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Abstract: Since being released 40 years ago, computer spreadsheets have proven to be worthwhile for
use in educational contexts. There is plenty of evidence for this in practically every scientific discipline
and engineering field. In view on this fact, the present work exposes a didactical resource, named the
sprinkler irrigation tool, developed in Excel® spreadsheet licensed by 2018 Microsoft©. The objective
of this tool is to offer an alternative to students in irrigation engineering, particularly for those training
in the design of sprinkler irrigation systems so they can develop their theoretical knowledge and
practical skills acquired in laboratory and field experiments. The main findings reported in this paper
address well-agreed methodologies for evaluating radial patterns of precipitation rates, diameter
distribution frequency, ballistic simulation of water drops’ movement through air, kinetic energy,
and performance indicators as part of the core parameters of efficient irrigation system management.
This computing tool provides outcomes in tabular and graphical formats that are consistent with
those found in studies previously published in specialized literature on related topics. Likewise,
spreadsheets have been proven to be adequate pedagogical instruments on the path to achieving
meaningful learning; however, this assertion still needs to be confirmed through a rigorous study of
students who have used the developed tool.

Keywords: solid-set sprinkler irrigation systems; ballistic theory; engineering design training;
teaching–learning process

1. Introduction

The progress of engineering as a scientific discipline [1] and a practicing profession [2]
is based on theoretical and experimental knowledge developed over time. Both approaches
have contributed to solving a number of physical phenomena which generally can be
represented through mathematical arrangements, but also recreated and analyzed with
laboratory techniques [3–6]. Proof worthy enough of inclusion is a remarkable evolution
that irrigation engineering has achieved as a result of worldwide research carried out to
take optimal advantage of water resources allocated to the agriculture sector. For example,
new techniques are continuously put forward to enhance efficiency and uniformity of
surface and pressurized irrigation methods in an effort to improve water productivity and
farming profitability [7,8].

From an academic perspective, the teaching–learning process aims to present pedagog-
ical guidelines to training professionals with suitable capabilities for responding assertively
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to contemporary society’s needs for environmentally friendly scenarios [9]. In this context,
one key to success in engineering education lies in innovative instructional curricula design
where traditional learning methods, alongside computer tools and digital media, deal
with the basal premise surrounding which cutting edge didactical resources have been
developed in order to improve the effectiveness of knowledge assimilation by students.
Setting aside differences between conceptual frameworks and hands-on experiences, the
relevance of strategies will be weighed based on their congruence and ability to intertwine
both perspectives. Thus, from a pedagogical point of view, conceptualization and practices
would allow teachers to uphold their responsibility to shape highly qualified professionals.
Classroom lectures, laboratory and field experiments, and technology supplies remain
as complementary pathways for engineering significant learning [10–12]. However, the
technological aspect has become more relevant, particularly in recent decades, due to its
permanent and continuous upgrades [13]. As a result, current technological tools offer a
broad range of choices to achieve the same purpose, but also a diversity of possibilities
to address different needs. Regarding water resources management, the market offers
multiple software packages to quantify and qualify water assessments from an endless
number of scientific, technical, and educational perspectives [14–18].

Strictly speaking of spreadsheet packages, manifold studies have been published in
specialized literature to accurately ascertain how far these computational tools support the
academic performance of students, either in terms of engineering fundamentals comprehen-
sion or properly handling equations which rule water systems [19–21]. In addition, there
is documental evidence on the assessment of certain technical scenarios via spreadsheets;
although they have been formulated as a didactic tool to bring up engineering profession-
als, they have also been used to assist decision-making in the domain of work [22–26].
Although a wide range of alternatives currently exist to address topics related to water re-
sources via spreadsheets [27,28], offering a particular approach for engineering irrigation is
aimed at evaluating its use for planning and design following some existing methodologies
to determine aspects such as crop water requirements, irrigation performance (effective
irrigation rate, uniformity of water application in the field, water use efficiency, and water
productivity), irrigation scheduling, and irrigation waterworks from a hydraulic design
perspective [29–33].

While it is true that, at present, a fair variety of spreadsheets are available to tackle
different technical aspects related to sprinkler irrigation systems, it is also true that math-
ematical simulation models coupled with a numerical procedure for discretely solving
equations which govern droplet movement are key inputs for predicting sprinkler irri-
gation performance given different hardware, operating pressures, and environmental
conditions. In spite of this, the literature review conducted for this work suggests there is a
lack of computational spreadsheets for use as didactic tools to help in the learning process.
By virtue of the foregoing, this study reports on an Excel® spreadsheet tool licensed by
2018 Microsoft© [34] for solid-set sprinkler irrigation assessment to encourage irrigation
engineering learning. The main goal is to reinforce mathematical thinking as well establish
as its relational value for sprinkler irrigation using a practical spreadsheet tool. A special
emphasis on a ballistic model applied to water drop diameter distribution, optimal numeri-
cal simulation by means of Runge–Kutta pairs, the application rate for isolated sprinklers,
kinetic energy and specific power for water drop impact on surface soil or crop canopy,
and sprinkler irrigation performance through uniformity and efficiency indicators were
considered for a number of configurations.

2. Background
2.1. Mathematical Model for Sprinkler Irrigation

Ballistics theory is the most technical approach used in sprinkler irrigation modeling,
particularly with respect to impact sprinkler systems. Drop diameter, drop velocity, drop
trajectory from the sprinkler nozzle until surface contact, operational hydraulic parameters,
and environmental conditions are all relevant for this model. Thus, an impact sprinkler
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is considered to be a device emitting drops of different diameters whose trajectories are
influenced by initial velocity, wind velocity, gravitational force, and aerodynamic drag
force [35–37]. Figure 1 schematically depicts the acting forces and velocities on a water
drop moving through the air.
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Figure 1. Drop movement schematization from the sprinkler device to reach a datum. Forces acting

on water drops traveling throughout the air are drag force (
→
F d) and gravitational force (m

→
g ).
→
V is the

water drop’s velocity relative to air and
→
U and

→
W are water drop velocity and wind velocity relative

to the Cartesian coordinate system, respectively;
→
r is water drop vector position and m is its mass

(following the methodology of Robinson and Robinson [38] for drop forces and velocities).

The outward jet from the sprinkler nozzle involves complex processes for disaggregat-
ing drops at a certain distance from the nozzle. These drops, flying at different velocities
and directions (3D), with a number of drop diameters landing at different distances from
the sprinkler, make them difficult to model and, therefore, to simulate in terms of tra-
jectory [39–42]. As a result, in order to evaluate drops traveling from the sprinkler until
they make contact with the surface, some hypotheses have been considered in the ballistic
model: (a) the jet breaks up at the nozzle exit into individual spherical drops of different
diameters, which move independently in the air; (b) the aerodynamic drag coefficient is
independent of sprinkler height with respect to a datum, jet inclination angle, wind speed,
and nozzle diameter; (c) wind velocity is parallel to a datum plane but varies as a function
of the sprinkler height; and (d) different drop diameters fall at different distances [36,43].
With relative independence from the previous assumptions, Fukui et al. [44] derived the
equations of motion for an isolated water drop in a three-dimensional Cartesian system
(Equations (1)–(3)).

Ax =
d2x
dt2 = −3

4
ρa

ρw

Cd
φ

V(Ux −Wx) (1)

Ay =
d2y
dt2 = −3

4
ρa

ρw

Cd
φ

V
(
Uy −Wy

)
(2)

Az =
d2z
dt2 = −3

4
ρa

ρw

Cd
φ

VUz − g (3)

where x, y, and z [L] are Cartesian coordinates relative to the sprinkler nozzle; t is the
temporal coordinate [T]; ρa is the air density [M L−3]; ρw is the water density [M L−3]; A is
the water drop acceleration in the air [L T−2]; φ is the drop diameter [L]; g is the gravity
acceleration [L T−2]; Cd is the aerodynamic drag coefficient, which can be expressed as a
function of the Reynolds number [adim] [45,46], or as a function of the operating pressure,
drop diameter, equivalent diameter, and nozzle discharge coefficient [adim] [47]; V is the
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drop’s velocity in the air [L T−1]; Ux = dx
dt , Uy =

dy
dt , and Uz = dz

dt are components of drop
velocity [L T−1]; and Wx, and Wy are components of the wind velocity [L T−1], both with
respects to a coordinate system. Terms between square brackets correspond to dimensions
of each variable.

Now, once Equations (1)–(3) are properly integrated and the initial conditions are
considered, equations describing the drop movement were obtained. Equations (4)–(6), for
velocity components, and Equations (7)–(9,) for trajectory components, are as follows:

dx
dt

= (vx −Wx)
(

e−bt
)
+ Wx (4)

dy
dt

=
(
vy −Wy

)(
e−bt

)
+ Wy (5)

dz
dt

=
(g

b
+ vz

)(
e−bt

)
− g

b
(6)

x =

(
1
b

)
(vx −Wx)

(
1− e−bt

)
+ Wxt (7)

y =

(
1
b

)(
vy −Wy

)(
1− e−bt

)
+ Wyt (8)

z = h +

(
1
b

)(g
b
+ vz

)(
1− e−bt

)
− g

b
t (9)

where vx, vy, and vz denote the initial drop velocity at x, y, and z coordinates [L T−1],
respectively, and b = 3

4
ρa
ρw

Cd
φ V [T−1]. By knowing the vertical distance between a datum

and the sprinkler nozzle, it is possible to establish coordinates at which the water drops
land, as well as their corresponding velocities. Regarding the aerodynamic drag coefficient
(Cd), computed as a function of the Reynolds number (Re) for a spherical shaped droplet,
this has been formulated in several ways by different authors. Equations (10)–(12) are
expressions proposed by Okamura [45] to determine this value.

Cd =
33.3
Re
− 0.0033Re + 1.2 if Re ≤ 100 (10)

Cd =
72.2
Re
− 0.0000556Re + 0.48 if 100 < Re ≤ 1000 (11)

Cd= 0.45 if Re > 1000 (12)

Another approach to calculate Cd from Re magnitude was proposed by Park et al. [46],
such as that which is argued in Equations (13) and (14).

