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Abstract: Technologies have been developed for variable rate irrigation (VRI) systems to apply water based on the spatial and temporal
variability of field conditions. To verify the suitability of the water distribution patterns of an iris-type mechanism applied in VRI systems,
rotating and fixed spray plate sprinklers (RSPSs and FSPSs, respectively) each equipped with two different deflector plates were attached to
the mechanism. Tests indoors were performed under the following conditions: iris mechanism orifices 4.93 and 6.94 mm in diameter, a
sprinkler at a height of 0.91 m above the ground, and an operating pressure of 103 kPa. Mathematical overlaps were also performed
for 1.5,- 2-, and 3-m sprinkler spacing. The results showed that: (1) individual FSPSs distributed water with higher intensity over a smaller
distance from the sprinkler than RSPSs, which distributed water at a lower application rate but over a greater distance; (2) the simulated
sprinkling uniformities of lateral line travel were 61.2%–91.6% and 88.5%–98.7% for FSPSs and RSPSs, respectively, under different sprin-
kler spacing conditions; (3) the uniformity of sprinkling decreased by as much as 30.5% for FSPSs and 7.4% for RSPSs with increased
sprinkler spacing; (4) FSPSs presented high potential for surface runoff; and (5) the phenomenon of jet inversion did not affect the uniformity
of the iris mechanism’s water distribution, especially for RSPSs.DOI: 10.1061/(ASCE)IR.1943-4774.0001431.© 2019 American Society of
Civil Engineers.

Introduction

Precision agriculture (PA) comprises a set of techniques and meth-
odologies that aim to optimize crop management and the use of
agricultural inputs, thus providing maximum economic efficiency

and crop production. In this area, technologies focus on the exist-
ence of in-field variability, or the site-specific aspects, of natural
components, including chemical leaching, runoff, drainage, water
content, nutrients, and soil components (Dong et al. 2013). Within
the field of PA, one aspect is variable rate irrigation (VRI), studied
since the 1990s with a view to identifying when, where, and how
much water to apply according to the spatial and temporal variabil-
ity of field characteristics, such as topography, soil type, water
storage capacity, and cropping systems, inter alia, and thus develop
appropriate technologies (Stone et al. 2006). In this regard, self-
propelled center pivot and linear move sprinkler irrigation systems
have been found to be particularly suitable technologies for VRI
because of their high level of automation, ease of use, and large
area coverage with a single irrigation lateral line (Evans et al. 2012;
Kranz et al. 2012).

Commercially available technologies for VRI make it possible
to control the amount of water applied in each sector and zone.
Focusing on center pivot systems, which currently comprise about
99% of the self-propelled sprinkler market (Evans et al. 2012), the
earliest VRI technique was sector control, which used a simple
methodology to alter the water application depth through the
mechanical adjustment of the speed of lateral travel; this allowed
the division of the irrigated area into several pie-slice shaped sec-
tors. In contrast, zone control technologies enable the adjustment
of the irrigation depth in each individual sector by changing the
discharge rate of sprinklers.

The commercially available mechanism for controlling the flow
rate of each sprinkler is based on the duty cycle of a solenoid valve
installed at the inlet of each sprinkler, that is, the pulse-width modu-
lation (PWM). However, there are concerns in terms of how the on/
off cycles influence the water distribution patterns and uniformity
of application of this technology (King and Kincaid 2004; Dukes
and Perry 2006). Other methods have been under development to
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address varying application depths along the moving irrigation
lateral line. The variable flow sprinkler developed by King and
Kincaid (2004) uses a mechanically activated pin to alter the dis-
charge section area, adjusting the sprinkler flow rate based on op-
erating pressure. However, the main concern with this approach is
that the wetted pattern and size distribution of the water droplets
of the sprinkler change with the flow rate, creating issues for the
uniformity of water application with a change in sprinkler pattern
overlap.

