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ARTICLE INFO ABSTRACT
Handling Editor: Chris Hogan A spray drift model for horizontal boom sprayers was developed, based on an earlier single noz-
zle model described by Renaudo et al. (2022). The extended model, which also includes droplets
Keywords: dispersion in the vertical direction, was successfully calibrated and then validated with field
Horizontal boom sprayers data from sources that covers different process conditions. In fact, the calculated spray drift val-
Mathematical model ues showed good agreement with reported measurements in a wide range of distances in the
Spray drift downwind direction. For the studied cases, the eddy diffusivity was found to be a function of the
Agrochemicals

relative humidity. In the absence of dispersion-related data, the fitted equation can be used to
fully predict spray drift from horizontal boom sprayers. The results indicated that, as the down-
wind distance increases, more nozzles contribute to the deposited flowrate and therefore ac-
counting for them is necessary for a good representation of the spray drift. The model demon-
strated to have low computational costs (time and resources) being then suitable to be used on
board sprayer computers and web servers.

1. Introduction

Agrochemicals play an important role in modern agriculture to meet food security by increasing field crops productivity and qual-
ity (Pretty, 2008; Pretty & Bharucha, 2014). For ground applications, agrochemicals are normally applied by spraying solutions,
emulsions or suspensions through nozzles mounted on a boom. During spraying, a fraction of the atomized liquid may not reach the
target area, being transported by wind to greater distances. The process by which atomized droplets are deposited off-target is known
as spray drift, and it is a major concern because it affects human health and the environment (Lebeau et al., 2011).

In horizontal boom sprayers, the spray nozzles are distributed on the boom evenly spaced. Long booms allow the application of
agrochemicals over a large work area, reducing the time required for spraying (Nuyttens, 2007). Because of this, droplets deposited at
a given distance can be originated from any of the boom nozzles located upstream. The boom and components of the sprayer system
can block the airflow below the boom (Teske et al., 2011). Although, the nozzle characteristics influence the spray drift greater than
the boom structure itself (Murphy et al., 2000). Besides the nozzles type, number and location in the boom, the spray operating condi-
tions and environmental factors greatly affect the atomized droplet size distribution, the droplets movement behavior and conse-
quently the spray drift (Onorato & Tesouro, 2006).
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Many efforts were performed to improve the spray drift prediction in ground applications to avoid time-consuming and expensive
measurements (Butler Ellis & Miller, 2010). The droplet tracking models (lagrangian approach) is particularly appropriate to repre-
sent the droplets behavior near the nozzle. As a disadvantage, the execution time increases as the number of trajectories and distance
to be modeled increase. The turbulent dispersion phenomenon should be coupled to Lagrangian models for good spray drift predic-
tions over long downwind distances. In fact, Holterman et al. (1997) developed the IDEFICS model that uses the random-walk ap-
proach to represent the turbulence. To correctly predict spray drift, this model included evaporation and air drag phenomena, as well
as spatial profiles of the wind speed over and within the crop. Based on work of Miller and Hadfield (1989), Buttler Butler Ellis and
Miller (2010) also developed a spray drift model based on a Lagrangian approach including a random component to describe the tur-
bulence. The use of the random-walk approach increases the number of trajectories required to be modeled and consequently the
computational cost.

Bilanin et al. (1989) uses a Lagrangian approach, for aerial applications, to estimate droplets trajectories to calculate deposition
in the target area. Their model was called AGricultural DISPersal (AGDISP) model, and it was updated over time. Teske et al. (2004)
included a gaussian steady state model to AGDISP for aerial application. Later, Teske et al. (2009) developed a boom ground spray
drift predictor based on AGDISP, however the model is not fully described.

The gaussian plume modeling is an alternative approach to account for the turbulent dispersion. For this representation, a statisti-
cal gaussian distribution of the droplets concentration around their trajectories is considered. The main advantage of this approach is
the computational efficiency, particularly when long distances downwind need to be modeled (Butler Ellis & Miller, 2010). Lebeau et
al. (2011) developed the RTDrift software, which uses a phenomenological Gaussian plume model to estimate spray drift for a boom
sprayer. They used a force balance to estimate the mean trajectory of droplets after solving the motion equations. The authors con-
cluded that, after comparing the model results with experimental measurements, the model produces realistic maps of drift deposits
for various wind conditions. Even though the model is suitable to represent field data, the authors do not explore the effect of the noz-
zles on spray drift and the equations that relates it with the boom properties (number of nozzles and spacing) are not explicitly given.

Renaudo et al. (2022) presented a coupled atomization-spray drift model suitable for different types of nozzles. The authors, for a
single nozzle, developed a simulation tool using input data that are easily accessible by applicators (spray pressure, nozzle model
and nominal flowrate, spray angle, sprayer speed and environmental conditions). The authors formulated the droplets motion equa-
tions based on a modified Lagrangian approach. Using a bivariate continuous function that describes the initial conditions of the
spray (i.e., the droplet size distribution and the spray distribution pattern), the spray drift can be calculated analytically. Avoiding
the equations discretization, the model execution time is reduced overcoming one of the main disadvantages attributed to the con-
ventional lagrangian model.

