module, the center pivot’s equipment information is inserted:
the elevation of the pivot point and the elevation of the moving towers, as well as pipe lengths, pipe
diameters, and the roughness coefficient of the pivot point, lateral line, and drop pipes.
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In the module related to emitters and pressure regulating valves (PRVs), the emission coefficients
of the emitters and the working pressure of the PRVs are inserted. If information about the emitter’s
distribution on the pivot is not available, it remains possible to generate and simulate a commonly
used commercial emitter distribution with this tool.

Finally, the VSPM tool generates a text file (in .inp format) with all the hydraulic model
information entered by the user. This file consists of input data, which is required by EPANET to
perform the hydraulic simulation. In the VSPM modules, the flow rate and discharge coefficient of
each emitter, the node elevations, and the pipe lengths were determined.

2.3.1. Flow Rate of the Emitters

The total flow of the irrigation system is the sum of the flow rate of each emitter along the lateral
line. The flow rate of the emitters (in m?h™) was calculated according to the area corresponding to
each water outlet, and the gross depth to be applied to the rotation time was specified by the
manufacturer, as proposed by [24]. The flow rate for the first outlet of each span (Equation 3) and the
remainder of each outlet (Equation 4) was calculated. The lengths used are shown in Figure 3a:

q _2mLg’Lb P )
“1771000 Tg
27R, L. Lb
= —,for2<x<n 4)

%000 Tg

where qgx is the flow rate of the outlet with order number x (1 < x < n), m® h™, L is spacing
between the tower and the first emitter (x = 1), m, Lt is the spacing between the emitters with order
number X (2 £ x £ n), m, Rinst is the radius of the installation of the emitter, relative to the center tower,
m, Lb is the gross irrigation depth (9 mm), and Tg is the rotation time (21 hours).

After the acquisition of the flow rate values at each water outlet (qx), the discharge coefficient (k,
Equation 5) of each emitter was determined. The value of the pressure in the emitter was the same as
the value of the PRV nominal pressure (Hprv), assuming an ideal valve:

ai
K =g 7 6)

prv
Where k. is emitter discharge coefficient, m25 h-', Hprv is the PRV nominal pressure, m, and f is
the pressure exponent, in this case with a value of 0.5.

2.3.2. Determination of Elevations and Lengths

The spans lengths (Equation 6) and the water outlet relative distance to the previous moving
tower (Equation 7) were calculated:

LS:LIE+LFE+|:(NO-1) LE] (6)
N=1=R, +L,

Ly=12<N<n=L,+L, )
N=n=1L, ., +L

where Ls is the length of span (m), Lre is the distance between the last emitter and next tower of
the span (m), No is the number of water outlets in the span, Lnis the distance of the node referring to
the water outlet in relation to the previous tower (m), N is the water outlet in the span, and Rris the
radius of rotation of the tower relative to the centre tower (m).



68

The irrigation system is composed of nodes, which are the connections between the links. Each
water outlet was determined as a set of six hydraulic components, as shown in Fig 3b. Elevation is the
main feature required for the nodes (Equation 8). The slope between the towers (Equation 9), the
variable height between the lateral line and the height of the tower (Equation 10), and the length of the
drop pipe (Equation 11) were also calculated:

Zyy = Zypy* (S;Ly ) + AN ®)
Z, -Z

g =ZTn " ST
T L )

4h, L[ L

Ah= arc —N =S 1

L [LN J (10)
L, =h,—h.+Ah (11)

where Zn-x is the node elevation x, m. Zm- is the tower elevation previous to node n (m). Zm is
the tower elevation posterior to node n (m). Sr is the slope between towers n e n-1. oh is the length of
the drop pipe between the lateral line and the tower are variable for each lateral line water outlet (m).
harc is the maximum height of the lateral line arc (m). Lor is the total length of the drop pipe, which is
variable for each lateral line water outlet (m). hr is the height of the moving towers (m). he is the
height of the emitter relative to the ground (m).

For the case of the overhanging nodes, the same slope (St) of the last span of the lateral line was
assumed in the calculation of the dimensions (Zn-x).