According to Sourell et al. (2003), the characteristics of spray
plate sprinklers, sprinkler spacing, and machine speed will define
irrigation performance in all self-propelled sprinkler irrigation sys-
tems. Frizzone et al. (2018) also point out that to obtain a more
uniform water pattern, sprinklers must be spaced in such a way that
each point in the ground receives water from at least three sprin-
klers. Awide range of sprinkler device types are available in center
pivot irrigation systems, from conventional impact sprinklers with
different types of nozzles to various types of low-pressure spray
plate sprinklers. Impact sprinklers have been replaced by low-
pressure spray plate sprinklers, commonly classified as fixed
spray plate sprinklers (FSPSs) and rotating spray plate sprinklers
(RSPSs), which produce very different droplet size distributions
and water application patterns (DeBoer 2002; Faci et al. 2001;
Jiao et al. 2017; Sayyadi et al. 2014; Sourell et al. 2003). FSPSs
are based on the impact of a water jet on a fixed grooved plate,
comprising various numbers or sizes of grooves to break up the
water jet into a certain number of small jets that correspond to
the number of grooves in the plate. RSPSs can be equipped with
different grooved spray plates that rotate under the effect of the
water jet, creating momentum on the plate itself; these sprinklers
were developed to provide greater jet lengths and lower application
rates (Frizzone et al. 2018). Comparing FSPSs and RSPSs, the first
type is cheaper and more robust, while the second type presents a
more uniform water distribution pattern and greater adaptability to
field conditions (Ouazaa et al. 2014).

With the objective of advancing a novel sprinkler concept to be
applied in the VRI technique, in a previous work, Sobenko et al.
(2018) developed a prototype using an iris-type mechanism actu-
ated by a microstepper motor to vary the discharge section, present-
ing its complete construction and operating characteristics. This
prototype allowed flow rates closer to those required in the field
than other means, as well as greater flexibility and accuracy in
applying water to the target irrigation depth. However, when the
orifice section of the iris mechanism was reduced, the phenomenon
of jet inversion occurred, causing the jet to become asymmetrical,
which could impair the water distribution patterns. Further inves-
tigation of the water distribution patterns was thus required.

Therefore, in this paper an improvement on the prototype
previously developed to enable coupling to any commercial sprin-
kler was reported as an accessory for sprinkler discharge control.
The main objective was to verify the water distribution patterns of
the prototype coupled to fixed and rotating deflector plates and
under discharge adjustments to demonstrate its suitability for
variable rate sprinkler irrigation.

Material and Methods

The VRI sprinkler prototype was evaluated in indoor conditions
(without wind) at the Irrigation Testing Laboratory (LEMI) of
the College of Agriculture “Luiz de Queiroz” (ESALQ/USP),
Piracicaba, São Paulo State, Brazil. Its development and opera-
tional characteristics are described in full in Sobenko et al. (2018).

Improvements to the Prototype

The structure component of the VRI sprinkler prototype was
tailored from the design proposed by Sobenko et al. (2018). The
side flaps were replaced by a female ½ in. National pipe thread
(NPT) adapter [Item 7.1 in Fig. 1(b)]. With this modification,

Fig. 1. (a) Detailed view of the improved prototype; (b) new structure component; and (c) assembly. 1 = blade holder; 2 = microstepper motor; 3 =
motion/driving gear; 4 = blades; 5 = central body; 6 = driving gear; 7 = structure; 8 = microstepper motor protection; 9 = screws; and 10 = sealing
rings.
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the prototype can be used as an accessory device that can be
coupled to commercially available sprinklers to apply water at
variable rates (Fig. 1).

The new element was manufactured using Polyjet’s additive
manufacturing technique at the Three-Dimensional Technologies
Laboratory, Renato Archer Information Technology Centre (CTI),
Campinas, São Paulo State, Brazil. The Polyjet technique was
applied using an acrylic photopolymer jetted via high-resolution
inkjet and cured using ultraviolet light, which offers a high sur-
face quality (Esses et al. 2011). The acrylic polymer used was the
VeroClear-LGD820 resin in a Connex 350 (Stratasys, Valencia,
California) 3D printer, operated in the “digital material” build mode
with a layer thickness resolution of 28 μm.

The sprinkler prototype enables adjusting the orifice diameter
from 4.9 to 12 mm by using an electronically controlled micro-
stepper motor. Increments in the microstepper motor angle (β),
within the range 0°–180°, decrease the orifice diameter according
to a quadratic function (D¼ −0.00012β2 − 0.02084βþ 11.33558,
R2 ¼ 0.996). Lower orifice sizes are mechanically possible but
would require a stepper motor of higher torque than the one used
during the experiments. Since the microstepper motor is electroni-
cally controlled, the orifice diameter may assume any value within
the aforementioned range and also may be remote adjusted to
comply with water requirements at the location being irrigated.
The sprinkler may be used both in center pivots and linear move
systems.

