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Abstract: The droplet size distribution following pesticide application practices can significantly
impact droplet drift and non-target organisms (animals and plants). However, the relationship among
liquid sheet breakup, drop formation, and droplet drift is an area that has been studied over the past
65 years but is still not fully understood. The objectives of this study were severalfold: to examine
the liquid sheet breakup following the use of different adjuvants (sodium dodecyl sulfate, aerosol OT,
and silicone at 1%) and their effects on the drift via three commonly used commercial spray nozzles
(XR, AIXR, and TXVK). The spray sheet and initial droplet size spectrum for each spray was detected
by a particle image velocimetry (PIV) system, and the drift for each treatment was measured in a
wind tunnel. The nozzle type and the spray solution were found to significantly affect the liquid sheet
breakup characteristics. AIXR produced large droplets, and TXVK with short liquid sheet length
produced more small droplets. All adjuvants used in these experiments increased the formation of
large droplets upon atomization while simultaneously reducing driftable fines (e.g., drops %<150 pm).
The drift potential can be reduced by up to 66.1% when switching from a fine spray quality (TXVK)
to a coarse spray quality (AIXR). The SDS adjuvant provided the most effective drift reduction for
XR and TXVK nozzles showing reduced drift potential by 69.2% and 66.3%, respectively, while the
silicone adjuvant showed the largest drift reduction for AIXR of 78.3%. The correlation between the
liquid sheet length and Dy 5 was positive for XR and TXVK nozzles, and there was a significant
positive correlation between %<150 um and drift potential for all nozzles. This work suggests that
the drift can be reduced significantly by changing the nozzle type and adding pesticide adjuvant into
spray solution, which provided data support for the drift reduction of plant protection drones.

Keywords: wind tunnel; droplet drift; PIV system; liquid sheet breakup

1. Introduction

Pesticides play a key role in crop pest control and public health [1]. However, pesticide
drift is one of the main ways to increase human exposure [2]. Numerous health-related
diseases, including Parkinson’s disease and neurotoxin diseases, have been shown to be
strongly related to the long-term occupational exposure to pesticides [3,4]. In addition,
pesticide drift is also a potential threat to surrounding sensitive crops, fish ponds, and
surface water [5]. Developed countries have invested a great deal of effort in research
on pesticide safety. Entrusted by the UK government, the Local Environmental Risk
Assessment for Pesticides has studied buffer zone setbacks for several years [6]. The U.S.
Environmental Protection Agency requires 30 m application exclusion zone when using
a sprayer that produces fine or very fine size droplets [7]. The European Food Safety
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Authority conducted a risk assessment on human exposure for all operators and workers
and then published a guidance document on pesticide exposure assessment for workers,
operators, bystanders, and residents [8,9]. The topic of drift control has also begun to attract
worldwide attention, including from developing countries.

There are many factors affecting pesticide drift [10]. Many studies have investigated
how different application technologies affect pesticide drift. Most important for droplet
drift is the droplet size, which has been proved by many scholars [11,12]. Based on the
principle of controlling droplet size, modification of the rheological properties of the spray
solution and the spray nozzle design are the primary technical solutions to produce larger
droplets (>200 um) [12]. Air induction nozzles operate by mixing air into the droplet
to reduce the drift potential compared with standard nozzles by as much as 85% [13].
Surface tension and viscosity of the spray liquid are major drift-determining factors [14].
Weather conditions [15-17], mainly wind speed, have a significant effect on pesticide drift.
The subject of drift control generated by aerial spray application, especially fixed-wing
aircraft, has been developed over 40 years. A mature AGDISP (agricultural dispersion)
model was established [18], in which the user predicted the drift potential by inputting
pesticide, aircraft type, weather condition, etc., into the system. In recent years, the
computational fluid dynamics simulation method has also been gradually applied to the
drift prediction of the unmanned aerial vehicle (UAV) sprayer. Songchao [19] calculated the
flow field generated by an N-3 agricultural unmanned helicopter by numerical simulation
and concluded that a buffer area of 8-10 m was needed when the crosswind speed varied in
the range of 1-3 m/s. Based on FLUENT software, Wang et al. [20] studied the spray system
of the heavy-lift FR-200 helicopter and found that the higher the speed of aircraft and the
closer the nozzle was to the lower part of the body, the worse the anti-drift performance
of droplets.

The spray drift associated with the initial droplet size distribution has been extensively
studied. Laser diffraction instrumentations are usually used to estimate the diameters
of spray droplets that pass through the laser beam. An emitter, which emits the laser
beam, and a receiver, which houses a series of 30 or more concentric photodetection cells,
constitute the two main components to most laser diffraction instruments [21]. When some
droplets are present in the laser beam, the beam is diffracted at an angle proportional to
the diameter of the droplets. However, there are spatial distributions of droplet size on the
entire atomizing surface for different nozzles [22]. The droplet size measurement at some
characteristic locations on the spray sheet by a laser diffraction instrumentation requires
not only high position accuracy but also a large amount of work. It is worth mentioning
that the development of the liquid sheet and the subsequent formation of ligaments or
droplets determines the details of the initial atomization. All these characteristics are
strongly influenced by the nozzle shape and the physical properties of the spray liquid. The
initial atomization of droplets, especially the droplet size, is an important factor affecting
the drift [23]. Therefore, it is necessary to study the effect of the liquid sheet breakup on
droplet size and then drift.