Cd =
24
Re

(
1 + 0.15R0.687

e

)
if Re ≤ 1000 (13)

Cd= 0.43

{
1 + 0.21

[(
Re

1000

)
− 1
]1.25

}
if Re > 1000 (14)

On the other hand, Li and Kawano [47] stated that Cd can be obtained by accounting
for the operating pressure, drop diameter, equivalent diameter, and nozzle discharge
coefficient (Equations (15) and (16)).

Cd= 51.46P−0.179∅−1.181D−1.936
e C−3.318 if ∅ ≤ 2 mm (15)
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Cd= 0.3 if ∅ > 2 mm (16)

Hills and Gu [48] introduce a further method for Cd calculation as a result of a
regression analysis performed on a set of water droplets falling at terminal velocity; its
composition is shown in Equation (17).

Cd = A1(A2D)A3

A1 = 8.44− 0.041P + 8.48 ×10−5P2

A2 =
(

D0.1
n

1.12

)(
0.56P0.11

)
A3= 17.69P−0.39

(17)

where Re = V∅
υ [adim]; υ is the cinematic viscosity [L2 T−1]; P is the operating pressure

[M L−1 T−2]; De = 4Ah
Pw

is the equivalent diameter [L]; Ah is the hydraulic area of nozzle
[L2]; Pw is the wetted perimeter [L]; C is the nozzle discharge coefficient [adim]; D is the
volume mean drop diameter [L]; A1, A2, and A3 are the regression coefficients [adim]; and
Dn is the nozzle diameter [L].

All the proposals presented above for computing the drag coefficient (Okamura [45],
Park et al. [46], Li and Kawano [47], and Hills and Gu [48]) were separately used in this
research work and were discussed in terms of drop simulation (drop coordinates and
velocities at different time intervals, wind and no-wind conditions, and wind direction for
some drag coefficients).

2.2. Numerical Approach to Simulating Water Drops’ Trajectory and Velocity

The ballistic model expressed in Equations (1)–(9) can be approximated to an analytical
solution through a numerical solution using discrete intervals of time. Accordingly, a
fourth-order Runge–Kutta numerical method is commonly used for water drop simulations
computing drop velocity and drop distances, mainly because of its stability and suitability
for error control [49]. The rule for numerical integration is shown in Equation (18) [50];
notice that Ψ is an arbitrary variable to represent how to compute discrete values of
dynamics equations of motion for acceleration, velocity, and trajectory of water drops
in the air. Consequently, subsequent values (Ψn+1) are estimated on the basis of the
preceding value (Ψn) added to the product of the time step (∆t) and a weighted slope
resulting from estimating the K1, K2, K3, and K4 constants. It should also be clarified that
due to the inherent characteristics of the spreadsheet used, it is difficult to define a time
interval for executing an iterative process; instead, the computational tool has, by default, a
configuration for performing 750 iterations automatically.

Ψn+1 = Ψn + ∆t
6 (K1 + 2K2 + 2K3 + K4)

K1= f(tn, Ψn)

K2= f
(

tn + ∆t
2 , Ψn + K1

2

)
K3= f

(
tn + ∆t

2 , Ψn + K2
2

)
K4= f(tn + ∆t, Ψn + K3)

(18)

Error estimation is required in order to build an efficient solution while respecting a
certain tolerance level [51]. However, the Runge–Kutta method does not estimate error
for each time step, so alternative procedures have been used to compute it [7,52]. It is a
common practice, especially at a training level, to make extrapolations in order to infer
the best performance for a mathematical function solved with numerical algorithms. The
procedure is based on two or more determinations calculated with different step intervals,
with the Richardson’s extrapolation (Equation (19)) being one of the most used [53,54].

Error =
Ψ h

2
(t)−Ψh(t)

2p − 1
∼= Ψ(t)−Ψ h

2
(t) (19)
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2.3. Kinetic Energy and Power

Evaluating the kinematic energy of drops allows for the estimating of the effects on
sprinkler irrigation performance related to alterations of soil characteristics. Water drop
diameter and velocity directly influence runoff, erosion, and infiltration processes because
of the amount of energy with which the drops impact the soil surface [55]. The drops’
kinetic energy (Ekφ) [M L2 T−2] was determined according to the method introduced by
Kohl et al. [56] (Equation (20)).

Ekφ =
1

12
πφ3ρWV2 (20)

According to King and Bjorneberg [57], sprinkler kinetic energy (EkΩ) [M L−1 T−2]
within a domain (Ω) per unit volume of water applied can be determined from the drops’
kinetic energy and total volume of a given set of drops of size n (Equation (21)).

EkΩ =

n
∑

i=1
Ekφ

π
6 ∑n

i=1 φ3 (21)

while Ekd is useful for characterizing individual drops, EkΩ conveys information regarding
the agronomic effects of sprinkler irrigation in a certain sprinkler-irrigated area (R) [L T−1].
If EkΩ is combined with precipitation falling in domain (RΩ) [L3 T−1], kinetic power (PkΩ)
[M L2 T−3] can be determined according to Equation (22). Furthermore, it is also common
to obtain specific power (δp) [M T−3] as the ratio of sprinkler kinetic energy and sprinkler
irrigated area (Equation (23)). Switching from energy to power is important in the context
of sprinkler irrigation, since irrigation time (per irrigation event, per season, . . . , among
others) is an important management variable. Once the power is obtained, multiplying
it times a certain irrigation duration will result in the kinetic energy of a given irrigation
event or a set of irrigation events.

PkΩ = EkΩRΩ (22)

δp = EkΩR (23)

Switching from energy to power is important in the context of sprinkler irrigation,
since irrigation time (per irrigation event, per season, . . . , among others) is an important
management variable. Once the power is obtained, multiplying it times a certain irrigation
duration will result in kinetic energy of a given irrigation event or a set of irrigation events.

2.4. Irrigation Performance Indices

Field assessment of sprinkler irrigation performance usually follows a procedure
adopted by Christiansen [58] to compute irrigation uniformity (CU) [L L−1]. In addition,
the distribution uniformity (DU) [L L−1] index, proposed by Merriam and Keller [8], is
also widely used. Naturally, both indicators complement each other; while the first one
allows one to identify how the applied water is used, the second one provides information
on how uniformly this water volume is distributed in the plot. CU and DU are written as
Equations (24) and (25), respectively.

CU = 1− 1
nx

n

∑
i=1

(x− x) (24)

DU =
average depth applied in the lowest one quarter

average depth of irrigation water applied
(25)

where xi [L] is the irrigation water depth received in an individual pluviometer, x [L]
is the average irrigation water depth received in pluviometers, and n is the number of
pluviometers evenly distributed in an irrigated plot. The Christiansen [58] coefficient
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was also applied to kinetic energy in sprinkler spacing (CUKφ) [F L T−1 F−1 L−1 T]. In
standard irrigation evaluation procedures, sprinkler spacing is divided into a matrix of
rectangular domains with a catch can network located inside the sprinkler configuration.
These collectors are used to estimate the precipitation rate at each domain. In this work,
the sprinkler spacing was divided into several cells (Nc) wherein the area is known (Ai)
[L2], then such an indicator is estimated for a particular solid-set sprinkler arrangement
conforming to a total area of evaluation (A) [L2]. As a consequence, CUKφ can be expressed
as Equation (26). Analyzing the kinetic power within the sprinkler spacing allows for the
production of power maps. Locating the areas within the sprinkler spacing with high or
low kinetic power has relevant agronomic and irrigation management implications from a
design point of view.

CUK∅= 1− 1
NcEk∅A

Nc

∑
i=1

(∣∣Ek∅i Ai − Ek∅A
∣∣) (26)

3. Results

The fundamentals for sprinkler irrigation design have been provided in
Equations (1)–(26). Now then, from a learning engineering perspective as it relates to
sprinkler irrigation design, an Excel® spreadsheet [34] named «Sprinkler irrigation tool»
has been developed for use as a didactic tool in order to complement students’ theoretical
knowledge and that acquired during field practice. Figure 2 shows an overall view of the
sheets previously described (Radial pattern, Frequency, Runge–Kutta pairs, Kinetic energy
and power, Performance indicators, Toolbox, and Graphs). These categories comprise
columns of different colors: blue, green, orange, and white; the data should be input in this
order so as to obtain correct information output.
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(1) The blue columns provide descriptive information that serves as a guide for
students; numerical values should be placed in the respective row, paying attention to
the units specified in each case. (2) In green columns, it is necessary to enter numerical
values of those variables indicated. (3) The orange columns integrate data results from the
experimental readings; for example, in the case of radial pattern assessment, it is necessary
to declare the distance between all the pluviometers from the sprinkler until they are
covered completely during an irrigation event. Finally, (4) the white columns enable one to
assess key arguments of any given sprinkler irrigation analysis included in this spreadsheet;
thus, every row shows an implicit equation that supports use of the Excel® platform.

3.1. Sprinkler Irrigation Tool: Radial Patterns and Drop Diameter Frequency

Bautista-Capetillo et al. [59], at indoor laboratory facilities, carried out experimental
assessments for an irrigation sprinkler using several characterization techniques. This work
produced a data set of water drops (www.eead.csic.es/drops, accessed on 5 September
2022) for a VYR35 impact sprinkler manufactured by VYRSA equipped with a single nozzle
(4.8 mm diameter and 26◦ inclination). Experiments were performed with 0.5 m nozzle
elevation and three operating pressures (200 kPa, 300 kPa, and 400 kPa). Aiming to obtain
the sprinkler precipitation rate, cylindrical pluviometers (0.16 m diameter) were placed at
0.60 m intervals up to a distance of 18 m and installed along the sprinkler radius. Water
drop characterization was obtained at 3, 6, 9 and 12 m from the sprinkler. Their findings
have been consulted as a reference to exemplify the outputs of this computational tool; in
this sense, Tables 1 and 2 were developed for summarizing water drop characteristics listed
in the research work of Bautista-Capetillo et al. [59].