Conventional Sprinkler Parameters

FSPSs and RSPSs, both from Senninger (Grand Island, Nebraska),
were attached to the prototype and each was equipped with two
different deflector plates (resulting in four combinations). The
parameters of the sprinklers and their corresponding deflector
plates are provided in Table 1.

Based on the equation proposed by Sobenko et al. (2018) for
predicting the flow through orifices using the variable rate mecha-
nism [Eq. (1)], two orifice sections with diameters of 4.93 (step
angle 180°) and 6.94 mm (step angle 126°) were used. The dis-
charge for each configuration was 0.62 and 1.20 m3 h−1 for step
angles of 180° and 126°, respectively, while operating the prototype
under 103 kPa (15 psi). These sections of the orifice were selected
to verify the water distribution patterns of the sprinkler operating at
relatively high and low discharges. Higher values of discharge were
not evaluated due to space constraints in terms of carrying out
full-grid experiments indoors

q¼Cdπ
n
½X0

3 sinðα0
2Þ�þ

h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2−ðrcosðα1Þ−Z0

2Þ2
q

−r1
i
−B0

o ffiffiffiffiffiffiffiffiffi
2gH

p
ð1Þ

where q = flow rate (m3 s−1); Cd = discharge coefficient (dimen-
sionless); X 0

3 = side of the triangle in the iris mechanism, initial
condition (m); α1, α 0

2 = internal angles of the triangle in the iris

mechanism, initial and movement conditions (degrees); r = orifice
radius in the iris mechanism, initial condition (m); Z 0

2 = segment
of X2 in the iris mechanism, movement condition (m); r1 = segment
of orifice radius in the iris mechanism, initial condition (m); B 0 =
blade edge of the iris mechanism in the movement condition (m);
g = gravitational acceleration (m s−2); and H = operation pressure
head (m).

Experimental Setup and Water Distribution
Measurement Procedure

A structure was mounted in the middle of the experimental plot to
determine the application rate and pattern of a single sprinkler
(Fig. 2). The prototype was coupled to a rigid pendulum at a height
of 0.91 m from the ground, which corresponds to the height
described by the sprinkler manufacturer (Senninger 2018). At the
inlet of the prototype, a pressure transmitter was connected to
monitor the testing pressure, which was set at 103 kPa (15 psi).
This operating pressure is commonly found for pressure regula-
tors from several manufacturers (Fabrimar 2018; Nelson 2018;
Senninger 2018) and it is used more frequently along a center pivot
lateral line (Frizzone et al. 2018). In addition, the other equipment
required for pumping and pressure regulation can be seen in Fig. 2.

The water distribution patterns were measured with a series of
collectors (Fabrimar, São Paulo, Brazil) arranged in full-grid col-
lector arrays according to the requirements presented by ISO 8026
(ISO 2009). All collectors used in the tests had a height of 80 mm
and an opening diameter of 80 mm, which resulted in a collection
area of 5.027 × 10−3 m2. The spacing between the collectors was
0.5 × 0.5 m, arranged in 25 columns × 25 rows (Fig. 3). The val-
ues of the eight radii highlighted in Fig. 3 were used to compute the
mean radial profile of application. The sprinkler under test was
positioned on the middle of the grid, as illustrated in Fig. 3.

The test duration of each experiment was 1 h or less, depending
on the application rate and water volume collected by the catch
cans. Volumes were measured using graduated cylinders and then
converted into water application rates using Eq. (2). Since the sprin-
kler flow rate was greater than 0.075 m3 h−1, the effective precipi-
tation rate was assumed to be 0.26 mmh−1, as recommended by
ISO 8026 (ISO 2009). Data from collectors with precipitation rates
lower than this value were not computed for distribution pattern
determination. Moreover, Table 2 provides detailed information
for each test performed

h ¼ VS−1 t−1 ð2Þ

Table 1. Manufacturer’s specifications of the evaluated sprinklers and
deflector plates

Sprinkler Type Deflector plate
Number of
grooves

Super
spray

Fixed (FSPS) Flat, no grooves 0
Concave, thick grooves 48

i-Wob Rotating (RSPS) Standard angle, small droplet 6
Standard angle, medium droplet 9

Source: Data from Senninger (2018).