2.4. Calculation of the Pumping Operation Point and Energy Consumption

2.4.1. Hydraulic Model

Using EPANET, the hydraulic simulation was performed at each angular position of the center
pivot lateral line with the pumping station operating at a maximum fixed speed. The head loss was
computed based on the Hazen-Williams roughness coefficient (Caw) values of 100 (for the lateral line
and water supply pipe) and 140 (for drop pipes).

Head and efficiency curves of the pump are considered. Affinity laws were implemented to the
regulation of variable frequency drive. For an accurate analysis of the efficiency, all the components of
the pumping station were considered, as proposed by [17]. Also, energy losses in cables were
computed.

nt = np '77m '77\/ .77(; (12)

Where nis the total efficiency of the pumping station, np is the pump efficiency, nmis the motor
efficiency, nvis the VSD efficiency, and 1is the cable efficiency.

The motor efficiency for each angular position i was determined through the exponential model
proposed by [25].

Pare:
-0.0904.[MJ

Nom

7, =0.94187-1-e (13)

Where Pnom is the nominal power in kW and Pabs is the absorbed power in kW.
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To compute the VSD efficiency values at each angular position i of the lateral line, Equation 14
was used. This value should be supplied by the VSD manufacturer but is commonly not supplied. In
this case study, we utilized the value obtained by [22] for a pump with a similar power:

n, =10.126-232.47a + 582.032¢:* —323.134a° (14)

Where a is the ratio between the speed of the variable speed drive and the maximum speed as a
fixed speed drive (nv/n)

2.5. Determination of Specific Energy Consumption (CEE)

At each angular position of the lateral line (36 angular positions spaced 10°) the minimum
pressure required to pressurize the irrigation system was determined. Therefore, at each position, the
adequate pumping pressure head (Hi) was estimated:

Hi :Hp_(Hmin(i)—l_Hprv*) (15)

Where Hjp is the pressure head at the fixed pumping speed (m), Hming is the minimum pressure
head along the lateral line at each angular position i, m (obtained in EPANET), and Hpr" is the PRV
pressure head, including the pressure regulator loss (69 kPa + 34 kPa).

The specific energy consumption using the VSD at each angular position i of the lateral line
(CEEv, em kWh m=, Equation 16) for 0° < i < 350° was calculated by the values of the pumping
pressure head (Hi, m), the water specific weight (y, N m), and the efficiencies (1)) of the pump, motor,
VSD, and cable:

CEE/ = H, 7 (16)
3600 (7, 7, 7\, 7c,)

The specific energy consumption of the equipment, considering a pumping station with a fixed
speed (CEEf, em kWh m), was determined through Equation 17:

CEE'=—_o 7
3600 (nb 77m nc)

The energy reduction (ER, %) was determined by Equation 18. The energy consumption (EC,
kWh) in the pump station for each position (fixed speed and variable speed) was determined from
Equations 19 and 20, respectively.

(17)

CEE"-(CEE,")

ER = :
CEE

v 14100 (18)

EC, = QxT,xCEE' (19)

EC, = QxT,x(CEE,") (20)

av

Where (CEE:i)av is the average of the specific energy consumption in the different angular
positions of the lateral line, and To is the operating time of the irrigation system.

2.6. Case Study
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This study was developed in a center pivot irrigation system located in the “La Felipa” district,
which belongs to Chinchilla de Monte-Aragén (Albacete) in the Castilla La-Mancha region (Spain).
The geographical coordinates of the latitude and longitude of the center point of the pivot are 39°
4'44.43" N and 1°39'35.27" W. The elevations of the water level in the reservoir, the pumping station,
and the center pivot point are, 675.91 m, 676.91 m, and 661.91 m, respectively

