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Abstract: The spraying procedure is one of the most difficult operations in agricultural production.
Achieving the desired effectiveness of the procedure is dependent on obtaining an appropriate level
and uniformity of liquid distribution. The aim of this paper was to present a liquid decomposition
model generated on the basis of experimental data. The tests were carried out on a test stand, which
consisted of a container with nozzles and a grooved table. The experiments were carried out with
the use of selected standard, anti-drift, and air-induction single-stream nozzles at constant liquid
pressure. The optimization process was carried out in Microsoft Excel Solver. Furthermore, in order to
compare the data generated by the model with the data from the virtual boom, we applied an analysis
of correlation and linear regression in the Statistica 13.1 software. Based on the results obtained, it
can be concluded that the model is a good fit to the experimental data (R2 > 0.95). The model, which
was generated on the basis of experimental data, will facilitate control of the operation and degree of
wear of nozzles, which will contribute to ensuring uniform spraying.

Keywords: uneven distribution of liquid; single-stream nozzle; boom; field sprayer; optimization

1. Introduction

Liquid spraying is a process implemented in a number of sectors of the economy, e.g.,
environmental engineering, chemical engineering, power engineering, food technology,
forestry, and agriculture. Quality and efficiency are the basic issues related to the liquid
atomization process [1,2]. The quality of liquid atomization is characterized by the degree
and homogeneity of atomization, which is influenced by controlled and uncontrolled
factors [3,4]. Among the controlled factors are the geometry and dimensions of the atomizer,
as well as the type of liquid, while the uncontrolled factors include disturbances, vibrations,
and liquid turbulence.

In the case of spraying processes, effectiveness is determined by the level and unifor-
mity of liquid distribution on the sprayed surface. The uniformity of liquid distribution
over the entire width of the spray is affected by, among other factors, liquid pressure and
type of nozzle, the angle of the liquid stream and its symmetry, and the height of the boom
over the protected plants [5–7]. Many authors also pay attention to the deflection of the
field boom during spraying and its impact on the evenness of spraying [8,9].

For field crops, flat fan nozzles are used, and the stream is in the form of a fan. On the
other hand, in orchard crops, swirl nozzles are used, and the stream of liquid is cone-shaped.
The listed types of nozzles belong to the group of slotted nozzles, which are subject to wear
during operation. The wear of the nozzles leads to a change in the flow rate. The stream
of sprayed liquid can also change shape due to mechanical damage to the sprayer or as a
result of limescale deposits inside it.
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In case of field sprayers, the uniformity of the distribution of the liquid fall sprayed
is checked on the grooved table [10–12]. The uniformity of the liquid distribution can be
unequivocally determined on the basis of the coefficient of variation, which is calculated as
the ratio of the standard deviation to the average value. The lower the coefficient, the more
uniform the spraying is; however, when the coefficient is above 10%, it is unacceptable for
use with plant protection products [13,14].

Mathematical modeling is often used in agriculture, among other methods, to present
complex and non-linear relationships, predict, classify, evaluate, and optimize processes,
and increase environmental performance. In a study of uniformity of spray liquid dis-
tribution, mathematic modelling was used, among other methods, by Nowakowski and
Ośko [15]. The scientists carried out tests on the uniformity of liquid distribution on an
automatic grooved table, over which the liquid from a stationary field sprayer was sprayed,
using various technical and technological factors. The mathematical model was developed
on the basis of non-linear regression. Liao et al. [16] conducted research in a wind tunnel,
and their aim was to develop predictive models for air-induction nozzles. Wawrzosek
and Parafiniuk [17,18] presented optimization methods that can be applied during the
production of nozzles. Moa’ath et al. [19] proposed a mathematical model to predict the
movement of droplets on a virtual leaf surface. Cieniawska and Pentoś [20] presented the
results of optimizing the spraying process, the aim of which was to maximize the average
coverage degree while minimizing the coverage unevenness coefficient. Musiu et al. [21]
presented a model based on computational liquid dynamics (CFD) for evaluating spray
liquid distribution in a greenhouse crop. Based on the analysis of the test results, they
showed that both the distance from the protected plants and the flow rate had an impact on
the distribution of droplet sizes. Models based on computational liquid dynamics are also
often used to predict and assess spray drift [22,23]. Renaudo et al. [24] conducted research
based on the Maximum Entropy Principle (MEP), the Linearized Instability Sheet Atom-
ization (LISA) model, and Computational Liquid Dynamics (CLD) simulations. Almost
all scientists pointed out the need to carry out further work in the field of mathematical
modeling in order to extend the fit of models to actual values. Therefore, the aim of this
work was to develop a new model of the distribution of the amount of sprayed liquid.