Because of the limited space in the wind tunnel, it is difficult to study the drift of UAV
in the wind tunnel. Similar to the drift study of the ground spraying machinery in the
wind tunnel [24], researchers applied the measurements of the 6 m buffer zone to the drift
reduction of the 20 m buffer zone in the field [6]. This research method is also being used
for UAV drift testing. The drift data measured in the wind tunnel are equivalent to the drift
evaluation of the field through model transformation. Therefore, based on this research
method, the same operating parameters as the field test of UAV spraying were set in this
study, including spraying pressure, nozzle types, and adjuvant concentration.

Liquid sheets emanating from the nozzle break up into droplets. The resulting initial
droplet size distribution is a necessary input for driving the droplet drift. Currently, some
researchers [23,25,26] have studied the liquid sheet breakup of agricultural nozzles in the
various conditions, but the liquid sheet breakup and spray drift have not been linked. This
paper describes a series of experiments that have been conducted to measure the liquid
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sheet breakup characteristics by a particle image velocimetry (PIV) system and spray drift
formed from a range of spray nozzles and spray liquids in a wind tunnel.

2. Materials and Methods

This experimental study was conducted at the National Center for International
Collaboration Research on Precision Agricultural Aviation Pesticide Spraying Technology
(NPAAC) at South China Agricultural University, Guangzhou, China, between 25 December
and 10 January, 2021 to 2022.

2.1. Flow Visualization Techniques

The spray supply and the 2D PIV system provided a visual flow device for testing
the breakup of the liquid sheet and the initial droplet size distribution. The spray supply
system included a tank, booster pump, safety valve, pressure-reducing valve, flow meter,
pressure gauge, and nozzle. The spraying pressure was adjusted by a safety valve and a
pressure-reducing valve, which achieved an accuracy of flow rate of 1%.

The 2D PIV system (Figure 1b) produced by TSI Incorporated containing a Pow-
erView Plus 4MP-HS CCD camera (model 630091), a Nd: YAG Nano laser, a synchronizer
(model 610036), and image analysis software (Insight 4G) was used to measure the char-
acteristics of the spray sheet and droplets close to the nozzle. The camera could capture
2048 x 2048 pixels and was mounted parallel to the liquid sheet surface. The AF-S VR
lens (Nikon, Japan) with fixed aperture of F/22 was used in this test. The laser had two
independent green lights operating at a maximum rate of 15 Hz, which emitted lights at
7.5 Hz in this test. The laser’s exposure time was 5000 ps, and the camera exposure time
was automatically adjusted according to the laser exposure and the laser pulse interval
time. The CCD camera and Insight 4G software were connected by a synchronizer (a crucial
part of the frame-straddling technique). The laser emitted a short pulse of light at the end
of one camera frame and another at the beginning of the next frame. The time interval
between the laser pulses was 30 ps according to the velocity of the liquid sheet and the
calculation limit of the instrument.

The camera’s field of view (Figure 1a) and focal length (f = 0.50 m) were adjusted so
that the entire liquid sheet and the initial state of the droplets could fill the frame. The
calibration of the relationship between actual size and pixel count was calibrated using
the image of a ruler at the focal point of the lens, which was in the same plane as the
liquid sheet. A pixel measuring 28.25 um in length was selected following debugging and
calibration of the instrument. Fifty image pairs were taken for each treatment to analyze
the breakup process of the liquid sheet and calculate the droplet size.

2.2. Spray Drift in Wind Tunnel

The spray drift experiments were conducted in the wind tunnel (Figure 2) with the
cross-section size of 2.0 m x 1.1 m (width x height), which followed the ISO 22856 standards
for the low- and high-speed wind tunnel. The wind tunnel can generate airspeeds of
0-52 m/s with inhomogeneity of cross-section airspeed less than 1% and turbulences
below 1%. Artificial turf with a thickness of 5 cm was laid at the bottom of the wind
tunnel in order to eliminate the rebound effect of the ground on the droplets. The nozzle
fixed in the upwind axial plane of the wind tunnel test section was 50 cm away from the
top. The distance between the nozzle and the sampling lines was 50 cm in the vertical
direction, which was consistent with the installation method of the nozzle in Nuyttens [16],
Zhang [27], and Torrent [28].