With regard to the center pivot, the lateral line of this equipment operates without an end gun,
irrigating an area with a total radius of 488.6 m, equivalent to a surface area of 76 ha. The lateral line is
composed of nine spans, comprising four spans with a length of 57 m, five spans with a length of 51
m, and an overhang of 5.6 m. The lateral line has an internal pipe diameter of 162.27 mm to the last
tower, and the overhang has an internal pipe diameter of 108.74 mm. Along the lateral line, there are
164 emitters (type SP4 + PL / R), which are all equipped with pressure regulator valves (69 kPa) that
have a pressure regulator loss of 34 kPa, with 3 m spacing. The first outlet is located 2.10 m from the
pivot point, mounted at the end of flexible drop pipes, with an internal pipe diameter of 19.05 mm at a
height of 1.80 m from the ground surface. The towers have a fixed height of 3.54 m, and the largest arc
of the spans has a value of 0.7 m in height. The highest elevation of the irrigated area is 667.60 m, and
the lowest value is 652.29 m.

According to the specifications of the pivot model, the model’s total flow rate is 326.61 m? h' and
has a supply pipe with a length of 920 m made of PVC with a nominal pipe diameter of 300 mm,
which leads to the pivot point’s water from a fixed level reservoir with a capacity of approximately
7000 m?. The pumping station is composed of a pump (from the brand KSB, model WKL 150/1), with
rotor 360 mm in size, which is driven by a three phase electric motor whose nominal voltage, power,
and rotation values are 400V, 90 kW, and 1750 rpm, respectively. The electrical installation, with a
power factor of 0.85, has electric copper cables with a length of 50 m and a cross-section of 16 mm?.

The time of operation of the center pivot was determined to supply the water requirements of a
maize crop in the study region (Dominguez et al., 2012). The gross irrigation water requirement
(GIWR) applied in this period was 627 mm, with an operating time (To) of 1440 h.

In order to perform an economic analysis of the use of VSD in center pivot irrigation system
pumping stations, the average value of 0.2 € kWh-! was adopted as the reference price of the electric
energy in the study region.

3. Results and Discussion

3.1. Hydraulic Model

The use of the VSPM tool made it possible to accurately characterize the irrigation system in
EPANET (Figure 4). Hence, the hydraulic simulation was performed at each angular position of the
center pivot lateral line, thereby obtaining the pressure distribution.

In Figure 4, two angular positions of the lateral line, 250° and 40°, are represented. These
positions are those with the highest level of differences in relation to the pivot point, representing 5.68
m uphill and 9.62 m downhill, respectively.
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Figure 4. Network maps of the center pivot system from EPANET inp files generated by the VSPM
(Variable Speed Pivot Model) tool considering two different lateral line angular positions (a) 250°
uphill and (b) 40° downhill.

It can be seen that the hydraulic simulations were not performed with constant topographic
slopes, as done in other works [13,20,21,24,26]. This fact allowed a greater precision in the
determination of the speed of the pumping station to guarantee the lowest energy consumption with
the appropriate pressurization of the lateral line in different angular positions.

The EPANET nodes and links corresponding to the fixed-level reservoir, pumping station,
suction pipe, and supply pipe are highlighted in Figure 4. It should be noted that these hydraulic
elements with their characteristics are constant in all angular positions of the lateral line of the center
pivot. The pipe in the overhang is also highlighted in Figure 4, showing that the slope at the end of the
lateral line is maintained with the same slope value of the last span. In addition, the correct
characterization of the topography of the irrigated area allowed precise characterization of the energy
consumption of the irrigation system operating with a maximum fixed and variable speed for the
pumping station.

3.2. Operating Point

The characteristic curves of the pumping station (Q-Hp, Q-np, and Q-Pass), adjusted through data
taken from the manufacturer, are shown in Figure 5. The operating point of the index characteristic
curve "f", relative to the configuration of the pumping unit with a fixed speed is shown. In addition,
the operating point of the index characteristic curve "v" refers to the configuration with a variable
speed. In both cases, the angular position of the lateral line of 40° was represented with the fixed
speed (nf = 1750 rpm and a = 1.00) and variable speed pump (nv = 1523 rpm and a = 0.85). This
position was chosen because it has a minor pressure head value.
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In Figure 5, it can be seen that the displacement of curves (Q-Hp)v and (Q-Pavs)v to (Q-Hp): and (Q-
Pabs) did not result in significant differences in pump efficiency (Q-np)tv. This result demonstrates that
the use of the VSD in the irrigation system does not significantly interfere with the pump efficiency,
whose high and low values were close to 80.26% (o = 0.85) and 78.54% (o= 1.00). This displacement
also demonstrates the reduction of energy consumption (12.2%) through the influence of the VSD on
the pumping station of the irrigation system under study. This same behavior of curve displacement
was reported by [20] in a study on energy efficiency in center pivots. They determined that by
reducing the speed of the pumping station’s rotation through the VSD, it was possible to reduce its
head pressure, thereby maintaining the efficiency of the pump. Also, as described by [27], the ratio (in
kWh m=) can be higher at lower frequencies than the nominal value, thus presenting another source