In this contribution, the single nozzle model described by Renaudo et al. (2022) is extended to predict the spray drift from hori-
zontal boom sprayers by considering the effect of the turbulent dispersion and boom nozzles number and spacing on the spray drift.
Therefore, this model takes the advantages of the model of Renaudo et al. (2022) in terms of computational efficiency by describing
distributions in a continuous rather than discrete manner. In the paper, the equations that allow to calculate the spray drift for a hori-
zontal boom sprayer as a function of variables known by the applicator are presented explicitly. In relation to the dispersion coeffi-
cient, this parameter was studied, and a fitted function dependent of relative humidity is provided. This model, which is calibrated
and validated against different reported field data, seeks to be suitable for use sprayer on-board even with very low resource comput-
ers or cloud server. Summarizing, the proposed modeling approach provides a simple, accurate and computationally efficient tool to
predict the droplets fate from horizontal boom sprayers.

2. Mathematical model

The presented model extends the work of Renaudo et al. (2022) to predict the spray drift to horizontal boom sprayers by consider-
ing multiple nozzles and the dispersion phenomena. It is formulated based on the following assumptions.

i. The atomized droplet size distribution (DSD) is represented by an Upper Limit Lognormal (ULLN) function (Hong et al.,
2018), whose parameters are obtained from characteristics diameters of experimental DSDs.

ii. Droplets leave the nozzle in different directions. Therefore, there is a distribution of initial trajectories for the atomized
droplets. This distribution is represented by means of a Gaussian function (Mawer & Miller, 1989).

iii. The initial trajectories of the droplets are independent of their initial sizes.

iv. Droplet movement is influenced by the wind, but the wind is not influenced by the particles (i.e., no air entrainment is
considered).

v. Sprays from adjacent nozzles are non-interacting.

vi. Atomization and deposition of droplets occur in steady state.

vii. Droplets are spherical and have constant viscosity and density.
viii. The wind velocity is a function of the vertical coordinate (z). The droplets, during their flight, horizontally move at the wind
velocity. Therefore, the droplets undergo different velocities as function of their vertical position.

ix. In the vertical direction, the velocity of a droplet of a given size is equal to its terminal velocity (¥7) (Lebeau et al., 2011;
Lofstrgm et al., 2013). Although the initial droplet velocity is higher than the terminal one at the nozzle exit, small droplets
quickly reach the terminal velocity, while large droplets would be deposited in the same place regardless of whether the
initial or terminal velocity is considered.
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x. All the droplets with given initial size and angle have the same flight time, evaporation loss and terminal velocity (Stainier et
al., 2006; Tan, 2014).
xi. Droplets are deposited as soon as they reach the soil surface.
xii. The evaporation rate of droplets is that of pure water (Teske et al., 2016). That is, the active ingredient of droplets is present in
low concentration and has lower volatility than water (Finch et al., 2014).
xiii. Turbulent dispersion in the vertical direction is represented by a Gaussian distribution (Bilanin, 1989; Jacobson, 2005). In the
x-direction, dispersion is neglected because transport by wind is considered higher than the turbulent dispersion effect (Bozon
et al., 2009; De Visscher, 2013; Tan, 2014).
xiv. The sprayer moves with forward speed constant and perpendicular to the wind velocity direction. The impact of the sprayer
forward speed on the spray drift is neglected.

2.1. Atomized droplet distribution

Based in assumption iii, the population of droplets atomized by each nozzle is represented by the following continuous bivariate
function (Renaudo, 2020; Renaudo et al., 2022):

Jaxy (do-%0) =14 (do) 15, (%o) (1)

Jx, (dy»xo) provides the probability of a droplet (generated by a single nozzle) to have a determined initial size d, and deposition dis-
tance Xo.

In Equation (1), f; (do) is the droplet size distribution (DSD). According to assumption i, the volume density function (Allen 2013)
of the droplets atomized by each nozzle is given by the upper-limit log-normal (ULLN) function:
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where 4, and 4 represent the mean and standard deviation of the ULLN function, while d,,,,, is the maximum droplet diameter of
the DSD. d, is the independent variable of the function and corresponds to the atomized droplet diameter. The parameters of the
ULLN function are related to representative diameters (Dylo, Dy sy and Dygp) of the volumetric atomized droplet size distribitution as
follows (Mugele and Evans, 1951):

Dyso (Dy1o + Dyoy) = 2Dy10Dy0
dmax — ~rs0 2 (3)
(DVSO) - DVIODV90
0.7794
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In Equation (1), f, (%) represents the spray distribution pattern (SDP), which describes the spatial distribution of droplets de-

posited on the ground under conditions of zero wind speed (Renaudo et al., 2022). Based on Mawer and Miller (1989), f, (xo) is rep-
resented by means of a Gaussian distribution as a function of the deposition distance Xo:

2
Lo [_%<x_o> ] ©
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where 0 is set so that the following equations are satisfied (Mawer & Miller, 1989; Leunda et al., 1990):
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where 0 represents the spray angle and H the boom height.
By replacing equations (2) and (6) in 1, it is obtained:
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2.2. Droplets Lagrangian behavior

2.2.1. Droplet diameter change by evaporation

During the evaporation of a droplet in flight, it is commonly assumed that a spherical droplet with diameter d evaporates at a rate
proportional to its exposed surface area (Lebeau et al., 2011; Onorato & Tesouro, 2006). Under this assumption, the diameter of the
droplet varies linearly with time. On the other hand, Amsden (1962) demonstrated that the lifetime of a droplet is kdoz, where k de-
pends on the dry and wet bulb temperatures of the ambient air. Therefore, the decrease in droplet diameter by evaporation can be
modeled as a function of time using the following equation:

- 2
e (1 - do2) 1<kd, ©
0 t > kdy?
where ¢ is the time and £ is given by:
1012
k=—— (10
ﬂ (T - wa)

T and T, correspond to the dry and wet bulb temperatures, respectively. The constant f# is equal to 80 10'? m?/s °C (Lebeau et al.,
2011). T, is calculated as a function of T and the relative humidity RH using the following empirical correlation of Stull (2011).

2.2.2. Vertical distance traveled by a droplet (z)
The vertical distance z traveled by a droplet varies according to its terminal velocity V7 (assumption ix). Assuming Stokes regime
(Zannetti, 2013):

dz __ Apgd®
a =TT 8w, an
where Ap is the difference between the density of the droplet and that of the air, Hg is the air viscosity, & is the gravity acceleration
and d represents the diameter of the droplet in flight.
From equations (9) and (11), the following equation is obtained:

kdyApg
54;4g

(d® - dy*) (12)

z=
Equation (12) relates the vertical distance traveled by a droplet of initial size dy when its diameter decreases to 4.
2.2.3. Minimum initial diameter of deposited droplets (d;,)

From Equation (12) it is possible to calculate the initial droplet diameter that completely evaporates when reaches the ground. By
considering ¢ = 0 and z = H in equation (12), dp, is calculated as follows:

1
Jo 54u H\ 4 13)
‘min kApg

2.2.4. Droplet critical diameter (d,,;;)
This diameter refers to the maximum initial diameter d,, that an atomized droplet must have to be affected during its trajectory by
the wind before being deposited. d.,;, is calculated as:

1/4

54;4gH 1

kApg Pd ’
={1- 18ks1g

The derivation of Equation (14) is provided in Appendix A.

(14)

crit —

2.2.5. Effective wind speed
The wind velocity profile is given by the following equation (Jacobson, 2005; Richards & Norris, 2011; Tan, 2014):
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In ( (H—-z)+¢ )
£

U= Uom (15)
£
where z is the vertical spatial coordinate, U is the wind speed at the nozzle height (z = 0) and ¢ is the surface roughness. For rela-
tively flat terrains, such as those corresponding to fallow fields, ¢ is considered equal to 0.09 (Lebeau et al., 2011; Tieleman, 2003).
According to assumption viii, the droplets horizontally move at the wind velocity. Therefore, the droplets undergo different veloci-
ties as function of their vertical position (which is related to its initial size and flight time, as it will be shown in Equation (19)). In or-
der to have an effective horizontal velocity of the droplets population, Equation (15) is averaged with respect to the droplet flying
time and initial diameter:

dinax fdep
/ (= 20.dy) 1, (do) dt ddy
0= dinin (16)

max [ ldep
/ fa do dt dd,

diin

According to the Zesp definition (see Appendix A), if time is lower than the response time the droplet is not affected by the drag
(U = 0). Regarding droplets diameter, droplets with initial diameters higher than d_,;, will not be affected by the wind (U = 0). Taking
into account these considerations, Equation (16) can be rewritten as:

crit tdep
/ / " ULy (do) dr dd

lresp (17)
‘max ldep
/ o (do) dr ddy

dinin

In this way, Equation (17) provides the single value for the droplets velocity in x-direction, which weights the wind speed by the
size distribution and flight time of droplets that are influenced by wind speed. This strategy avoids the use of different speeds for each
droplet size and flight time by using a constant value of speed that is physically representative for droplets moving downwind. Equa-
tion (17) can be solved numerically for any wind velocity profile and atomized DSD.

2.2.6. Horizontal distance traveled by a droplet
Due to assumption viii, the horizontal distance traveled by a droplet is quantified by the following equation:

x=xy+ Ut (18)

In Equation (18), x has two contributions: the first term that depends only on the initial trajectory of the droplet and a second one
that represents the distance traveled due to the wind.
In Appendix A, the droplet flight time as a function of the traveled vertical distance z is calculated as:

1

S54p,z \3

t=kd|1-(1- —=2— (19)
kdy*Apg

Replacing Equation (19) in 18, the following expression is obtained:

Ukd2|1- (1 S\
-4 (o e 20
e 0 < kdo4Apg> 20

Equation (20) allows to calculate the horizontal distance traveled by each droplet as a function of the droplets initial conditions
(dy, ¥0) and the traveled vertical distance z.

