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Abstract
The effectiveness of agrochemical products strongly depends on the capability of the atom-
ized droplets to reach the target site in the desired amount. Spray drift is the movement of 
droplets downwind of the target area, and its minimization is a growing concern to ensure 
operator health, protect the environment, achieve efficient crop protection and transform 
the spraying of phytosanitary products into a sustainable activity. In this contribution, a 
coupled atomization-spray drift model suitable for different types of nozzles is developed 
and validated against experimental data. Particularly, the article focuses on providing a 
simple simulation tool, based on a minimum number of input data that are easily access-
able to predict the ground deposition spray drift of a nozzle. It was found that the atomized 
droplets size distribution can be accurately predicted just as a function of the median volu-
metric diameter, which was successfully estimated as a function of spray pressure, nozzle 
nominal flowrate and spray angle (commonly known data). Besides, the proposed model, 
based on bivariate probability density functions, is able to accurately represent different 
physical phenomena using a low number of calculations. Its implementation is possible 
using low-resource computing systems as required for sprayer on-board software tools.
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List of symbols
aul  Parameter defined in Eq. 10 (–)
An  Nozzle orifice area  (m2)
C  Displacement of deposited droplets respect to x0 (m)
CPH  Nozzle constant (m)
Cd  Discharge coefficient (–)
d  Droplet diameter (m)
d0  Atomized droplet diameter (m)
dcrit  Critical droplet diameter (m)
ddep  Deposited droplet diameter (m)
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dmax  Maximum diameter of atomized droplets (m)
dmin  Minimum initial diameter of a droplet that reaches the soil surface (m)
DV10  Diameter where ten percent of the atomized droplets volume distribution has a 

smaller particle size (m)
DV50  Diameter where fifty percent of the atomized droplets volume distribution has a 

smaller particle size (m)
DV90  Diameter where ninety percent of the atomized droplets volume distribution has a 

smaller particle size (m)
fx0  Volume distribution pattern of atomized droplets (1/m)
fd,xdep  Density function of droplets with respect to the initial diameter and deposition 

distance (1/m)
fd  Density function of the atomized spray (1/m)
fdep  Density function of droplets with respect to the deposition distance (1/m)
fd�  Bi-variate probability distribution (1/m rad)
f�  Droplet trajectory angle distribution function (1/rad)
Fd  Cumulative function of the atomized spray (–)
F  Desired applied dose  (m3/m2)
g  Gravity acceleration constant (m/s2)
H  Nozzle height (m)
k  Constant defined in Eq. 23 (s/m2)
Oh  Ohnesorge number (–)
P  Atomization pressure (Pa)
Pref   Atomization pressure for which the nominal flowrate is specified (270 kPa for ISO 

10625:2018 compliant nozzles) (Pa)
Q  Nozzle volumetric flowrate  (m3/s)
RH  Relative humidity (%)
t  Time (s)
tdep  Deposition time of droplets (s)
tresp  Response time of a droplet (s)
T   Wet bulb temperature (K)
Tbh  Dry bulb temperature (K)
U  Representative wind speed of the total atomized droplets population (m/s)
U  Wind speed (m/s)
U0  Wind speed at the nozzle height H (m/s)
vA  Sprayer forward speed (m/s)
vT  Terminal velocity (m/s)
w  Nominal spray width of a nozzle
x  Spatial downwind coordinate (m)
x0  Spatial position of the volume distribution pattern (m)
Y   Spray drift (–)
z  Vertical co-ordinate (m)

Greek letters
�  Initial path angle of a drop (rad)
�  Wind speed constant (–)
�  Nominal density function of droplets with respect to the deposition distance (1/m)
ΔT   Difference between dry and wet bulb temperatures (K)
�  Roughness of the terrain (m)
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�g  Air viscosity (Pa s)
�  Spray angle (rad)
�d  Droplet density (kg/m3)
�g  Air density (kg/m3)
�  Surface tension (N/m)
�H2O

  Water surface tension (N/m)
�s  Standard deviation of fx0 (m)
�ul  Parameter defined in Eq. 9 (–)

Ψ  Nozzle parameter 
(
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s
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1

3

(Pa)
1

3 (◦)
2

3
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Introduction

Modern agriculture needs strategies to meet food security by increasing field crops pro-
ductivity and quality (Pretty, 2008; Pretty & Bharucha, 2014). To this end, agrochemicals 
such as herbicides, insecticides, fungicides and fertilizers are commonly used (Onorato & 
Tesouro, 2006). These products are often applied as droplets, generated by ground or aerial 
spray application systems (van den Berg et al., 1999). During application, only a fraction 
of the droplets is deposited in the target area. This agrochemical loss can range from a few 
percentage points to 30% or even more than 50% (van den Berg et al., 1999). The causes of 
these losses include spray drift (movement of droplets downwind of the target area), vapor 
drift (volatilization of the active component), runoff (no absorption of the active compo-
nent deposited in the target area, which is lost across the soil surface) and leaching (move-
ment of agrochemical in water through the soil) (Srivastava et al., 2009). Particularly, spray 
drift is defined as the physical movement of the droplets through air from the target site to 
any off-target area caused by the wind or air disturbances (BCPC, 1986; EPA, 2001; Inter-
national Organization for Standardization, 2008).