of energy saving.

3.3. Pressure Distribution Along the Lateral Line
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After the hydraulic simulation of the center pivot, the pressure values at the top of the lateral line
were obtained for each angular position at the nodes referring to the water outlets. Thus, the
minimum pressure head value corresponds to the minor value of the pressure distribution. The pump
speed computed at each angular position was the minimum pump speed that was able to keep
pressure values at the downstream node of every PRV equal to the setting pressure (ie keeping every
PRV at the Partially closed state). So, according to EPANET PRV rules described above, this condition
was achieved when pressure values at every PRV upstream node were above the setting pressure. The
minimum pressure head values and the location of the minimum pressure head along the lateral line
are shown in Figure 6.
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Figure 6. (a) Value and (b) location of the point of minimum pressure head in the different angular
positions of the center pivot lateral line.-

According to [13,20,21], the point of minimum pressure is located between the end of the lateral
line and the center of the pivot according to the topographic changes of the irrigated area.

King and Wall (2000) [13], studying the spatial distribution of pressure on the lateral portion of a
center pivot (with a length of 392 m and a difference in the level of 18 m), reported that the point of
minor pressure on the lateral line was not necessarily situated at the end. The location of that point
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was variable according to the different slopes of the irrigated area. This fact made it difficult to install
pressure sensors to control the speed of the pumping station with a VSD.

Figure 6 also shows the location of the point of minimum pressure with respect to the end of the
lateral line. In some angular positions, the minimum pressure value is located exactly at the end of the
lateral line. This result shows the influence of the small topographic differences of the irrigated area
on the location of the minimum pressure point and, consequently, on the potential reduction of energy
consumption.

3.4. Energy Analysis

Pumping stations are designed for the lateral line's most critical angular position, i.e., the position
where the lateral line has the largest positive level difference. Thus, the minimum pressure head is
located at the lateral end. Pumping station values for the different lateral line angular positions and
values for the fixed speed pump are shown in Table 1.

Table 1. Flow rate (Q), pumping pressure head (Hi), hydraulic power (Pu), speed of the pumping
station (n), variable speed ratio (), efficiencies (n), and specific energy consumption (CEE) in the
different angular positions of the lateral line.