Table 1. Average precipitation rate (L s−1) at different distances from the irrigation sprinkler (obtained
from Bautista-Capetillo et al. [59]).

Precipitation Rate (L s−1)

Pluviometer 1 2 3 4 5 6 7 8 9 10

Distance (m) 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0

Operating
pressure (kPa)

200 90.0 70.0 46.0 35.0 29.0 28.0 27.0 27.0 26.0 24.0
300 100.0 80.0 50.0 39.0 32.0 30.0 31.0 31.0 32.0 32.0
400 120.0 100.0 61.0 45.0 38.0 36.0 34.0 35.0 36.0 37.0

Precipitation rate (L s−1)

Pluviometer 11 12 13 14 15 16 17 18 19 20

Distance (m) 6.6 7.2 7.8 8.4 9.0 9.6 10.2 10.8 11.4 12.0

Operating
pressure (kPa)

200 22.0 21.0 21.0 25.0 33.0 40.0 50.0 54.0 62.0 63.0
300 31.0 32.0 34.0 38.0 41.0 44.0 48.0 49.0 51.0 50.0
400 38.0 40.0 44.0 47.0 49.0 51.0 55.0 55.0 55.0 53.0

Precipitation rate (L s−1)

Pluviometer 21 22 23 24 25 26 27 28 29 30

Distance (m) 12.6 13.2 13.8 14.4 15.0 15.6 16.2 16.8 17.4 18.0

Operating
pressure (kPa)

200 59.0 46.0 19.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0
300 47.0 43.0 36.0 27.0 17.0 6.0 0.0 0.0 0.0 0.0
400 50.0 48.0 44.0 39.0 32.0 25.0 11.0 2.0 0.0 0.0

Notes: Test durations of 60, 58, and 61 min for operating pressures at 200, 300, and 400 kPa, respectively.

The sprinkler irrigation tool allows the user to manually insert a data set collected in
field conditions, which are necessary to compute every parameter previously discussed.
The first criterion concerns the determination of the radial sprinkler application pattern as
outlined in Table 1. Once the information is entered, outputs can be displayed in tabular
or graphical formats, but to avoid redundant information, either one or the other has
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been chosen in this paper with the intention of illustrating both of them clearly. Figure 3
shows the radial sprinkler application pattern (mm h−1) derived from the precipitation
rate accounting for each test duration and operating pressure combination as described
in Table 1. This information is useful for students looking to compare radial applica-
tion patterns for a specific experimental sprinkler setup operating at different pressures.
The shape of the radial curves, maximum irrigation distance against pressure, precipi-
tation rate variability along irrigation distance, and maximum and minimum local val-
ues of the precipitation rate are some of the magnitudes that can be analyzed, giving
an idea of the water drop distribution for each particular impact sprinkler in different
experimental conditions.

Table 2. Water drop diameter and velocity characterization for combinations of operating pressure
and distance from the sprinkler.

Operating
Pressures (kPa) Variable

Distance from Irrigation Sprinkler (m)

3 6 9 12

200
Diameter (mm) 0.86 1.04 1.50 3.08
Velocity (m s−1) 2.72 3.06 4.19 6.06

300
Diameter (mm) 0.81 1.03 1.22 2.06
Velocity (m s−1) 2.45 2.92 3.82 5.13

400
Diameter (mm) 0.86 0.96 1.19 1.45
Velocity (m s−1) 2.43 2.96 3.72 4.42

Notes: Water drop parameters were obtained from the research work of Bautista-Capetillo et al. [59] using
the low-speed photographic method from Salvador et al. [60]. Drop diameter and velocity correspond to the
arithmetic mean values of the data set.
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Figure 3. Radial sprinkler application patterns at different operating pressures.

Drops landing at a certain distance cover a wide range of diameters. The range
becomes wider with the distance from the sprinkler. In order to illustrate the significance of
drop diameter distributed in classes along sprinkler influence radii, the following graphs are
useful: spreadsheet-plotted histograms, curves of cumulative frequency, and the cumulative
volume for different combinations of operating pressures and distance from the sprinkler.
The sprinkler irrigation tool depicts one line for each observation distance under analysis.
Figure 4 shows the distribution graphs for a set of drops captured at 3, 6, 9, and 12 m from
the sprinkler when it is operating at 200 kPa. Visual information is useful for understanding
the relevance of small drops (<2 mm), particularly at large distances from the sprinkler;
the frequency of classes and their volumetric contribution can also be studied, e.g., a low
number of large drops (>3 mm) represents a quite large volume at 12 m.
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Figure 4. Histogram of drop diameter and curves of cumulative volume at 3 m (red continuous line),
6 m (green dash line), 9 m (blue continuous line), and 12 m (purple dash line) from the sprinkler at
200 kPa.

3.2. Sprinkler Irrigation Tool: Drop Motion Simulation

Ballistic theory is used to determine the trajectory of each drop diameter subjected
to the initial conditions described in Figure 1. The drop movement components are ex-
pressed by Equations (1)–(3) and can be solved through the fourth-order Runge–Kutta
numerical integration technique, taking into account the least numerical stability and the
error control as optimization procedure criteria (Equation (18)). In order to understand a
physical phenomenon based on mathematical principles without disrupting the solution
method rules, the sprinkler irrigation tool described in this work allows the students to be
trained in ballistic simulation of sprinkler irrigation under scenarios that include sprinkler
irrigation system operating factors (hardware features, hydraulic working conditions, and
environmental parameters), an aerodynamic drag model, and a numerical performance
from time step selection. Figure 5 shows the trajectory of a single water drop for a specific
diameter of 4 mm for unlike time step values (0.025, 0.050, 0.100, and 0.200 s) by applying
the Okamura [45] drag coefficient model for the VYR35 impact sprinkler with an operating
pressure of 200 kPa and an elevation of 1.75 m from the soil.
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Figure 5. Ballistic movement simulation with the Okamura [45] drag coefficient method for a 4 mm
water drop within 0.200 s (brown circle), 0.100 s (red circle), 0.050 s (blue circle), and 0.025 s (green
circle and line) as time step values. (a) represents the X–Z drops trajectory, (b) flight time versus X
and Z travel distances, and (c) flight time versus X, Z, and water drop velocities.

As a formative perspective, students can observe, with a graphical model, how es-
sential it is to choose a suitable time step size for the numerical solution, while being able
to evaluate differences in step increments and reliably understand guidelines related to
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this aspect found within technical literature [36,60]. In this sense, at a certain horizontal
distance considering the ground level and the vertical distance, maximum elevations from
the ground level can be compared to each other (Figure 5a); the standard deviations in
traveling distances for a 4 mm diameter water drop as a time step is switching are, in the
first case, 0.61 m (4%), 1.85 m (11%), and 4.44 m (26%); and in the second one, 0.13 m (3%),
0.40 m (8%), and 0.95 m (18%), achieved by changing from 0.025 s to 0.05 s, 0.10 s, and
0.20 s respectively.

Following the same reasoning, students also put into practice their previously acquired
knowledge related to particle kinematics, in particular the projectile motion in a parabolic
trajectory. In this regard, the spreadsheet itself displays trends over time for trajectory
(Figure 5b) and velocity (Figure 5c) for both horizontal and vertical components, as well as
the total velocity of the water drop (Figure 5c). Such aspects are relevant in a pedagogical
framework with regards to reinforcing the concepts related to particle movement, as
position, displacement, distance travelled, trajectory, relative velocity, terminal velocity,
and particle velocity are useful when sprinkler irrigation is simulated [39,61,62].

Now then, strictly speaking of academic training that an irrigation engineering profes-
sional should have in terms of sprinkler irrigation, the spreadsheet allows for the simulation
of water drop movement in two and three dimensions for an isolated impact sprinkler,
according to a set of user-defined parameters related to hardware and conditions of hy-
draulic operations and wind. In addition, this version of the tool includes four models for
determining the drag coefficient. Figure 6 shows 2D simulations following Park et al. [46]
(Figure 6a), Li and Kawano [47] (Figure 6b), Hills and Gu [48] (Figure 6c) and Okamura [45]
(Figure 6d) methodologies to compute the drag coefficient. Drops were simulated for the
same VYR35 impact sprinkler but when considering a height of 1.20 m and a working
pressure of 300 kPa. A 0.10 s time step was selected for solving the ballistic model with the
fourth-order Runge–Kutta method. Drops’ trajectories were simulated for drop diameters
of 0.5 mm, 1.0 mm, 2.0 mm, and 3.0 mm marked with green, blue, red, and brown colors
in each subfigure, respectively. Depending on the drop diameter to be thrown out, the
drop trajectory (distance from the sprinkler-x and drop height-z) was obtained for each
time interval. Once the simulation is created, the graphical information allows students to
draw comparisons about the movement of water drops with the same diameter but using
different models to compute the drag coefficient.

For example, students can discriminate a travel distance for each water drop in terms
of its size to settle arguments such as the following: the distance reached by water drops
of 1.0 mm and 3.0 mm in diameter was larger for the Hills and Gu [48] model than those
proposed by other authors. However, in the particular case of 3.0 mm diameter drops,
the landing distance difference is more evident than for 1.0 mm drops. In general, the
Park et al. [46] model obtained shorter landing distances for all water drop diameters.
On the other hand, the Li and Kawano [47] and Okamura [45] models reached similar
water drop travel distances regardless of what claims either asserts in order to determine
the drag coefficient. On the basis of information already dealt with, students may shape
their mental pictures concerning sprinkler irrigation uniformity for a specific solid-set
framework. In other words, the geometric arrangement type and certain spacings between
sprinklers, along with the difference between the landing distance for all drops emitted by
an isolated sprinkler device, involves, in real terms, the performance of sprinkler irrigation
when referring to uniformity. Under indoor conditions, the combination of these factors
determines the drops’ degree of overlap, which is measured later as irrigation depth in an
irrigated area.
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Figure 6. Two-dimensional water drop movement simulation for 0.5 mm (green), 1.0 mm (blue),
2.0 mm (red), and 3.0 mm (brown) diameters with 1.20 m sprinkler elevation, 300 kPa operating
pressure, and no-wind conditions. Using the methodology of drag model of (a) Park et al. [46],
(b) Li and Kawano [47], (c) Hills and Gu [48], and (d) Okamura [45].

