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a b s t r a c t

Center-pivot sprinkler irrigation became very popular. Hence, aimed at farmers advising, the simulation
model DEPIVOT has been developed with the objective of design new systems or changes in systems in
operation. The software consists of a simulation package developed in Visual Basic and data base in
Access. The model comprises five main sub-models for: (a) computation of the gross irrigation require-
ments; (b) sizing of the lateral pipe spans through the hydraulics computation of the friction losses
and respective operative simulation considering to the effects of topography and the possible require-
ments of an end gun; (c) selecting a sprinklers package with computation of pressure and discharge at
each outlet and including the consideration of pressure regulators; (d) verification of the sprinklers pack-
age through estimation of runoff potential by comparing application and infiltration rates at selected
locations along the lateral; and (e) estimating the expected uniformity performance indicators when in
operation. The user verifies if performance is within target values set at start and may develop and com-
pare alternative sprinkler packages until appropriate conditions are obtained. When the model is used for
evaluation of systems under operation using data collected in farmers’ fields performance indicators are
computed and, responding to farmers’ needs, the model may be used to design changes in the existing
systems and to improve management. This paper describes the model and shows examples of applica-
tions to select a sprinkler package and assess the respective runoff potential.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Center-pivot irrigation systems (CPs) have experienced a wide
diffusion worldwide because of their advantages relative to other
irrigation systems such as: (i) high potential for uniform and
efficient water applications, e.g., when the system is properly
designed and managed more than 90% of water applied can be
utilized by the crop; (ii) high degree of automation, which allows
applied precision farming practices including variable rate technol-
ogy; and (iii) ability to apply water and nutrients over a wide range
of soil, crop and topographic conditions. A main disadvantage of CP
is high water application rates, which can cause runoff, mainly in
undulating land areas. Runoff is undesirable because it represents
a non-beneficial water use that may lead to soil erosion, crop yield
reductions and contamination of water bodies when transporting
agricultural chemicals (Duke and Perry, 2006; Marques da Silva
and Silva, 2008; King et al., 2009; El Nahry et al., 2011).

Efforts to improve CP design and management have concentrated
on increasing water application uniformity, reducing energy use by
operating with lower pressure, and controlling negative environmen-
tal impacts such as excessive water and fertilizer operational losses.
ll rights reserved.
When a system has low distribution uniformity water and economic
productivity are low (Rodrigues and Pereira, 2009); it may be required
to apply a higher water depth to ensure that the entire crop receives
the minimum depth necessary to meet the crop water requirements.
This implies higher water and energy costs and detrimental impacts
on the environment. Rodrigues et al. (2010) have shown that improv-
ing irrigation performance leads to an increase in the energy gains in
relation to the amount of water use.

With the attempt of reducing pressure requirements, new spray
sprinklers have been developed in recent years, hence replacing tra-
ditional impact sprinklers. Low-pressure spray sprinklers can be
classified as Fixed Spray Plate Sprinkler (FSPS) and Rotating Spray
Plate Sprinklers (RSPSs). Several studies demonstrated that RSPS
sprinklers lead to better performance than FSPS (DeBoer, 2002;
Montero et al., 2002; Clark et al., 2003). Faci et al. (2001) recom-
mended using narrow sprinklers spacing to improve overlapping
and uniformity. Playán et al. (2004) compared wetted diameters,
water application and wind drift and evaporation losses from FSPS
and RSPS and concluded that RSPS are advantageous relative to
FSPS. This is confirmed by results presented of Ortiz et al. (2010),
who compared RSPS and FSPS placed at 2.5 and 1.0 m above the
ground and found that RSPS achieved higher water application uni-
formity. Playán et al. (2004) concluded that the choice of the design
selection of irrigation depths, nozzle diameters along the pivot lat-
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Nomenclature

AF field area, ha
AR irrigated area, ha
C friction coefficient
Ccd catch can diameter, cm
CI coarseness index, %
Davg average water depths, mm
Dlq average low quarter water depth, mm
D(sp)i internal diameter of the ith span, mm
Dd diameter of the drop pipe, m
DEpa design distribution efficiency, %
Dj water depth applied at point j, mm
dzj nozzles diameter at point j, mm
Dsp inside diameter of span pipe, mm
DU distribution uniformity, %
Epa design efficiency, %
Eseas energy demand for irrigation during the season, GJ ha�1

ETc crop evapotranspiration, mm day�1

ETo reference evapotranspiration, mm day�1

GIR gross irrigation requirement, mm day�1

Hf total friction head loss, m
hfj, j+1 friction head loss between outlets j and j + 1, m
hzj nozzle height above ground, m
i spans numbering along the lateral, integer
i(t) infiltration rate, mm h�1

j number of order of outlets along a lateral
kd sprinkler coefficient
kf frequency factor
kp Kostiakov infiltration rate parameter
Ld length, of the pipe drop, m
Lsp length of the span, m
n number of observation points (or catch cans), integer
Nspi number of sprinkler outlets for each span i, integer
Oe ratio of water effectively discharged through the sprin-

kler, fraction
p Kostiakov infiltration rate exponent
P(t) application rate, mm h�1

pa fraction of land well irrigated, %
Paj actual sprinklers pressure, kPa
Pe average daily precipitation, mm

Pj nozzle operating pressure, kPa
Po pressure at the pivot point, kPa
Pp peak application rate for the elliptical pattern, mm h�1