. Q Hi Pn - Np Mm nv e ne! CEE
Angular Position @mhy m W) "t ) @) ) ) (%) (kWhm?)
Fixed 32661 6523 5804 1750 1.00 7854 94.13 98.60 7290  0.244*
0° 32661 5072 4512 1574 090 80.08 93.86 96.75 98.65 7174  0.193
10° 32661 48.64 4327 1547 0.88 8020 93.77 9621 98.66 7138  0.186
20° 32661 4777 4250 1535 0.88 8023 93.73 9595 98.66 71.19  0.183
30° 32661 47.07 4188 1526 087 8026 93.69 9571 98.66 71.01  0.181
40° 326.61 4684 41.67 1523 087 8026 93.68 9563 98.67 7094  0.180
50° 32661 4749 4225 1531 0.88 8024 93.71 9586 98.66 71.12  0.182
60° 32661 49.16 4374 1553 089 80.17 9379 9636 98.66 7148  0.187
70° 32661 5269 46.88 1599 091 79.93 9393 9713 98.64 7193  0.200
80° 32661 5529 4920 1631 093 7970 9400 9743 98.63 72.00  0.209
90° 32661 5624 50.04 1643 094 79.61 9402 9748 9863 7196 0213
100° 32661 5757 5122 1659 095 79.47 9404 9751 9863 71.88 0218
110° 326,61 5833 5190 1669 095 7939 9405 9750 98.62 71.80  0.221
120° 32661 5815 5173 1666 095 79.41 9405 9750 98.62 71.82 0221
130° 32661 5845 5201 1670 095 7938 9406 9750 98.62 7179  0.222
140° 32661 5938 52.83 1681 096 7927 9407 9745 98.62 71.67  0.226
150° 32661 60.00 5338 1689 096 7920 9408 9741 98.62 7158  0.228
160° 32661 6049 5382 1695 097 79.14 9409 9737 98.62 7149  0.230
170° 32661 5863 5216 1672 096 7936 9406 9749 98.62 7177 0223
180° 32661 6033 53.67 1693 097 79.16 9408 97.38 98.62 7152  0.230
190° 32661 5999 5337 1688 096 7920 9408 9741 98.62 7158  0.228
200° 32661 6035 53.69 1693 097 79.16 9408 97.38 98.62 7152  0.230
210° 32661 5975 53.16 1686 096 7923 9408 9743 9862 71.61 0227
220° 32661 5952 5296 1683 096 7925 9407 97.44 98.62 71.65  0.226
230° 32661 6086 5415 1699 097 79.10 9409 9733 98.62 7143  0.232
240° 32661 6021 5357 1691 097 79.17 9408 9739 9862 7154  0.229
250° 32661 6137 5460 1705 097 79.03 9410 9727 9861 7133 0234
260° 32661 6124 5448 1703 097 79.05 9409 9728 9861 7136  0.234
270° 32661 5861 5215 1672 096 7936 9406 9749 98.62 7177  0.222

280° 326.61 57.68 5132 1661 095 7946 94.04 9751 98.63 71.87 0.219
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290° 326.61 59.07 5256 1677 096 7931 94.07 9747 98.62 71.71 0.224
300° 326.61 59.24 5270 1679 096 79.29 94.07 9746 98.62 71.69 0.225
310° 326.61 5753 51.19 1659 095 7948 94.04 9751 98.63 71.88 0.218
320° 326.61 55.85 49.69 1638 094 79.65 94.01 9747 98.63 71.98 0.211
330° 326.61 5522 49.13 1630 093 79.71 9399 9742 98.63 72.00 0.209
340° 326.61 55.05 4898 1628 093 79.73 9399 9741 98.63 72.00 0.208
350° 326.61 5250 46.71 1596 091 7995 9392 9710 98.64 71.92 0.199

! Total efficiency * variable speed drives (VSDs) efficiency not considered.

In Table 1, it can be sheen that the i = 40° position (Figure 4) has the lowest pumping pressure
head value (46.84 m) and, consequently, a lower specific energy consumption value (0.180 kWh m™3).
On the other hand, position I = 250° presents the highest values—61.37 m and 0.234 kWh m-,
respectively. It should be noted that for these positions, the determination of the CEE with the variable
speed of the pump is different from the CEE with a fixed speed, because, in this configuration, the
value of VSD efficiency is not considered.

Specific energy consumption (kWh m=) values for the fixed speed (without VSD) and variable
speed (with VSD) pumping stations were determined. The specific energy consumption using the
VSD was computed as the average values considering all the angular positions of the lateral line. In
general, due to the small variations in the topography of the irrigated area, the average value of the
CEE with variable speed of the pumping station was close to the value of the CEE with a fixed speed
(0.214 and 0.244 kWh m3, respectively), resulting in an energy reduction value of 12.2%. This
percentage is lower than the values found by [18] (32% energy savings using variable speed well
pumps in a center pivot system), [19] (27% to 35% of energy savings can be achieved using VSD in two
Italian irrigation districts operating with three parallel horizontal axis pumps), and higher than those
found by [20] (9.6% energy reduction is possible for 13.6 m difference in the irrigated area for a study
containing 100 center pivots in Nebraska (USA), with each pivot containing a pumping station).
However, these studies did not take into account the efficiency of VSD. The energy reduction value of
this study is close to that found by [13] (7.5% to 15.8%), who considered the variable speed drive
efficiency of a center pivot pumping unit. This result demonstrates that using VSD can reduce energy
consumption in pumping units for water distribution.