In addition to the visual information shown in Figure 6, the spreadsheet tool also
provides tabular data on the error that results from assuming a specific time step value, as
well as time of flight, travel distance of the sprinkler drops relative to a datum (soil surface
or crop canopy), and terminal velocity, which is particularly useful when computing drops’
kinetic energy or specific power. Table 3 summarizes the corresponding output for particu-
lar conditions, which leads to Figure 6a–d. In this way, it is feasible to discern numerically
the differences between methods for computing the drag coefficient in estimation of those
referred variables for a specific water drop diameter. Even more, qualitative judgments
that students can make from Figure 6 are complemented on a quantitative basis by the
findings listed in Table 3. A comparative analysis between the Hills and Gu [48] model
and other models used to determine drag coefficient would result in assertions such as the
following: water drops of 0.5, 1.0, and 3.0 mm in diameter simulated with the Hills and
Gu [48] model travel longer distances than those obtained with models proposed by Park
et al. [46] and Li and Kawano [47]; in general, these differences are 35%, 41%, and 22% in
the first case, and 24%, 6%, and 11% in the second one. It is important to note that this
same trend occurs in the Okamura [45] approach for 1.0 mm and 3.0 mm sizes (7% and 11%
in each case). However, the opposite is true for water drops of 0.5 mm diameter, i.e., they
reach 3% less distance when obtained with the Hill and Gu [48] methodology compared
with the Okamura [45] one. In contrast, a significant difference is shown in simulating
2.0 mm diameter water drops with relative distances; these drop sizes are 5%, 11%, and 8%
smaller using the Hills and Gu [48] model compared with the Okamura [45], Park et al. [46]
and Li and Kawano [47] models, respectively.
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Table 3. Time of flight, travel distance, error, and terminal velocity for each simulation drag coefficient
model used for the sprinkler features and operating pressure under no-wind conditions. This was
adapted from the originals for presentation purposes within this paper.

Drag Coefficient
Model

Drop Diameter (mm)

Time of Flight (s) Travel Distance (m) Error (m) Terminal Velocity (ms−1)

0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0

Okamura [45] 2.74 1.93 1.92 2.02 2.87 6.03 10.90 14.29 0.24 0.10 0.09 0.11 2.21 4.01 6.45 7.82

Park et al. [46] 3.37 1.89 1.92 1.92 2.05 4.59 10.49 13.02 0.38 0.34 0.13 0.10 1.97 3.54 6.34 7.74
Li and Kawano [47] 2.48 1.82 1.93 2.02 2.23 6.07 11.19 14.39 0.12 0.12 0.08 0.07 2.18 4.31 6.57 7.87

Hills and Gu [48] 2.13 1.82 1.90 2.05 2.77 6.46 10.01 15.91 0.22 0.14 0.11 0.12 2.56 4.49 6.08 8.45

Concurrent to such numerical evaluations, terminal velocity is also interesting to
analyze from a training point of view because of its significance to the kinetic energy with
which water drops make impact on the soil surface. Therefore, comparing the theoretical
magnitude of this physical variable versus those values obtained by each model to deter-
mine the aerodynamic drag coefficient included in the spreadsheet is a learning exercise
derived from the data enclosed in Table 3. Nave [63] states that the terminal velocity for a
water drop of 0.5 mm diameter is 3.18 m s−1; meanwhile, for 1.0 mm it is 4.50 m s−1, for
2.0 mm it is 6.37 m s−1, and for 3.0 mm it is 7.80 m s−1. Regarding this matter, the resulting
values for all four reference alternatives are significantly lower in drops of water with a
diameter of 0.5 mm, but as diameter increases, the differences between Nave [63] and those
calculated by Okamura [45], Park et al. [46], Li and Kawano [47] and Hills and Gu [48]
decrease, with an increase in the terminal velocity for a 3.0 mm drop diameter. If the
average and range for the different options are taken into account, the percentage dif-
ferences are &2% (0.8% to +8%), 45% (24% to 72%), 10% (0.2% to 27%) and 0.2% (5% to
+3%), respectively. An analogous procedure can be followed in relation to drops’ flight
time, such that values obtained with the sprinkler irrigation tool can be compared with
those reported in the literature for similar experimental conditions, e.g., those reported by
Thompson et al. [64] and Lorenzini [65], and show the contrasts between them.

Beyond the differences in flight time, it is noteworthy that the findings of
Thompson et al. [64] indicate that the elapsed time when small water droplets (<1.0 mm)
leave the nozzle and reach a datum is greater when their diameter is smaller, and from this
threshold, the flight time increases as drop size increases, while the study by Lorenzini [65]
indicates that traveling time always tends to increase as drop diameter increases. In light
of the above, the evidence shown in Table 3 corresponds, in all cases, to that reported by
Thompson et al. [64]. Indeed, water drops with a diameter less than 1.0 mm decrease their
terminal velocity as the diameter approaches that value, and thereafter terminal velocity
begins to increase as a function of increasing diameter. Based on an analytical procedure
of linear regression, it is possible to define both positive and negative trend patterns and
thus draw inferences about inherent issues for each case while showing relative expla-
nations between different models. Accordingly, linear regression test outcomes return
values of (−1.62, 0.05) mm s−1 (Okamura [45]), (−2.96, 0.02) mm s−1 (Park et al. [46]),
(−1.32, 0.10) mm s−1 (Li and Kawano [47]), (−0.62, 0.12) mm s−1 (Hills and Gu [48]), and
(−1.82, 0.07) mm s−1 (Thompson et al. [64]). All refer to the negative slope in the first
case, and to the positive slope in the second drop velocity, which is computed from the
respective tabular data.

In sprinkler irrigation studies, the wind velocity and the wind direction play a major
role in water application uniformity on a plot scale. In this sense, in a 3D scenario, the
spreadsheet helps to evaluate the potential water drop trajectory considering a wind vector
proposed by the users. Figure 7 shows several simulations of the VYR35 impact sprinkler
with an elevation of 1.50 m using different combinations of wind vector and drop diameter.
The drag coefficient calculated according to Okamura [45] was the same for all of them. In
order to compare the drop movement at the X–Z plane, Figure 7a represented simulations
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for a 2.0 mm water drop traveling in air under 2.1 m s−1 of wind velocity for wind directions
of 60◦, 180◦, 225◦, 270◦, and under no-wind conditions. It is evident that there is an effect of
wind on water drop trajectory: as wind maintains a greater opposition to the direction in
which the water drop travels, a shorter distance is reached, and vice versa. In other words,
when wind direction is totally opposite to drop direction (180◦), its distance to a datum is
7.2 m, while for those cases in which wind direction is 60◦, 225◦, and 270◦, drop distance
reaches 13.3 m, 8.4 m, and 11.2 m, respectively.
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Figure 7. Three-dimensional water drop movement simulation under different velocities and direc-
tions of wind. This shows results using a 1.50 m sprinkler elevation, 200 kPa operating pressure, and
Okamura [45] as the drag coefficient model. (a,b) are the drop elevation and the drop movement
in Y axis for different wind conditions in function of the distance from the sprinkler, respectively,
meanwhile (c) shows the drops landing from the sprinkler in both X and Y axis, finally, (d) shows the
wetted radii in X and Y axis in function of the drop diameter.

Clearly, such distances are related to wind velocity magnitude that either favors or
counteracts drop velocity due to hydraulic operating pressure. From the previous results,
a student can draw comparisons between different simulations: (1) when wind speed is
parallel to the X-axis and opposite to drop motion (180◦ direction), drop distance reached is
the smallest with respect to the no-wind condition, in this particular case, there is 1.6 times
less distance to the datum; (2) for a case where the wind speed is also opposed to drop
motion, but now 50% of its modulus is parallel and remains 50% perpendicular to the
X-axis (225◦ direction), the distance traveled difference is 1.4 times less; (3) if the wind
direction is perpendicular to the X-axis (270◦ direction), then the difference between both
distances is only 0.6 m (1.05 times); (4) finally, when wind acts to the advantage of drop
movement, the distance that it reaches increases; thus, for simulation conditions when
the wind speed modulus is 25% and 75% parallel and perpendicular to the X-axis (60◦

direction), the drop travels until reaching a datum 1.1 times further in comparison to the
no-wind condition drop motion.

From the point of view of sprinkler irrigation, the analysis of Figure 7a becomes
more relevant in the X–Y plane, based on the assumption that such a surface represents
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a certain plot where water is distributed by this irrigation method. Figure 7b illustrates
similar simulations, but now horizontally. Accepting that the Y-axis is perpendicular to
the initial velocity vector, some complementary findings were highlighted. The first one,
being general in nature, exists to note that water drop trajectory is directly influenced
by wind direction, and except in cases where it divides in two equal portions any of the
four quadrants of the Cartesian coordinate system, or wind is absent, in other instances,
the distance reached by the drops is different in the X and Y axes. The other aspects for
specific evaluation include, for example, for a wind direction opposite to drop movement,
its trajectory is the inverse when it is parallel and perpendicular to the X-axis; this fact
can be verified with the distance that drops reach on the Y-axis (11.2 m and 7.2 m for
180◦ and 270◦, respectively); magnitudes that could be inferred from Figure 7a. However,
for many students, this is complicated to understand until they corroborate it through
an exercise such as that indicated. In addition to the above-mentioned judgments, the
sprinkler irrigation tool offers the possibility of estimating trajectories under conditions of
specific interest. Figure 7c shows a water drop trajectory with the same diameter (2 mm)
traveling at different wind speeds maintaining the same direction (270◦), while Figure 7d
shows the drop’s trajectory for a different diameter for the same wind vector (2.1 m s−1

and 270◦).