The polytetrafluoroethylene (PTFE) line with a diameter of 2 mm was used as a
collector for collecting the drift in the horizontal and vertical planes in the wind tunnel
following the ISO 22866 [29] methodology. The PTFE lines with a length of 2 m and 10 cm
from the bottom of the tunnel were at the distances of 2, 3, 4, 5, 6,7, 8,9, and 10 m from
the spray nozzle. For the airborne drift, a set of PTFE lines were designed at 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6 m above the wind tunnel floor and 2 m downwind from the nozzle. The
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ground was represented at 0.1 m in height since it avoided boundary or edge effects caused
by the wind tunnel floor. There was a constant wind speed of 2 m/s in the tunnel. The
collector setup was illustrated in Figure 2. The wind tunnel ran for 30 min prior to the test
to ensure a stable working airflow. In each spraying, a constant spray pressure of 0.3 MPa
was applied for 10 s, and each spraying event was repeated three times. In the drift test,
Rhodamine-B as a fluorescent tracer at a concentration of 5 g/L was added to the spray
liquid listed.

| | | |
L Im y 0.5m
i | |
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/ \
/ \
/ \ {
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(a)
Insight 4G .
Software Synchronizer
Nozzle
CCD camera : : : : : : : : : : : : : : i : Laser Laser Power
(b)

Figure 1. (a) Orientation diagram of the nozzle, laser, and camera. (b) Schematic diagram of the
experimental layout for the measurement of liquid sheet breakup.

2 im 1m Im 1m Im Ilm Im 1m

@) (b)

Figure 2. Wind tunnel used in this experiment. (a) Inner dimensions and sampling line layout.
(b) Internal structure diagram of physical wind tunnel.
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2.3. Sampling Processing

After each drift spray, the wind in the wind tunnel lasted for several minutes until
all droplets were deposited in order to reduce test errors and avoid contamination to the
subsequent tests. Each PTFE line was put into a sealed bag separately by trained personnel
wearing disposable gloves and then was stored in a refrigerator at —20 °C away from light.
According to the deposition on the sampling lines, an appropriate amount of ultrapure
water was taken with a pipette gun and was injected into each sealed bag to wash off
the tracer on the samplers. After thoroughly rubbing and stirring, part of the eluent was
poured into a cuvette for analysis.

Five calibration solutions at the concentrations of 1, 0.5, 0.2, 0.1, and 0.01 mg/L were
measured by an F-380 fluorescence spectrophotometer (Tianjin Gangdong Technology Co.,
Ltd., Tianjin, China). After scanning the spray liquid, the 542 nm excitation wavelength
and 579 nm emission wavelength were selected to establish a linear relationship between
the fluorescence intensity and the concentration (Y = 0.002831x — 0.204277, R? = 99.96%).
The droplet deposition can be calculated from the fluorometer reading of the test solution,
as shown in Formula (1).

(Psmpl - Pblk) X Fear X Vigip
Pspray X Acol

)

.Bdep =

where B, is the drift deposition, uL; oy is the fluorimeter reading of each monitored
sampler; pyx is the fluorimeter reading of the sampler without deposited droplets; F.;
is the calibration factor (the relationship between the fluorimeter reading and the tracer
concentration); Vj; is the volume of dilution liquid used to solute the tracer from the
collector, L; pspray is the spray concentration of the tracer solute in the spray liquid, g/L;
and A is considered to be 1 as the projected area of the collector for catching the spray
drift because the deposition of the entire collector is needed.

2.4. Experimental Conditions

For the measurements of the initial atomization of the liquid sheet and spray drift,
the temperature and the relative humidity were kept constant at 25-27 °C and 50-60%.
The nozzles selected for this experiment are listed in Table 1. The spray angle of the AIXR
nozzle was smaller than the label angle because the internal structure of the AIXR nozzle
was equipped with a pressure drop device to accommodate lower pressure equipment.
Three types of nozzles (Teejet Technologies, Glendale Heights, IL, USA) with different
liquid sheet breakup mechanisms commonly used by plant protection drones, namely,
the Venturi AIXR110015 nozzle, the hollow cone TXVK-4 nozzle, and the fan XR110015
nozzle, were used in this study. In this experiments, the pesticide spray and pesticide
extraction procedures would be necessary if an actual pesticide was sprayed. The organic
solvents are commonly used to extract pesticide from the sampling medium. Repeated
applications of pesticides and the use of organic solvents will result in the large-scale waste
disposal, which not only adversely affects laboratory personnel but also harms the environ-
ment. Because spray adjuvants are the dominant components that determine the physical
properties of pesticide solution, vesicle surfactant sodium bis(2-ethylhexyl) sulfosucci-
nate [aerosol OT (AOT)] (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai,
China, CAS Registry Number 577-11-7), sodium dodecyl sulfate (SDS) (neoFroxx GmbH,
Einhausen, Germany, CAS Registry Number 151-21-3), and silicone mainly composed
of ethoxyl modified trisiloxane (Momentive Performance Materials Inc., Waterford, NY,
USA) at the concentration of 1% (according to Song’ study [30]) were chosen as pesticide
surrogates to compare their effects on initial atomization and spray drift, and pure water
was the reference solution. It can be seen from Table 2 that the surface tension of silicone
(21.377 mN/m) was the smallest.
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Table 1. Parameters of the nozzles used in this experiment.
Nozzle Nozzle Characteristics Label Angle (°) Applied Angle (°) Manufacturer
XR Flat fan 110 112 Teejet Technologies
AIXR Air induction 110 95 Teejet Technologies
TXVK Hollow cone 80 81 Teejet Technologies
Table 2. Spray solutions mixed with different adjuvants.
Adjuvant Volume Concentration (%) Surface Tension (mN/m) Manufacturer
Water 100 72.8 +0.021 Ultra-pure water, Medford, OR, USA
SDS 1 33.310 & 0.092 neoFroxx GmbH
AOT 1 26.631 + 0.267 Aladdin Biochemical Technology Co., Ltd.
Silicone 1 21.377 4= 0.064 Momentive Performance Materials Inc.