The losses caused by spray drift depend on several variables such as sprayer technol-
ogy, properties of the sprayed solution, weather and operating conditions and applicator 
expertise (Matthews et al., 2014). Nowadays, multiple sensors (such as weather stations, 
GNSS, cameras and pressure transducers) are available at relatively low cost and can be 
used as a source of real-time data of interest for applicators (Song et al., 2015). However, 
even though they would have access to many variable values, some applicators may not 
have experience for proper decision making (Bish & Bradley, 2017). Therefore, there is a 
large opportunity to develop software for real-time applicators assistance using sensed data 
to develop smart farming technologies (Villa-Henriksen et al., 2020).

In this context, a validated mathematical model capable of predicting the deposited 
volume of agrochemicals based on process variables (which can be either set or sensed) 
becomes a fundamental tool to define appropriate application conditions. The model inte-
grated to a sprayer software can provide to the applicator, in real time, information to mon-
itor and/or control agrochemical losses. Calculation of the key sprayer performance indi-
cators (e.g., impacts/mm2, evaporation, spray drift) would allow the system to show and 
present alerts ex ante about the occurrence of severe spray drift (Fig. 1). In advanced units, 
the sprayer software can be integrated with sensors and actuators for automatic control of 
the process, which can be a powerful tool for non-highly trained applicators.

To model the spray drift process, mathematical representations of the atomization step 
and spray drift itself are required. The models can be classified into empirical and phe-
nomenological ones. The latter [Lagrangian, dispersion and computational fluid dynamic 
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(CFD) models] emerge as the more suitable tools to achieve a greater understanding of 
the spray drift phenomenon, provide a systematic tool for regulatory use and optimize the 
atomization operation (Teske et al., 2011). Lagrangian models track the trajectory and size 
of individual droplets, while dispersion models give, as a direct result, the spatial cloud 
droplets concentration (Stainier et al., 2006; Tan, 2014). In CFD models, the air velocity 
profile is obtained by solving the Navier–Stokes equations and then these velocities are 
used to solve the droplets force and mass balances. Within the Lagrangian, dispersion and 
CFD models, the first two demand the lowest computational cost. All the phenomenologi-
cal models require the atomized droplet size distribution (DSD) as input data. However, 
low computational cost models coupling the mathematical representation of the atomiza-
tion- spray drift processes are scarce.

In this contribution, a coupled atomization-spray drift model suitable for different types 
of nozzles is developed and validated against experimental data. This article provides a 
simple tool, that requires a minimum number of easily accessible input data and can be 
implemented in low-resource computing systems, to predict the ground deposition spray 
drift of a nozzle. This information is very valuable for applicators and automatic control 
systems to avoid unsafe operations.

Materials and methods

A combined atomization-spray drift mathematical model is proposed to be used as a com-
ponent of sprayer software (schematically illustrated in Fig. 2). The software prototype, that 
requires a reduced number of input data, is divided into five modules and the input variables 
are indicated in light grey boxes. The first module, the DSD Predictor, allows calculation of 
the atomized DSD based on: the operating pressure and the selected nozzle model (i.e., nozzle 

Fig. 1  Software interface. Data input and examples of key performance indicators (KPI)
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type, angle and size). In the second module, the spray distribution pattern (SDP) is predicted 
based on the calculated DSD and the nozzle height. The information calculated in modules 1 
and 2 in combination with the weather conditions (temperature, relative humidity and wind 
speed and direction) are used in module 3 to predict the droplet deposition generated by a 
single nozzle. The results of module 3 allows the calculation of the desired key sprayer per-
formance indicators (KSPIs) for a given nozzle. Since ground spraying is usually done using 
boom sprayers with multiple nozzles, module 3 has to be applied to all the nozzles located 

Fig. 2  Calculation steps to provide spray KSPIs
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at different positions (Renaudo, 2020). If the spray drift is greater than an allowed value, an 
alert signal can be sent to the applicator to perform a corrective action (or under closed con-
trol loop, eventually an automatic action could be performed). If the spray drift given by one 
nozzle is unacceptable, the application has to be aborted. In this way, the software executes an 
early exit for a prompt response. However, if the calculated spray drift of one nozzle is low, 
the contribution of the complete set of nozzles has to be calculated to estimate the real ground 
deposition spray drift. The last action, that is more computer time consuming, is not required 
to be done for all the operating conditions windows.