PRgj pressure regulator, kPa
qaj actual sprinklers discharge, L s�1

Qg end gun discharge, L s�1

qj nozzle discharge required for the jth outlet, L s�1

Qs total system discharge, L s�1

Qspa actual discharge for a given span, L s�1

Qspi required discharge for a given span, L s�1

Rb radius of irrigated area without the end gun, m
Re portion of sprinklers emitted water that reaches the soil

surface, fraction
Rg radius of the area wetted by the end gun, m
RL total lateral length, m
ROp potential runoff, mm
Rs effective radius of the irrigated area, m
rj radial distance of the outlet j to the pivot point, m
Sj distance from the center to the catch can position, m
S(sp)i outlet spacing in the ith span, m
Ton fraction of time when the system is turned on
tp time to the peak application rate, h
trev time required for one revolution of the system, s
tseas total irrigation time during the season, h
U wind speed at 2 m height, km h�1

UC uniformity coefficient, %
Vj volume of water caught in a catch can, ml
WD wetted diameter by a sprinkler, m
Wr wetted radius by a sprinkler, m
x sprinkler characteristic exponent
Zj ground elevation at location j, m
Zpp ground elevation at the pivot point, m
Ztw ground elevation at a tower, m

Abbreviations
Cc catch can
CP center-pivot system
PR pressure regulator
SP sprinkler package
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eral, and the pivot length in relation to the soil type may be more rel-
evant than the selection of the sprinkler type itself.

Wind drift and evaporation losses (WDELs) are important and
effective water losses in sprinkler irrigation, which are detrimental
to performance. Numerous studies refer to WDEL and its estima-
tion based on weather variables and/or irrigation system charac-
teristics (Trimmer, 1987; Tarjuelo et al., 2000; Faci et al., 2001).
Playán et al. (2005) characterized WDEL under day and night oper-
ation conditions concluding that smaller WDEL were obtained dur-
ing night irrigation. Ortiz et al. (2009) compared WDEL for RSPS
and FSPS placed at different heights above the ground and reported
that WDEL could be reduced up to 75% if using RSPS placed 1.0 m
above the ground in night-time irrigation.

From an environmental perspective, CP performance is essen-
tial. When a CP system is used for fertigation or chemigation and
runoff is produced, nutrients and other chemicals are carried to
water bodies, thus contaminating the environment (King et al.,
1999; Palacin et al., 2005). According to Al-Kufaishi et al. (2006),
Han et al. (2009) and McCarthy et al. (2010), a variable rate appli-
cation is the best option for water conservation when there is a
high diversity of environmental conditions, i.e. soil moisture hold-
ing capacity, soil depth and root development.
Kincaid (2002) suggested that the most important impact of
sprinkler runoff is erosion, whose potential depends upon the
application rate. It is therefore important to define the application
rate profile of a CP system and compare it with the infiltration rate
curve to estimate the potential runoff (Wilmes et al., 1993). Several
authors reported that the application rate profile is better repre-
sented by an elliptical profile (Heermann and Hein, 1968; Allen,
1990); however, a parabolic or a triangular profile may also be
adopted (Luz and Heermann, 2005). Prediction of potential runoff
is a very useful tool for the proper design and management of cen-
ter-pivot irrigation. Some authors include its calculation when
selecting the sprinkler package (Gilley, 1984; von Bernuth and Gil-
ley, 1985), or focused on selected variables that influence potential
runoff aiming at its control and prevention (Allen, 1990; Kincaid,
2002; Luz and Heermann, 2005). To prevent runoff it is necessary
to relate CP management practices with soil infiltration character-
istics and to identify factors that influence infiltration rate, e.g.,
surface sealing and crust formation that highly decrease infiltra-
tion. Infiltration rate curves may be represented by the empirical
Kostiakov equation (Kincaid et al., 1969; Dillon et al., 1972; Gilley,
1984; Silva, 2007), the conceptual Green-Ampt equation (Slack,
1980; von Bernuth and Gilley, 1985), or the more deterministic



Fig. 1. Conceptual structure of the model DEPIVOT.
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Richards equation (Luz and Heermann, 2005). King and Bjorneberg
(2011) concluded that reducing sprinkler flow rate early in the
growing season, prior to crop canopy development, could be an
effective management practice for reducing runoff and erosion;
however, this is a practice difficult to implement. Kincaid et al.
(1996) and Silva (2006) studied the energy impact of water drop-
lets on the soil surface, as well as the effects of sprinkler character-
istics and CP operation on sealing and crusting processes.