2.3. Dispersion of droplets in flight

If there is no turbulent dispersion, all droplets with the same initial conditions (dy, X0) have the same trajectory (defined by equa-
tions (12) and (20)) and the model developed by Renaudo et al. (2022) for one nozzle can be used. However, due to the dispersion
phenomenon, droplets tend to deviate from this path in such a way that there is a density of droplets around their trajectory. There-
fore, for each class of droplets with initial conditions (dy, *0) in the presence of turbulent dispersion, the trajectory obtained with the
model without dispersion is the mean trajectory of this droplet class.
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In dispersion models, concentration of droplets in flight in the vertical direction is commonly represented by a Gaussian distribu-
tion (Bilanin, 1989; Jacobson, 2005; Lebeau et al., 2011):

a2
1 Pl

e 2o (21)

fdisp (Az) =
o,\2x

As it is schematized in Fig. 1, /4 is a density function that represents the droplets distribution in the vertical axis, 9: is the stan-
dard deviation of the Gaussian distribution and Az is z — z (i.e., the vertical distance from the mean trajectory). Equation (21) can be
rewritten to provide the density function of droplets that reach the ground as follows:

_ =22

e 202 (22)

j:iixp @ =

c,\2n

In Equation (22), a change of variables is required to express the dispersion function in terms of x:

1 _w=2?

e 2 (23)

. dz
fdis ) =—
v dx o,\2n

According to assumption xiii, dispersion in the wind direction is not considered. For this reason, the movement of droplets in this
direction is still represented by Equation (20). According to assumption viii-xi, it is verified:

d dz
zZ _da _Vr
& ETT @4
dt
where V7 is calculated by Equation (11).
Replacing Equation (24) in 23, fd,-sp becomes:
v 1 -2
Jap® =7 e (25)

o.\2x

In addition z in Equation (25), by means of Equation (20), can be related to the distance x as follows:

dy*A -x\°
P 1—<1—)f x°> (26)
54p, Ukd,?

The dispersion coefficient 0: is a function of atmospheric turbulence, surface roughness, average wind speed and the distance trav-
eled by the droplet (Tan, 2014). In general, 0 is expressed as (Liu et al., 2018; Seinfeld & Pandis, 2016):

6, =C (x—xo)cz 27)
where
2D
Cl S TZ (28)
U

Droplet mean
trayectory

Fig. 1. Mean trajectory of atomized drops and dispersion function.
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In Equation (28), Dy is the eddy diffusivity in the z coordinate. In the literature, different values are suggested for D and C,,
which are dependent on environmental conditions. These values are often used in dispersion models ranging from tens of meters to
hundreds of kilometers (e.g., Lebeau et al., 2011; Liu et al., 2018; Seinfeld & Pandis, 2016; Venkatram, 1996).

2.4. Distribution function of deposited droplets

2.4.1. Single nozzle
For a nozzle, the distribution function of active ingredient deposited at distance x for droplets with initial condition (dy, %), is ob-
tained by multiplying the density functions given by equations (8) and (25):

1 _H-2)?

e 202 (29)

. . . vr
f X x:f d fx Fr
e =L (0} (r0)

As already mentioned, Equation (26) relates z to d, X0 and x. Integrating for all d and Xo, the density function of active ingredi-
ents is obtained for the entire population of atomized droplets:

H/tan 0 pdop. vy 1 _(H,ZZ)Z
f= [ [ o, (o) e 30

H{tan 0 Jdpin c.\2x

2.4.2. Multiple nozzles
The volumetric flowrate atomized by each nozzle is calculated as (Post et al., 2017):

0= CdAn\/z_P 31D
Pa

where Cy is the discharge coefficient, 4, is the nozzle orifice area, P is the atomization pressure and #4 is the droplets density. For
a boom with N nozzles, the total liquid flowrate atomized (Q%°™) is calculated as:

Qbonm =NQ (32)

To determine the deposition function of active ingredients, the coordinate system origin is set at the end nozzle of the boom, as in-
dicated in Fig. 2. Assuming that the nozzles are equal and considering assumption iv and v (i.e., one-way coupling approach), the dis-
tribution function of active ingredients deposited for the i-th nozzle (/) is represented as:

i =f,(x+G—1)s) (33)

where s is the nozzles spacing.
The distribution function of active ingredients deposited for the complete boom (/2°°") is obtained by adding the contributions of
all the nozzles:

N N
fxboom (x) = Z};I(X) = Z};(X+ i-1s) oY
i=1 i=1

Spray drift is defined as the ratio between the volume of active substance deposited per unit area and the applied dosage. It can be
calculated from f7°°" (x) as follows:

Vdep/A y Q

Y (x) = - V_Flaboom x) = Sfxboam (x) (35)
A

N S _ Boom end nozzle

Fig. 2. Schematic diagram of a boom with multiple nozzles.