2.5. Data Analysis

To ensure the adequate breakup of the liquid sheet and obtain the information of initial
droplets for the description of a wide variety of flow conditions, the droplet group in the
spray belt with a thickness of 5 mm was intercepted from 5 mm below the breaking point
of the liquid sheet (Figure 3), which was measured using Insight 4G software. The irregular
droplet diameter was corrected by Equation (2). The shortest and longest lengths of the
irregular droplets corresponded to d; and d», respectively.

d = +/dydp 2)

Figure 3. The diagram of test methods for the liquid sheet length and droplet size.

The approach that contains one single mean diameter provides an inadequate descrip-
tion for either the global or the local character of a spray. The probability volume density
function (PDFy) of droplet size is defined in terms of the volume fraction of the volume
of droplets in a specified droplet size range to the total volume of droplets detected. In
addition, the quantity density distribution, Dy 5, and %<150 um were selected to interpret
the data of the overall spray. Dy 5 is the droplet diameter (um) at which 50% of the spray
volume contains droplets at the given size and below. The %<150 um is the percentage of
the spray volume containing droplets 150 um in diameter (a common threshold used to
define driftable fines) and below and provides a parameter of the relative drift potential of
each treatment [12,31,32].
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The coefficient of variation (CV) was selected as the index to evaluate the fluctuation
of the liquid sheet length, which was calculated by Equation (3).

SD

X

where SD is the standard deviation; X is the average liquid sheet length; x; is the liquid
sheet length in each frame, mm; and # is the total number of frames.

The drift potential (DP) [33] of different spray solutions for the three nozzles at the
2 m position of lines was calculated according to Equation (5), which was expressed as a
percentage of the amount of spray liquid remaining airborne to the liquid amount sprayed
from the nozzle during the test run. The airborne drift amount (4,) at 2 m downwind from
nozzle was evaluated from all target lines using the Formula (4)

e F(H) )

i=1

DP(%) = A4 x 100% (5)
Bv
where d; and d; 1 are the amounts deposited on lines i and 7 + 1, uL; n is the number of
lines at 2 m downwind from the nozzle; s is the width between the sampling lines, m; w is
the sampling line diameter, m; and By is the amount of spray liquid during the test run, uL.

The drift potentials in different horizontal areas were also calculated by Equations (4) and (5).

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was used for the comparison of the liquid
sheet length, droplet diameter, and drift potential between different adjuvant solutions and
water, where “*” represents p < 0.05, “**” represents p < 0.01, “***” represents p < 0.001,
and “***” represents p < 0.0001. In this paper, the software GraphPad Prism 9 (GraphPad,
San Diego, CA, USA) was utilized to explicitly determine these values. More precisely, the
error bars in the data graphs were expressed by the standard deviation.

3. Results
3.1. Liquid Sheet Breakup and Initial Atomization Results
3.1.1. Breakup Mode

The liquid sheet breakup images for the XR, AIXR, and TXVK with the addition of wa-
ter, silicone, SDS, and AOT are in Figures 4-6. The breakup modes, namely, the closed-rim
mode, open-rim mode, rimless mode, wave or ligament mode, and fully developed mode,
were classified by Bai [34]. The closed-rim mode generally occurred at low-velocity jets. A
chain flow structure with closed rim was observed in which a sheet was initially formed
that subsequently contracted into a cylindrical stream. The open-rim mode appeared after
the closed-rim mode with the increase in jet velocity, where the sheet width enlarged and
droplets were peeled off from the closed rim. For the rimless mode, parts of the sheet disin-
tegrated periodically farther downstream. At higher Reynolds numbers, the aerodynamic
wave became dominant, and the sheet broke up into ligaments, along with the peeling
of droplets from the edge of the sheet, the so-called “wave or ligament mode”. The fully
developed mode was observed when the jet velocity was very high. Violent turbulence
and breakup occupied the whole sheet so that no clear breakup characteristics could be
read from the images.

The jet velocity was the critical factor in the evolution of liquid sheet for the XR
nozzle, with the primary breakup being the wave and ligament mode (at 0.3 Mpa). Waves
were caused by the violent interactions of aerodynamic turbulence, and finally, the liquid
sheet broke up by the increase in maximum growth rate and amplitude. The liquid sheet
structure was affected by each spray solution: this was demonstrated by the SDS and AOT
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spray solutions resulting in a larger liquid sheet area than the water and silicone spray
solutions. Holes formed at the lower part of the sheet with the addition of SDS adjuvant
and grew with time until the sheet breakup had fully occurred. No significant differences
were found between the water and silicone spray solutions.

water

Silicone SDS AOT

Figure 4. Spray images of XR nozzle with water, silicone, SDS, and AOT.

Water

Silicone SDS AOT

Figure 5. Spray images of AIXR nozzle with water, silicone, SDS, and AOT.

water

Silicone SDS AOT

Figure 6. Spray images of TXVK nozzle with water, silicone, SDS, and AOT.