Various models that simulate water distribution from a CP sys-
tem have been developed to support design and improve irrigation
systems while avoiding laborious field tests. CP manufacturers
developed models adapted to their specific conditions to support
dealers and marketing. Heermann and Hein (1968) developed the
model CPED, based on Bittinger and Longenbaugh (1962) studies,
which computed overlapping effect of neighboring sprinklers.
James (1982) investigated the effects of topography on water dis-
tribution. Allen (1989) developed the program USUPIVOT, where
the user can input the parameters characterizing infiltration (sur-
face storage, infiltration pattern, and sealing factor), the crop (par-
ticularly crop evapotranspiration), the sprinkler pattern (triangular
and/or elliptic) and the CP system (working hours and lateral ra-
dius). The model computes the minimum wetted width and rec-
ommends sprinklers characteristics required for minimizing
runoff, as well as application depths and minimum revolution
velocity. Evans et al. (1993) developed the CPIM model to study
the distribution of irrigation water/nitrogen from a CP system.
CPIM considers topography and predicts nozzle pressure relative
to any water depth in the field. Bremond and Molle (1995) mod-
eled the sprinkler’s distribution pattern and the water depths re-
ceived in a grid of points. Le Gat and Molle (2000) and Molle and
Le Gat (2000) developed and calibrated a semi-empirical model
for simulating the spatial distribution of water application from
various CP sprinklers. Luz (2001) introduced an economical com-
ponent to characterize different CP. Silva (2006) developed a model
for estimation of runoff and soil losses for different sprinklers.
Delirhasannia et al. (2010) developed, validated and applied a
model to predict the radial irrigation uniformity and the water
application along the CP systems while López-Mata et al. (2010)
developed a model that allows simulating the effect of irrigation
uniformity on crop yields profitability. Some models, in addition
to ease and improve the design of new systems, may be used to
support field evaluation of systems under operation, mainly calcu-
lating the water application and performance indicators (Tarjuelo
et al., 1999; Rodrigues et al., 2001; Duke and Perry, 2006; Marjang
et al., 2011). Most commonly used indicators are the distribution
uniformity (DU) and the uniformity coefficient (UC), which charac-
terize the system performance and are determined by design vari-
ables such as the pressure available at the sprinkler, the pressure
variation along the lateral, the nozzle diameter, the water distribu-
tion pattern and the wind speed and direction (Pereira, 1999).
Numerous studies have shown that DU and UC may be excellent
for well-designed and operated CP systems.

Aspects referred above show that CP design is difficult, which
justifies using design models; it is also difficult to adequately use
field evaluation data to properly advise farmers on improving their
CP systems, which often involves redesigning the sprinkler pack-
age. Models referred above essentially focus the hydraulic sizing
of the CP systems, or the uniformity of water distribution along
the lateral as a function of the sprinkler package, or the runoff pro-
duction. It is however required that a model be able to incorporate
various simulation tools that allow to assess the performance in
terms of water application, energy use and runoff avoidance. To
achieve this purpose the model DEPIVOT was built using
developments referred above relative to system sizing, selection
of sprinkler packages, assessment of runoff formation and of the
performance of water application aimed at both design and
management. Thus, the objective of this study was to develop a
CP simulation model (DEPIVOT) appropriate for design and field
evaluation of center pivot systems, including to support farmers
advising and combining the referred capabilities. The program is
available for download at http://ceer.isa.utl.pt/cms/.

2. Model background and theory

2.1. Modeling approach

The software code was developed with Microsoft Visual Basic.
The model has two main components, one for designing new sys-
tems and another for evaluation of systems in operation. The first
component consists of the agronomic design, with calculation of
the system discharge, and the hydraulic design, which includes:
(a) Lateral pipe sizing, with computation of friction head losses
along the lateral; (b) The generation of the sprinkler package
(SP); (c) The computation of performance indicators, mainly DU
and UC; (d) The estimation of potential runoff (ROp) and verifica-
tion of SP. The second component, evaluation of operating systems,
uses field evaluation data to calculate the performance indicators
according to Merriam and Keller (1978), Keller and Bliesner
(1990) and ASABE (2009). Fig. 1 shows the conceptual structure
of the model.

The DEPIVOT database (in Access) stores the characteristics of
spans (pipe diameter, length, material and spacing between out-
lets), sprinklers (manufacturer, model, description, pressures and
discharges recommended by the manufacturer) and design options
associated with the system under analysis.

2.2. Agronomic design

The calculation of the system discharge is based on the gross
irrigation requirements (GIRs), which are a function of the crop,
the soil and the climate. GIR refer to the water depth that must
be applied, which is a function of peak crop evapotranspiration,
runoff, deep percolation, wind drift and evaporation losses. GIR
can be calculated using the water balance simulation model ISA-
REG (Liu et al., 1998; Pereira et al., 2003), or by any other soil water
balance approach. GIR (mm d�1) can be estimated as (Allen et al.,
2000):

http://ceer.isa.utl.pt/cms/
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GIR ¼ kf
ETc � Pe

Epa=100

� �
ð1Þ

where kf is the frequency factor proposed by Keller and Bliesner
(1990) accounting for the increase in crop coefficient due to high-
frequency irrigation (dimensionless), ETc is the average daily crop
evapotranspiration relative to the peak demand period (mm day�1),
Pe is the average daily precipitation during the same period (mm),
and Epa is the design efficiency (%) when the percentage of land ade-
quately irrigated is pa (%). Epa includes the effects of non-uniformity
of water application, runoff, deep percolation, drift and evaporation
losses, and pipe leakage. As proposed by Keller and Bliesner (1990),
Epa (%) is given by:

Epa ¼ DEpaOeRe ð2Þ

where DEpa is the design distribution efficiency (%) relative to a tar-
get uniformity (UC, %) and the fraction of the well irrigated area (pa,
%), Oe is the ratio of water effectively discharged through the sprin-
kler (fraction), and Re is the portion of water emitted from sprin-
klers that reaches the soil surface (fraction). Following Keller and
Bliesner (1990), DEpa is given by

DEpa¼100þð606�24:9 paþ0:349 pa2�0:00186 pa3Þ 1� UC
100

� �
ð3Þ

Allen et al. (2000) recommended a DEpa ranging from 83% to
90%, corresponding to a UC from 88% to 94% and pa from 80% to
95%. In recently installed systems with good maintenance, Oe is
close to 1.0.