C.A. Renaudo et al. Journal of Aerosol Science xxx (xxxx) 106210

where Vg is the volume deposited in the area 4, F is the atomized dose (liquid volume per unit area) and V4 is the sprayer speed.
Then, to finally evaluate the spray drift at a given downwind distance for a horizontal boom, the environmental conditions, nozzle
type, nominal flowrate, spray angle and operating pressure have to be defined.

The calculation steps are schematically illustrated in Fig. 3. To define a case, it is necessary to provide the atomized DSD and SDP
(experimental data or ULLN parameters and %5), the boom height (/), the weather conditions (wind velocity, temperature and rela-
tive humidity) and the sprayer information (forward speed, number of nozzles and spacing). The effective wind speed of the atomized
cloud (Equation (17)) is calculated based on the DSD, wind velocity profile and the boom height. The effective wind speed combined
with the other input variables are used in module 1 to predict the droplet deposition at any given downwind distance generated by a
single nozzle. The model can be executed including or not the dispersion phenomenon. The deposition calculated in the module 1
(Equation (30)) combined with the sprayer information is used in the module 2 to predict the spray drift at a given downwind dis-
tance (equations (34) and (35)). This information can be postprocessed to calculate desired key sprayer performance indicators
(KSPIs).

The model (defined by Equations ((8)-(14) and (17) and (30) and (34) and (35)) was executed in a windows 10 desktop PC with a
Intel Core i7 4790S and 8 Gb of RAM using the Python 3.10 programming language and the NumPy module (Numpy, 2023). The inte-
grals of Equation (30) were solved using the trapezoidal rule (trapz function of Numpy) with an arithmetic discretization of 10 ele-
ments for Yo (between —H/tan 6 and H/tan 6) and a geometric discretization of 30 elements for d; (between d,;, and d,,,). timeit
module was used analyze the average execution time of the different steps of the model (Python, 2023). As expected, the step more
computational-time consuming corresponds to module 1 (0.0018 s for results at a given distance). The total execution time is propor-
tional to the number of nozzles and distances whose spray drift is wanted to be computed. Equation (17) is solved only once for each
simulation case, (0.00167s of execution time). The model was also implemented in PHP 8 (no external libraries used) and executed in
a google cloud virtual machine (f1-micro virtual processor, 0.6 Gb of RAM). In this case, the execution time of the module 1 was
0.003 s.

3. Results
3.1. Multiple nozzle boom spray model: calibration and validation

Nuyttens (2007) measured the spray drift in field conditions applying the procedure established by ISO 22866. Within the re-
ported data by Nuyttens, 9 and 15 cases were selected to respectively calibrate and validate the model presented in this contribu-
tion. Since for each case, Nuyttens reported the spray drift at 8 distances, then the selected cases provide a total of 192 spray drift
values. For the selected tests it is verify that: the sprayer forward and wind directions were approximately perpendicular, and the
wind speed was higher than 1.5 m/s. This last condition is required to fulfill assumption xiii, i.e. convective effects are greater than
the dispersive ones in the wind direction (Tepper, 2012). A detailed description of the procedure used in the field test was reported
by Nuyttens (2007).

Fig. 4a and 4b summarize the environmental conditions (wind speed, temperature and relative humidity) of the tests considered
for calibration and validation, respectively. Due to the fluctuations of the meteorological conditions during each test, the reported
average values for Uy, T and RH were considered (Nuyttens, 2007). For all cases, the nozzles separation was 0.5 m and the horizontal
boom height varied between 0.3 and 0.75 m. Different nozzles and spray pressures were used for each test, generating Dy, Dyso and
Dygg values of the atomized aerosol in the ranges of 90-290 pm, 240-580 pm and 370-1000 pm, respectively. The experimental

Initial DSD Initii?DP
®r— 0 —®
\. pray drift for one nozzle
DISperSIOﬂ
2 § 0— — ]
© ; X

Spray drift for multiple
nozzles (boom)

®

® © G—

Post-processmg and visualization
of results

Fig. 3. Calculation steps to provide droplets deposition information.
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Fig. 4. Wind speed, temperature and relative humidity of the experimental tests carried out by Nuyttens (2007) and used for a) calibration and b) validation of the dis-
persion model. The relative size of the circles is an indicator of the Dys of the atomized DSD.

DSDs reported by Nuyttens (2007) were measured in an insulated controlled climate room using an Aerometrics Phase Doppler Parti-
cle Analyzer (PDPA) (TSI, Minneapolis) about 50 cm from the nozzle exit.