3.3. Sprinkler Irrigation Tool: Add-On Resources

The spreadsheet provides complementary options to estimate the energy and power of
water drops impacting on the soil surface; it also allows for the determination of sprinkler
irrigation performance rates. In both cases, the information is presented in tabular form,
although it is possible to record it visually. Impact sprinklers for agricultural irrigation
are commonly arranged at fixed spacings (rectangular or triangular). Sprinkler spacings
are usually expressed by an R or T letter followed by the distances between the sprinklers
(e.g., T18 m × 18 m). At a given point, the overlapping of the drops supplied by all
contributing sprinklers determines the received water and the kinetic energy of the water
drops. These amounts depend on the operating pressure and on the sprinkler spacing.

In order to assess the kinetic energy of water drops emitted by an isolated impact
sprinkler, Table 4 shows the summary of geometrical and kinematic drop characterizations,
taking into account information presented by Bautista-Capetillo et al. [59] in their low-speed
photographical data set that corresponds to an operating pressure of 400 kPa (www.eead.
csic.es/drops, accessed on 5 September 2022). Kinetic energy was determined for each drop
and its distance from the irrigation sprinkler, then the drop diameter range, volumetric
mean diameter, drop velocity range, drop velocity average, drop kinetic energy range,
sprinkler kinetic energy, precipitation rate, kinetic power, and specific power were included
in Table 4. Drop kinetic energy clearly increased with the distance from the sprinkler;
indeed, the average values amounted to 16.87 × 10−7 J, 33.73 × 10−7 J, 96.98 × 10−7 J, and
242.28 × 10−7 J for 3 m, 6 m, 9 m, and 12 m, respectively. A similar trend follows for the
EkΩ, PkΩ, and δp variables. It is worth noting that the values reported here are comparable
to the previous findings of Kincaid [39] and DeBoer [66] for different impact sprinklers
and operating conditions and those of DeBoer and Monnens [67] for a rotating spray plate
sprinkler. However, it should also be pointed out that generally these data are not reliable,
but the potential effects are linked to the energy with which the water drops impact the
soil surface to cause soil erosion, alterations in infiltration rates, and soil surface sealing,
among others.

www.eead.csic.es/drops
www.eead.csic.es/drops
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Table 4. Geometrical and kinematical drop characterization at 3 m, 6 m, 9 m, and 12 m of distance
from a sprinkler operating at 400 kPa of pressure.

Drops
Distance from the Sprinkler (m)

3 6 9 12

Number 114 106 102 98
φrange (mm) 0.50–1.70 0.50–1.90 0.50–2.20 0.80–2.50
∀m 1.19 1.25 1.46 1.78
Vrange (m s−1) 1.55–3.55 1.96–4.39 2.20–5.35 3.28–5.79
Vm (m s−1) 2.43 2.96 3.72 4.42
Ekφrange (J × 10−7) 0.62–134.53 1.03–359.08 1.77–711.99 19.37–1422.98
EkΩ (JL−1) 3.640 5.530 8.880 12.150
Prate (mm h−1) 1.880 1.830 2.420 2.620
PkΩ (W × 10−6) 0.002 0.003 0.006 0.009
δp (W m−2 × 10−3) 1.900 2.800 6.000 8.800

φ is water drop diameter, ∀m is volumetric mean diameter, V and Vm are velocity and average velocity, respectively,
J is Joules, L is liters, and W is watts. Values correspond to 400 kPa of operating pressure (www.eead.csic.es/drops,
accessed on 5 September 2023).

A deeper understanding of the spatial and temporal distribution of kinetic energy
with which water drops impact a certain surface can be achieved by plotting contour maps.
Nevertheless, the sprinkler irrigation tool only provides tabular information (Table 4), so
it is necessary to make recourse to other computational tools suitable for interpolating
and generating such maps. The data shown in Figure 8 were made with the commercial
software XLSTAT® Premium version, licensed by Addinsoft 2022.5.1 1394. Kinetic energy
under no-wind conditions for rectangular and triangular sprinkler spacings are discussed
for spacings R18 × 18, R15 × 15, T18 × 18, and T15 × 15. Maps were produced for
combinations of each spacing and 400 kPa of hydraulic working pressure for an irrigation
time of 1 h. The contrast of kinetic energy per unit of time on each surface is visible in each
subfigure. Its distribution depends, to a large extent, on the spacing between sprinklers and
arrangement choice. In an R18 × 18 configuration, the kinetic energy attained maximum
values at the central part of the framework (around 6000 J h−1); such value gradually
decreases, reaching 1000 J h−1, as it is moves closer to the framing edges. In relation to the
R15 × 15 arrangement, the kinetic energy varies from the sprinklers towards the central
portion of surface; its value is close to 5000 J h−1 around the sprinklers and then decreases
to 1000 J h−1 before increasing to 4700 J h−1 and again decreasing to 3000 J h−1. As for
the triangular arrangements, in T18 × 18 most of the surface receives, in the course of one
hour, a kinetic energy approaching 3800 J, although in some areas values oscillate between
1200 and 1600 J, and in certain small circular portions, the value reaches 4680 J. For T15X15,
kinetic energy increases from the base to the upper vertex and height becomes an axis of
symmetry; these values are between 3000 J h−1 and 6400 J h−1.

For the measurement of sprinkler irrigation performance is one of major indicators
used in order to quantify water use efficiency in agriculture, the sprinkler irrigation tool
provides performance indicators, as described in Equations (23)–(25). Table 5 includes per-
cental values of CU and DU for 15× 15 and 18× 18 rectangular and triangular frameworks
under 200 kPa, 300 kPa, and 400 kPa operating pressures. In a certain sense, these values
reflect the methodological procedures already reviewed, and should therefore be used to
define the best possible combination of field configuration, irrigation system sizing and
hydraulic operating conditions in order to achieve efficient water use with less damage to
the soil surface.

www.eead.csic.es/drops
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irrigation time.

Table 5. Irrigation and kinetic energy performance indicators for rectangular and
triangular arrangements.

Framework
(m ×m)

Operating Pressure (kPa)

200 300 400 200 300 400 200 300 400 200 300 400

CU (%) DU (%) CUKφ (%) DUKφ (%)

R15 × 15 83.4 79.7 66.1 88.6 77.4 67.5 57.2 53.4 27.8 44.1 38.1 10.8
R18 × 18 68.2 75.9 76.3 67.4 77.9 81.2 22.9 22.1 45.6 20.3 40.3 31.9
T15 × 15 63.8 78.3 84.5 64.5 73.9 85.1 60.2 62.1 52.8 19.1 64.4 47.2
T18 × 18 66.0 80.3 87.3 67.5 82.0 87.9 47.7 73.3 41.4 37.0 21.2 22.9

Based on the conditions depicted in Figure 8, some reasoning is addressed, as derived
from the data displayed in Table 5, which tends to provide evidence to assist with the
selection of an alternative that best achieves the two criteria highlighted before. For an
irrigation system with impact sprinklers operating at 400 kPa, a triangular framework of
18 m × 18 m presented the best conditions of uniformity in terms of water application with
87.3% and 87.9% for CU and DU, respectively. However, the triangular arrangement of
T15 × 15 obtained very similar percentages for both indicators (84.5% for CU and 85.1% for
DU). Before making any decision on whether to use a sprinkler framework, it is essential to
evaluate the drops’ kinetic energy on the soil surface. Although uniformity indices are a
useful key for choosing the best irrigation performance, they should be considered with
care with respect to evaluating kinetic energy because, in this respect, it is not adequate
to distribute the drops as evenly as possible. In fact, it is more important to minimize
the potential degree of affectation. Hence, the CU and DU percentages for T15 × 15 are
comparatively higher than those for T18 × 18 (52.8% vs. 41.4% and 47.2% vs. 22.9%,
respectively). Also, the amount of kinetic energy received by the first sprinkler frame is
higher than that of any other.

4. Discussion

The demands of a contemporary ever-changing world raise a challenge to train socially
pertinent professionals under the precepts of excellence and quality, and in the meantime
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to constitute them under guiding axes to forge morally ethical, technically competent, and
environmentally conscious citizens, in order to contribute to solutions for pressing social,
environmental, economic, and cultural problems in present-day societies. Deeming this
to be of the utmost importance, it is imperative to reevaluate teaching–learning processes
with a view towards including meaningful actions in curricula that, together with changes
in student behavior, could allow them to engage in pathways of significant learning to
match theory with practice. Hence, this could allow them to achieve real appropriation of
knowledge within a frame of autonomy and innovation, leaving behind the traditional role
in which they just received information through a simple transmissive teaching process.

The optional spectrum is wide and varies from one methodological criterion to another.
A specific call for using computer spreadsheets as didactic tools for education first ap-
peared more than 40 years ago; since then, countless documented expressions attest to their
potential to contribute to a constructivist learning model in teaching mathematics, physics,
chemistry, and biology; indeed, virtually any branch of science or engineering discipline
field makes recourse to them [20,68–75]. In an effort to contribute to formal education in ir-
rigation engineering, particularly in sprinkler irrigation systems, in a learning environment
that privileges multiple perspectives or interpretations of reality, knowledge construc-
tion, and activities based on enriched experiences in context [76], this work evidences
the articulation of theoretical and experimental learning through an Excel® spreadsheet
which includes methods and techniques that support an efficient engineering design of
sprinkler irrigation systems equipped with stationary devices. The sprinkler irrigation tool
provides outcomes in tabular (Tables 3–5) and graphical formats (Figures 3–7) with the
aim of offering students with alternatives that will allow them to acquire knowledge of
sprinkler irrigation design. However, the spreadsheet only generates numerical values as
far as the evaluation of the kinetic energy is concerned; hence, XLSTAT® software has been
selected to perform an interpolation process using the ordinary Kriging method and then
plot contour maps, as illustrated in Figure 8.

Sprinkler irrigation efficiency depends on the morphology and kinematics of the
water drops emitted by the hydraulic system traveling in the air until they reach a soil
surface [60,77]. On the other hand, the size and movement of the drops are influenced by
their initial velocity, gravity, wind speed, and aerodynamic resistance; these can be known
via advanced experimental techniques, then be applied to irrigation simulation models
to identify their potential effects on agricultural land or to optimize the uniformity and
efficiency of water use [78–80]. Due to the relevance linked to a detailed characterization of
water drops, a number of techniques have been developed to support this task [60,81–92].
Ballistic theory is a widely used method in modeling sprinkler irrigation [35,36,44,93] based
on the supposition that drops are spherical in shape [35–37,93,94], which causes differences
between the experimental data and simulated results, and thus calls for the application of
procedures to correct or eliminate such questionable values [95].