Mathematical model

Atomized droplet size distribution—DSD predictor

The spray drift models run with multiple inputs, including the emission droplet size spectrum, 
that is usually given by experimental assays. Since the DSD is a function of many properties 
and variables, many experiments would be required to develop sprayer software useful for dif-
ferent applications. The fast adoption of spray drift models on online support tools depends on 
the use of a limited number of easily accessible input data. In this way, a simplified method to 
calculate the DSD is hereafter proposed.

The median volume diameter is usually used to characterize the atomized spray (da Cunha 
et  al., 2019). In fact, the ASABE S572.1 standard classifies the atomized spray as a func-
tion of this parameter (ASABE, 2009). While the information regarding droplet size provided 
by ASABE S572.1 standard may be enough for nozzle selection, this level of information is 
insufficient for spray drift modelling purposes.

Numerous correlations have been reported to estimate mean droplet sizes (e.g., the median 
diameter) in terms of dimensionless numbers such as Reynolds ( Re ), Weber ( We ) and Ohne-
sorge ( Oh ), which include operating variables (e.g., atomization pressure), fluid properties and 
nozzle design (Ashgriz, 2011; Lefebvre & McDonell, 2017). In particular, Post and Hewitt 
(2018) developed an expression that allows the calculation of the mean volume diameter 
( DV50 ) produced by agricultural nozzles as follows:

To predict DV50 of a spray generated by a given nozzle, it is necessary to know the noz-
zle constant and discharge coefficient,CPH and Cd, respectively. These parameters can be esti-
mated using experimental data or, if available, information provided by nozzle manufacturers. 
Equation 1 also requires knowledge of the atomized flowrate Q at a given reference pressure 
Pref  (i.e., nominal flowrate). Post and Hewitt (2018) validated Eq. 1 for TeeJet air induction 
and flat-fan nozzles using measured DV50 values. They found good agreement between the 
experimental and calculated data.

For a selected nozzle, Eq. 1 can be rewritten as:

(1)DV50 = CPH

(
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where the superscript + applies to the same nozzle model at different operating conditions 
and spraying eventually a different fluid.

For a given nozzle model and if the same solution is atomized, CPH ,Cd, � and f (Oh) 
can be assumed constant (Post & Hewitt, 2018; Renaudo, 2020). Based on these consid-
erations, Eq. 2 becomes:

where Ψ is given by the following expression:

Equation 3 indicates that the volumetric median diameter ( DV50) of a given nozzle 
model could be predicted as a function of Q

(
Pref

)
,P and � if Ψ is known. To obtain the 

Ψ value, experimental information about just one volumetric median diameter obtained 
from a measured DSD emitted from the same nozzle model operating at known condi-
tions ( Q+(Pref ),P

+ and �+ ) is necessary. In other words, a Ψ value is required for each 
nozzle model. However, this value can be estimated just with a single experiment, 
reducing the needed data dramatically. Once Ψ is known, the DV50 of a given model 
nozzle can be estimated without requiring further experimentation. As reported by Sijs 
et  al. (2021), there may be differences in the measured DSDs by different methods, 
then Ψ is measurement technique dependent. Therefore, Eq. 3 predicts a DV50 of a DSD 
equivalent to the one that would have been measured using the same technique than 
the one employed to determine the Ψ value. The accuracy of this approach is discussed 
below.

To validate Eq. 3, experimental data of DV50,Q(Pref ),P and � reported in the literature 
were used. As mentioned, the Ψ parameter is expected to be influenced by the DSD meas-
urement technique used. Because of this, for each method and nozzle model, a different 
Ψ value was calculated. To this end, data from 32 nozzle models of 5 brands were used 
(Czaczyk, 2012; Gil et al., 2014; Guler et al., 2012; Nuyttens et al., 2007, 2009; van de 
Zande et al., 2002, 2008; Wang et al., 2015). In all the cases, the atomized solution was 
water. The details of the characteristics of the nozzle and DSD measurement technique for 
each dataset are shown in Table 1.

Of each dataset in Table 1, one single experiment was used to obtain the Ψ parameter 
(see Eq. 4), while the remaining data (102 experimental points) were employed for DV50 
prediction by using Eq. 3 (i.e., for model validation). Within the datasets, there are differ-
ent nozzles, nominal flowrates, spray angles and operating pressures.