2. Materials and Methods
2.1. Experiment Description

The tests were carried out in laboratory conditions in the Laboratory of Agrochem-
ical Application Techniques in the Department of Machinery Operation and Production
Process Management at the University of Life Sciences in Lublin. The basic elements of
the measuring station were a hopper with nozzles, a groove table with a groove width
of 50 mm, 50 measuring cylinders, a hydraulic system, and electronic control. The width
of the groove table was 2500 mm. The spray hopper was positioned in the center of the
groove table. The height of the nozzle hopper above the groove table was adjustable within
the range of 300–800 mm. The construction of the hopper made it possible to set the nozzle
slots in two positions: in the longitudinal plane, perpendicular to the ground, and with
inclination of the nozzles by an angle of 7◦, which reflects the arrangement of the nozzles
on the sprayer’s field beam. The liquid emitted by a single nozzle fell onto a grooved
table, from which it flowed into measuring cups equipped with sensors for measuring the
volume of the collected liquid. The measurement time was 60 s.

Tap water was used during the tests. Single-stream standard (XR TeeJeet, RSMM
MMAT Agro Technology), anti-drift (AZMM MMAT Agro Technology), and air-induction
(IDK Lechler, EŻK MMAT Agro Technology) nozzles were used in the tests. The nozzles
used during the experiments were characterized by different values of liquid flow rate at
constant pressure. The nozzle characteristics are presented in Table 1.
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Table 1. Nozzle characteristics.

Name of Nozzle Name of
Manufacturer Type of Nozzle Flow Rate

[L·min−1] Size of Nozzle Spray Angle

XR TeeJet, Spraying
Systems Co. Standard 0.8 02 110◦

EŻK MMAT Poland Air-induction 0.99 025 110◦

RSMM MMAT Poland Standard 1.18 03 110◦

AZMM MMAT Poland Anti-drift 1.18 03 110◦

IDK Lechler GMBH Air-induction 1.58 04 120◦

For each measurement series, 25 new nozzles were used, randomly selected from a set
of 35. Parameters and working conditions of nozzles during the study were:

• the height of the nozzles above the groove table, 500 mm;
• liquid pressure, 0.3 MPa.

2.2. Development of A New Model of Liquid Amount Distribution

In their work, scientists devoted significant attention to adjusting the distribution of
droplets produced by nozzles to real spraying [17,25,26]. In order to develop a new model,
the primary function of the liquid distribution for a single nozzle was defined according to
the formula:

f (x) =



b
( x−0.5

0.5
)p

, x ∈ (0.5; 1)

a− (a− b)
(

1.2−x
0.2

)q
, x ∈< 1; 1.2)

a− (a− b)
(

x−1.2
0.2

)q
, x ∈< 1.2; 1.4)

b
( 2−x

0.6
)p

, x ∈< 1.4; 2)
0, x ∈ (−∞; 0.5 > ∪ < 2;+∞)

(1)

where: x—is the real variable with values from the spray range (0.5; 2) [m], 0 < a, b—
are shape parameter dependent of specific properties of histograms, and 1 < p, q- are
shape parameters.

More exactly, the coordinates (1; b), (1.2; a), and (1.4; b) on the real plane character-
ize the empiric distribution of the accumulation of liquid amounts during the spraying
process. The method for construction of the density function presented above ensures
semi-symmetry of distribution.

The aim of the optimization process was to obtain the appropriate value of the liquid
distribution coefficient on the basis of the selection of p and q parameters. The optimization
process was performed in Microsoft Excel 2013 Solver Online. Microsoft Excel 2013 Solver
has been used to optimize the use of fertilizers [27], crop structure to increase yields [28],
and estimation of evapotranspiration [29,30].

Then, the model described above was transformed into one that describes spraying
from the entire sprayer boom. Of course, this was done on a test stand that reflects real
working conditions.

Hence, the formula of the function describing the spraying from the nozzle is as follows:

g(x) =
24

∑
n=0

f (x− 0.5n) (2)

The arguments of the function g(x) runs over are numbers, each of which represents a
single container from the measuring table. Subsequently, to reflect the real conditions, data
from 25 identical tables are superimposed in such a way that they are 0.5 m apart, linearly.

The amount of liquid that will be collected in the measuring containers is the same as
the volume of liquid coming from the entire sprayer boom. Bearing in mind the ISO 16122-
2:2015(E) guidelines, when calculating the coefficient of variation, it is necessary to take
into account the measurements from the middle of the second nozzle to the second from



Appl. Sci. 2023, 13, 4433 4 of 11

the end [31]. Therefore, the sum range in Equations (2) and (3) corresponds to containers
36 to 256.