Re can be calculated as (Keller and Bliesner, 1990):

Re ¼ 0:976þ 0:005ETo � 0:00017ET2
o þ 0:0012U

� CIð0:00043ETo þ 0:00018U þ 0:000016EToUÞ ð4Þ

where ETo is the reference evapotranspiration (mm day�1), U is the
wind speed at 2 m height (km h�1) and CI is the coarseness index
(%), that may be computed as:

CI ¼ 0:032
P1:3

j

dz
ð5Þ

where Pj is the nozzle operating pressure (kPa) and dz is the nozzle
diameter (mm). ETo is computed according to FAO 56 guidelines
(Allen et al., 1998).

System discharge values vary according to rainfall distribution
during the crop season, evaporative demand, crop water require-
ments, soil type, and application efficiency of the CP system, i.e.,
according to factors influencing GIR (Eq. (1)). Following Keller
and Bliesner (1990) and Allen et al. (2000), the total system dis-
charge (Qs, L s�1) is calculated as:

Q s ¼
pR2

s GIR
86400Ton

ð6Þ

where Rs is the effective radius of area well irrigated; GIR
(mm day�1) is defined by Eq. (1), and Ton is the fraction of time
when the system is turned on for a typical day during the peak
period.

2.3. Hydraulic design

DEPIVOT provides for design of multi-diameter CP laterals, with
different spacing between sprinkler outlets. The friction head
losses are calculated by the Hazen–Williams equation using the
stepwise method as recommended by several studies (Scaloppi
and Allen, 1993; Valiantzas and Dercas, 2005; Tabuada, 2010).
The Hazen–Williams equation can be written as:
hfj;jþ1 ¼ 1:21� 1010 Q s �
Pn

j¼0qj

C

 !1:852

D�4:87
ðspÞi SðspÞi ð7Þ

where hfj, j+1 is the friction head loss between outlets j and j + 1 (m),
j is the number of order of outlets along the lateral having or not a
sprinkler (integer), Qs is the system discharge (L s�1), qj is the nozzle
discharge required for the jth outlet (L s�1), C is the friction coeffi-
cient, D(sp)i is the internal diameter of the ith span (mm), S(sp)i is
the outlet spacing in the ith span (m) and i is the spans number
along the lateral (integer).

The discharge qj at each outlet is computed by (Reddy and Apo-
layo, 1988; Keller and Bliesner, 1990; Anwar, 2000; Valiantzas and
Dercas, 2005; Martin et al., 2007):

qj ¼
2Q srjSðspÞi

R2
s

ð8Þ

where rj is the radial distance of the outlet j to the pivot point (m)
and Rs is effective radius of area well irrigated (m). Because operat-
ing characteristics of the lateral and the end gun are different, de-
sign procedures are quite different for the basic circle and the
area irrigated by the end gun (Anwar, 2000). The end gun discharge
(Qg, L s�1) may be computed as:

Qg ¼
R2

s � R2
b

R2
s

 !
Q s ð9Þ

where Rb is the radius of circular irrigated area without the end gun
(m).

The total friction head loss along the lateral (Hf, m) is:

Hf ¼
Xn

j¼0

hfj;jþ1 ð10Þ

Hf is calculated in order to select the adequate diameter, length
and outlet spacing for all the spans. The lateral pressure head loss,
defined as the sum of the total friction head losses and the tower
elevation differences (Dztw, m), must be smaller than 20% of the
pressure at the pivot point (Heermann and Hein, 1968). If not,
sprinklers must be equipped with pressure regulators. The pro-
gram simulates a static position for the system, so the user must
select the most representative position in terms of the field slope
to evaluate when pressure regulators are required. Computations
for several positions may be performed.

The methodology proposed by Keller and Bliesner (1990) to cre-
ate the SP is adopted. Aiming at determining the required dis-
charge qj (Eq. (8)) that originates a uniform application of water
at the selected operating pressure (Pj), it is necessary to select
the most appropriate sprinklers for each outlet, which is performed
through a query to the sprinklers database. DEPIVOT allows creat-
ing a sprinkler chart automatically or manually. The automatic
mode starts at the first outlet choosing the sprinkler whose dis-
charge is the nearest to the required one, and that selection is re-
peated for every outlet j (qaj, L s�1). Then the model computes
the friction head losses section-by-section (hf j,j+1, m), thus obtain-
ing the actual pressure (Paj+1, kPa) at each sprinkler (Fig. 2). The ac-
tual discharge is then calculated (qaj+1) through the discharge–
pressure relationship relative to the selected sprinkler. The model
runs a new query to the database and the cycle is repeated for
every sprinkler outlet. In the manual mode, the selection is per-
formed through successive queries to the sprinkler database.

2.4. Verification of the sprinkler package

Each sprinkler package can be evaluated using two criteria:
observing when the predicted performance of the system satisfies



Fig. 2. Schematic iterative computation of actual sprinklers pressure (Paj) and discharge (qaj) for each sprinkler outlet (all symbols are defined in the Nomenclature box).
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the target performance, or assessing when the estimated potential
runoff satisfies a target runoff threshold.