Figure 3 compares the experimental and calculated DV50 values; different markers are 
used to distinguish the different DSD measurement techniques. Independently of those 
techniques, volumetric median diameters are well predicted over a range between 150 and 
600 μm. Therefore, for DV50 between 150 and 600 μm, Eq. 3 extends the validity of the 
correlation originally presented by Post and Hewitt (2018) to other nozzle brands, types 
and spray patterns.
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In the literature, data about DV10 and DV90 (i.e., diameters for which the droplets 
population is below 10 and 90% of the total volume, respectively) of sprays produced 
by agricultural nozzles are also available (Czaczyk, 2012; Gil et al., 2014; Guler et al., 
2012; Nuyttens et al., 2007, 2009; van de Zande et al., 2002, 2008; Wang et al., 2015). 
Figure 4 shows the characteristic sizes DV10 (Fig. 4a) and DV90 (Fig. 4b) as a function 
of DV50 for different experimental DSDs reported by the above-mentioned authors. The 
DV10 and DV90 diameters can be satisfactorily correlated as a function of DV50 using lin-
ear regression models as presented in Eqs. 5 and 6, respectively.

Fig. 3  Experimental and 
calculated D

V50
 values. The 

experimental data correspond to 
experiments using different noz-
zle designs (flat fan, hollow cone, 
twin, among others) and spray 
angles (80º, 110º, 120°, among 
others)

(a) (b)

Fig. 4  Experimental and calculated DV10 and DV90 as a function of DV50. The experimental data correspond 
to experiments using different nozzle designs (flat fan, hollow cone, twin, among others) and spray angles 
(80°, 110°, 120°, among others)
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For agricultural nozzles, Hong et al. (2018) reported that DSDs can be well described 
by the upper-limit log normal (ULLN) function. The ULLN represents the volume density 
function to find droplets of a specific diameter ( d0 ) in the atomized DSD, and is given by:

As can be seen, the ULLN parameters (Eqs. 8 to 10) are functions of different character-
istic diameters of the DSD. Considering the correlations given by Eqs. 5 and 6, the ULLN 
parameters become:

Replacing Eqs. 11–13 in Eq. 7, the ULLN function can be expressed as:

The corresponding cumulative function can be calculated as follows:

Summarizing, the approach developed to predict the DV50 of a DSD produced by a 
given nozzle model and operating conditions, also allows the prediction of the complete 

(5)DV10 = 0.44DV50

(6)DV90 = 1.66DV50
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⎧⎪⎨⎪⎩
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atomized DSD in a simple manner. This development simplifies the input data for spray 
drift simulation and therefore contributes towards the improvement of sprayer software for 
precision agriculture.

Spray distribution pattern—SDP predictor

The spray distribution pattern is widely used for spray performance assessment (Kluza 
et al., 2019) and its calculation is a key step to approximate the droplet initial trajectories 
distribution. As is shown in Fig.  5a, a patternator can be used to experimentally collect 
the sprayed droplets from a nozzle (located at a height H ) in the x-direction (Butts et al., 
2019). To build the distribution, normalized collectors and measurement methods are com-
monly used to quantify the deposited volume fraction at each distance (Matthews et  al., 
2014). With this information, a probability density function ( fx0 (x0) ) can be obtained as 
shown in Fig. 5b.

fx0 (x0) is usually represented by means of a Gaussian distribution function (Mawer & 
Miller, 1989):

Due to the fact that fx0
(
x0
)
 has to be negligible for x0 distances outside of the limits 

of the spray, �s is arbitrarily set so that Eq. 17 is satisfied (Leunda et al., 1990; Mawer & 
Miller, 1989):

If the wind speed is negligible, according to Fig.  5a, the distance ( x0 ) at which each 
droplet with initial angle ( � ) is deposited can be calculated as:

(16)fx0

�
x0
�
=

1√
2��s

exp

�
−
1

2

�
x0

�s

�2
�

(17)fx0

(
w

2

)
= fx0

(
−
w

2

)
= 1e−6

(a) (b)

Fig. 5  a Paternattor schematic view, b deposited volume density function
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By using Eqs. 16 and 18, the droplet trajectory angle distribution function f�(�) can be 
expressed as a function of the volume distribution pattern as follows:

The probability of a droplet having a determined initial size and angle can be described 
by using a bi-variate probability distribution:

where f�
(
�|d0

)
 is the conditional distribution of � given d0. If the initial direction is 

assumed to be independent of the initial droplet diameter, f�
(
�|d0

)
 is equal to f�(�).

Replacing Eqs. 14 and 19 in Eq. 20, the two-dimensional function that represents the 
distribution of the atomized drops with respect to the diameter and the initial trajectory 
becomes:

Spray drift model

Droplet deposition model The deposition model is based on the following hypothesis:

1. Atomization and deposition of droplets occur in steady state.
2. Droplets are spherical and have constant viscosity and density.
3. The average droplet velocity in the downwind direction is a function of the wind velocity 

profile and the atomized droplet sizes.
4. In the vertical direction ( z ), the velocity of a droplet of a given size is equal to the cor-

responding terminal velocity ( vT ) (Lebeau et al, 2011; Løfstrøm et al., 2013).
5. In the horizontal direction ( x ), the velocity of the droplets is equal to the wind one 

(Løfstrøm et al., 2013).
6. Droplets are deposited as soon as they reach the soil surface.
7. The active ingredient of droplets is present in low concentration and has lower volatility 

than water. Hence, evaporation of pure water is considered (Teske et al., 2016).
8. The field is flat, with low crop density and low surface roughness. Droplets are affected 

by wind turbulence even close to the ground.