For each of the 9 tests selected for calibration (Fig. 4a), the values of C; and C, were obtained by minimizing the mean square er-
ror between the experimental and calculated spray drift values. C; remained almost constant for all the tests. For each case, one Dy
value was calculated from the corresponding C (see Equation (28)).

The dispersion coefficients and eddy diffusivity of atmospheric air are influenced by several factors. For example, Briggs et al.
(1973), related the dispersion coefficients to atmospheric stability. In turn, atmospheric stability was found to be associated with a
large number of climatic variables, such as: wind speed (Pasquill, 1961), wind direction (Slade, 1968), air temperature and thermal
gradient (Golder, 1972), irradiation (Turner, 1964), relative humidity (Brugge, 1996; Iturbide-Sanchez et al., 2016).

In this work the calculated D values were, separately, correlated with wind velocities at two heights, mean velocity, wind direc-
tion, temperature, relative humidity, thermal gradient and atmospheric stability (data available from Nuyttens, 2007). From this
study, it was found that the calculated Dz was well correlated as a function of the relative humidity (R2 = 0.98). This result is in good
agreement with Giri et al. (2008) and Kayes et al. (2019), who reported that the relative humidity is one of the most important meteo-
rological parameters influencing the behavior of air pollutants. Fig. 5 shows Dy (fitted parameter) as a function of RH . It can be ob-
served that the experimental data can be reproduced adequately (dotted line) by means of the following equations:

RH )—10/3

D, =0.0038 (W (36)

C, =085 (37

In equation (36), the value of RH is expressed as percentage and the unit of Dy is m?/s. The C; and C, values are within the range
of the ones reported in the literature (0.017-0.4 and 0.5-1.38 and for C; and C,, respectively, according to Seinfeld & Pandis, 2016).
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Fig. 5. Fitted Dz values as a function of the relative humidity. The dotted line corresponds to Equation 39.

As already mentioned, 15 tests reported by Nuyttens (2007) were used to validate the fitted model. In Fig. 6 experimental and pre-
dicted spray drift values are compared. The results are presented in different colors to indicate the measurement distance, and differ-
ent shapes to indicate if the data was used for model calibration or validation purposes (triangles: calibration, squares: validation).
Lofstrom et al. (2013), when comparing experimental and predicted values of spray drift reported that 82% of the calculated drift (¥)
values were in the range of (Y /4; 4Y) and concluded that the fit was satisfactory. For the model presented in this manuscript, 87% of
the data used for validation fulfill the Lgfstrgm's criterium. Besides, the correlation coefficient between the experimental and calcu-
lated data was R% = 0.86 for the data used for validation (for distances between 0.5 and 10 m). For these reasons, a good correspon-
dence between the simulated and experimental values was observed for distances lower than 10 m. For longer distances the model
underestimates the spray drift, however, at those distances the spray drift is very low.

3.2. Further model validation

To investigate whether the fitted model using experimental data from Nuyttens (2007) can be applied to measurements by other
authors, the model was validated against data from van de Zande et al. (2014). These authors carried out 6 spraying tests in the field
following the ISO 22866 standard and reported spray drift as a function of distance. The nozzles used in each experiment were differ-
ent, for the assay here called V1 a standard flat-fan nozzle was used, while for the other cases drift-reducing nozzles were employed
(assay V2: pre-orifice nozzle, assays V3-V6: air-induction nozzles). Table 1 presents Dy, Dyso and Dygg of the atomized droplet dis-
tribution for each test. Regarding the DSDs measurements, the reported data correspond to values obtained through the PDPA tech-
nique about 50 ¢cm from the nozzle exit (van de Zande et al., 2014). In particular, for cases V5 and V6 the DSDs presented Dy and
Dy s values outside of the data range reported by Nuyttens (2007), which provides more variability to test the model. The spraying
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Fig. 6. Comparison between experimental results of Nuyttens (2007) and those calculated by the fitted mathematical model. Triangles: data used for calibration,

squares: data employed for validation.
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Table 1
Dy s of the atomized spray for each test of van de Zande et al. (2014).
Assay Dy 19 (pm) Dyso (pm) Dygp (pm)
A\t 140 274 434
V2 168 322 507
V3 251 485 794
V4 256 573 913
V5 348 646 967
V6 332 648 982

pressure was 3 and 1 bar for the cases V1-V4 and V5-V6, respectively. The average wind speed at the boom height was {7 = 1.5 m/s,
the temperature 9 °C, the relative humidity 80% and the wind direction had a 20° of deviation from perpendicular to the sprayer ad-
vance direction. According to Smith et al. (2000), the deposited distance was corrected (Xfi’g = x;ﬁi c0s(20°)) to consider the wind di-
rection deviation. The boom height and the separation between nozzles were both 0.5 m.