Selected performance indicators are computed by the model
using a virtual line of catch cans miming a field simulation. The
simulated amount of water collected in a given point in the virtual
catch can is computed as the sum of quantities originating in sev-
eral nearby sprinklers. DEPIVOT considers equidistant outlets in
each span but allows some outlets to be closed in the first span
of the lateral where less water is required. The distance between
outlets (Ssp) defines the circular crown irrigated by each sprinkler.
It is admitted that the amount of water received in this crown from
neighbor sprinklers equals the volume contributed by the con-
cerned sprinkler to the adjacent crowns (Tabuada et al., 2004).
The water depth applied at point j (Dj, mm) can be computed by
(Tabuada et al., 2004):

Dj ¼
qajtrev

2pSðspÞirj
ð11Þ

where trev is the time required for one rotation of the CP system(s).
Two performance indicators, distribution uniformity (DU) and

uniformity coefficient (UC), can be calculated from these Dj data:

DU ¼ Dlq

Davg
100 ð12Þ

where Dlq (mm) is the average weighted low quarter depth, and
Davg (mm) is the average weighted system depth (Merriam and Kel-
ler, 1978; ASABE, 2009). UC is computed as proposed by Heermann
and Hein (1968):

UC ¼ 100 1�
Pn

j¼1SjjDj � DavgjPn
j¼1SjDj

" #
ð13Þ

where n is the number of observations and Sj is the distance of each
point j to the pivot point.

When the model is used for the evaluation of systems under
operation, DU and UC are also calculated but from observed data
collected with catch cans equally spaced along a radial direction
(Merriam and Keller, 1978; Keller and Bliesner, 1990; Martin
et al., 2007).

The application rate beneath the outer span is often very high
and may result in runoff, erosion and spatial non-uniformity of
water infiltration. It is therefore required to estimate the potential
runoff (ROp, mm) for any selected SP, which is given by the differ-
ence between the amounts of water applied and infiltrated for the
period when the application rate (P(t), mm h�1) exceeds the infil-
tration rate (i(t), mm h�1), thus

ROp ¼
Z
½PðtÞ � iðtÞ� when PðtÞ > iðtÞ ð14Þ

DEPIVOT adopts an elliptical pattern for the application rate
curve (Kincaid et al., 1969; Dillon et al., 1972; Gilley, 1984; von
Bernuth and Gilley, 1985; Allen, 1990). The application rate P(t)
is calculated with the equation proposed by Gilley (1984) and Mar-
tin et al. (2007):

PðtÞ ¼ Pp

tp
ð2ttp � t2Þ

1
2 ð15Þ

where Pp is the peak application rate (mm h�1) and tp is the time re-
quired to attain Pp (h). Pp can be computed as:
Pp ¼ 4
Q s

pR2
s

 !
rj

W r
ð16Þ

where Wr is the wetted radius of the sprinkler located at the dis-
tance rj from the pivot point (m). Pp does not include the drift and
evaporation losses. tp can be calculated as:

tp ¼
W rGIR

2pr Q s
pR2

s

� � ð17Þ

The Kostiakov equation is adopted to describe the soil infiltra-
tion rate (i, mm h�1):

i ¼ kptp ð18Þ

where t is time (h) and kp and p are soil specific parameters deter-
mined from experimental infiltration data. Silva (2007) verified that
using the Kostiakov equation is appropriate to the region where
DEPIVOT is used. ROp can be controlled by increasing the surface
storage capacity in micro-depressions, which depends upon the
field slope, microtopography, roughness of the soil surface and soil
type (Keller and Bliesner, 1990).

3. Model computational tools

3.1. Design

The program starts with an interface to select between design of
a new system or evaluation of a system in operation. When the de-
sign option is selected, the user should start with the agronomic
design or with the hydraulic simulation if system data are already
available. In the first case, Qs may be imported as an output file of a
water balance model, e.g., the WinISAREG model (Pereira et al.,
2003), or is estimated through an algorithm that solves Eqs. (1)–
(6). Epa may be inputted as a user target or calculated (Eq. (2)). In
the following, or when results of the agronomic design are already
known, through the window interface in Fig. 3, the user inputs the
aimed characteristics of the CP system, including the farmer’s
name, system discharge (Qs, L s�1), pressure at the pivot point
(Po, kPa), field area (AF, ha), total lateral length (RL, m) and irrigated
area (AR, ha). Since Qs is known, through the same interface in
Fig. 3, the user inputs the system characteristics referring to the
number of spans, and respective lengths (Lsp, m), material and in-
side diameter (Dsp, mm), as well as spacing between outlets (Ssp,
cm). The selection of the characteristics of spans is performed
through a database query. The head losses relative to the spans
are then computed (Eq. (7)). When the user selects an end gun,
the wetted radius by the end gun (Rg, m) is also inputted and the
model calculates the end gun discharge (Qg, L s�1) (Eq. (9)). Data
on the ground elevation of the pivot point (Zpp, m) and towers
(Ztw, m) are inputted through the same window (Fig. 3), and are
used to compute the piezometric heads. Using these elevation data,
the slope angle relative to each span is also calculated.

Once the spans are sized, the sprinklers package is defined with
help of the window in Fig. 4. The sprinklers’ characteristics are se-
lected in the respective database with identification of manufac-
turer, model, pad and nozzle. The sprinkler’s selection may be
carried out for only a given sprinkler manufacturer and/or model,
or among all sprinklers in the database. For each outlet j the
selected sprinkler is identified and the radial distance to the pivot



Fig. 3. Window interface to input data relative to the system characteristics, and for spans design and hydraulic simulation (all symbols are defined in the Nomenclature box).