Geometric and kinematic drop characteristics are determinant traits for preserving
soil [96,97], increasing irrigation uniformity, upgrading water use efficiency, and simulating
sprinkler irrigation behavior [37,59,98,99]. In view of this, the sprinkler irrigation tool has
been used in a waterworks design subject within the undergraduate student engineering
curriculum for those pursuing the science and technology of water bachelor’s program
at the Universidad Autónoma de Zacatecas «Francisco García Salinas». The computing
work complements traditional lectures and experimental tasks, aiding objective readings
of phenomena by means of a learning process that confronts theoretical knowledge and
practice in different scenarios of sprinkler irrigation system design realities. This interpreta-
tion corresponds to those who, in one way or another, participated in the development of
the informatic tool, so that an effective assessment of its implementation as a pedagogical
resource can still be made.

For its ability to provide reliable information on technical considerations to be carried
out discerns its effectiveness as a decision support tool for deciding on an optimal option for
solid-set sprinkler irrigation systems. This evidence indicates an existing correspondence
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with previous research, which was already alluded to in advance. However, the sprinkler
irrigation tool was mainly developed as an option for people in training; in this sense,
students who use it may still have doubts with regards to the system of variables included
in this proposal. The most obvious question is that of the relationship between kinetic
power and specific power, using a ratio of 1 L m−2 equal to 1 mm, first to calculate kinetic
power in watts and then using that same equivalence to determine the specific power in
watts m−2, brings serious difficulties in understanding; clearly this is an aspect of formative
deficiency that must be solved in the the first years of undergraduate studies when taking
basics subjects in science and engineering. In spite of this, such academic weakness arises
as a possibility for improving the computer sprinkler irrigation tool and is therefore an
option for further research for enhancing the Excel® spreadsheet.

Author Contributions: Conceptualization, C.B.-C., J.G.-T. and H.E.J.-F.; methodology, C.B.-C., C.O.R.R.
and H.P.-M.; computer tool development, C.B.-C., M.G.-B. and C.O.R.R.; computer tool validation,
J.G.-T. and H.E.J.-F.; formal analysis, C.B.-C., C.O.R.R. and H.P.-M.; writing—original draft prepara-
tion, C.B.-C., M.G.-B. and C.O.R.R.; writing—review and editing, C.O.R.R. and H.P.-M.; supervision,
J.G.-T. and H.E.J.-F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to the Consejo Zacatecano de Ciencia y Tecnología and to the Sindicato
del Personal Académico de la Universidad Autónoma de Zacatecas for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Red de Indicadores de Ciencia y Tecnología (RICYT) 2021. El Estado de la Ciencia. Principales Indicadores de Ciencia y Tecnología

Iberoamericanos/Interamericanos. Buenos Aires Argentina. 1968. Available online: www.ricyt.org (accessed on 12 December
2022).

2. Feisel, L.D.; Rosa, A.J. The Role of the Laboratory in Undergraduate Engineering Education. J. Eng. Educ. 2005, 94, 121–130.
[CrossRef]

3. Fenton, J.D. Hydraulics: Science, knowledge, and culture. J. Hydraul. Res. 2016, 54, 485–501. [CrossRef]
4. Jasanoff, S.; Markle, G.E.; Petersen, J.C.; Pinch, T. Handbook of Science and Technology Studies; SAGE Publications, Inc.: Thousand

Oaks, CA, USA, 1995; p. 832.
5. Hunter, R. Highlights in the History of Hydraulics; University of Iowa: Iowa City, IA, USA, 1983; Available online: http://www.lib.

uiowa.edu/spec-coll/bai/hydraul.htm (accessed on 5 January 2023).
6. Feibleman, J.K. Pure Science, Applied Science, Technology, Engineering: An Attempt at Definitions Technology and Culture; The Johns

Hopkins University Press and the Society for the History of Technology, Johns Hopkins University Press: Michigan, MA, USA,
1961; Volume 2, pp. 305–317. Available online: http://www.jstor.org/stable/3100886 (accessed on 10 January 2023).

7. Playán, E.; Burguete, J.; Zapata, N.; Salvador, R.; Bautista-Capetillo, C.; Cavero, J.; Martínez-Cob, A.; Faci, J.; Dechmi, F.
Mathematical problems and solutions in sprinkler irrigation. Monografías de la Real Academia de Ciencias de Zaragoza 2009, 31,
153–174.

8. Merriam, J.L.; Keller, J. Farm Irrigation System Evaluation: A Guide for Management; Dept. of Agricultural and Irrigation Engineering,
Utah State University: Logan, UT, USA, 1978.

9. Basavaiah, J.; Arlene, A.A.; Mohan, P.C. Transformation of engineering education through student-centric learning. Int. J. Learn.
Teach. 2021, 13, 32–41. [CrossRef]

10. Wahba, E.M. An Improved Computational Algorithm for Teaching Hydraulics of Branching Pipes in Engineering Curricula.
Comput. Appl. Eng. Educ. 2015, 23, 537–541. [CrossRef]

11. López, P.A.; Mora, J.J.; Martínez, F.J.; Izquierdo, J. Computational Fluid Dynamics (CFD) Models in the Learning Process of
Hydraulic Engineering. Comput. Appl. Eng. Educ. 2010, 18, 252–260. [CrossRef]

12. Baldock, T.E.; Chanson, H. Undergraduate teaching of ideal and real fluid flows: The value of real-world experimental projects.
Eur. J. Eng. Educ. 2006, 31, 729–739. [CrossRef]

13. Hernandez-de-Menendez, M.; Morales-Menendez, R. Technological innovations and practices in engineering education: A review.
Int. J. Interact. Des Manuf. 2019, 13, 713–728. [CrossRef]

14. Barrón, C.A.; Alvarado, M.P.; Bautista-Capetillo, C.; Badillo-Almaraz, H. A computational tool to pipe network design. Acta Univ.
Multidiscip. Sci. J. 2021, 31, e3093. [CrossRef]

www.ricyt.org
https://doi.org/10.1002/j.2168-9830.2005.tb00833.x
https://doi.org/10.1080/00221686.2016.1218370
http://www.lib.uiowa.edu/spec-coll/bai/hydraul.htm
http://www.lib.uiowa.edu/spec-coll/bai/hydraul.htm
http://www.jstor.org/stable/3100886
https://doi.org/10.18844/ijlt.v13i1.5137
https://doi.org/10.1002/cae.21624
https://doi.org/10.1002/cae.20248
https://doi.org/10.1080/03043790600911837
https://doi.org/10.1007/s12008-019-00550-1
https://doi.org/10.15174/au.2021.3093


Water 2023, 15, 1685 20 of 22

15. Saldarriaga, J.; Pulgarín, L.; Cuero, P.; Duque, N. Software para la Enseñanza de Hidráulica de Tuberías. In Proceedings of the XV
Seminario Iberoamericano de Redes de Agua y Drenaje, SEREA2017, Bogota, Colombia, 27–30 November 2017; Volume 1, pp.
1–8. Available online: http://ssrn.com/abstract=3113745 (accessed on 17 January 2023).

16. Ormsbee, L.E. The evolution of water distribution models. In Proceedings of the WDSA/CCWI Conference Proceedings, Kingston,
ON, Canada, 23–25 July 2018.

17. Ormsbee, L.E. The History of Water Distribution Network Analysis. In Proceedings of the Computer Age, 8th Annual Water
Distribution Systems Analysis Symposium, Cincinnati, OH, USA, 27–30 August 2006.

18. Binning, C.D. Teaching Hydraulics without Water. In Proceedings of the World Water and Environmental Resources Congress,
Philadelphia, PA, USA, 23–26 June 2003.

19. Pandit, A. Water Engineering with the Spreadsheet A Workbook for Water Resources Calculations Using Excel; ASCE Press: Reston, VA,
USA, 2016; pp. 3–129. ISBN 978-0-7844-7918-6.

20. Oke, S.A. Spreadsheet Applications in Engineering Education: A Review. Int. J. Eng. Ed. 2004, 20, 893–901.
21. Huddleston, A.H. Using Technology to Enrich Undergraduate Water Resources Instruction. In Proceedings of the World Water

and Environmental Resources Congress, Philadelphia, PA, USA, 23–26 June 2003.
22. El-Awad, M. and Al-Saidi, M. Excel as an Educational Platform for Design Analyses of Fluid-Thermal Systems. World J. Eng.

Technol. 2022, 10, 434–443. [CrossRef]
23. Gokyay, O. An easy MS Excel software to use for water distribution system design: A real case distribution network design

solution. J. Appl. Water Eng. Res. 2020, 8, 290–297. [CrossRef]
24. Brkić, D. Solution of the Implicit Colebrook Equation for Flow Friction Using Excel. Spreadsheets Educ. Bond. Univ. 2017, 10, 2.

Available online: https://hal.archives-ouvertes.fr/hal-01586190 (accessed on 21 January 2023).
25. Coelho, B.; Andrade-Campos, A. Numerical tool for hydraulic modelling—An educational approach. Int. J. Mech. Eng. Educ.

2017, 45, 260–285. [CrossRef]
26. Demir, S.; Demir, N.M.; Karadeniz, A. An MS Excel tool for water distribution network design in environmental engineering

education. Wiley Comput. Appl. Eng. Educ. 2017, 26, 203–214. [CrossRef]
27. Adedeji, K.B.; Hamam, Y.; Abe, B.T.; Abu-Mahfouz, A.M. A spreadsheet tool for the analysis of flows in small-scale water piping

networks. In Proceedings of the IEEE 15th International Conference on Industrial Informatics (INDIN), Emden, Germany, 23–26
July 2017. Available online: https://ieeexplore.ieee.org/document/8104947 (accessed on 22 January 2023).