The droplet deposition model was developed considering the above assumptions and 
equations and parameters previously reported (see Table 2). Equations 22–24 are related to 
the evaporation phenomena while Eqs. 25–27 provide tools to calculate droplet deposition 
distances.

Some other equations were developed for the spray drift model presented in this arti-
cle and are detailed in Table 3. The methodology to obtain those equations can be found 
elsewhere (Renaudo, 2020). Equation 28 relates the height at which there is a droplet 

(18)x0 = Htan�
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2
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of diameter d , whose initial diameter was equal to d0 . According to Eq.  29, droplets 
of different initial sizes d0 will have different deposition times. In Eq.  30, if ddep ≤ 0 
implies that the droplet with an initial diameter d0 completely evaporates before reach-
ing the objective surface (i.e., before traveling distance H). Therefore, for ddep = 0 , the 
minimum initial diameter of a droplet that reaches the soil surface can be calculated 
(Eq. 31). Droplets with response times (Eq. 27) higher than the deposition ones are less 
likely to be influenced by the wind. The diameter of a droplet of equal response and 
deposition times, called critical diameter ( dcrit ), is given by Eq. 32. As stated by hypoth-
esis 3, the wind velocity is considered constant in this model. According to Eq. 33, the 
deposition distance ( xdep ) have two contributions: the initial droplet trajectory ( x0 ) and 
the distance that the wind dragged the droplet ( Utdep).

Replacing Eq. 28 (which relates the vertical position of a droplet with its initial and 
actual diameters d0 and d, respectively) in Eq. 25, the following expression is obtained:

If the diameter d is replaced by Eq. 22, Eq. 34 becomes:

Equation 35 allows to obtain the wind speed U for any droplet with initial diameter d0 
as a function of time. To obtain a mean wind speed value for all the droplets, the above 
equation must be averaged with respect to time and diameter (considering the DSD):

(34)U = U0

ln

{
1 +

H

�
+

kΔ�gd0
4

54�g�

[(
1 −

t

kd0
2

)3

− 1

]}

ln
(

H+�

�

)

(35)U = U0

ln
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H

�
+

kΔ�gd0
4

54�g�

[(
1 −

t

kd0
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(
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Table 3  Auxiliary equations (Renaudo, 2020)

Description Equation

Droplet vertical position
z = −kd

0

(�d−�g)g
54�g

(
d3 − d

0

3
)
 (28)

Droplet deposition time
tdep = kd

0

2

[
1 −

(
1 −

54�gH

kd
0

4(�d−�g)g

) 1

3

]
 (29)

Droplet deposition diameter
ddep = d

0

(
1 −

54�gH

kd0
4(�d−�g)g

) 1

3

 (30)
Minimum initial droplet diameter that is deposited

dmin =
(

54�gH

k(�d−�g)g

) 1

4

 (31)
Droplet critical diameter

dcrit =

⎡
⎢⎢⎣

54�gH

k(�d−�g)g

1

1−

�
1−

�d

k18�g

�3

⎤
⎥⎥⎦

1∕4

 (32)
Droplet deposition distance xdep = x

0
+ Utdep (33)
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The integration limits of Eq. 36 were selected to consider only those droplet diameters that 
are deposited and affected by the wind (i.e., droplet sizes between dmin and dcrit ), and the time 
period in which the droplets are carried by the wind (between 0 and tdep).

Considering Eqs. 35, 36, can be represented as:

where � varies between 0 and 1 and depends only on the dynamics of droplets movement:

Equation  38 was solved for different DSDs represented by Eq.  14 (with DV50 varying 
between 50 and 1000 µm) and different atmospheric conditions (temperatures between 1 and 
35 °C, RHs between 10 and 99%), boom heights between 0.35 and 0.7 m, and sprayed solu-
tion densities between 900 and 1100 kg/m3. Evaluating the resulting � values, it was found that 
this parameter was mainly affected by DV50 and it was successfully correlated (data not shown, 
R2 = 0.947 ) as follows:

In Eq. 39, the units of DV50 are meters in order to obtain a dimensionless � value.
By using Eq. 39 instead of Eq. 38, the need to solve a numerical integration for each simu-

lation is avoided. Then, the required computational time is reduced.