Fig. 4. Window interface to create a sprinkler package (all symbols are defined in the Nomenclature box).
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point (rj, m), the required and actual discharges (qj, and qaj, L s�1),
and the required and actual pressure (Pj and Paj, kPa) are computed
(Fig. 4). The selection may be automatically performed using a
search function: for each outlet j, it is selected the sprinkler that
produces the discharge qaj closest to the required one, qj, when
the available outlet pressure is Paj (Eq. (8)). In alternative, the selec-
tion may be performed manually. This option allows to choose one
of the packages previously created and change individually any
sprinkler to create a new SP. Once this selection is completed,
the sprinkler’s pressure and discharge are computed for each sprin-
kler outlet (Fig. 2). The sprinklers can be installed on drops; in this
case it is necessary to define the material, the drop length (Ld, m)
and its diameter (Dd, mm) as indicated in the window in Fig. 4.

If the user chooses to install pressure regulators, their selection is
supported by the ‘‘Pressure Regulators’’ tab. The pressure regulators
(PR) are installed in connections with the sprinkler. Once known
the characteristics of the PRs, the model updates the pressure values
in the column PRgj (kPa) in Fig. 4 according to the characteristics of
the pressure regulators; the new pressure values are then used for
calculating the actual sprinkler discharge for each outlet (Fig. 4).

After creating the sprinklers package, the model checks if the
actual discharge for each span (Qspa) does not exceed the required
discharge (Qspi) in more than 10% of Qspi. In the first span, the mod-
el allows to plug outlets so they are not considered for the subse-
quent calculation of performance indicators. Fig. 5 shows a
comparison between the required and actual discharges (Qspi and
Qspa) for the considered spans, the graphical representation of the
computed water depths along the radial distance from the pivot
point (Eq. (11)), the target and average water depths applied
(respectively 9.15 and 9.17 mm d�1 in this example), the time re-
quired for one revolution, and the values predicted for the perfor-
mance indicators DU and UC (respectively 91.05% and 95.09%).
Fig. 5. Window interface relative to the computation of uniformity indicators an
Results for the potential runoff ROP are shown graphically and
numerically (Fig. 6) for each SP simulated in two locations at differ-
ent distances rj, (m) from the pivot point; consequently also having
different sprinkler wetted diameters (WD, m) in both locations. As
referred before (Eq. (14)) ROp is determined from the difference be-
tween the application and infiltration rates. Fig. 6 shows the Kos-
tiakov infiltration (Eq. (18)) and the application rate curves (Eqs.
(15)–(17)) for both locations. The Kostiakov infiltration parameters
in this application (kp = 6.07 and p = �0.89) were obtained by Silva
(2007).

3.2. Mode of evaluation of a system under operation

Fig. 7 presents the interface for the calculation of performance
indicators when evaluating an operating CP system. The first step
is the collection of information about the farmer’s irrigation man-
agement, crop, soil, sprinkler characteristics and lateral dimen-
sions; the second step is the introduction of the catch can (Cc)
characteristics such as diameter (Ccd) (Fig. 7). Input observation
data consists of the volume of water caught in each Cc (Vj, ml),
so the model computes the respective water depths along a radius
(Dj, mm), the average weighted system catch (Davg, mm), the aver-
age weighted low quarter catch Dlq (mm), and various performance
indicators including DU and UC (Eq. (13) and (14)). These results
are presented in numerical format while the water depths ob-
served along two wetted radius are shown in graphic form.

4. Model application

The model application refers to a CP designed for maize irriga-
tion in southern Portugal, which is used to illustrate the descrip-
tion in Section 3.1, The CP has four spans of 52 m and an
d verification of the SP (all symbols are defined in the Nomenclature box).



Fig. 6. Window interface for calculation of potential runoff (ROp, mm) at two distances from the pivot point (all symbols are defined in the Nomenclature box).

Fig. 7. Window interface to support evaluation of CP systems under operation and to compute and visualize various performance indicators (all symbols are defined in the
Nomenclature box).
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Table 1
Model inputs and outputs relative to the agronomic design module.

Inputs
Frequency factor, kf (dimensionless) 1 Eq.

(1)
Crop evapotranspiration, average during the peak period, ETc.

(mm day�1)
7.32 Eq.

(1)
Depth of precipitation during the peak period, Pe (mm day�1) 0 Eq.

(1)
Percentage of well irrigated area, pa (%) 95 Eq.

(3)
Ratio of water effectively discharge through sprinkler, Oe

(fraction)
0.98 Eq.

(2)
Coarseness index, CI (%) 7 Eq.

(4)
Wind speed, average, U (km h�1) 9 Eq.

(4)
Target uniformity coefficient, UC (%) 94 Eq.

(3)
Reference evapotranspiration, average during the peak

period, ETo (mm day�1)
6.10 Eq.

(4)
Effective radius of area well irrigated, Rs (m) 239 Eq.

(6)
Fraction of time duration when the system is turned on, Ton 0.91 Eq.