Fig. 2. Instrumentation diagram of the indoor test apparatus. 1 = tank;
2 = pump; 3 = pressure-regulating valve; 4 = sprinkler; and 5 =
collectors; VFD = variable frequency driver; and PT = pressure
transmitter.
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where h = precipitation rate (mmh−1); V = volume collected in
each collector (dm3); S = opening section of the collector (m2);
and t = test duration (h).

Overlap of Sprayers

The data obtained were analyzed and interpolated using the Surfer
software (Golden Software, Golden, Colorado). The gridding
method used was kriging, with a spacing precision of 0.01 m,
which resulted in new matrices of 100 columns × 100 rows.

The individual water distribution matrices obtained for the FSPS
and RSPS evaluations were mathematically overlapped to simulate
the water application pattern produced by a section of a center pivot
or a linear move sprinkler machine. The goal was to obtain a
10.5-m section of fully overlapped water application in the lateral
line. Three common values for sprinkler spacing were defined to
perform the overlap simulations: 1.5, 2, and 3 m. Installing sprin-
klers at a single fixed distance along a lateral line facilitates the
manufacturing process and the assembling of center pivots or linear
move sprinkler machines in the field (Frizzone et al. 2018). The
required number of sprinklers used for overlapping varied de-
pending on the spacing and the effective jet length of the sprayer
attached to the prototype: 5 (for 3-m spacing), 9 (for 2-m spacing),
and 11 (for 1.5-m spacing) for FSPSs; and 7 (for 3-m spacing), 11
(for 2-m spacing), and 13 (for 1.5 m spacing) for RSPSs. Fig. 4
shows an example of the procedure used to overlap the water ap-
plication for RSPSs equipped with medium droplet plates operating

with 6.94-mm orifice diameters. [For further details of the overlap-
ping procedure, see Faci et al. (2001)].

The Christiansen coefficient of uniformity (CUC) was calcu-
lated for the fully overlapped section of the lateral using
Eq. (3). The CUC simulates the uniformity of the lateral travel of
irrigation over a parallel line of the full-grid collector arrays.
Although this coefficient is adequate for analyzing the data pre-
sented here, and for a linear move system, it is not suitable for
the characterization of a complete center pivot lateral due to the
increase in the irrigated area produced by each sprinkler toward
the end of the lateral line (Faci et al. 2001; Keller and Bliesner
1990)

CUC ¼
�
1 −

P
n
i¼1 jhi − h̄j

n h̄

�
100 ð3Þ

where CUC = Christiansen coefficient of uniformity (%); hi =
precipitation rate of the i-th observation (mmh−1); h̄ = average
precipitation rate (mmh−1); and n = number of observations.

In addition, the precipitation rate curves of and irrigation zone
irrigated by a set of variable rate sprinklers equipped with FSPSs
and RSPSs were simulated and compared to the soil infiltration
rate curve to identify risk of surface runoff. For this, as in the pro-
cedure for determining the CUC, the fully overlapped section of the
lateral obtained by simulating a lateral line of a center pivot trav-
eling over a parallel line of the full-grid collector arrays was used

Table 2. Summary of tests performed with the variable rate prototype

Type Deflector plate Orifice diameter (step angle) Test duration (h) Flow rate (m3 h−1) Operating pressure (kPa) Installation height (m)

FSPS Flat 4.93 mm (180°) 0.417 0.62 103 0.91
6.94 mm (126°) 0.333 1.20 103 0.91

Concave 4.93 mm (180°) 0.450 0.62 103 0.91
6.94 mm (126°) 0.333 1.20 103 0.91

RSPS Small droplet 4.93 mm (180°) 1.000 0.62 103 0.91
6.94 mm (126°) 0.833 1.20 103 0.91

Medium droplet 4.93 mm (180°) 0.867 0.62 103 0.91
6.94 mm (126°) 0.833 1.20 103 0.91