In the present study, the center pivot system is equipped with a single pump. The use of VSDs in
situations where multiple pumps supply several irrigation systems can result in greater energy
savings, as can be seen in the studies conducted by [18] and [19].

The values of the absorbed power (the relation of the hydraulic power and total efficiency, in kW)
at the pumping station at each of the angular positions of the center pivot’s lateral line are shown in
Figure 7.
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Figure 7. Absorbed power at the pumping station for the different angular positions of the lateral line.

In Figure 7, the lowest values of the absorbed power (51.92 kW) were reached in the angular
positions where the lateral line assumes a downward slope (i = 40°) from the center to the end. In the
same way, when the lateral line presents an ascending slope (i = 250°), it results in higher values of
absorbed power (69.09 kW). This difference in values results in a reduction of 28.5% between these
two angular positions. It should be noted that the total efficiency of these two positions is very close
(70.9% (for i = 40°) and 71.3% (for i = 250°)). These results are directly related to the movement of the
point of minimum pressure along the lateral line according to topographic variations of the irrigated
area. The same type of behavior for the minimum pressure point was reported by [20] and [13] in
studies with energy conservation in the center pivot systems using variable speed drives at the
pumping station.

3.5. Economic Analysis

To analyze the operation costs with the use of VSDs in this center pivot, the values of energy
consumption and costs, considering the two configurations (fixed and variable speed) for an irrigation
season with maize crop in the region of Albacete (Spain), are presented in Table 2.

Table 2. The consumption and cost of energy for the pumping stations with fixed and variable speeds.

Crop Maize
GIWR (gross irrigation water requirement) mm 627.00
Flow rate m?3 h1 326.61
Operation time h 1440.00
EC: kWh  114739.03
ECy kWh  100632.47
Average cost € kW h! 0.20
@ € 22947.96
G € 20126.49

Energy Savings €year?  2821.47
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For an irrigated area with a maximum elevation difference of 15.3 m, and considering the use of a
VSD with a fixed speed, the annual average energy savings is close to 14107.35 kWh (Table 2),
representing an annual average energy cost savings of 2821.47€.

In a similar study, [13] presented an average annual saving of 18100.00 kWh, applying a
requirement of 635 mm of gross water irrigation and an area with an elevation difference of 18 m.
They concluded that the VSD installation would not be economically viable. This result can be
explained due to the low performance of the utility's equipment and the low cost of energy (0.031
kWh) in the region where the study was conducted, which resulted in a low average annual saving
(564.30 €). The average annual energy savings (kWh) presented by [13] were similar to those
determined in the present study. However, due to the unit cost of energy consumption, the financial
savings were lower. This fact shows that the cost of energy, besides the topography of the irrigated
area, must be taken into account for this type of analysis.

Working with several center pivots for the maize crop, [20] presented an average annual saving
of 4155 kWh, applying a requirement of 284 mm of gross water irrigation to an average irrigated area
of 49 ha with a height difference of 13.6 m. The average pumping cost was 0.098 kWh-1, resulting in
average annual savings of 407.40€. The difference of the values in this study can be explained by the
smaller difference in elevation, their low energy cost, and their lower gross irrigation requirements.

4, Conclusions

This study presented a proposal to vary the pressure supplied to a center pivot irrigation system
according to the angular position of the lateral line by adjusting the speed of the pumping station with
a variable speed drive (VSD). A model was developed to simulate the possible reduction in energy
consumption when using a VSD in a center pivot pumping station in Albacete (Spain). For
topographic characterization, DEMs from satellite images (with 5 x 5 m spatial accuracy) were used,
and it was concluded that the topographic precision for this type of study is essential to determine the
required pressure values at each angular position of the center pivot’s lateral line.

The present study showed a saving of 12.2% of energy when using speed control at the pumping
station in comparison with the commonly used fixed speed. This reduction in energy allowed
economic savings close to 2821.47 €, in an area irrigated by a center pivot with a difference in
maximum elevation of 15.3 m and the major part of the lateral line on the ascending slope.