(6)

Outputs
Fraction of water emitted from a sprinkler reaching

the soil, Re

0.98 Eq.
(4)

Design distribution efficiency, DEpa (%) 87.73 Eq.
(3)

Design efficiency, Epa (%) 83.84 Eq.
(2)

Gross irrigation requirement, GIR (mm d�1) 8.73 Eq.
(1)

Total system discharge, Qs (L s�1) 19.78 Eq.
(6)
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overhang of 27 m, in galvanized steel, corresponding to a quite
common CP system as used in the country. The total lateral length
is 235 m, the inside diameter of the pipe is 146.2 mm, the outlets
are spaced 3.5 m, the effective radius of the irrigated area is
239 m, and the irrigated area is18 ha. The most favorable and unfa-
vorable elevation differences between the pivot point and the out-
er end are 0 and 14 m downhill. The travel speed of the end drive
unit ranges from 3.9 to 0.975 m min�1, i.e., 100–25% speed. Table 1
summarizes data used for the agronomic design. The GIR for the
peak water use period was 8.7 mm day�1.

Three sprinkler packages, SP-P280, SP-P200 and SP-P130 were
created relative to pivot point pressures of 280, 200 and 130 kPa,
respectively, and three simulation scenarios were built for each
SP, with the objective of verifying the influence of the elevation dif-
ferences along the lateral and assessing the effects of installing
pressure regulators. All the scenarios were simulated for the 25%
velocity and a Qs of 19.8 L s�1. The nine scenarios are:

I. SP-P280-Z0, computed for Po = 280 kPa without pressure
regulators when the elevation difference is null (Z0).

II. SP-P280-Z14, computed for Po = 280 kPa without PRs when
elevation differences are of 14 m downhill (Z14).
Table 2
Number of sprinkler outlets for each span and nozzle diameters for each sprinkler outlet

Number of sprinkler outlets

Span I (0–52 m) 9
Span II (52–104 m) 14
Span III (104–156 m) 14
Span IV (156–208 m) 14
Overhang (208–235 m) 8
III. SP-P280-PR, computed for Po = 280 kPa with PRs (Sennin-
ger� PSR-35, Preg = 241 kPa) for elevation differences of
14 m.

IV. SP-P200-Z0, computed for Po = 200 kPa without PRs when
the elevation difference is null.

V. SP-P200-Z14, computed for Po = 200 kPa without PRs when
elevation difference are of 14 m downhill.

VI. SP-P200-PR, computed for Po = 200 kPa with PRs (Sennin-
ger� PSR-25, Preg = 171 kPa) for elevation differences of
14 m.

VII. SP-P130-Z0, computed for Po = 130 kPa without PRs when
the elevation difference is null.

VIII. SP-P130-Z14, computed for Po = 130 kPa without PRs when
elevation differences are of 14 m downhill.

IX. SP-P130-PR, computed for Po = 130 kPa with PRs (Sennin-
ger� PSR-15, Preg = 103 kPa) when elevation differences are
of 14 m downhill.

Table 2 presents the number of sprinkler outlets in each span
(Nspi) and the respective range of nozzle diameters (dzj, mm). The
SPs were created using the options Automatic, Only one manufac-
turer (Senninger) and Only one model (LDN�) considering a null ele-
vation difference (see window of Fig. 4).

Fig. 8 presents the simulated water depths along the lateral (Eq.
(11)) for the referred scenarios. All water application depths of sce-
narios relative to null elevation differences (Z0) are close to the tar-
get (9.15 mm) since all SP where created for this topographic
condition, which corresponds to the larger fraction of the field area.
The scenarios SP-P280-Z14, SP-P200-Z14 and SP-P130-Z14 corre-
spond to the less favorable topographic conditions observed in
the field; as expected, due to a difference in elevation of 14 m from
the pivot point to the outer end (Z14), actual outlet discharges (qaj)
and applied depths (Dj) show a significant increase along the wet-
ted radius in response to that increase in pressure. That variation is
larger for Po = 130 kPa than for Po = 280 kPa or Po = 200 kPa. The
scenarios relative to adopting pressure regulators at the sprinklers,
SP-P280-PR, SP-P200-PRand SP-P130-PR, show a small variation of
the water depths Dj along the wetted radius, but Dj smaller than
the target because the available pressure, respectively PRg of 241,
172 and 103 kPa, are lower than for the scenarios without PRs,.
However, it is possible to apply the target depth when adjusting
the CP velocity.

These variations in application depths impact the distribution
uniformity (DU), the system discharge (Qs), the total irrigation time
during the season (tseas, h), and the energy demand for irrigation
during the season (Eseas, GJ ha�1). Respective results for the nine
SP scenarios are in Table 3. tseas was computed from the light def-
icit irrigation requirements assessed by Rodrigues and Pereira
(2009) corrected for the design efficiency Epa = 83.8%, GIR amounts
then 501 mm. Eseas was computed for the pressure and discharge at
the pivot point for each scenario, i.e., Po and Qs, and the irrigation
time tseas.

The scenarios SP-280-Z0, SP-P200-Z0 and SP-P130-Z0 have
shown the highest DU values, 91.0%, 91.8% and 93.1% because
in two sets of sprinkler packages (SP-P280 and SP-P130).