In Fig. 7 the calculated and experimental spray drifts are compared for tests V1 and V2 as a function of the deposition distance. For
better visualization, the results are presented using both linear and logarithmic scales. To demonstrate that the dispersion phenome-
non impacts the model results, Fig. 7 also includes the simulations without considering dispersion (¢z — 0). As expected, for all cases,
spray drift increases when dispersion is considered. This is because turbulence causes the droplets to stay in flight longer and, conse-
quently, to settle at greater distances. Although the spray drift as a function of distance is described as a decreasing function by both
models, the fitted model including dispersion is clearly superior. Even so, it is observed that, for distances less than 2 m, the model
without dispersion well describes the spray drift. This is important because, if spray drift is evaluated at distances less than 2 m, the
presented model without any adjustable parameter (°- = 0) would be enough accurately for prediction purposes.

For V3-V6 tests, Fig. 8 presents the calculated axial drift profiles (with and without dispersion) using a linear scale for the y-axis
(spray drift). For the V5 assay, both models provide similar results up to 3 m, but underestimate the very low drift values found for
longer distances. For the V3, V4 and V6 test, the model with dispersion adequately predicts the experimental data for the entire range
of distances, while the model without dispersion gives adequately predictions up to a distance of around 2 m.
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!
10 H 1 b
\
\
0 0.1
0 2 ] 10
x (m) x(m)
10 10
e V2 LI ]
'
g b =m=eess with dispersion ===eems with dispersion
\
without dispersion l‘. without dispersion
\
6 = v
- £
£ = 1} ®
-
N )
2
0 0.1
0 10

Fig. 7. Comparison between experimental results of van de Zande (2014) and those predicted by the model with dispersion (dashed line) and without dispersion (con-
tinuous line) for cases a) V1 and b) V2. Both linear and logarithmic scales are used to display ¥.
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The calibrated model fulfills the Lofstrgm's criterium for 80% of the measurements reported by van de Zande et al. (2014). Be-
sides, the correlation coefficient between the experimental and calculated data, shown in Figs. 7 and 8, was g2 = 0.95 (for distances

between 0.5 and 10 m).

3.3. Single nozzle vs multiple nozzles

To analyze the influence of the nozzle number on droplets deposition, simulations were performed varying the nozzle number
from N = 1 (i.e., single nozzle) to N = 54. The simulations are based on a selected case of the ones reported by Nuyttens (2007),
that was used for the model validation. The model input variables are presented in Table 2. Fig. 9 compares experimental spray drift
results (including error bars) with the simulated values for N = 1 (i.e., single nozzle) and N = 54 (i.e., complete boom). The inclu-
sion of the multiple nozzles in the model allows to predict the experimental spray drift satisfactorily. As expected, the presence of the
multiple nozzles produces an increase in the spray drift values as a consequence of the contribution of all the nozzles; mathematically
expressed as the summation of deposition functions (Equation (34)). For this case, at 1, 3 and 5 m, the boom spray drifts are 2, 5 and 7
times higher than the ones predicted by using one nozzle, respectively.

Table 2
Common process variables values for results of Fig. 9.

Variable Value
T (°C) 18
RH (%) 64
U, (m/s) 1.7
Dy o (pm) 144
Dyso (um) 273.6
Dyogy (nm) 421.9
H (m) 0.5
s (m) 0.5
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Fig. 9. Comparison between experimental spray drift and predictions of the model for N = 1 and N = 54.

Fig. 10 shows the fraction that each nozzle contributes to the total deposited flowrate. On the x-axis of Fig. 10, nozzle 1 corre-
sponds to the one located at x = 0 m (i.e., the position of the last nozzle of the boom). Fig. 10 a, 10.b and 10.c show the volumetric
fraction contributed by each nozzle to the deposited volumetric flowrate at x = 1, 3 and 5 m, respectively.

The first nozzle contributes 44% of the flowrate that is being deposited at 1 m, while the second nozzle contributes 18%. At that
distance, the first 13 nozzles provide 95% of the deposited flowrate. For 3 m, the first and second nozzles contribute 19% and 14% to
the deposited flowrate, respectively. In addition, the first 23 nozzles provide 95% of the total flowrate. When the distance is 5 m, the
first and second nozzles accounts for 26% of the total flowrate at that location. The 95% of the deposited flowrate is provided by the
first 26 nozzles of the boom. These results indicate that, as the distance increases, more nozzles contribute to the deposited flowrate
and therefore the multiple nozzle approach is required for a good representation of the spray drift.

4. Conclusions

The developed model satisfactorily predicts the spray drift data reported by different authors and obtained for a great variety of
climatic conditions, nozzles, spraying pressures, boom heights and a wide range of distances in the downwind direction. The results
indicate that the dispersion phenomenon has to be accounted for in the model to predict the spray drift accurately for distances longer
than around 2 m.

The eddy diffusivity, the single fitted parameter of the calibrated model, was adequately correlated as a function of the relative hu-
midity. In the absence of dispersion-related data, the fitted equation can be used to fully predict the deposited spray drift from hori-
zontal boom sprayers.