The AIXR nozzle entrained air within the sheet to alter the breakup pattern (and thus
droplet size distribution) closer to the nozzle orifice. In comparison with spraying water,
the addition of the adjuvant silicone, SDS, and AOT slightly extended the area of the liquid
sheet, and the largest liquid sheet area was obtained by spraying AOT solution. When the
silicone solution was sprayed, a web-like liquid sheet appeared, and then a large perforation
was formed at the bottom part of the liquid sheet, followed by bow-like ligaments.

For the TXVK hollow cone nozzle, the mechanism of liquid sheet breakup was com-
pletely different from that of XR nozzle due to the difference in nozzle structure. Since the
liquid was sprayed into the still air and then an internal suction flow was formed in the
inner cavity of formed liquid sheet, it can be observed from Figure 6 that there were also
droplets inside the liquid sheet cavity. The effects of the silicone and SDS spray solutions
delayed the breakup of the liquid sheet (and thus the resulting droplet size distribution).
The morphology and breakup distribution of the liquid sheet with the AOT solution was
similar to that of water.
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3.1.2. Liquid Sheet Length

Figure 7 illustrates the effects of the water, SDS, silicone, and AOT adjuvant solutions
on the liquid sheet length for the XR, AIXR, and TXVK nozzles. In addition, the mean,
standard derivation, CV values, and significance analysis of the liquid sheet length for the
different treatments are calculated and shown in Table 3.

60
0O  Water
i O 1% SDS
. I% O 1%A0T
£ 40+ O 1% Silicone
=]
on
5
= ]
=
: T &
5 20- %
a
1 B2 =
0 T T I

XR110015 AIXR110015 TXVK-4

Nozzle category

Figure 7. Liquid sheet length of four solutions for three kinds of nozzles.

Table 3. Mean, standard derivation, CV values, and significance analysis of the liquid sheet length
for three types of nozzles under spray pressure of 0.3 Mpa.

Standard

Nozzle Solution Mean !/mm s CV/% p-Value 23
Derivation
Water 24.49 1.84 7.50
1% SDS 4048 353 871 0.000
XR110015 1% AOT 36.36 3.05 8.38 0.000
1% silicone 2275 1.46 6.40 0.020
Water 2239 1.77 7.89
1% SDS 2221 2.03 9.15 0.822
AIXR110015 1% AOT 46.09 1.76 3.81 0.000
1% silicone 2333 2.70 116 0.143
Water 9.28 1.06 114
1% SDS 21.07 1.93 9.16 0.000
TXVK~4 1% AOT 9.38 1.15 123 0.797
1% silicone 19.87 1.83 9.22 0.000

Note: ! The mean of the liquid sheet length was calculated from 50 frames. 2 Statistical significance was at o = 0.05
with the LSD method. 3 The p-value was the significance between the water treatment and the adjuvant treatment.

The liquid sheet transients displayed dynamic periodic changes with time. The
liquid sheet length changed compared with water for all nozzles since the adjuvants that
determined the surface tension of the solution changed the physical properties of the spray
solution (Figure 7).

ANOVA analysis was also employed for the liquid sheet length under different con-
ditions. Water alone resulted in the shortest liquid sheet length, except for spraying the
silicone solution with the XR nozzle and spraying the SDS solution with the AIXR noz-
zle. The liquid sheet lengths of the SDS (40.48 mm) and AOT (36.36 mm) solutions were
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significantly longer than that of water alone (24.49 mm) at p < 0.001 for the XR nozzle,
while the silicone (22.75 mm) solution was significantly lower than that of water alone at
p = 0.020. For the AIXR nozzle, the liquid length of the AOT solution was significantly
higher than that of water at p < 0.001. The average liquid sheet length of AOT (46.09 mm)
solution was approximately two times higher than those of 1% SDS (22.21 mm), silicone
(23.33 mm), and water (22.39 mm). For the TXVK nozzle, the high value (p = 0.797) of the
AOT solution implied that there was no significant difference between the means of liquid
sheet length for AOT and water, while the opposite results were obtained for the SDS and
silicone solutions (p < 0.001). The breakup of the liquid sheet can lead to the generation of a
large number of droplets. The droplet size, as an important attribute of droplets, may be
affected by adjuvants and nozzle types.

3.1.3. Droplet Diameter

The droplet size characteristics following atomization are presented in Figures 8-10 and
Table 4 in terms of probability volume density function (PDFy), quantity density distribution,
and droplet size parameters for the XR, AIXR, and TXVK nozzles with different solutions.

% %k %k %k
40— R ;
Water 1500 I .
— SDS
—
30— AOT g 12004 *ok kK
—— Silicone g ]
© 3
S g 900
< E
= LI
5 600
=
S
o 3004 <>
0 T T T T
0 150 300 450 600 750 900 Water SDS AOT  Silicone
Droplet diameter/mm solution
(a) (b)

Figure 8. (a) Curve of probability volume density function (PDFy). (b) Violin plots of drop size for
the XR nozzle with different solutions. “****” indicates significance at p < 0.0001.