Nozzle diameters (mm)

SP-P280 SP-P200 SP-P130

1.98–2.78 1.98–2.78 1.98–3.18
2.78–3.97 3.18–3.97 3.57–4.76
3.97–4.76 4.37–5.16 4.76–5.56
4.76–5.56 5.16–5.95 5.95–6.75
5.56–5.95 5.95–6.35 6.75–7.14



Fig. 8. Simulated water application depths along the wetted radius for the simulation scenarios compared with the target water depth when the pressure at the pivot point is
(a) 280 kPa, (b) 200 kPa, and (c) 130 kPa.
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the SPs were developed for this Z0 condition, Differently, the Z14
scenarios produced lower DU of 84.4%, 86.2% and 86.3%, respec-
tively, for Po of 280, 200 and 130 kPa. The scenarios considering
the use of pressure regulators showed DU values close to Z0
(90.8%, 91.6% and 92.0%). Because applied depths D are higher for
Table 3
The distribution uniformity, system discharge, season irrigation time and season energy d

Po = 280 kPa Po0 = 200

Z0 Z14 PR Z0

DU (%) 91.0 84.4 90.8 91.8
Qs (L s�1) 18.4 21.8 17.5 18.3
tseas (h) 1219 1062 1292 1240
Eseas (GJ ha�1) 1.24 1.28 1.25 0.90

Po: pressure at the pivot point; Z0: null elevation differences; Z14: 14 m elevation diffe
uniformity; tseas: season irrigation time; Eseas: season energy demand.
the Z14 scenarios, they require less irrigation time then the Z0 sce-
narios; differently, because pressure and discharges are smaller for
the PR scenarios, these require the larger tseas (Table 3). The energy
demand mostly depend upon the pressure requirements but is dif-
ferent among scenarios relative to each Po, being smaller for the
emand for the nine SP scenarios.

kPa Po0 = 130 kPa

Z14 PR Z0 Z14 PR

86.2 91.6 93.1 86.3 92.0
22.7 17.4 18.4 24.8 17.3
1026 1307 1219 940 1312
0.92 0.90 0.58 0.60 0.58

rences; PR: pressure regulators, Qs: discharge at the pivot point; DU: distribution



Table 4
Characteristics of water application and potential runoff simulated for two sprinkler package scenarios considering two nozzle heights above ground and two radial distances
from the pivot point.

Sprinklers height above ground

0.91 m 1.83 m

Sprinkler package SP-130-Z14 SP-130-PR SP-130-Z14 SP-130-PR

Distance to pivot point (m) 153 211.5 153 211.5 153 211.5 153 211.5

Nozzle diameter (mm) 5.56 6.75 5.56 6.75 5.56 6.75 5.56 6.75
Pressure at sprinkler (kPa) 231.0 251.2 103 103 231.4 251.8 103 103
Discharge at sprinkler (L s�1) 0.493 0.760 0.334 0.494 0.494 0.761 0.334 0.494
Wetted diameter (m) 9.6 11.2 9.2 10.2 11.2 13.3 10.8 11.6
Average application rate (mm h�1) 24.5 27.8 18.0 21.7 18 19.7 13.2 16.8
Potential runoff (mm) 5.13 5.24 1.89 2.05 5.03 5.14 1.81 1.93
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scenarios relative to using PR. Simulations show that for the same
pressure at the pivot point the demand for energy is reduced using
pressure regulators, i.e., the energy performance is associated with
the uniformity performance. Results in Table 3 would support the
selection of SP-130-PR for an undulating terrain.

Table 4 further provides information useful for the selection of a
SP when comparing the scenarios SP-130-Z14 and SP-130-PR for
an undulating land in terms of sprinkler height above ground
(hzj) and distance to the pivot point (rj). Results show that the
potential runoff for SP-130-Z14 is about 2.5 times higher than for
the SP adopting pressure regulators. This is due to the fact that
the increase in pressure due to slope increases the discharge at
sprinklers, which produce application rates 5–6 mm h�1 larger
than SP-130-PR. Results in Table 4 also show that application rates
and runoff potential are smaller when sprinklers on drops are
placed lower, hzj = 0.91 m vs. hzj = 1.83 m. However, related
impacts are much smaller than those due to using pressure
regulators.
5. Conclusions

DEPIVOT was purposefully developed for center-pivot design
and to support evaluation of systems under operation. The model
combines several design features, mainly agronomic design, lateral
spans and overhang pipe sizing, selection of sprinkler packages,
estimation of potential runoff due to water application in excess
to infiltration, and the computation of performance indicators. It
allows developing alternative SP and comparing them based on
performance, including potential runoff.

Despite being based upon simplifying assumptions relative to
water use and runoff potential estimation, results show that the
model provides all the key operational parameters necessary for
the solution of a selected scenario at different levels. Relative to
the hydraulics computation, the model supports changing the span
sizing and configuration. Moreover, the model allows creating
alternative sprinklers packages and their comparison for various
working conditions, e.g., pressure at the pivot point, pressure var-
iation due to land elevation, and sprinkler positions above the
ground. In systems under operation, the model uses field observed
data to compute the performance indicators and may simulate dif-
ferent scenarios that may lead to improve management, including
by redesigning the sprinkler package. This makes it feasible the use
of DEPIVOT for advising farmers both when acquiring and operat-
ing CP systems. The example application analyzed showed the
favorable impact of adopting pressure regulators on the water
use performance as well as on the energy performance.

Further work in DEPIVOT will entail the adoption of multi-crite-
ria analysis to support farmers decision-making with consideration
of economic and environmental criteria in addition to performance
and runoff potential presently considered. Progress is also
expected when changing the present model into a multiple users
tool accessible via WEB.
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