Deposited volume distribution function

Deriving Eq. 33 with respect to the initial droplet angle ( � ), using the chain rule and Eq. 19, 
the following equation is obtained:

where �xdep
�x0

= 1 (see Eq. 33).
By means of a variable change in Eq. 21, which provides the volume distribution as a func-

tion of initial size and angle, it is possible to describe the deposited volume distribution:
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Replacing Eqs. 21 and 40 in Eq. 41, the bi-variate density function that represents the 
distribution of the atomized drops with respect to the diameter and the deposited distance 
becomes:

Equation 42 describes the probability in volume of active ingredient to find a deposited 
droplet of a given size ( d0 ) at a given downwind distance ( xdep ). The marginal distribution 
on xdep of Eq. 42 is calculated as follows:

Spray drift

Considering hypothesis 1 (steady state) and the operating conditions (atomized flow 
rate,Q , and sprayer speed, vA ), the volume deposited per unit area at a given distance is 
calculated as follows:

Deposition spray drift is defined as the ratio between the volume deposited per unit area 
and the dosage:

The nozzle flowrate ( Q ), as a continuous variable, can be calculated as Post et al. (2017):

For nozzles that follow the ISO 10625:2018 standard, the flowrate Q can be calculated 
using the CdAn for different ISO color codes as shown in Table 4.

The model was solved using the Python 3.8 programming language. Regarding the solv-
ing process, first, for a given nozzle and operating pressure, the set of algebraic equations 
constituted by Eqs. 3, 11–13 and 17 is solved to estimate the atomized DSD. Once the cli-
matic conditions are defined, the evaporation rate constant is then calculated (Eqs. 23 and 
24). Thirdly, the droplet diameters dmin and dcrit (Eqs. 31 and 32) and the mean wind speed 
U (Eqs. 37 and 39) are estimated. To obtain the deposition function fdep at a given distance 
xdep , Eq. 43 is numerically integrated regarding the droplet diameter between dmin and dmax . 
Finally, the spray drift is calculated by means of Eqs. 44–46. Therefore, algebraic equa-
tions and just one integral have to be solved independently of the number of classes used to 
represent the atomized DSD.
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It should be noted that, in a traditional Lagrangian approach, the differential equations 
corresponding to the mass and force balances have to be solved as a function of time for 
each atomized droplet size class. Therefore, the mathematical model presented in this work 
becomes an advantageous option over other modeling approaches for its implementation in 
low-resource computing systems.

Results and discussion

Model validation

Spray drift can be measured and reported following different protocols. To measure drift 
on fields, the most used protocol is the ISO 22866:2005 standard. The drift potential can be 
measured by conducting wind tunnel assays (ISO 22856:2008 standard) or by using a test 
bench (ISO 22401:2015). Although wind tunnel measurements could be used to analyze 
the deposition of the droplets atomized by a single nozzle, the spray drift model presented 
was developed to mimic the atomization from a nozzle moving with a forward velocity 
perpendicular to the wind direction. To validate the model, experimental results reported 
by Stallinga et al. (2014) were used. These authors performed spray drift trials using a sin-
gle nozzle mounted on a spray carriage. The tests were carried out in an open field free of 
obstacles and were performed in triplicate. The spray deposits were measured using collec-
tors located at distances from 1 to 5 m in the wind direction. The nozzle was placed 0.5 m 
above the ground ( H = 0.5 m) and the forward movement speed, perpendicular to mean 
wind direction, was kept constant ( vA = 2 m/s). The nozzles used by Stallinga et al. (2014), 
and the calculated Ψ values for each nozzle model are summarized in Table 5.

For all the trials, the deposited spray drift was reported for 9 points, distributed along 
the distances 0.75 and 4.75 m (the length of each interval was 0.5 m). The process var-
iables used in the tests are shown in Table  6. From the wind speeds reported by Stall-
inga et al. (2014) for different heights, U0 values were obtained using Eq. 25. Table 6 also 
includes the calculated mean wind velocity and the minimum and maximum experimental 
U0 values.

Figure  6 shows the DSD, dmin and dcrit for the Lurmark 31-03-F110 nozzle, the cor-
responding Ψ value of Table 5 and process variables of Table 6. The last two diameters 
allow classification of the droplets into three classes: (a) droplets that evaporate completely 
before reaching the objective ( d0 < dmin ), (b) droplets that reach the ground surface and 

Table 4  C
d
A
n
 for ISO 

10625:2018 nozzles
Color code C

d
A
n
(10–6  m2)

Orange 0.272
Green 0.408
Yellow 0.544
Light violet 0.680
Blue 0.816
Red 1.090
Brown 1.360
Grey 1.630
White 2.180
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their trajectory is modified by the wind ( dmin ≤ d0 ≤ dcrit ) and (c) droplets that maintain 
their initial trajectory during flight ( d0 > dcrit ). Equation 15 evaluated at dmin gives the loss 
of agrochemical by volatilization (condition of total water evaporation). The difference 
between the result of Eq. 15 evaluated at dcrit and at dmin , represents the droplets fraction 
with risk of spray drift. Since dmin and dcrit depend on the weather and the vertical position 
of the nozzle, different nozzles modify the DSD and consequently the volume fraction that 
each area represents.