28. Huddleston, D.H.; Alarcon, A.J.; Chen, W. Water Distribution Network Analysis Using Excel. J. Hydraul. Eng. 2004, 130, 1033–1035.
[CrossRef]

29. Washington State University. Irrigation in the Pacific-Northwest, Irrigation Schedule Tables; IAREC: Prosser, WA, USA, 2022. Available
online: http://irrigation.wsu.edu/Content/Resources/Irrigation-Schedule-Tables.php (accessed on 25 January 2023).

30. Karara, G.K.; Gathenya, J.M.; Home, P.G.; Ayugi, S. Modeling and Visualization of Irrigation Potential Using Microsoft Excel. Int.
J. Nov. Res. Comput. Sci. Softw. Eng. 2016, 3, 52–57.

31. Oki, L. Measuring Distribution Uniformity and Calculating Run Time. University of California Davis, Agricultural and Natural
Resources, Plant Sciences Department. A Workshop for Landscape Professionals 4 October 2016, McMillan Center and Fair Oaks
Horticulture Center 8020 Temple Park Rd, Fair Oaks, CA 95628, USA. Available online: https://ccuh.ucdavis.edu/sites/g/files/
dgvnsk1376/files/inline-files/DU%20Run%20Time.pdf (accessed on 4 April 2023).

32. El-Nemr, M.K. An interactive spreadsheet for drip irrigation system uniformity parameters evaluation. Int. J. Agric. Sci. 2012, 4,
216–220. [CrossRef]

33. Steele, D.D.; Scherer, T.F.; Hopkins, D.G.; Tuscherer, S.R.; Wright, J. Spreadsheet implementation of irrigation scheduling by the
checkbook method for north Dakota and Minnesota. ASABE Appl. Eng. Agric. 2010, 26, 983–995. [CrossRef]

34. Microsoft. Excel for Mac, version 16.16.27 (201012); ID: 029881-001-1068342016, 2016 Commercial License.
35. Vories, E.D.; von Bernuth, R.D.; Mickelson, R.H. Simulating sprinkler performance in wind. J. Irrig. Drain. Eng. 1987, 113, 119–130.

[CrossRef]
36. Carrión, P.; Tarjuelo, J.M.; Montero, J. SIRIAS: A simulation model for sprinkler irrigation: I. Description of the model. Irrig. Sci.

2001, 20, 73–84. [CrossRef]
37. Dechmi, F. Gestión Del Agua en Sistemas de Riego Por Aspersión En El Valle de Ebro: Análisis de la Situación Actual Y Simulación

de Escenarios. Ph.D. Thesis, Universitat de Lleida, Zaragoza, Spain, 2002. Available online: https://digital.csic.es/handle/1026
1/4810 (accessed on 30 January 2023).

38. Robinson, G.; Robinson, I. The motion of an arbitrarily rotating spherical projectile and its application to ball games. Phys. Scr.
2013, 88, 018101. [CrossRef]

39. Kincaid, D.C.; Solomon, K.H.; Oliphant, J.C. Drop size distributions for irrigation sprinklers. Trans. ASAE 1996, 39, 839–845.
[CrossRef]

40. Seginer, I.; Nir, D.; von Bernuth, D. Simulation of wind distorted sprinkler patterns. J. Irrig. Drain. Eng. ASCE 1991, 117, 285–306.
[CrossRef]

41. Von Bernuth, R.D.; Gilley, J.R. Sprinkler droplet size distribution estimation from single leg test data. Trans. ASAE 1984, 27,
1435–1441. [CrossRef]

42. Seginer, I. Tangential Velocity of Sprinkler Drops. Trans. ASAE 1965, 8, 90–93. [CrossRef]

http://ssrn.com/abstract=3113745
https://doi.org/10.4236/wjet.2022.102025
https://doi.org/10.1080/23249676.2020.1831975
https://hal.archives-ouvertes.fr/hal-01586190
https://doi.org/10.1177/0306419017708637
https://doi.org/10.1002/cae.21870
https://ieeexplore.ieee.org/document/8104947
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:10(1033)
http://irrigation.wsu.edu/Content/Resources/Irrigation-Schedule-Tables.php
https://ccuh.ucdavis.edu/sites/g/files/dgvnsk1376/files/inline-files/DU%20Run%20Time.pdf
https://ccuh.ucdavis.edu/sites/g/files/dgvnsk1376/files/inline-files/DU%20Run%20Time.pdf
https://doi.org/10.9735/0975-3710.4.4.216-220
https://doi.org/10.13031/2013.35914
https://doi.org/10.1061/(ASCE)0733-9437(1987)113:1(119)
https://doi.org/10.1007/s002710000031
https://digital.csic.es/handle/10261/4810
https://digital.csic.es/handle/10261/4810
https://doi.org/10.1088/0031-8949/88/01/018101
https://doi.org/10.13031/2013.27568
https://doi.org/10.1061/(ASCE)0733-9437(1991)117:2(285)
https://doi.org/10.13031/2013.32984
https://doi.org/10.13031/2013.40437


Water 2023, 15, 1685 21 of 22

43. Chapman, D.S.; Grey, A. Complex interactions between the wind and ballistic seed dispersal in Impatiens glandulifera (Royle). J.
Ecol. 2012, 100, 874–883. [CrossRef]

44. Fukui, Y.; Nakanishi, K.; Okamura, S. Computer evaluation of sprinkler irrigation uniformity. Irrig. Sci. 1980, 2, 23–32. [CrossRef]
45. Okamura, S. Theoretical study on sprinkler sprays (I)~(III). Trans JSIDRE 1968, 26, 49.
46. Park, S.W.; Mitchell, J.K.; Bubenzer, G.D. Splash Erosion Modeling: Physical Analyses. Trans. ASAE 1982, 25, 357–361. [CrossRef]
47. Li, J.; Kawano, H. Simulating water-drop movement from noncircular sprinkler nozzles. Irrig. Drain. Eng. 1995, 121, 152–158.

[CrossRef]
48. Hills, D.; Gu, Y. Sprinkler volume mean droplet diameter as a function of pressure. Trans. ASAE 1989, 32, 471–476. [CrossRef]
49. Press, W.H.; Flannery, B.P.; Teukolsky, S.A.; Vetterling, W.T. Numerical recipes in C; Cambridge University Press: Cambridge, UK,

1988; p. 735.
50. Zapata, N.; Playán, E.; Skhiri, A.; Burguete, J. Simulation of a collective solid-set sprinkler irrigation controller for optimum water

productivity. J. Irrig. Drain. Eng. 2009, 135, 13–24. [CrossRef]
51. Hull, T.E.; Enright, W.H.; Fellen, B.M.; Sedgwick, A.E. Comparing numerical methods for ordinary differential equations. SIAM J.

Numer. Anal. 1972, 9, 603–637. [CrossRef]
52. Makazaga Odria, J. Sobre Los Errores Locales y Globales de la Integración de Ecuaciones Diferenciales Ordinarias Mediante

Métodos de Runge-Kutta Empíricos. Ph.D. Thesis, Universidad del País Vasco, Donostia, Spain, 2007.
53. Vigueras Campuzano, A. Cálculo Numérico, Teoría, Problemas y Algunos Programas con Maxima; De Matemática Aplicada y

Estadística, Escuela Técnica Superior de Ingeniería Industrial, Septo, Universidad Politécnica de Cartagena: Cartagena, Spain,
2016; ISBN 8-84-608-86-4.

54. Rincon Bermúdez Rafael David. La extrapolación de Richardson, una forma de precisión para cálculos. Rev. Univ. Eafit 1991,
83, 85–92. Available online: https://publicaciones.eafit.edu.co/index.php/revista-universidad-eafit/article/view/1507/1379
(accessed on 5 March 2023).

55. Tarjuelo Martín-Benito, J.M. El Riego Por Aspersión Y Su Tecnología,·, 3rd ed.; Ediciones MundiPrensa: Madrid, Spain, 2005; p. 491.
ISBN 9788484762256.

56. Kohl, R.A.; von Bernuth, R.D.; Huebner, G. Drop size distribution measurements problems using a laser unit. Trans. ASAE 1985,
28, 190–192. [CrossRef]

57. King, B.A.; Bjorneberg, D.L. Characterizing droplet kinetic energy applied by moving spray-plate center-pivot irrigation sprinklers.
Trans. ASABE 2013, 53, 137–145. [CrossRef]

58. Christiansen, J.E. Irrigation by Sprinkling; Bulletin 670; Agricultural Experiment Station, College of Agriculture, University of
California: Berkeley, CA, USA, 1942; p. 124.

59. Bautista-Capetillo, C.; Salvador, R.; Burguete, J.; Montero, J.; Tarjuelo, J.M.; Zapata, N.; González, J.; Playán, E. Comparing
methodologies for the characterization of water drops emitted by an irrigation sprinkler. Trans. ASABE 2009, 52, 1493–1504.
[CrossRef]

60. Salvador, R.; Bautista-Capetillo, C.; Burguete, J.; Zapata, N.; Serreta, A.; Playán, E. A photographic method for drop characteriza-
tion in agricultural sprinklers. Irrig. Sci. 2009, 27, 307–317. [CrossRef]

61. Timmerman, P.; van der Weele, J.P. On rise and fall of a ball with linear or quadratic drag. Am. J. Phys. 1999, 67, 538–546.
[CrossRef]

62. Grigore, I.; Miron, C.; Barna, E.S. Exploring excel spreadsheets to simulate the projectile motion in the gravitational field. Rom.
Rep. Phys. 2017, 69, 1–14.

63. Nave (2010) Hyperphysics (© C. R. Nave, 2010). Available online: http://hyperphysics.phy-astr.gsu.edu/hbasees/hframe.html
(accessed on 14 November 2022).