%K 5K %K kK
20+ — Waler
DS 1500 KKKk
— AOT
%k %k %k
157 —— Silicone g 12004
£
S 3 9004
> 10 E 900
E =
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3 600—
5 a
2
a 3004
0 <>
0 150 300 450 600 750 900 0 T T T T
. Water SDS AOT  Siliconc
Droplet diameter/mm
solution
(a) (b)

Figure 9. (a) Curve of probability volume density function (PDFy). (b) Violin plot of drop size for the

=Y

AIXR nozzle with different solutions. indicates significance at p < 0.0001.
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Figure 10. (a) Curve of probability volume density function (PDFy). (b) Violin plot of drop size for the TXVK
nozzle with different solutions. “**” and “****” indicates significance at p < 0.01 and p < 0.0001, respectively.

0 150 300 450 600 750 900

Table 4. Dy 5 and %<150 um of the droplet size at different treatments.

XR110015 AIXR110015 TXVK-4
Dvyos/um <150 um/% Dvyos/um <150 um/% Dvyos/um <150 um/%
Water 169 26.2 207 15.2 160 339
SDS 214 12.5 302 9.9 174 27.8
AOT 188 20.9 240 11.9 165 329
Silicone 190 194 328 8.7 167 32.0

As shown in Figures 8a, 9a and 10a, the peak of PDFys curves all appeared in the
droplet size range of 140-160 pm for all nozzles. The water alone resulted in the maximum
peak compared with other solutions of the same nozzle except for the TXVK nozzle spraying
AOT solution (Figure 10). Subsequently, the solutions in decreasing order of peak of PDFy
were the silicone and SDS treatments for both the XR and TXVK nozzles. For the AIXR
nozzle, PDFy at the peak displayed slightly larger values with the SDS solution (8.07%)
than that with the silicone solution (7.38%), which was different from the results of the XR
and TXVK nozzles. The reason for the difference in the PDFy peak values across the four
spray solutions could be due to the nozzle structure. Furthermore, the PDFy distribution
of droplets above 300 pm should be considered. Because the probability of drifting of
large droplets is small, the method of increasing the droplet size is the major means of
the anti-drift technology. The AIXR nozzle resulted in the highest PDFy of droplets above
300 pm, and the TXVK nozzle resulted in the lowest PDFy of droplets above 300 um across
all solutions.

In addition, comparisons of the overall spray droplet group within the analysis domain
sprayed by the XR, AIXR, and TXVK across all solutions were made (Figures 8b, 9b and 10b).
Overall speaking, water alone resulted in the most concentrated distribution in the droplet
range of 140-180 um for all treatments. The spray solution was significant for the size
distribution of the droplet group at p < 0.001 for the XR and AIXR nozzles. The silicone
and SDS solutions resulted in a significant difference in the size distribution of the droplet
group compared with the water alone at p < 0.001 and p = 0.0092, while there was no
significant difference between the AOT solution and water alone. The addition of adju-
vant to water increases the proportion of larger droplets. Although it can be seen from
Figures 8a, 9a and 10a that the addition of adjuvants changed slightly the size structure
of the droplet group, the shape of the PDFy curve changed greatly. This was due to the
cubic relationship between the number and diameter of droplets in the case of constant
spraying amount.
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The Dy 5 values with the adjuvant additions were 214 um (SDS), 188 pm (AOT), and
190 um (silicone), which were higher than that of water alone (169 um) for the XR (Table 4).
The Dy 5 with silicone solution increased by 58.5% compared with water for the AIXR.
The effect of adjuvant addition on the Dy 5 was not obvious for the TXKV. In contrast,
the characteristics of the percentage (%<150 um) used as a parameter to evaluate the drift
probability of droplet groups were opposite to those of Dy 5.

3.2. Wind Tunnel Experiments
3.2.1. Airborne Drift Potential

The measured drift deposition at the 2 m downwind position is shown in Figure 11.
The error bars in the figure were determined by the standard deviation of the results of three
repeated tests. Water alone resulted in the highest drift potential for the XR (6.95%), AIXR
(2.47%), and TXVK (7.28%) nozzles compared with other solutions. This was not surprising
given the droplet size results in Figures 8-10 and Table 4, where the adjuvant addition
reduced the number of small droplets and increased the number of large droplets. The XR
and TXVK were similar across four spray solutions, where the solutions in increasing order
of drift potential were SDS, silicone, AOT, and water alone. The SDS adjuvant with the
most effective drift reduction in XR and TXVK reduced the drift potential by 69.2% and
66.3%, respectively, while the silicone adjuvant with the largest drift reduction in AIXR
reduced the drift potential by 78.3%. All adjuvants significantly reduced the drift potential
for the XR, while the SDS solution sprayed by TXVK and no adjuvant solution sprayed by
AIXR significantly reduced drift potential. The drift potentials were all lower obviously
with the AIXR than those with the XR and TXVK nozzles across all solutions. On the whole,
the TXVK nozzle has the highest drift potential under conditions of the same solutions
compared with the other two nozzles.
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Figure 11. Drift potential percentages from polytetrafluoroethylene lines at the 2 m downwind
position. “*” and “**” indicates significance at p < 0.05 and p < 0.01, respectively.