Fig. 3. Collector arrangement for measurements of water distribution. Fig. 4. Schematic example of the mathematical procedure used for
simulation of the overlapping of sprinkler spray patterns.
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(Faci et al. 2001). Thus, the application rate was computed at each
time interval given by the ratio between the new spacing between
collectors and the displacement velocity of the last tower. Finally,
as the water application profile did not present a symmetrical
pattern, the trapezoidal numerical integration rule was used to
calculate the applied accumulated depth after the lateral line pas-
sage over the irrigated zone. Moreover, for demonstration pur-
poses, the application rates were compared with the infiltration rate
presented by Cunha et al. (2015) for the location of Rio Largo,
Alagoas, Brazil. The soil in this location is a typical dystrophic
cohesive yellow Latosol, characterized by a sandy loam texture
and a bulk density of 1,280 kgm−3 and cultivated under a mini-
mum tillage system.

Results and Discussion

Water Distribution Patterns of Individual Sprinklers

Fig. 5 represents the wetted patterns generated by the FSPSs
[Figs. 5(a–d)] and RSPSs [Figs. 5(e–h)] attached to the prototype.
The wetted patterns presented similar profiles despite differences
in the magnitude of the application rates. FSPSs applied water
at a higher rate closer to the sprinkler and RSPSs distributed water
more evenly at a lower application rate and further from the
sprinkler (Fig. 5).

The FSPSs tended to distribute most of the water over both sides
of the sprinkling axis, while the area around the sprinkling axis
received less water, similar to a wetted circular crown, because
the deflector plate reduced the velocity of the water and the initial
trajectory velocity across the plate was less than the jet velocity
(Kincaid 1996). For RSPSs, the application rates declined gradu-
ally with increasing distance from the axes. With an increase in
orifice diameter, the coverage width of RSPSs increased, the pre-
cipitation rates also increased, and the peak of the application rate
was further from the sprinkler.

Fig. 6 shows the mean application rate distribution profiles for
FSPSs and RSPSs: for the same conventional sprinkler types, the
profiles are similar, despite differences in magnitude. By enlarging
the orifice section, the location of the higher application rate shifted
from around 1.4–2.1 m away from the sprinkler for flat and concave
deflector plates [Figs. 6(a and b)]. With an increase in orifice sec-
tion, the application rate shifted from 2.0 to 2.3 m and from 2.0
to 2.5 m for the small and medium droplet plates, respectively
[Figs. 6(c and d)].

For the same sprinkler, the effective wetted radius and wetted
area increased as the discharge section increased, that is, with
the reduction of the step angle. The wetted radius increased by
an average of 25.4% and 18.6% for FSPSs and RSPSs, respectively.
The effective wetted area increased by an average of 67.8% for
FSPSs and 42.4% for RSPSs (Table 3).

The FSPSs showed peaks of water application clearly visible
near the borders of the wetted area, corroborating the results ob-
tained by Faci et al. (2001) and Jiao et al. (2017) when evaluating
FSPSs in outdoor conditions and by Sayyadi et al. (2014) when
evaluating the same deflector plates indoors. In contrast, the RSPSs
presented two peaks of water application, one near the sprinkler
outlet and the other at up to 75% of the effective wetted radius.
These RSPS distribution profiles were different from those ob-
tained by Faci et al. (2001), Sourell et al. (2003), Playán et al.
(2004), and Jiao et al. (2017) when evaluating RSPSs from another
manufacturer and at different installation heights.

These differing water distributions between FSPSs and RSPSs
were attributable primarily to the different structure of the deflector

plates presented in Table 1. The black flat deflector plate used for
the FSPS has no grooves, while the blue concave deflector plate has
48 grooves with unique shapes, angles, and depths. However, the
deflector plate used for RSPS has grooves with a combination of
multiple shapes and depths, including the feature of rotatability,
which could generate multiple streams and enable improvement
in the water distribution in the presence of diverse soil, plant,
and climate conditions.