The VSPM tool, which added topographic, hydraulic, and energy characteristics to the irrigation
system, facilitated the simulation of the center pivot irrigation system in the EPANET software, along
with the analyses of the use of VSD in the speed control of the pumping station. This tool
demonstrates the possible financial return when using a VSD in a center pivot pumping station that
operates in areas of variable topography. This center pivot represents the greater part of the irrigated
area in the ascending slope during the movement of the lateral line. Therefore, for an irrigated area
where the lateral line remains in a descending slope during the greater part of its rotation, the energy
savings would be greater. Thus, this tool seems to be useful for users to achieve better precision in
energy and economic analyses of center pivot irrigation systems.

The use of VSD to control the speed of the pumping station of the irrigation system showed a
greater reduction in energy consumption when the different angular positions of the lateral line along
the irrigated area were in an ascending slope. In these positions, the point of minimum pressure tends
to migrate from the extremity to the center of the pivot.

This study aimed to quantify the energy saving potential of VSDs, providing irrigation producers
and professionals results that show the benefits of installing VSDs in the pumping stations of center
pivot irrigation systems.
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Nomenclature

Ac cross-sectional area of cable (mm?)

Ce electrical conductivity of copper (m Q! mm-2)

CEEf specific energy consumption, considering the pumping station with fixed speed (kWh m-)
CEEw specific energy consumption using the VSD, for each angular position i (kWh m)
(CEE)av average of the specific energy consumption in the different angular positions (kWh m-)
Caw roughness coefficient of the pipe material of the Hazen-Williams equation

cos®p power factor

D pipe diameter of the lateral line

DEM Digital Elevation Model

EC Energy Consumption (kWh)

ER Energy Reduction (%)

GIWR gross irrigation water requirement (mm)

hare maximum height of the lateral line arc (m)

he height of the emitter relative to the ground (m)

hf head loss (m)

Hi pressure head that the pump must provide for each angular position i (m)

Hming) minimum pressure along the lateral line for each angular position i (m)

Hp pressure head at the fixed pumping speed (m)

Hprv nominal pressure of the PRV (m)

Hpr* PRV pressure, including the minimum regulator requirement (m)

hr height of moving towers (m)

i angular position of the lateral line (0°, 10°, ..., 350°)

j number of moving towers

ke emitter discharge coefficient (m? s)

L equivalent length of lateral line (m)

Lb gross irrigation depth (mm day)



Lec
Lop

Pu
PNOA
Pabs)
PNom

PRV

qx
Rinst
Rr
Sr
Tg
To

VSD
VSPM
Xi, Yi
Zn~
Ztn
Z1n1

Ah
Ne
Nm

79

cable length (m)

total length of the drop pipe (m)

spacing between emitters (m)

distance between the last emitter and next tower of the span (m)
spacing between the tower and the first emitter (m)

distance from the centre tower to the index tower j (m)

distance of the node referring to the water outlet in relation to the previous tower (m)
length of span (m)

water outlet in the span

number of water outlets in the span

hydraulic power (kW)

Spanish National Program of aerial photogrammetry

absorbed power (kW)

nominal power (kW)

Pressure Regulator Valve

total flow rate of the irrigation system

flow of the outlet with order number x (m? h7)

radius of installation of the emitter, relative to the centre tower (m)
radius of rotation of the tower relative to the centre tower (m)
slope between towersnen -1

rotation time (h)

operating time of irrigation system (h)

nominal voltage (V)

Variable Speed Drive

Variable Speed Pivot Model

geographical coordinates of the moving towers j (m)

elevation of the node x (m)

tower elevation posterior to node n (m)

tower elevation previous to node n (m)

ratio between the speed of the variable speed drive and the maximum speed as a fixed speed
drive

exponent of the pressure

water specific weight (N m3)

length of the drop pipe between the lateral line and the tower (m)
cable efficiency

motor efficiency
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np pump efficiency

N total efficiency of the pumping station

v VSD efficiency
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