3.2.2. Drift Horizontally Downwind

The drift potential for all treatments is plotted in Figure 12. These data represent the
average of the three repeated tests for each treatment. Overall, the variation in different
treatments at various sampled distances was similar. The drift potential decreased as the
downwind distance from the nozzle increased. The pure water yielded the highest drift
potential at all drift distances (except the XR nozzle in the area from 8 m to 10 m) followed
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by the AOT, silicone, and SDS solutions for the XR and TXVK nozzles, which was consistent
with observations at the 2 m downwind location. The AIXR reduced significantly the drift
potential at all drift distances compared with the XR and TXVK nozzles. Last, the highest
drift potential occurred in the spray test of the TXVK nozzle. The drift potential in the
area of 6 m to 7 m was roughly half of that in the area of 2 m to 3 m. The minimum drift
potentials in the farthest area (from 9 m to 10 m) of the wind tunnel drift test area for XR,
AIXR, and TXVK nozzle were 1.49%, 0.25%, and 1.27%, respectively.
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Figure 12. Drift potential curves in the area of 2 m to 10 m downwind for different spray solutions
with the (a) XR, (b) AIXR, and (c) TXVK at a driving speed of 2 m/s. The abscissa represented the
drift potential in the area between two adjacent sampling lines horizontally.
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3.3. Correlation Analysis

A correlation analysis of the liquid sheet length and Dy s, the drift potential and
%<150 um, and the liquid sheet length and drift potential for the XR, AIXR, and TXVK
nozzles was performed, as shown in Table 5. There were significant positive correlations
between the drift potential and %<150 um for XR (r = 0.921), AIXR (r = 0.974), and TXVK
(r = 0.914) nozzle. The liquid sheet length was positively correlated with the Dy s for
the XR (r = 0.731) and TXVK (r = 0.833) nozzles. Similarly, the liquid sheet length was
negatively correlated with the drift potential for the XR (r=—0.588) and TXVK (r = —0.932)
nozzles. For the AIXR nozzle, the correlations between the liquid sheet length and Dy 5
and between the liquid sheet length and drift were weak, which was opposite to those
of the XR and TXVK nozzles. This may be related to the complex process of liquid sheet
breakup. When the liquid sheet length becomes longer, the thickness of the liquid sheet is
thinner due to the principle of mass conservation. The thinner liquid sheet is more sensitive
to aerodynamic disturbances and is prone to perforate the liquid sheet or break at the edge
of the liquid sheet.

Table 5. Correlation coefficient of the liquid sheet length, %<150 pum, and the drift potential for the
XR, AIXR, and TXVK-4 nozzles.

Item XR110015 AIXR110015 TXVK-4
Liquid sheet length and Dy 5 0.731 —0.329 0.833
Drift potential and %<150 pm 0.921 * 0.974 * 0.914 *
Liquid sheet length and drift potential —0.588 0.111 —0.932

Note: “*” indicates statistical significance at o = 0.05 level.

4. Discussion

Our results demonstrate the importance of adjuvant addition (AOT, SDS, and silicone
adjuvant at the concentration of 1%) and nozzle type (XR, AIXR, and TXVK nozzle) on the
liquid sheet breakup and the droplet size distribution in the analysis domain, as well as
the drift potential at the 2 m downwind position and at different downwind distances. In
this study, the liquid sheet breakup processes of all test nozzles were different across all
spray solutions, and the breakup length of the liquid sheet and the droplet size distribution
were significantly affected. Many studies have shown a close relationship between the
droplet size spectrum and the drift at different positions downwind. Ferguson et al. [13]
assessed the effect of application rates on the droplet size and drift potential, and the results
represented that the drift potential was reduced by up to 85% when switching from a
flat fan (TCP11002) nozzle spraying fine quality to an air induction (AIXR11002) nozzle
spraying coarser spray quality. The droplet size at one or several points was an inadequate
description of an entire spray, while the data were obtained from the entire spray area in
this study using the PIV system. Moreover, the relationship between liquid sheet breakup
and the size of the subsequently broken droplets [26], as well as the relationship between
the droplet size and drift [35], have been proved by theoretical or experimental methods
over the past 65 years. In the present study, the liquid sheet flow characteristics using
different types of nozzles differentially influenced the liquid sheet breakup process and
droplet formation and then changed the degree of drift. Due to diverse nozzle structures,
the formed liquid sheet varied in shape. The volume median droplet sizes (Dyqs) of
water sprayed by the AIXR and TXVK nozzles increased by 22.5% and decreased by 5.3%,
respectively, resulting in a decrease of 64.5% and an increase of 4.7% in the drift potential at
the 2 m downwind position compared with the XR nozzle. A similar relationship existed
between the atomization characteristics and drift for other adjuvant solutions sprayed
by the three nozzles. In a word, the liquid sheet breakup and the formation of the initial
droplets have a significant influence on drop size and drift.