With regard to existing technologies for applying water at var-
iable rates by changing the discharge section, the prototypes devel-
oped by King and Kincaid (2004) and Armindo et al. (2010) both
tested RSPSs equipped with four- and six-groove deflector plates.
When the prototype developed by King and Kincaid (2004) was
tested under similar operating conditions to those used in this work,
that is, at a pressure of 138 kPa and an orifice diameter of 4.56 mm,
it also resulted in two peaks of water application in its profile, one
at approximately 4 m and one of greater intensity near the border of
the wetted radius. However, in all tests carried out by Armindo
and Botrel (2012), the prototype presented a single peak of water
application that was well defined at 4 and 5 m for the four- and
six-groove deflector plates, respectively.

Uniformity of Overlapped Water Distribution

The uniformity of water application for a lateral line with sprinklers
spaced at 1.5-, 2-, and 3-m intervals was simulated for all of the
individual evaluations (Table 4).

The CUC values obtained indicate that the RSPSs presented bet-
ter water distribution than the FSPSs in all the studied conditions.
As the spacing between the sprinklers increased, the CUC values of
all sprinklers decreased, especially for the black flat and blue
concave deflector plates. The CUC of RSPSs with small droplet
deflector plates was less sensitive to an increase in sprinkler spac-
ing, decreasing by only 9.6% and 3.3% for the 4.93-mm and
6.94-mm orifice diameters, respectively. For the 4.93-mm orifice
diameter, on average, the FSPSs and RSPSs decreased by 30.5%
and 6.7%, respectively. For the 6.94-mm orifice diameter, when the
effective wetted area increased, the CUC values were not particu-
larly sensitive to the increase in the sprinkler spacing, decreasing on
average by 25.5% and 7.4% for FSPSs and RSPSs, respectively
(Table 4).

Jiao et al. (2017) also observed reductions in CUC values with an
increase in sprinkler spacing; moreover, with an increase in the
discharge section, CUC values tended to decrease slowly relative
to increases in sprinkler spacing for FSPSs and RSPSs. Playán et al.
(2004) obtained superior CUC values for two RSPSs evaluated in re-
lation to FSPSs, employing the same overlap spacing but increasing
the discharge sections and generating an average CUC increase
of 22%.

To achieve a uniform water distribution pattern, Frizzone et al.
(2018) recommended that the sprinklers should be spaced closely
to enable adequate overlap. For FSPSs, this means that the sprin-
klers must be closer; therefore, a larger number of sprinklers are
required, which will result in a higher application rate. Moreover,
the wetted circular crown phenomenon previously mentioned for
FSPSs became more clearly visible with an increase in orifice
diameter and sprinkler spacing. When the sprinkler spacing in-
creased, the continuity of water distribution along the axis of
the sprinkler appeared to decrease, presenting as a continuous cir-
cular water distribution along the axes, with lower precipitation
rates in the middle of the circle and higher precipitation rates at
the borders of the circle. For RSPSs, when the sprinkler spacing
was increased to 3 m, the continuity of water distribution along
the axis of the sprinkler appeared to decrease more smoothly than
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Fig. 5. Wetted patterns (mmh−1) of the prototype operating with two orifice diameters and four different deflector plates.
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for FSPSs and the regions of higher and lower precipitation rates
alternated along the sprinkling axis. Moreover, based on the CUC
values, the phenomenon of jet inversion mentioned by Sobenko
et al. (2018) did not appear to impair water distribution uniformity,
especially when the prototype was coupled to RSPSs.

Fig. 7 presents an application of the simulated patterns of the
precipitation rate versus time for an irrigation lateral line sprinkler
equipped with the prototype developed. For this application, a

center pivot equipped with variable rate technology irrigating an
area of 81.7 ha and operating at a speed equal to 128.7 mh−1 at
the last tower, with a time of revolution of 23 h, was assumed.
For comparison purposes, the applied water depth during the
wetting time was calculated and an irrigation soil infiltration curve
was plotted, considering an irrigation zone in the last tower in
which a set of sprinklers may have their orifice diameters adjusted
to comply with water requirements at the irrigated zone.

h
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6.94 mm (126°)

RSPS - Medium droplets plate

Fig. 6. Mean radial precipitation profiles of the prototype operating with two orifice diameters and four different deflector plates.