Figure  7 compares the experimental and predicted spray drifts (126 points). Without 
using any fitting parameter, a good agreement between the experimental and simulated val-
ues was found for most of the tests. Trials S5 and S11, for which the predicted values show 
the largest deviations with respect to the experimental spray drifts, are further analyzed at 
the end of this section.

Figure 8a, b and c show the spray drift as a function of xdep for S1, S3 and S12 trials. 
These cases were selected because the DV50 values are significantly different from each 
other (247, 459 and 621 µm, respectively). The spray drift values are presented on both 

Table 5  Nozzle types used in the experimental trials (Stallinga et al., 2014)

Ψ was obtained for Pref = 300 kPa

Trial Nozzle Ψ 
μm

(

m3∕s
)− 1

3

(Pa)
1
3 (◦)

2
3

S1 Lurmark 31-F110-03, Hypro, Longstanton, United Kingdom 1.424 ×  107

S2 XR 110–04, TeeJet, Aabybro, Denmark 1.269 ×  107

S3 Airmix AM OC 02, Agrotop GmbH, Obertraubling, Germany 3.030 ×  107

S4 Airmix AM OC 04, Agrotop GmbH, Obertraubling, Germany 3.030 ×  107

S5 AI UB 02, TeeJet, Aabybro, Denmark 3.130 ×  107

S6 AI UB 04, TeeJet, Aabybro, Denmark 3.130 ×  107

S7 B-Jet 02, Hardi, Nørre Alslev, Denmark 3.169 ×  107

S8 B-Jet 04, Hardi, Nørre Alslev, Denmark 3.169 ×  107

S9 IDKS 02, Lechler GmbH, Metzingen, Germany 2.753 ×  107

S10 IDKS 04, Lechler GmbH, Metzingen, Germany 2.753 ×  107

S11 IS 02, Lechler GmbH, Metzingen, Germany 3.255 ×  107

S12 IS 04, Lechler GmbH, Metzingen, Germany 3.255 ×  107

S13 AVI OC 02, Albuz, Évreux, France 3.069 ×  107

S14 AVI OC 04, Albuz, Évreux, France 3.069 ×  107

Table 6  Experimental process 
variables (Stallinga et al., 2014)

Variable Value

T(°C) 16.1
HR(%) 66
U

0
 mean (m/s) 1.71

U
0
 min (m/s) 0.96

U
0
 max (m/s) 2.8

H(m) 0.5
ΔP(Pa) 300,000
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linear (left hand side of Fig. 8) and logarithmic (right hand side of Fig. 8) scales, to favor 
the visualization of results in all distance ranges. As expected, for all the cases, the spray 
drift decreases with distance. At 1 m from the nozzle, the spray drift is approximately 9, 2 
and 0.7% for the S1, S3 and S12 tests, respectively. As expected, higher spray drift values 
are obtained for DSDs with lower DV50 . For the S1, S3 and S12 tests, a good prediction is 
observed for the entire range of downwind distances, even when the spray drift is below 
0.1%. Therefore, the droplets movement and size are being well represented by the model 
for short distances.

As previously mentioned, predictions for cases S5 and S11 show the largest deviations 
with respect to the experimental spray drifts. The spray drift curves corresponding to case 
S5 and S11 are presented in Fig. 9a and b, respectively. For these cases, the model underes-
timates the spray drift when the mean wind speed ( U0 ) is used. Additional simulations were 

Fig. 6  DSD and droplets classification based on characteristic diameters

Fig. 7  Comparison between 
experimental and simulated spray 
drift
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performed using the minimum and maximum speed reported by Stallinga et al. (2014). It 
is observed that the experimental values are between the curves obtained for the minimum 
and mean U0 . Therefore, the mathematical model predictions are satisfactory within the 
wind measurement uncertainties.

Deposited DSD analysis

Considering the S1 conditions as a case study (see Tables 4, 5 and 6), Fig. 8 shows the 
deposited droplets diameter ( ddep ) as a function of the downwind deposition distance 
( xdep ) for droplets whose initial angle corresponds to � = 0 (i.e., initial vertical trajec-
tory). Besides, Fig. 10 also presents the atomized droplet diameter ( d0 ) as a function of 
xdep , calculated using Eq. 30. The higher xdep , the higher the difference between ddep and 
d0 . Smaller atomized droplets are deposited at greater deposition distances. These droplets 
remain for longer times in flight, therefore the size reduction by evaporation is greater and 
makes the difference between the deposited and initial diameters more evident. According 
to Fig. 8, the evaporation phenomenon in droplets smaller than 100 µm is not negligible.