The number of nozzles has a strong influence in the spray quality prediction. The ratio between the boom and single nozzle spray
drifts increases significatively as a function of the downwind distance. For example, for the studied case, the 95% of the total de-
posited flowrate at 1, 3 and 5 m is accounted for the contribution of 13, 23 and 26 nozzles.

Regarding computational efficiency, it was found that around 2 ms were needed to obtain the spray drift value at a given distance
using a PC Intel Core i7 4790S 8 Gb of RAM. This time is increased by 1.5 times when a google cloud virtual machine (f1-micro virtual
processor, 0.6 Gb of RAM) is used. Even though the code would need to be refined, the model looks like as suitable to be used on
board sprayers for online spray drift predictions.

The proposed modeling approach provides a simple, accurate and computationally efficient tool to predict the droplets fate from
horizontal boom sprayers. It can assist applicators to achieve high quality sprays, while minimizing agrochemicals deposition outside
of the target application area.
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Nomenclature

ay,; Parameter defined in Equation (5) (=)

A, Nozzle orifice area (m?2)

C, Parameter defined in Equation (36) (m~1)
G, Parameter of Equation (37) (-)

Cy Discharge coefficient (-)

d Droplet diameter (m)

d, Atomized droplet diameter (m)

d,it Critical droplet diameter (m)

14



C.A. Renaudo et al. Journal of Aerosol Science xxx (xxxx) 106210

dax Maximum diameter of atomized droplets (m)

inin Minimum initial diameter of a droplet that reaches the soil surface (m)

Dy Diameter where ten percent of the atomized droplets volume distribution has a smaller particle size (m)
Dys Diameter where fifty percent of the atomized droplets volume distribution has a smaller particle size (m)
Dy Diameter where ninety percent of the atomized droplets volume distribution has a smaller particle size (m)
D, Eddy diffusivity in the z coordinate (m?2/s)

Ja Density function of the atomized spray (1/m)

Sr Volume distribution pattern of atomized droplets (1/m)

Jaxgx Density function with respect to initial condition (dy, *0) and deposition distance x

Jax, Density function of the atomized spray with respect to dy and *o/1/m)

fdisp Gaussian dispersion function (1/m)

fr Density function of droplets with respect to the deposition distance for a nozzle (1/m)

ﬁ’"‘”” Density function of droplets with respect to the deposition distance for a boom (1/m)

S Density function of droplets with respect to the deposition distance for the i-th nozzle (1/m)

F Desired applied dose (m3/m?)

g Gravity acceleration constant (m/s?)

HNozzle height (m)i Nozzle height (m)/Number indicating the position of a nozzle on the boom (-)

k Constant defined in Equation (10) (s/m2)

NNumber of nozzles on the boom (—) PAtomization pressure (Pa)0 Number of nozzles on the boom (—) PAtomization pressure
(Pa)ONozzle volumetric flowrate for a nozzle (m3/s)

Qbeom Nozzle volumetric flowrate for the boom (m3/s)
RH Relative humidity (%)

s Spacing between nozzles on the boom (m)

t Time (s)

Ldep Deposition time of droplets (s)

Lresp Response time of a droplet (s)

T Wet bulb temperature (K)

Ty Dry bulb temperature (K)

U Wind speed (m/s)

U Representative wind speed of the total atomized droplets population (m/s)
Uy Wind speed at the nozzle height H (m/s)

V4 Sprayer forward speed (m/s)

vr Terminal velocity (m/s)

X Spatial downwind coordinate (m)
Xo Spatial position of the volume distribution pattern (m)
Y Spray drift (=)

Z Spatial vertical coordinate (m)

z Vertical distance traveled by a droplet (m)

Greek Symbols

p Parameter of Equation (10) (s/m2)
4 Wind speed constant (—)

€ Roughness of the terrain (m)

0 Spray angle (rad)

Az Vertical distance from the mean trajectory (m)
Ap Difference between the density of the droplet and that of the air (kg/m3)
Hq Air viscosity (Pa s)
Pa Droplet density (kg/m?)
oy Standard deviation of f;, (m)
Oul Parameter defined in 4 (=)
o Dispersion coefficient (m)
Subscripts

i Number indicating the position of a nozzle on the boom
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Appendix A.
Response time of a droplet to fluid motion (Yresp)

It is defined as the time that elapses from when the droplet leaves the nozzle until it begins to feel the effect of the wind. Zesp is cal-
culated for Stokes regime as (Fritsching, 2016):

2
Pady
resp = @ (A1)

Deposition time (Ydep)

This time accounts for the travel duration of a droplet from the nozzle to the ground surface. To its calculation, it is required to re-
late the droplet flight time to the traveled vertical distance. From equations (9) and (12), the following expression can be obtained:

kd*[1-(1 s :
t= -\l A2
0 < kdo4Apg> (A2)
Considering z = H in equation (A2), 4ep becomes:
R 3
Liep = -\l A3
dep =0 < kdo4Apg> (A3

The critical diameter (Equation (14)) is obtained by equating the response and deposition times (equations A1 and A3, respec-
tively).
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