Table 3. Observed wetted radii and areas of the prototype operating with two orifice diameters and four different deflector plates

Type Deflector plate

Orifice diameter (step angle)

4.93 mm (180°) 6.94 mm (126°) 4.93 mm (180°) 6.94 mm (126°)

Wetted radius (m) Wetted area (m2)

FSPS Flat 2.7 3.3 20.6 33.2
Concave 2.7 3.5 18.5 32.7

RSPS Small droplet 3.6 4.2 40.7 56.0
Medium droplet 4.2 5.1 54.9 80.8

Table 4. Christiansen coefficient of uniformity (CUC) for the variable rate prototype operating with two orifice diameters, four deflector plates, and three
sprinkler spacings

Type Deflector plate

Orifice diameter (step angle)

4.93 mm (180°) 6.94 mm (126°) 4.93 mm (180°) 6.94 mm (126°) 4.93 mm (180°) 6.94 mm (126°)

Spacing 1.5 m Spacing 2 m Spacing 3 m

FSPS Flat 90.6% 91.4% 82.5% 82.2% 65.3% 68.0%
Concave 91.6% 89.3% 72.1% 85.7% 61.2% 66.7%

RSPS Small droplet 97.9% 98.7% 93.6% 97.7% 88.5% 95.4%
Medium droplet 98.2% 98.5% 95.9% 98.6% 94.3% 87.2%
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The FSPSs present higher precipitation rates compared to
RSPSs with the same nozzle diameters and sprinkler spacing,
which could increase the potential for surface runoff and soil
erosion (King and Bjorneberg 2011). When the application rate
curve exceeds the infiltration velocity curve, surface runoff will oc-
cur; this can be quantified as the difference between the irrigation
application and the infiltration curve (DeBoer and Chu 2001;
Frizzone et al. 2018). Therefore, under the conditions reported here,
a high potential for surface runoff for FSPSs with a smaller orifice
diameter and spacing can be observed in Figs. 7(a, b, d, and e).

Figs. 7(h–l) also indicate the adequacy of the prototype when at-
tached to RSPSs, mainly for larger sprinkler spacings, due to its
capability in preventing runoff water losses and other aforemen-
tioned characteristics.

Conclusions

The water distribution patterns of the prototype coupled to FSPSs
and RSPSs were determined through a set of indoor experiments.
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Fig. 7. Precipitation rate versus irrigation time in irrigation lateral equipped with FSPSs and RSPSs with the variable rate prototype operating with
different orifice diameters, deflector plates, and sprinkler spacing. Application curves are compared to the soil infiltration rate of Rio Largo, Alagoas,
Brazil. Total application depth shown on x-axis at end of precipitation rate curve.
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Comparing similar testing conditions for both groups of sprinklers,
higher values of CUC, larger wetted areas, and lower application
rates and surface runoff potentials were observed for RSPSs. More-
over, RSPSs were less sensitive to increased sprinkler spacing.
According to the simulated CUC values, the phenomenon of jet
inversion found in an earlier study (Sobenko et al. 2018) apparently
did not impair water distribution uniformity, especially when the
prototype was coupled to RSPSs, which had sprinkling uniform-
ities of up to 98.7%. In terms of water distribution characteristics,
the prototype coupled to FSPSs and RSPSs is suitable for variable
rate sprinkler irrigation.
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Notation

The following symbols are used in this paper:
B 0 = blade edge of the iris mechanism in the movement

condition (m);
Cd = discharge coefficient;

CUC = Christiansen coefficient of uniformity (%);
D = orifice diameter (mm);
g = gravitational acceleration, m s−2;
H = operation pressure head (m);
h = precipitation rate (mmh−1);
hi = precipitation rate of the i-th observation (mmh−1);
h̄ = average precipitation rate (mmh−1);
n = number of observations;
q = flow rate (m3 s−1);
r = orifice radius in the iris mechanism, initial

condition (m);
r1 = segment of orifice radius in the iris mechanism, initial

condition (m);
S = opening section of the collector (m2);
t = test duration (h);
V = volume collected in each collector (dm3);
X 0

3 = side of the triangle in the iris mechanism, initial
condition (m);

Z 0
2 = segment of X2 in the iris mechanism, movement

condition (m);
α1, α 0

2 = internal angles of the triangle in the iris mechanism,
initial and movement conditions (degrees); and

β = microstepper motor angle (degrees).
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