64. Thompson, A.L.; Gilley, G.R.; Norman, J.M. A sprinkler water droplet evaporation and plant canopy model: I. Model development.
Trans. ASAE 1993, 36, 735–741. [CrossRef]

65. Lorenzini, G. Simplified modeling of sprinkler droplet dynamics. Biosyst. Eng. 2004, 87, 1–11. [CrossRef]
66. Deboer, D.W. Drop energy characteristics of a rotating spray-plate sprinkler. J. Irrig. Drain. Eng. 2002, 128, 137–146. [CrossRef]
67. DeBoer, D.W.; Monnens, M.J. Estimation of drop size and kinetic energy from a rotating spray-plate sprinkler. Trans ASAE 2001,

44, 1571–1580. [CrossRef]
68. Kuma Katoch, S. MS-Excel spreadsheet applications in introductory under- graduate physics-a review. J. Sci. Technol. 2020, 5,

48–52. [CrossRef]
69. Bermúdez, M.; Puertas, J.; Cea, L. Introducing Excel spreadsheet calculations and numerical simulations with professional

software into an undergraduate hydraulic engineering course. Comput. Appl. Eng. Educ. Wiley 2019, 1–14. [CrossRef]
70. Garcés Cobos, L.; Montaluisa Vivas, Á.; Salas Jaramillo, E. El aprendizaje significativo y su relación con los estilos de aprendizaje.

Anales de la Universidad Central del Ecuador 2018, 1, 231–248. [CrossRef]
71. Niazkar, M.; Hosein, A.S. Application of Excel spreadsheet in engineering education. In Proceedings of the First International &

Fourth National Conference on Engineering Education, Shiraz University, Shiraz, Iran, 10–12 November 2015; pp. 1–7.
72. González Regaña, A.J. La hoja de cálculo para la resolución de problemas matemáticos por el método de polya. 3cTIC 2016, 5,

13–27. [CrossRef]
73. Denton, D.W. Enhancing instruction through constructivism, cooperative learning, and cloud computing. TechTrends 2012, 56,

34–41. [CrossRef]

https://doi.org/10.1111/j.1365-2745.2012.01977.x
https://doi.org/10.1007/BF00285427
https://doi.org/10.13031/2013.33535
https://doi.org/10.1061/(ASCE)0733-9437(1995)121:2(152)
https://doi.org/10.13031/2013.31028
https://doi.org/10.1061/(ASCE)0733-9437(2009)135:1(13)
https://doi.org/10.1137/0709052
https://publicaciones.eafit.edu.co/index.php/revista-universidad-eafit/article/view/1507/1379
https://doi.org/10.13031/2013.32226
https://doi.org/10.13031/2013.29512
https://doi.org/10.13031/2013.29140
https://doi.org/10.1007/s00271-009-0147-2
https://doi.org/10.1119/1.19320
http://hyperphysics.phy-astr.gsu.edu/hbasees/hframe.html
https://doi.org/10.13031/2013.28392
https://doi.org/10.1016/j.biosystemseng.2003.08.015
https://doi.org/10.1061/(ASCE)0733-9437(2002)128:3(137)
https://doi.org/10.13031/2013.7043
https://doi.org/10.46243/jst.2020.v5.i3.pp48-52
https://doi.org/10.1002/cae.22185
https://doi.org/10.29166/anales.v1i376.1871
https://doi.org/10.17993/3ctic.2016.52.13-27
https://doi.org/10.1007/s11528-012-0585-1


Water 2023, 15, 1685 22 of 22

74. Hernández, S. El modelo constructivista con las nuevas tecnologías: Aplicado en el proceso de aprendizaje, RUSC. Univ. Knowl.
Soc. J. 2008, 5, 26–35. [CrossRef]

75. Baker, J.E.; Sugden, S.J. Spreadsheets in Education–The First 25 Years. Spreadsheets Educ. (eJSiE) 2003, 1, 18–43.
76. Jonassen, D.H. Evaluating Constructivistic Learning. Educ. Technol. 1991, 31, 28–33.
77. Bautista-Capetillo, C.; Robles, O.; Salinas, H.; Playán, E. A particle tracking velocimetry technique for drop characterization in

agricultural sprinklers. Irrig Sci. 2014, 32, 437–447. [CrossRef]
78. Keller, J.; Bliesner, R.D. Sprinkler and Trickle Irrigation; Champan and Hall: Logan, UT, USA, 1990; ISBN 0-412-07951-1.
79. Bautista-Capetillo, C.; Zavala, M.; Playán, E. Kinetic energy in sprinkler irrigation: Different sources of drop diameter and velocity.

Irrig. Sci. 2012, 30, 29–41. [CrossRef]
80. Salinas-Tapia, H.; Robles-Rovelo, C.O.; Chávez Carlos, D.; Bautista-Capetillo, C.F. Geometric and kinematic characterization of a

spray using the PTV optical technique. Water Technol. Sci. 2014, 5, 125–140. (In Spanish)
81. Lowe, E.J. Rain drops. Q. J. R. Meteorol. Soc. 1892, 18, 242–245. [CrossRef]
82. Laws, J.O.; Parsons, D.A. The relation of raindrop size to intensity. Am. Geophys. Union Trans. 1943, 26, 452–460. [CrossRef]
83. Magarvey, R.H. Stain method of drop size determination. J. Meteorol. 1956, 14, 182–184. [CrossRef]
84. Kohl, R.A. Drop size distribution for medium-sized agricultural sprinklers. Trans. ASAE 1974, 17, 690–693. [CrossRef]
85. Eigel, J.D.; Moore, I.D. A simplified technique for measuring raindrop size and distribution. Trans. ASAE 1983, 24, 1079–1083.

[CrossRef]
86. Adrian, R.J. Particle Imaging Techniques for Experimental Fluid Mechanics; Annual Reviews Inc., Fluid Mechanics; Department of

Theoretical and Applied Mechanics, University of Illinois: Urban, IL, USA, 1991; Volume 23, pp. 261–304.
87. Cruvinel, P.E.; Minatel, E.; Mucheroni, M.; Vieira, S.; Crestana, S. An automatic method based on image processing for measure-

ments of drop size distribution from agricultural sprinklers. Anais IX SIBIGRAPI 1996, 3, 39–46.
88. Sudheer, K.P.; Panda, R.K. Digital image processing for determining drop sizes from irrigation spray nozzles. Agric. Water Manage.

2000, 45, 159–167. [CrossRef]
89. Blanquies, J.; Scharff, M.; Hallock, B. The design and construction of a rainfall simulator. International Erosion Control Association

(IECA). In Proceedings of the 34th Annual Conference and Expo, Las Vegas, NV, USA, 24–28 February 2003.
90. Jensen, K.D. Flow Measurements. J. Braz. Soc. Mech. Sci. Eng. 2004, 26, 400–419. [CrossRef]
91. Salinas, T.H.; García, A.J.; Moreno, H.D.; Barrientos, G.B. Particle Tracking Velocimetry (PTV) Algorithm for Non-Uniform

and Non-Spherical Particles. In Proceedings of the Electronics, Robotics and Automotive Mechanics Conference (CERMA’06),
Cuernavaca, Mexico, 26–29 September 2006; pp. 322–327.

92. Abudi, I.; Carmi, G.; Berliner, P. Rainfall simulator for field runoff studies. J. Hydrol. 2012, 454–455, 76–81. [CrossRef]
93. Playán, E.; Zapata, N.; Faci, J.M.; Tolosa, D.; Lacueva, J.L.; Pelegrín, J.; Salvador, R.; Sánchez, I.; Lafita, A. Assessing sprinkler

irrigation uniformity using a ballistic simulation model. Agric. Water Manag. 2006, 84, 89–100. [CrossRef]
94. Beard, V.K.; Bringi, V.N.; Thurai, M. A new understanding of raindrop shape. Atmos. Res. 2010, 97, 396–415. [CrossRef]
95. Burguete, J.; Playán, E.; Montero, J.; Zapata, N. Improving drop size and velocity estimates of an optical disdrometer: Implications

for sprinkler irrigation simulation. Trans. Am. Soc. Agric. Biol. Eng. 2007, 50, 2103–2116. [CrossRef]
96. Mohammed, D.; Kohl, R.A. Infiltration response to kinetic energy. Trans. ASAE 1987, 86–2106, 108–111. [CrossRef]
97. King, B.A.; Bjorneberg, D.L. Infiltration model for center pivot irrigation on bare soil. In Proceedings of the ASABE Annual

International Meeting, Dallas, TX, USA, 29 July–1 August 2012; Paper No. 12-1336890; pp. 1–20.
98. Montero, J.; Tarjuelo, J.M.; Carrión, P. Sprinkler droplet size distribution measured with an optical spectropluviometer. Irrig. Sci.

2003, 22, 47–56. [CrossRef]
99. Li, Y.; Bai, G.; Yan, H. Development and validation of a modified model to simulate the sprinkler water distribution. Comput.

Electron. Agric. 2015, 111, 38–47. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7238/rusc.v5i2.335
https://doi.org/10.1007/s00271-014-0440-6
https://doi.org/10.1007/s00271-010-0259-8
https://doi.org/10.1002/qj.4970188404
https://doi.org/10.1029/TR024i002p00452
https://doi.org/10.1175/1520-0469(1957)014&lt;0182:SMODSD&gt;2.0.CO;2
https://doi.org/10.13031/2013.36938
https://doi.org/10.13031/2013.34080
https://doi.org/10.1016/S0378-3774(99)00079-7
https://doi.org/10.1590/S1678-58782004000400006
https://doi.org/10.1016/j.jhydrol.2012.05.056
https://doi.org/10.1016/j.agwat.2006.01.006
https://doi.org/10.1016/j.atmosres.2010.02.001
https://doi.org/10.13031/2013.24112
https://doi.org/10.13031/2013.30410
https://doi.org/10.1007/s00271-003-0069-3
https://doi.org/10.1016/j.compag.2014.12.003

	Introduction 
	Background 
	Mathematical Model for Sprinkler Irrigation 
	Numerical Approach to Simulating Water Drops’ Trajectory and Velocity 
	Kinetic Energy and Power 
	Irrigation Performance Indices 

	Results 
	Sprinkler Irrigation Tool: Radial Patterns and Drop Diameter Frequency 
	Sprinkler Irrigation Tool: Drop Motion Simulation 
	Sprinkler Irrigation Tool: Add-On Resources 

	Discussion 
	References