Using the parameters introduced to define the model, i.e., a, p, b, and q, the formula
for the coefficient of variation takes the following form:

V =
S
g
·100% (3)

where the formulas for the mean and variance, corresponding to the derived model, are
as follows:

g =
1

221

256

∑
i=36

g(0.05i) (4)

s2 =
1

221

256

∑
i=36

[g(0.05i)− g]2 (5)

and g and s are the mean and standard deviation, respectively, of the values of function g(x).
The main purpose of developing the model was to ensure that the appropriate selection

of coefficients would result in the lowest possible value of the coefficient of variation. A
model obtained in this way will reflect the form of a new (unused) nozzle. This guarantees
the most even possible coverage of the spray surface, which obviously implies optimal
development of the treated area. As a consequence, we are able to estimate acceptable levels
of nozzle wear. These are usually assumed to be between 5% and 10% for the coefficient of
variation. The maximum permissible value of the variation coefficient is 10%, according
to ISO 5682-1:2017 [32]. The coefficient of variation can be determined for the individual
nozzle, for the section, or the entire width of boom field sprayer. Research on individual
nozzles may be used to compare nozzles, whereas an assessment of quality spraying may
be relevant to a section or the entire width of boom.

Due to the fact that any number of measuring tables can be added, and consequently
any number of nozzles, we are able to simulate a beam of any length. If we consider the
case that spacing of the grooves on the measurement table is 5 cm, then in the model we
have the minimal value of the coefficient of variation, which is V = 1.490%. Then, the
parameters of the function f(x) are as follows:

a = 0.127, b = 0.100, p = 2.000, q = 1.800

2.3. Statistical Analysis

In order to compare the data generated by the model with data from the virtual boom,
correlation, and linear regression analysis, Statistica 13.1 Tibco, USA software was used.

The obtained results, generated by the model, were normalized by multiplying each
of them by such a constant that the sum of the amount of liquid from the model data was
the same as the experimental data.

The data generated by the model was compared with the data from the virtual boom
sprayer by the correlation coefficient, which was used to measure the relationship between
the amount of liquid according to the model and the experimental data.

3. Results

This model is very well fitted to the data, as shown by the correlation and determina-
tion coefficients of all types of tested nozzles, listed in Table 2.

Table 2. Correlation and determination coefficients of tested nozzles.

XR EŻK RSMM AZMM IDK

R 0.957 0.953 0.978 0.983 0.964
R2 0.915 0.908 0.956 0.966 0.930
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Analyzing this table, it can be concluded that the model best fits the data from the
AZ MM 110 03 anti-drift nozzles, while the worst fit is to the EŻK 110 025 air-induction
nozzles. Generally, the correlation coefficients are greater than 0.950, and the coefficients of
determination are greater than 0.900, which indicates a very good fit to the experimental data.

The test results are shown in Figures 1–5, which show the fit for each spray nozzle
type. The y-axis shows the amount of liquid in the cylinders, while the x-axis shows the
number of cylinders corresponding to the 14.5 m width of the sprayer’s field boom. Results
of spray fallout are the same as the real work of a boom field sprayer. Nozzle axes were
spaced every 500 mm so that streams of liquid to overlap. The graphs present the results of
the spray fall distribution for both experimental data and data generated using the model.
The amount of liquid increased with increasing nozzle size.
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Figure 1. Spray fallout distribution for XR 110 02 nozzles.
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Figure 2. Spray fallout distribution for EŻK 110 025 nozzles.
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Based on these coefficients, we could model the coefficient of variation at the level of
10%, which is the acceptable limit when testing the wear of spray nozzles. Table 3 compares
the parameter values of the optimal model and the simulated limit model.

Table 3. Comparison the parameter values of the optimal model and the simulated limit model.

a b p q

CV = 1.490% 0.127 0.100 2.000 1.800
CV = 10.000% 0.104 0.129 2.000 1.799

The permissible limits of deviation in the amount of liquid accumulated in the con-
tainers from a single nozzle of the new nozzle (CV = 1.49%) in relation to the possible level
of wear (CV = 10.000%) are presented in Figure 6.
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4. Discussion