(a)

(b)

(c)

Fig. 8  Predicted (continuous line) and experimental spray drifts (dots) as a function of downwind distance. 
a S1, b S3 and c S12
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Spray drift sensitivity analysis

The proposed model is used to analyze the spray drift changes when ±50% step changes 
(around the base case) of the wind speed, spray pressure and nozzle height are applied. 

(a)

(b)

Fig. 9  Spray drift predicted curves using mean (continuous line), minimum (short dashed line) and maxi-
mum (long dashed line) wind velocity compared to experimental values (dots) for cases a S5 and b S11

Fig. 10  Initial ( d
0
 ) and deposited 

( ddep ) diameter of the atomized 
droplets with initial trajectory 
� = 0 as a function of the deposi-
tion distance (case S1)
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As an example, Fig. 11 shows the spray drifts for the base case (S1) and for those cases 
where positive step changes were applied.

When a + 50% change in the wind speed is imposed, a spray drift increase is observed 
for all deposition distances. This is caused by a greater drag force exerted on the droplets 
(see Eq. 33). A + 50% increase in spray pressure decreases DV50 according to Eq. 3, leading 
to smaller atomized droplets. Compared to the base case, these smaller droplets are more 
likely to be dragged by the wind increasing the spray drift. For a + 50% change in the noz-
zle height, the deposition time increases. Due to the droplets remaining longer in flight, 
they are deposited at greater distances from the nozzle increasing spray drift. As shown in 
Fig. 11, spray drift is more influenced by nozzle height, followed by the wind speed and 
then by the spray pressure.

A 50% increase in ambient temperature produces a negligible change in spray drift (data 
not shown).

Computational cost of the proposed model

To analyze the model capacity to run in a system with low computational resources, it was 
tested in different platforms, which are listed in Table 7. In all the tested platforms, the sim-
ulation time was less than 2 s when spray drift was evaluated at 100 distance points ( xdep ). 
Network connection was disabled during simulations with smartphones to ensure that the 
calculation was performed using the smartphone processor. As the Microsoft Lumia 640 
LTE was able to perform the simulations in a reasonable time, it can be concluded that the 
proposed model is capable of running on low computational power environments.

Spray drift map

The software can provide traffic light labels as alerts for applicators. As an example, Fig. 12 
shows a map to illustrate the results that can be numerically obtained for different scenarios 
using a standard 110° flat fan nozzle. The spray map was built using the simulation results 

Fig. 11  Spray drift comparison 
between base case S1 and atomi-
zations with + 50% increment on 
wind speed, spray pressure and 
nozzle height
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for different wind speeds, nozzle heights and atomization pressures. Zone 3 of the map rep-
resents the input data type that the model requires for the DSD prediction (ISO classification 
color code and atomization pressure). This information, for each scenario, allows calculation 
of DV50 diameters that are shown in Zone 2. This parameter together with the boom height ( H ) 
and the wind velocity ( U0), displayed in Zones 1 and 4 respectively, are the inputs for the spray 
drift model. In the inner zone of the map, the spray drift risk at xdep = 1 m (an arbitrary dis-
tance) is presented with a colored code. For this example, spray drift values lower than 2.5% 
are represented by dark green, between 2.5 and 5% by light green, 5 to 7.5% by yellow, 7.5 to 
10% by orange and greater than 10% by red. The software would give the spray risk as shown 
in Fig. 12, just selecting the nozzle, weather conditions, operating pressure and boom height. 

Fig. 12  Spray drift map for a standard 110° flat fan nozzle (Color figure online)
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Conclusions

The atomized DSD from an agricultural nozzle is essential to estimate spray drift. In this 
work, a simple method to estimate the DSD is proposed. After analyzing atomization 
experimental DSD data, this distribution was successfully represented by the upper-limit 
log normal (ULLN) function with parameters expressed just as a function of DV50. Also, 
this diameter was successfully predicted as a function of spray pressure, nozzle nominal 
flowrate and spray angle, which are commonly known data.

The spray drift model, based on bivariate probability density functions, was able to ade-
quately represent experimental field data. The simulations indicate that the wind speed, 
nozzle height and liquid pressure have a significant influence on spray drift, while, for the 
studied cases, temperature and relative humidity produce negligible effects.

The spray-drift model was successfully solved in different computing platforms. The 
computation time was very low for all of them.

The proposed model (simple, computationally efficient and based on accessible input 
data) is a good basis to develop mathematical models for sprayer systems constituted by 
multiple nozzles aimed to be used as on-line tools. Moreover, the model can be adapted to 
consider other phenomena, including turbulent effects of the air and oscillations of the noz-
zle heights caused by the sprayer displacement.
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