In the experiment, the same adjuvant did not consistently affect the droplet size and
liquid sheet length of different nozzles. This might due to the different mechanisms of
liquid sheet breakup for the three types of nozzles. In contrast with the flat fan nozzle, the
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air induction nozzle adopting the Venturi principle, allowing air bubbles to be carried inside
the liquid sheet and droplets, produces larger droplets. As a result of this process, many
new gas-liquid interfaces are formed, creating multidirectional and complex movements
of adjuvant molecules toward the interfaces. The hollow conical nozzle formed thin liquid
sheets, which are extremely sensitive to aerodynamic disturbance and are easily broken into
small droplets. The atomization characteristics of this hollow conical nozzle require a very
short response time for the adjuvant molecules to move toward the interface. In this study,
the air induction nozzle (AIXR) produced larger droplets, and the hollow conical nozzle
(TXVK) produced smaller droplets, which agreed with the above mechanism analysis
of the liquid sheet breakup. In the spraying process, pesticide adjuvants can improve
atomization properties, prevent evaporation, and enhance wetting and spreading on target
leaves [36]. Depending on the agricultural activity, choosing the appropriate nozzles and
suitable adjuvants to improve the operation effect is crucial.

The results of our surface tension test were not consistent with the changes of liquid
sheet length and droplet size, as shown in our test results. The surface tension of the
surfactant solution measured by a tensiometer does not necessarily determine the liquid
sheet breakup, because the bulk solution is static when testing the surface tension. When
it comes to spraying, due to the pressure of the orifice and the disturbance of the air,
there is turbulence on the rapidly expanding liquid sheet. As a result, the mechanisms
of the reduction of surface tension with time are more complicated than those measured
by the tensiometer [37]. The moving liquid sheet may accelerate the reduction of surface
tension due to the convection, or the mutual movement of liquid molecules may hinder
the movement of surfactant molecules toward the interface [38]. In addition, the ability
of adjuvants to move toward the interface is also different, which is independent of the
equilibrium surface tension.

Spray solutions significantly affected the liquid sheet breakup, initial droplet diameter,
and drift including the drift potential at the 2 m downwind position and at different
distances. The adjuvant addition sprayed by the AIXR nozzle resulted in the clear difference
in liquid sheet breakup, PDFy curve, quantity density distribution, and Dy 5. However, an
interesting finding was the result of a difference in drift potential without a clear change.
This is because the droplet generated by the air induction (AIXR) with a small proportion
of %<150 pum (15.2%) is larger than that of conventional nozzles. Consequently, adjuvants
have a limited role when it comes to the droplet clusters composed of large droplets. There
was a significant positive correlation between %<150 um and drift potential for all nozzles.
However, the correlation between the liquid sheet length and Dy 5 was positive for the
XR and TXVK nozzles. It can be seen from our data results that adjuvant addition can
increase the liquid sheet length, and hydraulic pressure can also enhance the liquid sheet
length. Either way, the increase in the liquid sheet length makes the liquid sheet thickness
thinner due to the principle of mass conservation, which leads to the liquid sheet being
more sensitive to aerodynamic disturbance. From our spraying images, the liquid sheet
with long length formed perforations, which continued to merge and eventually fell off
from the liquid sheet body. In addition, ligament breakup and droplet detachment are
also the initial atomization methods. Therefore, the breakup mode of the liquid sheet is
complex, and the relationship between the liquid sheet length and droplet size does not
show a simple correlation. The diameter description of the global character of a spray
provided several methods including probability volume density function curve (PDFy),
quantity density distribution, volume median droplet sizes (Dyyg5), and %<150 pm in this
study. There was a slight variation in Dyg 5 between the XR (169 um) and TXVK (160 um)
nozzles when spraying water alone, but the %<150 um of TXVK was 29.3% larger than
that of XR nozzle; thus, TXVK's drift potential was 34.4% larger than XR’s. The drift was
weakly correlated with the volume median droplet sizes, while being strongly correlated
with %<150 um. Consistent with previous studies, the drift was heavily influenced by the
percentage of fine droplets, not Dy 5 in the spray.
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5. Conclusions

Herein, the nozzle type (XR, TXVK, and AIXR) and the spray solution (water, SDS,
AOT, and silicone) were used to study the breakup characteristics via PIV technology. The
spray drift deposited on downwind ground and airborne lines were also measured in a
wind tunnel. The nozzle type and the spray solution were found to significantly affect
the liquid sheet breakup characteristics. Under identical test conditions, AIXR produced
large droplets with a small proportion of easily drifting droplets, and TXVK with short
liquid sheet length produced small droplets. All adjuvants, especially SDS and silicone,
contributed to the formation of large droplets and the reduction (%<150 pum) of easily
drifting droplets. At the same time, switching from a fine spray quality (TXVK) to a coarse
spray quality (AIXR) can reduce the drift potential by as much as 66.1% and reduce the drift
potential at all downwind distances. The use of the SDS adjuvant reduced the drift potential
of XR by 69.2% and that of TXVK by 66.3%. With the silicone addition, the droplet size was
changed most dramatically, and 78.3% of the drift potential of AIXR was reduced. There
was a close relationship between the atomization characteristics and drift. The correlation
between the liquid sheet length and Dy 5 was positive for XR and TXVK nozzle, and there
was a significant positive correlation between %<150 um and drift potential for all nozzles.
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