The above paper presents mathematical modeling and predicts the uniformity of spray
liquid distribution with the use of different types of nozzles. The experimental results of
Forney et al. [4] showed that slight differences in both the setting of the sprayer’s field boom
and the unit flow rate of the spray liquid caused changes in the uniformity of the spray
liquid distribution. Nowakowski and Ośko [15] developed a mathematical model that
allows low coefficients of spraying unevenness. The scientists conducted research using
dual-stream nozzles and variable parameters, such as spraying height, liquid pressure, and
the angle of the field boom. Based on analysis of the test results, the researchers concluded
that, in order to obtain low values of the unevenness coefficient, the boom should be set
at a height of 0.4–0.5 m, the liquid pressure should be in the range of 0.350–0.400 MPa,
and the boom tilt angle should not be higher than 5◦ in the horizontal plane. Post and
Hewitt [33] presented a model for predicting changes in droplet size when the pressure or
type of liquid changes. The model proposed by the scientists is designed for Newtonian
liquids, and they drew attention to the need to develop a model for non-Newtonian liquids.
Liao et al. [16] and Ferguson et al. [34] presented the results of tests carried out in a wind
tunnel with the use of air-induction nozzles.

Many authors stressed the importance of research using adjuvants. Ferguson et al. [34]
noticed that the type of substance used affects the quality of atomization. When adjuvants
are added to the liquid, the process of disintegration of the liquid into droplets changes,
causing a change in the size and uniformity of the droplets. The Li-700 adjuvant and
single-stream standard, dual-stream, air-induction, and hollow cone nozzles were used
in the tests. The use of an adjuvant improved the uniformity of the droplets produced
using air-induction nozzles. Griesang et al. [35] concluded that further research should be
conducted in this area, because the addition of an adjuvant can cause both improvement
and deterioration of liquid uniformity. However, Liao et al. [16] developed a model and
validated it; the input variables were liquid flow rate and pressure, to predict the output
variables Dv0.1, Dv0.5, Dv0.9, % < 150 µm, RS, and CV. Based on the validation results,
only Dv0.1, Dv0.5, Dv0.9, and % < 150 µm can be predicted based on the input data.

Lipiński et al. [7] analyzed the impact of different types of nozzles, liquid pressure,
wind speed, and obstacles destabilizing the boom operation. The tests were carried out on
a designed obstacle course with the use of three types of nozzles at three different liquid
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pressures and three different driving speeds. Based on the results of the experiments, it
was found that the anti-drift nozzles LD were characterized by the greatest uniformity.

Lodwik et al. [13] noticed that a high value of the variation coefficient of a single
nozzle does not mean exceeding 10% of the variation coefficient value of the entire boom.
During their tests, six nozzles were used at seven levels of wind speed (from 0 to 6 m/s).
Values of coefficient variation were lower than 10% only for anti-drift nozzles AZMM. On
the other hand, for air-induction nozzles EŻ, the coefficient of variation value decreased
with increasing wind speed [13]. Similar studies were conducted by Cetin et al. [36], with
the difference that hydraulic nozzles were also used in their experiments.

Pulse width modulation (PWM) systems are used to improve the uniformity of liquid
distribution. Butts et al. [36] found that the uniformity of liquid distribution with a pulse
width modulation system can be optimized by applying liquid pressures above 0.276 MPa
and duty cycles greater than or equal to 40%. The condition is the use of nozzles other than
air-induction nozzles. However, Li et al. [37] suggested that duty cycles be lower than 70%
to ensure adequate drift-reduction potential. Fabula et al. [38] found that, for treatment
with the PWM system, nozzles operating in a wide range of pressures should be selected to
ensure uniform distribution of the liquid. The value of the non-uniformity coefficient was
about 10%. Based on the analysis of the presented research results, it can be concluded that
there is a need to continue and develop methods for optimizing the spraying process in
terms of the uniformity of spray liquid distribution.

The uniformity of liquid distribution is related to the homogeneity of the liquid stream
of an individual nozzle, as evidenced by many publications in this field. Sayinci et al. [11]
conducted research on the impact of nozzle type, and three height levels of flat fan nozzles,
on coefficient variation. The observed results indicated that values decreased with lowering
spray heights for standard nozzles, while for air-induction nozzles, values decreased with
higher spray heights. Griesang et al. [5] used flat fan nozzles at two nominal flow rates
and four levels of liquid pressure. The coefficient of variation was higher than 10% when a
liquid pressure of 0.1 MPa was used. Increasing uniformity was observed with increased
spray pressure up to 0.3 MPa, with a slight decrease after obtaining pressures of 0.4 MPa
and up.

5. Summary

One of the overarching goals of modern agriculture is to obtain the right level and
uniformity of liquid during the spraying procedure. On the basis of the optimization
results, a model was presented, which is a practical basis for presenting the characteristics
of the fallout distribution of liquid sprayed with single-stream nozzles. The use of this
model will make it easier to control the operation of the nozzles and help to assess the
degree of their wear, thanks to which proper uniformity of spraying will be ensured.
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